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Current trend in the solid-state sensing technology is
the development of nanomaterials and nanostructures
with novel functionalities and innovative properties at the
nanoscale for high-performance chemical sensing.

The actual state of the nanotechnology has reached
mature advancements for nanomaterials processing includ-
ing functionalizations, nanocomposites, hybridization of
materials, nanoparticles, nanowires, nanotubes, nanofibers,
nanobelts, nanowalls, and sensing nanodevices to fabricate
chemical sensors and sensor arrays with tailored characteris-
tics and tuned properties at the nanoscale level.

In this direction, great efforts in the ongoing research
have been doing to fabricate sensors with advanced sens-
ing nanostructures and innovative transducers coupled to
proper electronic interfaces and new algorithms of pattern
recognition and signal processing.

The key role for high-performance sensors is the engi-
neering of nanomaterials with novel sensing properties for
sensing nanodevices and emerging transducers to develop
sensor systems at high-sensitivity, high-resolution and high-
specificity.

This special issue, NCST, for open-access Journal of Sen-
sors (http://www.hindawi.com/journals/js/) has been com-
pletely devoted to nanomaterials for sensors and sensing
Technologies. This issue has openly called for perspective and
original contributions in the field of sensor nanomaterials
and sensor technology from outstanding scientists and
nanotechnologists. The issue has accepted contributions to
cover the full range of sensors from the theory, basic proper-
ties, modelling, design, fabrication, processing, integration,

characterization, to the applications of the sensors. The
submission of the manuscripts related to the fundamental
and applied aspects for the sensory nanomaterials and their
novel functionalities and applications included, but not
limited to:

(i) Sensor nanomaterials

(ii) Nanostructures and thin films for gas sensors

(iii) Carbon nanotubes chemical sensors

(iv) Metal oxides nanowires for gas sensors

(v) Hybrid materials for sensors

(vi) Nanocomposites and functionalizations for sensing
devices

(vii) Nanostructured materials for gas sensors

(viii) Mass-sensitive sensors: SAW, TFBAR, QCM

(ix) Gas sensors and chemiresistors

(x) Nanosensors

(xi) Gas sensor arrays

(xii) Pattern recognition and signal processing

(xiii) Modelling for chemical sensors

(xiv) Applications of sensor systems.

The special issue NCST, launched at April 2008, has
been officially closed at February 2009, receiving 39 sub-
mitted manuscripts, 19 Review Articles and 20 Research
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Articles, from worldwide outstanding scientists and top-
leading researchers of 17 different Countries according to
the geographic-area sharing 52% of the total submitted
papers from Europe/Africa, 29% from Asia, and 19%
from Americas. The submission full process of the papers
was electronically made through the Journal of Sensors
Manuscript Tracking System (http://mts.hindawi.com/). The
four Guest Editors have managed a balanced number of
papers according to own expertise by inviting qualified
reviewers and by assigning at least 2 referees per paper,
excluding some cases. The total number of the reviewers
involved in the peer-review process has been about 80.

Review on Special Issue NCST for
Journal of Sensors

Gas sensor technologies were first developed in the 1970s
and 1980s and have been commercialised by companies
that exploit the different sensing principles, namely, optical,
electrochemical, resistive and gravimetric. The first two
technologies are arguably the most successful but the latter
two offer lower cost and higher sensitivity. Recently, new
chemical sensing materials and technologies have been
invented that exploit the emerging fields of nanoscience
and nanotechnology. This special issue contains a valuable
collection of articles that relate to nanomaterials, nanotrans-
ducers, and signal processing methods. In particular, it covers
the emergence of functionalised carbon nanotubes and new
metal oxide materials as well as MEMS transducers for
the detection of chemicals. The issue is very welcome at a
time when many different technologies are being reported,
such as carbon nanotubes, but have yet to prove themselves
commercially when compared to existing electrochemical
cells and optical spectrometers. Nevertheless, it is likely that
we will see some of these new technologies exploited at a scale
unseen before because of the ultralow power and cost that
they potentially offer perhaps leading to a new generation of
the so-called ubiquitous chemical sensors.
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Carbon nanotubes (CNTs) have received considerable attention in the field of electrochemical sensing, due to their unique
structural, electronic and chemical properties, for instance, unique tubular nanostructure, large specific surface, excellent
conductivity, modifiable sidewall, high conductivity, good biocompatibility, and so on. Here, we tried to give a comprehensive
review on some important aspects of the applications of CNT-based electrochemical sensors in biomedical systems, including the
electrochemical nature of CNTs, the methods for dispersing CNTs in solution, the approaches to the immobilization of functional
CNT sensing films on electrodes, and the extensive biomedical applications of the CNT-based electrochemical sensors. In the
last section, we mainly focused on the applications of CNT-based electrochemical sensors in the analysis of various biological
substances and drugs, the methods for constructing enzyme-based electrochemical biosensors and the direct electron transfer
of redox proteins on CNTs. Because several crucial factors (e.g., the surface properties of carbon nanotubes, the methods for
constructing carbon nanotube electrodes and the manners for electrochemical sensing applications) predominated the analytical
performances of carbon nanotube electrodes, a systematical comprehension of the related knowledge was essential to the
acquaintance, mastery and development of carbon nanotube-based electrochemical sensors.

Copyright © 2009 C. Hu and S. Hu. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. Introduction

Carbon nanotubes (CNTs) have become the subject of
intense researches in the last decades because of their unique
properties and the promising applications in any aspect of
nanotechnology. Because of their unique one-dimensional
nanostructures, CNTs display fascinating electronic and
optical properties that are distinct from other carbonaceous
materials and nanoparticles of other types. CNTs are widely
used in electronic and optoelectronic, biomedical, phar-
maceutical, energy, catalytic, analytical, and material fields.
Particularly, the properties of small dimensions, functional
surfaces, good conductivity, excellent biocompatibility, mod-
ifiable sidewall, and high reactivity make CNTs ideal can-
didates for constructing sensors with high performances.
As an example, CNTs have been extensively employed in
constructing various electrochemical sensors. Compared
with the conventional scale materials and other types of
nanomaterials, the special nanostructural properties make

CNTs have some overwhelming advantages in fabricating
electrochemical sensors, including

(i) the large specific area producing high sensitivity;

(ii) the tubular nanostructure and the chemical stability
allowing the fabrication of ultrasensitive sensors
consisting of only one nanotube;

(iii) the good biocompatibility that is suitable for con-
structing electrochemical biosensors, especially for
facilitating the electron transfer of redox proteins and
enzymes;

(iv) the modifiable ends and sidewalls providing a chance
for fabricating multifunctioned electrochemical sen-
sors via the construction of functional nanostruc-
tures;

(v) the possibility of achieving miniaturization;

(vi) the possibility of constructing ultrasensitive nanoar-
rays.
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In fact, since the first application of CNTs in electro-
chemistry by Britto et al. [1], numerous works have dealt
with the construction of electrochemical sensors by CNTs
and the subsequent applications. Generally, the replacement
of ordinary materials by CNTs can effectively improve the
redox currents of inorganic molecules, organic compounds,
macrobiomolecules or even biological cells and reduce
the redox overpotentials. The electron transfer and the
direct electrochemistry of redox proteins at CNT-based
electrochemical sensors were also widely reported. Due to
the well-defined structure, the chemistry stability and the
electrocatalytic activity toward many substances, CNTs are
also extensively used as the carrier platforms for constructing
various electrochemical sensors. The promising applications
of CNTs have been reviewed by several authors [2–6].
Instead of covering all aspects of CNT applications in
electrochemistry, this review is restricted to electrochemical
sensors based on tradditional electrochemical methods (e.g.,
voltammetry and amperommetry), and does not cover other
methods like potentiometry, impedance spectroscopy and
piezoelectricity. It not only pays attention to the principle,
the fabrication and the biomedical applications of various
CNT-based electrochemical sensors but also attempts to
focus on the fundamental electrochemical knowledge of
CNTs.

2. Electrochemical Properties of
Carbon Nanotubes

The electrochemical qualities of carbon material-based elec-
trodes are significantly dependent on the surface properties
as the creation of specific surface functional groups (espe-
cially oxygen-containing groups) can considerably increase
the rate of electron transfer (ET) [7]. Based on their
specific structures, two distinct surface regions exist in
carbon nanotubes (CNTs): the sidewalls and the ends.
Since carbon nanotubes can be seen as the graphene sheets
rolled into tubes, the electrochemical properties of carbon
nanotubes are comparable to the basal planes of pyrolytic
graphite (bppg). For intact carbon nanotubes, the defect-
free structure makes the whole tubes possess almost the same
properties to that of bppg except that the cap regions may
be more reactive due to the much higher curve strain than
the sidewall. The opening of the ends by physical/chemical
treatments on carbon nanotubes produces a variety of
oxygen-containing groups, which possess the properties
similar to the edge places of bppg [8].

Due to the simple and well-defined responses at carbon
materials, the Fe(CN)6

3−/Fe(CN)6
4− couple has been widely

used to characterize the surface properties of all kinds of car-
bon electrodes. Similarly, the electrochemical properties of
carbon nanotube-based electrodes are generally investigated
by Fe(CN)6

3−/Fe(CN)6
4− as the probe. Nugent et al. [9]

compared the electrochemical behaviors of aligned bundles
of carbon nanotubes with other carbon electrodes of similar
structures. The results indicated that Fe(CN)6

3−/Fe(CN)6
4−

showed an ideal redox peak separation (ΔEp) of 59 mV at
the aligned multiwalled carbon nanotubes (MWNTs). In

comparison, they reported ΔEp of more than 100 mV and
700 mV for the basal planes of highly oriented pyrolytic
graphite (HOPG) with and without electrochemical pre-
treatments, respectively. Whereas, ΔEp of about 70 mV was
observed at the edge planes of HOPG. In contrast to the
ideal response reported by Nugent et al. [9], Li et al. [8]
observed much larger ΔEp at single-walled carbon nanotube
(SWNT) papers (ΔEp = 96 mV) and at aligned MWNTs
with heat pretreatment to remove impurities like amorphous
carbon and catalyst (ΔEp = 230 mV). Particularly, for
aligned MWNTs, the apparent electron transfer rate (as
indicated by ΔEp) was found to correlate with both the
area of the exposed sidewalls (with graphite basal-plane-
like properties) and the density of graphite edge-plane-
like defects, that is, the electrochemistry of the probe was
also influenced by the sidewalls of the nanotubes. They
attributed the small ΔEp at the SWNT paper to the promoted
electron transfer by the oxygen-containing defects produced
during the acid purification step for preparing the papers.
Recently, the fundamental electrochemical properties of
inherently hydrophobic MWNT electrodes and acid-treated
MWNTs were reported by Papakonstantinou et al. using AC
impedance spectroscopy and cyclic voltammetry (CV) [10].
Slow electron transfer kinetics with ΔEp larger than 200 mV
and an electron transfer resistance of about 370Ω were
observed on pristine MWNTs, close to the results reported
by Li et al. at aligned MWNTs [8]. However, acid treatment
was found to significantly improve the electron transfer
kinetics of Fe(CN)6

3−/Fe(CN)6
4− redox couple, approaching

almost reversible ET kinetics. They believed that the acid
treatment modified the charge carrier density at the surface
by introducing surface states and served to facilitate electron
transfer. The better wetting properties of functionalized
CNTs and the higher local density of states as compared with
untreated MWNTs were regarded responsible for favoring
faster ET kinetics. In a word, the intact CNT sidewalls
resemble the basal planes of pyrolytic graphite and can be
regarded electrochemically inert to electroactive species. The
apparent improved electron transfer at the intact nanotube
sidewalls is attributed to the higher stains than the basal
planes. As for the opened caps, the presence of defects and
oxygen-containing functional groups makes them possess
similar electrochemical properties to those of edge planes
of pyrolytic graphite. The introduction of edge-like defect
sites and oxygen-containing functional groups at both the
caps and the sidewalls by chemical or physical treatments
can significantly improve the electrochemical properties of
CNTs by changing the electronic structures, the surface states
and the wettability of the sidewall, reflected by the apparently
facilitated electron transfer kinetics.

The critical roles of defect sites and oxygen-containing
groups on the electrochemical performances of CNT-based
electrodes have been proved by several fundamental research
works [11–14]. Compton et al. [12] compared the oxidative
behaviors of reduced β-nicotinamide adenine dinucleotide
(NADH), epinephrine (EP) and norepinephrine (NE) that
were widely used to verify the so-called “electrocatalyti-
cal properties” of CNTs at CNT- and graphite powder-
modified basal plane pyrolytic graphite electrodes. They
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Figure 1: Cyclic voltammograms for the reduction of 1 mM
ferricyanide for CNT- and C60 film-modified bppg electrodes.
Also shown is the response of a bare bppg electrode and an
edge plane pyrolytic graphite electrode. All scans at a rate of
100 mV/s. [Reprinted with permission from Banks et al. [11],
Chem. Commun., 16, 1804 (2004). Copyright 2004, Royal Society
of Chemistry.]

found both the nanotube- and graphite powder-modified
electrodes show that electrocatalytical activities toward these
species, with enhanced currents and reduced peak-to-peak
separations in comparison with the naked basal plane
pyrolytic graphite. Moreover, the electrocatalytic activity
of CNTs toward hydrogen peroxide was approvded to
arise from the residual catalyst of iron instead of CNTs
themselves [15]. Based on this, they recommended that
the catalytic properties should be cautiously assigned to
carbon nanotubes. Further, they explored the origin of
catalytic properties of CNTs by comparing the voltammet-
ric behaviors of ferricyanide and epinephrine at different
chemically modified pyrolytic graphite electrodes [11, 13].
The results indicated that these species exhibited similar
behaviors at the C60 film-modified bppg electrode and at
the naked bppg electrode [13]. Whereas, the response at
the CNT film-modified electrode was close to that at the
edge plane pyrolytic graphite electrode [11, 13] (Figure 1).
They concluded that the basis of the electrocatalytic nature
of MWNTs was suggested to reside in electron transfer
from the edge-plane-like defect sites at the open ends of
nanotubes, which structurally resembled the behavior of
edge plane (as opposed to basal plane) graphite. Latter,
Gooding et al. [14] demonstrated the critical role of oxygen-
containing groups on the electrochemical properties of
CNT-based electrodes using randomly orientated nanotube
films by a simple casting method and vertically aligned
nanotubes by a self-assembled method. In fact, a pair of
redox couple located at around 0.0 V in neutral media
was usually observed at acid-treated CNT-based electrodes,
which was attributed to the redox of the carboxyl groups
by Li. et al. using XPS and infrared spectra (IR) [16]. In
addition, the electrode process involved four electrons while
the rate-determining step was a one-electron reduction. Our

recent work indicated that both the hydrophobic structural
defect sites and the hydrophilic oxygen-containing groups
were the electroactive sites of CNTs [17]. That is to say, the
surface property of CNTs could be conveniently designed
by simple pretreatments for optimizing the adsorption and
the electrochemical response of analytes. For instance, the
hydrophobic defect sites created during the growth or the
workup of CNTs were favorable to the adsorption and
the electrochemical response of hydrophobic analytes, while
the hydrophilic oxygen-containing groups produced by acid
treatments facilitated the stable adsorption and the direct
electrochemistry of redox proteins.

As a result of the strong intertube interactions, CNTs
generally existed as highly tangled ropes and were insoluble
in almost all solvents, which greatly hindered their practical
applications. In addition, as-produced SWNTs, regardless of
the production procedure, usually contain amorphous car-
bon, carbon nanoparticles and residues from the metal cata-
lysts. To overcome these limitations and to create defect-like
sites and oxygen-containing groups on CNTs that favored the
electrochemical properties of CNTs, as-received CNTs were
usually treated by chemical methods using oxidative, such
as refluxing in dilute nitric acid or refluxing/sonication in a
concentrated H2SO4/HNO3 mixture [19]. These treatments,
by generating surface defects and sometimes resulting in
tube shortening, can provide abundant carboxylated sites
along the nanotube surface and the shortened tube ends [19–
21]. During these processes, nitric acid molecules or NOx

residues can intercalate SWNTs [22] and lead to changes in
the Raman spectra of SWNTs by doping [23], which can be
deintercalated by thermal annealing treatments in vacuum
or argon along with the removal of most defect-like sites
on CNTs [24]. A typical example of the annealing treatment
effect on the defect sites of CNTs was reported by Kuznetsova
et al. using transmission IR spectra (Figure 2) [18]. It is clear
that the oxygen-containing groups on the defect sites can
be effectively eliminated with annealing treatment. Whereas,
the defect sites are not removed by this method, that is,
the annealing treatment cannot restore the perfect structure
of CNTs. The annealing effects on the electrochemical
properties of CNT-based electrodes were investigated by
Barisci et al. [25, 26]. They found that thermal annealing
produced significant changes in a range of properties of the
material including increased hydrophobicity and elimination
of electroactive surface functional groups. The activation of
CNTs was also achieved by electrochemical methods. Wang
et al. [27] explored the electrochemical activation of MWNTs
from different sources by anodization treatment. They found
that while the anodic pretreatment resulted in a dramatic
improvement in the electrochemical reactivity of the ARC-
produced CNTs, CNTs produced by chemical vapour deposi-
tion (CVD) appeared to be resistant to the anodic activation.
These differences in the effect of the electrochemical pretreat-
ment were attributed to the anodic preanodization effectively
“breaking” the basal-plane end caps of ARC-CNTs thereby
exposing edge plane defects, similar to those already present
in the open-end caps of CVD-CNTs. The electrochemical
activation of as-grown CNTs ensembles in 1.0 M NaOH
was also achieved by Lin et al. [28] by applying a bias at
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Figure 2: Decomposition of oxygen related functionalities on o-SWNTs. Transmission IR spectra of o-SWNTs following heating in vacuum
to the indicated temperatures. The spectra indicate that carboxylic acid and quinone groups are thermally destroyed in vacuum above about
600 K. Other unassigned surface functionalities are also observed to disappear upon heating. Removal of these functionalities reveals the
IR transition associated with a 1580 cm−1 phonon mode of nanotubes. [Adapted with permission from Kuznetsova et al. [18], Chem. Phys.
Lett., 321, 292 (2000). Copyright 2000, Elsevier Science.]

1.5 V for 90 seconds. After electrochemical treatment, some
functional groups (e.g., carboxylic acid) were created at
the CNTs ends, which were further utilized to immobilize
proteins using standard water-soluble coupling agents 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and
N-hydroxysulfo-succinimide (sulfo-NHS) by forming amide
linkages between their amine residues and the carboxylic acid
groups on the CNTs ends.

3. Fabrication of Carbon Nanotube-Based
Electrochemical Sensors

Since their first application in electrochemistry by Britto
et al. [1], numerous papers dealing with the use of CNTs
as electrodes have been reported. The major problem on
the promising applications of CNTs in electrochemical
sensors is the immobilization of activated CNTs on the
electrode surface because CNTs generally exist as highly
tangled ropes and are insoluble in almost all solvents,
which greatly hinder their capacity of forming uniform and
stable films. To overcome this deficiency, CNTs are firstly
dispersed or dissolved in various solutions or suspensions
and immobilized on the surfaces of various substrates by
physical or chemical methods. This section focuses on
the introduction of some typical immobilization methods
of CNTs on electrode surfaces that are widely used in
constructing CNT-based electrochemical sensors.

3.1. Solvent Dispersion and Casting Immobilization. The
most widely used methods for fabricating CNT-based elec-
trochemical sensors are the approaches that involve the
dispersing of CNTs in a certain solvent with sonication after
their purification and activation pretreatments, followed by
dropping the resultant suspensions on the electrode surfaces
and allowing to dry (i.e., the casting methods). Among the

reported solvents, N,N-dimethylformamide (DMF) is the
most extensively used polar solvent and more than half of
the papers deal with CNT-based electrochemical sensors
using DMF as the dispersing solvent [16, 29–42]. There are
also some other solvents used to prepare CNT suspensions,
including water [43–48], acetone [49–53], ethanol [54–
56] and even toluene [57, 58]. However, compared with
these solvents, DMF has some overwhelming advantages
for dispersing CNTs, for example, much higher solubility,
stability and exfoliation efficiency. The debundling and
dissolution of SWNTs in DMF and N-methyl-2-pyrrolidone
(NMP) have been systematacially investigated by Furtado
et al. [59]. Compared with other approaches, the solvent-
dispersing methods of CNTs inevitably suffer from some
disadvantages, such as low solubility, low stability and low
exfoliation efficiency, due to the rather weak interactions
between these solvents and CNTs. The predominance of
these methods is their simplicity, convenience and no need
of other additives, which makes them suitable for using as
the foregoing step in multistep fabrications of complex CNT-
based electrochemical sensors.

3.2. Additive-Assisted Dispersion and Immobilization. To
improve the solubility and stability of CNTs in their suspen-
sions, various additives are added into solvents to assist the
dispersion of CNTs, such as surfactants and polymers. The
structures of these species are shown in Figure 3.

3.2.1. Nafion. As a typical cationic ion exchange resin,
Nafion has been used extensively for the modification of
electrode surfaces and for the construction of amperometric
biosensors, due to the unique ion-exchange, discriminative,
and biocompatibility properties [60, 61]. It is clear from
Figure 3(a) that Nafion contains two different regions: the
hydrophobic polymer backbone and the ionized hydrophilic
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sulfonate groups outside the hydrophobic region. This spe-
cial amphiphilic structure makes Nafion bear the capacity of
combining with CNTs by hydrophobic interactions between
the hydrophobic backbone of Nafion and the sidewall
of CNTs as well as dispersing them in solutions by the
hydrophilic groups. The dispersion of CNTs in Nafion
solutions with sonication was firstly reported by Wu et al.
and used for the selective determination of dopamine (DA)
via the elimination of potential interferences from negatively
charged uric acid (UA) and ascorbic acid (AA) by the
Nafion film [62]. Later, Wang et al. systematacially studied
the dispersion of CNTs in Nafion solutions and used this
system to construct glucose electrochemical biosensors based
on the electrocatalytic action toward hydrogen peroxide
(H2O2) [63]. Since then, many works focused on the
construction of CNT-based electrochemical sensors by this
method, including the direct determination of DA [64, 65],
nitrophenol [66, 67], cadmium ion [68], carbohydrates [69]
and homocysteine (HcySH) [70], and the fixation of glucose
oxidase (GOx) [71], copper (Cu) [72] and platinum (Pt)
nanoparticles [73] for constructing glucose electrochemical
sensors as well as the electrodeposition of nickel (Ni) for
analysis of amino acids in flow injection analysis (FIA) [74].

3.2.2. Surfactants

(1) Water-Soluble Surfactants. Since the report by
Abatemarco [75], sodium dodecyl sulphate (SDS)
(Figure 3(b)) has been widely used to prepare stable
suspensions of purified SWNTs in water with the aid of
sonication. The mechanism for the dissolution of SWNTs
in SDS aqueous solutions is well investigated. The common
agreement is that the encapsulation of SWNTs in SDS
micelles and the repulsive interactions between negatively
charged SDS micelles account for the stable suspension
of SWNTs in solution. The reports on the applications of
SDS-dispersed CNTs in electrochemical sensors are rare, due
to the rather weak adsorption of SDS-CNT composites on
the smooth surfaces of conventional solid electrodes and
the unstable films prepared from this suspension. However,
Chen et al. prepared a SWNT modified carbon fiber
nanoelectrode (CFNE) for the sensitive determination of
DA from the suspension of SWNTs in SDS aqueous solution
[76]. The achievement of this successful preparation might
arise from the strong adsorption of SWNTs on the porous
and hydrophilic surface of CFNE. The interaction between
the oxygen-containing groups on acid treated SWNTs
and on the CFNE pretreated by burning in air might also
contribute to the strong attachment of SWNTs on CFNE.
The suspension of CNTs in cetyltrimethylammonium
bromide (CTAB) (Figure 3(c)) aqueous solution was used
by Cai et al. to prepare CNT-based hemoglobin (Hb)
electrochemical biosensors [77]. The suspension of CNTs
was mixed with the phosphate buffer solution (PBS)
containing Hb and fixed on the surface of a glassy carbon
electrode (GCE) by a Nafion coating, resulting in the direct
electrochemistry of Hb. Similary, the direct electrochemistry
of GOx was achieved at similar electrochemical biosensors
and used for the determination of glucose [78].

(2) Water-Insoluble Surfactants. Besides the Nafion dispers-
ing system of CNTs, Wu et al. also developed another CNT
dispersing system on the basis of the stable dispersion of
CNTs in the aqueous solution of dihexadecyl hydrogen
phosphate (DHP) (Figure 3(d)) [79]. Different from SDS
and CTAB, DHP consists of two hydrophobic tails and a
dissociable phosphate group. This special structure enables
DHP to form stable and homogeneous suspensions in water,
which can be cast on the electrode surfaces to prepare stable
and uniform films. Based on the hydrophobic interactions
between the hydrophobic tails of DHP and the sidewall of
the nanotubes as well as the possible interactions between
the phosphate groups on DHP and the oxygen-containing
groups on acid-treated CNTs, MWNTs were dispersed in the
aqueous suspension of DHP with sonication, resulting in the
formation of a stable and homogeneous aqueous suspension
of DHP and CNTs. The casting of the suspension of DHP
and MWNTs on the electrode surface produced CNT-based
electrochemical sensors that showed excellent electrochemi-
cal activity toward many species, such as hormone [80–82],
drugs [83–93], biomolecules [79, 94–99], and heavy metal
ions [100, 101].

3.2.3. Chitosan. Chitosan (CHIT) is a polysaccharide
biopolymer (Figure 3(e)), which displays excellent film-
forming ability, high water permeability, good adhesion,
and susceptibility to chemical modifications due to the
presence of reactive amino and hydroxyl functional groups.
Jiang et al. firstly reported the stable dispersion of CNTs
in the acidic aqueous solutions of CHIT with sonication
and used to the simultaneous determination of DA and
UA [102]. The special interaction between CHIT and CNTs
was characterized by Zhang et al. [103]. They demonstrated
by thermogravimetric analysis (TGA) that CHIT might be
adsorbed onto CNTs and form a special CHIT-CNT system,
which can be precipitated from the solutions by the addition
of concentrated salts or the adjustment of solution acidity.
The selective interaction between CHIT and CNTs also
provided a possible approach for separating CNTs from
carbonaceous impurities. Based on the derivation of the reac-
tive groups on CHIT, they developed a CNT-based glucose
electrochemical biosensor, which might be applied to a large
group of dehydrogenase enzymes for the designing of a vari-
ety of bioelectrochemical devices (e.g., sensors, biosensors,
biofuel cells). In fact, the solubilization of CNTs in aqueous
solutions by polysaccharides has been reported previously
by Star et al. using starch as the dispersing agent [104].
They found that common starch, provided it is activated
toward complexation by wrapping itself helically around
small molecules, would transport SWNTs competitively into
aqueous solutions, and that the process was sufficiently
reversible at high temperatures to permit the separation of
SWNTs in their supramolecular starch-wrapped form by a
series of physical manipulations from amorphous carbon.
Based on their previous work [102], Jiang et al. applied the
CHIT-CNT system for the direct determination of nitrite
[38], the simultaneous detection of UA and NE [105],
and the selective determination of DA in the presence of
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AA [106]. Another marvelous work on the simultaneous
electrodeposition of CHIT-CNTs on gold electrodes was
reported by Chen et al. [107]. The typical electrodeposition
procedure was expressed as follows: a pair of polished and
cleaned gold electrodes (diameter 2.0 mm, separation of
about 0.5 cm) was connected to a direct current power supply
(3.0 V) and dipped into the CNT-CHIT solution (pH 5.0);
H+ in the solution was reduced to H2 at the cathode, and
the pH near the cathode surface gradually increased; as
the solubility of CHIT was pH-dependent, when the pH
exceeded the pKa of CHIT (about pH 6.3), CHIT became
insoluble and the CHIT entrapped CNTs would deposit
onto the cathode surface as a result. Based on this, they
developed a glucose electrochemical biosensor through the
codeposition of GOx with CHIT-CNTs. This simple and
controllable electrodeposition method overcomes the major
obstacle for preparing CNT-based biosensor systems and
expands the scope of electrochemical devices based on CNTs.
However, this method might suffer from some inevitable
disadvantages, for example, the using of high potential bias
(3.0 V) might influence the quality of the substrate electrodes
and the bubbling of H2 produced during the electrolysis
process might influence the uniformity of the deposited
films.

3.2.4. Polyethyleneimine. As a positively charged polyelec-
trolye, polyethyleneimine (PEI) (Figure 3(f)) was also exten-
sively employed as an efficient additive for the dispersion of
CNTs in aqueous solutions. The resulting PEI-CNT compos-
ite was proved to have good stability and biocompatibility
[108]. Based on the reactivity of amino groups on PEI,
the noncovalent or covalent modification of CNTs by PEI
provides a simple approach to the further surface functional-
ization of CNTs by quantum dots [109], metal nanoparticles
[110, 111]. PEI-functionlized CNTs are a useful nanocom-
posite in electromistry and electroanalytical chemistry. For
instance, based on the interactions between PEI and GOx
as well as the strong adsorption of PEI on MWNTs, Ivnitski
et al. proposed a GOx anode for biofuel cell by using PEI as
the binder for grafting Gox on the surface of MWNTs [112].
Similarly, Rivas et al. developed an electrochemical sensor for
the sensitive determination of ascorbic acid, dopamine, 3,4-
dihydroxyphenylacetic acid (dopac) and hydrogen peroxide
[113], on the basis of the stable suspension of CNTs in
PEI aqeous solution and the surface modification of a
glassy carbon electrode (GCE) by the PEI-MWNT com-
posite. Later, they employed this electrochemical sensor as
the detector in flow systems to achieve highly sensitive
detections of hydrogen peroxide, different neurotransmitters
(dopamine (D) and its metabolite dopac, epinephrine (E),
norepinephrine (NE)), phenolic compounds (phenol (P),
3-chlorophenol (3-CP) and 2,3-dichlorophenol (2,3CP))
and herbicides (amitrol), with sensitivities enhancements
of 150 and 140 folds compared to GCE for hydrogen
peroxide and amitrol, respectively [114]. One of the most
remarkable properties of this sensor was the antifouling
effect of the CNT/PEI layer. This unique property was further
demonstrated by Chicharro et al. by examining the analytical

(a) (b)

Figure 4: SEM pictures of the surface of the CNTs sol-gel composite
(a) without and (b) with 0.25 mg colloidal silica particles per mg of
MWNTs. Bar, 5 μm. [Reprinted with permission from Gavalas et al.
[118], Anal. Biochem., 329, 247 (2004). Copyright 2004, Elsevier
Science.]

performance of PEI-CNT composite modified electrodes
as electrochemical sensors in capillary electrophoresis for
the MEKC separations of phenolic pollutants (phenol, 3-
chlorophenol, 2,3-dichlorophcnol, and 4-nitrophenol) and
herbicides (amitrol, asulam, diuron, fenuron, monuron, and
chlortoluron) [115]. A recent work of Rivas revealed that
the highly selective and sensitive voltammetric dopamine
quantification in the presence of ascorbic acid and serotonin
could be obtained at glassy carbon electrodes modified with
PEI-MWNT composite [116]. On the other hand, Qiu et al.
developed a sensitive electrochemical system for the selective
determination of ascorbic acid by incorporating a mediator,
ferrocenyl group (Fc), into the MWNT composite by using
PEI as a binder [117].

3.2.5. Sel-Gels. The sol-gel and hydrogel have been widely
used in recent years to immobilize biomolecules (e.g.,
enzymes) for constructing electrochemical biosensors
because of their easy fabrication, chemical inertness, thermal
stability and good biocompatibility. However, the lack of
electrochemical reactivity and the poor conductivity of these
materials, especially for silica sol-gel, greatly hinder their
promising applications. A typical procedure for preparing
CNT-based sol-gel consists of the dispersion of CNTs in
solvents, the mixing of the CNT suspensions with the
sols and finally the casting of the resultant mixture on
the electrode surfaces. Recently, Gavalas et al. prepared
CNT aqueous sol-gel composites as enzyme-friendly
platforms for the development of stable biosensors [118]
(Figure 4). These CNT-based sol-gel electrochemical
biosensing platforms were demonstrated to possess both
the electrochemical characteristics of CNTs and the role of
sol-gel for eliminating by-products. Tan et al. reported a
new type of amperometric cholesterol biosensor based on
sol-gel CHIT/silica and MWNT organic-inorganic hybrid
composite materials [119]. They found that MWNTs acted
as both nanometer conducting wires and catalysts, which
can effectively promote electron transfer between enzymes
and the electrode surface. Gong et al. developed a new kind
of ceramic-carbon nanotube nanocomposite electrodes
(CCNNEs) prepared by doping MWNTs into silicate gel
[120]. In contrast to the conventional sol-gel or CNT-based
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Figure 5: Environmental scanning electron microscopic (ESEM) images of (a) MWNT/[bmim]PF6 and (b) MCMB/[bmim]PF6, the scale
bar is 1 μm in (a) and 20 μm in (b). The accelerating voltage is 20 kV. [Adapted with permission from Zhao et al. [122], Anal. Chem., 76,
4960 (2004). Copyright 2004, American Chemical Society.]

electrochemical sensors, the electrochemical response of
these electrodes can be conveniently tuned from that of
conventional scale electrodes to that of microelectrodes
by just varying the content of MWNTs in the composites.
Besides silica-based sol-gel, the preparation of CNT-redox
polymer hydrogel composite films was also reported recently
by Joshi et al. [121]. By incorporating enzyme modified
SWNT into PVP-Os polymer hydrogel, the sensor’s current
output was increased for 2-3 times.

3.2.6. Room-Temperature Ionic Liquids. Room-temperature
ionic liquids (RTILs) are thermally stable salts, liquid at
room temperature, constituted by an organic cation and
either an organic or an inorganic anion. Unlike traditional
inorganic molten salts such as NaCl, NaAlF6, or the eutectic
mixture LiCl-KCl, room temperature ionic liquids present
a high degree of asymmetry that inhibits crystallisation at
room temperatures. RTILs have some marvelous properties,
including nonvolatile nature or nonmeasurable vapour pres-
sure, low melt point (even as low as −90◦C), wide liquidus
range (up to 200◦C), strong electrostatic field, wide electro-
chemical potential range (i.e., RTILs remain stable at poten-
tials even higher than 5 V), relative air and water stability,
high polarity, favorable viscosity and density as solvents, high
thermal stability (i.e., decomposition temperature might be
higher than 400◦C), and the ability of solvating a wide range
of species including organic, inorganic, and organometallic
compounds by varying the R group in RTILs. These special
properties make them have promising applications in green
chemistry (including synthesis, catalysis and biocatalysis),
functional materials (e.g., photoelectrical materials and
lubricate materials), energy science, environment science,
and so on. Recently, Zhao et al. [122] proposed a novel
strategy for investigating the electrical-ionic properties of
RTILs and carbon composite materials formed by mix-
ing a water-insoluble RTILs (1-butyl-3-methylimidazolium
hexafluoro- phosphate, [bmim]PF6) (Figure 3(g)) and car-
bon materials of two types: one was MWNTs with a tube
shape and the other was mesocarbon microbeads (MCMBs)
with a bead shape (Figure 5). The hybrid MWNT/RTIL
and MCMB/RTIL materials showed a different conductivity

mechanism determined by ac impedance technology. The
RTIL and carbon composite materials can also be used to
act as modifiers in the direct electrochemistry of protein
and to catalyze the reduction of O2 and H2O2. Later, Zhang
et al. [123] developed an RTILs supported three-dimensional
network SWNT electrode. In that work, large quantities
of SWNTs were considerably untangled in RTILs so as
to greatly increase the effective area of the electrode. N-
succinimidyl acrylate (NSA), as a model monomer, was
dissolved in the supporting RTILs and was electrografted
onto SWNTs (SWNT-poly-NSA). Then, GOx was directly
covalently anchored on the SWNT-poly-NSA assembly.
More recently, Zhao et al. [124] prepared an RTIL-CNT-
modified GCE by grinding the mixture of an RTILs (1-octyl-
3-methyl imidazolium hexafluorophosphate, OMIMPF6)
(Figure 3(f)) and MWNTs on a certain weight ratio and
casting the resulting black gel on the electrode surface, which
was successfully used to the selective determination of DA in
the presence of UA and AA.

3.2.7. Proteins. The employement of proteins as functional
biomaterials has been widely reported due to the excellent
biocompatibility and the abundant derativie surface groups.
As a kind of special amphiphilic biomacromolecues, proteins
are proved to be capable of dispersing CNTs in water. Lin
et al. firstly discovered that SWNTs are naturally protein-
affinitive in an aqueous ferritin solution, resulting in sig-
nificant ferritin-SWNT conjugation and the solubilization
of the nanotubes [126]. The conjugation can be further
enhanced and stabilized in the presence of a coupling
agent for amidation to promote the formation of covalent
linkages. Later, Karajanagi et al. reported that a variety
of proteins differing in size and structure, for example,
bovine serum albumin (BSA), peroxidases from soybean
and horseradish, trypsin, ferritin, and mucor javanicus lipase
(MJL), were able to generate individual nanotube solutions
by a noncovalent functionalization procedure [127]. Our
recent work also demonstrated that glucose oxidase (GOx)
can be grafted on the surface of MWNTs by a simple non-
covalent functionalization to achive both the solubilization
of MWNTs in water and the direct electrochemistry of GOx
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Figure 6: Photos of GOx-grafted MWNTs (a) and MWNTs (b) in water (left), and cyclic voltammograms of the MWNT- (a) and GOx-
grafted MWNT- (b) modified glass carbon electrode in 0.1 M phosphate buffer solution (pH 6.9) (right) [125].

(Figure 6) [125]. Morevoer, the oxygen-containing groups
on MWNTs produced by acid treatments are crucial to
the stable adsorption of GOx on MWNTs [128]. Since the
protein-CNT hybride has the properities of both proteins
and CNTs, it might have promising applications in various
fileds like biomedical, material and analytical sciences.

3.2.8. Cyclodextrins. Cyclodextrins (CDs) are crystalline,
water soluble, and cyclic oligosaccharides built up of glu-
copyranose units (glucose units) and contain a relatively
hydrophobic central cavity and hydrophilic outer surface.
The soft cutting of SWNTs by CDs was firstly reported
by Chen et al. [129] and then characterized by Chambers
et al. [130] using adsorption and Raman spectra as well
as differential scanning calorimetery (DSC). The results
confirmed conclusively that γ-CDs and SWNTs did interact
with each other in a fashion similar to that originally
suggested by Chen et al. [129], who proposed that CDs
were absorbed at the surface of nanotube ropes by van der
Waals forces. This result foretold the use of CDs for the
chemical manipulation and processing of CNTs. Based on
this, Luo et al. developed CD-CNT composite film-modified
electrodes by dispersing CNTs in the aqueous solutions of
either α- [131–133] or β-CD [134, 135] with sonication,
which was used for the determination of NE [135], UA
[134] and thymine [131], the selective determination of p-
nitrophenol [132], and the simultaneous determination of
DA and EP [133].

3.2.9. Organic Dyes. Different from the above weak Van
der Waals interactions between the dispersing agents and
CNTs, conjugated organic compounds, especially organic
dyes containing amino groups, can combine with CNTs via
stronger π-π interactions to form much stabler hybrides,
which leads to a much higher stability and solubility of CNTs
in solution. Chen et al. firstly reported the strong adsorption
of an amino-derivative pyrene on the sidewall of SWNTs
via π-π interactions for the surface modification of SWNTs

[137]. They foresaw that this noncovalent method might also
hold the key to forming stable suspensions of functionalized
SWNTs in solutions and open up the possibility of self-
assembly of nanotubes with unperturbed sp2 structures and
electronic properties. Based on the strong π-π interactions
between methylene blue and SWNTs, Yan et al. developed a
simple noncovalent method for the dissolution of SWNTs in
water [138]. The MB-functionalized SWNTs were positively
charged and utilized to construct an electroactive multilayer
of MB and SWNTs through a layer-by-layer assembling
method, which showed excellent electrocatalytic activity
toward the reduction of oxygen. Our group also proposed a
simple noncovalent method for dissolving CNTs in water by
Congo red (CR) (Figure 3(h)), a negatively charged organic
dye, based on the strong π-π interactions between CR and
CNTs [136, 139–141]. This method had the merit of high
solubility, stability and selectivity, and was able to dissolve a
variety of CNTs, for example, pristine or acid-treated SWNTs
or MWNTs. The resulting CR-functionalized CNTs (CNT-
CR) had a unique property of forming uniform, compact
but stable CNT films on various substrates when completely
dried (Figure 7), which had been proven to possess excellent
electrochemical performances toward various substances,
such as redox proteins [128], drugs [140], small biomolecules
[141], hormones [136], and so on. The reversible adsorption
of surfactants on the naked surface of CNT-CR conjugate
also provided a simple approach to the further enhancement
of the electrochemical response of hydrophobic species and
the improvement of the antifouling capacity of the CNT
sensing films [136].

3.3. Self-Assembling Immobilization

3.3.1. Polyelectrolyte Assisted Self-Assembly. The applica-
tions of CNTs in electrochemical sensors by self-assembled
methods were mainly achieved through the attachment of
water-soluble polyelectrolytes on the sidewall of CNTs. The
molecular design of strong SWNT/polyelectrolyte multilayer
composites has been reported previously [143]. The typical
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Figure 7: SEM images of as-received MWNTs (a) and CR-
functionalized MWNTs (b) [136]. [Reprinted with permission from
Hu et al. [136], Electrochem. Commun., 9, 128 (2004). Copyright
2007, Elsevier Science.]

polyelectrolyte used for preparing CNT-based electrochem-
ical sensors by self-assembled methods was a cationic
polyelectrolyte, poly(diallyl dimethyl ammonium) chloride
(PDDA). The interaction between PDDA and CNTs has
been systematacially investigated by Yang et al. [144] using
XPS and photoacoustic Fourier transform infrared (PA-
FTIR) spectroscopies. They found that the mild sonication
of MWNTs in aqueous PDDA resulted in a significant
improvement of CNT dispersibility and greatly enhanced
their adhesion to Au and Si substrates. The MWNT-PDDA
interaction was due to the presence of an unsaturated
contaminant in the PDDA chain, as confirmed by both XPS
and PA-FTIR, which entered into a π-π interaction with
the CNTs. Electrostatic group repulsions of the coated CNTs
then provided the dispersibility and adhesion. Guo et al.
firstly reported the electrostatic assembly of calf thymus DNA
on MWNT-modified gold electrode via PDDA and used this
electrode to study the interaction between chlorpromazine
chloride and DNA [44]. Soon, they also prepared a CNT-
based amperometric cholesterol biosensor through layer-by-
layer (LBL) deposition of PDDA and cholesterol oxidase
(ChOx) on MWNT-modified gold electrode, followed by
electrochemical generation of a nonconducting poly(o-
phenylenediamine) (PPD) film as the protective coating
[145]. Zhang et al. fabricated multilayer films of shortened
MWNTs that were homogeneously and stably assembled on
GCE with the LBL method based on the electrostatic interac-
tion of positively charged PDDA and negatively charged and
shortened MWNTs (Figure 8), which were further applied
to the electrocatalytic reduction of O2 [142] as well as the
selective determination of DA [146]. Recently, He et al.
introduced a new fabrication of DNA-CNT particles using
the LBL technique on SWNTs by the alternative deposition
of PDDA and DNA on the water-soluble oxidized SWNTs
[147]. The electrodes modified by the DNA/PDDA/SWNT
particles were used as DNA sensors for the investigation of
DNA damage by nitric oxide. The self-assembly of nega-
tively charged poly(aminobenzenesulfonic acid) (PABS) on
SWNTs was proposed by Liu et al. [148], which was used for
the assembly of a conducting polymer, polyaniline (PANT),
on the surface of SWNTs. The obtained PANI/PABS-SWNT

(a) (b)

(c) (d)

Figure 8: Representative SEM images of {PDDA/MWNTs}1 (a),
{PDDA/MWNTs}3 (b), and {PDDA/MWNTs}5 (c) assembled on
a silicon wafer. The scale bar in (a)–(c) was 5 μm. (d) represents
the SEM image of {PDDA/MWNTs}1 with a high amplification
with a scale bar of 1 μm. [Reprinted with permission from Zhang
et al. [142], Langmuir, 20, 8781 (2004). Copyright 2004, American
Chemical Society.]

multilayer films were very stable and showed high electrocat-
alytic ability toward the oxidation of NADH at a much lower
potential (about +50 mV versus Ag|AgCl). Lenihan et al. pro-
posed a protocol for immobilizing alkaline phosphatase on
the surface of MWNTs utilizing an LBL methodology. They
firstly incubated CNTs with streptavidin to form a protein
layer on the surface of the nanotubes and then attached
biotinylated alkaline phosphatase to streptavidin, anchoring
the sensing protein onto the surface of CNTs, which was
used to the determination of 1-naphthyl phosphate. Besides
macromolecules, small conjugated molecules were also used
for the construction of CNT-based electrochemical sensors.
Yan et al. described and characterized the adsorption of elec-
troactive methylene blue (MB) dye onto SWNTs to form an
electrochemically functional nanostructure [138, 149]. They
found that MB essentially interacted with SWNTs through
charge-transfer and hydrophobic interactions, leading to
the formation of an MB-SWNT adsorptive nanostructure,
which exhibited distinct electrochemical properties from
those of MB adsorbed onto GCE. The stable adsorption
of water-soluble and positively charged MB molecules onto
SWNTs was further demonstrated to be able to solubilize the
formed nanostructure in water quite well and to fabricate a
functional nanocomposite by LBL assembling of the formed
narrostructure on a solid substrate.
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Figure 9: A schematic showing the steps involved in the fabrication of aligned shortened SWNTs arrays for direct electron transfer with
enzymes such as microperoxidase MP-11. [Reprinted with permission from Gooding et al. [150], J. Am. Chem. Soc., 125, 9006 (2003).
Copyright 2003, American Chemical Society.]

3.3.2. Direct Self-Assembly. The negatively charged carboxyl
groups on CNTs produced during the acid treatments
provide two approaches for the direct self-assembling immo-
bilization of CNTs on electrode surfaces: one is the covalent
bonding of CNTs to cysteamine self-assembled monolayer
(SAM) modified gold electrodes via the reaction of carboxyl
groups on CNTs and amino groups on cysteamine SAM in
the presence of coupling reagents; the other is the attachment
of CNTs to electrode surfaces via the electrostatic interactions
between negatively charged carboxyl groups on CNTs and
the positively charged species on the electrode surfaces. The
self-assembly of CNTs on a gold electrode was reported
by Liu et al. [151]. They firstly cut as-grown nanotubes
into short pipes and thiol-derivatized at the open ends by
chemical methods. The ordered assembly of SWNTs was then
made by their spontaneous chemical adsorption to gold via
Au–S bonds. They found that the nanotubes were organized
on gold, forming a self-assembled monolayer structure with
a perpendicular orientation, and the adsorption kinetics of
the nanotubes was very slow in comparison to conventional
alkanethiols. Different from the work by Liu et al. [151],
Gooding et al. fabricated an aligned CNTs array for the direct
electrochemistry of microperoxidase MP-11 via a three-step

procedure [150] (Figure 9). Later, they applied this method
to GOx and also accomplished the direct electron transfer
between the electrode and the redox active centre of GOx,
flavin adenine dnucleotide (FAD) [152]. Recently, Xu et al.
fabricated an MWNT monolayer modified gold electrode by
a similar method and achieved the direct electrochemistry
of horseradish peroxidase (HRP) physically adsorbed on
the surface of MWNTs [153]. In contrast to the covalent
methods for attaching CNTs to cysteamine modified gold
electrodes, Qu et al. [154] attached acid-treated SWNTs
to cysteamine modified gold electrodes via electrostatic
adsorption. Chattopadhyay et al. also developed another
method for preparing aligned CNT arrays on the surface of
ordinary pyrolytic graphite (PG) electrodes from randomly
dispersed CNTs by using a Nafion solution [155]. Based on
the successful fabrication of the CNT arrays on the electrode
surfaces, proteins like HRP were either covalently attached
[156] or physically adsorbed [157] onto the end of the CNT
arrays and achieved their electroanalytical applications.

3.4. Carbon Nanotube Paste Electrodes. CNT paste elec-
trodes (CNTPEs) refer to the paste electrodes made up
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of liquid binder and CNTs. CNTPEs retain the properties
of the classical carbon paste electrodes (CPEs) such as
the feasibility to incorporate different substances, the low
background currents, the wide potential range, the easy
renewal and composite nature. CNTPEs also preserve the
unique electrochemical properties of CNTs, like the ability
to promote electron-transfer reactions of various species,
especially for biomolecules. Compared with other methods
for preparing CNT-based electrochemical sensors, CNTs
in CNTPEs do not need any additional treatment (e.g.,
purification, modification or shortening treatment) and are
suitable for all kinds of CNTs. Britto et al. [158] firstly
reported a dramatic improvement in the electrochemical
behavior of DA with ΔEp of 30 mV at nonactivated carbon
nanotube electrodes constructed by using bromoform as
binder. Davis et al. [159] further explored the possibility of
using CNTs as the electrode materials. They achieved for
the first time the direct electrochemistry of proteins at a
CNTPE that was prepared from protein decorated CNTs by
physical adsorption. The formal appellation “CNT paste”
or “CNTP” electrode was firstly reported by Valentini et al.
in 2003 [160]. In that work, they prepared CNTPEs by
mixing SWNTs with mineral oil. Studies on the compo-
sition of the SWNT paste electrodes showed a different
behavior, as compared to graphite paste electrodes (CPEs).
In the case of CPEs, the treatment of graphite powder
with HNO3 oxidation hardly changed the electrochemical
properties of CPEs. As for CNTPEs, the HNO3 oxida-
tion treatment significantly improved the electrochemical
activity of CNTPEs toward many electroactive substances,
especially for small biomolecules. Later, Valentini et al.
[161] further explored the various advantages of CNTPEs
over conventional carbon paste (CP), Pt, and glassy carbon
electrodes, such as a very low capacitance (background
current) and fast electron transfer rates toward various
redox couples, especially for two-electron quinonic structure
species. Since then, more and more works focus on the
preparation and applications of CNTPEs in electrochemical
sensors, including the determination of amitrole [162],
HcySH [163] and DNA [164] at CNTPEs, the determination
of carbohydrates at a copper particle incorporated CNTPE
[165], the determination of lactate, phenols, catechols,
alcohols or glucose at enzyme incorporated CNTPEs [166,
167], and the electrocatalytic oxidation of NADH at a 3,4-
dihydroxybenzaldehyde (3,4-DHB) modified CNTPE [168,
169]. Using solid binders in preparing CNTPEs was also
reported. Wang et al. prepared CNT/Teflon composite
electrodes by the dispersion of CNTs within a Teflon
binder [170]. The resulting CNT/Teflon material brought
new capabilities for electrochemical devices by combining
the advantages of CNTs and “bulk” composite electrodes,
including the accelerated electron transfer, the minimization
of surface fouling and surface renewability. The electro-
catalytic properties of CNTs were not impaired by their
association with the Teflon binder. Later, Chen et al. prepared
a CNT-epoxy composite microdisc electrode by mixing CNT
powder with epoxy resin/hardener and packing the resulting
CNT-epoxy composite into the opening end of capillary
[171].

3.5. Abrasive Immobilization

3.5.1. Carbon Nanotube Powder Microelectrodes. Powder
microelectrodes (PMEs) have been proved to be an effec-
tive technology for the purpose. PMEs, originated from
Liu’s laboratory, are a convenient technique for both the
characterization of powder materials and the subsequent
electroanalytical applications [172]. In fact, the so-called
PME is a combination of porous and microelectrode.
Besides, PMEs have the properties of the thin layer cell to
some extent. No binder is needed for preparing PMEs; this
not only makes the preparation simple but also can prevent
impurities and keep the powder material in its pristine state
[172]. Liu et al. [173] firstly reported the immobilization
of CNTs on PMEs by filling CNTs in the microcaves of
PMEs through a simple rubbing operation. The resultant
CNT-based PMEs (CNTPMEs) were further modified by
Os(bpy)3

2+ and used for the electrocatalytic determination
of nitrite. Then, CNTPMEs were used for the determination
of hydrazine [174] and cysteine (CySH) [175], the direct
electrochemistry of HRP [176], and the studies on the
electrochemical properties and scavenge of superoxide anion
in aprotic media by Hu et al. [177].

3.5.2. Carbon Nanotube Abrasively Modified Conventional
Scale Electrodes. The grinding immobilization of CNTs on
the surface of conventional scale electrodes was firstly
reported by Luo et al. [178]. In that work, a CNT-intercalated
graphite electrode (CNT-IE) was fabricated by grinding with
a suitable amount of CNTs powder. A thin CNT layer was
formed on the graphite surface by intercalating CNTs into
the soft graphite layers with the aid of mechanical force and
also the action of chemical and physical adsorption. CNT-
IE can effectively separate the oxidation potential of DA and
AA, which was used for the simultaneous determination
of DA and AA [178] and the selective determination of
DA and serotonin (5-HT) in the presence of AA [179].
CNT-IE was further employed by Shi et al. to prepare
an amperometric cholesterol biosensor by immobilizing of
ChOx in sol-gel on a Pt-decorated CNT-IE [180] and a Pt-
decorated CNT intercalated waxed graphite electrode [181].
Salimi et al. developed a CNT intercalated bppg electrode
by gently rubbing the electrode surface of bppg on fine
qualitative filter paper containing CNTs for 1 minute, which
was used for the determination of EP [182] (Figure 10).
Based on this electrode, they also prepared a glucose
electrochemical biosensor by coating the CNT intercalated
bppg electrode with a sol-gel composite film containing GOx
[183]. Later, Salimi et al. produced a CNT intercalated GCE
by immobilizing MWNTs on GCE that was preheated for
5 minutes at 50◦C through gentle rubbing of the electrode
surface on a filter paper supporting CNTs, which was applied
to the determination of morphine [184], and thiols like
thiocytosine, L-CySH, and glutathione (GSH) [185].

3.6. Electropolymerization Immobilization. The polymeriza-
tion of various monomers in the presence of dispersed CNTs
in solutions by electrochemical methods has been employed
for the immobilization of CNTs on the electrode surface.
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Figure 10: SEM images of CNTs used to fabricate the CNT-
modified bppg electrode, magnification (a) 10000 and (b) 33000.
[Reprinted with permission from Salimi et al. [182], Analyst, 129,
225 (2004). Copyright 2004, Royal Society of Chemistry.]

In this process, CNTs were enwrapped in polymers during
the electropolymerization process in the form of counter
ions or dopants. Wu et al. reported a marvelous method for
the dispersion and immobilization of CNTs on the electrode
surface by water-soluble alizarin red S (ARS, 3,4-dihydroxy-
9,10-dioxo-2- anthracenesulfonic acid, sodium salt) [186].
Pan et al. prepared a CNT-based glucose electrochemical
biosensor by the simultaneous immobilization of CNTs and
GOx on the gold electrode through the electropolymer-
ization of o-aminophenol (o-AP) in 0.2 M acetate buffer
solution (pH 5.0) containing GOx, o-AP monomer and
fresh CNT dispersion [187]. Cheng et al. fabricated a
MWNT/polypyrrole (PPy) modified electrode through cyclic
sweeping from 0.0 to 0.7 V at GCE with the scan rate
0.1 V/s for eight circles in solution containing 0.1 M pyrrole,
0.2 mg/mL MWNTs and 0.2 M KCl in phosphate buffer (pH
2.0) [188]. It is clear that in these two works, CNTs were used
as the dopants in the polymers. Wang et al. reported a one-
step preparation route of amperometric enzyme electrodes
by incorporating the CNT dopant and the biocatalyst (e.g.,
GOx) in an electropolymerized polypyrrole film [189]. They
found that the entrapment of CNTs had little effect upon the
electropolymerization rate and redox properties of the result-
ing film, and the CNT dopants retained its electrocatalytic
activity to impart high sensitivity and selectivity. Recently,
we established a noncovalent method for the dissolution of
MWNTs in water by a conjuaged organic dye, azocarmine
B (ACB) [190]. The resulting ACB-MWNT mixture could
be used for the immobilization of MWNTs on a glass
carbon electrode by a simple electropolymerization method,
which showed excellent electrochemical response toward
the oxidation of nitric oxide (NO), an important radical
molecule in life sciences.

3.7. Direct Growth. Despite the randomly dispersed CNTs,
well-aligned CNTs were also used for constructing electro-
chemical sensors. These CNT-based sensors were generally
constructed from CNT ensembles directly grown from CVD
methods. Based on their different density, aligned CNT
electrodes have the electrochemical properties resembling
conventional scale electrodes at high density or microelec-
trode arrays at low density. This section will introduce the
fabrication of aligned CNT electrochemical sensors made up
of these two kinds.

3.7.1. Dense Carbon Nanotube Forests

(1) Unmodified Carbon Nanotubes. The unmodified aligned
CNT electrodes were typically constructed by two steps:
the CVD synthesis and the transfer of the aligned CNT
ensembles to various substrates. Sometimes, the prepared
aligned CNT electrodes were further activated by electro-
chemical methods. Ye et al. developed an aligned CNT
electrode for the selective determination of UA [191].
They found that compared to GCE, the CNT electrode
catalyzed the oxidation of UA and L-AA, reducing the
overpotentials by about 0.028 and 0.416 V, respectively,
and resolved the overlapping voltammetric response of
UA and L-AA into two well-defined voltammetric peaks
in both cyclic voltammetry (CV) and differential pulse
voltammetry (DPV). Chen et al. developed a simple method
for preparing ordered CNTs (OCNTs) in the nanopores
of an alumina template membrane [192]. Ye et al. also
reported a nonenzymatic glucose electrochemical sensor
using aligned CNTs [193]. They firstly synthesized the
aligned CNTs on a tantalum (Ta) plate and then attached
the CNT ensembles to the surface of GCE using con-
ductive silver paint. The CNT-based electrode was used
without any further treatment. Compared to GCE, a sub-
stantial (+400 mV) decrease in the overpotential of the
glucose oxidation reaction was observed at this electrode
with oxidation starting at ca. +0.10 V (versus 3 M KCl-
Ag|AgCl).

(2) Modified Carbon Nanotubes. The modified aligned CNT
electrochemical sensors were usually fabricated through
the immobilization of functional species (e.g., biocata-
lysts like enzymes) by various methods. Soundarrajan
et al. developed a simple pyrolytic method for large-
scale production of aligned CNTs arrays perpendicular to
the substrate [194]. These aligned CNT arrays can be
transferred onto various substrates of particular interest
(e.g., polymer films for organic optoelectronic devices) in
either a patterned or nonpatterned fashion. They further
prepared aligned coaxial nanowires by electrochemically
depositing a concentric layer of an appropriate conducting
polymer onto the individual aligned CNTs, which were
used for electrochemical sensing applications. On the basis
of electropolymerization of some organic monomers, GOx
was immobilized on the aligned CNTs to prepared CNT-
based glucose electrochemical biosensors by Gao et al. using
pyrrole [195, 196], Loh et al. using 3,3′-diaminobenzidine
(DAB) [197], and Ye et al. using o-aminophenol [198]
as the monomers. The physical adsorption of GOx on
the naked [199] or the Pt decorated [200] surfaces of
aligned CNTs were also employed for constructing glucose
electrochemical biosensors. Recently, Ye et al. developed
a novel oxygen sensor for working at a relatively low
potential by the physical adsorption of hemin on an
aligned CNT electrode [201]. They found that CV of the
hemin-modified MWNTs electrode in pH 7.4 PBS clearly
showed the dioxygen reduction peaks close to 0.0 V (versus
Ag|AgCl).
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Figure 11: Fabrication scheme of the NEAs (A): (a) Ni nanoparticles electrodeposition; (b) aligned carbon nanotube growth; (c) coating of
SiO2 and M-Bond; and (d) polishing to expose CNTs. Scanning electron microscope images of the NEAs (B): (a) Top view; (b)–(f) from a
45◦ side view. All of the scale bars represent 5 μm. (a) Electrodeposited Ni nanoparticles; (b) low site density aligned CNTs array; (c) CNTs
array coated with SiO2 and an epoxy layer, (d) close-up look at a single half-embedded CNTs; (e) CNTs after polishing; and (f) second
electrodeposition of Ni nanoparticles on the broken CNTs only. [Adapted with permission from Tu et al. [202], Nano Lett., 3, 107 (2003).
Copyright 2003, American Chemical Society.]

3.7.2. Carbon Nanotube Nanoelectrode Arrays. At low den-
sity, the CNT ensembles possessed the electrochemical prop-
erties resembled the microelectrodes, which were denoted as
CNT nanoelectrode arrays (NEAs). To make each nanotube
work as an individual nanoelectrode, the spacing needs to
be sufficiently larger than the diameter of the nanotubes
to prevent diffusion layer overlap with the neighboring
electrodes. In contrast to the conventional scale aligned
CNT ensembles at high density, the size reduction of each
individual electrode and the increased total number of
electrodes result in improvements in both the signal-to-
noise ratio and detection limits (DLs). A typical procedure
for preparing CNT-based NEAs included the direct CVD
growth of well-aligned CNTs with low density, the coating
of the CNT layer by insulating materials (e.g., epoxy)
and the removing of the protruding parts of CNTs by
polishing. Sometimes, the CNT-based NEAs were further
electrochemically activated by applying a potential bias
1.0 M NaOH for a certain period to obtain functional
groups like carboxyl groups. The major works regarding
the construction of CNT-based NEAs were done by Ren
[28, 202–204] and Meyyappan [205–207]. Ren et al. firstly

fabricated CNT-based NEAs from low site density aligned
CNTs by plasma-enhanced CVD on Ni nanoparticles made
by electrochemical deposition [202] (Figure 11). They found
that each nanotube was separated from the nearest neighbor
by several micrometers and NEAs of 1 cm2 consisted of
up to millions of individual nanoelectrodes, each with a
diameter of 100 nm. Based on this method, they further
constructed a glucose electrochemical biosensor through
the covalent immobilization of GOx on the ends of CNT
NEAs that were activated in 1.0 M NaOH at 1.5 V for
90 seconds beforehand [28]. The CNT-based NEAs were
also used successfully by Ren et al. for the voltammetric
detection of trace concentrations of lead (II) [203, 204] and
cadmium(II) [204] at ppb level. Meyyappan et al. mainly
focused on the construction of ultrasensitive DNA sensors
from CNT-based NEAs. Based on the signal change of
the electrochemical indicator, Ru(bpy)3

2+, before and after
the hybridization of the oligonucleotide probes that were
covalently attached to the open ends of CNTs with the target
oligonucleotides, ultrasensitive determinations of DNA/RNA
were achieved with low detection limits of nM level [205–
207].
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4. Carbon Nanotube-Based Electrochemical
Sensors for Electroanalysis

Although possessing the electrochemical properties similar
to edge plane pyrolytic graphite electrodes, CNTs still
have some overwhelming advantages for fabricating carbon
material-based electrochemical sensors, including the good
conductivity, the good biocompatibility, the large specific
area, the well-defined nanotube structure, the modifiable
surface, the functional groups on the surface with pretreat-
ments and the capacity of being solubilized or dispersed
in solutions. Based on these unique properties, numerous
works have been dealt with CNT-based electrochemical
sensors, which can be mainly divided into two kinds: the
nonenzymatic and the enzymatic CNT-based electrochem-
ical sensors.

4.1. Carbon Nanotube-Based Nonenzymatic Electrochemical

Sensors

4.1.1. Carbon Nanotube-Based Nonenzymatic Electrochemical

Sensors for Biomedical Analysis

(1) Thiols. Aminothiols are of physiological importance
as biological agents and metabolites. The levels of these
compounds in biological matrices such as plasma and urine
are valuable biomarkers in a number of clinical situations.
Increased levels of HcySH and CySH are associated with risk
of cardiovascular diseases. The ratio of GSH to glutathione
disulfide (GSSG) indicates the redox status of cells. In
addition, N-acetylcysteine is an important mucolytic agent
used to reduce the viscosity of pulmonary secretions in
respiratory diseases. A substantial challenge to the devel-
opment of electrochemical methods for thiol detection was
that the direct oxidation of thiols at solid electrodes is
slow and usually large overpotentials are required [171].
Recently, Cao et al. reported the direct determination of L-
CySH and GSH at a MWNT modified electrode [208]. They
found that the CNT-modified electrode exhibited efficiently
electrocatalytic oxidation for L-CySH and GSH with a
relatively high sensitivity, stability and long-life. Coupled
with high performance liquid chromatography (HPLC), this
electrode was utilized for the amperometric detection of
these thiols. The peak currents of L-CySH and GSH were
linear to their concentrations ranging from 3.0×10−7 to 1.0×
10−3 M with the calculated detection limits (signal-to-noise
ratio (S/N) = 3) of 1.2× 10−7 and 2.2× 10−7 M, respectively.
This method was successfully applied to the content estimate
of L-CySH and GSH in rat striatal microdialysates. This
work paved the way to determine thiols by CNT-based
electrochemical sensors. Since then, many works regarding
the determination of thiols by electrochemical methods
used CNTs to construct the working electrodes. In general,
these CNT-based electrochemical sensors were constructed
from two types of sensing materials: CNTs and Pt-CNT
composites.

(a) Unmodified Carbon Nanotube-Based Electrochemical Sen-
sors. The electrochemical behavior of CySH at CNT powder

microelectrodes (CNTPMEs) was investigated by Zhao et al.
[175]. In contrast to the absence of signals at a GCE and
a graphite powder modified powder microelectrode, CySH
exhibited a sensitive oxidation peak at around 0.58 V (versus
SCE) in 0.2 M H2SO4 at a CNTPME, indicating the strong
ability of CNTs to improve the electrochemical response
of CySH. Chen et al. reported the fabrication of a CNT-
based microdisc electrode by mixing MWNTs with epoxy for
a specially designed miniaturized capillary electrophoresis
(CE)-amperometric detection system for the separation and
detection of several bioactive thiols [171]. The end-channel
CNT amperometric detector offered favorable signal-to-
noise characteristics at a relatively low potential (0.8 V)
for detecting thiol compounds. Four thiols (HcySH, CySH,
GSH, and N-acetylcysteine) were separated within 130
seconds at a separation voltage of 2000 V using a 20 mM
phosphate running buffer (pH 7.8). A highly linear response
was obtained for HcySH, CySH, GSH, and N-acetylcysteine
over the range of 5–50 μM with detection limits of 0.75, 0.8,
2.9, and 3.3 μM, respectively. Lawrence et al. reported an
effective means for the determination of HcySH at a CNTP
electrode [163]. HcySH showed a well-defined electrochem-
ical signal emerging at +0.28 V and a current plateau at
+0.64 V on the CNTP electrode. In contrast, the HcySH
response obtained at the carbon paste electrode showed only
a slight increase in the oxidation current at +0.40 V. The
sensitive determination of HcySH was also achieved by Gong
et al. at a CNT-modified GCE [70]. Cyclic voltammetric
results clearly showed that CNTs, especially those pretreated
with HNO3, possessed an excellent electrocatalytic activity
toward the oxidation of HcySH at a low potential (0.0 V
versus Ag|AgCl). The remarkable catalytic property of acid-
pretreated CNTs was believed essentially associated with
oxygen-containing moieties introduced on the tube surface.
Zhang et al. also studied the electrochemical behaviors of
GSH and GSSG at an acid-treated MWNT modified GCE
[42]. They found that the functionalized CNTs exhibited effi-
ciently electrocatalysis on the current responses of GSH and
GSSG. Recently, Salimi et al. reported the electrochemical
responses of three thiols, thiocytosine, GSH and L-CySH,
at a CNT-modified GCE constructed by abrasive methods
[185]. They found that the overpotentials of these species
were apparently reduced along with a dramatic increase in
the peak currents in comparison to bare GCE. Furthermore,
the thiols amperometric responses of the coated electrodes
were extremely stable, with more than 95% of the initial
activity after 30 minutes stirring of 0.1 mM thiols.

(b) Platinum-Carbon Nanotube Composite-Based Electro-
chemical Sensors. Besides the unmodified CNTs, Pt deco-
rated CNTs were also used for the sensitive determination
of thiols. Xian et al. prepared a MWNT/Pt microparticle
nanocomposite by electrodepositing Pt microparticles onto
the MWNT matrix [209]. The GCE modified with this
nanocomposite was used for the measurement of thiols, such
as L-CySH and GSH. Compared with the MWNT or Pt
microparticle modified electrode, the nanocomposite mod-
ified electrode exhibited high sensitivity and good stability
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for detection of thiols, which was successfully applied to
the HPLC-electrochemical detection (ECD) system for the
determination of L-CySH and GSH in rat striatum. The
electrochemical behavior of L-CySH on the Pt/CNT elec-
trode was investigated by Fei et al. using cyclic voltammetry
[210]. In that work, CNTs were grown directly on graphite
disk by CVD, and Pt was electrochemically deposited on
the activated CNT/graphite electrode by electroreduction of
Pt(IV) complex ion on the surface of CNTs. Among graphite,
CNT/graphite, and Pt/CNT electrodes, the improved elec-
trochemical behavior of CySH oxidation was found with the
Pt/CNT electrode.

(2) Carbohydrates. Electrocatalytic oxidation of carbohy-
drates is of great interest in the points of view ranging
from medical applications of the blood glucose sensing to
ecological approaches (e.g., waste-water treatment in food
industry). Most previous studies on this subject involved
the use of GOx, which catalyzes the oxidation of glucose
to gluconolactone. However, due to the intrinsic nature of
enzymes, such enzyme-based sensors suffer from the stability
problem. Thus, great efforts are made to achieve direct
determination of carbohydrates. Ye et al. recently reported
the direct electrocatalytic oxidation of glucose in alkaline
medium at well-aligned MWNT electrodes [193]. Compared
to GCE, a substantial (+400 mV) decrease in the overpoten-
tial of the glucose oxidation reaction was observed at MWNT
electrodes with oxidation starting at ca. +0.10 V (versus 3 M
KCl-Ag|AgCl). The only problem of using this electrode
for the direct determination of glucose was the serious
interferences from some electroactive biomolecules like UA
and AA, which might coexist in real biological samples. Deo
et al. also reported on the electrocatalytic oxidation of car-
bohydrates at glassy carbon electrodes modified with SWNT
coatings [69]. They found that the oxidation processes of
four carbohydrates, including galactose, fructose, mannose
and xylose, started around +0.25 V in 0.1 M NaOH solution.
Moreover, the amperometric responses of these species at the
CNT-modified electrodes were extremely stable, with no loss
in sensitivity over a continuous 2-hour operation.

Besides unmodified CNTs, the composites made up of
copper particles and CNTs were also used by several works
to achieve the electrooxidation of carbohydrates. Male et al.
reported a copper decorated CNT-based electrochemical
sensor for the deterimiation of carbohydrates [72]. In that
work, copper (Cu) nanoparticles (4–8 nm in diameter),
prepared by using sodium borohydride to reduce copper
dodecyl sulfate (Cu(DS)2), were used with SWNTs to fabri-
cate electrochemical sensors. Nafion was used to solubilize
SWNTs and displayed interactions with Cu nanoparticles to
form a network, connecting Cu nanoparticles to a glassy
carbon (GC) or Cu electrode surface. The composite of
SWNT/Cunano gave a much enhanced current response at
+0.65 V with a relatively low starting oxidation potential
(+0.3 V versus Ag|AgCl (3 M NaCl)) in comparison to the
GC electrode modified by either Cu nanoparticles or SWNTs
alone. Similar results were observed from amperometric
detection when 0.1 mM glucose was detected at +0.65 V.

The current responses for other saccharides (100 μM)
were analyzed and compared to the glucose response.
The monosaccharides, galactose (120%), arabinose (94%),
xylose (109%), fructose (99%), and mannose (97%) gave
similar responses as glucose. However, the current signal
was lower for the dissacharides (i.e., maltose (50%), lactose
(56%), sucrose (39%), trehalose (28%) and the trisaccharide
raffinose (56%)).

(3) Electroactive Microbiomolecules. The determination of
neurotransmitters and other important microbiomolecules
is of considerable significance in biochemical and clinical
diagnosis. Generally, these species are electroactive, provid-
ing a simple but sensitive way for their determination by elec-
trochemical methods. However, owning to the overlapping
of the oxidation potentials of these species, it is difficult to
selectively determine them at bare electrodes. To overcome
this obstacle, various materials have been used to modify the
bare electrodes. Among these modifiers, CNTs have become
the most outstanding material and most recent works on the
determination of the microbiomolecules employ CNTs as the
sensing materials.

(a) Unmodified Carbon Nanotube-Based Electrochemical Sen-
sors. The work regarding the enhanced electrochemical
response of some biomolecules at CNT electrodes was firstly
reported by Luo et al. [16]. In contrast to the poor response
at bare GCE, DA exhibited a pair of well-defined redox peaks
at SWNT modified GCE. Similar enhanced signals of AA
and NE were also observed at the modified electrodes. Since
then, many works focused on the selective or simultaneous
determination of these species at CNT-modified electrodes
(Table 1).

(b) Carbon Nanotube Composite-Based Electrochemical Sen-
sors. The selective determination of the electroactive micro-
biomolecules was also performed at CNT composite mod-
ified electrodes. Compared with CNTs, the combination
of CNTs with other components not only provides higher
stability and better uniformity of the composite films but
also endows the composite films with the unique properties
of both components. A typical example is that the com-
posite films made up of CNTs and Nafion can effectively
eliminate the interference of negatively charged AA on the
determination of other species due to the exclusion of AA
from the electrode surface by a negatively charged Nafion
film. Table 2 lists the recent works on the determination
of electroactive microbiomolecules at CNT composite films
modified electrodes.

(4) Amino Acids. Amino acids detected by electrochemical
methods are generally electroactive and usually contain
phenol moieties. Xu et al. prepared a MWNT film-modified
electrode and coupled this electrode to an ion chromatogra-
phy system for the simultaneous determination of oxidizable
amino acids, including CySH, tryptophane and tyrosine
[217]. The results show that the peak currents responded
linearly to the concentrations of these analytes when the
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Table 1: Sensitive determination of electroactive microbiomolecules at CNT-based sensors.

Targets Electrodes Supporting electrolyte Detection potential/V Linear range/μM DL/μM Ref.

UA SWNT/Au 0.1 M HAc-NaAc pH 5.0 0.451 4.0 ∼ 700 1.0 [211]

Thymine MWNT-CD/CE NaHCO3-Na2CO3 pH 10.8 0.87 25 ∼ 1800 5.0 [131]

NE SWNT/GCE B-R pH 5.72 0.261 10 ∼ 1100 6.0 [212]

Xanthine (Xa) MWNT/GCE HAc-NaAc pH 5.20 0.8 0.2 ∼ 20 0.004 [213]

DA
MWNT-IE 0.05 M PBS pH 7.4

0.13 0.5 ∼ 10 0.1
[179]

5-HT 0.32 1 ∼ 15 0.2

Hypo-xanthine MWNT-DHP/GCE 0.1 M PBS pH 7.3 1.06 0.5 ∼ 200 0.2 [94]

DA
MWNT-IE 50 mM NaH2PO4 pH 5.0

0.4 0.5 ∼ 10 0.1
[178]

AA 0.13 80 ∼ 1360 20

DA
MWNT/GCE 0.2 M PBS pH 5.0

0.24 0.0005 ∼ 10 0.00025

[214]∗NE — 0.0005 ∼ 10 0.00025

5-HT — 0.0007 ∼ 10 0.00035

DA
SWNT/CFNE 25 mM Tris-HCl pH 7.4 —

0.1 ∼ 100 0.0077

[76]EP 0.3 ∼ 100 0.038

NE 0.5 ∼ 100 0.042

UA Aligned MWNTs PBS pH 7.4 0.295 0.2 ∼ 80 0.1 [191]

Dopa SWNT/GCE 0.1 M PBS pH 5.0 0.27 0.5 ∼ 20 0.3 [30]

EP MWNT/bppg 0.1 M PBS pH 4.3 0.18 0.1 ∼ 100 0.02 [182]

DA
MWNT/GCE 0.2 M PBS pH 5.0 —

0.0005 ∼ 10 0.0002

[215]∗NE 0.0004 ∼ 10 0.0002

5-HT 0.0007 ∼ 10 0.0003
∗The results were obtained from an electrochemical detection (ED) system for liquid chromatography (LC).

Table 2: Sensitive determination of electroactive microbiomolecules at CNT composite film-modified electrodes.

Targets Electrodes Supporting electrolyte Detection potential/V Linear range/μM DL/μM Ref.

UA CNT-β-CD/PG 0.2 M HAc-NaAc pH 4.5 0.45 0.5 ∼ 50 0.2 [134]

DA MWNT-Nafion/GCE 0.1 M PBS pH 5.5 0.235 0.05 ∼ 1.0 0.0025 [62]

XA
MWNT-DHP/GCE 0.1 M PBS pH 5.5

0.77 0.02 ∼ 20 0.04
[79]

UA 0.38 0.1 ∼ 100 0.01

DA
MWNT-DHP/GCE 0.1 M PBS pH 7.0

0.18 0.05 ∼ 5.0 0.011
[96]

5-HT 0.36 0.02 ∼ 5.0 0.005

NE CNT-β-CD/PG 0.1 M PBS pH 6.0 0.25 1.0 ∼ 300 0.5 [135]

DA
MWNT-CHIT/GCE 0.1 M PBS pH 7.2

0.144 0.5 ∼ 100 0.2
[102]

AA −0.029 5.0 ∼ 1000 2.0

DA MWNT-Nafion/GCE 0.1 M PBS pH 6.0 0.235 0.01 ∼ 10 0.0025 [64]

UA
MWNT-CHIT/GCE 0.1 M PBS pH 5.5

0.484 2.0 ∼ 100 0.75
[105]

EP 0.329 5.0 ∼ 250 1.0

DA MWNT-Nafion/CFME 0.05 M PBS pH 7.5 0.145 2.0 ∼ 20 0.07 [65]

DA MWNT-RTIL/GCE 0.1 M PBS pH 7.0 0.16 1.0 ∼ 100 0.1 [124]

EP MWNT-PBCB/GCE 0.1 M PBS pH 6.0 0.28 0.05 ∼ 50 0.01 [216]

concentrations ranged from 1.5 × 10−6 to 2.5 × 10−4 M
for CySH, 5.5 × 10−7 to 1.5 × 10−4 M for tryptophane
and 9.0 × 10−7 to 3.5 × 10−4 M for tyrosine, respectively.
The detection limits were 7.0 × 10−7 M for CySH, 2.0 ×
10−7 M for tryptophane and 3.5 × 10−7 M for tyrosine (S/N
= 3). Wu et al. investigated the electrochemical behavior
of tryptophan at MWNT/GCE [51]. Compared with a
bare electrode, the oxidation peak current of tryptophan
was obviously increased, and the peak potential negatively
shifted. Under the chosen conditions, the DPV peak current

was linear to the concentration of tryptophan in the range
of 2.5 × 10−7 ∼ 1.0 × 10−4 M, and the detection limit was
2.7 × 10−8 M. The voltammetric response of tryptophan at
a SWNT modified GCE was also studied by Huang et al.
[97]. In pH 2.5 Na2HPO4-citric acid buffer, tryptophan
yielded a well-defined and very sensitive oxidation peak at
about 1.08 V at the SWNT-film coated GCE. The oxidation
peak current increased greatly and the peak potential shifted
toward the negative direction at the SWNT-modified GCE
in contrast to that at the bare GCE. Under optimized
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conditions, the oxidation peak current was proportional to
the concentration of tryptophan over the range from 4×10−8

to 1 × 10−5 M. The detection limit was 1 × 10−8 M for 3
minutes accumulation.

The electrochemical determination of traditionally “non-
electroactive” amino acids was also performed by Deo et al.
at a SWNT modified electrode that was coated by a nickel
hydroxide film [74]. The determination process was achieved
through the electrocatalytic oxidation of these amino acids
at the Ni(OH)2 layer that was electrodeposited on surface
of SWNTs. In the presence of amino acid, the Ni-CNT
layer underwent an electrocatalytic process in which amino
acids reduce the newly formed NiO(OH) species. The results
showed that under flow injection analysis conditions, a
linear response was observed from 10∼80 mM arginine with
a detection limit of around 1 mM (based on S/N∼3).
This electrode was also applied to the detection of other
amino acids like histidine, lysine, asparagine, methionine
and phenylalanine.

4.1.2. Carbon Nanotube-Based Nonenzymatic Electrochemical
Sensors for Drug Analysis. The development of sensitive
analytical techniques of drugs has drawn much attention due
to the promising applications in environment protection,
pharmacology and biomedical studies. However, due to the
chemical stability and the large bodies, the responses of these
substances were generally weak at common bare electrodes.
To improve the detection sensitivity, various nanomaterials
are employed to fabricate modified electrodes with high
performance. Among these materials, CNTs have also been
widely to improve the sensitivity of some drugs. Compared
with other nanomaterials, CNTs have some advantages, such
as good conductivity and strong electrocatalytic activity. The
enhanced adsorption of some water insoluble or conjugated
drugs on the hydrophobic and π-conjugated sidewalls of
CNTs contributes to the sensitive determination of these
species at CNT electrodes. Table 3 lists the applications of
CNT-based electrochemical sensors for drug analysis.

4.2. Carbon Nanotube-Based Enzymatic Electrochemical

Sensors

4.2.1. Carbon Nanotube-Based Enzymatic Electrochemical
Biosensors for Electroanalysis. The incorporation of enzymes
in a transducer allows one to fabricate enzyme electrodes
which exhibit high selectivity, high-sensitivity and long-
term stable response to bioanalytes. Many different materials
and methods have been used to immobilize enzymes on
the electrode surfaces, such as sol-gels, carbon pastes,
conductive polymers and recently nanostructured materials.
Of particular interest is the use of CNTs as an electrochemical
transducer, due to the excellent electron transfer rate, the
well-defined nanostructure, the good biocompatibility, and
the modifiable surface allowing biomaterial immobilization
of CNTs.

(1) Glucose Oxidase. Among all the enzyme-based biosen-
sors, glucose biosensors are most widely studied because the

diagnosis of diabetes mellitus requires an accurate moni-
toring of blood glucose levels. Most of the amperometric
glucose biosensors are based on glucose oxidase (GOx),
which catalyzes the oxidation of glucose to gluconolactone:

Glucose + O2
GOx−−→ Gluconolactone + H2O2. (1)

The quantification of glucose can be achieved via the elec-
trochemical detection of the enzymatically liberated H2O2.
However, the overpotential necessary for the oxidation or the
reduction of H2O2 at solid electrodes is rather high. Recently,
Wang et al. demonstrated that the overpotential of H2O2 can
be greatly reduced at CNT-based electrodes [63], indicating
the promising applications of CNTs in constructing glucose
electrochemical biosensors. The hybrids of CNTs and some
noble metal nanoparticles, such as palladium, platinum,
gold, copper and iridium, have also been demonstrated to
lower the H2O2 oxidation/reduction overpotential efficiently.
Besides the materials, the immobilization methods effectively
influence the activity and the quality of enzyme electrodes.
Typical GOx immobilization methods include electropoly-
merization embedment, composite blending, covalent bond-
ing, electrodeposition and physical adsorption.

(a) Electropolymerization Embedment. Electropolymeriza-
tion represents an attractive and well-controlled one-step
avenue for preparing amperometric enzyme electrodes. The
main advantages of this immobilization avenue are the
simple one-step preparation, exclusion of electroactive and
surface-active interferences, control of film thickness, and
localization of biocatalysts onto tiny electrode surfaces [189].
The electropolymerization of some monomers on the surface
of CNTs provided a simple but effective approach for the
immobilization of GOx on CNTs, including pyrrole, o-
aminophenol, o-phenylenediamine, and so on. In a typical
immobilization process, GOx and the monomers are placed
together in the supporting electrolytes on a certain ratio.
GOx is then immobilized on the electrode surface via the
physical entrapment of GOx within the electropolymerized
film during the electropolymerization process. Gao et al.
reported a glucose electrochemical biosensor through the
immobilization of GOx on well-aligned CNTs via pyr-
role electropolymerization [195, 196]. They prepared the
biosensor by immobilizing GOx in the electropolymerization
film of pyrrole through electrochemically oxidizing pyrrole
monomer (0.1 M) in a pH 7.45 buffer solution containing
2 mg/mL GOx and 0.1 M NaClO4 at a constant potential
of 1.0 V for 1 minute at 10◦C. The oxidation potential
of H2O2 at this electrode (0.45 V versus Ag|AgCl) was
found to be apparently lower than that at a gold electrode
(0.65 V versus Ag|AgCl), providing a selective approach
for glucose determination. Callegari et al. proposed a
convenient and versatile strategy for the construction of
glucose amperometric biosensors [230]. They prepared the
sensors by the coimmobilization of GOx and a suitable
redox mediator, namely ferrocenyl-derivatised SWNTs (Fc-
SWNTs) within a thin polypyrrole film adsorbed onto the
GCE surface. They found that Fc-SWNTs might provide
preferential routes for the electrical wiring of the enzyme to
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Table 3: Sensitive determination of drugs at CNT-modified electrodes.

Targets Electrodes Supporting
electrolyte

Detection potential/V Linear range/μM DL/μM Ref.

6-Mercaptopurine MWNT/GCE 0.1 M PBS pH 7.0 0.53 0.4 ∼ 100 0.2 [218]

Daunomycin MWNT-DHP/GCE 0.1 M PBS pH 5.0 −0.564 0.02 ∼ 10 0.008 [83]

6-Benzylamino-purine CNT/GCE NH3-NH4Cl 0.65 0.08 ∼ 10 0.005 [219]

Chloramphenicol MWNT-DHP/GCE 0.1 M PBS pH 7.0 −0.65 0.3 ∼ 12 0.045 [84]

Indole-3-acetic acid MWNT-DHP/GCE 0.1 M PBS pH 2.0 0.68 0.1 ∼ 50 0.02 [80]

Vitamin B6 MWNT-DHP/GCE 0.1 M PBS pH 6.0 0.8 0.5 ∼ 100 0.2 [220]

Thyroxine MWNT-DHP/GCE 0.1 M HCl 0.8 15 ∼ 400μg/L 5 μg/L [81]

8-Azaguanine MWNT-DHP/GCE 0.1 M PBS pH 7.0 0.86 0.025 ∼ 10 0.01 [87]

Insulin MWNT/GCE
0.1 M PBS pH
7.4+0.02% (v/v)
Tween-80

0.8 0.1 ∼ 1.0 0.014 [221]

Tinidazole MWNT-DHP/GCE 0.1 M B-R pH 10.0 −0.78 0.05 ∼ 40 0.01 [222]

Metronidazole MWNT-DHP/GCE 0.1 M B-R pH 9.0 −0.71 0.025 ∼ 10 0.006 [88]

Fluphenazin MWNT-MPS/Au 0.05 M HAc-NaAc
pH 3.0

0.78 0.05 ∼ 15 0.01 [223]

Thyroxine SWNT-DHP/GCE 0.1 M HCl 0.78 0.1 ∼ 7.0 0.02 [82]

Reserpine MWNT-DHP/GCE 0.1 M PBS pH 6.0 0.64 0.02 ∼ 10 0.0075 [90]

Mitomycin c MWNT-DHP/GCE — 0.79 0.25 ∼ 100 0.08 [91]

Epirubicin SWNT-DHP/GCE 0.1 M PBS pH 7.0 −0.74 0.05 ∼ 10 0.02 [92]

Brucine MWNT/GCE H2SO4 pH 1.0 0.405 1.0 ∼ 100 0.2 [224]

Amitrole CNTPE 0.05 M PBS pH 7.4 0.9 0.8 ∼ 7.0 0.57 [162]

Simvastatin MWNT-DHP/GCE 0.1 M H2SO4 1.06 0.1 ∼ 7.5 0.05 [93]

Morphine MWNT/GCE 0.1 M PBS pH 7.0 0.5 0.5 ∼ 150 0.2 [184]

Prochlorperazine MWNT/DDT/Au 0.05 M PBS pH 5.8 0.69 0.5 ∼ 15 0.1 [225]

Melatonin MWNT-DHP/GCE 0.1 M PBS pH 7.5 0.61 0.08 ∼ 10 0.02 [226]

Diclofenac sodium MWNT-DHP/GCE 0.1 M HAc-NaAc
pH 5.0

0.69 0.17 ∼ 75 0.08 [227]

Ofloxacin MWNT-CR/GCE 0.1 M PBS pH 6.0 0.9 0.05 ∼ 30 0.009 [140]

Acetylspiramycin SWNT-DHP/GCE 0.1 M PBS pH 5.5 0.89 6.7 ∼ 133 1.3 [228]

Lincomycin MWNT-DHP/GCE 0.1 M PBS pH 7.0 0.85 0.45 ∼ 150 0.2 [229]

the electrode, likely via the aligned ferrocenyl groups, and
illustrate the potentialities of such redox-active CNTs for the
elaboration of mediated biosensors. The coimmobilization
of GOx on iron-phthalocyanine (FePc) functionalized well-
aligned MWNTs by the electropolymerization of noncon-
ducting polymers was performed by Ye et al. to prepare
a glucose biosensor [198]. FePc on CNTs was used to
electrocatalyze the oxidation of H2O2 that was liberated
by the enzymatic reaction of glucose. Wang et al. recently
proposed a one-step method for the construction of glucose
biosensors by applying a fixed potential (usually 0.7 V)
onto a GCE that was placed beforehand in an aqueous
solution containing CNTs, GOx and pyrrole monomer
[189]. They found that the CNT dopant retained their
electrocatalytic activity toward hydrogen peroxide to impart
high sensitivity upon entrapment within the PPy network.
The simultaneous incorporation of CNTs and GOx thus
endowed amperometric transducers with biocatalytic and
electrocatalytic properties and represented a simple and
effective route for preparing enzyme electrodes. A similar

method was used by Pan et al. to fabricate glucose biosensors
except that additional supporting electrolytes were added to
the electropolymerization solution [187].

(b) Blending

(i) Composite Films. Blending of enzymes and some poly-
meric materials that are capable of forming uniform and
stable films on electrode surfaces provides a convenient
noncovalent approach for the immobilization of enzymes
while maintaining the native properties and reactivities of
enzymes. This makes the composite blending technique a
potential tool for the development of new electrochemical
biosensors. Leaching of the entrapped enzymes does not
occur or occurs very slowly because these species usually
have large bodies and possible interactions (e.g., electrostatic
and hydrophobic interactions) between enzymes and the
film matrices might exist. Several types of film matrices
have been employed for constructing glucose electrochemical
biosensors, including sol-gels, Nafion, and CHIT. However,



20 Journal of Sensors

due to their poor conductivity and film compactness, the
performance of the biosensors fabricated from these species
and enzymes were usually poor. This deficiency can be
completely overcome by the incorporation of CNTs, which
leads to the improvement of the conductivity and the
diffusion process of the composite films.

On the basis of the stable dispersion of CNTs in Nafion
solutions, Wang et al. firstly studied the electrochemical
behavior of H2O2 at CNT-based electrodes [63]. In contrast
to the absence of redox activity at a bare GCE over a wide
potential range (−0.4 ∼ 1.0 V), the CNT-coated electrode
was found to exhibit significant oxidation and reduction
currents of H2O2 with a rather low starting potential (around
+0.20 V), providing a highly selective low-potential biosens-
ing of glucose when GOx was immobilized in the CNT-
Nafion composite. The excellent analytical performance of
the CNT/Nafion/GOx electrode was further demonstrated by
Tsai et al. [71]. They found that under optimal conditions,
the glucose biosensor displayed a sensitivity of 330 nA/mM,
a linear range of up to 2 mM, a detection limit of 4 μM, and a
response time of <3 seconds. Zhu et al. fabricated an amper-
ometric glucose biosensor based on an enzyme electrode
modified by CNT/Pt nanoparticles [231]. GOx in gelatin was
cross-linked by the use of glutaraldehyde (GDI). Compared
with normal GOx/Pt electrode, the analytical property
of GOx/CNT-Pt/GCE electrode was apparently improved,
reflected by the lowered detection limit, overpotential and
response time. Salimi et al. developed a glucose biosensor by
introducing GOx into a sol-gel composite at the surface of
a bppg electrode modified with MWNTs [183]. The CNT-
modified electrode was found to offer excellent electrocat-
alytic activity toward reduction and oxidation of hydrogen
peroxide liberated in the enzymatic reaction between GOx
and glucose, enabling sensitive determination of glucose.
The amperometric detection of glucose carried out at 0.3 V
(versus SCE) in 0.05 M PBS (pH 7.4) showed a good linear
response range of 0.2∼20 mM glucose with a low detection
limit of 50 μM (S/N = 3). In addition, the response time of the
electrode was less than 5 seconds when it was stored dried at
4◦C. The sensor showed almost no change in the analytical
performance after operation for 3 weeks. Recently, Joshi
et al. described the construction of amperometric biosensors
based on the incorporation of SWNT modified with GOx
into a redox polymer hydrogel [121]. The composite films
were constructed by firstly incubating GOx in a SWNT
solution and then cross-linking within a poly[(vinylpridine)
Os(bipyridyl)2Cl2+/3+] polymer film. Incorporation of GOx
modified SWNTs into the redox polymer films resulted in
a 2-10-fold increase in the oxidation and reduction peak
currents during cyclic voltammetry.

(ii) Carbon Pastes. As a typical method, carbon pastes have
been extensively used to prepare enzyme-based electro-
chemical biosensor because this method has some unique
advantages, such as easy fabrication, low cost, wide potential
window, high signal-to-noise ratio and retaining of enzyme
activity. Recently, Rubianes et al. studied the electrochemical
response of H2O2 at a CNTPE by the hydrodynamic

voltammetric method. Similar to that at the MWNT-
Nafion/GCE [63], the signals of H2O2 were significantly
improved at CNTPE in comparison with common carbon
paste electrodes. And, decreases of 300 mV in the oxidation
overpotential and 400 mV in the reduction overpotential
were obtained for hydrogen peroxide, allowing the develop-
ment of a highly selective and sensitive glucose biosensor
without using any metal, redox mediator, or anti-interference
membrane. Ricci et al. also prepared a Prussian blue (PB)
modified CNTPE, which showed a high sensitivity toward
hydrogen peroxide with a detection limit of 7.4 × 10−6 M.
Further, they fabricated a glucose biosensor by incorporating
GOx into the paste, creating a sensitive tool for the detection
of glucose in the range between 0.1 and 50 mM.

(c) Covalent Bonding. Although the noncovalent methods
for fabricating CNT-based electrochemical biosensors have
some advantages like easy fabrication and low cost, the poor
stability and leaching of enzymes sometimes significantly
influence the analytical performance of these biosensors.
To overcome this limitation, great efforts have been made
to covalently attach enzymes to the electrode surfaces via
various methods and reagents. Xue et al. described a simple
method for fabricating glucose biosensors by covalently
attaching GOx onto a SWNT modified Pt electrode [232,
233]. The Pt/SWNT electrode was firstly activated with EDC
in PBS with pH 5.5 for 1 hour, and then immersed in
the PBS containing 5 mg/mL GOx at 4◦C for 12 hours.
The resulting enzyme electrode was washed thoroughly with
PBS and stored at −10◦C. This biosensor showed a stable
amperometric response at a low applied potential (0.4 V
versus SCE), a wide response range of pH (5.5–8.0) and
good stability (kept 90% activity after 4 months) [233]. As
mentioned above, Gooding et al. also covalently immobilized
MP-11 on the open end of a SWNT array that was fabricated
by self-assembling methods with the aid of EDC [150].
Hrapovic et al. [73] recently developed a highly sensitive
hydrogen peroxide sensor by the incorporation of CNTs and
Pt nanoparticles into the Nafion films on a GCE, which
exhibited a linear range from 25 nM to 10 μM (R2 = 0.997,
sensitivity of 3.57 A M−1 cm−2), and also from 100 μM to
2 mM (R2 = 0.996, sensitivity of 1.85 A M−1 cm−2), with
a rather low detection limit of 25 nM (S/N = 3) (Figure 12).
They further prepared a glucose biosensor by cross-linking
the GOx films that were dropped and dried on the CNT/Pt-
modified GC electrode with 2.5% glutaraldehyde (GDI).
This nanocomposite biosensor exhibited a rapid response (3
seconds), a low detection limit (0.5 μM, S/N = 3) and a wide
linear range from 0.5 μM up to 5 mM with a sensitivity of
2.11 μA/mM. There was also an interesting work performed
by Zhang et al. for the covalent immobilization of GOx on
CNT composites using RTILs as the CNT dispersing reagent
and N-succinimidyl acrylate (NSA) as both the surface
modifier of CNTs and the functional sites for GOx covalent
immobilization [123].

(d) Other Methods. Some other methods have also been
proposed by several workers for immobilizing of GOx on
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Figure 12: (a) TEM micrograph of SWNTs in the presence of Pt nanoparticles. Inset: AFM tapping-mode phase image (size, 1 μm × 1 μm;
data scale, 20 nm) of one SWNTs in the presence of Pt nanoparticles. (b) Performance of GC/CNT + Ptnano electrode in amperometric
detection of low concentrations of hydrogen peroxide at +0.55 V versus Ag|AgCl (3 M NaCl). The inset (left) shows detection limit of 25
nM with S/N = 3. Inset (right) shows calibration curve for H2O2 concentrations between 25 nM and 10 μM. [Adapted with permission from
Hrapovic et al. [73], Anal. Chem., 76, 1083 (2004). Copyright 2004, American Chemical Society.]

CNT-based electrodes to prepare glucose electrochemical
biosensors, such as physical adsorption and coelectrodepo-
sition. Wang et al. developed a novel biosensor, comprising
of electrode of gold/MWNT-GOx (Au/MWNT-GOx) [199].
MWNTs were grown on n-type silicon substrates using an
ASTeX microwave plasma system. After growth of MWNTs
on silicon substrate, a thin gold film was E-beam evaporated
on the top surface of MWNTs. Then, the silicon substrate
was etched away using a mixture acid solution of HCl
and HNO3. Finally, the electrode modified with MWNTs
(Au/MWNTs) was put into the 0.1 M PBS containing GOx,
and the GOx was immobilized by MWNTs. The biosensor
showed a linear response to glucose concentration within
the range from 0.05 to 13 mM with a low detection limit of
less than 0.01 mM for glucose, suggesting MWNTs enhanced
efficiency of electron transfer between GOx and electrode
greatly, resulting in high sensitivity in detecting glucose. Loh
et al. prepared a glucose biosensor by the physical adsorption
of GOx on the poly(3,3′-diaminobenzidine) (PDAB) film-
modified electrode [197]. They firstly grew MWNTs (10-mm
thick, erected) in a quartz furnace using ethylenediamine
on 1-mm diameter tantalum substrates seeded with cobalt
nanoparticles, which was further functionalized with DAB by
the electropolymerization of DAB using a CV method and a
self-limiting, very thin layer of polymer with NH2 functional
groups can be introduced onto the CNTs surface in one
easy step. For immobilizing the GOx on the DAB-modified
electrode surface, a second round of CV was then performed
with GOx in the buffer solution to attach the GOx on the
DAB-modified CNTs. They believed that the immobilization
of GOx probably proceeded via entrapment within the highly
porous wiring matrix of CNTs. This glucose biosensor had
some overwhelming advantages, such as the low detection
potential due to the lowered overpotential of H2O2 at

the CNT electrode and the absence of the concomitant
oxidation of interferent molecules like AA and UA. Tang
et al. fabricated a new amperometric biosensor, based on
adsorption of GOx at the Pt nanoparticle-modified CNT
electrode [200]. The CNT/graphite electrode (0.4 × 0.4 cm,
geometry area 0.16 cm2) was prepared by the CVD method
and used as the working electrode. Using a standard three-
electrode cell, Pt nanoparticles were electrodeposited on
the CNT electrode by the potential step deposition method
from N2-saturated 7.7 mM H2PtCl6 plus 0.5 M HCl aqueous
solution. GOx immobilization was achieved by incubation
for 12 hours in a GOx solution (500 U/mL) at less than 4◦C.
The obtained GOx/Pt/CNT electrode was washed carefully
with double-distilled water and dried at less than 4◦C, and
then 0.5 wt% Nafion solution was cast on the surface of
the resulting GOx/Pt/CNT electrode to avoid the loss of
GOx in determination and to improve the anti-interferent
ability. The excellent electrocatalytic activity and special
three-dimensional structure of the enzyme electrode resulted
in good characteristics such as a large determination range
(0.1 ∼ 13.5 mM), a short response time (within 5 seconds),
a large current density (1.176 mA/cm2), and high sensitivity
(91 mA M−1 cm−2) and stability (73.5% remains after 22
days). Lim et al. employed an electrodeposition method
for the codeposition of GOx and palladium nanoparticles
onto a Nafion-solubilized CNTs film [58]. The codeposited
Pd-GOx-Nafion CNTs bioelectrode retained its biocatalytic
activity and offered an efficient oxidation and reduction of
the enzymatically liberated H2O2, allowing for fast and sen-
sitive glucose quantification. The combination of Pd-GOx
electrodeposition with Nafion-solubilized CNTs enhanced
the storage time and performance of the sensor. An extra
Nafion coating was used to eliminate common interferents
such as UA and AA. The fabricated Pd-GOx-Nafion CNTs
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glucose biosensor exhibited a linear response up to 12 mM
glucose and a detection limit of 0.15 mM (S/N = 3).

(2) Other Enzymes

(a) Cholesterol Oxidase. The determination of cholesterol is
of great significance in clinical diagnosis of coronary heart
disease, arteriosclerosis, myocardial infarction and brain
thrombosis. Among the various biosensors of cholesterol,
cholesterol oxidase (ChOx)-based electrochemical biosen-
sors are especially attractive because they offer a simple,
rapid and inexpensive means of quantifying cholesterol.
Similar to glucose electrochemical biosensors, most of the
amperometric cholesterol biosensors are based on the ChOx
enzyme, which catalyzes the oxidation of cholesterol to 4-
cholesten-3-one:

Cholesterol + O2
ChOx−−−→ 4-Cholesten-3-one + H2O2. (2)

The quantification of cholesterol can be achieved via elec-
trochemical detection of the enzymatically liberated H2O2.
Guo el al. proposed a CNT-based amperometric cholesterol
biosensor through the LBL deposition of PDDA and ChOx
on an MWNT-modified gold electrode, followed by electro-
chemical generation of a nonconducting PPD film as the
protective coating [145]. Due to the strong electrocatalytic
properties of MWNTs toward H2O2 and the low permeability
of PPD film for electroactive species, such as AA, UA and
acetaminophen, this biosensor exhibited high sensitivity and
good anti-interferent ability in the detection of cholesterol
with a linear range up to 6.0 mM and a detection limit
of 0.2 mM. Tan et al. developed an amperometric choles-
terol biosensor based on sol-gel CHIT/silica and MWNT
organic-inorganic hybrid composite material [119]. They
firstly prepared a Prussian blue-modified GCE (PB/GCE) by
electrodeposition, followed by the casting of the aqueous
mixture of MWNTs, sol-gel silica, CHIT and ChOx on
the surface of PB/GCE. The analytical characteristics and
dynamic parameters of the biosensors with and without
MWNTs in the hybrid film were compared. The results
showed that the analytical performance of the biosensor
can be improved greatly after introduction of MWNTs. Shi
et al. recently fabricated a novel H2O2 sensor by intercalating
Pt nanoparticle decorated CNTs (CNT-Pt) prepared using
a chemical reduction method on the surface of a waxed
graphite electrode [181]. The Pt nanoparticles at the waxed
graphite electrode exhibited high catalytic activity for the
reduction of hydrogen peroxide. Based on this, ChOx was
immobilized with sol-gel on the CNT-Pt based electrode to
construct a cholesterol biosensor, which was found to have
excellent analytical performance for cholesterol detection
with a rapid response (<20 seconds), a wide linear range of
4.0 × 10−6–1.0 × 10−4 M, and a low detection limit of 1.4 ×
10−6 M.

(b) Dehydrogenases. Similar to the oxidases, some dehydro-
genases are also employed to construct various electrochem-
ical biosensors, including alcohol-dehydrogenase (ADH),

D-fructose dehydrogenase (FDH) and glucose dehydroge-
nase (GDH). Generally, the response of dehydrogenase-
based electrochemical biosenors is a current due to the
electrooxidation of NADH that is produced in the enzymatic
reaction

Substrate + NAD+ Dehydrogenase−−−−−−−−→ Product + NADH. (3)

In this process, NAD+ behaves as an enzymatic mediator.
This section will firstly focus on the development of
CNT-based NADH electrochemical sensors and then on
the construction of dehydrogenases-based electrochemical
biosensors.

(i) Carbon Nanotube-Based NADH Electrochemical Sensors.
The direct electrochemical oxidation of NADH is becoming
more and more interesting since many dehydrogenases
need it as cofactors to catalyze redox reaction. However,
the direct electrochemical oxidation of NADH at a bare
electrode takes place at high overpotentials, for example, the
reported overpotential at pH 7.0 is about 1.1 V at carbon
electrodes and 1.3 V at Pt electrodes. Many efforts have been
made to reduce the overpotential of NADH electrooxidation.
Musameh et al. [234] firstly reported the electrocatalytic oxi-
dation of NADH at a GC electrode modified with disordered
CNT coatings with a decrease of 490 mV in overpotential.
Since then, many works dealt with the electrocatalytic
oxidation of NADH at various CNT-based electrodes. Chen
et al. studied the electrochemical behavior of NADH at
an OCNT/GC electrode [192, 235]. They found that the
direct electrocatalytic oxidation of NADH occurred at a
much lower potential (at about 0.0 V) with high stability at
an OCNT/GC electrode than at disordered CNT-modified
electrode. A reduction of the overpotential of more than
600 mV was achieved, and the anodic peak currents increased
linearly with NADH concentration from 2 × 10−5 to 1 ×
10−3 M with a low detection limit of about 5 × 10−7 M.
Recently, Zhang et al. [236] developed a CHIT-CNT system
by integrating the redox mediator Toluidine Blue O (TBO)
and CNTs in CHIT for the determination of NADH. In that
work, they firstly covalently attached TBO to CHIT via a two-
step procedure and then solubilized CNTs in the aqueous
solution of CHIT-TBO. The resulting mixture was cast on the
surface of a GCE to form thin CHIT-TBO/CNT surface films.
As compared to CHIT-TBO, the CHIT-TBO/CNT films
displayed large amplification of a current due to the TBO-
mediated oxidation of NADH at −0.10 V. This was discussed
in terms of the TBO/CNT synergy that resulted in the
improved charge propagation through the CHIT-TBO/CNT
matrix. The electrocatalytic oxidation of NADH was also
achieved by Liu et al. at PANI/PABS-SWNT multilayer films
[148].

(ii) Dehydrogenase-Based Electrochemical Biosensors. Based
on the electrocatalytic oxidation of NADH at CNT elec-
trodes, several dehydrogenase-based electrochemical biosen-
sors have been constructed. Wang et al. reported a MWNT-
based alcohol biosensor, based on the incorporation of
alcohol-dehydrogenase/NAD+ within a three-dimensional
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Figure 13: (A) Linear scan voltammograms recorded at (a) GC/CHIT and (b) GC/CNT-CHIT film electrodes in 0.10 mM NADH solution.
Traces a1 and b1 were recorded in a background electrolyte solution. For the clarity of presentation, traces b and b1 were shifted downward
by 6 μA along the y-axis. Scan rate, 50 mV/s. (B) Amperometric response of the GC/CNT-CHIT-GDI-GDH film electrode to additions of
glucose aliquots (10 μM–5.0 mM) into a stirred solution of pH 7.40 phosphate buffer that contained 0.10 mM NAD+. Insets: corresponding
calibration plots. Potential, 0.400 V. [Adapted with permission from Zhang et al. [103], Anal. Chem., 76, 5045 (2004). Copyright 2004,
American Chemical Society.]

MWNT/Teflon matrix [237]. The MWNT component
offered a marked decrease in the overpotential for the
oxidation of liberated NADH along with minimal surface
fouling effects, hence allowing convenient low-potential
stable detection of ethanol. Antiochia et al. developed a new
mediated CNTP amperometric biosensor of fructose [238].
The biosensor was formed by a CNTP electrode modified
with an electropolymerized film of 3,4-dihydroxy benzalde-
hyde (3,4-DHB), based on the activity of a commercial
available D-fructose dehydrogenase (FDH) immobilized on
an immobilon membrane placed on the top of the elec-
trode surface. The biosensor response current was directly
proportional to D-fructose concentration from 5 × 10−6

to 2 × 10−3 M with a detection limit of 1 × 10−6 M.
On the basis of the electrocatalytic oxidation of NADH at
a CNT-CHIT composite film-modified GCE, Zhang et al.
recently proposed a simple but useful approach for the
fabrication of glucose biosensors by the incorporation of
glucose dehydrogenase (GDH) into the CNT-CHIT films
through the tethering of GDH to CHIT with GDI [103]
(Figure 13). The stability and sensitivity of the GC/CNT-
CHIT-GDI-GDH biosensor allowed for the interference-
free determination of glucose in the physiological matrix
(urine). In pH 7.4 PBS, linear least-square calibration
plots over the range 5∼300 μM glucose (10 points) had
slopes 80 mA M−1 cm−2 and a correlation coefficient 0.996.
The detection limit was 3 μM glucose (S/N = 3). Another
advantage of such electrode system was that oxygen did not
influence its analytical performance. This was in contrast
to oxidase-based electrodes that were prone to interferences
from changing levels of oxygen in the samples. Rubianes
et al. also studied the performance of enzymatic biosensors
based on the immobilization of different dehydrogenase
within a CNTPE prepared from MWNTs and mineral oil

[167]. The strong electrocatalytic activity of CNTs toward
the oxidation of NADH allowed an effective low-potential
amperometric determination of ethanol, in connection with
the incorporation of alcohol dehydrogenase/NAD+ within
the composite matrix. Compared to the analogous enzymatic
CPEs, a great enhancement in the response was observed at
the enzymatic CNTPEs.

(c) Other Enzymes. There were also some other enzymes
used by several workers to prepare electrochemical biosen-
sors, such as acetylcholinesterase, alkaline phosphatase,
organophosphorus hydrolase, urease and tyrosinase. Based
on the reversible Nernstian response of a SWNT modified
electrode to analytes associated with solution pH change,
Xu et al. constructed voltammetric urease and acetyl-
cholinesterase biosensors by immobilizing the enzymes with
a sol-gel hybrid material that was cast on the surface of
the SWNT modified electrode [31]. These biosensors were
used for the determination of urea and acetylthiocholine
according the potential shift of the anodic peak of SWNTs.
Moreover, the methods for preparing sensors and biosensors
were simple and reproducible, and the range of analytes
could be extended to substrates of other hydrolyases and
esterases. Lenihan et al. proposed a new approach to the
modification of CNTs with biomolecules for the develop-
ment of nanoscale biosensors [239]. Alkaline phosphatase
was immobilized on the surface of MWNTs utilizing an
LBL methodology. CNTs were incubated with streptavidin,
resulting in the formation of a protein layer on the surface
of the nanotubes. Biotinylated alkaline phosphatase was
then allowed to bind to streptavidin, anchoring the sensing
protein onto the surface. Electrochemical biosensors were
constructed by using carbon nanotubes compacted into
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pellets. Electrodes constructed in this manner were observed
to generate an electrochemical signal that was a function
of substrate concentration. Trojanowicz et al. prepared
pesticide paraoxon biosenors by the physical adsorption
of organophosphorus hydrolase on the surface of MWNT
modified working graphite ink electrode of the three-
electrode screen-printed sensing stripe [240]. Joshi et al.
reported the fabrication of a disposable biosensor based on
acetylcholinesterase-CNT-modified thick film strip electrode
for organophosphorus (OP) insecticides [41]. The degree
of inhibition of the enzyme acteylcholinesterase (AChE) by
OP compounds was determined by measuring the electroox-
idation current of the thiocholine generated by the AChE
catalyzed hydrolysis of acteylthiocholine (ATCh). The large
surface area and electro-catalytic activity of CNTs lowered
the overpotential for thiocholine oxidation to 200 mV (ver-
sus Ag|AgCl) without the use of mediating redox species
and enzyme immobilization by physical adsorption. The
biosensor detected as low as 0.5 nM (0.145 ppb) of the model
organophosphate nerve agent paraoxon with good precision,
reproducibility and stability. HRP was also employed by
several workers to prepare hydrogen peroxide biosensors.
Xu et al. used MWNTs as a coimmobilization matrix for
the incorporation of HRP and electron transfer mediator
MB onto a GCE surface [241]. Cyclic voltammetry and
amperometric measurements demonstrated the feasibility
of MB as an electron carrier between the immobilized
peroxidase and the surface of GCE. The amperometric
response of this resulting biosensor to H2O2 showed a linear
relation in the range from 4 μM to 2 mM with a detection
limit of 1 μM (S/N = 3). Yamamoto et al. reported a hydrogen
peroxide biosensor based on the immobilization of HRP on
the surface of a MWNT modified electrode via the cross-
linking of HRP and BSA composite film by GDI [29]. The
MWNT-HRP modified electrode showed excellent response
of reduction current for the determination of H2O2 at
the potential of −300 mV (versus Ag|AgCl) with a linear
concentration range of 3.0 ×10−7 ∼2.0 × 10−4 M and a low
detection limit of 1.0 ×10−7 M (S/N = 3).

4.2.2. Carbon Nanotube-Promoted Direct Electron Transfer of
Redox Proteins and Enzymes. The direct electron transfer
of redox proteins and enzymes at electrode surface has
attracted more and more attention recently. These works are
of great importance for studying the biological redox process,
which can help us to understand the energy transform and
the material metaboly in life action. But unfortunately, it
is difficult for these macrobiomolecules to achieve direct
exchange electron at electrode surfaces because they usually
have big and complex structures with the redox centers
deeply immersing in the bodies. Furthermore, the adsorption
of these species at the electrode surface often results in the
change of their native configuration and the consequent
denature. Earlier, mediators were employed by some groups
to improve the electron contact between enzymes and
electrodes. However, using mediators generally makes the
biosensors complicated and leads to a slow response. The
development of mediatorless biosensors, thus, becomes the

goal of extensive researches. The first work regarding the
direct electron transfer of proteins at CNT electrodes was
reported by Davis et al. in 1997 by the physical adsorption
of horse heart cytochrome c (Cyt c) on CNTs [159]. Since
then, many works focused on the achievement of the direct
electron transfer of various redox proteins and enzymes at
CNT electrodes, including hemoglobin (Hb) [46, 56, 77,
242], myoglobin (Mb) [50, 52, 243, 244], Cyt c [43, 53,
154, 245–247], peroxidases (e.g., HRP [122, 176, 248, 249],
catalase (Ct) [34, 250] and MP-11 [122, 150, 251]), oxidases
(e.g., GOx [78, 152, 252–255], putrescine oxidase (POx)
[256, 257], xanthine oxidase (XOs) [258, 259]), and so on.

(1) Direct Electron Transfer of Redox Proteins and Enzymes at
Carbon Nanotube Electrodes

(a) Heme proteins

(i) Myoglobin. Myoglobin (Mb) is a small size heme protein
with a molar mass of approximately 17 500, and it functions
in both transport and short-term storage of oxygen. Due
to its commercial availability and a well-known structure,
Mb is considered to be an ideal model protein for the
study of heme proteins or enzymes. Thus, the achievement
of the direct electron transfer (DET) of Mb not only
provides a convenient approach for fabricating Mb-based
biosensors but also creates nice model systems for studying
the biological functions of these proteins. Similar to other
nanoscale materials, the good conductivity, the nanosized
tubular structural and the functional groups make CNTs act
as molecular wires to allow the electrical communication
between the underlying electrodes and Mb. Recently Zhao’s
group developed a simple but effective method for the
immobilization and the direct electron transfer of Mb
at CNT-based electrodes [50, 52, 253, 254]. In a typical
procedure, Mb was immobilized on the surface of a MWNT
modified electrode by immersing the CNT electrode in
an acetate buffer solution of Mb for a long period (e.g.,
72 hours), followed by thoroughly washing with double-
distilled water to remove loosely bonded enzyme molecules.
The resultant electrode exhibited a pair of well-defined redox
peaks with cathodic and anodic peak potentials at 0.298 and
0.198 V (versus SCE), respectively. The shapes of the cathodic
and anodic peak were nearly symmetric, and the reduction
and oxidation peaks have the same heights, indicating a
reversible process of Mb at this electrode. This biosensor was
further used for the sensitive detection of nitric oxide (NO)
[50, 254], O2 [253], and H2O2 [52] (Figure 14).

(ii) Hemoglobin. Hemoglobin (Hb), functioning physiolog-
ically in the storage and transport of molecular oxygen in
the blood of vertebrates, has a molecular weight of 64.000
to 67.000, and comprises four polypeptide subunits (two
α and two β subunits), each of which has an iron-bearing
heme within molecularly accessible crevices and has a similar
structure. Although Hb does not play a role as an electron
carrier in biological systems, it has been shown to possess
enzyme-like catalytic activity. Similar to Mb, it is also an ideal
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Figure 14: (A) CV of Mb/MWNT/GCE in the presence of H2O2: (a) 0 mM, (b) 0.4 mM, and (c) 0.8 mM; scan rate: 200 mV/s. (B)
Amperometric response of H2O2 at Mb/MWNT/GCE in 0.1 M PBS (pH 4.0); each addition was 30 μmol/L H2O2; operation potential
−0.14 V. [Adapted with permission from Zhao et al. [52], Anal. Biochem., 329, 160 (2004). Copyright 2004, Elsevier Science.]

model molecule for the study of direct electron transfer reac-
tions of heme enzymes because of its commercial availability
and a known and documented structure. The direct electron
transfer of Hb at CNT electrodes has been achieved by Cai
et al. through different immobilization methods [46, 77].
Based on the facilitated dispersing of CNTs in water by
CTAB, Cai et al. fabricated a CNT-based Hb electrochemical
biosensor by firstly casting the mixture of CNT aqueous
suspension and Hb phosphate buffer solution and fixing the
resultant composite film with a Nafion coating [77]. Cyclic
voltammetric results showed a pair of well-defined redox
peaks, correspondeding to the direct electron transfer of Hb,
with a formal potential (E◦′) at about 0.343 V (versus SCE)
in the PBS (pH 6.8). Further experiments demonstrated that
the immobilized Hb retained its bioelectrocatalytic activity
for the reduction of H2O2. The electrocatalytic current was
proportional to the concentration of H2O2 at least up to
20 mM. Cai et al. reported an adsorption method for the
immobilization of Hb on a CNT electrode by incubating the
electrode into the protein solution (5 mg/mL in 0.1 M PBS,
pH 5.5) for 1 hour at 4◦C [46]. Jia et al. also reported the
using of novel bamboo-like nitrogen-doping CNx nanotubes
for the immobilization of Hb by dipping the CNT electrode
into a 0.2 M acetate buffer solution (pH 6.0) containing
10 mg/mL Hb over 72 hour at 4◦C [54]. The transmission
electron microscopy (TEM) clearly showed that Hb could be
strongly adsorbed on the surface of CNx nanotubes. The CV
results of Hb/CNx nanotube modified electrode showed a
pair of well-defined and quasireversible redox peaks centered
at approximate 0.33 V (versus SCE) in pH 7.0 PBS.

(iii) Cytochrome c. Cytochrome c (Cyt c) is a basic redox
heme protein with 12,384 g/mol molecular weight and
approximately spherical shaper with 34 Å diameter. It plays
an important role in the biological respiratory chain, whose

function is to receive electrons from Cyt c reductase and
deliver them to Cyt c oxidase. As mentioned above, the
direct electron transfer of Cyt at CNT electrodes was firstly
reported by Davis et al. in 1997 [159]. The electrochemistry
of Cyt c was later studied by Wang et al. using cyclic
voltammetry at a GCE modified with SWNTs [245]. A pair
of well-defined redox waves was obtained in Cyt c aqueous
solution at an activated SWNT film-modified electrode. The
electrode reaction of Cyt c was found to be a diffusion-
controlled process. The peak current increased linearly with
the concentration of Cyt c in the range from 3.0 × 10−5 ∼
7.0 × 10−4 M with a detection limit of 1.0 × 10−5 M. Chen
et al. successfully immobilized MWNTs on the surface of a Pt
electrode by mixing with DNA [43]. The experimental data
indicated that Cyt c can strongly adsorb on the surface of the
modified electrode, and forms an approximate monolayer.
The immobilized MWNTs can promote the redox of Cyt c,
which gave reversible redox peaks with a formal potential of
81 mV versus SCE. Recently, Qu et al. [154] characterized
the SWNTs submonolayer film that was prepared by elec-
trostatically adsorbing nanotubes onto a 2-aminoethanethiol
self-assembled monolayer (SAM) on a gold bead electrode
using tapping-mode atomic force microscopy (TM-AFM).
The results showed that the orientation of SWNTs on the
SAM was horizontal and the surface coverage was quite low.
However, this electrode was demonstrated to be capable of
facilitating the direct electron transfer of Cyt c in solution.
Zhao et al. also studied the direct electron transfer of Cyt
c on a MWNT modified electrode [53]. In contrast to the
time-consuming methods by immersing the CNT electrodes
in the protein or enzyme solutions for a long period [50,
52, 243, 244], they fabricated the Cyt c modified CNT
electrodes by placing a MWNT modified electrode in a Cyt c
solution (0.09 mmol/L, pH 7.0 PBS) and then performing a
consecutive cyclic potential scans in the potential range from
0.3 to −0.8 V with a scan rate 50 mV/s up to obtain a stable
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CV curve. The results from electrochemical impedance
spectroscopy (EIS) and CV suggested that Cyt c could be
tightly adsorbed on the surface of MWNTs and MWNTs
showed an obvious promotion for the direct electron transfer
between Cyt c and electrode. A couple of well-defined
and quasi-reversible CV peaks of Cyt c can be observed
in a PBS (pH 7.0). Cyt c adsorbed on MWNTs exhibited
a remarkable electrocatalytic activity for the reduction of
hydrogen peroxide (H2O2).

(b) Peroxidases

(i) Horseradish Peroxidase. Horseradish peroxidase (HRP),
functioning physiologically as the biocatalysis of H2O2,
has been extensively investigated, due to its commercial
availability and the well-known structure. HRP has been
used as a typical model for studying the structural, kinetic
and thermodynamic properties of peroxidases. The first
work on the direct electron transfer of HRP was reported
by Zhao et al. using CNT-based powder microelectrodes
(CNTPME) [176]. The immobilization of HRP was achieved
by mixing 1 mg CNT powder with 200 mL 0.1 M PBS
solution containing 1 mg/mL HRP and packing the dry
mixture into the microcaves of CNTPME. The resultant
electrode exhibited a pair of reversible redox peaks −0.7
and −0.6 V in 0.1 M PBS (pH 7.0). It was found that
the adsorbing HRP kept its catalytic activity to H2O2

upon the immobilization on the CNT electrode. Cai
et al. [248] also developed a HRP biosensor based on
the method used for constructing Mb biosensors [77].
It was found that HRP underwent effective and stable
direct electron transfer reaction and retained its catalytic
activity toward H2O2. Based on the stable dispersion of
CNTs in RTILs, Zhao et al. prepared a HRP biosensor
by firstly dispersing HRP and MWNTs in an RTIL, then
grinding the mixture to form a black gel and casting the
gel on the electrode surface with spinning [122]. HRP
coated by RTIL-modified gold and glassy carbon electrodes
allowed efficient electron transfer between the electrode and
the protein and also catalyzed the reduction of O2 and
H2O2.

(ii) Catalase. Catalase (Ct) is a redox enzyme, present in
almost all aerobic organisms. It catalyses the disproportion-
ation of hydrogen peroxide into oxygen and water without
the formation of free radicals, so it serves in part to protect
cells from the toxic effects of hydrogen peroxide. Catalase
contains four equal subunits, and each of them has a
molecular weight of 57.000 daltons and is equipped with a
Fe (III)-protoporphyrin-IX. The direct electron transfer of
Ct was mainly accomplished through physical adsorption
approaches. Wang et al. recently studied the direct electron
transfer of Ct at a gold electrode modified with SWNTs
[34]. They found that a pair of well-defined redox peaks
was obtained for Ct with the reduction peak potential
at −0.414 V and a peak potential separation of 32 mV
in 0.05 M PBS (pH 5.9). Both reflectance FT-IR spectra
and the dependence of the reduction peak current on

the scan rate revealed that Ct adsorbed onto the SWNT
surfaces. Compared to other types of carbonaceous electrode
materials (e.g., graphite and carbon soot), the electron
transfer rate of Ct redox reaction was greatly enhanced at the
SWNT-modified electrode. The peak current was found to
increase linearly with the Ct concentration in the range of 8
×10−6 ∼8 ×10−5 M used for the electrode preparation. The
catalytic activity of Ct adsorbates at the SWNT appears to be
retained, as the addition of H2O2 produced a characteristic
catalytic redox wave. Similar direct electron transfer of Ct
at a SWNT modified GCE was studied by Zhao et al.
[250].

(iii) Microperoxidase. Microperoxidase (MP-11) is an
oligopeptide consisting of eleven amino acids and a
covalently linked FeIII-protoporphyrin IX heme site. The
direct electron transfer between MP-11 and electrodes can
be used in biosensors and biofuel cells. In biofuel cells, the
MP-11 modified electrodes are used as cathode materials
to catalyze the reduction of oxygen. The direct electron
transfer of MP-11 has recently been studied by Dong et al.
in different CNT-based electrode systems [122, 251]. Based
on the immobilization of enzymes in the RTIL-MWNT
composite films, Dong et al. also studied the direct electron
transfer of MP-11 at this film-modified electrode [122].
In 0.1 M PBS, a pair of well-defined redox waves was
obtained, corresponding to the active FeIII/II center of
MP-11 at E1/2[(Epa + Epc)/2 (versus Ag|AgCl)] = −0.25 V
with a peak separation of 61 mV at a scan rate of 100 mV/s.
This result was different from the report by Willner et al.
at E1/2 = −0.4 V (versus SCE), which was attributed to
the fact that the redox active center in MP-11, an iron
protoporphyrin IX, was not shielded by a polypeptide
and was easily affected by the environments of the ionic
liquids compared with other systems. They also studied the
direct electron transfer of MP-11 by cyclic voltammetry at
a GCE modified with MWNTs. In that work, MP-11 was
immobilized by immersing the CNT electrode in 0.1 M PBS
containing 1 mg/mL MP-11 at 4◦C for about 10 hours. The
resulting electrode showed a pair of well-defined redox peaks
with a formal potential at about −0.26 V (versus Ag|AgCl)
in PBS (pH 7.0). The experimental results also demonstrated
that the immobilized MP-11 retained its bioelectrocatalytic
activity to the reduction of H2O2 and O2.

(c) Oxidases

(i) Glucose Oxidase. Glucose oxidase (GOx), from Asper-
gillus or Penicillium, is a homodimer with a molecular
weight of about 150 ∼ 180 kDa containing two tightly bound
flavine adenine dinucleotide (FAD) cofactors and catalyzes
the electron transfer from glucose to oxygen accompanying
the production of gluconic acid and hydrogen peroxide.
Industrially, it has been used in the production of gluconic
acid. The most important application is in biosensors for
the quantitative determination of glucose in body fluids,
foodstuffs, beverages, and fermentation liquor. As men-
tioned above, although CNTs have been widely used to
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fabricate the GOx-based glucose electrochemical biosensors
due to the excellent electrocatalytic activity of CNTs toward
H2O2, few works accomplished the direct electron transfer
between GOx and the underlying electrodes. Xu et al.
recently studied the electrochemical behavior of GOx at a
MWNT modified electrode by cyclic voltammetry [252].
They found that the MWNT electrode exhibited two pairs
of redox peaks with formal potentials of −0.45 and −0.55 V
(versus SCE) when immersed into 0.1 M PBS containing
2 mg/mL GOx for 2 hours, which were attributed to the
responses from GOx in the solution and adsorbed on the
MWNT surface, respectively. In addition, with the increase
of scan time, the currents of both redox peaks decreased
except that the redox peaks at −0.45 V disappeared after
about 1 hour, and the redox peaks at −0.55 V tended to
be a stable value. The reservation of adsorbed GOx at
MWNTs foretells the possibility of immobilization of GOx
on CNTs by physical adsorption. Wang et al. proposed
a simple approach for the immobilization and the direct
electron transfer of GOx at CNT electrodes [254]. The GOx
modified SWNT (GOx/SWNT) electrode was prepared by
just dropping 5 μL 1.0 × 10−4 M GOx solution onto the
surface of the electrode surface and allowing to dry under
ambient conditions. The resultant GOx/SWNT electrode
was rinsed firstly with water and then the working buffer
solution prior to any measurements. A pair of well-defined
redox peaks was obtained for GOx with the reduction
peak potential at −0.465 V and a peak potential separation
of 23 mV in 0.05 M PBS. The specific enzyme activity
of GOx adsorbates at SWNTs was proved to be retained
by spectral methods. Based on the facilitated dispersing
of CNTs in water by CTAB [77], Cai et al. fabricated a
CNT-based GOx biosensor by firstly casting the mixture
of CNT aqueous suspension and GOx phosphate buffer
solution and fixing the resultant composite film with a
Nafion coating [78]. Cyclic voltammetric results showed a
pair of well-defined redox peaks, which corresponded to the
direct electron transfer of GOx, with a midpoint potential
of about −0.466 V (versus SCE) in the PBS (pH 6.9). The
experimental results also demonstrated that the immobilized
GOx retained its bioelectrocatalytic activity for the oxidation
of glucose, suggesting that the electrode may find use in
biosensors (e.g., it may be used as a bioanode in biofuel
cells).

(ii) Putrescine Oxidase and Xanthine Oxidase. Besides GOx,
the direct electron transfer of some other oxidases like
putrescine oxidase (POx) and xanthine oxidase (XOx) was
also investigated. Similar to other oxidases, POx is a rather
big molecule (>200 kDa) with the redox center deeply inlaid
in its structure, which reacts with biogenic amines (e.g.,
putrescine, cadaverine and histamine) with a certain degree
of substrate specifically as follows:

H2N− (CH2)n −NH2 + O2 + H2O

POx−−→ H2N− (CH2)n−1 − CHO + NH3 + H2O2.
(4)

Although feasible, the electrochemical measurement of H2O2

at positive potentials usually suffers from the serious interfer-

ences from some electroactive micromolecules like UA and
AA, even for CNT electrodes. The direct electron transfer
of POx at CNT electrodes was mainly accomplished by
Luong et al. [256, 257]. In their earlier work, POx was
immobilized on the electrode surface by the deposition of
a mixture of MWNTs, PDDA, APTES, and POx on the
electrode surface and the coating of the resulting electrode
by a Nafion film [256]. The use of APTES permits the
adsorption of GOx on CNTs. They believed that nanoscale
“dendrites” of MWNTs were reasoned to form a network,
projecting outward from the electrode surface acting like
bundled ultramicroelectrodes, thereby permitting access to
the active site and facilitating direct electron transfer to
the immobilized enzyme. This was demonstrated by the
appearance of a pair of redox peaks for POx with an
oxidation peak near −0.45 V and a reduction peak near
−0.49 V (versus Ag|AgCl, 3 M NaCl) in 0.05 M PBS (pH
7.0). The direct electron transfer permitted the detection of
putrescine at negative potentials, circumventing the inter-
ference of endogenous ascorbic and uric acids. Compared
with the most common interfering species, such as spermine,
spermidine, cadaverine, and histamine, a detection limit of
5 μM and a response of 20 times greater were found for
putrescine. Later, Luong et al. further fabricated a POx-
based biosensor through a covalent method [85]. In that
work, MWNTs were dissolved in a mixture of APTES, Nafion
and ethanol with sonication to get uniformly dispersed
CNTs. The resulting mixture was dropped on the electrode
surface and allowed to dry. Upon the enzyme preparation, a
drop of the enzyme solution was dried on the CNT/APTES
modified electrode and a certain volume of GDI was
dropped on the resulting electrode to cross-link the enzyme
with APTES. Similar to the noncovalent immobilization
method [256], POx exhibited a pair of well-defined peaks at
−0.52 V (versus Ag|AgCl) in 0.05 M borate buffer (pH 8.35),
providing a selective and sensitive method for putrescine
determination. Similar to the immobilization of GOx on
CNT electrodes [254], Wang et al. reported the noncovalent
immobilization of XOx on CNT electrodes by just dropping
the XOx solution onto the surface of the electrode surface
and allowing to dry under ambient conditions [251]. The
resulting electrodes were completely rinsed with water prior
to any measurements, which exhibited a pair of well-defined
redox peaks at around −0.46 V with a small peak separation
of 28 mV in 0.05 M phosphate buffer (pH 7.0).

(2) Fundamentals of Direct Electron Transfer of Redox Proteins
and Enzymes at Carbon Nanotube Electrodes. Based on the
above discussions, it is clear that CNT electrodes can effec-
tively facilitate the direct electron transfer of various redox
proteins and enzymes. However, few works gain insights
into the fundamental information of this important process.
Guiseppi-Elie et al. studied the direct electron transfer
between SWNTs and the redox center of adsorbed GOx
[260]. It was found that both FAD and GOx spontaneously
adsorbed to annealed CNTs and displayed quasi-reversible
one-electron transfer. They believed that the nanotubes
become positioned within a tunneling distance of the
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cofactors with little consequence to denaturation. Willner’s
group proposed an approach for the covalent attachment
of reconstituted GOx on the end of aligned SWNTs [261].
The electrons were transported along distances higher than
150 nm and the transport rate was controlled by the
nanotube length, interfacial electron transfer rate constants
for 50 and 100 nm SWNTs were 42 and 19 s−1, respectively.
Such plugging of CNTs into enzymes was also reported
by Gooding et al. by two different ways [152]. In the
first method, native GOx was covalently attached to the
ends of the aligned tubes, which allowed close approach
to FAD and direct electron transfer to be observed with
a rate constant of 0.3 s−1. The second strategy was similar
to the method proposed by Willner et al. [261], that is,
FAD was attached to the ends of the tubes and the enzyme
reconstituted around the surface immobilized FAD. This
latter approach allowed more efficient electron transfer to
the FAD with a rate constant of 9−1. The direct electron
transfer of both native and reconstituted GOx at aligned
CNTs demonstrated the molecular wire role of CNTs in
promoting the electron transfer of redox proteins and
enzymes. Rusling et al. [156] investigated the electrochemical
behaviors of HRP and Mb covalently bound to the ends
of SWNT forest electrodes. Their data indicated that the
“trees” in the nanotube forest behaved electrically similar
to a metal, conducting electrons from the external circuit
to the redox sites of the enzymes. The peroxidase activity
of these enzymes was demonstrated, with detection limits
for hydrogen peroxide in buffer solutions of ∼100 nM.
The direct electron transfer of MP-11 covalently attached
to aligned SWNT arrays was also examined by Gooding
et al. [150]. It was found that although the enzyme also
adsorbed along the hydrophobic walls of the nanotubes, the
majority of the electron transfer was dominated by proteins
immobilized on the electroactive ends of the nanotubes,
which further supported the excellent electrochemical prop-
erties of the ends of the nanotubes. In addition, despite
different distributions of tube lengths, the rate constants
for heterogeneous electron transfer to the enzyme were
essentially the same, demonstrating the efficiency of the
shortened nanotubes as molecular wires. Jiang et al. recently
studied the electrochemical redox processes of Cyt c at
a SWNT modified electrode by in situ UV-vis and cir-
cular dichroism (CD) spectroelectrochemistry [39]. It was
found that SWNTs can effectively decrease the effect of
electric field on the configurational changes of Cyt c and
stabilize the Met80-Fe bond of adsorbed Cyt c, and that
electron transfer induced a more opening configurational
change at SWNT/GCE than that at the bare electrode,
which might be responsible for the direct electron trans-
fer of enzymes on CNT electrodes and the retaining of
their biocatalytic activity. The CNT-induced configurational
change of enzymes has been verified by Gooding et al.
[262]. Rate constants for direct electron transfer to GOx
at CNT-modified electrodes and graphite electrodes suggest
that the enzyme was partially denatured from its native
configuration, thus bringing the redox-active center of the
enzyme closer to the electrode and allowing appreciable
electron transfer.

4.3. Carbon Nanotube-Based DNA Electrochemical Sensors.
Sequence-specific DNA detection has been a topic of signifi-
cant interest due to its promising application in the diagnosis
of pathogenic and genetic diseases. Electrochemical DNA
biosensors are currently receiving considerable attention
because of their high sensitivity, portability, low-cost and
rapid response. Such devices rely on the conversion of the
nucleic acid recognition processes into a useful electrical
signal. Similar to other electrochemical sensors, the DNA
electrochemical sensors benefit much from the use of CNTs
based on the enhanced oxidation of the oxidable bases,
the improved responses of the indicaters or the excellent
properties of CNTs as the carrier platforms.

Fang’s group has reported several CNT-based DNA
electrochemical sensors for the determination of sequence-
specific DNA over the last few years [188, 263–265]. In an
earlier work, they developed a novel and sensitive electro-
chemical DNA biosensor based on MWNTs functionalized
with carboxylic acid groups for the covalent DNA immobi-
lization and the enhanced hybridization detection [263]. The
MWNT modified GCE was fabricated from a simple casting
method and oligonucleotides with the 5′-amino group were
covalently bonded to the carboxyl groups of CNTs with
the aid of EDC. The hybridization process on the electrode
was monitored by DPV analysis using an electroactive inter-
calator daunomycin (DNR) as an indicator. The sensitive
response of DNR at CNT electrode led to a significant
increase of the hybridization signal of DNA compared to
DNA sensors with oligonucleotides directly incorporated on
carbon electrodes. Similar improved hybridization responses
of DNA covalent immobilized on CNT electrodes were also
observed by Wang et al. [266] and Kerman et al. [267]
using MB and Escherichia coli single-strand binding protein
(SSB) as the indicators, respectively. Wang et al. proposed
an effective method for amplifying electrical detection
of DNA hybridization based on CNTs carrying a large
number of CdS particle tracers [268]. Such use of CNT
amplification platforms was combined with an ultrasensitive
stripping voltammetric detection of the dissolved CdS tags
following dual hybridization events of a sandwich assay
on a streptavidin modified 96-well microplate. Fang et al.
also reported a new indicator free biosensing strategy for
direct electrochemical detection of DNA hybridization by AC
impedance measurement [264]. They firstly immobilized the
oligonucleotide probes on a MWNT modified GCE through
the entrapping of DNA as the sole counter anion during the
electropolymerization growth of the PPy films. Before and
after hybridization reaction with the complementary DNA
sequences, a decrease of impedance values was observed
as a result of the reduction of the electrode resistance.
Hybridization amounts of the one-base, two-base and three-
base mismatched sequences were obtained only in a 51%,
18% and 8.2% response when compared to that for the
complementary matched sequence. Such unique response
was attributed to the concomitant conductivity changes of
the PPy-polymerized CNTs, and offered great promise for
reagentless DNA hybridization analysis. Later, they further
improved this method by adding zinc ions (Zn2+) to
the hybridization solution, resulting in the formation of
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Figure 15: SEM images of (a) an as-grown MWCNT array, (b) the surface of a polished MWCNT array embedded in an SiO2 matrix, (c) a
high-density MWCNT nanoelectrode array (hd, ∼2 × 109 electrodes cm−2), (d) a low-density one (ld-1, ∼7 × 107 electrodes cm−2), (f) an
as-grown MWCNT array on 2 mm Ni spots patterned with UV lithography, (g) an as-grown MWCNT array on ∼100 nm diameter Ni spots
patterned with e-beam lithography, and (h) a schematic of the defective bamboo-like structure. (a), (b), (f), and (g) are 45◦ uperspective
views while (c) and (d) are top views. (e) is the TEM view of a single MWCNT. The scale bars in (a)–(g) are 500 nm, 200 nm, 500 nm, 500 nm,
50 nm, 2 μm, and 5 μm, respectively. [Reprinted with permission from Koehne et al. [206], J. Mater. Chem., 14, 676 (2004). Copyright 2003,
Royal Society of Chemistry.]

metallized double-stranded DNA (M-DNA) that can signifi-
cantly change the electrochemical impedance response [265].
Recently, Fang et al. reported a new sensitive electrochemical
biosensor based on magnetite nanoparticles for monitoring
DNA hybridization by using MWNT/PPy-modified glassy
carbon electrode [188]. In such detection system, mercapa-
toacetic acid (RSH)-coated magnetite nanoparticles, capped
with 5′-(NH2) oligonucleotide, were used as DNA probe to
complex a 29-base polynucleotide target (a piece of human
porphobilinogen deaminase PBGD promoter from 170 to
142). Target sequence hybridized with the probe resulted in
the decrease of the reduction peak current of DNR connected
with probe. As mentioned above, Meyyappan et al. reported
a novel approach for the fabrication of nanoelectrode
arrays using vertically aligned MWNTs embedded within
a SiO2 matrix [205, 206] (Figure 15). Based on the a
low background and a small cell time constant of these
nanoelectrodes, they prepared a highly sensitive DNA sensors
by covalently attaching the DNA probes on the ends of
the CNTs and monitoring the electrochemical response of
Ru(bpy)3

2+ mediator amplified guanine oxidation.

Wu et al. studied the electrochemical behaviors of DNA,
guanine and adenine at a MWNT-DHP composite film-
modified electrode (MWNT-DHP/GCE) [95]. Compared
with the undiscerned responses at the bare electrode,
adenine and guanine exhibited a sensitive oxidation peak
at 0.73 and 1.02 V on MWNT-DHP/GCE in 0.1 M PBS
(pH 7.0), respectively. The responses were also observed
for the hydrolyzed product of calf thymus DNA, providing
a simple but sensitive method for DNA measurement.
The enhanced oxidation of guanine and adenine residues
in DNA was also observed by Wang et al. at a SWNT
modified GCE [269]. On the basis of the enhanced oxidation
of guanine on pretreated CNTPEs, Pedano et al. recently
proposed an adsorptive stripping potentiometric method
for the measurement of nucleic acids [164]. Trace (μg/L)
levels of the oligonucleotides and polynucleotides can be
readily detected following short accumulation periods with
detection limits of 2.0 μg/L for a 21-base oligonucleotide and
170 μg/L for calf thymus dsDNA. The interaction between
nucleic acids and CNTPE was demonstrated to be mainly
hydrophobic.
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Besides the application in DNA detection, CNTs were
also used as the carrier platforms of DNA by several
workers. Guo et al. examined the electrochemical char-
acteristics of the covalent immobilization of calf thymus
DNA molecules on MWNTs by EDC [45]. By studying
the CV and the electrochemical impedance spectroscopy
(EIS) of Fe(CN)6

3−/Fe(CN)6
4−, they found that most of

calf thymus DNA are covalently immobilized on MWNTs
via diimide-activated amidation between the carboxylic acid
groups on CNTs and the amino groups on DNA bases,
though the direct adsorption of the DNA molecules on
MWNTs can be also observed. The studies on the interaction
between DNA molecules and small biomolecules ethidium
bromide (EB) implied that DNA molecules immobilized
at the surface of MWNTs still had the ability to interact
with small biomolecules. Based on the strong adsorption of
PDDA on CNTs, Guo et al. also proposed an LBL method
for the immobilization of DNA on the electrode surface
and monitored the electrostatic assembly of DNA on PDDA
modified CNTs by the piezoelectric quartz crystal impedance
(PQCI) technique [44]. It was found that PDDA played a
key role in the attachment of DNA to MWNTs and acted
as a bridge to connect DNA with MWNTs, though the
direct adsorption of DNA on MWNTs has been observed.
Recently, He et al. introduced a new fabrication of DNA-
CNT particles using the LBL technique on SWNTs [147].
PDDA, a positively charged polyelectrolyte, and DNA as a
negatively charged counterpart macromolecule were alterna-
tively deposited on the water-soluble oxidized SWNTs. Pure
DNA/PDDA/SWNT particles can be prepared and separated
by simple unltracentrifugation. An electrode modified by
the DNA/PDDA/SWNT particles shows a dramatic change
of the electrochemical signal in solutions of Ru(bpy)3

2+ as
a reporting redox probe. A preliminary application of the
DNA-modified carbon nanotubes in the development of
DNA sensors used in the investigation of DNA damage by
nitric oxide was presented.

5. Conclusions and Perspectives

As a new type of carbonaceous materials, carbon nanotubes
(CNTs) possess some unique properties that are much dif-
ferent from either the conventional scaled materials or other
types of nanoparticles, such as the special and well-defined
tubular structure of nanosizes, the excellent chemical sta-
bility, the modifiable surface and the strong electrocatalytic
activity. These special properties foresee their promising
applications in electroanalytical chemistry for constructing
CNT-based sensors. The fact is that the modification of elec-
trodes with CNTs has been observed to apparently improve
the responses of substrates from small H2O2 molecules
to huge redox proteins. Most of current works mainly
focused on the fabrication of randomly dispersed CNT-
based electrochemical sensors and few reports deal with the
fabrications of well organized nanostructures of CNTs. As a
tubular nanomaterials, the key advantages of CNTs are their
small diameter and huge length to diameter ratio that allows
them to be used as molecular wires for facilitating electron

transfer between proteins and electrodes or to be organized
in a low density manner for using as a single nanoelectrode
or nanoelectrode arrays with ultrasensitivity. Since the direct
growth by CVD methods inevitably surfers from the need
of rigorous conditions, development of simple physical
or chemical immobilization methods that can control the
orientation of CNTs on electrode surfaces has become a
matter of great urgency.
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[86] S. Lü, “Voltammetric determination of Tinidazole using
multi-walled carbon nanotubes modified glassy carbon
electrode,” Chinese Journal of Analytical Chemistry, vol. 32,
no. 3, p. 412, 2004.
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1. Introduction

Carbon nanotubes (CNTs) are a group of one-dimensional
nanoscale materials composed of carbon atoms with
fullerene structure, in which each carbon atom is sp2 hybrid
and every carbon atom is covalently bonded to another
three adjacent carbon atoms. According to the number of
their wall layer, they can be single-walled carbon nanotubes
(SWCNTs) and multiwalled carbon nanotubes (MWCNTs).
A single-walled carbon nanotube can be considered as
being formed by rolling a piece of graphene to create a
seamless cylinder with diameters of 0.4–2 nm. MWCNT
comprise of several layers of graphene cylinders that are
concentrically nested like rings of a tree trunk, with an
interlayer distance close to that of graphite (0.34 nm). Both
MWCNTs and SWCNTs have diameters in the range between
fractions of nanometers and tens of nanometers and length
up to several centimeters with both their ends normally
capped by fullerene-like structures [1]. Three main methods
being developed for CNTs synthesis are arc-discharge, laser
ablation, and chemical vapor deposition (CVD) [2]. Since
the discovery of MWCNTs [3] in 1991 and the SWCNTs in
1993 [4], CNTs have attracted extensive research interest due

to their outstanding structural, electronic, and mechanical
properties such as unique tubular structure like fullerene,
high chemical and thermal stability, low weight, high elec-
trical conductivity, stability, good heat conductance, large
surface area, flexibility, high elasticity, and, high mechanical
strength. CNTs play very important role in nanotechnology
which greatly influences many different disciplines involving
biology, chemistry, physics, medicine, engineering, electron-
ics and material science [5].

The electronic property of SWCNTs is determined by
their size and chirality. The SWCNTs can be metallic or
semiconductive. The conductivity of each layer of MWCNTs
behaves like an SWCNT along the axial direction, while
it is very poor between the layers. As a whole, most
MWCNTs display good conductivity. The unique electronic
property combining with others makes carbon nanotubes
ideal building block for electronic devices such as quantum
wires, diodes, field-effect transistors (FETs), sensors, and
cold cathode field emitters [1].

Carbon nanotubes are attractive for the task of chemical
sensors, especially for nanoscale gas sensors. The develop-
ment of CNTs-based gas sensors has attracted intensive inter-
est in the last several years because of their high response,
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prompt response, low power consumption, small size and
low operating temperature. The fabrication, structure and
gas-sensing characteristics of CNTs-based gas sensors are
reviewed in this paper and the challenge and strategic
consideration for future development are also discussed. Gas
sensors based on pristine CNTs including SWCNTs, MWC-
NTs and aligned CNTs are introduced, and the modification
of CNTs with functional groups, metals, metal oxides and
polymers for gas sensors are also discussed.

Most of the CNT sensors are based on FET devices with
a semiconductive single nanotube (Figure 1(a)) or nanotube
networks (Figure 1(b)) as the active sensing elements, and
the conductivity of the CNTs was monitored when the
sensors were exposed to various atmospheres.

2. Gas Sensors Based on Pristine
Carbon Nanotubes

2.1. Gas Sensors Based on SWCNTs. It has been reported
that SWCNTs are sensitive to NO2, NH3 and volatile organic
compounds. The adsorption of gaseous molecules either
donates or withdraws electron from the SWCNTs, leading
to changes of electrical properties of the SWCNTs [6]. The
high and fast response of the SWCNTs gas sensors has
been assured. The drawback of these sensors is slow and
incomplete recovery. To date, there have been a variety of
attempts to overcome this limitation.

Kong et al. demonstrated the potential of CNT-based
gas sensors when they reported the response of field-
effect transistor (FET) devices to NO2 and NH3 [7]. The
FET devices, utilizing a single semiconductive SWCNT (S-
SWCNT) as the conduction channel, showed a unique
response to NH3 and NO2 through chemical gating of
the SWCNT. The response time of the devices to 200 ppm
NO2 was a few seconds, and the response (defined as the
ratio between resistance after and before gas exposure)
was approximately 100–1000. Recovery was slow at room
temperature (ca. 12 hours), but decreased to approximately
1 hour upon heating. The response time to approximately
1% NH3 was a few minutes with the response between
10 and 100. An individual nanotube sensor can be used
to detect different types of molecules. The selectivity is
achieved by adjusting the electrical gate to set the S-
SWCNT sample in an initial conducting or insulating
state. However, the mechanism causing the response of
the FET based on single CNT remains unclear. Three
models have been proposed to explain it. The first is
charge transfer between the nanotube and the molecules
adsorbed on its surface. The second is molecular gating
of the CNT by the polar molecules such as NO2, which
results in shift of the gate threshold of the semiconducting
SWCNT. The third is a change in the Schottky barriers
between the nanotube and the electrodes [8, 9]. Peng
et al. studied the adsorption, diffusion, and reaction of
NO2 on a SWCNT using ab initio simulations [10]. Since
there are catalyst islands on SWCNT, and NO2 molecules
are known to interact with catalytic surfaces to form NO

and NO3 molecules, a chemical reaction may occur as
follows:

NO2 + NO2 −→ NO + NO3. (1)

On the equilibrium, the desorption of NO2 and NO
molecules is very fast (less than 1 second at room tem-
perature), while the desorption of NO3 molecules is much
slower (about 12 hours). From the fact that NO3 is the
major concentration on the SWCNT surface, and its recovery
time will accordingly determine the recovery time of the
overall SWCNT system, they deduced that it is NO3 that is
responsible for the slow recovery.

The different recovery rate can be interpreted in terms
of the desorption energy barrier of gas molecules on the
CNT. For FET devices, the desorption energy barrier for
adsorbed dimethyl methylphosphonate [11], NH3 [12], or
NOx [13] molecules on SWCNT could be reduced under
positive gate voltages. A negative gate bias bends the energy
band of the CNT upwards. Due to a thin barrier width, holes
could tunnel through the barrier and enter the CNT channel
easily. When a positive gate bias is applied, the CNT’s energy
band is bent downwards and hole tunneling is suppressed. A
positive gate bias can promote fast recovery, which suggests
that room temperature reversible CNT sensors for dimethyl
methylphosphonate or NH3 are feasible.

By simply casting of SWCNTs on an interdigitated
electrode, Li et al. [14] fabricated a gas sensor for detection
of gases and organic vapors at room temperature. The
sensor responses are linear for concentrations of sub ppm
to hundreds of ppm with detection limit of 44 ppb for NO2

and 262 ppb for nitrotoluene. The recovery time was very
long, on the order of 10 hours because of the higher bonding
energy between SWNTs and NO2. By using ultraviolet (UV)
light to knock the adsorbed molecules out of the SWCNT
sites, the recovery time was shortened to about 10 minutes.
The UV exposure decreases the desorption-energy barrier to
ease the NO2 desorption. Under UV illumination, oxygen
photodesorption causes a reduction of the hole carriers in
the SWCNT, thus lowering the conductance of the sample.
In air, gradual oxygen readsorption onto the nanotube
upon turning off the light leads to the recovery of sample
conductance [15].

Efforts have also been made to improve gas desorption
by heating the sensors and increasing the flux rate of
carrier gas. Quang et al. fabricated sensors from SWCNTs
by a screen-printing method [16]. These sensors have been
exposed to NH3 gas at room temperature with nitrogen
as the carrier gas. The SWCNTs are very sensitive to NH3

and can detect NH3 with low concentration of 5 ppm
with a response time of 10 minutes. When the sensor is
exposed to NH3, electrons are transferred from NH3 to
SWCNTs. NH3 donates electrons to the valence band of
the carbon nanotubes, decreasing the number of holes,
thereby increasing the separation between the Fermi level
and the valence band. This forms a space charge region at
the surface of the semiconducting SWCNTs, which increases
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Figure 1: Schematic diagrams of (a) a gas sensor based on FET with a single carbon nanotube as sensing element, and (b) a resistive gas
sensor with CNT bundles or thin film as sensing element.

the electrical resistance. A saturation state is established at
a concentration of about 40 ppm, and the response of the
sensor continues to increase in conjunction with an increase
in concentration levels. The sensor completely recovers to
its initial state at 80◦C and under 1000 sccm N2 flux.
Nguyen et al. also constructed sensors from SWCNT powders
by screen-printing, followed by annealing pretreatment in
open-air for 2 hours at various temperatures to enhance
the sensor characteristics [17]. The sensor annealed at
200◦C was employed for detection of NH3 with 500 sccm
N2 flowing. After being exposed to 5 ppm NH3 for 10
minutes at room temperature, the resistance of the sensor
increased up to 8% in comparison with its initial value. The
strong bonding between NH3 molecules and the SWCNTs
requires a long time to degas and it causes the slow
recovery of the SWCNT-based sensor. The carrier gas flux
was intensified in desorption time to remove the adsorbed
NH3 molecules from the SWCNTs. The stronger carrier
gas flux was conducted, the better recovery the sensor
exhibited. The behavior of the SWCNT shows a transition
from semiconducting at a moderate temperature (<350◦C)
to metallic at high temperature (>350◦C), which suggested
that the heating treatment might cause a structural change in
the SWCNT, leading to a change in its chirality. Heating at
a moderate temperature could reduce the resistance of the
sensor, therefore degrading response in detection of NH3.
In order to avoid this problem, heating was not applied in
sensing duration but in desorption time, for only 5 minutes
at 70◦C. In addition, the carrier gas flux was maximized
to 1000 sccm for degassing. In summary, by increasing the
carrier gas flux, combined with heating at 70◦C, the sensor
recovery was dramatically improved. All these methods
improved partly the recovery of the SWCNTs-based sensors,
but the recovery time is still not satisfactory.

According to the thermodynamics, the adsorption or
desorption rate of gas molecules on solid surface could be
expressed as follows:

ra = K f (θ) exp
(
− Ea
RT

)
,

rd = K′ f ′(θ)exp
(
− Ed
RT

)
,

(2)

where ra and rd are the rate of adsorption and desorption,
respectively; Ea and Ed are the activation energy of adsorp-
tion and desorption, respectively; T is the temperature; K
and K′ are the adsorption or desorption rate constant. θ
is the fraction of the surface occupancy. f (θ) is a function
related to surface vacancy (1 − θ), f ′(θ) is a function
related to generally written to be related to surface occupancy
(θ). Based on the above equations, ra increases with the
increasing of the gaseous pressure and fraction of the surface
vacancy and reduces with the increasing of the adsorption
activation energy. rd increases with the increasing of the
desorption temperature and fraction of the surface covered
and reduces with the increasing of the desorption activation
energy. As a result, heating is favorable for desorption, thus
enhancing the recovery of the sensors. On the other hand,
irradiation with UV light reduces the desorption activation
energy, which is plausible for recovery of the gas sensors also.

2.2. Gas Sensors Based on MWCNTs. So far, it has been
reported that MWCNTs are sensitive to a variety of gases such
as NH3, NO, NO2, H2, SF6, and Cl2. The main drawback of
MWCNTs gas sensors is also the slow recovery. For example,
Varghese et al. [18] investigated two sensor geometries, one
capacitive with MWCNT-SiO2 composite placed over a pla-
nar interdigital capacitor, the other resistive with MWCNTs
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grown upon a serpentine SiO2 pattern. Reversible behavior
is demonstrated for the MWCNTs sensors in response to
humidity, CO and CO2. The response time of both sensors
to NH3 was approximately 2-3 minutes but it took the
sensor several days in vacuum at 100◦C to recover the
original response. The impedance changes are attributed
to p-type conductivity in semiconducting MWCNTs, and
the formation of Schottky barriers between the metallic
and semiconducting nanotubes. Of the sensors tested, the
interdigital capacitor showed higher response. Nguyen et al.
[19] developed a device with interdigital Pt electrodes on
an Al2O3 substrate in order to evaluate the MWCNTs-based
gas sensor capabilities. The MWCNT films were found to
exhibit a fast response and a high response to NH3 at room
temperature. The response (S = (R0 − R)/R0, where R0

represents the resistance in dry air and R is the resistance in
the NH3 gas environment), varies from 75% to 85% when
the gas concentration increases from 2500 to 7500 ppm. This
change is due to the electron transfer from gas molecules to
the nanotubes, leading to decrease of the resistance of the
CNTs film. Moon et al. [20] fabricated the sensor employing
MWCNTs as an active sensing element by using screen-
printing method, and the sensor returned to the initial
conductance employing a bias voltage for detecting NO2. The
response (S = Gg/G0, where G0 is the initial conductance
of the sensor and Gg is the conductance of nanotube films
being exposed to NO2) to 50 ppm NO2 was approximately
22.7%. In a vacuum state, the sensor conductance was
refreshed using a CNT-bias-heating method. The recovery
was maintained for 10 minutes with bias voltage of 10 V, and
the heating value was 28.8 cal. The recovery time decreased
when the degassing energy was provided all at once, more
than the divided heating. MWCNT films in the sensor could
be used as a heater with a bias voltage, and the recovery
time could be controlled by a bias voltage. The temperature
variation was dependent on the bias voltage and the possible
high electrical current. Gas desorption is affected by heating
value which is controlled by time and bias voltage. The
recovery time decreased upon an increase of bias voltage.

Suehiro et al. [21] demonstrated the partial discharge
detection in SF6 gas using an MWCNTs-based gas sensor.
The sensor was fabricated by positive dielectrophoresis of
MWCNTs on a microelectrode array. The sensor can detect
main decomposition products such as SO2 or HF at ppm
level. When the partial discharge was generated, the electrical
conductance of the MWCNT sensor gradually increased.
The sensor response was reversible and was influenced
by both the partial discharge intensity and the relative
position of the sensor to the point electrode. The increase
of the sensor conductance was caused by an electronic
interaction between MWCNTs and nonidentified oxidative
decomposition products. The sensor could realize a real-time
detection of faint partial discharge activities that detection
tubes could not sense.

An electrochemical gas sensor modified with MWCNTs
film as electrocatalyst for the determination of Cl2 has also
been constructed [22]. Cl2 gas was allowed through the cath-
ode surface of the sensor, and the resulting galvanic effects
were monitored. This amperometric gas sensor showed

excellent response, high stability, and fast recovery for the
determination of Cl2 in H2SO4. In the plateau potential
region, the reduction of Cl2 is controlled with the mass
transfer of Cl2 through the working electrode. Therefore,
the limiting current produced in this region can be used to
quantify the Cl2 concentration. When using nanotube-based
microelectrode, the electrode has a porous structure and
is probably well wetted by the solvent/electrolyte medium
[23]. The performance of the electrochemical sensor for Cl2
with MWCNTs as electrocatalyst was stable and it was not
interfered by the redox gases, such as CO, NO, O2, CO2,
and C3H8. CO2 is an inert gas, so it is difficult to react on
the surface of MWCNTs-modified electrode. The response
and recovery time of this sensor is about 150 seconds. The
response time for MWCNTs is prolonged to about 150
seconds due to the small proportion of exposed edge plane.

As mensioned before, SWCNTs consist of single graphite
sheets, while MWCNTs comprise an array of nanotubes
that are concentrically nested. Depending on their chi-
rality and diameter, an SWCNT can be either metallic
or semiconducting. In practice, it is difficult to obtain
only semiconducting nanotubes from grown samples, which
are usually mixtures of both metallic and semiconducting
SWCNTs [24]. Suehiro et al. [25] demonstrated that the
normalized response of the SWCNT sensor was higher than
that of the MWCNT sensor. Probably it is because SWCNTs
contained more semiconducting tubes. In general, MWCNTs
show a conducting (metallic) behavior at room temperature.
However, MWCNTs could contain some semiconducting
tubes among predominantly metallic ones. The higher
normalized response of the SWCNT sensor may be attributed
to higher abundance of the semiconducting tube, which is
responsible for the sensor response.

2.3. Gas Sensors Based on Well-Aligned CNTs. It has been
reported that aligned CNTs (ACNTs) are sensitive to NO2,
NH3 and H2. For example, Valentini et al. [26] prepared
aligned CNT thin films by pulsed plasma chemical vapor
deposition system for the detection of NO2. The sensors
exhibited fast and high response at room temperature and
could detect as low as 10 ppb NO2 at 165◦C with fast
recovery. The resistance of CNTs films decreased while
contacting with NO2, whereas it increased with NH3,
ethanol, humidity, and C6H6. The CNT film can be viewed
as an aligned network of CNTs somewhere connected with
CNT/CNT junctions. The crossed junctions between CNTs
act as a gate for carriers to move in the film, and they may
consist either in directly cross-linked defective nanotubes or
in amorphous carbon impurities. Therefore the CNT film
can be represented as a network of effective resistors formed
by the resistance of the nanotube body, the resistance of
the junctions, and the tunnelling resistance due to tube-
tube electronic coupling between adjacent but not connected
nanotubes. At 165◦C, NO2 is favored to decompose O2

molecules in the air, generating atomic oxygen which prefer-
entially attacks the defective sites of the CNT, thus produced
volatile species like CO and CO2 with the consumption of
the defective sites. Moreover, amorphous carbon impurities
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were also oxidized in such conditions, thus decreased the
number of metallic like (Fermi) junctions. Cho et al. [27]
fabricated a sensor by using selectively grown MWCNTs as
the sensing element on a substrate of a stacked microheater
structure with a Cr heater and a diaphragm to improve the
recovery time and response of the MWCNTs films. To offer
more reaction area between MWCNTs and NO2 molecules,
MWCNTs’ films with mesh and serpentine shapes were
fabricated. It took about 6 hours for the sensor to return
to the initial resistance at room temperature. The MWCNTs
thin films can be better recovered only by properly selecting
the thermal treatment protocols. The change of the resistance
of the mesh-shaped MWCNTs films to NO2 was found to
be larger than that of the serpentine-shaped MWCNTs films
because the number of reaction areas between MWCNTs and
NO2 molecules was increased. Ueda et al. [28] prepared well-
aligned CNTs on Si substrate by thermal CVD. The resistance
of the sensor decreased with an increase of ambient NO and
NO2 gas concentration. The CNTs thin film can be applicable
to an NOx gas sensor. The changing rate of the resistance
of the sensor was proportional to the concentration of the
target gas. UV light irradiation can reset the resistance of
the CNTs sensor by photodetachment of adsorbed molecules
at room temperature. Hoa et al. [29] developed a vertical
transport type CNTs-based NH3 gas sensor structure. The
structure features regular arrays of CNTs with uniform
diameter and length, but the nanotubes also have high defect
levels. The sensor shows high response, fast response time of
less than 1 minute and good reproducible recovery behavior
in atmospheric pressure with the forward biases of 5 V at
room temperature due to the high defect density, and could
detect NH3 at the range of 0.1–6%. The CNTs with a higher
defect density revealed better response. The oxygenation
degrades the response to NH3, but the crystallographic
defects can enhance it in the CNT sensors. The recovery
time is not sensitive to the gas concentration, which may
be due to the forced desorption of the NH3 molecules by
the refreshing nitrogen flow. Figure 2 shows the schematics
of sensor fabrication process and switching of the sensor
measured at different NH3 concentration. The regularity of
the CNTs in diameter and length was a great help in clearly
defining the senors’ specification and in realizing sensor-to-
sensor uniformity.

N2 absorption characteristics of the vertically aligned
CNTs-based three-terminal gas sensor at room temperature
were also studied [30]. Upon exposure to N2 (filling pressure
from 50 mTorr to 500 Torr) and without N2 at 10 V bias volt-
age, the electrical resistance of the as-made devices was found
to increase and to return back, respectively. Compared to a
low bias, a high drain-source voltage enhanced the response
for monitoring N2 gas. N2, owning higher adsorption energy,
was easier to absorb by CNTs than Ar. The response was
further improved by applying a negative gate voltage owing
to the addition of conducting holes to the CNTs mat.

The response of multifinger with aligned SWCNT is
double with respect to disordered SWCNT [31]. This effect
is probably induced by the fact that the ordered SWCNTs
are more uniformly exposed to the NH3 molecules, than the
case of placement of SWCNTs in form of a random network,

in which part of the SWCNT remains inaccessible to the gas
molecules.

Gas-sensing performance of pristine CNT sensors is
summarized in Table 1.

3. Gas Sensors Based on
Modified Carbon Nanotubes

3.1. Gas Sensors Based on CNTs with Functional Groups.
Modification of CNTs with functional groups, metal
nanoparticles, oxides, and polymers will change the elec-
tronic properties of them, and enhancing the selectivity
and response to specific gases though the interaction of
the target molecules with the functional groups or addi-
tives is very different. Most of the previous reports are
based on utilization of carboxylic acid (–COOH) group,
which provides reactive sites for interacting with different
reactive compounds, at the ends and side-walls of the
CNTs. Hsu et al. [32] reported that the –COOH group
grafted on MWCNTs provides reactive sites via esterification
or elimination, and the MWCNTs retain the graphitic
structure. The HCl-treated MWCNTs were efficiently oxi-
dized with nitric acid/hydrogen peroxide (v/v = 2/1) solu-
tion to generate –COOH group on the defect sites of
MWCNTs. The surface acoustic wave (SAW) crystal sen-
sor coated with MWCNT–COOH/poly(n,n-dimethylamino
propylsilsesquioxane) exhibited a high response for ethanol
vapor efficiently. Mäklin et al. [33] demonstrated NO
gas sensing with carboxyl functionalized SWCNTs and
MWCNTs. When exposed to NO, the conductivity of the
sensors changed up to about 40% for SWCNTs and 12%
for MWCNTs; however, the response was found to be
fairly independent on NO concentration. Sensors made of
SWCNTs outperform their counterparts with MWCNTs,
which is a sign of tunable Fermi level in the semicon-
ducting nanotubes. Recently, Fu et al. [34] demonstrated
experimentally that sensors made of carboxylated SWCNTs
were sensitive to CO, with a lower detection limit of 1 ppm,
whereas pristine SWCNTs did not respond. The authors
exploited the different responses of carboxylated and pristine
SWCNTs to differentiate between CO, NO, and NO2. The
COOH functionality is crucial to the CO sensing, and the CO
molecules can be absorbed on carboxylic acid functionalities
through weak hydrogen bonding.

Tran et al. [35] investigated the effect of –NH2 function-
alized SiO2 surface on the gas sensing properties of SWCNTs
modified with 3-aminopropyltriethoxysilane (APTES). The
relative resistance change of the SWCNTs to NO2 in the case
of the APTES-treated surface was twice larger than the case
without surface treatment under the same conditions. The
surface treatment by the SWCNTs did not affect the recovery
time of the gas sensor. A significantly fast response time of
the sensor with the SWCNTs treatment was observed when
exposed to 10 ppm or 50 ppm NO2. The amine groups in the
APTES monolayer, electron donating in nature, played a role
of charge transfer to the semiconducting SWCNTs, and hence
the amount of electrons transferred from SWCNTs to NO2

molecules increased.
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Figure 2: Schematics of sensor fabrication process. (a) Synthesis of anodic aluminum oxide (AAO) on p-type Si substrate, (b) synthesis of
CNTs by thermal CVD, (c) removal of the top carbon layer by oxygen plasma, (d) Ag electrode deposition and (e) switching of the sensor
measured at different NH3 concentrations. Reprinted with permission [29].

Table 1: Summary of gas-sensing performance of pristine CNT gas sensors. (Note: N/S = Not-stated.)

CNT type Sensor
configuration

Targeted analytes Detection limit Response time Recovery time Reference

S-SWCNT FET NO2, NH3
2 ppm NO2,
0.1% NH3

<10 min ∼1 h (200◦C) [7]

SWCNTs Resistor NO2, Nitrotoluene
44 ppb NO2,
262 ppb
Nitrotoluene

10 min 10 min (UV) [14]

SWCNTs Resistor NH3 5 ppm ∼10 min ∼20 min (80◦C) [16]

SWCNTs Resistor NH3 5 ppm ∼10 min ∼10 min (70◦C) [17]

MWCNTs Capacitor and
Resistor

NH3 10 ppm 2-3 min
several days
(100◦C in
vacuum)

[18]

MWCNTs Resistor NH3 2500 ppm N/S N/S [19]

MWCNTs FET NO2 50 ppm ∼500 s ∼10 min (10 V
bias potential)

[20]

MWCNTs Resistor SO2, HF 10 ppm SO2,
4 ppm HF

N/S N/S [21]

MWCNTs Electrochemical
Gas sensor

Cl2 100 ppm ∼150 s ∼150 s [22]

ACNTs Resistor NO2 10 ppb ∼60 min ∼60 min (165◦C) [26]

ACNTs Resistor NO2 10 ppm N/S N/S [27]

ACNTs Resistor NO, NO2
2 ppm NO,
2 ppm NO2

N/S ∼20 min (150◦C
and UV)

[28]

ACNTs Resistor NH3 ∼0.1% N/S N/S [29]

ACNTs FET N2 50 mTorr N/S N/S [30]

3.2. Gas Sensors Based on Polymer Functionalized CNTs.
Among the organic polymers, conducting polymers are
the most promising materials for gas sensing as they
have delocalized bonds that make them semiconducting
or even highly conductive. Several conducting polymers,
for example, polyaniline, polypyrrole, polythiophene have
been demonstrated to be good sensing materials to function

at room temperature. They have been applied as conduc-
tometric, potentiometric, amperometric and voltammetric
transducers for the detection of a wide variety of gas or
vapors such as NH3, NO2, CO and VOCs. However, their
selectivity and the environmental stability are poor. Recently,
enhanced gas sensing by combining SWCNTs with organic
polymers has been demonstrated. Qi et al. showed that
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noncovalently dropcoating of polyethyleneimine (PEI) and
Nafion (a polymeric perfluorinated sulfonic acid ionomer)
onto SWCNTs FETs resulted in gas sensors with improved
response and selectivity for NO2 and NH3 [36]. The PEI
functionalization changed the SWCNTs from p-type to n-
type semiconductors, and the sensors based on PEI modified
SWCNTs were able to detect less than 1 ppb NO2 with
a response time of 1-2 minutes (defined as the time
for 80% conductance change to take place) while being
insensitive toward NH3. The conductance of the n-type
multipletube devices decreased upon NO2 binding due to
electron transfer to NO2 reducing the majority carriers in
the nanotubes. This NH3 insensitivity is attributed to low
binding affinity and sticking coefficient of NH3 on the
electron-rich (due to high-density amines on PEI) n-type
SWNTs. PEI functionalized SWNTs are highly selective to
many other molecules including CO, CO2, CH4, H2, and O2.
The sensor recovery was done by desorbing NO2 with UV
light illumination. Contrary to PEI-coated sensors, Nafion
coated SWCNTs were insensitive to NO2 but exhibiting a
good sensitivity toward NH3. Chemical functionalization of
SWCNTs with covalently attached poly-(m-aminobenzene
sulfonic acid) (PABS) has been demonstrated to have better
sensing performance toward NH3 and NO2 than simply
carboxylated SWCNTs. Bekyarova et al. reported that the
SWCNTs-PABS devices showed significant sensitivity to
5 ppm NH3 owing to PABS deprotonation during NH3

exposure [37]. This deprotonation resulted in hole depletion
from the SWCNTs and a reduction in the overall con-
ductance of the SWCNTs-PABS system. Zhang et al. used
SWCNTs-PABS devices to reach detection limits of 100 ppb
NH3 and 20 ppb NO2 with short response time and full
recovery [38]. At 20–30◦C, SWCNTs-PABS sensors usually
take several hours to regenerate after exposure to NO2

above 300 ppb. Sulfonic acid groups as dopants play an
important role in balancing the charge distribution within
the polymer, and they are especially attractive for introducing
acid-base response. When PABS is exposed to NH3 or water
vapor, the adsorbed molecules cause deprotonation of the
polymer, which depletes hole carriers and thus resulting
in an increased electrical resistance. In contrast, exposure
to NO2 causes protonation of the polymer, which induces
hole accumulation and results in a decreased resistance
of the SWNT-PABS sensors. When the sensor is purged
with reference gas, the process is reversed and the original
electrical resistance is restored.

CNTs have also been incorporated into polymers to
form nanocomposites, which are usually casted to thin films
and serve as sensing elements. For example, polypyrrole
(PPy) /SWCNTs nanocomposite-based gas sensors have been
fabricated by using a chemical polymerization technique
followed by spin-casting onto prepatterned electrodes [39].
The response of the nanocomposites was about ten times
higher than that of PPy (the resistance changed about 6%
at 200 ppm NO2). The response was recovered fully after
about 2 hours in the first cycle. However, in the next cycles,
not only the response was degraded, it was also not fully
recovered. The SWCNT bundles could be nanodispersed,
which may increase the specific surface area of the coated

PPy and thereby increase the response further. The recovery
time could be shortened, particularly in the nanocomposite,
by taking advantage of the Joule-heating effect. Liu et al.
synthesize individual SWCNT/PPy composite nanocables
based on nanotube FET [40]. A recovery in conductance was
observed with nanotube/PPy nanocables upon further depo-
sition of PPy, which results from the conduction through
the conducting PPy layer. Furthermore, these composite
materials enhanced conductance upon NO2 exposure and
reduced conductance upon NH3 exposure. The observed
conductance suppression in nanotube/PPy nanocables may
originate from several factors. The first is the formation
of scattering centers close to the nanotube when PPy was
deposited. The deposited PPy might form covalent bonds
with the nanotube at the defect sites and subsequently lead
to enhanced scattering. The PPy coating may significantly
alter the Schottky barrier at the metal-nanotube contacts
and contribute to the observed conductance suppression.
Santhosh et al. developed an amperometric sensor based
on polydiphenylamine (PDPA) grafted MWCNTs (MWNT-
g-PDPA) for determination of CO. Cyclic voltammetry is
used to fabricate the modified electrode and to demonstrate
the electroactivity of MWNT-g-PDPA-ME toward gaseous
CO. The sensor exhibited high response for oxidation of
CO in a 0.5 M HClO4 solution [41]. The sensor showed
excellent linear concentration range between 10 and 200 ppm
(correlation coefficient r = 0.9941) with a substantially
low detection limit of 0.01 ppm. The response to CO was
rather quick; time for 96% response and 98% recovery
to 100 ppm CO was about 2 and 3 seconds, respectively.
The oxidation of CO to CO2 occurred at the triple-phase
boundary among the electrolyte, MWNT-g-PDPA-ME and
CO. When the MWNT-g-PDPA-ME was coated with 0.5%
Nafion, the interference from NH3, CH4, C3H8, and N2O
(500 ppm) was not detected at MWNT-g-PDPA-ME. The
insignificant or noninterference from these gases is attributed
to the solubility and dielectric properties of the gases at a
fluorinated polymer. Long-term stability of the MWNT-g-
PDPA-ME was checked for 10 days, and no change in the
sensing current was observed.

Modification of CNTs with polymers also improves their
sensing properties toward vapors of organic compounds
(VOCs). Abraham et al. developed a compact wireless gas
sensor based on an MWCNTs/PMMA composite chemire-
sistor [42]. The composite film was made by ultrasonication
of MWCNTs and PMMA (1 : 4 by weight) for 2 hours in
dichloromethane, and the chemiresistors were fabricated by
dip-coating. The sensor shows fast response (2–5 seconds)
and 102-103 order increase in resistance upon exposure
to dichloromethane, chloroform and acetone vapors. It
returns to the initial level immediately after removing the
gas. The sensing mechanism was explained by swelling of
the polymer due to absorption of organic vapors into the
PMMA and the charge transfer when polar organic vapors
adsorb on the CNT surface. Solvents such as methanol,
ethyl acetate and toluene, in which PMMA is insoluble or
less soluble, also showed response. The polar nature of the
solvents and the extent of interaction determine the response
of the sensor. Methanol vapor which can form hydrogen
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bonding with the polar groups on the CNT surface showed
the maximum response among the three. However, this
mechanism can induce only a weak response. Hexane is
not a good solvent for PMMA. Being nonpolar, it did not
show any response. The poly(3-methylthiophene)/MWCNTs
nanocomposite-based sensor was used to selectively discrim-
inate between chloromethane and methane, as the sensor
showed a high response to chloromethane, while no response
was observed when exposed to methane or many other VOCs
[43]. The response and recovery time of the sensor was about
60 seconds and 30–45 seconds, respectively. The sensing
mechanism was proposed to be based on ionization potential
of the analytes. The nanocomposite sensor does not respond
to vapors of acetone, acetaldehyde, benzaldehyde, tetrahy-
drofuran, methanol and ethanol. Zhang et al. fabricated the
conductive polymer composites by in situ polymerization of
styrene (PS) in the presence of MWCNTs or solution mixing
of polystyrene with MWCNTs, respectively [44]. Compared
with the composites prepared by solution mixing, the ones
by in situ polymerization show much higher response to
organic vapors over a wide range of MWCNTs (5–15 wt.%).
Sorption of organic vapors into the polymeric phase of
the composites leads to swelling of the matrix, expands
the interparticulates’ intervals and partially destroys the
conductive networks. As a result, a drastic rise in resistivity
of the materials is perceived. When the amount of MWCNT
in the composites is low, tunneling effect contributes to
conduction of the composites to a great extent besides the
direct interfiller contacts. In the case of high MWCNT
content, the excessive fillers inevitably resulted in aggregation
of MWCNTs and broke the conducting paths. Only at certain
optimized filler content, the conducting paths are mainly
constructed by the bridged MWCNTs, which are easy to be
broken down by the swelling of the matrix, and the vapor
response reaches the maximum. The composites synthesized
through polymerization-filling exhibit significant responsiv-
ity to those organic vapors which are good solvents for
the matrix, like tetrahydrofuran (THF), benzene, toluene,
cyclohexane, carbon tetrachloride, chloroform, ethyl acetate
and diethyl ether within short time of exposure, but low
in response to those nonsolvents, such as alcohol. The
resistance can be quickly and completely recovered to its
original value as soon as the sample is transferred into
air. Niu et al. constructed a highly selective gas sensor
by chemical modification of MWCNTs containing carboxyl
groups (MWCNT-COOH) with poly(ethylene glycol) (PEG)
in the presence of N,N-dicyclohexylcarbodiimide (DCC)
[45]. The MWCNTs grafted PEG sensor displayed high
chemical selectivity, fast response and good reproducibil-
ity/high stability to chloroform vapor at room temperature.
The resistance of the sensing film drastically increased over
107 within 1 second upon exposed to chloroform vapor.
When it was transferred from the solvent vapor into dry air,
the electrical resistance returned to the original value rapidly.
This is attributed to the weak hydrogen bond interaction
between chloroform vapor and polymers, which results in an
abrupt adsorption of analyte molecules in a short time. The
response of the MWNT-g-PEG system toward ethanoic acid
and water is about 102 and 101 respectively, and only very

small response to any other solvent vapors was observed, and
the film did not respond basically against nonpolar solvent
vapors, for example, n-hexane.

Vertically aligned carbon nanotubes have also been
modified with polymers for gas sensors. Valentini et al.
fabricated a gas sensor by selective growth of aligned CNTs
on Si3N4/Si substrates patterned by metallic platinum [46].
The sensor was presented for inorganic vapor detection
at room temperature. Poly(o-anisidine) (POAS) deposition
onto the CNTs device was shown to impart higher response
to the sensor. Upon exposure to HCl, the variation of the
CNTs response is less than 4%, while the POAS-coated
CNTs devices offer a higher response of 28%. The extended
detection capability to inorganic vapors is attributed to direct
charge transfer with electron hopping effects on intertube
conductivity through physically adsorbed POAS between
CNTs. Wei et al. developed novel multifunctional chemical
sensors based on vertically aligned MWCNTs and polymer
composites [47]. The sensors were fabricated by partially
coating perpendicularly aligned MWCNTs with polymers,
such as poly(vinyl acetate), polyisoprene, and then sputtering
with gold electrodes. Rapid and reversible sensing of high
concentrations of a variety of volatile organic solvents was
demonstrated. The sensing mechanism was attributed to
the charge transfer interaction with gas molecules and/or
the intertube distance change induced by polymer swelling
during gas adsorption.

Gas-sensing performance of polymer functionalized
CNT gas sensors is summarized in Table 2.

3.3. Gas Sensors Based on Metal Nanoparticles Modified CNTs.
Metals exhibit a broad range of electronic, chemical and
physical properties that are often highly sensitive to changes
in their chemical environment [48]. They are mechanically
and chemically robust and stable, hence, compared to
polymer-based sensors, metal-based sensors can operate at
higher temperature and in harsher environment.

Palladium is one of the most important metal catalysts
for activation of small molecules such as H2. It is also used
as active component in gas sensors, including CNTs-based
gas sensors. Kong et al. demonstrated room temperature
H2 sensors based on Pd nanoparticles modified SWCNTs
prepared by electron-beam evaporation deposition [49]. Pd-
functionalized SWCNTs were shown to be highly sensitive
toward H2, with 50% greater response of up to 50% relative
resistance change to 400 ppm H2 compared to bare SWCNT
bundles. The response time was 5–10 seconds, and the time
for recovery was about 400 seconds. It is well established
that at room temperature, the adsorbed H2 molecules on
the surface of Pd nanoparticles are dissociated as hydrogen
atoms, which dissolve into Pd with high solubility, leading to
a decrease in the work function of Pd. This causes electron
transfer from Pd to SWCNT and reduces the hole-carriers
in the p-type SWCNT, and hence causes a decrease in
conductance. The process is reversible as dissolved atomic
hydrogen in Pd can combine with O2 in air to form
OH which will further combine with atomic hydrogen to
form water and then leave the Pd-SWCNT system, thus
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Table 2: Summary of sensing performance of polymer functionalized CNT sensors. (Note: N/S = Not-stated.)

polymer CNT type Sensor
configuration

Targeted analytes Detection limit Response time Recovery time Reference

PEI, Nafion SWCNTs FET NO2, NH3 100 ppb NO2 ∼1-2 min N/S [36]

PABS SWCNTs Resistor NH3, NO2, H2O
20 ppb NO2,
100 ppb NH3

1–10 min Several hours [38]

PPy SWCNTs FET NO2 N/S N/S ∼2 h [39]

PPy S-SWCNT FET NO2, NH3
100 ppm NO2,
5 ppm NH3

N/S N/S [40]

PDPA MWCNTs Electrochemical
gas sensor

CO 0.01 ppm ∼2 s ∼3 s [41]

PMMA MWCNTs Resistor
dichloromethane,
chloroform,
acetone

N/S 2–5 s ∼10 s [42]

Poly(3-
methylthiophene)

MWCNTs Resistor
CH2Cl2, CHCl3,
CCl4, CH4

N/S 60 s 30–45 s [43]

polystyrene MWCNTs Resistor
the good solvents
of PS

N/S <4 min ∼1 min [44]

PEG MWCNTs Resistor chloroform N/S <1 s N/S [45]

POAS ACNTs Resistor HCl 100 ppm N/S N/S [46]

poly(vinylacetate),
polyisoprene, etc.

ACNTs Resistor
Ethanol
cyclohexane,
tetrahydrofuran

N/S <2 min <2 min [47]

recovering the sensor’s initial conductance. Sayago et al.
reported two different methods for the functionalization
of SWCNTs with Pd for H2 sensors [50]. The SWCNTs
either being chemically functionalized with Pd or sputtered
with Pd showed increased resistance when exposed to 0.1–
2% H2 at room temperature. The chemically functionalized
Pd-SWCNTs sensors were superior to the sputtered ones.
Both response time and response decreased with increasing
temperature. However, only aged sensors provided good
selectivity with minimum response to octane, toluene and
ammonia in reversible and reproducible experiments per-
formed at room temperature. This might be related to
changes in the employed material, for example, introduction
of carboxylic acid functionalities due to oxygen exposure,
and/or to the complete removal of solvent residues, that
might increase either the effective surface area or the
hydrogen adsorption capabilities. Mubeen et al. developed a
simple electrochemical functionalization method to fabricate
aa H2 nanosensor by site-specific electrodeposition of Pd
nanoparticles on SWCNTs [51]. Optimal sensing perfor-
mance was obtained by varying the synthesis conditions
(e.g., Pd electrodeposition charge, deposition potential and
initial baseline resistance of the SWCNTs network). At room
temperature, the optimized sensor showed good response
toward H2 (0.42% resistance change per ppm) with a
detection limit of 100 ppm and a linear response up to
1000 ppm. The response time decreased from tens of minutes
to a few minutes with increasing hydrogen concentration.
The sensor’s recovery time was shortened under humid
air compared to dry air condition. Complete recovery was
observed for the sensors at all tested concentration range
and recovery time varied from 20 minutes at 100 ppm to

55 minutes at 1000 ppm. H2 sensors based on SWCNTs
decorated with Pd nanoparticles via a simple electrode-
position process on a flexible plastic substrate have also
been demonstrated [52]. The Pd functionalized SWCNTs
flexible sensors could readily detect 100 ppm H2 (with 5%
relative response) at room temperature. The response time
for 37% of the steady state resistance change was in the
range of a few seconds up to 1 minute, or close to 5
minutes to reach a value close to steady state. The typical
flexible sensors exhibited response of ∼75% for 0.05%
hydrogen in air and response time of ∼3 seconds for 1%
hydrogen at room temperature. The mechanical bendability
of the flexible sensors was proved to have negligible effect
(<5%) on the sensing performance. Oakley et al. prepared
SWCNTs films by a simple filtration process, subsequently
coated with palladium [53]. The Pd-coated SWCNTs film
could detect 10 ppm H2 at room temperature and relative
resistance change was about 20% for 100 ppm H2 and
40% for 500 ppm H2. The time for substantial recovery is
less than 30 seconds when exposed to air and the power
consumption is 0.25 mW. Ding et al. [54] fabricated robust
CNTs-based hydrogen sensors with aligned CNTs grown
in an anodic aluminum oxide (AAO) template. Without
Pd modification, an Au-electrode CNTs sensor showed no
response to H2. A Pd-electrode CNTs sensor could detect
H2 (from 0.1% to 1.5% H2) with a reversible response at
room temperature. Typical response time of the Pd-electrode
CNTs sensor is about 3-4 minutes. Furthermore, the CNTs
grown in the AAO template were also demonstrated to
be a good supporting material for nanoporous Pd film
sensors. Typical response time of the CNTs-supported Pd
film sensor is less than 7 minutes for dilute H2, and less
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than 4 minutes for medium concentration of H2. For the Pd-
electrode CNT sensor, CNTs provide better contacts between
the Pd-electrode and the substrate, while for the CNT-
supported Pd film sensor, CNTs provide a better mechanical
support and anchoring role so that the Pd film does not
peel off easily after exposure to H2. The Pd film in the
CNT-supported Pd film sensor mainly contributes to the
total resistance of the sensor. Whereas, in the Pd-electrode
CNT sensor, both the Pd film and the CNTs contribute to
the total resistance of the sensor. Since the CNTs are less
sensitive to hydrogen gas than the Pd is, less response has
been found with the Pd-electrode CNT sensor than that
with the CNT-supported Pd film sensor. SWCNTs coated
with Pd nanoparticles by sputtering have been used to detect
CH4 ranging from 6 to 100 ppm. At room temperature,
the Pd coated SWCNTs sensors give reproducible trends
and consistently respond to heat and UV light for speed
recovery [55]. A charge transfer sensing mechanism was
proposed. Hydrogen atoms in CH4 attract electrons from Pd,
and electrons are withdrawn from the SWCNTs. This results
in a weakly bound complex Pdδ+(CH4)δ−, leaving more
holes in the SWCNTs, thereby increasing the conductance
of p-type or hole-occupied SWCNTs when exposed to CH4.
Li et al. reported a composite of MWCNTs/Pd prepared
by a facile method of chemical reduction exhibited a
reversible and reproducible response magnitude of 4.5%
toward 2% CH4 at room temperature [56]. The response
and recovery time was estimated to be 310 seconds and
176 seconds, respectively. The inert CH4 does not undergo
a charge transfer reaction with the MWCNTs to initiate
a change in electrical properties, so MWCNTs alone are
insensitive to methane. In the composite, the palladium
nanoparticles undergo a weak interaction with the CH4

molecules adsorbed on the composite to form a long range
weakly bound complex Pdδ+(CH4)δ− at room temperature.
The MWCNTs donate electrons to Pd0 to promote the
formation of the complex where CH4 is electronegative. The
hole density in the MWCNTs is thus increased, resulting in a
higher current in the composite.

Carbon nanotubes have also been modified with other
metals for gas sensors. Kumar et al. fabricated H2 sensors
based on MWCNTs functionalized with Pt or Pd by aqueous
solution reduction of H2PtCl6 or PdCl2 [57, 58]. They
showed high response and reversibility at room temperature.
The response time and recovery time are 10 minutes and 15
minutes for MWCNTs functionalized with Pt, respectively.
Both the response time and recovery time are about 7 min-
utes for Pd-MWCNTs. The dissolved atomic hydrogen in Pt
or Pd interstitials and the chemisorbed hydrogen on MWNTs
combine with oxygen in air, departing the Pt-MWCNTs
or Pd-MWCNTs system in the form of water and thus
recovering the sample electrical characteristics. Hydrogen
sensing properties of Pd-decorated SWCNTs bundles and
Pd-decorated exfoliated SWCNTs via Arabic gum treatment
showed an improved hydrogen sensing behavior due to
improved accessible surface area [59]. The response time
and recovery time are 10 minutes and 14 minutes for Pd-
exfoliated SWCNTs, respectively. The exfoliated SWCNTs are
loosely bound and this results in an increase in accessible

surface area of SWCNTs which in turn decreases the time
scale for the adsorbed hydrogen to escape from the sample
surface. The resistance change in Pd-exfoliated SWCNTs is
about 15%, which is more than doubled when compared
with nonexfoliated Pd-SWNT (about 5%). Kamarchuk et
al. demonstrated the effect of point heterocontact between
SWCNTs and a gold microwire on the gas response [60]. Au-
SWCNTs heterocontact sensors exhibit high response to NH3

and NO2 with fast response and relaxation and these two
gases can be distinguished based on the direction of charge
transfer between the analyte and the SWCNTs. The response
time to 200 ppb NH3 was 150 seconds, and the recovery time
was 200 seconds. The mechanism of sensing is associated
with formation of a thin conductive channel between Au and
SWCNTs but the sign of the resistance change is controlled
by the SWCNTs. Penza et al. demonstrated Au and Pt
nanocluster functionalized MWCNTs chemiresistive sensors
for NO2 and NH3 sensing at working temperature of 100–
250◦C [61]. Au and Pt nanoclusters were sputtered on the
surface of MWCNTs. The gas response of Pt- and Au-
functionalized MWCNT gas sensors significantly improved
by a factor up to an order of magnitude for NH3 and NO2

detection, respectively. The enhancement of the gas response
of the metal-modified MWCNT sensors could be caused
by a combination of two additional effects of (1) direct
charge injection and (2) catalytically induced charge into
functionalized MWCNTs. Espinosa et al. coated MWCNTs
with Au or Ag nanoclusters deposited by electron beam
evaporation [62]. The decorated MWCNTs’ sensors were
able to detect NO2 at the range of 500 ppb–6.5 ppm at room
temperature and significantly more selective than sensors
based on MWCNTs without metal nanoclusters attached to
their surface. The response of Au-MWCNTs sensors to NO2

was higher than the one of Ag-MWCNTs. Both materials
showed a reversible behavior after NO2 exposure, provided
that their operating temperature was raised to 150◦C in a
flow of dry air. Upon adsorption of NO2 gas molecules, there
is a significant charge transfer between the metallic nano-
clusters and the nanotubes, which results in a measurable
change in the overall conductance of the active film. The
decorated MWCNTs sensors were almost insensitive to CO,
ethanol, or ethylene at concentrations up to 50 ppm.

Metal nanoparticle functionalized CNTs sensor arrays
have also been reported. Star et al. fabricated gas sensor
arrays by site-selective electroplating of Au, Pt, Pd, and Rh
metals on isolated SWCNTs networks located on a single
chip [63]. The difference in catalytic activities of the metal
nanoparticles caused different selectivities for the detection
of H2, CH4, CO, H2S, NH3, and NO2. The output of the sen-
sor array was analyzed using principal component analysis
(PCA) and partial least squares regression (PLS) in order to
identify the above-mentioned gases. Lu et al. demonstrated
a gas sensor array composed of 32 sensing elements with
pristine, metal-decorated (Pd, Au), and polymer-decorated
SWCNTs for discriminating gases such as NO2, HCN, HCl,
Cl2, acetone, and benzene at ppm levels [64]. CNTs-based
technology holds the potential to excel in the design of
arrays because the inherently small size of CNTs devices will
allow for the integration of large numbers of functionalized
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CNTs sensor elements that would show a unique response to
numerous species.

Gas-sensing performance of metal functionalized CNT
gas sensors is summarized in Table 3.

3.4. Gas Sensors Based on Nanostructured Oxides Modified
CNTs. Metal oxide gas sensors have been investigated exten-
sively since decades ago owing to their advantages of high
response to pollutant gases, fast response and recovery, low
cost, easy implementation, and small in size. However, they
are usually operated at temperature range between 200 and
800◦C. Sensors based on metal oxides (SnO2, WO3 or TiO2)
modified CNTs can detect gases such as NO2, CO, NH3 and
ethanol vapors at low operating temperature with improved
sensing properties.

Recently, sensors based on SWCNTs/SnO2 nanocom-
posites with enhanced gas sensing performance have been
reported. Wei et al. constructed SWCNTs/SnO2 gas sensor
by incorporating SWCNTs into a SnO2 substrate. The
fabrication involved heat treatment of the SWCNTs/SnO2

layer, which was fabricated by spin coating using an
organometallic solution dispersed with SWCNTs [65]. The
prepared SWCNTs/SnO2 nanocomposite sensors exhibit
much higher response and recovery property in detecting
NO2 at room temperature than the blank SnO2 sensor. The
response time and recovery time are 9 minutes and 1.5
minute, respectively. A model is presented to relate potential
barriers to electronic conduction in the hybrid material. This
model suggests that the high response is associated with the
stretching of the depletion layers at the grain boundaries
of SnO2 and the SWCNTs interfaces when detected gases
are adsorbed. Gong et al. developed MEMS-based sensors
integrated with nanocrystalline SWCNTs/SnO2 sensing films
realized by a polymeric sol-gel process [66]. The response
of the SWCNTs/SnO2 sensor is three times greater than that
of the pure SnO2 sensor with faster response and recovery
in hydrogen detection. The response time and recovery time
are 2–5 seconds and 3–5 seconds at the working temperature
of 200 and 250◦C, respectively. The working temperature
has been reduced as low as 150◦C. The greatly improved
performance is attributed to the effective gas accessing
nanopasses formed by SWCNTs. Hoa et al. fabricate an
NH3 sensor with a composite of SWCNTs and SnO2 [67].
The sensor could detect the concentration of NH3 down to
10 ppm at room temperature, and exhibited a fast response
time of 100 seconds and recovery time of about 3.2 minutes.
The SWCNTs in the matrix of SnO2 provide the main
conducting channels that effectively varies in its conductance
upon adsorption of NH3. The recovery time depends on the
bonding force of NH3 molecules to the SWCNT surface with
respect to the desorption under nitrogen flowing. Thus, it
can vary with the nitrogen flow rate.

MWCNTs have also been incorporated with SnO2 for
gas sensors with improved sensing properties. Liu et al.
synthesized a compound material of MWCNTs coated with
SnO2 at ambient conditions [68]. The MWCNTs/SnO2 sen-
sor exhibited good sensing responses to liquefied petroleum
gas (LPG) and ethanol (C2H5OH) vapor with fast response

and recovery within seconds at temperature of 335◦C.
Furthermore, the gas sensor response increased linearly
with the increment of gas concentration of LPG and
ethanol. The high response and low resistance may be
attributed to the particular electrical transport mechanism.
The resistance of the sensor is dominated by the barriers
among the SnO2 grains on the MWCNTs. Electrons travel
through the SnO2 grains into the MWCNTs, and then
conduct in the MWCNTs with low resistance. Chen et
al. synthesized MWCNTs/SnO2 core/shell nanostructures
by a simple wet-chemical method [69]. The thickness
of the SnO2 shell was about 10 nm and the diameters
of the SnO2 particles were 2–8 nm. Sensors based on
the core/shell heterostructures exhibited enhanced ethanol
sensing properties at working temperature of 300◦C. The
response to 50 ppm ethanol was up to 24.5, and the response
time and recovery time were about 1 and 10 seconds,
respectively. In addition, the fluctuation of the response
was less than ±3% on remeasurement after 3 months. The
enhanced ethanol sensing properties are attributed to the
small size of the SnO2 nanoparticles and the heterojunction
of the core/shell structures of MWCNTs/SnO2. Espinosa
et al. demonstrated that the addition of a small quantity
of oxygen-functionalized MWCNTs to metal oxides (SnO2,
WO3 or TiO2) can significantly improve the detection
capability of metal oxides-based sensors at low operating
temperature [70]. In particular, microsensors based on
SnO2/MWCNTs hybrid films operated at room temperature
showed higher response towards NO2 in the ppb range.
TiO2/MWCNTs sensors showed the lowest response to
NO2 and irresponsive to CO even at 150◦C. The recovery
time of the SnO2/MWCNTs sensors was reduced from 45
minutes at room temperature down to 20 minutes at 150◦C,
while in the case of WO3/MWCNTs sensors, the recovery
time was reduced from 120 to 45 minutes. Furthermore,
the response is fully reversible. A mechanism of response
based on the development of two depletion layers, one
at the surface of metal oxide grains and another at the
interface of the n-metal oxide/p-MWCNT heterostructure, is
postulated to be responsible for the improvement observed.
Hieu et al. fabricated an SnO2/MWCNTs composite-based
NH3 sensor by thin film microelectronic technique [71]. At
room temperature, the optimal composite sensor exhibited
much higher response and faster response recovery (less
than 5 minutes) to NH3 with concentration from 60 to
800 ppm, in comparison with the CNTs-based NH3 sensor.
The enhancement of the response to NH3 of the composite
sensors may result from the p-n heterojunction formed
by CNTs and SnO2 nanoparticles. The response of the
MWCNTs/SnO2 composite thin film gas sensor strongly
depends on the preparation process of the sensitive film. The
composite thin film with 15 wt% MWCNTs with diameter
of 60–100 nm, the calcination temperature of 530◦C under
vacuum of 10−2 Torr, and the film thickness of 400 nm
are optimal conditions. The response of the sensor to
NH3 increases with increasing MWCNTs content and the
composites using MWCNTs with the larger diameter show
higher response because larger diameter MWCNTs would
increase the number of gas molecules adsorbed on the
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Table 3: Summary of sensing performance of metal functionalized CNT sensors. (Note: N/S = Not-stated.)

Metal CNT type Sensor configuration Targeted analytes Detection limit Response time Recovery time Reference

Pd S-SWCNT FET H2 <40 ppm
5–10 s (for half
resistance change)

400 s [49]

Pd SWCNTs Resistor H2 1000 ppm N/S N/S [50]

Pd SWCNTs Resistor H2 100 ppm 10 min 20 min [51]

Pd SWCNTs Resistor H2 100 ppm
3–60 s (for 36.8%
resistance change)

∼5 min [52]

Pd SWCNTs Resistor H2 ∼10 ppm <10 min <30 s [53]

Pd ACNTs Resistor H2 100 ppm <7 min N/S [54]

Pd SWCNTs Resistor CH4 6 ppm 2–4 min N/S [55]

Pd MWCNTs Resistor CH4 2% ∼310 s ∼176 s [56]

Pt MWCNTs Resistor H2 N/S 10 min 15 min [57]

Pd MWCNTs Resistor H2 N/S 7 min 7 min [58]

Pt MWCNTs Resistor H2, NO2, H2O N/S ∼10 min ∼14 min [59]

Au SWCNTs Resistor NH3, NO2 <120 ppb NH3 150 s 200 s [60]

Au, Pt MWCNTs Resistor NO2, NH3
100 ppb NO2,
5 ppm NH3

N/S N/S [61]

Au, Ag MWCNTs Resistor NO2 500 ppb NO2 ∼20 min N/S [62]

Pt, Pd, Sn, Rh SWCNTs FET H2, CH4, CO, H2S N/S ∼5 min N/S [63]

Pd, Au SWCNTs Resistor
NO2, HCN, HCl,
Cl2, acetone,
benzene

5 ppm N/S N/S [64]

material. Increasing the annealing temperature may result in
the improvement of the contact between SnO2 nanoparticles
and CNTs but the higher calcinated temperature may also
result in burning of CNTs by residual oxygen or damaging
of CNTs structure. An increase in thickness of the thin film
composite sensors results in a decrease in the response due
to the increase of the diffusion length of gases. Wang et al.
reported a gas sensor based on SnO2 doped with hydroxyl
functionalized MWCNTs for detecting indoor formaldehyde
[72]. The response of the MWCNTs-doped SnO2 sensor
was much higher than that of an undoped SnO2 sensor.
The lowest concentration of formaldehyde vapor detected
by a 5 wt.% MWCNTs-doped SnO2 sensor was 0.03 ppm.
The response and recovery time of the sensor to 0.05 ppm
formaldehyde vapor is about 100 seconds and 90 seconds
at 250◦C. The sensor response to formaldehyde is higher
than to acetone, methanol, toluene, benzene and ammo-
nia. High adsorption capacity of MWCNTs enhance the
adsorption ability of the SnO2 for formaldehyde molecules.
Reducing molecules like formaldehyde act as temporary n-
type dopants when they interact with CNTs, which leads to
a decrease in resistance and hence to an increase in response
of the MWCNTs doped SnO2 sensor. The MWCNTs-doped
SnO2 material contains at least three kinds of interfaces, such
as between SnO2 grains, between MWCNTs, and between
SnO2 grains and CNTs (existence of a heterostructure).
Bittencourt et al. demonstrated that WO3 films impregnated
with MWCNTs showed response to 500 ppb NO2 under
ambient conditions and 10 ppm NH3 at 150◦C, far below
the typical operating temperature of WO3 sensors [73].
Oxygen plasma functionalized MWCNTs were added to WO3

by drop-coating deposition method. The adsorption at the
surface of CNTs modifies the depletion layer at the n-WO3/p-
MWCNTs heterojunctions and this results in the modulation
of the depletion layer at the surface of WO3 grains. This
change in the depletion layer at the n/p junction that induces
change in the WO3 matrix may explain the improvement in
response shown by hybrid sensors.

The detection of acetone and NH3 was found to be possi-
ble at ambient temperature with TiO2/MWCNTs gas sensors
fabricated by sol-gel method [74]. The TiO2/MWCNTs
composites obtained by Ti-isopropoxide route are reported
as room temperature sensitive coatings. Sensing was
highly reproducible in the composites, with fast adsorp-
tion/desorption cycles at room temperature. Composites
based on as-received MWCNTs show an increase in films
resistance during acetone and ammonia adsorption, while
composites based on functionalized MWCNTs show longer
acetone desorption time (300 seconds) and a decrease in
resistance during ammonia sensing. Theoretical ab initio
calculations predicted an inversion in the acetone →
TixOy/CNT charge transfer direction as the size of the oxide
cluster increases, explaining the inverse changes in resistance
of the composites versus the components but have not
been successful in explaining the differences observed in the
composites during NH3 adsorption. Detection of NH3 might
be also possible through the intertube modulation effect
(i.e., MWCNT-TiO2/NH3-MWCNT junctions) and where
titania is acting as a buffer layer to avoid MWCNTs de-
doping. Llobet et al. fabricated resistive oxygen sensors based
on TiO2/MWCNTs hybrids by drop-coating method [75].
The hybrid layers based on TiO2 and MWCNTs possess
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Table 4: Summary of sensing performance of metal oxide functionalized CNT sensors. (Note: N/S = Not-stated.)

Metal oxide CNT type
Sensor
configuration

Targeted analytes Detection
limit

Response time Recovery time Reference

SnO2 SWCNTs Resistor NO2 N/S 9 min 1.5 min [65]

SnO2 SWCNTs Resistor H2 300 ppm 2–5 s (200–250◦C) 3–5 s (200–250◦C) [66]

SnO2 SWCNTs Resistor NH3 10 ppm ∼100 s ∼3.2 min [67]

SnO2 MWCNTs Resistor LPG, C2H5OH 10 ppm N/S N/S [68]

SnO2 MWCNTs Resistor C2H5OH 10 ppm ∼1 s (300◦C) ∼10 s (300◦C) [69]

SnO2 MWCNTs Resistor NO2 100 ppb N/S 20 min (150◦C) [70]

SnO2 MWCNTs Resistor NH3 60 ppm <5 min <5 min [71]

SnO2 MWCNTs Resistor formaldehyde 0.03 ppm 100 s (250◦C) 90 s (250◦C) [72]

WO3 MWCNTs Resistor NO2, CO, NH3

500 ppb
NO2,
10 ppm CO,
10 ppm
NH3

N/S N/S [73]

TiO2 MWCNTs Resistor acetone, NH3 N/S 10–40 s (acetone) 10–300 s (acetone) [74]

TiO2 CNTs Resistor O2 10 ppm 5–8 min (350–550◦C) ∼20 min (350◦C) [75]

SnO2, TiO2
SWCNTs,
MWCNTs

Resistor C2H5OH 100 ppm <10 s (210–400◦C) <10 s (210–400◦C) [76]

an unprecedented responsiveness toward oxygen (i.e., more
than four times higher than that shown by optimized
Nb-doped TiO2 films). Furthermore, hybrid sensors con-
taining MWCNTs respond at significantly lower operating
temperature than their nonhybrid counterparts. These new
hybrid sensors show a strong potential for monitoring
traces of oxygen (i.e., <10 ppm) in a flow of CO2. The
heterostructure n-TiO2/p-MWCNTs can be formed at the
interface between titania and carbon nanotubes. Hybrid
sensors are significantly more responsive to oxygen than
pure or Nb-doped titania sensors because a slight change
in the concentration of adsorbed oxygen at its surface can
result in a significant change in the depletion layer at the
n-TiO2/p-MWCNT heterostructure. Duy et al. constructed
SnO2-TiO2 and MWCNTs-included SnO2-TiO2 thin films
by sol-gel spin coating [76]. The inclusion of MWCNTs at
specific contents into the mixed oxides improved response
of the sensor at low operating temperature (below 280◦C).
The response and recovery time of the sensors is less than
10 seconds at operating temperature of 210–400◦C. The
improvement of the gas sensor performance and the shift
of operation temperature toward the lower temperature
region can be attributed to the amplification effect of
the p-n junctions in addition to the effect of the grain
boundaries.

Gas-sensing performance of metal oxides functionalized
CNT gas sensors is summarized in Table 4.

4. Gas Sensors Based on
Heteroatom-Containing Nanotubes

Doping of SWCNTs with heteroatoms will change the
electronic properties of the nanotubes, thus changing their

interaction with gas molecules and their sensing properties as
well. Theoretical calculation predicted that SWCNTs doping
with B, N, and so forth will enhance their sensing properties
toward electron-rich or electron-scarce molecules. Pristine
CNTs-based gas sensors are currently limited to sense gases
such as NH3, NO2, SO2, O2, and NO. However, many
highly toxic gases (such as CO and formaldehyde) cannot
be detected using the pristine CNTs gas sensors. To improve
gas-sensing performance, Peng et al. propose to use B or N
doped SWCNTs, or composite BxCyNz nanotubes as sensing
element [77]. Using first-principle calculations, they demon-
strated that these sensors can detect CO and water molecules,
and more important, the response of these sensors can be
controlled by adjusting the doping level of heteroatoms in a
nanotube. Subsequently, Wang et al. investigated reactivities
of the intrinsic and Al-doped SWCNTs with CO by density
functional theory (DFT) calculations [78]. The Al-doped
SWCNTs present high response to CO, compared with the
intrinsic SWCNTs. Wang et al. [79] and Zhang et al. [80]
investigated reactivities of B-doped SWCNTs with HCOH
or HCN by using density functional theory calculations.
Compared with the intrinsic SWCNTs, B-doped SWCNTs
presents high response to HCOH or HCN. This is attributed
to the strong chemical interaction between the electron-
rich oxygen atom in HCOH or nitrogen atom in HCN
and the electron-scarce boron atom of the doped SWCNTs.
Bai and Zhou [81] investigated the adsorption of NH3

and NO2 in B- or N-doped SWCNTs by using density
functional computations. The N-doping did not change NH3

adsorption on SWCNTs but B-doped SWCNTs could be
used for NH3 sensing. Both B- and N-doping made NO2

chemisorption feasible in SWCNTs but the binding of NO2

with B was too strong, indicating an impractical recovery
time as gas sensors.
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5. Conclusion and Remark

Carbon nanotubes are active elements for sensing a broad
variety of gases with high response because of their unique
structure and electronic properties, and their rich config-
urations as well. Modification of carbon nanotubes with
functional groups and metal nanoparticles or incorporation
of carbon nanotubes with polymers and metal oxides will
greatly enhance the selectivity of the carbon nanotubes-based
sensors. CNTs-based gas sensors have proved to work well
at room temperature, which reduces power consumption
of the device and enables the safer detection of flammable
gases. However, much effort has to be done before the
practical application of CNTs-based gas sensors. Firstly,
CNTs with defined structure and property need to be
produced in large quantity at low cost. Secondly, the sensing
properties, especially the selectivity and recovery, have to be
improved. For practical application, gas sensors are required
to be with high selectivity, low operating temperature, quick
response and recovery. One common disadvantage of CNTs-
based gas sensors is the potential interference from relative
humidity at room temperature. Other main drawbacks
are slow recovery and poor selectivity. There have been a
variety of attempts such as heat treatment, ultraviolet light
irradiation, increasing carrier gas flux, and modification
of CNTs with functional groups or other additives to
overcome the limitation. The instability of the CNTs in air
at elevated temperature will limit CNTs-based gas sensors
being operated at high temperature. CNTs-based gas sensors
are sensitive to many gases or vapors such as NO2, NH3,
H2, CH4, and Cl2 at room temperature but the operating
temperature of CNTs-based gas sensors for detecting O2,
C2H5OH, LPG, and formaldehyde is still relatively high.
More efforts are needed on studying the long-term stability
and reliability of the CNTs-based sensors, which has been less
studied. Nevertheless, the discovery of carbon nanotubes,
a group of outstanding nanomaterials, provides excellent
candidates for gas sensors, especially for nanosensors which
could be vital to their specific applications such as in space
shuttles and satellites. Sensors based on single SWCNT FET,
well-aligned CNTs structure for field emission devices, or
electrochemical systems are the most promising devices for
practical applications.
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1. Introduction

Gas sensors, or chemical sensors, are attracting tremendous
interest because of their widespread applications in industry,
environmental monitoring, space exploration, biomedicine,
and pharmaceutics. Gas sensors with high sensitivity and
selectivity are required for leakage detections of explosive
gases such as hydrogen, and for real-time detections of
toxic or pathogenic gases in industries. There is also a
strong demand for the ability to monitor and control
our ambient environment, especially with the increasing
concern of the globe warming. Researchers from the national
aeronautics and space administration (NASA) are seeking the
use of high-performance gas sensors for the identification
of atmospheric components of various planets. In addition,
nerve agent sensing for homeland security is also at the centre
of public concern [1].

Generally, there are several basic criteria for good
and efficient gas sensing systems: (i) high sensitivity and
selectivity; (ii) fast response time and recovery time; (iii)
low analyst consumption; (iv) low operating temperature
and temperature independence; (v) stability in perfor-
mances. Commonly used gas sensing materials include
vapour-sensitive polymers, semiconductor metal oxides,

and other porous structured materials such as porous
silicon [2–4]. Since the most common gas sensing prin-
ciple is the adsorption and desorption of gas molecules
on sensing materials, it is quite understandable that by
increasing the contact interfaces between the analytes
and sensing materials, the sensitivity can be significantly
enhanced.

Recent development of nanotechnology has created huge
potential to build highly sensitive, low cost, portable sensors
with low power consumption. The extremely high surface-
to-volume ratio and hollow structure of nanomaterials is
ideal for gas molecules adsorption and storage. Therefore,
gas sensors based on nanomaterials, such as carbon nan-
otubes (CNTs), nanowires, nanofibers, and nanoparticles,
have been investigated widely.

Carbon nanotubes, since been firstly discovered by Iijima
in 1991 [5], have drawn the most research interests because
of their unique geometry, morphology, and properties.
Their preparation, properties (such as electronic, mechan-
ical, thermal, and optical properties), and applications on
various fields are all studied intensely. Theoretical and
simulation works have also been conducted to under-
stand this nanoscaled material and related phenomenon
[6].
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Carbon nanotubes belong to the family of fullerene struc-
tures. There are two types of nanotubes: single-walled carbon
nanotubes (SWCNTs) and multiwalled carbon nanotubes
(MWCNTs). An SWCNT can be considered as a one-atom-
thick layer of graphite rolled up into a seamless cylinder
with a diameter of several nanometers, and length on the
order of 1–100 microns [7]. MWCNTs consist of multiple
layers of graphite wrapped up together to form a tube
shape, sharing the same central axis. The structure of carbon
nanotubes provides them with inherently unique electrical,
physical, and chemical properties. Mechanically, CNTs are
the strongest and stiffest fibers that are known currently
due to the C–C bond. Thermally, CNTs have high thermal
stability in both vacuum and air. In terms of electrical
properties, CNTs can be either metallic or semiconducting,
depending upon the tube diameter and the chirality (the
direction in which the graphite sheet is rolled to form the
tube) [8]. The chirality is usually represented by an integer
pair (n,m). Nanotubes with n −m = 3 j ( j being a nonzero
integer) are metallic while all the others are semiconducting.
The dielectric property of nanotubes is highly anisotropic
due to their nearly one-dimensional structures, which may
enable nanotubes to carry high currents with negligible
heating effect [9].

Upon exposure to certain gases, the change in the prop-
erties of CNTs or CNTs-based composites can be detected
by various methods. As a result, CNTs-based gas sensing
systems and the theoretical analyses of gas adsorption and
collision effects on the nanotubes have been the subjects of
intense research [10, 11]. In this paper, the current status of
CNTs gas sensor-related technologies is reviewed. This paper
is organized as follow: in Section 2 the synthesis techniques
of CNTs and different fabrication methods of CNTs-based
gas sensors will be introduced; Section 3 will be focussed
on the simulation and theoretical works on the interaction
between CNTs and the adsorbed gas molecules; in Section 4,
CNTs gas sensors based on different sensing mechanisms
will be summarized with their design and sensing behaviour;
Section 5 will highlight the functionalization of CNTs and
CNTs-based nanocomposites for gas sensing; the conclusion
with the chance and challenges that the CNTs gas sensing
technology is facing will be addressed in Section 6.

2. Fabrication of CNTs Gas Sensors

2.1. Growth of CNTs. Three main techniques to prepare
CNTs are as follows: (i) arc-discharge technique; (ii) laser
ablation technique; (iii) chemical vapour deposition (CVD)
technique [12].

The carbon arc-discharge method is the first technique
that was used to grow CNTs. The process is carried out in
a vacuum chamber with two carbon electrodes as carbon
source. Inert gas (typically helium) is supplied to increase
the speed of carbon deposition. When high dc voltage is
applied between the carbon anode and cathode, plasma of
the inert gas is generated to evaporate the carbon atoms.
The ejected carbon atoms are then deposited on the negative
electrode to form CNTs. Both SWNTs and MWNTs can
be grown by this method, while the growth of SWNTs

requires catalysts. It is the principal method to produce high-
quality CNTs with nearly perfect structures. In the laser
ablation technique, a carbon target is ablated by intense laser
pulses in a furnace in the presence of an inert gas and a
catalyst. CNTs are formed and collected on a cold substrate.
Both the arc-discharge and laser-ablation methods require
high growth temperature, which is about 3000–4000◦C
for the evaporation of carbon atoms from solid carbon
source.

In a CVD system, a gas hydrocarbon source (usually
methane, acetylene or ethylene) flows into the reaction
chamber. The hydrocarbon molecules are broken into reac-
tive species at the temperature range of 550–1000◦C. The
reactive species react in the presence of catalysts (usually
metal particles such as Ni, Fe or Co) that are coated on
the substrate, leading to the formation of CNTs. Compared
with the first two techniques; CNTs can be synthesized at
relatively low temperature using CVD method. Therefore,
this technique is more efficient and allows scaleup growth
of SWCNTs. By modification and calculated control of
the growth parameters, vertically aligned MWCNTs growth
can be achieved by CVD technique. This enhances CNTs
electronic properties in different applications. High-quality
SWCNTs can also be obtained by the optimization of the
catalysts. However, one of the main disadvantages of CVD
technique is the relatively high defect densities in MWCNTs,
which can be attributed to the lack of sufficient thermal
energy.

In all of these three growth methods, CNTs come with
a number of impurities, which may have negative effects
on CNTs’ inherent properties. In order to make CNT-based
devices more efficient and consistent, purification is an
important process to obtain high-quality nanotubes. Gener-
ally, the most commonly observed impurities are carbona-
ceous impurities and metallic impurities. The carbonaceous
components are the byproducts of the reaction process while
the metallic impurities are residual catalysts. To eliminate the
carbonaceous impurities, the main method is oxidation. Two
approaches are developed: (i) gas phase purification, which
involves high temperature and has low yield production;
(ii) liquid phase purification, where nanotubes are washed
in acidic solutions. Nitric acid, sulphuric acid, and their
mixture are all commonly used for liquid purification [13].
Metallic impurities can be removed by heating the samples
up to the evaporation temperature of the impurity. With
the development and modification of different purification
procedure, so far CNTs samples with a purity of up to 99.6%
can be obtained [14]. The quality of as-grown CNTs and
the purification can be inspected by microscopic techniques
such as atomic force and scanning tunneling microscopy, or
spectroscopic techniques such as Raman spectroscopy.

2.2. Fabrication of CNTs Gas Sensors. There are several meth-
ods to integrate CNTs to different gas sensor structures. Li et
al. developed a resistive gas sensor by simply casting SWCNTs
on interdigitated electrodes (IDEs) [14]. The electrodes were
fabricated by photolithography and evaporation of Ti and
Au (60 nm in thickness together) on silicon oxide. As-
grown SWCNTs were purified with acid first and then by air
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Figure 1: SEM image of SWCNTs across two gold electrodes [14].

oxidation before being integrated with the IDEs. As a result,
the final SWCNTs had a relatively high purity up to 99.6%,
and the impact of impurities on the sensor’s characteristic
was minimized. The purified nanotubes were then dispersed
in dimethylformamide (DMF) and drop-deposited onto the
electrode area. A network of nanotubes subsequently formed
after the evaporation of DMF, as shown in Figure 1. Another
simply method is screen-printing of CNTs onto patterned
electrodes. Lee et al. [15] screen-printed CNTs paste mixed
with MWNTs, terpineol, ethylcellulose, and glass frits onto
electrode-coated glass as the gas sensing element for NO2

detection. The organic binder can be removed by annealing
in N2 ambient.

Fabrication of CNTs sensors can also be achieved by
dielectrophoresis (DEP) method. DEP is the electrokinetic
motion of dielectrically polarized materials in nonuniform
electric fields and has been used to manipulate CNTs for
separation, orientation, and positioning of CNTs [16–22].
Suehiro et al. [23] demonstrated that the DEP fabrication
could establish a good electrical connection between CNTs
and the electrodes. During fabrication, the CNTs with high
purity were suspended in ethanol and ultrasonicated for
60 minutes. The system to fabricate the CNTs-based gas
sensor is schematically depicted in Figure 2. An interdigitated
microelectrode was patterned on a glass substrate. The
electrode had a castle-wall pattern in order to form high
and low electric field regions periodically. The castle-wall
electrode was surrounded by a silicon rubber spacer to form a
sealed chamber in which CNTs suspension was continuously
fed from a reservoir by a peristaltic pump. The DEP trapping
of MWCNTs on the microelectrode was performed with
an ac voltage. After a desired period of time, the DEP
process was stopped and the ethanol was evaporated at
room temperature. The DEP-fabricated CNTs gas sensors
successfully detected various vapours such as NH3, NO2,
SO2, and HF. With this technique, the amount of trapped
CNTs can be controlled by monitoring electrical impedance
of the sensor and various metal materials can be employed as
the electrodes [24].

Impedance analyser
(lock-in amplifier)

AC voltage source

Chamber
wall

In Out

Electrode

CNTs in ethanol

Pump

Figure 2: Schematic diagram of the experimental setup for
MWCNT gas sensor fabrication on a microelectrode using DEP
[23].

NCHU SEI 3.0 kV ×1, 000 10μm WD 8.5 mm

Figure 3: Cross-sectional SEM images of the vertically aligned
CNTs mat [25].

To obtain well aligned CNTs for better sensor behaviour,
directly growth of the CNTs mats on the sensor substrates
is required. Huang et al. [25] fabricated a three terminal
N2 gas sensor with vertically aligned CNTs. The CNTs were
grown by thermal CVD on (100) n-type silicon substrate
at 700◦C. A 30 nm thick Fe layer was sputtered on the
substrate as catalyst and C2H2 was used as the carbon
source. A preheating process was carried out before the
growth of CNTs and the substrate was cooled down at room
temperature in N2 ambient. The as-grown CNTs mat is
shown in Figure 3.

Jang et al. [26] fabricated an NH3 gas sensor with laterally
aligned MWNTs. N-type heavily doped Si wafer with SiO2
layer on top was used as the substrate. The Nb electrodes
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Figure 4: (a) Photograph of completed MWNTs based chemical
sensor, (b) SEM image of aligned CNTs resting on SiO2 surface after
directed growth. The CNTs show clear alignment in the direction of
the electric field. The insert shows TEM image of laterally grown
CNTs [26].

were deposited and patterned on the substrate. The catalyst
and oxide were then deposited and patterned by lift-off to be
aligned to the electrodes, where top oxide layer is introduced
as a barrier layer for vertical growth and exposure gas,
covering the top of the Co catalytic layer. Aligned MWNTs
across the gap between the electrodes were grown in thermal
CVD system with electrical feed-through. Figure 4 shows
the structure of the sensor and the laterally aligned CNTs
connecting the electrodes.

Tabib-Azar and Xie [28] also successfully prepared self-
aligned and self-welded MWNTs between prepatterned elec-
trodes by low pressure CVD (LPCVD) for NH3OH and HCI
sensing. Ding et al. [29] achieved the growth of aligned CNTs
in an anodic aluminum oxide (AAO) template for hydrogen
sensor. With the development in the preparation techniques,
controllable fabrication of CNTs-based gas sensors with
improved performance can be achieved [30].

3. Theoretic and Simulation Studies of
the Gas Adsorption on CNTs

3.1. Molecule Adsorption on SWNTs. The adsorption of
various gas molecules on SWNTs is usually studied by
first-principles calculations using density functional theory
(DFT). The binding energy, tube-molecule distance, and
change transfers are generally investigated. Peng and Cho
[31] studied the adsorption of NO2 on to SWNTs by this
method. Figure 5 shows one binding configuration for NO2

gas molecule on the (10, 0) SWNT with three units. NO2

(a)

1.5 2.5 3.5 4.5

Separation (Å)
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Figure 5: (a) Total valence electron charge density plot. The value
of charge contour is 0.0015 (el/Å3) showing the binding charge
between the SWNT (10, 0) and the NO2 molecule. Three units are
shown in this figure. (b) Binding energy curve for NO2 interacting
with (10, 0) SWNT as a function of distance from NO2 to the
nanotube. The solid line curve is a fitting with universal binding
curve [31].

gas molecule of this configuration is found to bind with
SWNT with adsorption energy of 0.3 eV, and it is also found
that the molecule has high diffusion kinetics on nanotubes
surfaces. Electron density analysis shows that charge transfer
is induced from C atom to the NO2 gas molecule leading
to hole (or p-type) doping of semiconducting (10, 0) nan-
otubes.
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Table 1: Equilibrium tube-molecule distance (d), adsorption energy (Ea), and charge transfer (Q) of various molecules on (10, 0), (17, 0),
and (5, 5) individual SWNTsa. The optimal adsorption sites are given in the table: T (top of a carbon atom), B (top of the centre of the C–C
bond), C (top of the centre of carbon hexagon) [27]. (a)Tube-molecule distance d is defined as the nearest distance between atoms on the
molecule and the nanotube for T site, or the distance between the centre of the gas molecule and the centre of the carbon hexagon (carbon-
carbon bond) for the C (B) site. The adsorption energy Ea(d) is defined as the total energy gained by molecule adsorption at equilibrium
distance: Ea(d) = Etot(tube + molecule)− Etot(tube)− Etot(molecule). Charge transfer (Q)denotes the total Mulliken charge number on the
molecules, positive (Q) means charge transfer from molecule to tube.

NO2 O2 H2O NH3 CH4 CO2 H2 N2 Ar

(10, 0) SWNT

d (Å) 1.93 2.32 2.69 2.99 3.17 3.20 2.81 3.23 3.32

Ea (meV) 797 509 143 149 190 97 113 164 57

Q (e) −0.061 −0.128 0.035 0.031 0.027 0.016 0.014 0.008 0.01

Site T B T T C C C C C

(5, 5) SWNT

d (Å) 2.16 2.46 2.68 2.99 3.33 3.54 3.19 3.23 3.58

Ea (meV) 427 306 128 162 122 109 84 123 82

Q (e) −0.071 −0.142 −0.033 0.033 0.022 0.014 0.016 0.011 0.011

Site T B T T C C C C C

(17, 0) SWNT

d (Å) 2.07 2.50 2.69 3.00 3.19 3.23 2.55 3.13 3.34

Ea (meV) 687 487 127 133 72 89 49 157 82

Q (e) −0.089 −0.096 0.033 0.027 0.025 0.015 0.012 0.006 0.01

Site T B T T C C C C C

Zhao et al. [27] studied the adsorption of various gas
molecules (NO2, O2, NH3, N2, CO2, CH4, H2O, H2, Ar) on
both single SWNT and SWNT bundles using first principles
method. The self-consistent field (SCF) electronic structure
calculations are performed based on density functional
theory (DFT) with either localized basis (DMol) or plane-
wave basis (CASTEP).

For individual SWNT, the equilibrium tube-molecule
distance, adsorption energy, and change transfer for var-
ious molecules on (10, 0), (17, 0) and (5, 5) SWNTs were
calculated, as shown in Table 1. The results show that most
of the studied molecules (except for NO2 and O2) are
charge donors with small charge transfer (0.01 ∼ 0.035e)
and weak binding (≤0.2 eV). These gas molecules can be
identified as physisorption. For O2 and NO2, it shows that
they both are charge acceptors with large charge transfer
and adsorption energies. These results are consistent with
reported experimental results [32, 33]. It also demonstrated
that there is no clear dependence of adsorption on the tube
size and chirality.

For SWCNTs bundle, there are four distinct sites for gas
molecules to be adsorbed onto (shown in Figure 6): (i) the
external surface of the bundle; (ii) the groove formed at the
contact between adjacent tubes on the outside of the bundle;
(iii) the interior pore of individual tubes; (iv) interstitial
channel formed between three adjacent tubes within the
bundle [34, 35]. The gas adsorption on these sites is decided
by the binding energy of the gas molecule as well as the
site availability. Some of these sites may not be available
for certain gases because of the gas molecule dimension
and the site diameter. The interior pore is only accessible
when the SWCNT is uncapped or has defects on the tube

Surface

Channel

Pore

Groove

EB = 0.119 eV
σ = 45 m2/g

EB = 0.062 eV
σ = 783 m2/g

EB = 0.089 eV
σ = 22 m2/g

EB = 0.049 eV
σ = 483 m2/g

Figure 6: Schematic structure of a SWNT bundle showing the
available sites for gas adsorption. Dashed line indicates the nuclear
skeleton of the nanotubes. Binding energies (EB) and specific
surface area contributions (σ) for H2 adsorption on these sites are
indicated [34].

walls [36]. Williams and Eklund [34] calculated the binding
energy (EB) and specific surface area contributions (σ) for H2

adsorption on these sites as shown in Figure 6. It shows that
EB (channels) > EB (grooves) > EB (pores) > EB (surface),
while the pores and surface have much larger specific surface
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Table 2: Equilibrium tube-molecule distance (d), adsorption
energy (Ea) and charge transfer (Q) of the H2 molecule on different
adsorption sites in the (10, 10) SWNT bundle [27].

Site d (Å) Ea (meV) Q (e)

Surface 3.01 94 0.014

Pore 2.83 111 0.012

Groove 3.33 114 0.026

Interstial 3.33 174 0.035

area contributions. Zhao et al. [27] also calculated the tube-
molecule distance, adsorption energy, and charge transfer of
these sites for H2 adsorption using first principles method, as
shown in Table 2. These results are consistent with William’s
results obtained by empirical force field simulation.

3.2. Effects of Molecule Adsorption on Electronic Properties
of CNTs. Generally, the electronic property of an SWNT is
determined by the tube chirality and diameter [37]. However,
it has been demonstrated experimentally that the electronic
properties of SWNTs are very sensitive to their chemical
environment, especially on oxygen exposure. Collins et al.
[33] measured the electrical resistance, thermoelectric power
(TEP), and local density of states of SWNTs by transport
measurement and scanning tunneling spectroscopy. The
results showed that these parameters can be reversibly
“tuned” by exposure to very small concentrations of oxygen,
as shown in Figure 7. Isolated semiconducting nanotubes
can be converted into apparent metals through room-
temperature exposure to oxygen. Sumanasekera et al. [38]
also demonstrated experimentally that, by degassing the
SWNTs mat in vacuum from air at 500 K, the TEP value
decreased slowly from an initial value of +54 μV/K, changed
sign, and then eventually approached a constant value of
−44μV/K, as shown in Figure 8. Nuclear magnetic resonance
(NMR) study of SWNTs also proved that the spin-lattice
relaxation rates of all nanotubes increased dramatically upon
exposure to oxygen [39]. Jhi et al. studied the electronic
and magnetic properties of oxidized CNTs theoretically using
the ab initio pseudopotential total energy method [40]. The
calculations showed consistent results with the experimental
ones. These results demonstrated the potential for CNTs
application as sensitive gas sensors. However, they also
indicate that many reported electronic properties measured
on as-prepared nanotubes should be assigned to oxygen-
doped CNTs instead of intrinsic CNTs [33, 38].

Generally, the electronic property changes of CNTs upon
exposure to gas molecules are attributed to the charge
transfer between the molecules and the nanotubes (the
molecules act as electron donors or acceptors). However,
Sumanasekera et al. [38] demonstrated experimentally that
both of the thermopower S and the resistance of the degassed
SWNT mat R can be very sensitive to inert gases (N2 and He,
which can hardly have electron transfers with CNTs) for T
(temperature) > 100 K, as shown in Figure 8. In the case of
these gases, it is expected that the charge transfer between the
molecules and the nanotubes is negligible. Without charge
transfer, it is believed that the resistance changes are due
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Figure 7: (a) Sensitivity of the electrical resistance R of SWNT films
to gas exposure at 290 K; (b) sensitivity to environmental conditions
of thermoelectric power S for SWNTs at 350 K. Both the magnitude
and the sign can be altered by oxygen exposure. In vacuum, S is n-
type, whereas in an oxygen environment, S is p-type, with a larger
magnitude [33].

to the change in the electron and hole free carrier lifetimes
(or, equivalently, the carrier mobility). These large changes
in the carrier lifetime can be caused either by the increased
carrier scattering from dynamic defect states associated with
momentarily adsorbed gas or due to nonthermal, localized
SWNT phonons generated by collisions of the gas molecules
with the tube wall.

Based on these observations, it is summarized that the
thermoelectric response of a bundle of SWNTs to variety
of gases can be either caused by a charge-transfer-induced
change of Fermi energy or by the additional scattering
channel (identified with impurity sites associated with
the adsorbed molecules) for conduction electrons in the
tube wall. An equation was developed to understand this
assumption [36]:

S = S0 +
(
ρa/ρ0

)
(Sa − S0), (1)

where S0 and Sa are, respectively, the contributions to the
thermopower from the host resistivity ρ0 and the additional
impurity resistivity ρa associated with the adsorbed gas. This
equation is known as the Nordheim-Gorter (N-G) relation
[41]. When applied to the thermoelectric transport in
SWNTs bundles with adsorbed gas molecules, it can indicate
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Figure 8: (a) Thermopower S versus time for a mat of SWNTs
at T = 500 K initially saturated with air at ambient conditions.
The sample is under dynamic vacuum when open symbols are
used and dark symbols representing intervals when N2 and He are
present. N2 is introduced at B and D; He is introduced at F and
H. Vacuum pumping is applied at A, C, E, G, and I; (b) four probe
resistance ratio of SWNT mat at 500 K versus time. Data normalized
to sample resistance at A. Points A through I have the same meaning
as described for (a). Shown in the inset is the time dependence of
the temperature during the admission of each gas and subsequent
pumping [38].

whether the gas molecules are physisorbed or chemisorbed,
as shown in Figure 9.

The effects of other gases such as alcohol and water
molecules on the electrical transport of SWNT bundles
are also studied [42]. Strong effects on both the TEP and
resistivity for methanol, ethanol, isopropanol, and butanol
were observed. The N-G plots indicated that these molecules
are all physisorbed to the tube wall. However, water vapour
does not have any effect on the TEP but has a significant
impact on the resistance, as shown in Figure 10.

3.3. Simulation Study for Functionalization of CNTs Gas
Sensors. Theoretical and simulation research cannot only
explain the observed experimental results with in-depth
mechanism, but can also simulate the CNTs behaviours
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Figure 9: N-G plots (S versus ρ) showing the effect of gas
adsorption on the electrical properties of the mat. A linear N-G plot
indicates that the physisorption is taking place. The inset shows the
N-G plots for O2 (electron acceptor) and NH3 (electron donor).
The data in the inset strongly curved indicating chemisorption is
taking place [36].

under certain assumptions of interest before carrying out the
actual experiment.

It has been demonstrated that the electronic properties
of semiconducting CNTs are very sensitive to certain gas
exposure. However, the range of molecules that can be
detected by CNTs sensors is limited to the molecules that
have large binding energies and charge transfers with the
nanotubes. Gas molecules such as toxic gases (CO), water,
and bimolecular cannot be detected since they do not adsorb
on the nanotubes surface. To overcome this challenge, Peng
et al. [43] proposed the design of a new type of CNTs
sensors with modified electronic and chemical properties
by substitutional doping of impurity atoms (boron and
nitrogen) into intrinsic SWNTs or by using composite
BxCyNz nanotubes. To investigate the validation of the idea,
the ab initio simulations are performed with the VASP using
the density functional theory (DFT) and the local density
approximation (LDA) with ultrasoft pseudopotential, plane-
wave basis sets, and periodic boundary conditions.

The interaction of these boron- or nitrogen-doped CNTs
with both carbon monoxide and water molecules was
calculated. It demonstrated that, when an intrinsic CNT
is doped with impurities through a replacement of carbon
atoms, the local physical properties around the impurity
atoms undergo a significant change, resulting in the change
of the local chemical reactivity. The simulation results for
water adsorption on both the intrinsic and modified CNTs
are shown in Table 3. All the configurations studied are
shown in Figure 11. It shows that CNTs with boron doping
and intrinsic BC2N type 2 nanotubes have better sensitivity
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Figure 10: (a) The time dependence of the TEP response of a
SWNT thin film to successive exposure to vapours of water and
alcohol molecules (CnH2n+1OH; n = 1–4) at 40◦C; (b) the time
dependence of the normalized four-probe resistance response of an
SWNT thin film to successive exposure to vapours of water and
alcohol molecules at 40◦C [42].

to H2O due to the strong interaction and a large electron
charge transfer. The author also concluded that CO and H2O
molecules undergo chemical adsorption with the boron-
doped CNTs, while physical adsorption with the nitrogen-
doped CNTs-based on the value of the binding energy. Since
the synthesize of B- or/and N-doped CNTs and BxCyNz

nanotubes have already been proved feasible experimentally
[44, 45], it is believed that CNTs base gas sensors with
a wide range of detectable gas molecules can be achieved
experimentally.

4. Design of CNTs Gas Sensors Based on
Different Sensing Mechanism

4.1. Resistance Change. It has been demonstrated that CNTs
electronic properties can be extremely sensitive to the
exposed environment due to gas molecule adsorption. The

(A1)

(B1)

(C1)

(D1)

H N
OB

C

(D2)

(C2)

(B2)

(A2)

Figure 11: Configurations for water adsorption on modified CNTs.
(A1) Semiconducting (8, 0) CNT with one carbon atom replaced
by a boron atom that binds to an H2O molecule, where the boron
atom is close to the oxygen atom. (A2) Semiconducting (8, 0) CNT
with one carbon atom replaced by one Nitrogen atom binds to an
H2O molecule, where the nitrogen atom is close to the oxygen atom.
Semiconducting (8, 0) CNT with one carbon atom replaced by a
boron atom and another by a nitrogen atom that binds to an H2O
molecule, where the boron atom is close to the oxygen atom as in
(B1), and the nitrogen atom is close to the oxygen atom as in (B2).
(C1) Semiconducting (8, 0) CNT with two carbon atoms replaced
by two boron atoms and one by a nitrogen atom that binds to an
H2O molecule, where the nitrogen atom is close to the oxygen atom.
(C2) Semiconducting (8, 0) CNT with one carbon atom replaced
by one boron atom and two others by two nitrogen atoms that
bind to an H2O molecule, where the boron atom is close to the
oxygen atom. Semiconducting (8, 0) BC2N type 2 nanotube that
binds to an H2O molecule, where (D1) BN2 group binds to an H2O
molecule with the boron atom close to the oxygen atom, and (D2)
B2N group binds to an H2O molecule with the nitrogen atom close
to the oxygen atom [43].
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Table 3: Calculated data for adsorption of H2O on the doped
carbon nanotubes or BxCyNz Nanotubes [43].

Eg (eV)f Configuration Eb (eV) D (Å) ET (el)g

CNT 0.56 H2O no binding

B-CNTa 0.44 B-H2Oh −0.56 1.70 −0.12

N-CNTb 0.43 N-H2Oi −0.23 3.12 −0.02

BN-CNTc 0.48 B-H2O −0.48 1.72 −0.20

N-H2O −0.24 3.14 −0.02

B2N-CNTd 0.44 N-H2O −0.64 3.15 −0.28

BN2-CNTe 0.42 B-H2O −0.53 1.51 −0.08

BC2N-type 2 0.93 B-H2O −0.48 1.72 −0.21

N-H2O −0.18 3.14 −0.05
a

Intrinsic nanotube doped with boron atom in 2-unit cell.
bIntrinsic nanotube doped with nitrogen atom in 2-unit cell.
cIntrinsic nanotube doped with boron-nitrogen atom pair in 2-unit cell.
dIntrinsic nanotube doped with boron-nitrogen-boron atom pair in 2-unit
cell.
eIntrinsic nanotubes doped with nitrogen-boron-nitrogen atom pair in 2-
unit cell.
f HOMOLUMO band gap.
gElectron charge transfer from the nanotube to molecules.
hH2O molecule binds to the nanotube with the oxygen atom close to the
boron atom.
iH2O molecule binds to the nanotube with the oxygen atom close to the
nitrogen atom.

thermopower, resistance, and density of states of single
SWNT or SWNT bundles all showed significant change when
exposed to certain gases, as discussed in Section 3. Since
sensors based on resistance change as output are easy to
build, test, and calibrated, resistance sensors are the most
commonly used architecture in the design of CNTs gas
sensors.

4.1.1. Semiconducting CNTs FET Gas Sensors. As addressed
in a previous section, SWCNTs can be either semicon-
ducting or metallic. If two metal contacts are connected
to each end of an individual semiconducting SWNT (S-
SWCNT), the metal/S-SWCNT/metal device exhibits p-type
transistor characteristics. Therefore, the resistance response
of CNTs to gas adsorption can be detected with field emit
transistors (FETs) [46–50]. Kong et al. [46] built an S-
SWCNT transistor with a single SWNT for chemical sensing.
The device was fabricated by controlled CVD growth of
individual SWCNTs on SiO2/Si substrates with patterned
catalyst islands. Polysilicon in the back side acted as gate of
the transistor. Figure 12 shows the conductance versus time
curves of the transistor upon exposure to NO2 and NH3

at room temperature. A sharp increase in conductance of
the S-SWCNT FET by about three orders of magnitude was
observed after introducing 200 ppm of NO2 into the testing
chamber (Figure 12(a)). The response time was about 2–10
seconds, and the sensitivity (the ratio between resistance after
and before gas exposure) was about 100 to 1000. When the
same sample was exposed to a 1% NH3 flow after recovery,
the conductance of the device decreased dramatically within
1 to 2 minute(s), and the sensitivity was about 10 to 100
(Figure 12(b)).
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Figure 12: Conductance change of the FET sensor when exposed to
(a) NO2 and (b) NH3 gases [46].

Someya et al. [47] characterized the influence of alcohols
adsorption on the resistance of SWCNTs using the same
transistor structure (see Figure 13). The measurements were
carried out under flow of dry nitrogen with and without
addition of alcoholic vapour. Figure 14 shows the drain
current versus time curves of the device upon exposure
to different saturated alcoholic vapour at room tempera-
ture (except for tertiary-butanol) with Vg = −20 V. For
the vapour of methanol, tertiary-butanol, 1-propanol, 2-
propanol, and ethanol, the response time was within 5–15
minutes and the current reduction were in the range of
50%–90%. Short recovery time (less than few seconds) and
excellent repeatability can be obtained if the gate voltage
is released briefly and then restored before the next cycle.
No degradation of the sensor performance was observed
over 1 hour operation. Moreover, the different response
characteristic of the device to different alcoholic vapour also
suggests its potential application on the identification of gas
sources.

Compared with SWCNTs, the mechanism of MWCNTs’
response to gas adsorption is more complicated due to
the multilayer tube structure. However, they also show
high sensitivity to specific gases experimentally [48, 49].
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Figure 14: Drain currents a function of time upon exposure to
saturated vapour of various kinds of alcohols: methanol, ethanol, 1-
propanol, 2-propanol, 1-butanol, tertiary-butanol, 1-pentanol, and
1-octanol [47].

Huang et al. [25] synthesized vertically aligned MWNTs
mat by thermal CVD and tested their resistance sensitivity
to N2 with the FET structure. The MWNTs showed p-
type semiconducting property and the source and drain
resistance increased when exposed to N2. Figure 15(a) shows
the electrical resistance between source and drain at 10 V
bias voltages without any gate voltage under various N2

filling pressure from 50 mTorr to 500 Torr. The increasing
resistance was explained by N2 acting as an electron donor
to CNTs and decreasing the concentration of conducting
holes on CNTs. The sensor showed relative fast response
and the resistance returned back to its initial value in
vacuum, which indicated N2 molecules were physisorbed
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Figure 15: (a) The electrical resistance between source and drain at
10 V bias voltage without any gate voltage under various N2 filling
pressure from 50 mTorr to 500 Torr. (b) The electrical resistance
of CNTs mat measured at a fixed 5 V source drain bias voltage
while applying various gate voltages under a 5 Torr N2 pumping and
filling environment [25].

to the CNTs mat. The effect of the gate voltage on the
sensor’s behaviour was also studied. Figure 15(b) shows
the electrical resistance of CNTs mat measured at a fixed
5 V source drain voltage and various gate voltages, under
a 5 Torr N2 pumping and filling environment. The initial
electrical resistance increased when the positive gate voltage
was applied and decreased with negative voltage. The reason
was that electrons (holes) induced by positive (negative)
gate voltage neutralized (added) some conducting holes in
p-type CNTs, which caused the change of the free holes
concentration and the electrical resistance of the CNTs mat.
The recovery of the resistance to its initial value after a cycle
of N2 filling and pumping was observed during different
positive and negative gate voltages. It was also demonstrated
that the sensor sensitivity increased with the decrease of the
gate voltage from positive to negative and the trend was more
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Figure 16: (a) SEM image of the as-grown structure of CNTs
on Si/Si3N4; (b) schematic diagram of CNTs linking pre-patterned
platinum contacts in resistor geometry; (c) dynamic gas responses
of CNTs thin film at different operating temperatures in dry air and
100 ppb of NO2 [52].

obvious under higher N2 pressure. This was believed due to
the increase of the gas-binding sites caused by negative gate
voltage.

4.1.2. CNTs-Based Two Terminal Resistor Gas Sensors . The
resistance change of CNTs under gas exposure can also
be detected by two terminal resistors with dc voltage.
Interdigitated electrodes are generally applied in these kind
of sensors to provide larger sensing areas and sufficient
contacts between the electrodes and the coated CNTs [51].
Valentiniet et al. [52] designed a CNT serpentine resistor for

the detection of various gases including NO2, CO, NH3, H2O,
and C2H5OH. The sensor was fabricated by photolithogra-
phy defining Pt IDEs on Si3N4 substrate, and then CNTs films
were grown on the substrate using radiofrequency plasma
enhanced CVD (RF PECVD) with Ni as the catalyst. Figures
16(a) and 16(b)show the as-grown CNTs and a scheme of
the sensor design. Figure 16(c) shows the dynamic response
of the film resistance at different operating temperature from
25 to 250◦C and different NO2 concentration with dry air
mixture. The sensor showed good sensitivity to NO2 at room
temperature. At 165◦C, the sensor showed the best response
as a tradeoff between the higher resistance variations and
the fast and reproducible baseline recovery. The sensor’s
resistance response of other gases was also studied. In
summary, NO2 exposure drastically decreases the electrical
resistance; NH3, H2O, C6H6 and ethanol exposure increases
the electrical resistance; CO exposure does not affect the
resistance; removing the gas exposure totally restores the
initial resistance.

Li et al. developed a similar gas sensor by simply casting
SWCNTs on IDEs [14]. The sensor is shown in Figure 17.
Upon exposure to NO2, the conductance change of the
sensor showed a linear response to the gas concentration with
a detection limit of less than 4 ppb. The recovery time was
about 10 hours but can be intensively shortened by UV light
treatment, as shown in Figure 17. The sensor’s response to
organic vapour such as benzene, acetone, and nitrotoluene
was also measured.

Wong et al. [53] built a microelectronic gas sensor
with CNTs in a thin-layered Pd/CNTs/n+-Si structure for
hydrogen detection. The sensor was fabricated on an n-type
silicon wafer, which acted as an ohmic supporting substrate.
MWCNTs were grown selectively on the substrate via cat-
alytic activation with microwave PECVD. Annealing of the
CNTs layer was carried out to improve the adhesion with the
silicon substrate. A thin layer of Pd was then sputtered on top
of the CNTs layer as the gate electrode. The I-V characteristic
of the device exhibit Schottky diode behaviour at room
temperature with instantaneous current changes (reduction)
when it was exposed to constant flow of hydrogen gas at
room temperature, as shown in Figure 18(a). The reduction
of the current in the presence of hydrogen was believed to
be due to an increase in the barrier height between the Pd-
CNTs interface after H2 adsorption. The sensor was also
detected at elevated temperature. Increasing current change
was observed with increasing operating temperature. The
sensor still showed Schottky diode behaviour at 80◦C, while
it changes to ohmic in both open air and H2 environment at
170◦C, as shown in Figure 18(b). This was explained by the
change in the electrical properties of the CNTs at elevated
temperature.

4.2. Carbon Nanotubes Enhanced Ionization Chamber for Gas
Sensing. In the case of chemical gas sensors, it is difficult to
detect gas molecules with low adsorption energy. Compared
to these sensors, ionization gas sensor is based on the fin-
gerprinting ionization characteristics of the detected gases.
The ionization of detected gas is caused by the collisions of
molecules with accelerated electrons. There is no adsorption
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Figure 17: Representative sensor response NO2. Various concen-
trations of the sample gas and the pure gas injections are shown
by arrows. The sample gas is NO2 in a 400 cm3/min nitrogen flow
at room temperature. Ultrapure nitrogen is used for dilution and
purging. (a) Without UV light in the recovery. (b) With UV light
for sensor recovery. The UV illumination and N2 purging start
simultaneously [14].

and chemical interaction between the device and interested
molecules. Therefore, they are not limited to identify gases
with low adsorption energy and poor charge transfer with
the sensing materials. Sensing of inert gases or gas mixtures
can easily be achieved by ionization chamber. However, the
issues related to conventional ionization gas sensors are their
bulky architectures, considerable high power consumption,
and breakdown voltage, which is inefficient and risky in
operation. CNTs, due to their extremely sharp tip structure,
can induce a large field enhancement factor and thereby
intensively increase the electric field around the tips to
initiate corona discharge at very low voltage [54]. Therefore,
the effect of gas adsorption on their field emission properties
and CNTs enhanced ionization gas sensors have attracted a
great amount of research interests [55–62].

A miniaturized gas ionization sensor with aligned
MWNT film as anode was developed by Ashish Modi et
al. in 2003 [55]. Figure 19 shows a diagram of the sensor
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Figure 18: (a) Plot of measured current versus applied voltage (I-
V) of the CNTs-based sensor in air and after exposure to constant
flow of H2 (concentration, 100%; flow rate, 10 mL/min) at room
temperature. (b) Plot of measured current versus applied voltage (I-
V) of the CNTs-based sensor in air and after exposure to constant
flow of H2 (concentration, 100%; flow rate, 10 mL/min) at 170◦C
[53].

structure. It consists of MWNT film anode, Al plate cathode
and a 150 μm thick glass insulator between them. The
vertically aligned MWNT film was prepared by CVD on SiO2

substrate with tip diameter in the range of 25 ∼ 30 nm
and 30 μm in length (Figure 19 (c)). During operation,
individual MWNTs create very high nonlinear electric fields
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Figure 19: (a) Schematic diagram of the nanotube sensor device; (b) diagram of actual test set-up; (c) SEM micrograph of vertically aligned
MWCNT film used as the anode [55].

near the tips [56, 57]. This results in the formation of
a “corona” or conduction filament of high ionized gas
that surrounds the MWNT tips, and thereby promotes the
formation of a self-sustaining interelectrode discharge at very
low voltage. Compared with ionization chamber with metal
anode (without CNTs), the breakdown voltage of air was
brought down dramatically from 960 V to 346 V. Different
gases including NH3, CO2, N2, O2, He, Ar, and air were
tested and showed distinct and precise breakdown voltage
(Figure 20).

The precise breakdown voltage provides a “fingerprint”
to each gas and indicates the potential for gas identification
within a mixture of gases. The discharge current of each
gas showed almost linear relationship with the gas concen-
tration, but the breakdown voltage was rarely affected by
the concentration (see Figure 21). This was explained by the
fact that the discharge current is dominated by the number
of molecules per unit volume and the breakdown voltage
depends mainly on the intensity of electric field and the
bonding energy of the gas molecules.

Nanotubes are good electron emitter due to their sharp
tip curvature and low electron escaping work function. If
CNT films are deposited as cathode of the device instead of
anode, the breakdown process will be initiated by a negative
corona. Field emission may occur under low pressure to
enhance the ionization, and lower breakdown voltage can
be obtained as a result. Kim [58, 59] designed an ionization
chamber with CNTs as the emitters for the detection of gases
with low adsorption energy. The fabrication process and
structure of the sensor are shown in Figure 22. CNTs were
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Figure 20: Current-voltage curves for electrical breakdown for
NH3, CO2, N2, O2, He, Ar and air [55].

grown on n-type silicon substrate by CVD and served as
the cathode. During operation, once electrons are emitted
from the CNTs under certain voltage, they are accelerated
towards the anode, collide with gas molecules, and induce
ionization of the neural molecules. Eventually it will lead to
a current multiplication of breakdown. By Paschen’s law, the
initial sparking breakdown voltage in an air gap is a function
of the product of gas pressure and the electrodes distance.
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Figure 21: Effect of gas concentration on the electrical breakdown.
(a) Breakdown voltage as a function of concentration; breakdown
voltages vary only slightly with gas concentration; (b) discharge
current at breakdown as a function of gas concentration. The
discharge current varies logarithmically with concentration [55].

Therefore, the initial breakdown voltages are measured
as a function of the gas concentration. Figure 23 shows
the dependence of the initial breakdown voltage on air
concentration in the chamber. On contrary with Madi’s
results [55], the breakdown voltage decreases with increasing
concentration and then increase again. The decreasing of
breakdown voltage at first was explained by the dependency
of the discharge current on the amount of neutral molecules,
which can provide electron-ion pairs generated by collisions.
When the concentration increases to a certain value, the
ionization rate is predominantly determined by the length of
the mean free path rather than the numbers of the molecules.
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Figure 22: Fabrication process: (a) CNT electron emitters, (b) glass
patterning by sand blast method, and (c) Si/glass anodic bonding
[58].
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Figure 23: Dependence of initial breakdown voltage on air
concentration [59].

With higher concentration, which means shorter mean free
path, the ionization rate is reduced which results in higher
breakdown value [59].

Another important factor that dominates the ionization
characteristic is the distance between anode and cathode.
According to Paschen’s curve, a certain gap distance is
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Figure 24: Fabrication process flow and schematic diagram of the
sensor [60].

required for breakdown phenomenon to be induced, and
the breakdown voltage decreases by bringing the electrodes
closer. In the capacitor-architecture device, it is very difficult
to control the electrode gap under 10 μm to gain a safe oper-
ation voltage. Hou et al. [54] introduced a novel hollow slot
electrode system with CNT sidewalls and electrode spacing
of 6–12 μm for gas ionization sensors, which dramatically
decreased the threshold voltage to 5 V–40 V.

Based on same idea and integrated dielectric barrier
discharge (DBD) mechanism, Wu et al. [60] designed
and fabricated a novel ionization gas sensor with short-
gas spacing, CNTs and DBD coating to realize low power
consumption and breakdown voltage. As shown in Figure 24,
the IDE electrodes are deposited and patterned on glass
substrate. CNTs are deposited by electrophoresis method and
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Figure 25: (a) The discharge I-V curves of 6 different gases. (b) The
gas discharge I-V curves of the same device before and after TiO2

coated [60].

then a thin film of TiO2 dielectric barrier was deposited
by sputtering on top of CNTs serving as the DBD layer.
The results show that the sensor can successfully distinguish
different gases by the fingerprinting breakdown voltage, as
shown in Figure 25(a). With the device of 8 μm spacing
gap, the breakdown voltage for air is brought down dra-
matically to 5 V. It is also demonstrated that the DBD layer
effectively lowers the breakdown voltage and improves the
reproducibility of the device (Figure 25(b)). The low power
consumption and breakdown voltage show a bright future of
compact, battery powered, safe operation, and wide range of
the applications of CNTs-based ionization gas sensors.

4.3. CNTs Based Gas Sensing Capacitor. Yeow and She [63]
demonstrated the use of randomly aligned CNTs-based
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Figure 26: Parallel plate capacitive humidity sensor with MWNTs deposited on one plate [63].
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Figure 28: (a) Schematic of front view of the resonator circuit. (b)
Top view of the resonator sample coated with nanotubes [65].

capacitor for humidity sensing. The structure of the parallel
plate capacitor is shown in Figure 26. The sensor showed
linear response to humidity change from 65% to 80% and
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Figure 29: Resonant frequency shifts (solid bars) and dielectric
constants (open bars) of various polar and nonpolar gases. At this
point, room temperature value for dielectric constant of CO is not
available in the literature [65].

very fast response and recovery in this sensing range (as
shown in Figure 27). It is believed that the increase of
the capacitance under high relative humidity is cause by
capillary condensation, which is induced by the nanopores
and interstitial gaps in the random aligned CNTs structure.

Snow et al. [64] also developed a capacitor with SWNTs
and highly dope Si substrate as the two plates. The sensor
showed high sensitivity to a wide range of vapours. When
excitation voltage is applied between the two plates, a large
concentration of electric field is created at the tip of the
nanotubes. This results in the polarization of the adsorbed
molecules and the increase of the capacitance value.

4.4. Resonance Frequency Shifts. The change of the electrical
property of CNTs upon exposure to gases can also be applied
to resonator sensor. Chopra et al. [65, 66] fabricated a
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Figure 30: Schematic drawing of the MWNT gas sensor. A planar inductor interdigital capacitor pair is photolithographically defined upon
a copper clad printed circuit board. The capacitor is first coated with a protective electrically insulating SiO2 layer followed by a layer of gas
responsive MWNT-SiO2 composite [68].

circular disk resonator with SWNTs coated on top of the
disk. The design of the sensor is shown in Figure 28. The
input feedline also serves as the output port to an analyzer.
According to

f0 = 1.841c
2πa

√
εr

, (2)

where f0 is the resonant frequency of the resonator, c is the
speed of light in vacuum, a is the radius of the disk, and
εr is the relative dielectric constant of the substrate, when
the CNTs-based resonator is exposed to certain vapours, the
change of the dielectric constant of the circular disk with
CNTs on top results in the resonate frequency shift. Figure 29
shows the sensor’s response to different gases. The sensor
can detect a wide range of vapours including NH3, CO, N2,
He, O2, and Ar with low concertrations. Since different gas
caused different shift value of the resonate frequency, the
sensor poccess a good sensing selectivity.

CNTs-coated surface acoustic waves (SAWs) sensor also
showed high sensitivity to volatile organic vapours [67].
Ong et al. [68] built a wireless, inductor-capacitor resonant-
circuit (LC) gas sensor with MWNT-SiO2 composite as the
sensing layer. Figure 30 showed the sensor’s structure. It
consists of a printed LC resonant circuit that is first coated
with a protective, electrically insulating SiO2 layer, followed
by a second layer of gas-responsive MWNT-SiO2 mixture
with the SiO2 matrix acting to physically bind the MWNTs to
the sensor. When the sensor is exposed to various gases, the
relative permittivity ε

′
r and the conductivity (proportional to

ε
′′
r ) of the MWNTs change, resulting in the change of the

effective complex permittivity of the coating and hence the
resonant frequency of the sensor. The frequency spectrum of
the sensor is obtained by a sensor-monitoring loop antenna.
It is found that the ε

′′
r of the nanotubes shifted lower when

exposed to CO2, NH3 (which are reducing gases) and higher

when exposed to O2 (which is oxidizing agent). This can be
explained by the p-type nature of the MWNTs. The change
of the nanotubes’ permittivity ε

′
r upon exposure to the gases

was caused by the permittivity difference between the agents
and the MWNTs. With this wireless, passive, remote query
sensor platform, long term monitoring from within sealed
containers and environment can be achieved.

5. Functionalized CNTs and CNTs-Based
Composites for Gas Sensing

5.1. Functionalization of CNTs for Gas Sensing. Covalent
sidewall functionalization opens new doors for the appli-
cation of CNTs in many areas [69–71]. As discussed in
Section 2, the electronic sensitivity of CNTs to various
gases is highly limited by the binding energy and charge
transfers of the molecules with the CNTs wall. It was proved
theoretically that by doping CNTs with B- and/or N- and
BxCyNz groups, their electronic properties can be very
sensitive to a wide range of gas vapours [43].

Sin et al. [72] demonstrated the resistance response
of chemically functionalized MWNTS (f-CNTs) to alcohol
vapours with ultralow power consumption. For the fabrica-
tion of the sensor, purified MWNTs were sonicated in 3 : 1
concentrated sulfuric acid and nitric acid for different time
intervals. By this method, the MWCNTs can be oxidized and
COOH groups will be grafted along the sidewall and the
tube ends of the MWCNTs as shown in Figure 31(a). It is
believed that with the polar COOH groups attached onto the
nanotubes surface, the sensors will give stronger responses
towards the alcohol vapours as their absorption efficiency
with these volatile organic molecules will be increased due
to the dipole-dipole interactions (mainly hydrogen bonding)
between the COOH and the polar organic molecules.
Figure 31(b) shows a schematic diagram of how the ethanol
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Figure 31: (a) Schematic diagram of the chemically functionalized carbon nanotubes, which have COOH groups attached along the sidewall
of the MWCNTs. (b) The proposed mechanism for alcohol vapour detection using f-CNTs sensors. The COOH groups tend to form hydrogen
bonding with the ethanol molecules at room temperature [72].

molecules interact with the COOH groups through hydrogen
bonds. The f-CNTs were batch manipulated across Au micro-
electrodes by electrophoresis and their resistance change was
measured for alcohol exposure. The sensor showed a linear
response to alcohol vapour concentrations from 1 to 21 ppm
and good selectivity to air flow, water vapour and alcohol
vapour. Compared to bare CNTs, the functionalized CNTs
increased the sensitivity from ∼0.9% to 9.6%.

Hydrogen sensing is always an important topic in gas
sensing research due to the safety concerns of handling
hydrogen-based utilities. Although CNTs have been proved
to be a good gas sensing material, pure CNTs show no
response to H2 due to the week binding energy [73].
However, when functionalized with Pt or Pd, which act as a
catalyst for the adsorption of H2, CNTs can be very sensitive
to hydrogen [74, 75]. Take Pt as an example, hydrogen
molecules dissociate into atomic hydrogen on Pt surfaces and
form PtH2, which will lower the work function of Pt and
cause the electron transfer from Pt to MWNTs [76–78].

There are several ways to functionalize CNTs with Pt
or Pd. Krishna Kumar and Ramaprabhu [79] dispersed Pt
nanoparticles into MWNTs by a series of chemical solution
treatment. Suehiro demonstrated two effective methods
[80]. For one method, SWCNTs were DEP-trapped onto a
microelectrode made of Pd so that the CNT/Pd interface was
formed at both ends of CNTs lying over the Pd electrode
surface (shown in Figure 32(a)). The other type of CNT/Pd
gas sensor was fabricated by simultaneously DEP-trapping
SWCNTs and Pd nanoparticles onto a chromium (Cr)
microelectrode (see Figure 32(b)). Both types of the CNT/Pd
gas sensors could respond to hydrogen, while the CNT sensor
without the Pd functionalization could not.

5.2. CNTs/Polymer Composites Gas Sensors. Organic poly-
mers are one of the principal materials applied in gas
sensing systems. Some conducting polymers can behave
like semiconductors due to their heterocyclic compounds
which display physicochemical characteristics. As a result,
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Figure 32: Scanning electron microscope (SEM) images of types A
and B sensors trapped in castellated microelectrode gaps by positive
DEP: (a) type A (CNTs trapped onto a Pd microelectrode); (b) type
B (CNTs and Pd nanoparticles trapped onto a Cr microelectrode)
[80].

reversible changes in the sensing layer’s conductivity can be
detected upon polar chemicals’ adsorption on the surfaces
at room temperature [81]. This effect is believed to be
caused by the charge transfer between gas molecules and the
polymer or the polymer film’s swelling [82]. This sensing
response has intensively driven the motivation to develop
high sensitive and selective gas/chemical sensors by tailoring
the compounds of different organic polymers.

Non-conductive polymers can also be used as gas sensors.
For some polymers, the bulk dissolution of gas into the film
can cause changes of their physical properties [82]. Since
most physical property changes are not readily detectable;
researchers have tried to integrate polymers with other
functional sensing elements to achieve easier detection
process. For example, a recent experimental and theoretical
study on the chemical sensing characteristic of polymer-
coated resonators was reported by Avramov et al. [83] and
Yantchev et al. [84].

Another promising sensing material based on polymers
is conducting particles-insulating matrix composition. The
polymer acts as the insulating matrix while dispersed
conducting particles provide the conducting path for sensing

500 nm

(a)

500 nm

(b)

500 nm

(c)

Figure 33: FESEM images of (a) pure Ppy, (b) purified SWNT
bundles, and (c) the SWNT/Ppy nanocomposite. Inset: optical
microscope image of the electrodes [90].

[85]. Due to adsorption of interested analyst, there are
volumetric changes of the matrix polymer. This can lead to
a distinct change in percolation-type conductivity around
a critical composition of the material, which is known as
“percolation threshold”. Generally, the percolation threshold
is dependent on the shape of the conducting particle.
Composite consisted of particles with higher aspect ratio
shows lower threshold and higher sensitivity [86]. CNTs,
with almost one-dimensional thread-like structure and good
conductivity, are ideal as the dispersed particles in this
conducting particles-insulating matrix composition for gas
sensing systems. Therefore, CNTs/polymer composites have
been intensively studied for gas sensors [87–89].

An et al. [90] prepared an SWNT/polypyrrole (Ppy)
nanocomposite by a simple and straightforward in situ
chemical polymerization of pyrrole and SWMTs mixture.
The composite was then spin-casted onto prepatterned IDEs
for resistance measurement. Figure 33 shows the SEM image
of the Ppy, SWNTs, and SWNT/Ppy nanocomposite. The
resistance responses of all three materials to NO2 are shown
in Figure 34. Although all of them showed degradation
under long time exposure, the nanocompite showed a better
sensitivity than the pure materials, which was due to the
enhanced conductivity of the material by dispersed CNTs.
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Figure 34: The change in sensitivity as a function of gas exposure
time at an NO2 concentration of 3000 ppm [90].

Cho et al. investigated the chemical sensing charac-
teristic of SWCNT-Ethyl cellulose (EC) composite [85].
To get uniform dispersion of CNTs and stable com-
posite, the material was prepared carefully with sev-
eral steps. Poly (p-phenylenevinylene-co-2,5-dioctoxy-m-
phenylenevinylene) (PmPV) was used as the dispersant of
the nanotubes and chloroform was used as the media. The
nanotubes sol was sonicated for 4 hours before mixed with
EC, and then the mixture was sonicated for other 6 hours.
The mixed sol were sprayed on interdigitated electrodes and
annealed at 80◦C for 24 hours to form the thin sensing
film. The sensor’s response to benzene and ethanol was
measured separately as a function of gas concentration and
SWCNTs’ content in the composite. The change of resistance
showed almost linear relationship with concentration. The
maximum sensitivity was 9% for the film with 5 wt.%
SWCNT contents when exposured to 5,000 ppm of benzene.
The sensor’s response to ethanol was less obvious and with
some noise, however, it showed good linearity within the
concerned range with short response and recovery time, as
shown in Figure 35.

Based on the same idea, Philip et al. [91] developed com-
posite thin film of polymethylmethacrylate (PMMA) with
MWCNTs or oxidation-modified MWCNTs (f-CNTs) for
gas sensing. The resistance changes of both the composites
were evaluated upon exposure to different gases including
dichloromethane, chloroform, acetone, and so forth. Both
the CNT/PMMA and the f-CNT/PMMA composites showed
increasing resistance upon exposure to these vapours at
room temperature, as shown in Figure 36 . This behaviour
was explained on the basis of volume expansion and polar
interaction of the CNT surface with vapour molecules.
The f-CNT/PMMA showed significant improvement on the
sensor’s behaviour including the sensitivity and the response
time and recovery, as shown in Figure 36. This can be

SWNT 5wt.%

SWNT 7wt.%

SWNT 10wt.%

0 200 400 600 800 1000

Time (seconds)

0

2

4

6

8

10

12

14

R
es

po
n

se
(Δ

R
/R

0
(%

))

0 2000 4000

Concentration (ppm)

0

5

10

R
es

po
n

se
(Δ

R
/R

0
(%

))

SWNT-EC composite
Analyte: benzene

SWNT 5wt.%
SWNT 7wt.%

SWNT 10wt.%

(a)

SWNT 5wt.%

SWNT 7wt.%

SWNT 10wt.%

0 200 400 600 800 1000

Time (seconds)

0

0.5

1

1.5

2

2.5
R

es
po

n
se

(Δ
R
/R

0
(%

))

0 2000 4000

Concentration (ppm)

0

0.5

1

1.5

R
es

po
n

se
(Δ

R
/R

0
(%

))

SWNT-EC composite
Analyte: ethanol

SWNT 5wt.%
SWNT 7wt.%

SWNT 10wt.%

(b)

Figure 35: (a) The gas sensing properties of the SWNT-Polymer
(EC) composites for benzene vapour. (b) The gas sensing properties
of the SWNT-Polymer (EC) composites for ethanol vapour. The
concentrations of the vapours ranged from 1000 ppm to 5000 ppm.
The insets in the upper left corners show the linear relationship [85].

explained by the effects of oxidation on the electronic
properties of CNTs that was discussed in a previous section.

In addition of CNT/polymer composite, the sensing
characteristics of polymer-coated CNTs film to specific gases
were also investigated. In general, CNTs do not have sensing
response to all gases and vapours but only the ones with
high adsorption energy or that can interact with them.
Therefore, coating or doping of an enhance element on
CNTs may broaden the application range. Based on the
IDE SWCNTs resistance gas sensor that they developed,
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Figure 36: (a) Response of the CNT/PMMA composite to
dichloromethane, chloroform, and acetone vapours; (b) Response
of the f-CNT/PMMA composite to dichloromethane, chloroform
and acetone vapours [91].

Li et al. studied the sensing character of the same structure
but with polymer coatings on CNTs [92]. Chlorosulfonated
polyethylene was dissolved in tetrahydrofuran (THF) solvent
as a coating solution for Cl2 sensing, and Hydroxypropyl
cellulose was dissolved in chloroform as coating to detect
HCl. The resistance of polymer coated SWCNT film changed
upon exposure to Cl2 and HCl while uncoated pure
SWCNTs showed no sensing signal. The sensing response
demonstrates a huge potential of using modified CNTs gas

sensing materials for a broad range of gases and chemical
vapours.

6. Conclusions

With less than twenty years history, the progress and
application in CNTs-related technology has been developed
impressively fast due to their unique inherent morphologies
and properties. CNTs-based sensors have demonstrated huge
potential and found their application in various areas. Gas
sensors based on both SWNTs and MWNTs have been devel-
oped. The nanotubes can be integrated with different sensor
architectures by direct-growing, drop-deposition, printing,
or DEP method. It has been proved both theoretically and
experimentally that, the electrical resistance, thermoelectric
power, and local density of states of SWNTs can be reversibly
changed by exposure to certain vapours. This can be
attributed to the charge transfer between the molecules and
the nanotubes, or the change of the charge carries lifetime in
CNTs. Therefore, gas sensing FET or resistors that measure
the resistance change of CNTs as the transducer is the most
commonly used sensor structures. However, this limits the
range of the gases that CNTs sensors can detect, especially
for the sensing of inert agents. Compared with the resistance
sensors, CNTs enhanced ionization chambers allow the
detection of gas molecules with low adsorption energy,
hence a wide range of vapours. With CNTs integrated,
the breakdown voltage can be lowered significantly. Other
promising methods to improve the sensing characteristics
include the functionalization of CNTs and nanocomposites
of CNTs with various polymers, which can broaden the
sensing range or enhance the sensitivity. CNTs can also
be integrated into resonators sensors. By measuring the
change of the resonate frequency, wireless gas sensing can be
achieved.

Although CNTs have demonstrated their great potential
for gas sensing experimentally, there are still several chal-
lenges remained before the real-world application. Synthesise
of pure and ideal CNTs is still challenging and costly. It
is very difficult to grow defect-free nanotubes continuously
to macroscopic length. The precise control over the growth
or dispersion of CNTs on surfaces is another problem.
Depending on the preparation technique and process, the
property and behaviour of the sensors can vary significantly,
which is very crucial to the stability of the CNTs-based
devices. Therefore, the ability to synthesize of identical and
reproducible CNTs with consistent properties is very impor-
tant for the application of CNTs in all areas. Degradation of
the devices has to be investigated more deeply before real-
world application. Slow response and recovery is another
challenge to be addressed for CNTs-based gas sensors, which
is caused by the nature of gas adsorption and desorption
process to the nanotubes. However, it was demonstrated that
by integrating a microheater under the MWCNTs sensing
layer or shortly exposure to UV light, the response time of the
sensor can be improved [93, 94]. It is believed that, with the
increase interests and development of related technologies,
CNTs gas sensors have a promising future and will bring a
huge change to the current industries and our everyday life.
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1. Introduction

Gopel first introduced the term “chemical nanosensor” in
the early nineties. At that time, only a minor interest was
reserved to nanotechnologies by the scientific community
and the number of yearly papers regarding this topic was
less 5% than the actual number. In its early formulation the
term was meant to describe, in most cases, a chemical sensor
characterized by the matching of solid state materials with
suitable “key-lock” structures, often biostructures, capable of
molecular recognition. In this frame, the natural choice for
the solid state material was then a structure on the nanoscale
[1, 2].

A chemical nanosensor can be defined as an electronic
device, consisting of a transducer and a sensitive element
that relies, for its operating mechanism, on at least one
of the physical and chemical properties typical of the
nanostate. Basically it operates as any other chemical sensor:
a charge transfer occurs between molecules and a “sensitive”
material, resulting in an electrical and/or optical signal that
is related to the molecules type and number. However
unlike macroscopic sensors, chemical nanosensors can take
advantage of the merging of four different features typical of
the nanostate: (1) the quantum confinement, (2) the surface-
to-volume ratio, S/V, with a specific surface termination

and nanoparticle (NP) doping, (3) the NP morphology
and aggregation, and (4) the nanomaterial agglomeration
state (the word nanoparticle, NP, is here used to describe,
in general, any kind of structure with at least one of its
dimension in the nanorange. Sometimes expressions such
as nanowire, nanodot, or nanotube will be used, when a
more precise reference to the morphology is required). These
properties improve the sensitive material behavior of room
temperature (RT) operating devices and high sensitivities
have been demonstrated. In fact, in the last 10 years almost
2000 papers referring to “chemical nanosensors” have been
published and the field seems to be one of the most
immediate and promising sectors for the application of
nanotechnologies [3]. This rapid growth can be attributed
largely to recent advances in nanotechnologies that enabled
the synthesis and engineering of materials to realize devices
that exhibit functionalities specifically originated by their
nanostate [4].

Here we present a review of current research activities on
gas nanosensors. The paper is divided into three sections.
In the first section the operating mechanisms of chemical
nanosensors will be discussed in terms of the four features
outlined above. In the second section we review the current
research activities in this field, discussing the performances
of devices mainly based on carbon nanotubes, nanosilicon,
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Figure 1: Optical and electronic images of a hydrogen nanosensor fabricated by the authors. An array of palladium nanowires is assembled,
by means of ac dielectrophoresis, directly onto a silicon chip. Wires grow almost perpendicularly to interdigitated electrodes. The RT response
of the devices depends on the size and morphology of the sensitive elements. Electric current changes can be reversible and greater than 140%
in 4% H2.

nanometal oxides, and nanometals, which account for more
than 90% of the published papers. In the last section some
conclusions are drawn, with a focus on device design and
proposed sensing. For the sake of brevity we will not deal
with polymer nanocomposite-based chemical sensors, except
in a few cases. It should be noted that chemical nanosensors
were reviewed, although with different approaches, in 2006
and 2007 by Huang and Choi, Jiménez-Cadena et al., and
Riu et al. [5–7].

2. Properties of the Nanostate

There is not an exact understanding of the mechanisms
for quantum confinement, surface-to-volume ratio, NP
morphology, and aggregation/agglomeration states to con-
trol nanomaterial sensitivity. Nevertheless, there is clear
evidence for nanostate-enhanced chemical reactivity [8]. In
the following an account of the principal findings related to
each of the four features is presented.

2.1. Quantum Confinement. In a metallic material, quantum
confinement (QC) plays a key role in setting up and
determining material properties when one dimension is
comparable to the de Broglie wavelength which, for a typical
metal such as copper, is a fraction of an nm. However, unless
low temperatures and high magnetic fields are employed,
scattering or incoherent phenomena prevent the observation
of QC related effects, even in the nanorange. For a non-
metallic material the comparative dimension is the Bohr
exciton radius which falls, in many cases, in the range
of 1 to 10 nm. Since the exciton binding energy increases
for decreasing the confinement dimension, a nonmetallic
nanomaterial can exhibit quantum effects even around room
temperature, opening the way to fabrication of QC-based
nanosensors. In this range, ionization potentials or chemical
affinities, just to mention two of the quantities classically
considered unscalable, are shown to depend on the size and
are different from the atomic and the bulk extrema [9]. In
other words nanoscale particles can be considered as “new,”
size-dependent, solid state materials with their own chemical

functionalities. In this respect, for each element a new class
of materials originates and new devices and systems can be
engineered by virtue of their size.

A very interesting consequence, as far as sensors are
concerned, is that these materials exhibit a different chemical
activity than their bulk counterparts [10, 11]. For instance,
Brus has shown that in a semiconductor nanocrystal the
rate of charge transfer, kq, is greatly enhanced and mainly
determined by quantum confinement effects [12, 13]. More
recently Di Francia et al. have modeled the interaction
between a Silicon NP and a gaseous ensemble [14]. Neglect-
ing diffusion effects, the model expresses the reaction rate
constant, kq, by the following classical relationship:

kq = p ∗ Z ∗ exp
(
−ΔG∗

KBT

)
. (1)

Here p is the probability of electron transfer in the activated
complex and ΔG∗ is the free energy required to form the
activated complex from the separate reactants [15, 16]. For
an adiabatic reaction p ≈ 1, while in the nonadiabatic
case p < 1. Z is the collision frequency, which has a
linear dependence on the reactants cross-sections [17]. Z is
expressed in Torr −1s−1 for reactions in the gas phase.

According to Marcus theory:

ΔG∗ = 1
4λ

(λ + ΔG0)2, (2)

where ΔG0 is the standard free energy of the reaction and λ
is defined as the “reorganization term” [16]. λ is a parameter
related to the reorganization of the reactants electronic levels
upon the electron transfer event and it is the sum of an
inner and an outer term: λ = λi + λ0 [16]. For gaseous
reactions the last term is negligible and λ = λi [18]. A similar
expression holds both for adiabatic (p ≈ 1) and nonadiabatic
(p < 1) reactions, although with a suitable redefinition of
the various terms [15]. In the latter case p must be treated
quantum-mechanically and is a function of the reagent-
product wavefunctions overlap. When quantum effects are
exhibited, Z, p, and ΔG∗ will depend, in general, on the
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Figure 2: Plot of (3) where the resonant rate constant and the
sole surface effect (dashed) are reported for the case of a silicon
nanoparticle.

confinement energy Ec, that is, on the particle size dp. For the
case investigated the reaction rate constants for unpassivated
and passivated nanoparticles are given, respectively, by

kq = Z′ ∗ d2
p ∗ exp

[
− 1

4KBTλv

(
λ′v − Ec

(
dp
))2
]

, (3)

where λ′v = λv − (EO∗2 − Eg), or

kq = Z′ ∗ d2
p ∗ exp

(
−γ ∗ dp

)
(4)

where γ is a scaling factor [14].
For both situations the model predicts the existence of a

resonant energy (i.e., of a resonant dimension) that strongly
enhances the NP-molecule charge transfer. In Figure 2 the
effect is shown for the case of the interaction between
a silicon NP and molecular oxygen. Two conclusions can
be drawn from the model. First, since the characteristics
of the electron transfer resonance are only determined by
the specificity of the NP-molecule interaction, nanosensors
relying on this effect could be highly selective and their
response tuned towards a specific analyte by means of
proper selection of the nanoparticle material and size.
Second, “quantum” sensitivity will mainly depend on the
ability to fabricate nanosensors operating on the highest
number of singly operating NPs. This is probably the most
difficult task to achieve since NP ensembles usually show
physical properties that are very different from the individual
components [19].

2.2. S/V Ratio and Surface Termination. According to (3) and
(4), below and above the resonant region it is the surface
that mainly determines the nanosensor performance. The
surface-to-volume ratio, S/V, and the surface termination
shape the specificity of the nanostate since surface and bulk
states compete for control of the materials physical and
chemical properties [20]. This effect is strongly dependent
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Figure 3: Number of surface and bulk atoms for a crystalline silicon
spherical NP versus its bulk dimension.Rb is the Bohr exciton radius
and Sb the corresponding number of NP surface atoms [22].

on the surface termination and becomes more evident the
smaller the NP dimensions are, even if quantum effects are
not intense [21]. In Figure 3 the number of surface and bulk
atoms has been computed and reported for the case of a
crystalline silicon spherical NP versus its bulk dimension.
The right axis shows that for decreasing nanocrystalline
radius, the S/V ratio rapidly increases reaching values
around 10% for NP dimensions just below the silicon Bohr
exciton radius [22]. As a result, the interaction cross-section
decreases and surface states, which are more sensitive to
external molecules, increasingly determine NP physical and
chemical properties. The latter effect is more pronounced
when defects, surface adsorbed species, or an NP doping are
present [21, 23].

2.3. NP Morphology. For nanoparticles exhibiting the same
S/V ratio, morphological differences may result in different
chemical properties. For example convex surface structures
have lower dissolution rates than concave ones [24]. Convex
structures are also thermodynamically less stable, so that
these particles can suffer preferential dissolution and have
higher equilibrium solubility [25, 26]. In some cases their
equilibrium solubility can even be above saturation concen-
trations, leading to precipitation and growth of aggregates.
This thermodynamic instability can be particularly strong,
resulting in forms of “natural attachment” with defect-free
structures and homogeneous crystal orientation [27]. NP
aggregates are the most common form for a nanomaterial
with physical and chemical properties which are different
from basic block, although strongly dependent on it [19].
They are very complex to model since they can be assimilated
to macroscopic quantum confined structures. A possibile
way to overcome this problem is through the use of
NP specific surface passivating treatments that, however,
strongly deprive reactivity.

2.4. NP Agglomeration. NPs and NP aggregates very often
tend to form agglomerates. This further complicates the



4 Journal of Sensors

problem introducing a new route for physical and chemical
property modification. Agglomerates could be considered,
technologically speaking, as the “natural” NPs state, char-
acterized, for instance, by nanowires (NWs), bundles, or
nanodot pellets, which are generally difficult to control in
terms of number of constituents, shape, morphology, and so
forth. Nanodevices fabrication requires a standard platform
for technological process manufacturing and this, in turn,
necessitates well-defined technological treatments to remove
agglomerates. This is a research area that is still in its infancy.

The unique physical and chemical properties that
nanoscale materials exhibit stem from a competition/ merg-
ing of the above elements, whose relative weights are
mainly determined by the way the materials are engineered.
Top down approaches provide highly controllable processes
(such as the lithographic process) and lead, in general,
to the fabrication of few structures, even single quantum
dots, whose physical properties can be finely predicted
theoretically or to synthesize a much larger number of
nanostructures, as in the case of the electrochemical etching,
by means of self-adjusting mechanisms, still difficult to
model. In both cases agglomeration is not exhibited, but
aggregation directly determines the physical properties, at
least in the latter case. “Bottom up” approaches, such as
vacuum deposition or electrochemical growth, show similar
features. Agglomeration, however, is usually observed in this
case [28].

3. Nanosensors

In the following, an overview of the status of the current
research activities in this field is delineated. Due to the large
number of papers, we selected the works that, in our view,
better describe the evolution of this field, mainly in the last
few years.

3.1. Carbon Nanotubes. Tubes are potentially very interesting
in the sensor field since they are characterized by high,
theoretically infinite, S/V ratio. Kong et al. first reported on
a dramatic decrease, or increase, of the electrical resistance,
measured by means of scanning tunneling microscopy, in
single-walled carbon nanotubes (SWCNT) exposed to NO2,
or NH3, respectively, [29]. In the former case the increased
electrical conductivity in NO2 was attributed to a partial
charge transfer from the SWCNT to NO2, resulting in an
increase in the hole concentration. In the latter case, some
not clearly defined intermediate species were suggested to
have played a key role. SWCNTs have also been shown
to exhibit an extreme oxygen sensitivity [30]. In this case,
an increase in the electrical conductivity in an oxidizing
environment has been reported and it was suggested that
defects could play a major role in the mechanism. The
same group had previously reported on some singularities
appearing in the electrical conduction of SWCNTs and
similarly attributed this to the presence of some kind of
defect [31].

Following that finding, several CNT-based nanosensors
began to be investigated. Li et al. proposed a simple resistive
device, shown in Figure 4, fabricated by casting a solution

SWNTs

Gold
electrode

2μm

Figure 4: NO2 and nitrotoluene nanosensor. Images show the
interdigitated electrodes and the bundle of SWCNTs across the two
gold electrodes working as the sensitive material. (Reprinted from
[32], copyright 2003, with permission from the American Chemical
Society.)

of purified SWCNT in dimethylformamide on a silicon
substrate [32]. The device operated at room temperature and
exhibited a very high sensitivity to NO2 and nitrotoluene
with 44 ppb and 262 ppb detection limits, respectively, in N2.
It was speculated that the operating mechanism was related
to charge transfer on individual nanowires, with additional
hopping effects modulating the conductivity.

The following year, the same group reported on an
SWCNT-based gas sensor, specifically designed for methane
with an operating range in dry air between 6 and 100 ppm
[33]. The device was fabricated by casting, using a sus-
pension of purified SWCNT in deionized water (DIW)
where sputtered Pd nanoparticles were dispersed. These
weak complexes allowed methane adsorption along the NW
walls, changing the conductivity by means of a charge
transfer mechanism. This group also stressed, for the first
time, the requirement of “sensor training”: the device was
observed to improve its performances with use (mainly
in terms of baseline stabilization). The adopted process
reflects the temperature conditioning processes typical of
semiconductor oxide-based chemical sensors.

Valentini et al. then proposed another interesting
methane sensor based on CNTs and fabricated on a silicon
wafer, with Pt interdigitated (IDE) contacts, a platinum
heater and operating around 1000 ppm. The device switched
from p-type to n-type upon exposure and the possible role of
defects adsorbed atmospheric oxygen, acting as intermediate
towards other external gas molecules, was suggested [34].

The feasibility of a simple and original fabrication
process was demonstrated by Wongwiriyapan et al., by selec-
tively growing SWCNTs directly onto an alumina substrate,
patterned with Pt IDE and coated with e-gun deposited Al
and Fe clusters acting as catalysts. The device, shown in
Figure 5, operates as an NO2 SWCNT-based gas sensors with
a detection limit down to 50 ppb [35].
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Figure 5: The original fabrication process demonstrated by
Wongwiriyapan et al. SEM images show as-grown SWNT networks
(a) on alumina substrate, and (b) at the boundary between an
alumina layer and Pt electrode. (Reprinted with permission from
[35]. Copyright JJAP 2005.)

Similar sensitivities towards NO2 in dry air (up to
100 ppb) were claimed by Penza et al. This group fabricated
a multiwalled carbon nanotube (MWCNT)-based gas sensor
on an Alumina substrate. Fe was used as a catalyst for the
growth. The enhanced sensitivity was obtained using Pt and
Au as reaction catalysts and explained in terms of a spillover
mechanism. NH3 sensitivities up to 5 ppm were reported
[36].

Several sensor devices based on a Field Effect Transistor
(FET) architecture have also been proposed. An FET sensor
has been fabricated using the Si/SiO2 substrate as the gate
and depositing Mo both as catalyst, for SWCNT growth
and to form source/drain (S/D) contacts to the device.
Arrays of CNTs were then deposited as bridges between
S/D electrodes. The device, coated with Polyethylenemine
or Nafion, exhibited detection limits of 100 ppt towards
NO2 and 10 ppm towards NH3. In both cases the electrical
current decreased. Recovery was accomplished using UV
illumination [37].

Similarly, an NOx and NH3 SWCNTs-based chemical
sensor has been fabricated by means of dielectrophoretic
process on an FET structure. It was found that NH3 reduces
the conductivity because of the charge transfer to the
SWCNT, whereas NOx induces an opposite effect [38].

In order to improve the sensitivity of SWCNT-based
sensor, nanotube functionalization has been suggested. By
means of an electrochemical process, SWCNTs have been,
for instance, functionalized with polyaniline (PANI). The
PANI-SWCNT composite behavior has been tested in NH3,
exhibiting a detection limit of 50 ppb. The response time at

room temperature is of the order of minutes and the recovery
time is a few hours [39].

Nguyen’s group fabricated a gas sensor from an SWCNT
powder by the screen-printing method followed by an
annealing treatment. The sensor has been tested up to 5 ppm
of NH3 diluited in 500 sccm N2 at room temperature. The
sensitivity increased as the gas concentration increased but
diminished when the NH3 concentration reached 40 ppm.
Sensor recovery was achieved by increasing the carrier flow
or heating the device during the desorption step [40].

MWCNTs synthesized under ambient conditions and
coated with SnO2 were investigated as sensitive elements in
a sensor that exhibited fast responses to liquefied petroleum
gas (LPG) and ethanol (C2H5OH) with a recovery time of
only a few seconds [41].

A thiol functionalized MWCNT-based chemical sensor
was designed and developed for the detection of the first four
fundamental aliphatic hydrocarbons: methanol (CH3OH),
ethanol (C2H5OH), propanol (C3H7OH), and butanol
(C4H9OH). High degrees of selectivity and sensitivity up to
a detection concentration of 1 ppm have been demonstrated.
It was shown that in the presence of a chemical species, the
surface of the nanotubes undergoes a change resulting in a
shift of the resonant frequency peak [42].

Single-walled carbon nanohorns (SWNHs), produced by
the gas-injected arc-in-water method, have been used by
Suehiro et al. to fabricate a room temperature NO2 and
NH3 nanosensors. Agglomerated SWNHs were deposited on
a glass substrate between metal electrodes and manipulated
under dielectrophoresis. It was found that conductance of
the DEP-fabricated SWCNHs sensor increased or decreased
upon exposure to ppm-levels of NO2 or NH3, respectively,
[43].

To detect NO2, Lee et al. deposited, by casting, a disper-
sion of as-grown SWCNT powder into dimethylformamide
on a pair of interdigitated electrodes. A 350◦C annealing
was used to eliminate the DMF molecules adsorbed on the
surface. The sensors were exposed to NO2 concentrations in
the range of 3 ppm to 10 ppm and the gas sensing property
was assigned to a direct charge transfer from the physically
adsorbed molecules to the individual p-type semiconducting
SWCNTs [44].

In order to improve device selectivity, Suehiro et al.
proposed a liquid-phase electrochemical reaction to realize
a Pd-functionalized CNT hydrogen sensor. The CNTs were
immersed in a palladium acetate solution together with a
graphite rod. DC voltage was applied so that palladium
acetate could be reduced and catalytic Pd could be elec-
trodeposited on the CNT surface. The CNT sensor reversibly
responded to hydrogen gas in air in the concentration range
from 0.05% to 1% at room temperature [45].

Sin et al. realized alcohol sensors by depositing bundles
of chemically functionalized multiwalled carbon nanotubes
across Au electrodes on an SiO2/Si substrate using an AC
electrophoretic technique. The multiwalled carbon nan-
otubes were chemically functionalized with COOH groups
by oxidation. It was found that the sensors were selective
towards water vapors and alcohol vapors in air. The sensor
response was linear for alcohol vapor concentrations from
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1 ppm to 21 ppm with a detection limit of 0.9 ppm. The
response time was around 1 second. Recovery was obtained
by passing a current of 100 μA–200 μA for about 100–200
seconds through the sensing elements [46].

Finally, an interesting approach was proposed by Vieira
et al., by combining single-walled carbon nanotubes and
poly(3,3-dialkyl-quarterthiophone). The devices containing
only nanotubes or pure polymer provided minimal response,
whereas the nanocomposite material (1 wt.% of nanotubes in
the polymer) exhibited excellent sensitivity and selectivity to
hydrogen, ammonia, and acetone. Moreover they observed
that even small amounts of gas doping (10 ppb) resulted in
exponential changes in the overall conductivity profile of
the nanocomposite sensor, thus anticipating an element of
“gain” within the chemical sensor. The proposed mechanism
takes into account an effect of modulation of the polymer
electrical conductivity induced by the SWCNT interaction
with the analyte [47].

In Table 1 an overview of the results, presented above,
is shown. Sensors generally operate at RT. Responsivity is
fairly high and recovery is often observed, although with long
characteristic times. In most cases, some sort of conditioning
process has been performed.

3.2. Crystalline Silicon. The physical properties of crystalline
silicon are quite insensitive to the environment. Actually, this
is one of its relevant characteristics as an electronic material.
It is then quite surprising to observe that when reduced to the
nanoscale, in a porous structure, crystalline silicon strongly
reacts, even explosively, with various analytes [48, 49]. The
silicon Bohr exciton radius is about 5 nm and when silicon
is electrochemically engraved, a porous silicon (PS) structure
with wall thicknesses in the range of 2 nm to 5 nm is formed
[50]. The resulting nanocrystallites show novel properties,
determined by the quantum confinement and by surface
defects that play a key role in determining material physical
properties, since the structure is characterized by a high
S/V ratio that roughly increases with the inverse of the
wall thickness [51, 52]. PS high chemical reactivity towards
the environment has stimulated great interest in the sensor
field. Properties such as its photoluminescence quenching
and/or the electrical conductivity deep change, induced by
molecules adsorbed onto its surface, are very interesting for
gas sensor applications especially taking into account that
they are observed at room temperature. Therefore, several
PS-based sensor devices have been investigated, operating on
both optical and electrical effects.

In Table 2 a summary of the chemical families detected
with such devices is given.

Although very high sensitivities have often been reported,
selectivity is rarely an issue [80, 81]. Actually, the instability
of the native surface termination is the major barrier
preventing wide applications of PS in the sensor field.
In typical porous silicon formation the material surface,
although mainly characterized by a stable Si–H coverage, is
partially defected and prolonged exposure to air, in standard
operating conditions, can deteriorate the passivation which
is required for the material to be effectively used in sensor
technology.

Several methods to overcome this problem have been
investigated in order to overcome this problem. For instance,
Massera et al. demonstrated that stabilizing its surface with
a prolonged exposure to high NO2 concentrations prior
to use greatly improved the electrical performance of a PS
NO2 gas sensor [82]. Recently, Ali et al. investigated the
effect of surface passivation in a hydrogen sensor based on
Porous silicon [83]. Two types of samples were prepared,
one with typical HF anodizing solution and the other with
the addition of H2O2. The device based on peroxide treated
PS showed a better electrical (I–V) sensitivity, which was
attributed to a more efficient surface passivation, confirmed
by the Fourier transform infrared (FT-IR) measurements.
Lewis et al. observed that a novel process for device metal
coating using electronless deposition provided enhanced
sensitivity and selectivity to NOx, CO, and NH3 [84]. Rahimi
and Iraji zad presented another method to improve the
selectivity and sensitivity of a PS-based hydrogen gas sensor.
By means of an electronless process, Pd nanoparticles were
deposited onto a porous silicon surface. Hydrogen sensing
occurs on the basis of a change in the Schottky barrier
height at the silicon-palladium interface. Variations of the
electrical resistance, at room temperature, in the presence of
diluted hydrogen concentrations down to levels of only a few
thousand ppm, were observed [85].

Mahmoudi et al. showed how sensitive and reversible
detection of CO2 and propane could be achieved by means
of photoluminescence-quenching modified porous Si [86].
In this case, porous silicon coated with a hydrocarbon group
(CHx) was annealed at different temperatures, allowing the
carbon to react with silicon and to produce SiC. An intense
blue light is emitted from the thermally carbonized PS
surface after annealing at 600◦C. Good sensitivity for organic
solvent detection was observed after thermal annealing of
microcavity devices based on this technology [87].

A completely different approach to silicon-based
nanosensors, although mainly investigated for biosensors,
is to exploit the properties of silicon nanowires. Hahm
and Lieber first reported on a very sensitive DNA sensor
fabricated by modifying the surface of a silicon nanowire. In
this case the effect of surface states on the silicon nanowire
quantum properties observed at the nanoscale could play
an effective role in the device sensitivity [88]. This effect is
similar to the one reported by Di Francia et al. and observed
on suitably functionalised porous silicon [89]. The effect
of different environments on silicon nanowires has been
also investigated, opening the way to silicon nanowire-based
chemical sensors. For instance Zhou et al. first reported
on a NH3 and RH sensitive and reversible sensors based,
as shown in Figure 6, on bundles of silicon nanowires
[90]. Recent accounts on these approaches can be found
in [91, 92].

3.3. Metal Oxides. Metal Oxides (MOX) possess a broad
range of electronic, chemical, and physical properties that
are often highly sensitive to changes in the chemical environ-
ment. In fact, most commercial solid state chemical sensors
are based on appropriately structured and doped metal
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Table 1: CNT-based nanosensor properties and performances. Sensors generally operate at RT. In several cases some sort of conditioning
process is used for improving device characteristics. Recovery is obtained with quite empirical approaches.

Material
Chemical species
detected (carrier)

Range Recovery Conditioning notes Ref.

SWCNT
NO2 (N2)

10s to 100s ppb
Yes, slow, better
with UV light No [32]

Nitrotol. (N2)

SWCNT (Pd
charged)

CH4 (air) 10–100 ppm
Yes, slow, better
with UV light

Yes Operated at 40◦C [33]

CNT
CH4 (vacuum)

0.01–12 mbar No No
[34]

O2 (vacuum)

SWCNT NO2 50 ppb Not Available (NA) No Carrier data NA [35]

MWCNT
NO2 (dry air) 100 ppb

Yes, slow No Operated at T > 150◦C [36]
NH3 (dry air) 5 ppm

SWCNT
NO2; NH3 in Ar
diluited in air

100 ppt
Yes with UV light No

Selectivity obtained with
polymer coating

[37]
100 ppm

Commercial
SWCNT

NH3 (N2)
30% in aqueous
solution

Yes with
electrostatic
perturbation

Yes
Sensitivity depends on gate
voltage. NH3 reduces the
conductivity; NOx induces an
opposite effect

[38]

NOx (N2) 13.5 ppm

PANI-SWCNT
network

NH3 50 ppbv Yes, with argon Yes At room temperature sensor
response is completely reversible

[39]

SWCNT NH3 (N2) 5 ppm

Yes, increasing the
carrier flow or
heating during the
desorption

Yes

Annealing pretreatment
increased the sensor sensitivity.
Sensitivity diminished when
NH3 concentration reached
40 ppm

[40]

MWCNT (SnO2

particles coated)
LPG 100–1000 ppm

Yes (few seconds) Yes
Working temperature 325◦C.
Sensor response is linear with gas
concentrations

[41]
C2H5OH in 50%
RH 10–200 ppm

MWCNT (thiol
funct.)

CH3OH C2H5OH

1 ppm NA NA

Resonant freq. Shift. Freq.
response is due to the binding
between Thiol group and ionic
hydrocarbon

[42]C3H7OH

C4H9OH

(DI water)

SWCNT NO2 3–10 ppm No NA
Dispersion of SWCNT powder
into dimethylformamide [44]

Commercial
SWCNT H2 (air) 0.05–1% Yes No Pd-functionalized [45]

Commercial
SWCNT alcohol 1–21 ppm Yes No Recovery by current injection [46]

Commercial
SWCNT

NH3 and H2 0.01–1000 ppm NA NA
Composite with conducting
polymers [47]

oxides (mainly SnO2 and ZnO) that have proved capable
of detecting a variety of gases with high sensitivity, good
stability and also for low production cost.

The fundamental sensing mechanism for most metal
oxide-based gas sensors relies on the change in electrical
conductivity due to charge transfer between surface
complexes, such as O−, O2

−, H+, and OH−, and interacting
molecules. Normally this process requires an activation
energy so that classical MOX sensors only operate at high
temperatures, generally above 200◦C [93]. This means that

power consumption is a problem that is becoming more and
more urgent in view of the new concepts of pervasive sensing,
based on an increasing number of sensing units. Because of
the enhanced chemical reactivity of nanomaterials at lower
temperatures, it seemed “natural” to investigate if nano-
MOX could exhibit equal, or improved, sensing behaviors
than their classical macroanalogues, but for minor energy
expense.

During recent years several MOX-based nanosensors
have been investigated. In 2002 Law et al. fabricated
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Figure 6: Silicon nanowire-based gas sensor. Transmission electron micrographs (TEM) of (a) nonetched and (b) HF-etched Si nanowires.
The insets show the high-resolution TEM. (Reprinted from [90], copyright (2003) with permission from Elsevier.)

Table 2: Chemical families detected with porous silicon-based
chemical sensors (adapted from [53]).

Chemical family Electrical Optical Other References

Alcohols x x x [54–62]

Ketons x x x [55, 61, 63]

Alkanes x [64–68]

Hal. Aliphatic x [63, 69, 70]

Ethers x [63]

Carboxylic acid x x x [63, 71]

Cicloaliphatic x [63]

Aromatic x x x [55, 61, 63, 72]

Halog. Aromatic. x [73]

Inorganic x x x [54–56, 68, 73–79]

Halogens x [49]

and tested the performance of individual SnO2 single-
crystal nanoribbons configured as four-probe conductomet-
ric chemical sensors. They found a detection limit for NO2of
3 ppm with response/recovery times of the order of seconds.
The change in the electrical conductivity was observable
even near RT and was modulated by molecular adsorption
on surface states assisted by ultraviolet (UV) light with an
energy near the SnO2 bandgap [94].

Comini et al. deposited SnO2 nanobelts on Platinum
interdigitated electrodes and investigated their behavior
in the range 300◦C–400◦C. The device showed excellent
sensitivity towards CO, ethanol, and NO2 which could be
detected down to only a few ppbs. While CO and ethanol
adsorption resulted in an increase in the conductivity, NO2

increased the nanobelts electrical resistivity [95]. Because
of the macroscopic dimensions, the suggested operating
mechanism was assumed similar to the classical, possibly
improved by the higher S/V ratio [93].

Kolmakov et al. used nanoporous alumina as a template
for synthesizing arrays of parallel Sn nanowires, which were
converted to polycrystalline SnO2 nanowires of controlled
composition and size. Conductance measurements on the
individual nanowires were carried out in inert, oxidizing,

and reducing environments in the temperature range 25◦C–
300◦C. Configured as a CO sensor, a detection limit of a
hundreds of ppms in dry air at 300◦C was measured with
a sensor response time of 30 seconds. The effect was ascribed
to the CO reacting with preadsorbed oxygen species to form
carbon dioxide, reducing the steady-state surface oxygen
concentration and donating electrons into the bulk, with a
subsequent conductivity increase [96].

Neri et al. fabricated SnO2 powders, annealed at 600◦C,
that showed good sensitivity to low concentrations of
ethanol (50 ppm–200 ppm). A remarkable enhancement of
the sensitivity towards C2H5OH, as well as response and
recovery time, was observed by the addition of 1 wt% Pt.
Pt enhances the adsorption and dissociation of molecular
oxygen on semiconductor surfaces due to its peculiar
catalytic properties. The surface species trap electrons from
the metal oxide conduction band, increasing the resistance of
the doped sample [97].

In Figure 7 a hydrogen sensor fabricated by Fields et
al. from single SnO2 nanobelts, synthesized via catalyst-free
thermal evaporation is shown. The sensitivity and response
time of the sensors without any catalyst on the surface
to 2% hydrogen at temperatures between 25◦C and 80◦C
were measured. A sensitivity higher than 0.3/(%H2), with a
response time of about 220 seconds and power consumption
of only 10 nW at room temperature, was demonstrated [98].

Chen et al. observed that SnO2–In2O3 nanocomposites
exhibited high responsivity and selectivity towards CO and
NOx, with a sensitivity depending on the composition and
calcination temperature of the composites and on the device
operating temperature. Sensing performance was further
improved through the introduction of a small amount of
metals or other oxides as dopants and surface coatings [99].

Similarly, SnO2/Fe2O3 nanocomposites have been used
to realize an ethanol gas sensor (10 ppm–200 ppm), oper-
ating in the temperature range 150◦C–450◦C. Different
sensor performances could be obtained by balancing the
SnO2/Fe2O3 content. The gas sensing mechanism is, in both
cases, similar; the adsorbed air oxygen reacts with the excess
electrons in the nanocomposite to give chemisorbed oxygen
anions that react with a reducing gas (e.g., CO) [100].
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Figure 7: Hydrogen sensors based on single SnO2 nanobelts
synthesized via catalyst-free thermal evaporation. Scanning electron
microscopy image of the device and its electrical behavior in 2 and
4 probe configurations. (Reprinted from [98], copyright 2006, with
permission from American Institute of Physics.)

SnO2/MoO3 nanocomposites have shown a response to
alcohols, CnH2n+nOH (n = 1–4), and NH3, explained in
terms of the acid-base scheme: Mo atoms at the SnO2 surface
change the surface acidity and, in turn, its reactivity towards
alcohols and ammonia or amine groups [101].

A humidity detector was realized using a single SnO2

nanowire as the sensing unit in a two-probe configuration.
This sensor, shown in Figure 8, exhibited a fast and fairly
high response to relative humidity (RH) in air. The pro-
posed operating mechanism was based on a model where
physisorbed water molecules, reacting with the Lewis acid
site (Sn) and Lewis base site (O) on the SnO2 surface to form
(SnSn

+-OH−) complexes, released electrons. As a result, the
depletion layer becomes thinner and increases the surface
conductivity of the SnO2 nanowire [102].

A similar architecture, but in a 4-probe configuration,
was also investigated by Mangkorntong and Thepnurat who
reported on a single SnO2 nanowire-based sensor, shown in
Figure 9 with a good room temperature sensitivity towards
ethanol (1000 ppm) [103].

Shen et al. distributed PdO particles randomly on
the surface of SnO2 nanowire testing sensors based on
both undoped and Pd-doped SnO2 nanowires. The devices
showed a reversible response to H2 at room temperature,
with a response increasing for increasing Pd concentra-
tion [104]. Sensitivity improvement towards oxidizing and
reducing gases in single, quasi-1D, chemiresistors (i.e., tin
oxide nanowires or nanobelts) was similarly demonstrated
by Kolmakov et al., after surface decoration with noble metal
catalyst particles [105].

Recently, branched nanostructures have attracted great
interest because they can provide means for improving
parallel connectivity, enhancing device performance. For
example, Wan et al. synthesized branched semiconducting
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Figure 8: Humidity detector realized using a single SnO2 nanowire
as the sensing unit in a 2-probe configuration. SEM image of a single
SnO2 NW placed between two Au electrodes. Here the two Pt boxes
have been deposited by Focused Ion Beam. (Reprinted from [102],
copyright 2007, with permission from American Chemical Society.)
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Figure 9: Ethanol nanosensor realized using a single SnO2

nanowire as the sensing unit in a 4-probe configuration. (Reprinted
from [103], copyright 2008, with permission from the authors.)

SnO2 nanowires to realize a chemical nanosensor with
excellent sensing characteristics for ethanol [106].

In 2004 Wang et al. fabricated individual ZnO nanowire
transistors that exhibited high sensitivity to oxygen. The
sensing properties of the chemical nanosensor, investigated
using UV irradiation, were related to the trapping and
releasing of carriers in the wires. Next year, the same research
group fabricated sensors sensitive towards ethanol based on
multipod-shaped, large surface area ZnO nanorods, having
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more than four up to tens of needle-like nanorods united at
a common junction. With such a technology, they realized
a sensor, shown in Figure 10 capable to detect 10 ppm
hydrogen at room temperature, with a rapid recovery [107–
109].

In 2007, vertically aligned ZnO nanowire arrays were
grown on a langasite substrate by Cheng et al. The gas sensor
device showed good sensing properties for NO2 [110].

Tang et al. realized a selective NH3 gas sensor based on
a Fe2O3–ZnO nanocomposite, operating at room temper-
ature. The increased sensitivity and selectivity to NH3 was
attributed to the addition of Fe2O3 nanoparticles, which
promotes the adsorption of NH3 molecules on the oxide
surface and accelerates the oxidizing process [111].

However, the standard technique to enhance sensitivity
and selectivity is the use of Pt, Au, or Cu catalysts. Wongka
et al., for example, impregnated zinc oxide nanowires with
platinum and gold nanoparticles to realize an ethanol sensor
operating up to a concentration of 100 ppm and at working
temperature of 180◦C–300◦C. An enhancement of sensitivity
and recovery time was observed for ethanol sensor based
on zinc oxide nanowires impregnated with platinum, but
no enhancement was observed for zinc oxide nanowire
impregnated with gold nanoparticles [112].

Similarly, Comini et al. investigated zinc oxide nanowire
networks using an evaporation/condensation technique with
uniform copper addition. Cu increased the sensor response
to acetone, ethanol, NO2, and CO gases at 400◦C [113].
Finally, transistors based on both single and multiple
In2O3 nanowires operating at room temperature have been
shown to detect NO2 down to ppb levels. The nanowires
conductance was observed to decrease with increasing gas
concentration [114].

In Table 3 an overview of the above results for SnO2

nanosensors is given. Sensor response is generally high and
recovery rather fast, in spite of the often ambient temperature
operating conditions. It should be noted that, as for the
previous cases, some sort of conditioning process was often
undertaken.

3.4. Metal Nanosensors. Most of the papers related to this
topic discuss nanosensor devices based on nanowires. The
reason being that metal nanowires have features such as
strength, ductility, and chemical stability, that make them
attractive candidates for device processing. Furthermore,
when the diameter of these structures is in the nanorange,
they could represent interesting transducers since the S/V
ratio increases with the inverse of the wire diameter. How-
ever, the basic operating mechanism for this class of sensors
is strictly related to innate metal characteristics. For example,
H2 nanosensors based on Pd nanowires work by virtue of
a change in the Pd crystalline phase upon exposure to low
concentrations of H2 and/or by means of surface conversion
into the more insulating PdH2 after H2 interaction [115–
117].

Walter et al. realized different metal nanowires using the
electrochemical step-edge decoration technique (ESED) and
characterized them as chemical sensors. Depending essen-
tially on the kinetics of the reduction reaction, two different

ways of preparing metal nanowires have been developed. For
metal cations with a slow transfer rate, as Molybdenum or
Cadmium, metal oxide wires (MoOx and Cd(OH)2, resp.)
were electrodeposited from aqueous solutions. The resulting
wires were converted into pure metal wires by reduction with
H2, or with H2S, at high temperature. In contrast, from acidic
solutions of palladium, gold, silver, and copper, no oxide
formation is observed and nanowires are obtained as pure
metals by electrodeposition [115]. Conductive gas sensors
based on silver and palladium nanowires were fabricated. Ag
nanowires, with diameters ranging from 150 nm to 950 nm
and lengths up to 100 μm, upon exposure to ammonia vapor
showed an increase in electrical resistance (up to 10 000%)
that was fast (<5 seconds) and reversible. The same reversible
behavior, although characterized by a slower response time
(1 minute), was recorded in the presence of liquid amine
vapor, while an irreversible resistance increase was found
when they were exposed to hydrogen sulfide. Conversely,
carbon monoxide, oxygen, hydrocarbons, argon, and water
caused no change in resistance for exposures up to 10 seconds
[118].

Arrays of palladium nanowires were investigated as H2

sensors [115–117]. Macroscopic Pd-based hydrogen sensors
suffer from two major drawbacks: response times that span
from 0.5 second to several minutes, which is too slow to
monitor gas in real-time conditions, and the fact that a
number of gas molecules, such as methane, oxygen, and
carbon monoxide adsorb onto the sensor surfaces and block
the adsorption sites for hydrogen molecules. Pd nanowire
hydrogen sensors offer solutions to the above problems. They
have a large surface-to-volume ratio and are characterized
by the presence of small (nano)gaps that the H2 induced
Pd swelling tends to close, as shown in Figure 11 The result
is a response time that can be as fast as 20 milliseconds,
when devices are characterized at high H2 concentrations
(>8%), and devices that seem to be less subject to poisoning
by common contaminants. Hydrogen exposure produced
a strong increase in the electrical current as investigated
by Favier and coworkers [116, 117]. Nanowires consist of
agglomerated Pd grains with “intergrain” nanogaps. When
exposed to hydrogen, the gas diffuses into the lattice and
reacts with the metal forming a metal hydride (PdHx),
resulting in a volumetric wire expansion with a partial or
total closure of the gaps. A strong increase in the electrical
conductivity can then be observed. Grain swelling is not
completely reversible: after H2 removal, the grains come back
to the initial volume but not to the initial position.

Palladium mesowires and nanowires can be fabricated by
electrodeposition from aqueous solutions of Pd2+ onto step
edges naturally present on highly oriented pyrolitic graphite
surfaces. Freshly deposited Pd nanowires are then detached
from the graphite and transferred onto a glass substrate by
means of cyanoacrylate.

Another technique, which simplifies the previous one by
avoiding the use of a template, is to directly manufacture a
Pd nanowire array onto a crystalline silicon substrate. The
choice of a silicon substrate opens the way to the direct
integration of this kind of sensor device in microelectronics.
Pd nanowire arrays were actually assembled directly onto a
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JEOL SEI 15.0 kV WD 15.5 mm1μm×20000

Figure 10: H2 nanosensor based on ZnO nanorods. SEM of ZnO multiple nanorods (left), and photograph of the nanorods contacted by
Al/Pt/Au electrodes (right). The ZnO chip has edge length∼5 mm in the left photo. (Reprinted from [109], copyright 2005, with permission
from American Institute of Physics.)
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Figure 11: H2 Pd nanowire hydrogen sensors are characterized by
a strong response in less than 20 milliseconds. Shown at top is the
mechanism proposed for sensor operation. (Reprinted from [116],
copyright 2001, with permission from the American Association for
the Advancement of Science.)

silicon chip, by means of AC dielectrophoresis using a metal
salt solution as a feed material. It was showed that nanowire
morphology affects the electrical conductivity when devices
are exposed to up to 4% of hydrogen, in nitrogen carrier, at
room temperature. It was found that thinner nanowires (less
than 90 nm wide) responded faster than thicker ones, with up
to 140% current changes in the presence of 4% H2 [119, 120].

4. Discussion and Conclusions

In the above sections we reported on almost one hundred
sensor devices based on different nanomaterials. It is worth
noting, however, that none of these has yet emerged as
commercially valuable. In this section, this point is discussed
in order to understand the existence of possible technological

constraints intrinsically limiting the development of saleable
gas nanosensors.

First of all, let us observe that gas nanosensor fabrication
technology is far from being assessed for either the sensitive
film and the transducer. In Table 4 gas nanosensors reviewed
in this work have been classified according to their trans-
duction mechanism. Although all the most common gas
sensor architectures are considered, optical and electrically
conductive devices (including FETs) are the most frequently
investigated.

Nanosensor device processing requires at least two
distinct steps: (1) sensitive nanomaterial production and
selection, and (2) placing the sensitive nanomaterial on
prepatterned electrodes, sometimes followed by an NP
alignment procedure.

With respect to the first step, Table 5 presents an overview
of the different fabrication processes used for the sensitive
element for each gas nanosensors type. Although several
processes, both “top-down” and “bottom-up” have actually
been exploited to fabricate the sensitive material, it appears
that chemical-based techniques, probably by virtue of their
flexibility, are favoured.

At present it is the second step, that is the ability to
connect the micro-(nano) world to the macro-one, creat-
ing functional heterostructures and interfaces between the
nanomaterial and the electrodes, that seems to be the most
critical one. This is probably true not only for nanosensors
but for any nanodevice. Actually, most of the reported
gas nanosensor transducers are fabricated using standard
electronic processing techniques and only in a few cases
have specific nanotools, such as the Focused Ion Beam, been
employed (although mainly as nano-soldering equipment).
However, any technological process on a nanomaterial needs
to be set up in such a way as to prevent nanomaterial deteri-
oration with manipulation and to preserve the properties of
the nanostate.

In this respect several different approaches have been
discussed, mainly following two different strategies: (1) the
deposition of the nanomaterial in the form of a dispersion on
a prepatterned substrate, and (2) the formation of contacting
electrodes onto the deposition itself.
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Table 3: A summary of SnO2 based nanosensor properties and performances. Sensors generally show high responses and often work at RT.
In several cases, some sort of conditioning process is adopted to improve device characteristics.

Material
Chemical species
(carrier)

Range Recovery Conditioning notes Ref.

SnO2 nanoribbons
NO2

(synthetic air)
3 ppm

Yes, few seconds
by UV irradiation

Yes
Reversible at RT.
Photoinduced desorption
of the analyte

[94]

SnO2 nanobelts
NO2

(synthetic air)
few ppb Yes Yes

Operating temperature is
400◦C. CO and ethanol
increase the conductivity,
while NO2 decreases the
conductivity, of the SnO2

nanobelts

[95]

SnO2 nanowires CO (dry air) few hd ppm Yes Yes
CO increases the
conductivity with response
times of ∼30 s at 300◦C

[96]

SnO2 nanopowders C2H5OH ( air) 50–200 ppm Yes Yes Annealing at 600◦C [97]

Single SnO2

nanobelts
H2 2% H2 Yes Yes

Operating temperatures
between 25◦C and 80◦C.
Resistance decreases with
response time <220 s;
power cons. <10 nW @
25◦C

[98]

SnO2–In2O3

nanocomposite
oxides

CO (air) Sensitivity of 16.0 and
7.5 to CO and NO2,
respectively

NA Yes
Nanocomposites calcined
at 600◦C. Sensitivity
increases with gas
concentration at
100◦C–300◦C

[99]NO2 (air)

SnO2/Fe2O3

nanocomposites

CO CO (40–150 ppm),

NA Yes

Temperature range:
150◦C–450◦C. Increasing of
Fe2O3 content results in
oxidation enhancement.

[100]ethanol ethanol (10–200 ppm),

H2S NO2 H2S (2–10 ppm)

(RH 30%) NO2 (50 ppb–10 ppm)

SnO2/MoO3

nanostructure

CnH2n+1OH
(n = 1–4);
NH3 in air

1 μl alcohols (300◦C);
500 ppm NH3 (350◦C)

NA Yes
Electric sensor response to
the alcohols decreases with
increasing MoO3 content

[101]

single SnO2

nanowire
RH 5%–85% RH Yes Yes

Pt boxes deposited by
focused ion beam (FIB)
improve electrode contact.
R decreases with the
increase of RH in air at
30◦C

[102]

Table 4: Nanosensor architectures.

Sensor type CNT Nanosilicon Nano-MOX Nanometal References

Optical x x x [51, 56–58, 60, 62, 64, 65, 67, 70–74, 76, 79, 86–89, 121, 122]

Conductive x x x x
[29, 30, 32–36, 39–47, 54, 59, 61, 63, 66, 68, 75–78, 80–85, 90, 91, 94–
101, 103–106, 108, 109, 111–113, 115–120]

QMB x [121, 123]

MEMS x x [124–126]

SAW x x [110, 127, 128]

FET x x x [37, 38, 92, 102, 107, 114, 122, 129–133]
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Table 5: The different nanomaterial fabrication processes used for gas nanosensor sensitive layer fabrication.

Sensitive layer
processing technique

CNT Nanosilicon Nano-MOX Nanometal References

Commercial material x x [33, 34, 38–40, 44–47, 121, 123, 127, 128, 131]

Electrochemical x x [51, 54, 56–58, 60, 61, 63–67, 70–87, 89, 96, 133]

Chemical x [91, 97, 99–101, 110, 111, 126, 134]

Electro/dielectro-
phoresis

x [115–120]

MBE x [109, 135]

Thermal evaporation x [94, 95, 98, 104, 107, 122, 130]

Pyrolysis x [41, 43]

Microwave x [42, 68]

CVD-VLS x [35, 88, 102, 124, 129, 132]

HiPco x [32]

Laser ablation x x [30, 31, 114]

Table 6: Classification of the reviewed papers according to the
different technological strategies followed for gas nanosensor device
fabrication.

Gas nanosensor technological
process

References

(1) Deposition of the
nanomaterial in the form of a
dispersion on a prepatterned
substrate.

[32, 38–42, 45, 68, 82, 94, 95,
97, 100, 104, 107, 111, 118, 121–
123, 127–132, 134]

(2) Nanomaterial, in the form
of a dispersion, is deposited on
the substrate and contacting
electrodes are realized onto the
nanomaterial.

[54, 61, 63, 75, 76, 78, 80, 81,
84, 85, 88, 91, 96, 98, 99, 102,
106, 109, 114, 126]

(3) “Growth in place”: the
fabrication of the nanomaterial
is performed exactly where the
nanodevice architecture
requires it, exploiting existing
electrodes.

[35, 46, 110, 119, 120, 124, 133]

Others (mainly optical)
[51, 56–58, 60, 65–67, 70–
74, 79, 87, 89]

In the former case, nanomaterial is prepared in the form
of a dispersion which is then deposited by some suitable
technique (spin-coating, printing, dip coating, etc.) onto a
prepatterned transducer (generally fabricated using standard
electronic techniques). A postannealing is often exploited to
improve the contact characteristics. This approach nominally
preserves the nanomaterial characteristics and allows, to
some degree, its alignment when electrochemical techniques
are adopted. However dispersions are very rarely char-
acterized in terms of particle size, polydispersion index,
solvent/solute interaction, and so forth so that the results
reported suffer from poor reproducibility. Moreover, the
quality of the contact nanomaterial/electrode is rarely inves-
tigated. Annealing treatments are quite regularly adopted,
often on a purely empirical basis, both to free the dispersion

from its solvent and to improve the electric contact charac-
teristics, but their effectiveness is not clear.

In the latter case the nanomaterial, in the form of a
dispersion, is deposited on the substrate and contacting
electrodes are deposited onto the nanomaterial itself using
standard techniques (thermal or e-beam evaporation, sput-
tering, etc.) or even using silver paint. Again, a postannealing
is often exploited to improve the contact characteristics.
Devices based on single nanoparticles “captured” from
random dispersions and contacted with this technique have
been investigated.

It is worth noting that since the first approach does not
require any further nanomaterial treatment, it is generally
considered the most suitable to preserve nanomaterial
physical properties.

Actually, a third approach exists, although discussed
in an only limited number of papers. It is the so-called
“growth in place” technique that allows fabrication of the
nanomaterial exactly where the nanodevice architecture
requires it, strongly simplifying the process and avoiding
excessive handling of the nanomaterial [136, 137].

In Table 6 papers reviewed have been classified according
to the different technological strategies followed for gas
nanosensor fabrication.

Apart from a few notable exceptions, mainly observed
in silicon-based nanosensors, none of the reported devices
seem to operate by exploiting quantum effects; nanomaterial
characteristic dimensions are still too far from the Bohr
exciton radius for quantum properties to become appar-
ent. In spite of this, different proposed nanosensors show
enhanced reactivities towards a wide range of analytes and
are characterized by fairly high sensitivities at an operating
temperature which is very often near room temperature. This
effect has been attributed to the combination of an improved
S/V ratio and the presence of surface defects that strongly link
the electrical conductance of the device to the nanomaterial
environment.

Although in a few cases no recovery at all could be
observed, in many devices the response and recovery times
could be measured in the range from seconds to several tens
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of minutes. This should not be surprising since the operating
temperature is often the ambient temperature, but it is
actually one of the most serious limitations to nanosensor
applications. Procedures to improve response and recovery
times have been suggested by various authors. Mechanical
perturbations such as gas over- or underpressure, external
heating, light illumination at various frequencies (from IR
to UV), application of external electric fields, have been all
exploited to improve device recovery and, in a few cases, also
to enhance sensitivity. In most cases these treatments proved
to be effective, but no theoretical background was proposed
to account for their effect.

Selectivity is rarely an issue and it is at most pursued by
using some kind of catalyst to accelerate a given reaction,
mainly in the case of MOX nanosensors.

Finally, sensor conditioning (or training) is quite a
common processing step. Since one of the main advantages
of a nanosensor is its ability to operate at RT, conditioning
cannot be performed by heating the sensor around the
operating temperature, as happens in standard solid state
chemical sensors with operating temperatures of hundreds
of ◦C. Several processes have been proposed involving
prolonged soaking in the target analyte with or without, light
illumination or mild heating. The effect has been shown to
always be positive, mainly on the sensor baseline.

In summary, the gas nanosensors so far investigated
have several problems, the most important being: (1) lack
of reliable and well-assessed fabrication processes, (2) very
long response and recovery times, and (3) quite unstable
baselines. These factors remain important technological
issues that prevent, at present, the development of saleable
gas sensors made from nanomaterials. On the other hand,
no technological constraint seems to intrinsically limit the
development of seleable gas nanosensors.

The results we have discussed in fact show that the
enhanced chemical reactivity of the nanostate can be effec-
tively used to fabricate devices working at room tempera-
ture. However, since the fabrication process is itself under
investigation, the proposed devices are often not repro-
ducible and characterized by parameters whose meaning is
limited by poor statistics. Moreover, the fabrication process
often requires unconventional and expensive equipment
so that economic requirements could further limit com-
mercial development. An effort should be made to define
standards both in nanomaterial characterization and in
fabrication techniques. In this respect, recent “growth in
place” approaches seem to be a very useful technological
platform for nanosensor fabrication since such approaches
can prevent nanomaterial deterioration with manipulation
and preserve the properties of the nanostate.

References

[1] W. Gopel, “Nanostructured sensors for molecular recogni-
tion,” Philosophical Transactions of the Royal Society of London
A, vol. 353, p. 333, 1996.

[2] W. Gopel, “Chemical sensing, molecular electronics and nan-
otechnology: Interface technologies down to the molecular
scale,” Sensors and Actuators B, vol. 4, p. 1, 1991.

[3] Chemical AND nano∗ AND sensor∗, 1998–2007, http://
apps.isiknowledge.com.

[4] Nanotechnology: Basic Information, http://es.epa.gov/ncer/
nano/questions/index.html.

[5] X.-J. Huang and Y.-K. Choi, “Chemical sensors based on
nanostructured materials,” Sensors and Actuators B: Chemi-
cal, vol. 122, p. 659, 2007.
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“Polypyrrole-functionalized porous silicon for gas sensing
applications,” Materials Science & Engineering C, vol. 26, no.
5–7, pp. 1072–1076, 2006.

[63] I. Schechter, M. Ben-Chorin, and A. Kux, “Gas sensing
properties of porous silicon,” Analytical Chemistry, vol. 67,
no. 20, pp. 3727–3732, 1995.

[64] G. Dolino, D. Bellet, and C. Faivre, “Adsorption strains in
porous silicon,” Physical Review B, vol. 54, no. 24, pp. 17919–
17929, 1996.

[65] D. R. Huanca, F. J. Ramirez-Fernandez, and W. J. Salcedo,
“Porous silicon optical cavity structure applied to high
sensitivity organic solvent sensor,” Microelectronics Journal,
vol. 39, no. 3-4, pp. 499–506, 2008.

[66] M. Archer, M. Christophersen, and P. M. Fauchet, “Electrical
porous silicon chemical sensor for detection of organic
solvents,” Sensors and Actuators B, vol. 106, pp. 347–357,
2005.

[67] T. Holec, T. Chvojka, I. Jelı́nek, et al., “Determination of
sensoric parameters of porous silicon in sensing of organic
vapors,” Materials Science & Engineering C, vol. 19, no. 1-2,
pp. 251–254, 2002.
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The fabrication process and the growth mechanism of titanium/titania nanotubes prepared by anodization process is reviewed, and
their applications in the fields of dye sensitized solar cells, photocatalysts, electrochromic devices, gas sensors, and biomaterials are
presented. The anodization of Ti thin films on different substrates and the growth process of anodic titanium oxide are described
using the current-time curves. Special attention is paid on the influences of the initial film smoothness on the resulted nanoporous
morphologies. The “threshold barrier layer thickness model” is used to discuss the growth mechanism. As a case study for gas
sensing, anodized highly ordered TiO2 nanotube arrays and nanoporous thin films that show porous surface with an average
diameter of 25 nm and interpore distance of 40 nm were prepared. Gas sensors based on such nanotube arrays and nanoporous thin
films were fabricated, and their sensing properties were investigated. Excellent H2 gas sensing properties were obtained for sensors
prepared from these highly ordered TiO2 nanotube arrays, which present stable response even at a low operating temperature
of 90◦C. Based on our experimental results, “H-induced O2− desorption” mechanism was used for explaining the hydrogen gas
sensing mechanism.
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1. Introduction

Nanoporous structures are of significant importance in a
variety of nanostructured because they not only have the
common properties that are widely seen in nanomaterials
such as surface effect, size effect, and enhanced chemical
and optical properties but can also be used as “nano-
templates” to fabricate other nanostructures such as nan-
odots, nanowires and, nanotubes, which further expand
their potential applications. In recent years, in line with the
increase in research on the development nanomaterials, the
properties of a variety of novel functional devices have been
largely explored based on the unique optical, mechanical,
chemical, and electrical properties of nanomaterials.

It is undoubtedly agreed that anodic alumina oxide
(AAO) is one of the most investigated nanostructures and has
attracted lots of interests. With the development of AAO and
its growth model and mechanism, the anodization process
has been adopted to the other metals such as Ti, Ta, Nb,
W, Hf, and Zr, and so forth (so called valve metals). Many

different nanostructures have been fabricated from those
metals, and more applications as well as functionalities have
been developed, and are still actively under investigations.

The applications of nanomaterials include photolu-
minescence [1–11], sensors [12–16], photo-catalysts [17],
DSSCs [18–23], high-density vertical magnetic storage [24–
30], field emission devices [31–37], rapid response elec-
trochromic devices [38], and so forth. In this review paper,
we focus on the recent progresses in the field of anodic
titanium nanotube/nanoporous thin film fabrication and its
applications in gas sensors.

2. Fabrication of Anodic Titanium Nanotubes

The preparations of TiO2 nanotubes were reported through
hydrothermal synthesis [39, 40] and templated sol-gel pro-
cess [41]. However, the first report on nanoporous structure
of anodized Ti metal can be traced to 1920s. In 1999, Zwilling
et al. [42, 43] found that when chromium acid was used
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Figure 1: Typical SEM images of anodic titanium oxide (ATO)
nanoporous thin film.
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Figure 2: Current transient during the anodization process.

as the electrolyte to perform the anodization on titanium
and its alloy (TA6V), a compact oxide film was obtained,
while in an HF/chromium acidic electrolyte, a nanoporous
structure was obtained instead. In 2001, Grimes and his
team reported their systematic research on the nanotubular
structures obtained by titanium anodization process. Such
an anodization process has since attracted an increasing
interest with the establishment of its growth model, crystal
structure, and the other relating theories. Meanwhile, a
series of functional devices were developed based on such
nanostructures.

The development of anodic titanium nanostructures will
be reviewed in this paper. Experimental results confirmed
that the types of electrolytes as well as the anodizing
potential, processing temperature, and reaction time are the
key factors that affect the final nanostructures which all will
be discussed in this paper. A comprehensive report on the gas
sensing properties of such films will also be presented.

2.1. HF Acid-Based Anodization. HF acid is widely used as
the electrolyte since it has the highest efficiency for the
anodization of titanium, and the anodization parameters
were studied and optimized. Gong et al. [44] reported
that when 0.5 wt% HF was used, a nanoporous structure

Titania

Titanium

(a) (b)

(c) (d)

Titania
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Figure 3: Schematic diagram of the passivation and repassivation
effect during the anodization process.

was obtained at a relatively low anodizing potential (<3 V)
while discrete nanotubular arrays were obtained when the
potential >5 V. With increasing the anodizing potential
to over 40 V, randomly distributed pores were observed
because of the deterioration of the nanotube structure. Their
research showed that the electrochemical window for the
nanotube formation is in the range from 10 V to 40 V which
strongly depended on and related to the concentration of
the electrolyte and the applied potential. They also reported
that the diameter, wall thickness, and length of the nanotubes
increase with the increase of anodizing potentials.

More anodization experiments were performed in HF
contained mixture electrolytes. Mor et al. [45–49] reported
that when anodization was carried out in the oxalic acid/0.5
wt% HF (1 : 7 in volume ratio), the resulted nanotube
did not show a significant difference in diameter and shape
except for wall thickening. When anodized at 10 V, the inner
diameters of the nanotubes were approximately 20 nm, and
the wall thicknesses were∼15 nm. Further study showed that
the wall thickness and the tube length are both a function
of the anodizing temperature. With decreasing anodizing
temperature, because of the low dissolution rate, the wall
thickness increases and then causes a high filling between
the interspace of neighboring nanotubes which ultimately
connects the nanotubes and forms a nanoporous structure.
This result proved that, during the anodization process,
chemical dissolution and electrochemical etching are the two
key processes.
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Figure 4: Schematic diagram of the dynamic balance during the anodization process.
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Figure 5: Schematic diagram of the relationship between the
surface structure and the final morphology.

Beranek et al. [50] reported the anodization process in
H2SO4/HF electrolyte. In their report, the anodic current
goes smoothly when anodization is performed in H2SO4

electrolyte. In HF-electrolyte, however, continuous oscilla-
tion occurs, and the scope is related to the concentration.
They explained that there exists a competition between oxide
formation and dissolution, and HF is the key factor, which
causes the dissolution of oxide layer. Such a competition
finally results in a length limitation when nanotubes are
fabricated in HF contained electrolytes. The study of the
relationship between the length of the nanotube and the
“competition between oxide formation and dissolution”
is very unique. They also observed an oscillation in the
anodizing current, but they did not give a reasonable
explanation for it.

2.2. Neutral Electrolyte-Based Anodization. As discussed
above, Beranek’s discussion on the relationship between
nanotube length limitation and growth mechanism is very
interesting, and such a viewpoint was confirmed by Macak
et al. [51, 52] and Bauer [53]. Macak pointed out that there
exists a length limitation of several hundred nanometers
when anodization is performed in HF-based electrolytes. The
reason for such a limitation is the dissolution caused by

acidic electrolyte on the top of nanotubes. As a result, in
order to obtain nanotubes with a higher aspect ratio (L/D),
the dissolution rate at both top and bottom of the nanotube
should be adjusted, which means that the formation rate of
the nanotube at the bottom should be enhanced while the
dissolution of the existed nanotube on the top should be
restrained. They realized it by the application of a type of
neutral electrolyte, and the nanotubes with extremely large
aspect ratio were obtained. The neutral buffered electrolytes
used in their experiments were NH4F/(NH4)2SO4 [51] and
NaF/Na2SO4 [52]. By the application of neutral electrolyte, a
low pH value was established at the bottom of the nanotube
which enhanced the growth rate, while at the top and wall
area of the nanotube, a relatively high pH value prevented
the electrochemical dissolution. As a result, the “second
generation” nanotube array with large aspect ratio was
succeeded. The research which has been performed by Macak
to adjust the pH value of the electrolyte at different parts of
the nanotubes is of significant importance.

Anodic titanium nanotube arrays with a length of several
micron meters were also reported by Grimes et al. [54, 55]
when the anodization was performed in a KF (or NaF)
electrolyte. According to their results, the pH value has a
significant effect on the electrochemical dissolution during
the anodization process. Such an effect is caused by the
hydrolysis of titanium ions. Usually, longer nanotubes are
formed when keeping the pH value of the electrolyte at a
high level (< 7). At a given pH value, the length and diameter
of the nanotube increase with increasing the anodization
potential. However, at a given potential, the diameter is not
affected by the pH value.

Cai et al. [54] reported that the extension of anodizing
time does not increase the length of the nanotubes when
anodization is performed in strong acidic electrolyte (pH <
1); in weak acidic electrolyte, however, the tube length
increases with the increasing of anodizing time. According
to their results, the nanotubes with large aspect ratio can be
obtained in a pH range of 3–5. The nanotubes formed in
an electrolyte with a low pH value is found to be short but
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Figure 6: SEM images of (a) Ti thin film fabricated by RF-sputtering and (b) after anodization in a 0.5 wt% NH4F/EG electrolyte.

very “clean”, while a high pH value may help to form longer
nanotubes, severe coverage occurs at the open mouth of the
nanotubes, and no nanotubular structure could be formed
in alkaline electrolytes. The studies of the effect of pH value
on nanostructure morphologies given by Cai and coworkers
are systematic, they confirmed again that the competition
between formation and dissolution of oxide layer is the key
driving force of nanotube growth, and the major factor of the
length of final tubes as well.

Macak et al. [56–58] and Richter et al. [59] noticed
subtly in their results the regular strips on the outer wall
of nanotubes and ascribed such strips to the current oscilla-
tions. They explained that when associating anodizing time
with the tube length, the frequency of current oscillation
exactly matches the distance between the neighboring strips.
Based on this assumption, the pH value breaking is the
primary cause of the current oscillation and final formation
of the strips. Subsequently, they replaced the conventional
electrolyte with a high-viscosity electrolyte to control the
pH breaking, and the nanotubes with smooth walls were
successfully prepared.

2.3. Organic Electrolyte-Based Anodization. With the devel-
opment of Ti anodization techniques, a variety of elec-
trolytes were investigated to evaluate their effects on the
nanostructure morphologies. The electrolytes used are not
within the limitation in conventional aqueous solutions but
with multiple choices to organic solutions. Tsuchiya et al.
[60] reported one type of titanium nanotube arrays with
“coral reefs” morphology which is quite different from the
previously reported nanostructures. Such nanotube arrays
were fabricated at high anodizing potential in F-contained
“water-free” acetic acid electrolyte. However, they did not
give the explanation of the effect as why the using of acetic
acid may result in such a nanostructure.

Ruan et al. [61] formed highly ordered nanotube
arrays when performed the anodization in an HF-contained
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Figure 7: AFM image of Ti thin films fabricated by an FCVA
process.

dimethylsulfoxide (DMSO)/ethanol mixture electrolyte.
According to their report, the nanotubes obtained in such
an electrolyte present an enhanced photoelectric response
compared with that formed in conventional aqueous elec-
trolytes. The excellent properties were ascribed to the
unique morphologies. However, they did not point out the
relationship between the electrolyte and the morphology.

3. Mechanism Model and
Crystallization Process

The most widely acceptable growth mechanism of anodic
titanium is originated from the growth mechanism of AAO
[55]. The formation process of titanium nanotubes is similar
to those of AAO including the following procedures: (1)
formation of an oxide layer at Ti metal surface when
reacting with O2− and OH− at the anode; after that, the
anions diffuse into the oxide layer and continuously react
with the metal beneath; (2) migration of Ti4+ from the
oxide/metal interface to metal/electrolyte interface under the
electric field; (3) dissolution at the oxide/electrolyte interface;
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Ti-O bond becomes weak under the applied electric field
which causes the dissolution; Ti4+ goes into the electrolyte
while the free O2− ions diffuse across the oxide layer and
react with Ti metal at the oxide/metal interface; (4) since
acidic electrolytes are most used for the Ti anodization,
the chemical dissolution cannot be neglected. In the Ti
anodization, nanotubular structures (discrete nanotubes)
instead of nanoporous structure are commonly obtained
compared with that in Al anodization process.

It is of significant importance to investigate the crystal
structure of anodic titanium since it is closely related to its
properties and applications. For instance, anatase titanium
dioxide is widely used in DSSCs, while TiO2 with rutile phase
finds its applications in gas sensors as a dielectric layer.

The as-prepared anodic titanium is amorphous and
crystallizes after annealing process. Varghese et al. [62]
investigated the crystallization process of anodic titanium
by anodizing titanium in HF electrolyte at 20 V with
the following annealing in O2 at different temperatures.
According to their report, anodic titanium remains an
amorphous structure when the annealing temperature is
below 250◦C, and anatase structure appears at the annealing
temperature between 250 and 280◦C. When the temperature
is close to 430◦C, rutile phase can be found according
to the XRD results. Beyond 430◦C, rutile phase becomes
dominant,and at annealing temperature between 620 and
680◦C, the anodic titanium transfers fully to rutile phase
TiO2. Varghese et al. also investigated the grain size of the
anatase TiO2 as well as the rutile TiO2 and found that
initially the grain size of anatase phase increases with the
temperature increasing. It followed by a decrease at 480∼
580◦C and increases again after 580◦C. As for the grain size of
rutile phase, it continuously increases with the increasing of
annealing temperature. There is 31% rutile phase structure
at 430◦C and 75% at 480◦C; it reaches 91% when annealing
temperature is as high as 580◦C.

When the anodization was performed in H3BO3-HNO3-
HF electrolyte or in HNO3-HF electrolyte followed by
annealing in O2, very similar results were obtained compared
with that in HF electrolyte. In KF (or NaF), the XRD results
showed that the anodic titanium remains amorphous below
the annealing temperature of 230◦C, and not until 280◦C
it starts to crystallize. The results are exactly the same with
the experiments performed in HF aqueous solutions without
any added acid. Therefore, one can draws a conclusion that
neither the concentration of electrolyte nor the pH value
has any effects on the crystallization temperature of titanium
nanotubes.

It is worthy to mention that, according to Mor’s studies
on the anodization of titanium thin film sputtered on
glass substrates, when there is discontinuous metal thin
film remaining at the bottom of nanotubes, even at an
annealing temperature of 500◦C, no rutile phase is obtained.
Such a result is in contrast with that when anodization
was performed on Ti metal sheet/foil. However, when the
nanotubes with thick, continuous metal film was annealed,
both anatase and rutile were obtained at an annealing
temperature of 480◦C, which is similar to the XRD results
when performing anodization on Ti sheet [54, 63, 64]. Based

on these results, Mor et al. gave their assumption that rutile
phase only forms at the oxide/metal interface when Ti metal
is thermal oxidized, while because of the confinement by
the wall of the nanotubes, the increscent nuclear grain size
prevents its transformation to rutile phase. This assumption
was confirmed by selected area electron diffraction (SAED)
when analyzing single nanotube which is annealed at 600◦C;
anatase instead of rutile phase was observed at the wall of the
nanotube.

4. Applications of Anodic Titanium

4.1. Water Photolysis. Grimes and his coworkers [65–
68] reported their research on the water photolysis by
using anodic titanium nanotube arrays as the anode. By
illuminating the nanotube arrays under UV light (320∼
400 nm, 100 mW/cm2) and then investigating the relation-
ship between I-V curve and anodizing temperature, they
found that the current density obtained from nanotubes
anodized at 1.5 V, 5◦C is 3 times higher than that of anodized
at 50◦C and, low temperature anodization always results
in the increasing of the slope in I-V curve. The highest
quantum efficiency of 90% is obtained when the sample
anodized at 10 V; 5◦C is illuminated under 337 nm UV light
(2.7 mW/cm2).

4.2. Dye Sensitized Solar Cells (DSSCs). Mor et al. [69, 70]
reported transmitted type of DSSCs based on highly ordered
TiO2 nanotube arrays. In their research, Ti thin film with a
thickness of 400 nm was sputtered on an FTO glass substrate
followed by an anodization process in 0.5% HF/acetic acid
(7 : 1 in volume ratio) electrolyte at 10 V. The obtained
nanotube arrays were annealed at 450◦C for 3 hours to be
transformed to anatase phase. Before being used in DSSCs,
the nanotubes were treated in 0.2 M TiCl4 for 1 hour followed
by annealing again at 450◦C for another 30 minutes. Dye
adsorption was realized by dipping the sample into 0.3 mM
N719 (Dysol) contained ethanol solution for 12 hours. A
25 nm Pt coated conductive glass was used as the counter
electrode and a methoxypropionitrile (MPN) solution con-
taining 0.5 M LiI, 0.05 M I2, 0.6 M N-methylbenzimidazole,
0.1 M guanidinium thiocyanate, 0.5 M tert-butylpyridine
was used as the electrolyte. The effective area for the cell
was 0.25 cm2. At a given length of nanotubes (3.6μm), the
short circuit current (Jsc) could reach ∼10.3 mA/cm2, while
an open circuit voltage (Voc) of ∼0.84 V was obtained under
an illumination of AM-1.5 (100 mW/cm2). The filling factor
(FF) was 0.54 with a photoconversion efficiency of 4.7%.

Mor et al. [69, 70] mentioned that the photoconversion
efficiency increases with the increasing of the tube length
and the results obtained in this case (when nanotubes with
3.6 μm length is used) can only be reached when a 10 μm
thick conventional nanocrystalline TiO2 is used. Such a high
efficiency is obviously ascribed to the large surface area
obtained by the nanotubular structure. But still there are
some problems need to be solved in this type of devices.
The first one is the dye adsorption efficiency. Since there
only exists an open mouth for each nanotube, the remaining
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Figure 8: SEM images of nanoporous TiO2 layer fabricated by the anodization of FCVA-deposited Ti thin film on a quartz substrate.
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Figure 9: SEM images of nanoporous TiO2 layer fabricated by the anodization of FCVA-deposited Ti thin film at different potentials: (a)
2 V, (b) 10 V, and (c) 20 V.
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Figure 10: Schematic diagram of ITO-based Ti thin film during the
anodization process.

atmosphere inside the nanotube prevents the fully filling of
dye-contained solution into the nanotube which causes a
very limited adsorption at only the open mouth part. The
second is that the remaining oxide layer at the bottom of the
nanotubes increases the resistance and decreases the FF of the
device. The third problem is the repeated annealing process
which results in an increase of FTO resistance.

Paulose et al. [71] reported another reflective type DSSCs
based on titanium nanotube arrays anodized from Ti sheet.
The anodization was performed in KF electrolyte at 25 V
with a tube length of 6 μm and a diameter and a wall
thickness of 110 nm and 20 nm, respectively. The nanotubes
were annealed at 580◦C for 6 hours for crystallization. In this
type of solar cell, a 1.3 nm Pt coated TCO glass was used
as the counter electrode, and the other structure is exactly
the same as the device prepared by Mor et al. [69, 70]. The
effective area of this device was 0.4 cm2. When illuminated at
AM-1.5 (100 mW/cm2), Jsc of 15 mA/cm2 and Voc of 0.84 V
were obtained. The FF for such device was 0.43 with a
total photoconversion efficiency of 5.44%. Paulose pointed
out that the low FF was ascribed to the thick barrier layer
at the bottom of the nanotubes. They also supposed that
the stepwise potential decrease, which is widely used in the
anodization of Al to reduce the thickness of barrier layer,
could also be used in this case to improve the properties of
this device.

4.3. Gas Sensors. As a functional semiconductor material,
TiO2 is widely used in the field of gas sensors. Nanostructural
TiO2 attracts an increasing interest due to its large surface
area since the sensing process is mainly a surface process
between the gas molecules and metal oxide surface.

Many investigations showed that highly ordered nan-
otube arrays have excellent response to hydrogen gas at room
temperature [72–76]. According to these reports, there is
no significant relationship between the sensitivity and the
length of the nanotubes since the sensitivity only increases
from 7 to 8.7 when the nanotube length increases from
380 nm to 1 μm. However, due to the large surface area of
the nanotubular structure, the sensitivity of nanotube-based
sensors is much higher than that of compact TiO2 thin film

sensors. Further discussion on nanoporous TiO2-based gas
sensors will be presented later in this paper.

4.4. Electrochromic Devices. Ghicov et al. [77] reported the
electrochromic properties of titanium nanotubes fabricated
by anodization in a 1 M H3PO4 + 1 M NaOH + 0.5 wt% HF
electrolyte at 20 V. The prepared nanotube has a length of
1 μm, a diameter of 100 nm, and a wall thickness of 10 nm.
The H+ intercalation changes the energy band structure of
TiO2 which causes the color change. Since the efficiency of
ion intercalation and detercalation is closely related to the
surface area, the large aspect ratio of titanium nanotubes
provided a largely increased storage capability for H+. They
concluded that the anodic titanium nanotube will find its
applications in the field of display devices, hydrogen storage
as well as supercapacitors.

4.5. Biaoactive Materials. Yang et al. [78] and Oh et al. [79]
reported the application of anodic titanium as a bioactive
material. Their studies showed that phosphorite grows easily
on the anodic titanium surface by immersing the samples
into simulated body fluid (SBF), which means that anodiza-
tion is one of the effective methods to prepare bioactive
materials. Yang also reported that, with the incubation for
3 days, phosphorite only grows on samples anodized at high
potentials (150 and/or 180 V) but not on that anodized at a
low potential (90 V). They believed that the different surface
morphologies obtained at different anodization potentials is
the key factor for the phosphorite growth.

5. Fabrication of Nanoporous Anodic
Titanium Thin Films

Since the applications of functional devices need some
special requirements on the substrate, for example, optical
devices need transparent substrates while surface acoustic
wave (SAW) devices need piezoelectric substrates, more and
more groups have focused their research interests on the
fabrication of anodic films based on the anodization of tita-
nium films on different substrates instead of titanium metal
sheets/foils [49, 70, 72, 80–83]. Because the anodization is
performed on titanium thin films, therefore, a variety of
substrates can be chosen in the film deposition processes. As
a result, the obtained anodic films with nanostructures can
find wide potential applications in a variety of devices.

As we have discussed previously many technical problems
need to be solved, and the growth mechanism of nanos-
tructural anodic thin films needs to be investigated since
thin films have different properties compared with the bulk
materials. The limited thickness of thin films also needs to be
considered during the anodization process. The investigation
on the optimal thin film anodization parameters becomes
highly important.

In this section, the study of nanoporous titanium
thin films on different substrates including Si, ITO, and
quartz will be presented based on the research outcome
from the authors’ research laboratory and their team. By
investigating the I-V curves, anodizing potential, type of
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Figure 11: SEM image of nanoporous Ti on ITO substrate.
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Figure 12: Transmittance spectra of ATO nanoporous thin films on
ITO substrate before and after heat treatment.

electrolyte, initial morphology of Ti films as well as their
crystal structures, a growth mechanism is developed for the
nanoporous/nanotube anodic thin films formation.

5.1. Experimental Procedure

5.1.1. Ti Thin Film Deposition

RF Sputtering. Ti films were deposited on a chosen substrate
by RF magnetic sputtering. The base chamber pressure was
below 9.0 × 10−6 Torr. During the deposition process, the
argon gas pressure was 1.0×10−2 Torr. The distance between
the target and sample was 50 mm, and the sputtering power
was 100 W. No substrate heating was performed. The desired
film thickness was in a range from 300 nm to 500 nm.

Filtered Cathodic Vacuum Arc (FCVA) Deposition. The
source featured a water-cooled rotating M60-threaded cop-
per base, which accepted a 70 mm diameter cathode (99.99%
purity Ti for these experiments). The cathode was struck

7 mm
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λ = 40μm

λ/4 = 10μm

(b)

Figure 13: Schematic diagram of Anodic Titanium Oxide (ATO)
nanotube-based gas sensors: (a) the first type and (b) the second
type.

by a grounded mechanical striker to initiate the plasma. An
arc current of 120 A (with an average arc power of 3 kW)
was found to be sufficient to produce a stable plasma. For
these experiments, a sample bias of −50 V was used. A
magnetic filter was employed to prevent the deposition of
macroparticles onto the sample, thereby minimizing surface
roughness. The thickness of the film deposited in the process
was approximately 300 nm.

5.1.2. Anodization. Before anodization, the specimen was
degreased in acetone using an ultrasonic bath for several
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Figure 14: SEM images of the ATO nanotube arrays for gas sensor.
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Figure 15: Dynamic response of ATO nanotube arrays-based gas sensor to H2 at different working temperatures: (a) 90◦C, (b) 160◦C, (c)
190◦C, and (d) 215◦C.
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Figure 16: The relationship between sensitivity and working
temperatures for the ATO nanotube arrays-based gas sensor.
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Figure 17: Response time for the ATO nanotube arrays-based gas
sensor to H2 (1%).

minutes and then rinsed in deionized water. No polishing
process was adapted. The anodization was performed using
a conventional two-electrode system. Silicon substrate with
titanium film was attached to a silver rod that was used
as the working electrode. A platinum sheet (2 × 1.5 cm2)
with a platinum wire was used as the counter-electrode. The
distance between the working and counter-electrodes was
kept at 3 cm. The anodization potential was applied using
a potentiostat (Agilent E3645A) interfaced with a computer.
The electrolyte was stirred using a magnetic flea during the
anodization process.

5.1.3. Annealing. In order to investigate the crystallization,
samples after anodization were annealed in a quartz tube
furnace at different temperatures with the temperature ramp
of 3◦C/min. Either air or pure oxygen gas was used for
annealing.

5.1.4. Characterization. The morphologies of microstruc-
tures were investigated using a field emission scanning
electron microscope (SEM; JSM-6700F, JEOL Inc.). X-ray
diffraction (XRD) analysis was performed using a Rigaku
D/max 2550V diffractometer with Cu Kα radiation at 45 kV
and 100 mA. UV-Vis spectrum was obtained by a UV-Vis
spectrometer (SHIMADZU-23101PC).

5.2. Results and Discussion

5.2.1. Nanoporous Anodic Titanium Film and Its Growth
Model. Figure 1 shows the typical SEM image of nanoporous
anodic titanium thin film after anodization. Anodization was
performed on Ti film (300 nm) sputtered on a Si substrate in
a 0.5 wt% aqueous HF electrolyte at 3 V. The temperature was
kept at 3◦C using an ice bath during the process to prevent
the oxide formed from being dissolved in acidic solution.
The porous surface shows connecting pores with the average
diameter of 25 nm and interpore distance of 40 nm.

Figure 2 shows the typical current density transient
recorded during anodization under a constant voltage when
self-organized pores were obtained. The pore formation
process in anodic titanium oxide is similar to that of PAA,
which can be divided into four stages.

(i) In the first stage, a compact oxide barrier layer
is formed on the electrolyte–metal interface, which
leads the current to decrease sharply due to the low
conductivity of the metal oxide.

(ii) In the second stage, some cracks and narrow slits
appear on the surface due to field-enhanced disso-
lution of the oxide layer. Diffusion of the electrolyte
into such cracks enhances the dissolution rate com-
pared with other areas, which enlarges the cracks
and connects the neighboring cracks. Meanwhile,
this process enlarges the interface between electrolyte
and oxide layer which decreases the resistance and
increases the anodizing current. In this stage, initial
tiny pores are nuclear in the cracks, and therefore
such cracks are named as “easy path”.

(iii) The current reaches a stable state in the third stage,
which corresponds to the random formation of
porous structure in the slits and cracks. These slits
and cracks extend over the whole surface area. Such a
process is a competition between the pore formation
and dissolution of the oxide layer. The stable state
of the current density transient indicates that the
pore formation reaches equilibrium with the pore
dissolution.

(iv) In the fourth stage, when the dissolution rate is
larger than the formation rate, the porous structure
is consumed and current reduces.
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Figure 18: SEM images of the highly ordered ATO nanotubes for the gas sensor.
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Figure 19: Dynamic response for the highly ordered ATO
nanotube-based sensor to H2.

5.2.2. Effect of Anodizing Conditions on the Morphologies

Anodizing Potential and Concentration of Electrolyte. We can
assume that the formation of different surface structures is
strongly correlated with the thickness of the compact oxide
layer formed at the initial stage of the anodization process.
There must be a threshold thickness above which the big
corrosion pits form; when the thickness of the oxide layer
is below the threshold, porous structure forms. According
to the study of the anodic aluminum oxide nanoporous
process, it is presumed that the compact titanium oxide layer
formed at the initial of stage of the anodization process
is in the range of 0.1–1 nm. The schematic diagrams of
the formation processes for the two different structures are
shown in Figures 3 and 4.

At a high anodizing potential, when the electric field
is strong, a thick oxide layer forms due to large Ti ion
dissolution and reprecipitation of hydroxide film. The oxide

layer is compact with a considerable thickness (Figure 3(a)).
Such a thick compact oxide layer (referred to as a “barrier
layer”) prevents the migration of OH− under the electric
field from the electrolyte to the metal/oxide interface. At the
same time, it prevents the migration of Ti4+ ions from the
metal/oxide interface to the electrolyte. This barrier layer
protects the metal thin film from being etched away. When
anodization continues, the fluoride ions will attack the defect
sites on the surface of the barrier layer which cause small
notches (Figure 3(b)). Electrolytes pour into the notches
and accelerate their growth until the metal/oxide interface
is reached (Figure 4(c)). The exposure of metal substrate to
electrolyte causes the current transient to increase due to the
sudden departure of Ti4+ ions from the metal substrate to
the electrolyte. Soon, the bottom of the pits is covered by an
oxide layer (repassivated), and hence the current transient
decreases (Figure 3(d)). In addition, localized breakdowns
may occur at the bottom of the pits, and new notches can be
generated; this is followed by repassivation (Figures 3(e) and
3(f)). That may explain the formation of corrosion pits and
why it always occurs with the current oscillations. Because of
the barrier layer, the anodization can last for a long time and,
the current oscillation is kept undamped.

When porous structures are formed at a low potential,
the barrier layer formed at the beginning of anodization is
much thinner than that for a high potential (Figure 4(a)).
Microslits appear on the surface of the oxide layer; this is
followed by the growth of pores, as the electric field intensity
at the pore bottom is much higher than that at the walls due
to their different curvatures. Titanium is etched at a higher
rate near the bottom, which allows the formation of pores in
the direction normal to the surface. At the same time, owing
to the remaining thin oxide layer, the OH− ions may migrate
to the metal/oxide interface, followed by the formation of
oxide. If the rates of oxide formation and dissolution at the
bottom are equal, the thickness of the barrier layer is kept
constant (Figures 4(b)–4(d)). The j − t curve recorded in
such a process (as shown in Figure 2) is quite smooth and
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Figure 20: Dynamic response to H2 of ATO nanotubes fabricated from different anodization time.

without oscillations which can be due to nondirect exposure
of the metal substrate to the electrolyte.

The Film Smoothness. In the previous reports, acidic elec-
trolytes were mainly utilized to obtain nanopores/nanotubes
in the Ti thin films [72, 84–86] while the neutral electrolyte
was widely used for the anodization of Ti foils [57–60]. This

phenomenon is ascribed to be due to the differences of initial
surface morphologies. A schematic diagram is presented
in Figure 5, which explains the influence of the electric-
field on the formation of the nanopores onto smooth and
granular surfaces. When the potential is applied to a smooth
surface, homogeneous distribution of the electric field was
formed between the two electrodes (working and counter
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(a) (b)

(c) (d)

Figure 21: SEM image of nanoporous TiO2 thin film on LiNbO3 substrate. (a) SAW device, (b) the interface between Au electrode and
LiNbO3 substrate, (c) nanoporous thin film on LiNbO3 substrate and, (d) nanoporous thin film on Au electrode.

electrode). Thereby, nanopores form homogeneously on the
whole surface induced by the electric field. In the case of the
granular surface, however, because of the large curvatures
in the boundary of the connected grains, the electric field
distribution is far from homogeneous which results in
preferential nanopore growths in these parts, and randomly
distributed nanopores are formed eventually.

Thereby the formation of uniform nanostructures always
corresponds to the smoothness of the initial surface mor-
phology. It is well known that in order to obtain highly
ordered AAO nanoporous structures, a pretreatment by
electropolishing process in an acidic electrolyte is required,
which helps to reduce the time (named as “initial time”) cost
for pore ordering in later anodization process. For titanium
anodization, however, no effective prepolishing method has
ever been used, neither mechanical nor electrochemical.

Figure 6 shows SEM images of the surface morphologies
of Ti film deposited by RF sputtering before and after
anodization in a neutral electrolyte (0.5 wt% NH4F in EG
solution). As can be seen in Figure 6(a), the film consists
of randomly distributed grains. During the anodization
process, this level of roughness generates inhomogeneous
electric field distributions on the surface. As what we have
discussed, pores are often quickly formed on surface sites
with small radius of curvature, where a high electricfield
density occurs (i.e., between grains). As can be seen in

Figure 6(b) the morphology of the anodized surface is highly
inhomogeneous.

In order to achieve a highly smooth Ti films, we used the
Filtered Cathodic Vacuum Arc (FCVA) deposition technique.
The SEM inspection of the FCVA-deposited Ti films revealed
extremely low defect density and roughness. AFM was also
used to confirm the low surface roughness of these Ti films
prior to anodization. The RMS of the film with a thickness of
300 nm was found to be less than 0.5 nm over a 500×500 nm2

surface area.
The anodization was firstly performed on the Ti thin

films prepared by FCVA on quartz substrates in a neutral
aqueous electrolyte containing 0.5 wt% NH4F and 1 M
(NH4)2SO4. This anodization process was initially per-
formed at 3◦C, as previous work showed that homogeneous
nanopores were obtained at low temperatures [84, 86].
Figure 8(a) shows an SEM image of the sample after anodiza-
tion at 3 V. The anodization was carried out in two steps. In
the initial step a less ordered structure was formed. While
with the continuation of the anodization process this layer
dissolved, and a nanoporous structure was formed. However,
the initial layer still covered most of the surface. Apparently,
the neutral electrolyte and the low temperature caused a low
dissolution rate in this process. In order to obtain a smooth
surface a higher temperature anodization process was used.
At roomtemperature (20◦C) the anodization was performed
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Figure 22: Dynamic response to H2 of ATO nanoporous thin film-
based gas sensors.

in the same electrolyte at 3 V, and the SEM image is shown
in Figure 8(b). Ordered nanopores with a diameter in the
range of 15–20 nm were clearly observed in the SEM image.
Although anodized at room temperature, relatively thin Ti
layers (<300 nm thickness) can be used as starting layers in
this process as it produces regular pores without an extended
activation etch.

Further anodization trials were conducted on Ti thin
films deposited on quartz substrates by FCVA using 0.5 wt%
NH4F in ethylene glycol at room temperature (20◦C).
The SEM images of anodization performed at different
potentials are shown in Figure 9. The sample shown in
Figure 9(a) was anodized at 2 V for 1 hour resulting in
the development of nanopores with diameters ranging from
5 nm to 8 nm. At 10 V, larger pores with diameters of
approximately 12 nm–15 nm were obtained as shown in
Figure 9(b). When anodization was performed at a potential
of 20 V, the pores diameters were in the range from 15 nm to
20 nm (Figure 9(c)). It appears that at higher potentials the
walls between pores are dissolved in many sites. These results
reveal that the anodization on the FCVA-deposited Ti thin
film can be performed in a potential range from 2 V to 15 V
by using a neutral electrolyte at room temperature to obtain
various pore diameters.

5.2.3. Transparent Conductive Substrates. Figure 10 shows a
typical I-V curve recorded during the anodization process
of titanium thin film on ITO glass. It can be seen that at
the initial state, due to the formation of barrier layer and
nucleation of nanopores, the anodic current experiences a
decreasing process first, and then, followed by is increasing.
When the pores grow steadily, anodic current keeps at a
stable state. During this period, the nanopores reach the
metal/ITO interface; because of the assumption of titanium
metals, the anodic current grows to a minimum value again.
However, after the exposure of ITO layer to the electrolyte,
due to its dissolution, the current increases one more time
until all the ITO is dissolved, and the current goes to zero.

Thereby in order to guarantee the growth of nanopores
without damaging the ITO layer, current monitoring is very
important to stop the anodization when there is a second
current increasing which indicates the dissolution of ITO
layer.

Figure 11 shows the SEM images of ITO-based titanium
thin film after anodization. The titanium film with a
thickness of 300 nm was sputtered on ITO glass substrate.
The anodization was performed in 0.5 wt% HF+1 M H2SO4

electrolyte at 5 V in an ice water bath (∼ 3◦C). As discussed
above, the anodization was ceased when the 2nd current
increasing is seen. The anodic film presents a nanoporous
structure with an average pore diameter of 20 nm. It is also
observed that the neighboring pores are not connected with
each other which are ascribed to the dissolution due to the
low pH value and high anodization potential.

Annealing at 400◦C in O2 for 3 hours proves not only
improving the crystallization of the anodic thin film (from
amorphous to anatase) but also increasing its transparency
from less than 30% to 75% as well, as shown in Figure 12.
The change of transparency also reflects the change of crys-
tallization, and its high transparency provides the potential
applications in the optoelectronic devices.

6. Gas Sensing of Anodic Titanium Thin Films

6.1. Fabrication and Characterization of Gas Sensors. Two
types of gas sensors were assembled. One was based
on nanotubular titanium oxide anodized from titanium
metal/foil,and the other was nanoporous titanium oxide thin
film on LiNbO3 substrate with Au electrodes.

The structure of the first type of sensor is shown in
Figure 13(a), which uses nanotubular titanium oxide as the
main part with effective area of 3.14 cm2 (sphere shape with
diameter of 1 cm). Two parallel Pt lines with a width and
a length of 1 mm, 7 mm, respectively, were sputtered as the
electrodes. The thickness of each electrode is 100 nm. The
distance of the two electrodes is kept as 4 mm.

The second type of sensor is shown in Figure 13(b).
It is based on a 64◦ YX LiNbO3 substrate with 160 gold
finger-pair electrodes. The periodicity and aperture width of
the Au finger-pair are 40 μm and 700 μm, respectively. The
titanium thin film was sputtered on the substrate followed
by anodization.

For the dynamic response characterization of the first
type of sensors, the resistance was measured by KEITHLEY
2001 multimeter, while for the second type of sensors, the
frequency of surface acoustic wave (SAW) was recorded. In
each testing cycle, the test chamber was filled by synthetic air
first followed by filling of test gas with a given concentration
through a multiflow controller and lasted for a desiring
period. Finally, synthetic air was used to fill the chamber
again.

6.2. Gas Sensing Properties of Anodic Nanotube TiO2.
Figure 14 shows the morphology of the titanium oxide
nanotube arrays used as the first type of sensor. The
anodization was performed in 0.5 wt% NH4F-contained EG
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electrolyte at 20 V for 12 hours followed by annealing in O2

at 500◦C for 6 hours. It is observed that a highly ordered
nanotube arrays with average tube diameter of 50∼70 nm
were obtained after a “multistep” anodization process. The
length of nanotubes is around 2∼5 μm, that gives a high
aspect ratio which is of significant importance in gas sensing
applications.

Dynamic response of this type of sensor to H2 with
different concentrations is performed at 90, 160, 190,
and 215◦C (Figure 15). As an n-type semiconductor, when
exposed in a reducing gas, the resistance of titanium oxide
decreased. Therefore, the sensitivity of the sensor is defined
as S = (Ggas − Gair)/Gair, that is S = (Rair − Rgas)/Rgas. Gair,
Ggas represents the conductivity of titanium oxide nanotubes
in the testing gas atmosphere. At lower temperature (90◦C),
unstable response is observed as shown in Figure 15(a).
With the increasing of working temperature, more stable
response is obtained with good repeatability (Figures 15(b),
15(c) and 15(d)). The relation between the sensitivity and
working temperature is shown in Figure 16, from which we
can observe that the sensitivity increases with the increasing
of H2 concentration regardless of the working temperature.
However, such curve shows a sensitivity maximum with the
increasing of working temperature and decreasing again. In
our experiment, the optimal operating temperature of the
sensor is at 190◦C.

Figure 17 shows the quick response time for the titanium
oxide nanotube-based sensor. It is observed that for either
response time or recovery time, less than 10 seconds
is required to reach 50% resistance change. Taken into
consideration of the tube wall thickness (7∼15 nm), the
intercalation and detercalation of H2 into the nanotubes
are far much easier than in the thin films, which prolong
the response and discovery times. Hence, the advantage of
nanotubes for gas sensing is prominent.

Multistep anodization was performed to fabricate highly
ordered TiO2 nanotubes as shown in Figure 18. In this
process, anodization was performed at a given condition
followed by the removal of formed nanotubular structure
in diluted HF solution and, then the sample was anodized
again at the exactly same condition. The whole cycle was
repeated one or two times until a much more ordered
structure was obtained. H2 sensor based on it was assembled
and tested. The dynamic response is shown in Figure 19.
We are pleased to find that when the sensor is working at
90◦C, it presents extreme excellent stability compared with
the previous normal nanotube-based sensor. Furthermore,
the sensitivity (to 1.0% H2) is as high as 315% while
the sensitivity for the previous is only 11%. We ascribed
such a high stability and sensitivity to the highly ordered
nanostructure which enlarges the aspect ratio.

The change of sensitivity also occurs with the length
of nanotubes, which can be manipulated by the anodizing
time. Anodization was performed in same 0.5 wt% NH4F
electrolyte at 20 V for different anodization time, 5, 8.5,
10, and 15 hours, respectively. Dynamic responses to H2

for nanotube-based sensors with different tube lengths are
shown in Figures 20(a)–20(d), and the relation between
sensitivity and anodizing time is shown in Figure 20(e). It

can be seen that with the increasing of tube length, the base
resistance increases, 37, 74, 82.4, and 156Ω, respectively. The
sensitivity also increases linearly with the anodizing time.
Thereby it is ascribed to the increasing length of nanotubes
which enlarges the aspect ratio (surface to volume area).

6.3. Nanoporous TiO2 Thin Film-Based Gas Sensors.
Figure 21 shows the morphologies of Ti thin film sputtered
on LiNbO3 substrate (with Au electrodes) after anodization.
The anodization was performed in 0.5% (NH4)F-contained
EG electrolyte at 5 V. It can be observed that nanopores
distribute homogeneously on the whole device surface, as
shown in Figure 21(a). On the Au/ LiNbO3 interface, because
of the geometric step, the distribution of nanopores is less
ordered, while on either LiNbO3 substrate or Au electrode
the distribution of nanopores is much better (Figures 21(c)
and 21(d)). Before being used in gas sensors, the nanoporous
thin film on substrate was annealed in O2 at 400◦C for 3
hours. The dynamic response of this type of sensor is shown
in Figure 22, which presents a good sensitivity and stability.

7. Summaries

It was shown that due to their ordered and controllable
structures, nanoporous/nanotubes semiconducting titanium
oxide materials have great potential applications in various
fields such as electronics, photoelectric conversion, photo-
catalysts and, low dimensional titanate-based perovskite
ferroelectric materials and nanodevices.

In view of the above-mentioned aspects, we may come
to the conclusion that the anodization technique is very
effective and unique in fabricating nanostructural titanium.
The anodization has been extended to the other metals such
as W [87–91], Nb [92–95], Zr [96–99], Hf [100, 101], and Ni
[102] and attracts more and more interests on fundamental
studies and their various applications.

Generally speaking, as a newly developed method, there
still remain lots of problems to be solved for the anodization
of titanium. The growth mechanism of nanotubulr TiO2,
for instance, has been mostly derived from the anodization
of aluminum oxide which cannot be completely acceptable.
If the semiconducting property of titanium oxide is taken
into consideration, in contrast to the insulating aluminum
oxide, the chances are that the growth mechanism needs
to be modified. Furthermore, just as the development of
AAO, now that the morphology of anodic titanium has been
further controlled, more efforts should be exerted to find
practical applications. As a semiconductor material, titanium
oxide has already attracted lots of interests. Due to the unique
advantages provided by nanostructures, anodic titanium
will further find its applications in more newly developed
functional devices [84–86, 103–105]. In order to meet the
increasing requirements for the potential applications, the
anodization technique needs to be optimized. For instance,
when anodization is performed on a titanium sheet, the
metal substrate remained has the short-circuit problem
which limits its applications in the electrical devices, while
the opacity limits the applications in optical devices. As
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a result, the fabrication of nanostructural thin films based
on different substrates (Si, glass and organic flexible ones)
becomes significantly important.

In this paper, we reviewed the fabrication of titanium
oxide nanotube arrays, nanoporous thin films as well as their
growth model and applications. Our research results showed
that highly ordered titanium oxide nanotube arrays-based
gas sensor has excellent response to H2. By using “multistep
anodization process”, highly ordered nanotube arrays were
obtained, and gas sensors based on such nanostructure
presented a fast and stable response even at a low operating
temperature of 90◦C. Meanwhile, such sensors show very
high sensitivity and present good dynamic response. In this
paper, response to H2 was presented as a case study.
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The construction of nanosized supramolecular hosts via self-assembly of molecular components is a fascinating field of research.
Such intriguing class of architectures, beside their intrinsic intellectual stimuli, is of importance in many fields of chemistry
and technology, such as material chemistry, catalysis, and sensor applications. Within this wide scenario, tailored solid films
of porphyrin derivatives are structures of great potential for, among others, chemical sensor applications. The formation of
supramolecules relays on noncovalent interactions (electrostatic, hydrogen bond, π-π, or coordinative interactions) driven by
the chemical information stored on the assembling molecules, such as shape and functional groups. This allows, for example,
the formation of large well-defined porphyrin aggregates in solution that can be spontaneously transferred onto a solid surface,
so achieving a solid system with tailored features. These films have been used, covering the bridge between nanostructures
and microsystems, for the construction of solid-state sensors for volatiles and metal ion recognition and detection. Moreover,
the variation of peripheral substituents of porphyrins, such as, for example, chiral appended functionalities, can result in the
formation of porphyrin aggregates featuring high supramolecular chirality. This would allow the achievement of porphyrin layers
characterised by different chiroptical and molecular recognition properties.
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1. Introduction

In the last few years the prefix nano- has been probably
one of the most popular and widely used buzzwords, not
only in the scientific community, but also to generally
indicate systems whose components have dimensions in the
nanometric scale. This general interest is due to the great
expectation for the potential impact that the development of
such miniaturized systems can have on fundamental topics,
such as, for example, energy, environment, or security.

Despite this large popularity, the exact meaning of
nanoscience and nanotechnology is not universally defined,
as usual for a discipline not completely mature, anyhow the
most general definition is related to the development and
manipulation of structures (objects or devices) in the size
range lower than 100 nm [1].

Even if this definition is not completely satisfying,
one topic is for sure critical for nanotechnology: the
miniaturization of the systems of interest is the necessary

requirement to improve the performances of the related
devices. The dramatic development of electronic devices is in
fact directly related to the size reduction of their components.

Miniaturization has been usually obtained by reducing
the dimension of bigger components using techniques
such as photolithography; this method is called “top-down
approach” and, although well developed, it reaches its limit
at the open door of the nanotechnology domain [2].

To overcome these limitations, the natural solution is
represented by the opposite approach, which has been called
“bottom-up approach;” the devices are build up from their
fundamental building blocks, atoms or molecules, by their
rational assembling.

Since the report of the preparation of carbon nanotubes
[3], we have witnessed the preparation of a wide range of
different nanostructured inorganic materials, obtained by
the fine control of the growth conditions of such materials
[4].
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In the case of organic compounds, which are constituted
by molecules, the preparation of nanostructures is far less
developed; while the synthesis of molecular systems is a
well-developed discipline, driven by the formation of stable
chemical bonds, nanostructures should derive from multi-
ple, weak, and noncovalent interactions of different nature,
such as electrostatic and van der Waals forces or hydrophobic
effects, π-π stacking interactions, metal coordination, and
hydrogen bonding.

However, the ability to assemble molecular units in
more complex architectures has taken advantage of the
supramolecular chemistry development, the so-called chem-
istry beyond the molecule [5, 6]. Capitalizing the plurality
of weak interaction pathways, molecules can self assemble
giving different nanostructure motifs, such as tubes, rods,
and sheets [7].

Among the huge number of molecular systems suitable
for such an approach, porphyrins represent one of the
most promising examples, for different reasons. Their planar
aromatic macrocycle is optimal for π-π stacking interactions
and it is a versatile platform for peripheral decoration with
groups that can offer additional interaction motifs [8]. The
synthetic chemistry of porphyrins is well developed and
it is possible to choose among a wide substituent library
to prepare the macrocycle of choice for the particular
application [9, 10]. All these features will not be sufficient
to justify an interest in porphyrins, if we do not consider
the richness of properties these macrocycles are endowed
with [11]. Photophysical and coordination features are just
an example of the potentialities of such a macrocycle.
Nature offers a magnificent example of porphyrin usefulness,
whereas with this basic molecular framework Nature is able
to activate and/or transport molecular oxygen in animals and
convert sunlight in plant photosynthetic systems [12].

All these properties can be transferred in nanostructured
materials based on porphyrin derivatives, for the application
in different fields, ranging from catalysis to pharmacology.

2. Porphyrin-Based Nanostructures

In the last few years the exploration of porphyrins, metal-
loporphyrins, and their assemblies afforded a large number
of nanomaterials featuring various electronic and structural
characteristics, like rods, rings, particles, sheets, wires, and
tubes. We summarize below few examples of porphyrin
nanostructures reported in the literature.

2.1. Porphyrin Nanoparticles. A first class of porphyrin
aggregates is represented by the preparation of porphyrin
nanoparticles, that is, colloidal suspension of porphyrin
aggregates having dimension in the order of hundreds of nm
[13]. The size dimension of the particles strongly depend on
the porphyrin structure and on the preparative protocols,
where it is usually used as a surfactant to stabilize the
suspension, avoiding the collapse of the nanoparticles in
larger aggregates.

The interest in these systems depends on the potential
applications in different fields, such as catalysts, or drug
delivery. The aim is to develop architectures that can offer

a higher stability than monomer in solution, preserving or
even increasing the activity of the starting molecular unit.
The easiness of preparation and the possibility to modulate
the size and properties of such nanoparticles represent the
promising characteristics of these structures.

Drain et al., for example, exploited the formation of
porphyrin nanoparticles by adding water to a solution of the
porphyrin in an organic solvent, containing a few percent of
a surfactant, such as low molecular weight poly-ethylenglycol
[14]. The method works for a wide range of porphyrin
structures; the presence of a surfactant is essential to assure
the suspension stability, otherwise the porphyrin particles
rapidly coagulate and precipitate from the solution. Follow-
ing the same approach Sandanayaka et al. have character-
ized structural and photophysical properties of 5,10,15,20-
tetrakis(4-carboxyphenyl)porphyrin (Figure 1(a)) nanopar-
ticles obtained using ethylene glycol and the solvent mixture
technique [15].

A different approach was pursued by Bangal and
Perepogu who recently prepared pure nanoparticles of
5,10,15,20-tetraphenylporphyrin or 5,10,15,20-tetra(penta-
fluorophenyl)porphyrin (Figures 1(b)-1(c)), without the
addition of surfactants as nanoparticle stabilizers [16]. In
this case the approach is called “reprecipitation method” and
it takes advantage of a careful choice of solvent mixtures,
where the first one should act as good and the second as poor
solvent to induce the nanoparticles formation.

2.2. Porphyrin Nanosheets. Wang et al. reported the prepara-
tion of porphyrin nanosheets by the reprecipitation method,
injecting an ethanol solution of an SnPyTriPP complex
(Figure 1(d)) into deionized water [17]. The formation of
2D aggregates are strongly dependent on the preparation
method, because changing the water temperature led to
completely different aggregates.

Following a different approach, large nanosheets have
been prepared by Milic et al., by promoting dynamic
aggregation in columnar stacks of square planar porphyrin
nonamers, formed by TPyP units coordinated by PdCl2
bridging group through the peripheral N-py atoms [18].

2.3. Porphyrin Nanorods and Nanorings. 5,10,15,20-tetrak-
is(4-sulfonatophenyl)porphyrin (Figure 1(e)) self-assembles
in acidic aqueous solution into rods that can span over μm
lengths. These rods show an intriguing photoconductivity
properties, with a rapid turn on/off rate [19, 20].

Nanorods are also obtained from the aggregation
of 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin in acidic
aqueous solutions [21]. In this case the structural motif of
the aggregate strongly depends on the acid exploited for the
aggregation; nanorods were obtained in HNO3 solutions,
while HCl induced the formation of nanorings. Porphyrin
nanorings have been also obtained by evaporation of the
solvent through a surface dewetting process [22].

Supramolecular nanorods of 5,15-diaryl-substituted por-
phyrins have been prepared by sonication method from an
acetonitrile/toluene solution, which represents a poor/good
solvent mixture [23].
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5,10,15,20-tetra(pentafluorophenyl)porphyrin; (d) 5-pyridyl-10,15,20-triphenylporphyrin Sn(IV) dihydroxide; (e) 5,10,15,20-tetrakis(4-
sulfonatophenyl)porphyrin; (f) cationic 5,10,15,20-tetraphenylporphyrin oxoSb(V); (g) cationic dodecaphenylporphyrin oxoMo(V).

Fullerene-encapsuled hexagonal nanorods of 5,10,15,20-
tetrakis(4-pyridyl)porphyrin Zn (ZnTPyP) have been pre-
pared in DMF-acetonitrile solution with the aid of a sur-
factant and investigated to elucidate photoinduced electron
transfer [24]. The nanostructure has a broad absorption
spectrum, due to the supramolecular aggregation, and shows
also a significant quenching of porphyrin fluorescence emis-
sion, in large part due to an efficient photoinduced electron
transfer between ZnTPyP and fullerene. This behavior has
been confirmed by comparison of the fluorescence of the
empty ZnTPyP nanorods prepared without fullerene in the
same conditions. Both the broad absorption spectrum and
the presence of a photoinduced charge separation state
[C60

•−–ZnTPyP•+] give a significant enhancement of the

solar energy conversion, as demonstrated in a photoelectro-
chemical cell based on these nanorods as chromophores.

2.4. Porphyrin Nanowires. Dispersed nanowires can be
obtained by assembly of amphiphilic Sn complex of
porphyrin, whose lengths can be finely tuned using
an amphiphilic polymer surfactant, Pluronic F127 [25].
The structural motif of the nanostructures ranges from
nanowires to nanoplates by adjusting the synthetic protocol.
The key factor is in this case the water solubility of the Sn
porphyrin nanostructures; the growth of the amphiphilic
aggregates makes these species more hydrophobic, with
the consequent precipitation from the aqueous medium.
The surfactant can increase the solubility interacting with
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Figure 2: Molecular structures of the porphyrin moities and AFM image of the deposited porphyrin nanotubes.

the growing aggregates, allowing the formation of larger
nanostructures.

2.5. Porphyrin Nanotubes. Porphyrin nanotubes have been
obtained by aggregation of oppositely charged porphyrin
units as reported by Wang et al. [26]. The ionic self-assembly
of two porphyrins bearing opposite ionic charge leads to the
formation of J-aggregates, whose nonplanar shape induce the
formation of nanotubular structures, reaching free floating
aggregates having lengths of tens of nanometers.

Variation of the porphyrin structures may strongly
influence the nanostructure obtained by ionic self-assembly.
Nanofibers, for example, can be obtained in the assem-
bling of an oxoantimony complex of tetraphenylporphyrin
(Figure 1(f)) with tetrasulfonatophenylporphyrin [27].

Porphyrin nanotubes were also obtained by self-assembly
of an Mo(V) complex of the dodecaphenylporphyrin, a fully
substituted derivative having a saddle distorted macrocycle
(Figure 1(g)) [28]. In this case the formation of the tubular
structure takes advantage from the curved surface of the
distorted porphyrin.

2.6. Miscellaneous of Porphyrin Aggregates. The first studies
on the development of nanostructured porphyrin mate-
rials are related to the formation of the so-called “por-
phyrin sponges,” that is, nanoporous solids having cavities
of molecular sizes [29]. These supramolecular networks
were obtained by self-assembling driven by interactions of
very weak nature and several molecules of solvates were
necessary to stabilize the porphyrin assemblies. Robust

porphyrin-based organic zeolite analogs were prepared by
self-assembling of TPyP metal complexes; these three-
dimensional frameworks showed high termal stability and
a size-selective sorption mechanism towards guest species
[30]. Following the same concept, H2TCPP macrocycle
has also been used as building block for the prepration
of porphyrin-based zeolite analogs. More robust frame-
works were obtained from the self-assembling of resorcinol-
substituted porphyrins; peripheral hydrogen bonds were
exploited for the construction of supramolecular ordered
solids, where the inner cavities can be exploited as selective
molecular recognition sites. Kojima et al. studied the poten-
tialities of bis- and tetraresorcinol substituted porphyrins as
selective sensing layers using Quartz Crystal Microbalance
technique [31].

Porphyrin nanochannels have been recently reported
by Harada and Kojima [32], obtained by the self-assembly
of the dodecaphenylporphyrin dihydrochloride salt during
crystallization from CHCl3/CH3CN [33]. The saddle distor-
tion of the macrocycle leads to the formation of porphyrin
nanochannel where guest molecules can be included into
the cavities. Porphyrin dication framework acts as electron
deficient host where electron rich molecules, such as, for
example, hydroquinone derivatives, are clathrate as guests.

We reported a facile and straightforward way to obtain
porphyrin film with ordered morphology by spontaneous
deposition of aggregates of amphiphilic tetraphenylpor-
phyrin derivatives, possessing a cationic appended function-
ality [34]. The deposition of porphyrin aggregates is driven
by hydrophobic effects, and, noteworthy, occurs sponta-
neously only in the case of the formation of ordered and
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Figure 3: Sketch of the CSPT platform.

uniform aggregates. The occurrence of π-cation interaction
should be taken into consideration for the achievement of
these structures with ordered morphology. Deposition of the
relative manganese or cobalt derivatives analogously occurs
and the UV-visible spectral pattern of the films dramatically
changes upon exposure to vapours of amines or olefins. The
exploitation of these films for the construction of chemical
sensors is reported in the following section.

3. Chemical Sensor Applications of
Porphyrin Nanostructures

It is worth mentioning that while a great effort has been
devoted to the preparation and characterization of por-
phyrin nanostructured materials, quite surprisingly only
scant examples of practical applications have been reported
focused in particular on catalysis or photovoltaic devices [7].

3.1. Porphyrin Nanotubes in CSPT Platform. Since chemical
sensors could represent one of the most promising applica-
tion fields for these porphyrin nanostructures, we have been
interested in the exploitation of the porphyrin nanotubes,
prepared by Wang’s method [26], as sensing materials [35]
(Figure 2). This geometrical motif is particularly appealing
for sensor applications, because it can potentially show a
dramatic increase in sensitivity/selectivity performances to
respect the individual subunits. For example, the presence
of the inner cavity can give raise to selective endohedral
inclusion of different guests, or the interaction with analytes
can alter the supramolecular arrangement of the molecular
nanostructure; both these interaction pathways, alter the
porphyrin J-aggregate optical properties.

Optical transduction is for this reason the mechanism of
choice for such a nanostructure. The interaction mechanism
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Figure 4: Nanotube optical spectra before and after the addition of
10−3 mol/L of triethylamine in solution.

of porphyrin nanotubes with analytes in aqueous solutions
has been firstly investigated; subsequently, the development
of solid state chemical sensors through their deposition in
thin films has been attempted.

As sensing platform we decided to use the Computer
Screen Photoassisted Technology (CPST); based on the
combination of a computer screen, programmed to display
millions of color combining wavelengths in the optical range,
and a digital camera, decomposing the light into three
broad channels, this technique is able to perform a spec-
troscopy measurement allowing a simultaneous evaluation of
absorbance and fluorescence of samples (Figure 3) [36–38].

We first studied the modification of absorption spectra
induced by the addition of different salts to solutions of both
precursor porphyrins and formed nanotubes. We noted that
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porphyrin nanotubes could offer additional features for ions
detection, which cannot be possible in the case of isolated
porphyrin moieties.

With these encouraging results, we have then studied the
variations induced by the addition of organic compounds
dissolved in solution, such as triethylamine (Figure 4), where
it should be noted that other interaction mechanisms,
such as acid-base or even coordination for the SnTPyPCl2
moiety could be involved. Also in this case the porphyrin
nanostructure was more sensitive than the subunits to the
analyte addition.

This behavior prompted us to explore the possibility
to utilize the chemical sensitivity of porphyrin nanotubes
to detect compounds in gaseous phase. The subsequent
step was devoted to the deposition of porphyrin nanotubes
as solid layers to be used in the CSPT optical sensing
platform. This is a critical step, because the forces involved
are low energy interactions and consequently the resulting
nanostructures are not rigid and they can be easily deformed
when transferred in the solid film. Atomic force microscopy
image of a layer of nanotubes directly deposited from the
aqueous solution suggested the retention of the tubular
structures, although their flattening cannot be excluded
(Figure 5).

The direct deposition of nanotubes resulted in a film
characterized by an excessive optical density that was not
adequate to be measured with the CSPT. In order to
overcome this problem nanotubes were dispersed in a poly-
meric matrix compatible with the formation process of the
nanostructures. Polydimethylsiloxane (PDMS) was found
compatible and the embedding of nanostructures inside the
polymer took place as evidenced by optical spectra. Also in
this case we cannot exclude a flattening of the porphyrin
nanotubes into the polymeric matrix, but the retention of

the aggregate features in the resulting optical spectra allowed
anyway their exploitation for sensing purpose. In order to
study the sensing properties of nanotubes-polymer mixture
PDMS was also requested not to interfere with the sensing
process; as a matter of fact the chosen polymeric matrix
showed a good permeability to the investigated compounds.

The response of sensing layer upon exposure of volatiles
was measured by the differential absorbance, obtained
subtracting the absorbance measured in pure nitrogen
atmosphere as background.

As shown from CSPT signature, the sensing mechanism
of the porphyrin nanotubes probably does not involve the
inner cavity, with the analytes inducing a modulation of the
interaction between porphyrins keeping the nanostructure
in shape; nonetheless the differences between the changes of
CSPT absorbance in presence of model volatiles suggest that
a manifold of interactions is likely to take place (Figure 6).

The exploitation of the porphyrin aggregates is not lim-
ited to gases or volatiles detection, but these nanostructured
assemblies can also be used in the solution.

3.2. Amphiphilic Porphyrin Aggregates. We have been
involved in the development of chemical sensor based
on amphiphilic porphyrin aggregates. We observed
spontaneous deposition from an aqueous solution
(H2O/EtOH 9 : 1; ν : ν) of the amphiphilic porphyrin
derivative reported in Figure 7 on silanised glass surfaces;
the solid film, resulting from a controlled J-type aggregation
fashion, presents, beside a good mechanical stability, an
appreciable fluorescence emission [39].

This property can be a crucial feature in the sensing
of heavy and transition metal ions that typically quench
the luminescence, often via deactivation to the triplet
state by heavy metal atom effect. On the basis of these
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interesting results we investigated the potentialities of these
simple systems for the construction of an efficient and
specific luminescent solid-state chemosensor for the selective
detection of Hg2+ ions in water.

We observed that the porphyrin emission was strongly
quenched by simply dipping the porphyrin layered glass
slides into diluted solutions of heavy metal salts, as reported
in Figure 8: the efficient quenching of fluorescence emission
of layered porphyrins by simple immersion into a solution
of Hg2+ 1.0 × 10−5 M (Figure 8, trace d) is highlighted.
Moreover the initial intensity could be restored, without
loss of efficiency, washing the glass slides with a solution
of N ,N ,N ′,N ′-tetrakis(2-pyridilmethyl) ethylenediammine
(TPEN).

A consistent quenching was also observed in the case
of Hg2+ activity, as low as 1 μM concentration, pointing
out the appreciable sensitivity of the investigated system.
The concomitant examination of the UV-vis spectral pattern
changes revealed the occurrence of a bathochromic shift of
the porphyrin chromophores upon metal ion interaction,
indicating the onset of coordinative interactions between the
porphyrin core and the mercuric ion.

To test the reversibility and the stability of the system
in operative conditions OFF/ON cycles (i.e., quenching with
Hg2+, restoring in a TPEN solution) were also performed.
The results are graphically reported in Figure 9 and show that
a cycle can be repeated several times, with no appreciable loss
of sensitivity, or dissolution of the film. Moreover the authors
extended this protocol to a flow-through device.

To study this issue, a porphyrin coated flow-through
quartz cell was used and the fluorescence emission responses,
upon passage of Hg2+ solutions, analyzed. Also in this case, a
quenching of fluorescence was observed, when a solution of
Hg2+ passed through the cell. The fluorescence change was
found to be dependent on the ion concentration.

More interestingly a good selectivity of the porphyrin
layer responses with respect to other transition and posttran-

sition metal ions, such as Cd2+, Pb2+, and Cu2+ was observed.
Appreciable quenching of fluorescence, in fact, resulted only
in the presence of more concentrated solution (mM range)
of the corresponding ions, as shown in Figure 10.

Competition experiments revealed negligible interfer-
ences by the other metal cations. The spectroscopic changes
featured in the presence of Hg2+ 1.0 × 10−5 M remained
unaffected by further addition of Cd2+, Cu2+, and Pb2+ up
to 100 μM.

Conversely, a quenching effect could be observed upon
addition of Hg2+ (10 μM) to a still emissing solution of
the other cations (≥100 μM). The inspection of the UV-
vis spectra upon addition of cations other than Hg2+ did
not reveal evident perturbation of the porphyrin electronic
states. The Soret band remained, in fact, virtually unchanged
even at high concentration of added Cd, Cu, or Pb cations.
This finding safely rules out, in these latter cases, the
occurrence of metal coordination.

3.3. Towards Chiral Recognition. Following this approach, we
surmised that the presence of a cationic chiral functionality
on the porphyrin periphery would result in the achievement
of solid-state systems expressing elements of supramolecular
chirality. For this reason we synthesized a tetraphenylpor-
phyrin bearing an (L)-prolininium moiety at one of the
peripheral phenyl groups; this cationic chiral functionality
steers the self-aggregation process toward the formation of
large porphyrin aggregates featuring high supramolecular
chirality, as evidenced by their CD spectra [40].

Prompted by these results we decided to perform some
detailed spectroscopic studies (UV-Visible, CD, and RLS)
on the heteroaggregation of amphiphilic chiral cationic
porphyrin derivatives carried out in the presence of chiral
aggregates of the anionic, that is, negatively charged chiral
counterpart. The molecular structures of the porphyrin
derivatives used in these studies are reported in Figures 7(b)-
7(c)[40].
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Interesting features are evidenced by these binary sys-
tems. If the self-aggregation of the cationic moiety is carried
out in the presence of preformed chiral aggregates of the
anionic counterpart, the aggregation still occurs in a chiral
fashion as witnessed by CD spectral changes upon heteroag-
gregation and more insight, a dramatic amplification of the
resulting supramolecular aggregates, of about twenty-fold, is
observed (Figure 11).

The ellipticity of the resulting heteroaggregates is higher
compared to the one of the virtual sum “a + b” aggregates.
This should indicate a strong template effect exerted by
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Figure 9: ON/OFF cycles of porphyrin layers in different aqueous
solutions.

the presence of the anionic assemblies, reasonably onset by
electrostatic forces.

The results obtained show that the electrostatic-templat-
ed aggregation induces a remarkable amplification of the
chirality of the final porphyrin suprastructure. This can be
of importance, interalia, for the construction of complex
hetero-porphyrin architectures in which the supramolecular
chirality can be tuned ad hoc.

In summary, the results obtained in the case of the
templated aggregation open interesting perspectives for
the achievement of new porphyrin-based supramolecular
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species bearing attractive properties for the construction of
stereoselective sensor systems, and the development of such
a sensors is currently undergoing in our laboratories.

4. Conclusions

The synthetic versatility of porphyrins allows the prepara-
tion of molecular units capable of assembling in ordered
supramolecular structures, characterized by different geo-
metrical motifs. While porphyrin nanostructures have
offered an elegant and rational approach to study the way
to prepare supramolecular networks, trying to learn and
mimic the lesson given by biological systems, the study of
these systems is now reaching the exploitation in functional
devices. Seminal applications of porphyrin nanostructures
in sensor devices show their promising potentialities, where
the supramolecular network can offer additional interaction
pathways, exalting the selectivity/sensitivity performances,
which cannot be offered by the single molecular unit.
The possibility to prepare chiral porphyrin nanostructures
opens the way to the deposition of layers suited for chiral
discrimination; their successful exploitation in chemical
sensors would have a tremendous impact in all the fields
where chirality plays a fundamental role.
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1. Introduction

Over the past 20 years, a great deal of research efforts
has been directed towards the development of portable gas
sensing devices for practical applications ranging from toxic
gas detection to manufacturing process monitoring. For
coalmines most of the accident occurs due to the presence of
explosive and toxic gases like methane and carbon monoxide
in air. In underground coalmines there are many kinds of
ignition sources, such as electricity and frictions. Currently,
it is suspected that a large roof fall may also act as the
ignition source. This fall will compress air adiabatically and
produce air temperature, well above the degree necessary to
initiate a gas and/or coal dust explosion. So it is essential to
monitor continuously the concentration of hazardous gases
like CH4 and CO and alarm if the gas concentration level
is above a certain safety limit. Continuous research and
development activities are being pursued to explore a gas
sensor for detection of low concentrations of methane in
the coalmine atmosphere at substantially low temperature so

that the methane explosion is not further accelerated by the
prevailing high temperature in the Mines [1, 2].

Semiconducting oxides are the fundamentals of smart
devices as both the structure and morphology of these
materials can be controlled precisely and so they are referred
to as functional oxides. They have mainly two structural
characteristics: cations with mixed valence states and anions
with deficiencies. By varying either one or both of these
characteristics, the electrical, optical, magnetic, and chemical
properties can be tuned, giving the possibility of fabricating
smart devices. The structures of functional oxides are very
diverse and varied, and there are endless new phenomena
and applications. Such unique characteristics make oxides
one of the most diverse classes of materials, with properties
covering almost all the aspects of materials science and in the
areas of physics such as semiconductors, superconductivity,
Ferro electricity, and magnetism.

Since the demonstration almost 50 years ago [3] that
the adsorption of gas on the surface of a semiconductor can
bring about a significant change in the electrical resistance
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of the material, there has been a sustained and successful
effort to make use of this change for the purposes of gas
detection [4]. Sensing toxic and flammable gases is a subject
of growing importance in both domestic and industrial
environments. Metal oxides such as Ga2O3, SnO2, WO3,
TiO2, and ZnO [4–9] are stable physically and chemically
and are widely investigated for gas and humidity detections.
Sensing performance, especially response, is controlled by
three independent factors: the receptor function, transducer
function, and utility. Receptor function concerns the ability
of the oxide surface to interact with the target gas. Chemical
properties of the surface oxygen of the oxides are responsible
for this interaction in an oxide-based device and this
function can be largely modified. A considerable change
in the response takes place when an additive (noble metal,
acidic or basic oxide) is loaded on the oxide surface [8, 9].
Transducer function concerns the ability to convert the signal
caused by chemical interaction of the oxide surface (work
function change) into electrical signal. This function can
be realized by the measure of the current through a system
containing an innumerable number of grains and grain
boundaries, to which a double-Schottky barrier model can
be applied.

It has been observed by almost all researchers working
with oxide semiconductors for gas sensing that the operation
of such sensors with selectivity for a particular gas is
extremely difficult, especially when the changes in the
electrical properties are used as the sensor signal. Use of
sensor arrays and artificial neural network can normally solve
this problem. In fact today’s chemical sensors are much more
reliable with the implementation of ANN logic to improve
the selectivity [10].

The objective of the present review is to discuss the role
of noble catalyst metals to improve the functional properties
of nanocrystalline oxide gas sensors for methane sensing.

2. Different Types of Semiconductor
Metal Oxide Gas Sensors

Different structures of metal oxide gas sensors are innovated
through research and development for the last few decades
to improve the gas sensing performance. Some important
structures are discussed in the following section.

2.1. Resistive Type Metal Oxide Gas Sensors. The first est-
ablished and probably most well-known family of solid-
state gas sensors comprises the resistive type metal oxide
semiconductor sensors. This type of sensors are normally
operated at temperature where the main contribution
to variation of sensor signal originates from changes in
the electronic conductivity due to charge transfer during
chemisorptions and catalytic reactions at the surface and at
grain boundaries. The advantage of this sort of sensors is the
ease of fabrication and direct measurement capability. The
resistance is measured between the two contacts taken from
the top of the sensing (metal oxide) films deposited on a
nonconducting substrates like glass [11], alumina [12], SiO2

[13], and so forth.

2.2. Schottky Type Gas Sensors. The functional characteristics
of sensors, for example, response magnitude and response
time were improved over the resistive type sensors by
adopting Schottky structures with catalytic metal electrode
contacts as reported. Since most of the catalytic noble metals
(Pd, Pt, Rh, etc.) make Schottky junctions with the semicon-
ducting metal oxides and provide the catalytic effect as well
as the collection of carriers, the metal layer serves as a gate
for the diode. In presence of reducing gases, the hydrogen
containing molecules suffers dissociative chemisorptions on
metal electrode to produce atomic hydrogen. The atomic
hydrogen diffuses into the metal/metal oxide junction and
reduces the catalytic metal work function. The Schottky
energy barrier changes due to the reduction of metal work
function and this change can be measured by I-V, C-V, or
any other electrical mode [14–16].

The double barrier Schottky junction in the metal-
insulator-metal (MIM) configuration is another popular gas
sensor device recently reported for hydrogen and methane
sensing. Two different metals are deposited on either side
of the oxide semiconductor to form back-to-back Schottky
junctions. The advantage of such devices is that the total
barrier is higher against the flow of free carriers. So, the
current is appreciably low in air and the difference in current
between the presence and absence of gas is quite high.
Therefore, the response is high, and due to vertical transport
of free carriers through the metal-semiconductor junctions
the response time is also shorter compared to the planer
sensor devices. The single Schottky barrier junction in MIM
configuration is also superior to the planer devices in terms
of response, response time, and recovery time. Basu and
his research group reported hydrogen and methane sensing
using ZnO MIM sensors [17, 18].

2.3. Metal Oxide Homojunction Gas Sensors. Normally metal
oxides are n-type semiconductors. There are few metal oxides
that also exhibit p-type conductivity such as CuO and NiO
[19–21]. Recently p-type conductivity was reported in ZnO
[19–21]. Thus the fabrication of semiconducting metal oxide
p-n homojunction could be materialized with ZnO. Hazra
and Basu [20, 21] showed that p-n ZnO homojunction is
sensitive to H2 as there is a substantial shift in the forward
bias I-V characteristics on exposure to the reducing gases.

2.4. Metal Oxide Heterojunction Gas Sensors. Change in the
I-V characteristics (on exposure to the gaseous environment)
of heterojunction made of two dissimilar metal oxides with
different band gap has evolved another new kind of gas
sensor structures. Amongst these, ZnO/CuO is relatively
widely explored one [22, 23] for sensing CO. Hu et al. [24]
showed that ZnO/CuO also has good response towards H2S
and alcohol. The NO2 and CO2 sensing properties of a
heterojunction gas sensor formed between n-type ZnO and a
p-type composite based on a mixture of BaTiO3/CuO/La2O3

were evaluated by Ling et al. [25] It was found that
the BaTiO3/CuO/La2O3 sensors showed an increase in
resistance when exposed to NO2. When exposed to CO2
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the BaTiO3/CuO/La2O3 sensor showed a small decrease in
resistance.

2.5. Mixed Metal Oxide Gas Sensors. Mixed oxides have
recently emerged as promising candidates for gas detection
[26–30]. It has been realized that such systems may benefit
from the combination of the best sensing properties of
the pure components. Formation of mixed oxides leads to
the modification of the electronic structure of the system.
This includes the changes in the bulk as well as in the
surface properties. Bulk electronic structure, the band gap,
Fermi level position, transport properties, and so forth
are affected mostly in the case of compounds and solid
solutions. Surface properties are expected to be influenced
by new boundaries between grains of different chemical
compositions. It is anticipated that all these phenomena will
contribute advantageously to the gas sensing mechanism.
The use of mixed oxides in gas detection (especially NO2, H2,
CO) has been tried successfully with the following systems:
SnO2-TiO2, SnO2-WO3, and TiO2-WO3 [30–36].

3. Methane Sensing Mechanism

It is well known that the performance of gas sensors can
be improved by incorporation of noble metals on the oxide
surface. SnO2-based gas sensors in the form of thick film,
porous pellets, or thin films, with Pt or Pd modifications,
are widely applied for monitoring explosive and toxic gases
in industry, urban and domestic life [37]. Such promoting
effects are undoubtedly related to the catalytic activities of
the noble metals for the oxidation of hydrocarbons. In case
of planar type resistive gas sensors two metal contacts are
taken from the metal oxide. A polycrystalline semiconductor
has the structure with a large number of grains and grain
boundaries. In contrast to the single crystalline materials,
polycrystalline materials give rise to local potential barriers
between the grains. The electrical properties of the surface
of a thin film and the surface boundaries between the
grains are affected by the adsorption and desorption of
gaseous molecules. Oxygen ions can be found at the grain
boundaries. At elevated temperature O2 is chemisorbed by
gaining [38, 39] one more electron from the surface. Due to
this chemisorptions the resistivity of the material increases:

O + e− ←→ O− [150◦C–300◦C], (1)

2O + e− ←→ O−
2 [30◦C–150◦C]. (2)

Methane molecules react with the chemisorbed oxygen at
the grain boundaries. As a result negative charge carriers are
added to the bulk and hence the resistance decreases:

CH4 + 4O−
(ads) −→ CO2(air) + 2H2O + 4e−(bulk). (3)

Therefore, by measuring the change in the conductivity
of the semiconductor oxide thin films we can detect the
reducing gases [40].

In case of Schottky type gas sensors, catalytic noble
metals are taken as the electrode contacts to the oxides. At

an elevated temperature, the oxygen molecules are weakly
bonded with the catalytic metal atoms (Pt, Pd-Ag, and Rh).
The resulting complex subsequently dissociates and oxygen
atoms are produced [41, 42]:

M + O2 ←→ 2Pd : O[M = Pd, Pt, Rh], (4)

Pd : O ←→ Pd + O. (5)

The oxygen atoms then undergo a spillover process and
finally form negatively charged surface ions by gaining
electrons from the oxide surface, yielding a high electrostatic
potential in the junction [43]. The space charge region, being
depleted of electrons, is more resistive than the bulk. The
hydrogen or methane response mechanism of gas sensors
with a noble metal/metal oxide Schottky junction is, so far,
the best understood and is illustrated in Figure 1. The first
step is the dissociative adsorption of hydrogen or hydrogen
containing molecules (like CH4) to produce H or CH3 on the
noble metal surface that reacts with adsorbed atomic oxygen
to produce water. Further, the H or CH3 spillover to metal
oxide surface and reacts with chemisorbed ionic oxygen to
produce water and free electrons that increases the current
through the junction. If the device is operated at an elevated
temperature ∼100◦C or above, which is normally the case,
the water molecules formed will rapidly desorb from the
surface:

CH4 −→ CH3(ads) + H(ads), (6)

CH3 + H + 4O− −→ CO2 + 2H2O + 4e−, (7)

CH4 + 4O− −→ CO2 + 2H2O + 4e−
(
Complete reaction

)
.

(8)

The above diagrams clearly demonstrate the methane sensing
mechanism of noble metal/metal oxide Schottky junctions.
While Figure 1(b) shows a change in capacitance with voltage
in presence of gas, the same change can be recorded from I-
V characteristics of the Schottky Junction where current is
modulated in presence of detecting gas and thus there is a
shift in the I-V curves. The energy band diagram of a typical
Schottky junction is shown in Figure 2 and it clearly indicates
that there is shift in band bending in presence of the sensing
gas. As a result, the barrier height is modified and in fact
for reducing gases like methane there is decrease in barrier
height (n-ZnO) thereby allowing more current through the
junction and thus increasing the conductivity.

Further due to its high solubility in catalytic metal and
its rapid diffusion through the metal, hydrogen reaches
the catalytic metal/metal oxide interface and produces an
interfacial dipole layer as shown in Figure 1(c). The electri-
cally polarized potential at the catalytic metal/metal oxide
interface lowers the work function of catalytic metal and thus
reduces the barrier height which is shown in the Energy Band
Diagram (Figure 2). The hydrogen at the interface acts as a
shallow donor to metal oxide (e.g., ZnO) and thus the barrier
height is further reduced. Also, the adsorbed hydrogen atoms
passivate the interface states between noble metal and metal
oxide sensors, preventing them from charging and pinning
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Figure 1: The schematic of hydrogen or methane sensing using
catalytic metal on metal oxide film. (a) A typical noble metal/metal
oxide Schottky junction. (b) When exposed to hydrogen or methane
a voltage shift occurs in the capacitance—voltage characteristics. (c)
Diffusion of hydrogen through the noble metal and formation of
dipole layer across the noble metal/ metal oxide junction.

the fermi level. The passivated interface thus causes an
improvement in the barrier height. Due to this lowering
of barrier height, the current through the junction further
increases in presence of the gas [5, 18, 44, 45], thereby
yielding a high response.

4. Factors Related to the Improved
Performance of a Gas Sensor

4.1. Grain Size Effect. Nano crystalline is a single phase
or a multiphase of reduced size (1 nm to 100 nm) of at
least one dimension. When the crystal size is decreasing,
more and more surface is exposed. So fraction of atoms
at the grain boundary increases and the grain boundaries
contain a high density of defects like vacancies, dangling
bonds, which can play an important role in the transport

Vacuum level

ΨMA ΨMG

ΦBA
ΦBG ECG

EC
EFG
EF

EVG
EV

M

ZnO

Figure 2: Band diagram of the Schottky Junction explaining the
sensing mechanism. The barrier height reduces upon exposure to
the reducing gas. ψMA,ψMG are the work function of M in air and in
gas respectively.ΦBA,ΦBG are the barrier height of the junction in air
and in gas, respectively. EC, ECG are the conduction band in air and
in gas, respectively. EV, EVG are the valence band in air and in gas,
respectively. EF, FFG are the fermi level in air and in gas, respectively.
M is Pt, Pd, or Rh.

properties of electrons. Xu et al. [45] proposed a model to
explain the dependence of depletion layer, due to adsorption
of oxygen on the crystal size and to explain the high
response of nanocrystalline metal oxide gas sensors. Later
Rothschild and Komen [42] showed that the conductivity
increases linearly with decreasing trapped charge densities
and that the response to the gas-induced variations in the
trapped charge density is proportional to 1/D, where D is
the average grain size. Figure 3 shows a schematic of few
grains of nanocrystalline metal oxide thin films and the
space charge region around the surface of each grain at the
intergrain contacts. The space charge region, being depleted
of electrons, is more resistive than the bulk. When the
sensor is exposed to reducing gases, the electrons trapped
by the oxygen adsorbate return to the oxide grains, leading
to a decrease in the potential barrier height and thus the
resistance drops. The crystallites in the gas sensing elements
are connected to the neighboring crystallites either by grain
boundary contacts or by necks. It was reported that [45]
the higher response is obtained when grain size is much
lower than twice the depletion width. The depletion region
extends throughout the whole grains and the crystallites are
almost fully depleted of electrons. As a result the conductivity
decreases through the junction, and so the change of
conductivity is very large in presence of reducing gases,
thereby yielding a high response. Figure 3 demonstrates the
three situations schematically.

Further, nanocrystalline metal oxides can reduce the
operating temperature of the gas sensors. Zhang et al. [46]
reported that the surface or interfacial tension decreases
with decreasing particle size because of the increase in the
potential energy of the bulk atoms of the particles. Smaller
particles with increased molar free energy are more prone
to adsorption per unit area of molecules or ions onto their
surfaces in order to decrease the total free energy and to
become more stable, and therefore, smaller particles have
higher adsorption coefficient for gases. Thus, the adsorption
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Figure 3: Schematic of few grains of nanocrystalline ZnO thin films and the space charge region around the surface of each grain at inter
grain contacts.
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Figure 4: Schematic view of gas sensing reaction in (a) compact layer and (b) porous layer.

of oxygen or reducing gases takes place relatively easily onto
the nano crystalline metal oxide surface.

4.2. Porosity and Thickness of the Metal Oxide Films. In
compact metal oxide sensing layer, gases cannot penetrate
into the layers and the gas sensing reaction is confined to
the surface. In the porous layer, gases can access to the entire
volume of the sensing layer and the gas sensing reaction can,

therefore, take place at the surface of the individual grains,
at the grain boundaries, and at the interface between grains
and electrodes as shown in Figure 4. Therefore, porous layer
is more suitable for methane sensing as compared to compact
layers which has been already reported [18, 47–50].

The thickness of the metal oxide thin films has a great
role to play on the response of the sensors. To get high
response of the metal oxide-based gas sensors the thickness
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of the electron-depleted region, due to the chemisorptions
of oxygen, should be as close as the thickness of the metal
oxide thin films. Generally, it was reported that the response
is profoundly higher than resistive type gas sensors made of
thinner films [51, 52]. Babaei and Orvatinia [53] proposed
a model to establish a mathematical relation between the
steady-state response of the sensor and the thickness of the
sensitive film used. It was shown that the response drops
exponentially as the thickness of the sensitive film increases.
On the other hand, some groups reported that for certain
combinations of the structural parameters like porosity,
cracks, and so forth, the gas response of the sensors could
increase.

4.3. Incorporation of Noble Metals. The performance of gas
sensing can be improved by incorporation of noble metals
into the metal oxides. SnO2-based gas sensors in the form
of thick film, porous pellets or thin films with the inclusion
of Pt or Pd are widely applied for monitoring the explosive
and toxic gases in industry, in urban, and domestic life. In
fact, the catalytic metals do not change the free energy of the
reactions but lower the activation energy. The noble metals
can be incorporated as (i) electrode contact on metal oxide
and/or (ii) dispersed phase on the oxide surface.

4.3.1. Effect of Noble Metal Electrode Contact on Metal
Oxide. There are quite a few reports of the applications of
nanoporous noble metal thin films as the electrode contact
onto the metal oxides [54, 55]. Lofdahl et al. [56] studied the
role of noble metal gate morphology for sensing hydrogen
and some hydrocarbons. The metal gates were made with
different thickness gradients. It was observed that Pd shows
higher response at the thicker part of the film whereas Pt
gives more or less the same response for both the thinner,
and thicker part of the film. However, both Pd and Pt
metal contacts show poor stability with time after repeated
gas exposure. The Pd blistering at the thicker part of the
metal film was also reported [57] for repeated hydrogen or
hydrocarbon exposure. The change of response at the thicker,
thinner and blistered part of the Pd film can be explained
by water forming reaction. According to this report thick
compact Pd layer is suitable for improved gas sensing.

The reduction of methane on Pd is not so simple as that
of hydrogen. Recently Su et al. [58] proposed a mechanism
of CH4 reduction on Pd surface. They worked on ZrO2

supported by Pd thin films. At an elevated temperature Pd
is oxidized and then PdO is reduced in presence of methane.
Very rapid oxidation occurs as a consequence of electric
field-driven transport of oxygen anions through the oxide
film. Once the film thickness exceeds about 15 nm, oxidation
occurs more slowly via diffusive transport of oxygen through
the oxide film. The reducing gases diffuse to the metal-
oxide boundary where reduction of the oxide occurs. After
the reduction of PdO continuous diffusion of H through
Pd to Pd/metal oxide junction takes place and a dipole
layer is formed. Dissociative adsorption of methane followed
by water formation occurs almost simultaneously due to
reaction of hydrogen with the chemisorbed oxygen.

There are some drawbacks associated with the use of pure
Pd metal due to blister formation because of the irreversible
transition from the α phase of palladium to the β hydride
phase at low H2 and at 300 K [59]. To overcome these
problems Pd is alloyed to a second metal (13%–30% Ag) for
H2 or hydrocarbon sensing. Pd-Ag alloy is also attractive for
use in gas sensors because of a numbers of other properties
[60] reported as follows.

(1) The rate of hydride formation is very low for Pd-Ag
alloy than for pure Pd.

(2) The solubility of hydrogen is actually greater up to
about 30% Ag and the diffusion of hydrogen is not
hindered by the Ag atom.

(3) Alloy at the higher Ag concentrations (up to 45%)
was reported to have higher rates of hydrogen
adsorption in the temperature range 30◦C–100◦C.

(4) The OH formation barrier energy is higher in
presence of Pd-Ag alloy.

(5) The mechanical properties of polycrystalline Pd-Ag
alloy are better than Pd.

4.3.2. Effect of Noble Metal Dispersion onto the Metal Oxide
Surface. The gas response of the oxides is improved by
surface modification by using platinum group metals like Pt,
Pd, and Rh. These additives act as activators of the surface
reactions. Generally, surface modification takes advantage of
the following important options [61–63]:

(i) choosing a modifier that exhibits a catalytic activity
in the solid-gas interactions,

(ii) changing the reactivity of the material by changing
the modifier concentration,

(iii) the oxide semiconductor can affect the configuration
of d electrons of surface-localized transition metals
and change the surface activity by choosing a suitable
“cluster-matrix” pair.

The most promising catalytic approaches are based on the
“collective” and “local” site concepts. The “collective” site
approach along with chemisorptions theory proposed by
Volkenshtein [64] provides an idea of how the adsorbate
affects the overall band structure of the modified matrix.
It correlates the catalytic activity of the modifier directly to
the valence state of the dopants in the oxide matrix and
their influence on the charge carrier concentration in the
semiconductor. On the other hand, the “local” sites approach
is dealing with the concept of a nonuniform surface, which
deals with the interaction of a semiconductor oxide with the
gas phase to form a surface complex.

After noble metal deposition it is necessary to have sub-
sequent annealing in the temperature range 300◦C–600◦C
that improves the homogeneity and thus stabilizes the gas
sensing properties [65]. The dispersed noble metals actually
activate the spillover process as shown in Figure 5. Catalyst
particles should be finely dispersed on the metal oxide
matrix so that they are available near all the intergranular
contacts. In an open atmosphere the oxygen molecules
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Figure 5: Oxygen spillover process in Pd modified ZnO thin films.
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Figure 6: Nature of deposition of Pd modifier on the metal oxide
matrix.

are first adsorbed on the catalyst and then spillover to
the metal oxide matrix. At appropriate temperatures, the
reducing gases are first adsorbed on to the surface of additive
particles and then migrate to the oxide surface to react
with surface oxygen species thereby increasing the surface
conductivity. It was established that for attaining the optimal
effect, surface cluster size should not exceed 1–5 nm [66],
and the optimal distance between the clusters should be
approximately equal to the oxygen surface diffusion length
[67–69]. Recent experimental work has suggested that the
noble metal clusters accumulate at the step edge of metal
oxide (Figure 6). The functional parameters such as gas
response, response time, recovery time, and selectivity have
been dramatically improved through surface modification
by noble metals. Further, the operating temperature can be
shifted to lower value by introducing suitable noble metals.

5. Nanocrystalline Metal
Oxide-Based Methane Sensors

Continuous research and development activities are being
pursued to explore a gas sensor for detection of low
concentrations of methane in the coalmine atmosphere at
substantially low temperature so that the methane explosion
is not further accelerated by the high sensing temperature.
It has been realized that nanomaterials have great potential
for the technological development almost in each area.
The nanomaterials have some novel properties that attract
for fundamental and technological research and develop-
ment. The dots and wires in the nanoscale range develop

the unique electrical and optical properties of materials.
Quantum confinement effect due to the change of size
and shape of the nanoparticles can modify the energy
bands of the semiconductors and insulators. There are great
efforts towards the development of nanostructured ZnO and
SnO2, since the reactions at the grain boundaries and a
complete depletion of the carriers in the grains can strongly
modify the material transport properties of metal oxide.
The materials are characteristically n-type semiconductors
due to nonstoichiometry associated with oxygen vacancy
and/or metal excess in the interstices, acting as donor
states to provide conduction electrons. However, the overall
surface resistance of such films is greatly influenced by the
chemisorptions of oxygen from air as discussed above.

5.1. Nanocrystalline SnO2. Tin oxide (SnO2) is an n-type
semiconductor with a wide band gap (Eg = 3.6 eV). Because
of its excellent optical and electrical properties, SnO2 is
extensively used as a functional material for the opto-
electronic devices, gas sensors, varistor, ion sensitive field
effect transistors, and transparent conductive coatings for
organic light emitting diodes [70–73]. R.f. sputtering [74],
dc-magnetron sputtering [75], thermal evaporation [76, 77],
ion beam deposition [78], spray pyrolysis [79], and Sol-gel
[80] are the most studied methods for the preparation of
SnO2. Sberveglieri [81] presented a review of the techniques
applied for SnO2 films deposition and it was shown that
most of the methods require high-temperature treatments
in order to fabricate good-quality polycrystalline films. High
temperature, however, damages the surface of the films and
increases the interface thickness, which has negative effect on
the optical properties, especially on the wave guiding. Pulsed
laser deposition (PLD) technique was successfully applied
for growing quality SnO2 thin films [82, 83]. The film was
produced by ablation of either Sn target in oxidizing oxygen
atmosphere or SnO2 target. PLD offered many advantages
of reduced contamination due to the use of laser light,
control of the composition of deposited structure, and in
situ doping. It is a versatile and powerful tool for production
of nanoparticles with desired size and composition, only by
varying the deposition conditions.

Carotta et al. [84] systematically studied the responses
of alkanes to SnO2-based materials and a solid solution
of Sn, Ti with particular emphasis to the dehydrogenation
mechanisms of surface reaction of these gases and eventually
to carbon oxides. The mechanism of interaction of the
sensors versus alkanes has been modelled on the basis of
previously reported studies on oxidation of alkanes via
heterogeneous catalysis of metal-oxide materials [85–87].
Also the sensing properties of SnO2-and TiO2-based oxides
versus alkanes were studied [88] under wet condition and in
presence of ethanol. It was observed that the response versus
alkanes is significantly high, when operating above 450◦C. In
general, the response of the sensors versus alkanes increases
with the number of carbon atoms and with temperature
[89, 90]. This behavior is explained through alkane oxidation
via heterogeneous catalysis of metal-oxide materials [85–87].
O-species at surface (oxygen adsorbed on the sensor surface)
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Figure 7: Response to 5000 ppm CH4 as a function of operating
temperature for undoped SnO2 sensors with and without the Pt
layers.

trap hydrogen and an alkyl radical is being created. The rad-
ical reacts to give a second homolytic C–H bond dissociation
and to form an alkene and a second OH–bond on the surface.
Finally, the whole process yields an alkene, which then gets
oxidized to CO, CO2, and other subproducts The SnO2 films
were found suitable for this purpose at 650◦C.

Recently Vaishampayan et al. [91]. studied the response
of the pristine SnO2 and Pd: SnO2 towards different reducing
gases. The 1.5 mol% Pd doping showed an enhancement
in response to 75% and 95% towards LPG at as low a
temperature as 50◦C and 100◦C, respectively, quite promis-
ing compared to pristine SnO2. Structural characterizations
revealed that Pd doping reduces the crystallite size of SnO2

and helps in forming distinct spherical nanospheres at a
calcination temperature of 500◦C. Thus the increase in LPG
response can be correlated with the spherical morphology
and decrease in the crystallite size (11 nm) of SnO2 due to
doping with Pd as compared with the pristine SnO2 (26 nm)
and the role of Pd as a catalyst.

Cabot et al. studied [92] a correlation between the cat-
alytic activity and the sensor response of different modified
SnO2 samples to CH4 as target gas. It was found that the
catalytic oxidation of methane is more pronounced for Pd
than Pt. Recently Das et al. [93] observed that nanosized
(3.5–14.0 nm) tin dioxide powders can be prepared by
sonication-assisted precipitation. Thick films prepared by
using such powders showed very good methane response
because the resistance of the films in air at an operating
temperature of 350◦C was much less than that of the
films prepared by conventionally precipitated powder. Also
such sonication-assisted precipitated powder needs a lower
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Figure 8: Response versus operating temperature for three Os-
doped SnO2 samples (2a, 2b, 2c are three SnO2: Os samples doped
with different Os concentrations).

amount of antimony doping for fabrication of real life gas
sensors.

The undoped and 0.1 wt.% Ca-doped SnO2 thin films
were deposited by ion beam sputtering and were covered
by 30–60 Å Pt layers that was annealed at 650◦C. The
methane sensors made of this film were tested in the
temperature range 250–450◦C. The best CH4 response [94]
was obtained at 400◦C for a film with an optimal Pt thickness
of45Å (Figure 7). Further it was found that the humidity
dependence of CH4 sensing up to 5000 ppm was relatively
small because of the dense film structures.

Recently it was reported that Fe doped SnO2 thick films
also show response towards methane [95]. Quaranta et al.
[96] studied the methane sensing properties of osmium-
doped SnO2 films that were prepared by Sol-gel technique
using SnCl4 and OsCl3 precursors. The experimental data
reported in this work show that Os doping improves the gas
sensitive properties of the tin oxide thin films by enhancing
the response to CH4 and simultaneously by lowering the
operating temperature that is shown in Figure 8. This is a
promising work for producing a low-cost methane sensor.
Probably, the role of Os is to act as a covalent site for
catalyzing the oxidation of CH4. Obviously, the reduction
in the optimum operating temperature could lead to a cross-
response effect, for example, response by CO. However,
by using sensor in an array configuration, in which the
interfering effects should not be a drawback, the problem
of cross sensitivity may be solved. However, further studies
are necessary to understand the true role of osmium in the
catalytic property, reactivity, selectivity, and ageing effect in
presence of interfering gases.
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Figure 9: (a) Effect of antimony doping of tin dioxide on methane sensitivity and (b) effect of palladium concentration on methane
sensitivity of tin dioxide.
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Figure 10: Effect of palladium concentration on methane sensitiv-
ity of antimony doped (0.5 wt.% as Sb2O3) tin dioxide coatings.

Chatterjee et al. [97] reported methane sensing charac-
teristics of antimony-doped SnO2 prepared by simultaneous
precipitation of tin dioxide and antimony (0–1 wt.% as
Sb2O3), tin dioxide and palladium (0–2 wt.% as Pd0), tin
dioxide with a fixed amount of antimony (0.5 wt.% as
Sb2O3) and palladium (0–2 wt.% as Pd0). Figures 9(a) and
9(b) demonstrate the dependence of methane sensitivity
on antimony and palladium content in SnO2 coating,
respectively.

It was found that the antimony doping in small amounts
gradually lowers the sensor resistance and there is an opti-
mum antimony concentration (0.25%) where the response
for methane is maximum (Figure 9(a))

The response of undoped tin dioxide for methane is
maximum at 0.5 wt.% palladium (Figure 9(b)), but no
such response saturation has been observed for palladium

concentration up to 2 wt.% for antimony doped tin dioxide
samples (Figure 10).

Kim et al. [98] prepared SnO2 from SnCl4 by a
precipitation method using an aqueous ammonia solution
of SnCl4. The response of this sensor to methane at 658 K
was higher than that with supported Pd, Pt, Rh, or Ni
catalyst. This sensor responded to methane in the range 500–
10,000 ppm with sufficiently high response and response
rates, though it also responded to many other gases. Such an
excellent promoting effect of the supported Pd (Figure 11)
catalyst is considered to originate from the high dispersion
of Pd (or PdO) particles supported in addition to the high
intrinsic activity of Pd for the catalytic oxidation of methane.

Urfels et al. [99] reported that Pt supported on high
surface area tin (IV) oxide appears as a superior catalyst
for the complete oxidation of traces of methane at low
temperature, being even significantly more active than
reference Pd/Al2O3 in the presence of large amounts of water
in the feed. This is due to the fact that the inhibition of water
on the catalytic activity is not as strong as for Pd/Al2O3.
Pt/SnO2 [100] is however more severely deactivated than
Pd/Al2O3 upon steam ageing at 873 K and that would predict
a shorter lifetime compared to Pd catalysts [12]. The presence
of H2S induces a strong and irreversible deactivation of
Pt/SnO2. The activity is hardly restored by treatment under
oxidizing atmosphere below 773 K due to the stability of
poisoning species.

Chakraborty et al. reported [101] a thick film methane
sensor that was fabricated from nanosized tin dioxide
powder containing antimony oxide and palladium. Thick
film sensors, prepared with such powders, showed good
methane response and nearly equivalent sensing properties
of imported Figaro (Japan) sensors. Han et al. [102] worked
on SnO2 based-gas sensors and it was found that Fe2O3
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Figure 11: (a) The sensitivities of SnO2-based sensors having various combinations of additivities (Ca and Pt) and alumina supported metal
catalysts (Pd and Pt) to methane at 658 K as a function of methane concentration. The additivities (0.1 wt.%) were added to SnO2 by a
coprecipitation method, while the supported catalysts (5 wt.%) were mixed with SnO2 powder. (1) SnO2 (pure), (2) SnO2 (Ca), (3) SnO2

(Ca, Pt), (4) SnO2 (pure) + Pt:alumina, (5) SnO2 (pure) + Pd:alumina, and (6) SnO2 (Ca,Pt) + Pd:alumina. (b) Influences of Pd loading
methods on the methane sensitivities at 658 K (net Pd loading: 0.25 wt.%). (1) Impregnation from PdCl2 solution. (2) Physical mixing of Pd
black. (3) Rinsing method. (4) Physical mixing of Pd: alumina.
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Figure 12: Sensor response to 1000 ppm CH4 as a function of
the operating temperature. Open symbols correspond to the SnO2

materials with a nominal 0.2% additive concentration and black
symbols correspond to those with 2% additive.

was a more effective additive than Pd or Pt. It showed high
response and high selectivity for H2, CH4, and C4H10 and
a little cross-sensitivity to ethanol and smoke. Malyshev
and Pislyakov and his group [103] developed a production
process of thick-film semiconductor gas sensors. The sensors

were proved to be highly efficient for detection of methane,
hexane, hydrogen, carbon monoxide, ammonia, hydrogen
sulphide, and ethanol. Saha et al. [104] studied the role
of alumina on the methane response of the tin oxide thin
films and a good response was observed. Above 350◦C, in
contrast to pure tin dioxide coatings, the methane response
of iron doped tin dioxide coatings drastically decreased. The
nanocomposites based on Sn, In, and Ti oxides were success-
fully derived by Chen et al. [105] with high response and
selectivity for methane through optimizing the preparation
parameters. Enhancement of gas-sensing properties of the
semiconducting methane sensor could be attributed to the
smaller crystallite size of SnO2, the adsorption behavior and
the chemical reaction of methane and O2 on the composite
surface, and to the introduction of the additives. The sensing
behavior was directly related to the catalytic activity for
methane oxidation.

5.2. Nanocrystalline ZnO. ZnO is a promising material for
gas sensor. So far ZnO-based devices have attracted much
attention as gas sensors because of their chemical response to
different adsorbed gases, high chemical stability, amenability
to doping, no toxicity, and low cost. ZnO gas sensors can
be used not only for detecting the leakage of inflammable
gases and toxic gases but also for controlling domestic gas
boilers. Zinc oxide is a wide band gap semiconductor with
many important properties, which make it commonly used
in electronic and optoelectronic applications. Polycrystalline
ZnO has been widely used in electronic industry. Pure ZnO
is an intrinsic II-VI compound semiconductor with a band
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gap of 3.2 eV at room temperature (30◦C) and high exciton
binding energy (60 meV). The nature of absorption shows
that ZnO is a direct band gap semiconductor. The creation
of native defects during preparation makes ZnO normally n-
type [106–108]. The nonstoichiometry arises due to excess
zinc interstitials or oxygen vacancies or both which make
ZnO n-type semiconductor.

ZnO films can be prepared by many methods, such as
thermal oxidation of Zn metallic films [109], sol gel process
[110], sputtering [111], chemical vapor deposition [112],
pulse laser deposition[113], evaporating method [114], and
electrochemical process [115, 116].

For the last couple of years investigations on the
development of a low-temperature methane detector using
nanocrystalline ZnO-based chemical gas sensors with noble
metals as the catalytic metal contacts have become quite
important. The challenge is to attain the high response of
low ppm testing gases, short response and recovery time,
selectivity, and long-range stability. Nanocrystalline ZnO
thin films demonstrate remarkable gas-sensing properties
when the crystallite size becomes comparable to Debye
length. Further, nanocrystalline and porous materials with
controlled composition are of increasing interest in gas
sensing because of their large surface to volume ratio that
enhances the reaction probability between the adsorbed
oxygen and methane gas.

Mitra and Mukhopadhyay [117] reported Methane
(CH4) response of zinc oxide (ZnO) thin film. The catalyst
layer was formed on the surface of semiconducting ZnO
following a wet chemical process from palladium chloride
(PdCl2) solution. A reasonable response of approximately
86%, fast response time of less than one minute, and a
moderately fast recovery (approximately 3 minutes) are
observed at 200◦C. Although the operating temperature of
200◦C is relatively on the lower side, the maximum response
of 86% should be somewhat higher for application purpose.

Recently the methane sensing temperature between
210◦C and 250◦C is reported [118–120] depending upon
whether the ZnO sensing film was grown electrochemically
or by a sol-gel method, respectively. But these relatively high
temperatures for detection of methane are still not suitable
for applications in the coalmines.

The functional characteristics of the gas sensors, for
example, response, response time, and recovery time were
improved over the resistive Taguchi type sensors by adopting
Schottky structures with catalytic metal contact. The vertical
structure fabricated by growing metal oxides on the con-
ducting surface and depositing a catalytic metal on the oxide
improves the functional properties of the sensor devices
because the electrons generated in the catalytic metal-
oxide interface can be collected by the second electrode
in the back with minimum carrier annihilation in the
transport mechanism. Fonash [121] first studied the MIM
configurations. The basic principle of the current conduction
mechanism of an MIM sensor is that the electrons move
from the upper metal electrode to the lower one through
the active insulating layer vertically on the basis of back-to-
back Schottky barrierjunctions. In the MIM configuration
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Figure 13: Response magnitude as a function of temperature for
Pd-Ag, Rh, and Pt contacts.

since Zn contact to ZnO layer is ohmic by nature, only
noble metal/ZnO junction acts as the barrier against electron
flow. Room temperature hydrogen sensor using ZnO MIM
structure was first reported by Dutta and Basu [122]. There
are very few reports on Zinc oxide-based methane gas sensors
with high response and faster response time and recovery
time. So far the reported sensor structures on the oxide-
based semiconductors and operating in the resistive mode
at high temperatures showed longer response and recovery
time [118–127].

Bhattacharyya et al. [120] studied the sol-gel grown ZnO-
based gas sensors in the resistive mode. Pd-Ag and Rh
contacts were found to produce a relatively lower optimum
temperature of 250◦C for sensing compared to 300◦C for
Pt contact. Further, Rh contact showed the higher response
(83.6%) than Pd-Ag and Pt (Figure 13). It was further
reported that the response and recovery time are shorter for
Pd-Ag compared to Rh and Pt contacts, most probably due
to the fact that solubility and diffusivity of hydrogen obtained
from methane dissociation is higher for Pd-Ag compared to
both Pt and Rh [128–131].

Basu et al. [126, 127] have studied electrochemically
grown ZnO-based MIM Schottky gas sensors and the effect
of different catalyst metals (Rh, Pt, and Pd-Ag) on methane
sensing. The response versus temperature curves for different
noble metal catalysts in pure nitrogen is shown in Figure 14
and it is observed that Rh gives higher response than Pd-
Ag and Pt (Rh>Pd-Ag>Pt). In fact, the catalytic effect of Rh
for dissociation of methane or hydrogen is stronger than Pd
and Pt. In literature, it can be found that catalytic activity
of Pd and Pt on methane or hydrogen is more or less the
same [128–131]. But Figure 14 shows a higher response with
Pd-Ag than Pt and thus contradicts the reported results.
Figure 14(b) further shows that the response is somewhat
reduced in synthetic air. It was reported that the oxygen
is parallely chemisorbed on the noble metal and there is a
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Figure 14: Response versus temperature curves of Pt/ZnO/ZnO, Pd-Ag (26%)/ZnO/Zn, and Rh/ZnO/Zn MIM sensors in the presence of
1% methane in (a) pure nitrogen and in (b) synthetic air.

competitive equilibrium between oxygen and hydrogen as
the adsorbates on ZnO. As a result it may well be depicted
that the adsorption sites for hydrogen are reduced and
chemisorbed hydrogen reacts with oxygen instead of getting
diffused into the noble metal/ZnO junction to produce H2O
molecules and thus reduce the current through the electrodes
[126, 127]. Therefore, a lower response to hydrogen is
obtained in synthetic air. The reactivity depends on the
catalytic properties of the metal surface and differs between
different metals. Since the OH formation energy barrier
is much lower on Pt than Pd-Ag, most of the hydrogen
produced by the dissociation of methane produces OH
molecule for Pt contact. Then the water formation needs
more than one step and thus the kinetics of sensing becomes
slower.

Therefore, the devices using Pt as catalytic metal exhibit
lower response and relatively longer response time than
Pd-Ag for all the cases. The OH formation energy of Rh
is higher than both Pd-Ag and Pt [128–131] and so Rh
catalytic metal contact gives higher response than Pd-Ag and
Pt. This corroborates the experimental results obtained by
Bhattacharyya et al. [120].

Recently Bhattacharyya et al. [125] reported a ZnO-
based resistive sensors with Au and Pd-Ag contact. The
ZnO thin film was deposited by Sol-gel method. The
crystal size of the films was in the range 45 nm–75 nm. The
surface morphology studies revealed randomly oriented
grains with hexagonal structure and a large number of

None SEI 7 kV ×50.000 100 nm WD 7.5 mm

75 nm

52.6 nm

56 nm
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48.2 nm

Figure 15: SEM images of the sol-gel grown nanocrystalline ZnO
surface annealed at 600◦C for 30 minutes.

pores of an average diameter 56 nm (Figure 15) that is very
useful for methane gas sensing. It can be found that the
operating temperature of sensing with Au contact was 350◦C
and it was reduced to 250◦C (Figure 16) by using Pd-Ag
catalytic contact with a response 74.3% and a response time
∼16 seconds.

The same group reported a Pd-Ag/ZnO/Zn MIM
methane sensor using sol-gel grown ZnO thin film, with
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Figure 16: Response as a function of temperature.
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Figure 17: FESEM pictures of ZnO thin films grown electrochemi-
cally, with the magnification (× 30 000).

an operating temperature of 250◦C and a response time
∼11 seconds.

Basu [132] reduced the operating temperature of
methane sensing to 100◦C or less by using electrochemically
grown nanocrystalline-nanoporous ZnO thin film and by
modifying the oxide surface with Pd. Two different device
configurations, for example, a planar structure and a metal-
active insulator-metal (MIM) sandwich structure, both
working on Schottky barrier mode were designed, fabricated,
and tested for methane sensing. Pd-Ag alloy was used as the
catalytic electrode (0.2 μm) contact for both the planar and
MIM configurations.

Figure 17 shows the FESEM picture of the electrochem-
ically grown nanocrystalline ZnO thin film. The crystallite
size obtained was below 10 nm with a uniform distribution
of the nanopores (size).

The variations of the response with operating tempera-
ture and with biasing voltage using 1% methane in nitrogen
and in synthetic air were studied. The maximum response
was obtained at 70◦C and 100◦C for the planar and the MIM
sensor structures, respectively, with 3 V forward bias for both
(Figures 18 and 19).

The Pd-modified nanocrystalline ZnO (below 10 nm)
enhances the oxygen spillover process on ZnO matrix,
resulting in a large amount of chemisorbed oxygen that yields
a high electrostatic potential across the Pd-Ag/ZnO Schottky
interface.

The change of current in presence of methane is relatively
higher for the planar structure that has two Schottky contacts
with double barriers compared to the MIM structure with
one Pd-Ag/ZnO junction. The performance was somewhat
reduced in synthetic air for both the sensor structures due
to a competitive equilibrium between oxygen (from air) and
hydrogen as the adsorbates on ZnO. As a result the adsorp-
tion sites for hydrogen and thus the amount of hydrogen
diffusing across the Pd-Ag/ZnO junction are reduced. The
temperature for maximum response was reduced to 70◦C
for the planar and 100◦C for the MIM structures for the
Pd-modified ZnO nanocrystals. The possible reason for the
response at substantially low temperature was mentioned as
due to increased surface free energy of the nanocrystalline
ZnO surface. Presence of dispersed Pd nano particles over
ZnO surface further reduces the adsorption energy. As a
result the sensors respond at considerably low temperature
and with short time of response. It is worth mentioning here
that imperfect structural orientation of the polycrystalline
sensing layer (ZnO) also modulates the gas adsorption
behavior and thus the sensing parameters.

Figure 20 demonstrates that the sensors using Pd modi-
fied ZnO thin films show temperature dependent selectivity
for methane and hydrogen in presence of each other. For the
planar sensors hydrogen response is maximum at 50◦C where
the response for methane is very low. At 70◦C both hydrogen
and methanerespond almost to the same extent. On the other
hand, MIM sensors show distinct selectivity for methane at
100◦C where hydrogen response is almost zero.

Methane actually first dissociates to produce molecular
hydrogen that subsequently decomposes catalytically to
atomic hydrogen. The atomic hydrogen then takes part in
gas sensing reaction. Therefore, the temperature for sensing
methane is always higher than that of hydrogen.

The response time and recovery time were calculated
from the transient response curves for different concentra-
tions of methane and are shown in Table 1 .

Table 1 shows that the response and recovery times of the
MIM sensor are relatively shorter than the planar sensor. The
possible interpretation has been given that the separation
between two electrodes for the planar configuration is larger
(2 mm) than the MIM (8 μm) configuration, resulting in the
rapid current flow kinetics for the MIM configuration.
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Figure 18: (a) Response versus temperature curves at 3 V and (b) response versus voltage curves, for planar and MIM sensor structures at
70◦C and 100◦C.

Table 1: The sensing results of the planar structures at 70◦C and MIM structures at 100◦C for different concentrations of methane using
nitrogen and synthetic air as carrier gases.

% CH4 Response Response time (s) Recovery time (s)

Planar MIM Planar MIM Planar MIM

Nitrogen Synthetic
air

Nitrogen Synthetic
air

Nitrogen Synthetic
air

Nitrogen Synthetic
air

Nitrogen Synthetic
air

Nitrogen Synthetic
air

0.01 21.2 9.2 18.2 6.5 16.2 19.2 10.2 13.2 33.2 34.2 18.7 20.3

0.05 25.4 14.6 22.3 11.4 13.3 17.4 6.7 9.3 30.3 32.8 17.2 19.2

0.1 39.3 18.3 23.2 16.8 11.1 16.4 6.03 8.2 27.5 29.6 16.8 17.3

0.5 42.2 21.6 25.2 17.2 8.4 15.2 4.02 6.9 25.7 27.4 16.1 17.1

1 47.5 25.7 32.2 20.4 4.6 12.6 2.69 4.2 22.7 23.4 16.0 16.2

The longer time of recovery was due to slower rate of
desorption being interfered by the presence of air after the
methane flow was cut off.

This investigation highlights the fact that the temperature
of sensing methane at 100◦C using Pd-Ag/Pd: ZnO/Zn MIM
device configuration is suitable for practical applications as
due to minimum interference from humidity.

There are very few reports on metal oxide-based methane
gas sensors with high response and shorter response and
recovery time. So far the reported sensor structures based
on oxide semiconductors and operating in the resis-
tive mode at high temperature showed relatively longer
response (>10 seconds) and recovery (>40 seconds) time
for methane sensing. In this investigation, particularly the

MIM sensor showed good response (∼32), shorter response
(∼2.69 seconds), and recovery (∼16 seconds) times as com-
pared to the values reported by others [1–7, 91–105, 118–
127, 133, 134].

Figure 21 presents the stability of both types of sensor
structures. For 1% methane in nitrogen as carrier gas the
study was continued for 33 days and showed a stable
performance. In synthetic air the stability studied for about
9 hours was appreciably good.

5.3. Other Metal Oxide-Based Methane Gas Sensors. Apart
from the ZnO-and SnO2-based gas sensors, there are few
metal oxides that give response towards the me-thane.
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Figure 19: Response versus temperature curves of (a) the planar and (b) the MIM sensor structures at 3 V in the presence of 1% methane in
pure nitrogen and in synthetic air.
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Figure 20: Response versus temperature plots of (a) the planar and (b) the MIM sensors in 1% H2 and 1% CH4 in pure N2 environment.

Selective detection of methane in domestic environments
using a catalyst sensor system based on Ga2O3 was reported
by Flingelli et al. [133], and it was found that the use
of catalytic gas filters consisting of porous Ga2O3 is very
efficient to eliminate cross sensitivities to ethanol and organic

solvents. This technique yields selective sensors for indoor
methane detection and this type of catalyst filter is very
promising in term of robustness. Moreover, no expensive
catalytic material like platinum is required. Recently, MoO3-
based CH4 sensors were also reported [134]. However, the
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Figure 21: Stability study of both types of sensor structures using nitrogen as carrier gases.

sensor was operated at 500◦C and the sensitivity for methane
was quite poor.

6. Conclusion

This review article has focused on the recent achievement
on the research and development of methane gas sensors
using inexpensive metal oxides and the effect of noble metals,
either as catalytic contact electrodes or as the sensitizing
agents. Among them SnO2 and ZnO sensors have been
widely studied and have shown most promising results on
gas response in terms of sensing temperature and voltage,
sensitivity, time of response and stability. Nanocrystalline
ZnO, after sensitization with Pd nanoparticles has shown the
lowest temperature of methane sensing so far reported. Gas
sensing mechanism has been briefly discussed from the point
of view adsorption-desorption activation and the influence
of noble metals.
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dehydrogenation of isobutane over a titanium pyrophos-
phate catalyst,” Journal of the Serbian Chemical Society, vol.
70, no. 6, pp. 791–798, 2005.

[88] M. C. Carotta, A. Cervi, A. Giberti, et al., “Ethanol interfer-
ence in light alkane sensing by metal-oxide solid solutions,”
Sensors and Actuators B, vol. 136, no. 2, pp. 405–409, 2009.

[89] M. C. Carotta, A. Cervi, A. Giberti, et al., “Metal-oxide solid
solutions for light alkane sensing,” Sensors and Actuators B,
vol. 133, no. 2, pp. 516–520, 2008.

[90] M. C. Carotta, V. Guidi, G. Martinelli, M. Nagliati, D.
Puzzovio, and D. Vecchi, “Sensing of volatile alkanes by
metal-oxide semiconductors,” Sensors and Actuators B, vol.
130, no. 1, pp. 497–501, 2008.

[91] M. V. Vaishampayan, R. G. Deshmukh, and I. S. Mulla,
“Influence of Pd doping on morphology and LPG response
of SnO2,” Sensors and Actuators B, vol. 131, no. 2, pp. 665–
672, 2008.
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1. Introduction

It is well known that the response of conductometric solid
state gas sensors based on thin or thick films increases with
the surface-to-volume ratio of the crystallites inside them.
During the last decades, many efforts have been undertaken
to reduce the grain size of these polycrystalline films to
values below a few tens of nanometers. To achieve this goal,
new wet chemical routes or modified physical deposition
techniques have been used [1, 2]. In parallel to this scaling-
down approach, the use of sensitive layers formed by bundles
of nanowires has been proposed as well. However, the
surface-to-volume ratio of the nanowires is not higher than
the values reached with nanocrystals, and any significant
improvement in the final performance of these prototypes
was reported [3, 4].

It is noteworthy that the use of sensing films leads to
other inherent restrictions such as gas diffusion in their
inside, chemical sensing inhomogeneity, grain agglomera-
tion and intergrain-boundary effects. Each one of them
modifies the behavior of the prototypes and hampers the
study of the grain size influence on the ideal sensor response
expected in a scenario free of interfering effects [5–7].

The study of individual nanowires offers an excellent
opportunity to avoid many of these interferences [8].
Furthermore, the direct influence of the nanowire radius on
the sensor response has also been reported [9]. According to
these results, response towards gases sharply increases with
radii below 15 nm. In this situation, the conduction channel
along the nanowire is close to total depletion and small
variations in the charge trapped at the surface by gaseous
molecules lead to huge effects on their electrical responses.
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Typical sizes for depleted regions in metal oxides are close
to 3–5 nm [10]. Therefore, nanowires thinner than 10 nm
in diameter are considered excellent candidates to both
study deep depletion effects and understand the complete
shrinkage of the conductive zone. Unfortunately, there
are still important technical drawbacks to manipulate and
electrically contact individual ultrathin nanowires, hindering
the fabrication of experimental prototypes.

In this paper, we report an alternative approach to study
the shrinkage effects of the conductive zone in nanostruc-
tured metal oxides, overcoming the technical limitations
associated with nanowires. This approach is based on the
use of nanostructured In2O3 and WO3 obtained as replicas
of mesoporous templates [11, 12]. This method produces
minute nanograins ordered in a network that facilitates
gas diffusion through it, maintains the chemical sensing
homogeneity, avoids grain agglomeration and diminishes
grain boundary effects [13–15]. UV illumination is used
to modulate their resistance several orders of magnitude,
changing from an insulating to a semiconductor state useful
for gas sensing applications even at room temperature. Like-
wise, surface functionalization is used to modify the density
of active sites at the surface and, thus, to balance the influence
of the surface and bulk effects on the overall response. This
approach, that combines fully depleted nanomaterials with
UV illumination and surface functionalization, opens the
door to the development of room temperature conductomet-
ric gas sensors.

2. Experimental Setup

2.1. Synthesis Routes. As previously discussed, the use of
templates is an attractive alternative to overcome the above-
mentioned difficulties concerning the fabrication of the
sensors and the interpretation of their response.

The soft-template methods, based on the use of surfac-
tants, were initially discarded. Even though these methods
reduce the dispersion of the particles, the fact that the tem-
plate is removed before annealing produces agglomerated
materials. In contrast, the template is removed in the hard-
template methods afterwards, and this ensures a good control
of the particle size since the template acts as a physical barrier
to coalescence of the crystals during the calcination process.

The hard-template method also offers several additional
advantages. Firstly, it allows obtaining a porous network
distribution that depends on the nanotemplate structure,
selected among a wide variety, such as MCM-41, SBA-15,
KIT-6, and SBA-16. Second, the replication process using
silica templates is easy to scale-up. This is an advantage
compared with other hard-templates such as anodized
aluminum oxides (AAOs) membranes. Third, mesoporous
silica templates offer good thermal stability for the synthesis
of metal oxides at relatively high temperatures [16].

Mesoporous silica was synthesized by using a nonionic
triblock copolymer surfactant (EO20PO70EO20, Pluronic
P123 from BASF) as a structure directing agent [17]. In
this work, we have chosen the KIT-6 structure (three-
dimensional cubic Ia3d) for the mesoporous silica template
[18, 19]. KIT-6 was synthesized using the following proce-

dure: 6 g of P123 were dissolved in 195 g H2O, 30 g of HCl
37% and 6 g of 1-butanol. Then, 12.5 g of TEOS (tetraethyl
orthosilicate) were added dropwise, and the mixture was
stirred for 24 h at 36◦C, followed by a hydrothermal treat-
ment at 90◦C. Finally, the mesoporous silica was filtered,
washed, dried and calcinated at 550◦C.

For obtaining mesoporous indium oxide or tungsten
oxide, a two-impregnation process was performed. In a typi-
cal synthesis, 0.15 g of mesoporous silica (KIT-6) were firstly
impregnated, respectively, with 1 mmol of In(NO3)3·xH2O
ethanolic solution or with phosphotungstic acid (Alfa Aesar)
which was used as a precursor for WO3. The mixture was
stirred for 30 minutes, dried and calcinated at 350◦C. The
resulting powder was impregnated again with the precursor
and calcinated at higher temperature than 600◦C in order to
obtain the metal oxide as a well-stabilized material. Finally,
the silica template was removed by etching the material with
a 2 M NaOH solution at 70◦C for 24 hours or alternatively
with HF. The solid was separated by centrifugation and
cleaned several times with water and ethanol. In all cases,
chemicals were of analytical grade and water used had
been distilled twice and disionized with a Millipore Milli-Q
system. XPS and EELS analyses revealed that all the silica was
completely removed, at least, within the resolution limits of
these techniques.

Some samples were functionalized with aminopropy-
lphosphonate [20]. Since P−O−M bonds are more ther-
modynamically stable than Si−O−M bonds, phosphonate
blocks the surface sites in the right direction. In addition to
this, the reaction of metal oxides with phosphonate is easier
even in the absence of hydroxyl groups.

2.2. Material Characterization. X-Ray Diffraction (XRD)
analysis was performed on Siemens D500 and Bruker
D4 X-ray Powder diffractometers, working with the Cu
Kα radiation. Transmission Electron Microscopy (TEM)
characterization was carried out using a Philips CM30
SuperTwin electron microscope operating at 300 keV and
High Resolution TEM (HRTEM) was performed on a JEOL
JEM 2010F electron microscope operating at 200 keV with
a field emission gun. X-Ray Photoelectrons Spectroscopy
(XPS) measurements were performed on a PHI equipment
5500 Multitechnique model, operating with Al Kα line at
1486.6 eV (0.9 eV of line width). Brunauer-Emmett-Teller
(BET) analysis was performed using ASAP 2000 equipment
(Micrometrics). For this purpose, samples were degassed
at 150◦C for 20 hours in a maximum vacuum of 266 Pa.
Both porous replicas displayed high superficial specific area
(65 ± 5 m2 g−1) which was in range with the values obtained
for the silica template (62 ± 5 m2 g−1).

2.3. Sensors Fabrication and Measurement. Sensors were pre-
pared by screen-printing of the as-synthesized powders and
an organic solvent (1,2-propanediol) mixture onto alumina
substrates. Platinum electrodes and a platinum heater had
been previously printed at front and back sides of the
substrates. Platinum heater allowed controlling the working
temperature. Sensors were fired at 500◦C for 30 minutes to
evaporate the solvent and to ensure sample adherence to the
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Figure 1: (a) Low angle X-ray diffractogram of mesoporous In2O3. Dotted line corresponds to KIT-6 silica. The replica clearly shares the
same large-scale mesoporous structure with the silica template. (b) Wide angle XRD of KIT-6 In2O3. Main diffraction peaks of the cubic
structure Ia-3 of In2O3 are clearly identified. (c) High-resolution Transmission Electron Microscopy and selected area diffraction pattern on
the squared region of an In2O3 KIT-6 mesoporous replica. A sketch of the KIT-6 mesoporous structure is included for clarity (reprinted with
permission from [14] Rossinyol, et al. Adv. Funct. Mater. 17, 1801–1806, 2007, Wiley-VCH Verlag GmbH & Co. KGaA (2007)).

alumina surface. Screen-printed powders were examined on
a Field Emission Hitachi 4100 scanning electron microscope.

UV illumination was provided by different LED sources,
from 365 nm to 310 nm, as well as a UV Xe lamp from
Hamamatsu equipped with a high- and lowpass filter set.
In both cases, the use of a controlled heater also allowed
controlling the sensor temperature.

For the electrical characterization of the sensors, the gas-
sensor devices were placed in a stainless steel test chamber
where a controlled gaseous atmosphere was provided by
means of mass flow controllers. DC electrical characteriza-
tion of these devices was performed by applying an external
bias and then recording the current by means of low-noise
current amplifier in conjunction with a high sampling speed
digital acquisition board. Most experiments were carried
out also in a ProboStat cell located in a furnace or a
similar item home made with 290 nm highpass windows.
The temperature was precisely monitored and controlled by
a thermocouple located next to the sample. The used gas flow
ranged between 100 and 200 mL ·min−1 without noticeable
influence on the responses. Accurate gas compositions—
NO2, CO, N2, O2, synthetic air (SA), humid air—were
prepared using a gas mixer based on mass flow controllers
(MFCs) controlled by computer. The sensor response was
measured as the ratio of the resistance in presence and
in absence of the target gas. The response was defined as
Rgas/Rair for oxidizing gases and Rair/Rgas for reducing gases.

3. Results and Discussion

On the one hand, low-angle XRD patterns (Figure 1(a))
revealed that the template and the corresponding replica
share the same mesoporous structure (KIT-6) and demon-
strated that this was a general feature of the here-studied
materials. On the other hand, wide-angle XRD patterns
(Figure 1(b)) confirmed that the crystalline structure of the
mesoporous In2O3 replicas was the cubic Ia-3 (JCPDS 6-
0416) [13].

Figure 1(c) shows a high-resolution TEM image of
an In2O3 replica of the KIT-6 mesoporous template that
corresponds to a 3D gyroidal structure. It can be observed
that the obtained material is crystalline and free of defects
with branches around 7 nm in diameter. Specifically, the
analysis of the selected area diffraction (SAED) patterns
corroborated that In2O3 crystallizes in the cubic structure
Ia-3. It is noteworthy that the analyzed region does not
display any grain boundary. The material looks like a perfect
single crystal trimmed according a mesoporous pattern. This
porous network facilitates the diffusion of the gas across the
nanostructured material.

In fact, no additional electron diffraction spots corre-
sponding to other crystals are observed (inset in Figure 1(c)).
Consequently, it can be asserted that these features are
characteristic of the material at least at the scale of the
analyzed region and represent the optimum scenario to study
surface depletion effects caused by the charge trapped at
the surface. This situation is similar to a bundle of ultra-
thin nanowires (less than 10 nm in radii) but presents an
additional advantage: there are no contacts between grains
(or nanowires) and, therefore, there is not any grain barrier
effect. Similar structural features were observed in WO3 [13].

Figure 2 shows the change in the resistance of nanostruc-
tured In2O3 when it is exposed to UV light. In dark condi-
tions, the resistance values are in the gigaohm range (almost
out of the scale of our measurement equipment). Under UV
illumination (light density values of several W/cm2 inside the
chamber), the electrical resistance decreased several orders
of magnitude. It is noteworthy these enormous variations
in the resistance were only rapidly reverted after a thermal
treatment. Similar results were obtained for WO3 (Figure 3).
For this material, UV illumination produced resistance
changes of more than 8 orders of magnitude.

Often, grain boundary effects explain huge changes in the
resistance of polycrystalline materials [21, 22]. However, the
HRTEM and the electron diffraction analysis of our samples
do not support this assumption. Therefore, it is necessary to
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Figure 3: Resistance variation at room temperature for two similar
samples of nanostructured WO3 exposed to a sequence of UV light
and NO2 (1 ppm). The sample thickness (300 μm) enlarges the
response time. In dark conditions, no response was observed. The
extremely high resistance cause spurious noise as resistance values
approach to the limits of our equipment. After switching off the
light, the PPC effect appears.

consider other explanations. Since the radii of the branches
in the mesoporous network (∼3.5 nm) is comparable with
the typical width of the surface depletion zone in metal
oxides (3–5 nm) [10], it is plausible to assume an almost
complete shrinkage of the conductive zone in the inner part
of the material.

A detailed analysis of the transient behavior after switch-
ing on the light reveals two dynamics mechanisms. A fast
one (below the second range) due to band-to-band electron-
hole generation followed [23] by a slow one related to gas
adsorption, desorption and diffusion processes [24].
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illumination (λ = 365 nm), of two similar samples of WO3 (KIT-6
structure) exposed to a sequence of sub ppm NO2 concentrations.
Observe the baseline recovery.

Under UV illumination and at room temperature, these
nanomaterials display a reversible response towards oxi-
dizing gases which was not observed in dark conditions.
According to previously reported models [25], UV illu-
mination desorbs NO2 molecules and oxygens from the
metal oxide surface leading to partially reduced surfaces
[26, 27]. In this situation, NO2 molecules and oxygens
in air compete for the same adsorption sites (which are
light-induced surface oxygen vacancies, according to first
principles calculations [28–30]). The higher efficiency of
NO2 molecules to refill the light-emptied sites explains the
effective response. According to the depicted mechanism, the
response to NO2 at room temperature is determined by the
balance between spontaneous adsorptions and light-induced
desorptions. This mechanism also explains the recovery of
the response under illumination.

Two different processes may explain the photoactivated
desorption of oxidizing molecules [31]. On one hand, the
built-in potential near the surface of metal oxide separates
the photogenerated electron-hole pairs and accumulates
positive charges at the outermost layer of the materials. These
holes recombine with the electrons trapped by the oxidizing
molecules, and this mechanism facilitates their desorption.
On the other hand, UV light can photoionize the negative
charges localized at the oxidizing adsorbate, causing their
direct desorption.

After this continuous photodesoprtion processes, oxidiz-
ing gases find a reduced surface which is highly reactive, even
at room temperature. Therefore, the oxidizing molecules will
adsorb at a rate determined by the initial density of adsorp-
tion sites (intrinsic of the material and modified by other
treatments like thermal treatments [32] or functionalization
[20]), and the availability of empty sites (determined by the
photon and gas densities [25]).

Still under UV illumination, the steady-state occupancy
of the adsorption sites by NO2 molecules determines the
steady-state response of the sensor to this gas. The higher
the occupancy, the more negative charge is trapped at
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tionalized sensor under UV illumination (λ = 340 nm, room
temperature) when exposed to different concentrations of NO2.
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the surface of the mesoporous structure, the wider the
depletion layer and the higher the resistance is. According
to most of the models used to describe the equilibrium
between molecules in a gas and the corresponding adsorbed
species, the occupancy (or the coverage) is a monotonously
growing function of the molecule concentration in the gas
phase. Even in the most simplistic approximations, like the
Langmuir isotherm [33], this dependence is not linear and
the occupancy tends to 1 at higher concentrations. Therefore,
at low NO2 concentrations the resistance of the mesoporous
network will be more sensitive to small variations of the
NO2 content in air. At higher concentrations, the response
will saturate and the sensor will become less sensitive.
This prediction is in good agreement with the behavior
experimentally observed (Figure 5). A detailed model of
these phenomena will be presented elsewhere [20]. It goes
without saying that these saturation effects will take place
at different concentrations depending on the size of the
nanocrystals.

For completeness, functionalization agents were used
to block a fraction of the sites available at the materials
surface. Consequently, after the treatment, the density of
adsorption sites was lower than before. According to the
previous model, this treatment should lower the response
towards NO2 without modifying the resistance values in air
and under illumination. Both predictions were corroborated
experimentally (Figure 5, orange data set).

Finally, after switching off the light, the resistance does
not recover the initial value (Figure 2). This new steady-state
lasts for days and corresponds to the persistent photoconduc-
tivity effect (PPC), which was described elsewhere [31].

In the case of WO3, other models could partially explain
the resistance reduction under UV illumination; such as
the W6+ to W5+ valence change that explain the photo-
electrochromic effects in this material [34]. However, the

fact that equivalent behaviors were observed in two different
metal oxides supports the here-proposed description.

All in all demonstrates that UV illumination is an excel-
lent tool to reduce the surface of metal oxides in a controlled
manner to improve their response towards oxidizing gases.
However, heat pulses are still necessary to reset the sensors
conductivity, achieving a complete surface cleaning and thus,
assuring the repeatability of the measurements.

4. Conclusions

Shrinkage effects of the conductive zone in nanostructured
metal oxides were studied with mesoporous WO3 and
In2O3. These single crystalline materials formed branched
networks with radii in range of typical width of the depleted
region in metal oxides. Conductometric measurements in
dark conditions indicate that the conductive zone of these
materials was (almost) completely depleted (especially in
WO3 samples).

Under illumination, both materials display significant
response towards oxidizing gases even at room temperature.
According to the depicted mechanism, illumination reduces
the surface of metal oxides and facilitates a competitive
behavior between the different oxidizing species in air. This
mechanism is corroborated by the saturation observed in the
response to high concentrations of target gases. These effects
were also corroborated in functionalized materials.

In summary, it has been shown that illumination with
photon energy above the band gap of the metal oxides is a
powerful tool to control and regulate the occupation of the
surface states. The here-presented results pave the way to the
development of room temperature conductometric sensors
of oxidizing gases based on a higher control of the surface
states influence on the bulk conduction properties.
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1. Introduction

Metal oxide semiconductors (MOSs) in the form of highly
porous films are widely used in resistive chemical sensors
for the monitoring of gaseous species in several applications
of technological interest [1]. Tin oxide (SnO2) is the most
used sensing material in commercially sensor devices for
toxic gases detection [2]. It is well known that the sensing
properties of SnO2-based material depend on its chemical
and physical characteristics, which are strongly dependent
on the preparation conditions, dopant and grain size. This
implies that the synthesis of the sensing material is a key step
in the preparation of high-performance MOS gas sensors.

SnO2 powders and films can be prepared by a variety
of synthesis methods [3–8]. Furthermore, the electrical and
sensing properties of the undoped tin oxide can be mod-
ulated by addition of proper amounts of suitable dopants.
For example, promoting SnO2 with antimony, the electrical
properties can be enhanced in order to greatly reduce the
resistivity of the sensing film [9, 10]. This is particularly
advantageous specially at low temperature, because in this

temperature interval the electrical resistance of SnO2 films
is generally high and complicates the measurements with
conventional instruments.

Grain size reduction is another of the main factors
for enhancing the gas sensing properties of semiconduct-
ing oxides [11–13]. It is believed that improved sensing
technologies can be configured and developed by taking
advantage of recent advances in nanosized materials. They
are currently receiving a great deal of attention due to
their unique physical properties, which derive from their
nanometer-scaled sizes. In such materials, for example, the
surface-to-bulk ratio is much greater than coarse materials,
so that the surface properties become paramount, which
makes them particularly appealing in applications, such as
gas sensors, where nanosized properties can be exploited.
In this regards, pure and promoted SnO2 nanocrystalline
powders have attracted much attention because of their
promising applications in practical sensor devices [14, 15].

Aim of this work is to develop a nitrogen dioxide
(NO2) sensor device based on SnO2 nanopowders with
particularly low cross-sensitivity to humidity. NO2 is a major
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Table 1: Main characteristics of the nanopowders synthesized and treated at different temperatures.

Code Sb (wt%) Treatment temperature (◦C) Crystallyne structure Mean grain size (nm)

SnO2 0

120 SnO, Tetragonal 26

300 SnO2, Cassiterite 29

600 SnO2, Cassiterite 31

Sb-SnO2 5

120 SnO 12

300 SnO2, Cassiterite 15

600 SnO2, Cassiterite 16

atmospheric pollutants causing acid rains and photochem-
ical smog. Therefore, nowadays the more and more strict
regulations on the emission of this toxic gas require fast and
accurate detection of NO2 at sub-ppm concentration. The
development of semiconductor sensors for detecting NO2

in air is then strongly demanding. Previous sensor devices
based on tin oxide have been described in literature [16–18].
However, humidity effects on these sensors are relevant and
can significantly affect performance and cause false alarms.

For this scope here we focused our attention on Sb-
SnO2 nanopowders, with aim to develop a sensor sensitive to
nitrogen dioxide at low concentrations and with a humidity-
independent character. Results of previous detailed char-
acterizations by XRD, TEM, and XPS of the synthesized
nanopowders [19, 20] were taken into account in order
to correlate the microstructural properties with the sensing
characteristics. Performances of the Sb-SnO2 sensor were
also compared with that of a reference sensor based on
nanosized pure SnO2 powders.

2. Experimental

2.1. Nanopowders Synthesis. Reference pure SnO2 nanopow-
ders were synthesized as follows. A 0.1 M solution of tin(II)
chloride in deionized water was prepared. Then pH of
the solution was maintained between 7 and 9 using liquid
ammonia diluted with water. The resulting precipitate was
washed with water until no chlorine ions are detected
and further washed with ethanol to remove NH4

+ ions.
The resulting precipitate was irradiated at a frequency of
2.45 GHz and power up to 1 kW in a microwave oven for 10
minutes.

The Sb-SnO2 nanopowders were synthesized by a chem-
ical precipitation technique. The appropriate amount of
SbCl3 in order to have a nominal 5 wt% in the Sb-SnO2

powder was dissolved first in fuming HCl. The resulting
clear solution was added dropwise into 0.1 mol SnCl2·2H2O
(98%, Merck chemicals) of solution using water as solvent.
The total solution was stirred for 30 minutes, and aqueous
phase ammonia (25%) was added dropwise until the pH
of the solution adjusted to 4. Within few seconds a white
precipitate was obtained. It was washed with water and
ethanol until no chlorine ions were detected and refluxed for
12 hours. The refluxed precipitate was filtered and dried at
120◦C in air, and the residue was ground to fine powder in a
mortar and pestle.

In order to characterize the thermal behavior of the
as prepared SnO2 and Sb-SnO2 nanopowders, they were
sintered at different temperatures (up to 600◦C) in air for
5 hours at a rate of 5◦C/minutes. Main characteristics of the
nanopowders are reported in Table 1.

2.2. Nanopowders Characterization. XRD measurements
were performed on a Bruker AXS D8 Advance instrument
using the CuKα with wavelength of 1.541 Å. The average
crystalline size of the nanoparticle was evaluated using the
Scherrer formula

d = Kλ

β cos θ
, (1)

where d is the mean crystalline size, K is a grain shape
dependent constant (0.9), λ is the wavelength of the incident
beam, θ is a Bragg reflection angle, and β is the full
width half maximum. Transmission Electron Microscopy
(TEM), Selected-Area Electron Diffraction (SAED), and
Energy Dispersive Spectroscopy (EDS) were recorded on a
Technai G20-stwin Higher Resolution Electron Microscope
(HRTEM) using an accelerating voltage of 200 kV. The X-
Ray Photoelectron Spectroscopy (XPS) analyses have been
performed using the PHI ESCA system equipped with an Mg
X-ray source (h = 1253.6 eV) with a hemispherical analyzer.

2.3. Sensing Tests. Sensors were made by depositing by drop
coating films (1–10 μm thick) of the nanopowders dispersed
in water on alumina substrates (6 × 3 mm2) with Pt inter-
digitated electrodes and a Pt heater located on the backside.
A schematic picture of the sensor structure and a photo
of one fabricated sensor device are reported in Figure 1.
The sensors were then introduced in a stainless-steel test
chamber for the sensing tests. The experimental bench for
the electrical characterization of the sensors (Figure 2) allows
to carry out measurements in controlled atmosphere. Gases
coming from certified bottles can be further diluted in air
at a given concentration by mass flow controllers. Electrical
measurements were carried out in the temperature range
from 50 to 250◦C, with steps of 50◦C, under a dry air
total stream of 200 sccm, collecting the sensors resistance
data in the four-point mode. A multimeter data acquisition
unit Agilent 34970A was used for this purpose, while a
dual-channel power supplier instrument Agilent E3632A was
employed to bias the built-in heater of the sensor to perform
measurements at superambient temperatures.
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Figure 2: Experimental setup for gas sensors characterization.

The gas response, S, is defined as S = R/R0 where R
is the electrical resistance of the sensor at different NO2

concentrations in dry air and R0 the resistance in dry air.
Humidity tests were carried out in the range of 0%–100%

RH. The different RH values were obtained by mixing dry
and wet air (coming from a bubbler maintained at 20◦C) into
opportune volumetric ratios.

3. Results and Discussion

3.1. Microstructural Characterization. A detailed characteri-
zation of the nanopowders under study has been reported
elsewhere [19, 20]. Here we recall briefly some data impor-
tant for the present application. The analyses carried out on
the “as prepared” materials showed that the main crystalline

phase is SnO. Increasing the calcination temperature, the
microstructure evolved stably up to SnO2. The pure SnO2

sample sintered at 600◦C showed typical SnO2 tetragonal
Cassiterite reflections, with the calculated lattice parameters
of tin oxide nanoparticles (a = 0.483 nm, c = 0.325 nm)
in good agreement with the standard values (a = 0.474 nm,
c = 0.319 nm). The average particle size, as estimated from
XRD measurements, increases slightly with the treatment
temperature (from 26 to 30 nm after calcination at 600◦C).

Similar findings have been found on the Sb-promoted
tin oxide nanopowders. On the sample sintered at 600◦C,
XRD analysis (Figure 3) indicated the existence of tetragonal
Cassiterite type of Sb-substituted SnO2 crystals, implying
that all antimony ions came into the crystal lattice of bulk
SnO2 to substitute for tin ions. Calculation through the
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Figure 3: XRD characterization of the Sb-SnO2 nanopowders
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Figure 4: TEM characterization of the Sb-SnO2 nanopowders
treated at 600◦C.

Scherrer formula indicated that the average particle size of
5 wt% antimony promoted tin oxide powder sintered at
600◦C is in the range of 20 nm.

Typical morphology of the Sb-promoted tin oxide
nanopowders treated at high temperature (600◦C) is shown
in the TEM micrograph in Figure 4. The corresponding
SAED pattern is also reported in the insert. The particle
size estimated from TEM measurements corresponds to the
average size (20 nm) evaluatedfrom XRD measurements,
suggesting that they should be monocrystalline.

In order to investigate the stoichiometry of the 5 wt% Sb-
SnO2 nanopowders, a detailed XPS analysis has been carried
out. At this concentration of antimony, the Sb5+ component
was found to be dominant with only a small amount of Sb3+

content [20]. Due to the substitution of Sb5+ ion by replacing
Sn4+ ion, the donor center was appeared very close to the
conduction band of SnO2; that is, donor level was merging
with conduction band. This has reflected a decrease in the
resistance of the sample.

From characterization data above reported and summa-
rized in Table 1, it can be deduced that crystalline charac-
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Figure 5: Transient response of the Sb-SnO2 sensor operated at
200◦C to different NO2 concentrations.

teristics of SnO2 were not affected by promoter addition.
On the contrary, the grain size was largely dependent on
the addition of Sb. Thus, the Sb-promoted powders have
presented lower grain size with respect to the unpromoted
one. This is in agreement with results reported by other
authors [21]. Even if an absolute comparison cannot be
made because the samples derive from different preparation
methods, this behavior can be explained by the blocking
effect of the Sb atoms on the grains growth.

3.2. NO2 Sensing Tests. To perform sensing tests, sensor
devices were fabricated depositing by drop coating the
synthesized nanopowders on interdigited alumina substrates,
as described in the experimental section. The as synthe-
sized SnO2 and Sb-SnO2 nanopowders resulted particularly
suitable for deposition without the use of any further
additive. After the sensing layer was deposited on the ceramic
substrate, a high-temperature treatment was performed in
order to stabilize the film microstructure.

Electrical measurements have shown, as expected, that
the baseline resistance of Sb-promoted sensor in air is lower
than measured for the pure SnO2-based sensor. A low
resistance of the sensing layer is a favorable factor implying
a low noise in the measurement of the resistance and
consequently a high signal/noise ratio. The low resistance of
the Sb-SnO2 film can be explained considering that SnO2 is
a metal oxide with n-type semiconducting behavior. In the
presence of Sb5+, the SnO2 conductivity increase can be due
to the formation of holes.

Figure 5 shows a typical transient response to different
NO2 concentrations obtained with the Sb-SnO2 sensor
operated at 200◦C. The sensing layer was in this case
pretreated at 300◦C. The responses are fast and reversible.
The response time, τres, defined here as the time it takes
for the resistance of the gas sensor to decrease to 90% of
the minimum resistance when NO2 is introduced into air,
is fast (τres < 90 seconds). The recovery time, τrec, the
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time required for 90% increment in resistance when NO2 is
turned off and air is reintroduced into the chamber, is instead
longer. The response of the sensor correlate linearly with the
concentration of the gas target (Figure 6). The good response
to 0.8 ppm of NO2 indicates the promising performance of
the sensor for the detection of sub-ppm concentrations of
nitrogen dioxide in air.

Tests carried out with sensing layer treated at higher tem-
peratures have shown that the response slightly decreases.
This can be attributed to a loss of surface area consequently
to grain size increment. However, treatment temperature
at least up to 400◦C is necessary in order to stabilize the
microstructure of the sensing layer, its grain size, and the
adhesion to the substrate. Indeed, after thermal treatment,
the adhesion of the sensing layer to the alumina substrate
was found to be very tight and durable to stretch. Therefore,
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further sensing tests have been carried out with pretreatment
temperature of 400◦C.

Tests aimed to find the optimal operating temperature
of the sensors for NO2 monitoring are reported in Figure 7.
The operative range investigated was between 200 and 400◦C.
The lower limit was related to the necessity to provide
an adequate fast response/recovery time. At all operating
temperatures, the pure SnO2 sensor showed a larger response
compared to Sb-promoted sensor. It was also observed that
at operating temperature higher than 300◦C the sensor
response is lower than 1 (i.e., the resistance in nitrogen
dioxide is lower that registered in air). This can be explained
on the basis of a transition from n- to p-type response, as
observed for different metal oxide semiconductors exposed
to various gases [22], leading in our case to an inverse
response above 300◦C. A more detailed investigation is
however necessary in order to better understand the above
observed behavior.
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Taking into account all sensing characteristics (sensi-
tivity, response/recovery time) and power consumption,
the working temperature of 200◦C provides the better
opportunity for the sensor operation. Despite antimony
addition worsens the response toward NO2, it acts favorably
eliminating the interference of humidity. In this regard,
analyzing the response to different mixtures of NO2 and RH,
no influence of the water vapor on the NO2 sensor response
was observed.

3.3. Humidity Tests. It is well known that tin dioxide
sensors are generally sensitive to humidity [23]. In order to
understand the effects of water on the sensing characteristics
of Sb-SnO2 nanopowders, it is necessary to recall in brief
the behavior of H2O molecules adsorbed on the surface
of metal oxide semiconductors. Water is a donor type
molecule and giving one electron to the bulk becomes
positively charged, and this leads to the formation of a
negative space charge region; moreover, the adsorbed water
molecules can dissociate into hydroxyl groups [24]. At low
temperature this latter mechanism is slower than previous,
but it gains importance increasing the temperature. In any
case, humidity interferes with sensor operation because
these mechanisms can lead to remarkable temporary or
irreversible change in the sensor resistance with time (drift),
complicating the detection of the gas target [25].

For accurate and reliable detection with our devices, it
is then necessary to observe what effects relative humidity
has upon the selective detection of NO2 gas. Therefore,
an experimentation with various RH concentrations was
carried out to examine the effects of relative humidity
on pure and Sb-promoted devices. Results collected in all
ranges of temperature investigated have shown that the
sensor resistance decreases as RH increases. As an example,
the dynamic response of the sensors at the operating
temperature of 200◦C to step changes in relative humidity

levels is reported in Figure 8. The magnitude of signal
increases with increasing RH, as reported in Figure 9 for both
sensors investigated. It can be observed that the response to
humidity is higher for the SnO2-based sensor. This could
be due to a different texture (in terms of surface area,
pore size distribution, etc.) between the two sensing layers.
Interestingly, this leads on the Sb-promoted device to a water
response almost negligible. Therefore, it can be concluded
that water vapor affects less the Sb-doped sensor, and this
is advantageous because of the consequent stability of the
sensor against ambient humidity fluctuations under practical
working conditions for NO2 monitoring.

4. Conclusions

SnO2 nanopowders pure and promoted with 5 wt% of anti-
mony were prepared by wet chemical methods and widely
characterized by SEM, TEM, XRD, and XPS techniques.

The sensing characteristics of thick film resistive sensors
fabricated by the pure SnO2- and Sb-promoted sensors for
the monitoring of trace level of NO2 were studied. The atten-
tion was focused on the Sb-promoted tin oxide film, which
has shown interesting properties as NO2 sensor. Indeed,
besides it resulted less sensitive to gas target with respect to
the SnO2 sensor, its sensing properties are not influenced by
humidity. By optimizing the operating conditions, an NO2

sensor with good sensitivity and negligible water influence
has been developed.
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substrates. The electrical conductivity of InOx thin films exhibited a change of two orders of magnitude during photoreduction
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morphology investigations carried out by SEM for films on PET substrates showed extended surface cracking for bending angles
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room temperature, demonstrating the wide prospective of utilizing these metal oxides as gas sensors on flexible substrates for a
variety of automotive and air-conditioning applications.

Copyright © 2009 G. Kiriakidis et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. Introduction

Metal oxides compose an interesting heterogeneous class
of active materials with properties ranging from metallic
and semiconducting to insulating, attracting research efforts
from almost all fields of material science and physics. These
materials find applications in micro/nanoelectronics, pho-
tovoltaics, light-emitting diodes, transparent thin film tran-
sistors, sensors and radio frequency identification systems
(RFIDs) extending to superconductivity and magnetism.

A new thrust for the wider use of metal oxide based
gas sensors is anticipated owning to the latest integration
efforts on flexible substrates [1–4]. Successful application
on flexible substrates may lead to simpler, faster and inex-
pensive fabrication techniques targeting novel roll-to-roll
and printed processing applications with obvious advantages
over conventional ceramic or silicon-based technologies.

Most of the recent efforts focus on the utilization of
metal oxide sensing materials for the detection of volatile
organic compounds (VOCs). Among these materials tin
oxide (SnOx) has been the favored and mostly studied
gas sensing metal oxide over the last three decades. In all
recent integration efforts the prime critical parameters for
successful operation have been the heating element due to
the high-temperature (>300◦C) requirement for a typical

operation of the SnOx-based gas sensors [4]. However, recent
reports have emerged showing sensitivity levels in the low
ppb (parts per billion) range at operating temperatures from
around 100◦C to Room Temperature (RT), based on Indium
(In) and Zinc (Zn) oxide films grown by sputtering and
spray pyrolysis [5–7]. Utilization of sensing ozone levels
below the 75 ppb mark, as imposed lately by International
bodies [8–10], is of paramount importance for health
reasons, and efforts for low cost, disposable and reliable
sensing elements particularly on flexible substrates will be
proved very valuable for a variety of automotive and air-
conditioning applications.

In the present work we report on the growth of InOx

thin films on amorphous, 0.25 mm thick, PET (polyethylene
terephthalate) flexible substrates (HiFi Co) and correspond-
ing films grown on glass (Corning 1737 F) and Si substrates
by dc magnetron sputtering at RT, and on their sensing
response characteristics.

2. Experimental

Deposition of the InOx thin films was done in a dc mag-
netron sputtering system (Alcatel 250) using a 99.999% pure
In target. Detailed description of the deposition system may
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be found in refs [5, 11]. Films were grown with thicknesses
in the range of 50 to 200 nm, at constant total pressure of
8 × 10−3 mbar, in a 100% oxygen plasma atmosphere at
RT. Surface morphology was studied with Scanning Electron
Microscopy (SEM). Electrical and sensing characterization
(photoreduction/oxidation process) was performed in a
home-designed system [12] at FORTH. During photoreduc-
tion the samples were directly irradiated in vacuum by a
low power (4.5 mW/cm2) UV light (254 nm) mercury pencil
lamp at a distance of approximately 3 cm for 20 minutes till
achieving a steady state. Our choice of a photoreduction pro-
cess under vacuum rather than in ambient air was deliberate
as we wanted to demonstrate sensitivity responses at ozone
detection limits well below the concentration of Ozone in
ambient air. It is well documented that the content of air in
Ozone varies among other with altitude, season, temperature
and humidity and takes values from 30 to 90 ppb [8–
10]. These levels increase in the presence of UV and so
detection of concentrations below these levels is impossible.
Thus, by applying the photoreduction process at ambient
air conditions one would be unable to fully photoreduce the
film since at the same time on the film surface an oxidation
process would be present due to (a) residual ozone in air,
(b) ozone produced by the UV absorbed by the oxygen
in air and (c) re-adsorption of atomic oxygen leaving the
film surface after UV irradiation. The only experimentally
correct procedure to fully reduce the film without com-
peting oxidation processes and separate the photoreduction
from subsequent oxidation with controlled oxidizing gas
concentrations was to do the experiment under vacuum
thus pumping away all residual and process produced gases
during photoreduction, that is, having a gas free surface on
which ultra low and accurately controlled gas mixtures could
be introduced demonstrating the intrinsic sensing properties
of the tested films. Subsequently, the chamber was back-filled
with a controlled amount of Ozone flow (concentrations
from 2370 to 15 ppb in synthetic air) as produced by an
Ozone generator (Thermo 49i). The treatment lasted until
a steady state of film maximum resistivity was reached, a
process that span from 20 to 40 minutes after which no
further changes in resistivity could be observed. The process
of photoreduction and oxidation was repeated several times
to establish repeatability. Sensing response was recorded
in terms of the fractional resistance change [13] utilizing
an electric field of 1 or 10 V cm−1 and monitoring the
corresponding current with a pico-electrometer. Current-
voltage (I-V) measurements were taken before each cycling
to ensure the ohmic nature of the conducts.

3. Results and Discussion

The superior properties of InOx over other metal oxides
such as SnO2 and ZnO in as far as ozone detection is
concerned, have been elaborated in the past [14, 15]. These
were attributed to the distinct surface structure of InOx

with the polar nature of a pure oxygen terminated sub-
plane exhibiting a low binding energy for a number of
oxygen atoms. This, in combination with the surface oxygen

Photonic & electronic
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(b)

Figure 1: (a) Transparent InOx films on glass (left) and PET (right)
substrate. (b) Flexibility of the film on PET.

deficiency on these films, leads to enhanced ozone sensitivity
levels of the order of a few parts-per-billion (ppb) with fast
response and recovery times.

Figures 1(a) and 1(b) demonstrates the high level of
the InOx film transparency both on the glass and 0.25 mm
thick PET substrate. Optical transparency of more than 85%,
detected by UV-VIS spectroscopy (not shown here) was
maintained for either substrate while the optical band-gap
(Eg) was 3.75 eV.

Film surface morphology analysis by SEM has shown
smooth surfaces with a characteristic granular polycrystalline
structure [5] for flat and bended films to angles up to 40◦,
beyond which extended cracks were developed as shown
in Figure 2. A detailed investigation of the mechanical
properties of these films as a function of bending angle
and the study of the elastic to inelastic transition limits is
currently under way. In the present, we report on the film
sensing responses which were fond to be independent of the
applied substrate.

Figure 3 exhibits six circles of photoreduction-oxidation
process for the InOx films in three stages. During pho-
toreduction (stage A), films reach 60% of their steady
state conductivity within the first minute and a maximum
value of 102 Ohm−1 cm−1 after five minutes of the UV light
exposure in vacuum. The conductance rise when the film
is illuminated with UV light is due both to the generation
of free carriers within the film, and to photo-desorption of
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Figure 2: SEM image of the InOx film on PET substrate under a
bending angle of 40◦.
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surface species with a subsequent thinning of the electron
depletion layer near the film surface. Consequently, the
applied UV lamp was switched-off (stage B) and a reduction
in conductivity of the order of 30% was recorded, probably
due to an inherent oxidation process associated by absorp-
tion of residual oxygen in the chamber. During the following
stage (C) the films were exposed to accurately controlled
ozone concentrations in synthetic air (used as reference)
ranging from 2370 to 15 ppb.

Figure 4 shows a normalized comparison of the expo-
nential decays during the oxidation process at the above
ozone concentrations. Although previous results utilizing
SnO2 [6] and aerosol spray pyrolysis of ZnO [7] have shown
corresponding sensitivity levels for ozone of the order of
15 ppb too, to our knowledge, this is the first time that such
extremely low sensing levels are reported for metal oxide thin
films at room temperature (RT) on flexible substrates. The
differences in the exponential decay is a measure, on the one
hand, of the efficiency of these films to screen the various
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ozone concentrations down to the extremely low level of
15 ppb and on the other, to resolve these responses from the
synthetic air, used as reference signal, within the first minute
of analysis.

Indeed, Figure 5 depicts the recorded differences in the 7,
5, 3 and 1 minute of the oxidation decay process, demon-
strating the capacitance to resolve extremely low ozone
concentrations (15 ppb) while providing reliable readouts
(10% sensing response) within the first minute of the
exposure time.
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Figure 6: XTEM micrograph of the film structure on Si [001]
orientation wafer. The thickness of the film is 240 nm with an
initial 25 nm amorphous layer followed by a crystalline columnar
structure. Between the substrate and the In2O3-x film a very thin
amorphous layer about 8 nm is observed.

It is widely accepted that surface effects and specific
surface characteristics are related to processes such as
catalytic activity or surface adsorption and are key for
superior chemical sensor response. Films grown with the
above conditions have gone through an extensive structural
investigation. They have shown to exhibit a characteristic
polycrystalline structure with a 20 nm mean width of
columnar grains, as studied by combined cross-section TEM
(XTEM) and Plane View TEM (PVTEM) supported by
independent AFM. Detailed analysis on these films and an
account of their structural characteristics have already been
published recently elsewhere [16]. They revealed that the
columnar morphology was an inherent property of the mode
of growth independent of the chosen substrate. The films
were amorphous in the early stage of growth (Figure 6)
becoming crystalline after a critical thickness subject to the
incubation time needed in order an amorphous material to
generate nucleation centres at a given temperature.

Observations have also shown a correlation of critical
surface parameters such as grain size, texturing, porosity
and grain shape with the film sensing characteristics. AFM
study of the film surfaces confirmed granular polycrystalline
morphology. It was found that both the average lateral
grain size and the surface roughness mainly increased with
increasing the film thickness, a parameter that is directly
controlled by the deposition temperature, and the growth
total pressure.

It is generally accepted that film sensitivity correlates
with surface parameters using the conduction model of
metal oxide gas sensors approximation given by Barsan
and Weimar [17]. The basic mechanism of gas detection
is the interaction of the gaseous species with the surface
of the semiconducting sensitive metal oxide layer. As a
consequence of this surface interaction charge transfer takes
place between the absorbed species and the semiconducting
sensitive material [18]. According to this model, for small
grains and narrow necks, when the mean free path of free
charge carriers become comparable with the dimension of
the grains, the surface influence on the mobility dominates
over bulk phenomena. In the presence of the ionic species
on the surface, after UV photoreduction, the electronic
concentration in the surface states increases. The surface
states concentration is correlated with the roughness and

grain size via surface-to-volume ratio. Thus, the basic
mechanism of gas detection is the interaction of the gaseous
species with the surface of the semiconducting sensitive
metal oxide layer. However, since sensitivity is measured in
terms of film conductivity which is directly effected by the
size of the grain and thus the volume and type of scattering
mechanisms that the free electrons are experiencing, it has
been shown that films with grain size of the above order
and grown under the reported growth conditions fulfill the
above model criteria providing a convincing explanation for
the reported enhanced gas sensitivities and thus the ultra low
detection limits obtained.

The above film response characteristics combined with
the room temperature growth and operation requirements,
open-up the road for low-cost, highly sensitive gas sensing
elements on flexible substrates challenging corresponding
efforts based on carbon nano-tubes [19] while serving recent
integration advances on flexible tag microlab gas sensor
systems [3, 20].

4. Conclusions

InOx thin films have been grown by DC magnetron sputter-
ing on glass and PET substrates. High optical transparency
for both substrates was maintained. Surface morphology
investigations carried out by SEM for films on PET substrates
showed extended surface cracking for bending angles beyond
40◦. Films with columnar growth structure and nano size
grains of the order of 20 nm used as gas sensing elements
exhibited extremely low detection levels for ozone (15 ppb),
at room temperature, demonstrating the wide prospective
of utilizing these metal oxides as gas sensors on flexible
substrates for a variety of applications.
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A simple technique has been developed to prepare core colloids that are modified using zirconium oxychloride, based on heating
a solution of core colloid composites, consisting of poly (ethylenimine) (PEI) and zirconium oxychloride. The interaction of
zirconium oxychloride with the polystyrene (PS) core colloids has been investigated using Fourier transform-infrared spectroscopy
(FT-IR), energy dispersive X-ray spectroscopy (EDX), and scanning electron microscopy (SEM) data. FT-IR studies confirm the
occurrence of amine groups present in PEI which are oxidized to carboxyl groups after the reaction. The EDX data and the SEM
images confirm the presence of zirconium particles immobilized on the polystyrene surfaces. Demeton, a highly toxic nerve agent,
was used due to its ability to easily bind through its organophosphate group illustrating a practical application of the PS-PEI-
Zr particles. Attenuated Total Reflection (ATR) Spectroscopy was used to assess the interactions between the toxic nerve agent
demeton-S and the PS-PEI-Zr particles. The results show that the presented technique for coating polystyrene core colloids with
zirconium was successfully accomplished, and the newly formed particles easily bond with demeton agents through the P=O
functional group.
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1. Introduction

Recently, numerous synthetic mechanisms have been
employed for surface adsorption of metal nanoparticles
(NPs) onto colloidal inorganic and organic spheres [1–6].
A particularly successful method of depositing the metal
NPs on the surface of the colloids involves the use of
an intermediate linker poly (ethylenimine), PEI, which
can bind both transition metal ions, such as zirconium,
and negatively charged colloids [7–10]. Additionally, the
PEI serves as the reducing agent in the conversion of
the metal ions to the metal NPs [11]. In such a scheme,
the core component, usually polystyrene (PS) or silicon
dioxide (SiO2), serves as a supporting structure, and the
outer NPs predominantly exhibit the properties that are
attributed to the metal NP-core colloid composites. The
advantages derived from these hybrid materials can be
seen in their remarkable attributes which include enhanced
conductivity, temperature stability, optical, and catalytic
activity [12–14].

Over the years, there has been considerable interest
surrounding the fabrication of core-shell spheres that consist
of templated cores coated with shells that have differ-
ent chemical compositions. These core-shell spheres often
exhibit properties that are substantially different from those
of the templated core (increased stability, higher surface area,
different magnetic, and optical properties), making them
attractive from both a scientific and technological standpoint
[15–17]. Furthermore, the properties of core-shell particles
can also be tailored in a controlled fashion by independently
altering the composition, dimension, and structure of the
core or shell. Application for such core-shell spheres is
diverse, including biosensors [18], chemical sensors [19], and
so forth.

Organophosphates (OPs) are well-known neurotoxins;
they disrupt the cholinesterase enzyme that regulates acetyl-
choline [20–22], a neurotransmitter needed for proper
nervous system function. Because of their high neurotoxicity,
OP compounds have been exploited for use as pesticides and
as nerve agents with application as chemical and biological
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Scheme 1: Procedure for coating PS colloids with metal.

warfare agents. As a result of the high toxicity of OPs,
fast and effective detection of these toxic agents in the
environment, public places, or workplaces and the moni-
toring of individual exposures to chemical warfare agents
have become increasingly important for national security
and health protection purposes [23–25]. Early detection
and detection of low concentrations of OPs still remain an
extremely difficult challenge. Such information may give an
indication of terrorist activity, allowing proper procedures
to be followed to mitigate potential danger. Analysis of
OPs in environmental and biological samples is routinely
carried out using analytical techniques, such as gas or liquid
chromatography and mass spectrometry [26].

For OP detection, enzyme-biosensors of inhibition and
noninhibition systems are mostly based on the immobiliza-
tion of acetylcholinester (AChE) [27], tyrosinase enzyme
(Tyr) [28], alkaline phosphatase (ALP) [29], or organophos-
phorus hydrolase (OHP) [30, 31] onto various electrodes.
Due to their high sensitivity and selectivity toward OPs,
these have been proposed for field screening of OP neuro-
toxins [32]. However, while these specific antibodies against
OP pesticides have been recently developed for enzyme-
linked immunoassay and immunosensors [33, 34], acetyl-
cholinesterase is commercially available but OP hydrolase
and antibodies against OPs are still only produced in
laboratories, which limits wide applications of biosensors.
Demeton is also used as pesticide, which on most metal
oxides, in our case zirconium and adsorbs through the
P=O functional group. IR spectroscopy in combination with
Attenuated Total Reflection (ATR) spectroscopy is one of the
most widely used techniques for surface infrared analysis.
ATR–IR has been used for studying processes at surfaces or
in films, such as adsorption [35–37] and diffusion [38–40].

The aim of this paper is to treat polystyrene colloids
with zirconium oxychloride in order to create a hybrid
material which may find utility as an organophosphate
sensor. The composite colloids are obtained by coating PS
with PEI followed by the addition of ZrO2 (Figure 1). In this
reaction scheme, PEI is relatively inert and thus does not
have a significant effect, if any, on the ultimate formation
of the NPs. The advantages of this method are simple
operation, easy large scale production, and the generality
for various core colloids. The zirconium acts as a selective
probe targeting the phosphate group of the demeton which
upon bonding shows a change in the ATR spectrum. Other
inorganic ions have also found to have an affinity for P=O
functional groups, such as Mg, thus paving the way for
future research into different colloidal compositions for OP
detection.

In this paper, we report a novel method for detecting
OP chemical nerve agents by incorporating the enhanced
properties of zirconium coated polystyrene core colloid
composites with the strong affinity for chemical nerve
agents. Polystyrene was utilized for the core component
with the outer layer being comprised of zirconium NPs. We
characterized the PS-PEI-Zr colloids by using SEM, EDX,
and FT-IR spectroscopy. The prepared zirconium colloids
were placed on the ATR ZnSe crystal forming a thin layer
used for the detection of demeton-S.

2. Experimental Section

2.1. Materials. Poly (ethylenimine) (PEI), polystyrene
(PS) colloids with an average size of 210 nm, sodium
phosphate buffer, zirconium oxychloride, sodium citrate
(C6H5O7Na3.2H2O), absolute ethanol, ammonium
hydroxide solution (NH4OH, 25%), formaldehyde (HCHO,
37%), and Demeton-S were all obtained from Sigma-
Aldrich.

2.2. Modification of Core Colloids with PEI (PS-PEI). 1 g of PS
colloids was dispersed in 50 mL of phosphate buffer solution
with a pH of 6.5 (solution A). 0.1 g of PEI was then dissolved
in 5 mL of phosphate buffer to produce solution B (mass
ratio of PEI to PS was 1 : 10). Solution B was stirred at
room temperature (25◦C) for 1 hour followed by three cycles
of centrifugation (20 000 rpm) and washing with 10 mL of
water.

2.3. Preparation of PS-PEI-Zr. PEI modified PS colloid
solution was dispersed in 100 mL water, and 0.15 g of
zirconium oxychloride was added and then heated for one
hour at 100◦C. After cooling to room temperature, the
ammonia and sodium citrates were added into the dispersion
solution. 12 mL of sodium citrate (1 M) was added to result
in a 1 : 1 molar ratio of zirconium oxychloride to sodium
citrate. Dropwise addition of NH4OH (1 M) were used to
bring the pH up to 10. Then, the HCHO diluted with ethanol
was added. After completion, the solid was isolated by 3
cycles of centrifugation/washing.

2.4. Characterization. FTIR and ATR data were recorded
with a Perkin Elmer Spectrum BX FT-IR System. The sample
for the FTIR measurement was prepared by grinding a dry
PS-PEI-Zr sample with KBr into fine powders which were
then pressed at 20 000 psi into pellets. Scanning electron
microscopy (SEM) was performed with a JSM-5900.

2.5. Demeton Adsorption on PS-PEI-Zr. 10 μl of the prepared
PS-PEI-Zr colloids were placed on a Miracle Universal
Plate composed of ZnSe crystal (PIKE Technologies, Single
Reflection Horizontal ATR) and allowed to dry, forming a
thin layer. 10 μL of 1 mM demeton-S solution were then
added to the dry PS-PEI-Zr thin layer, and the ATR spectrum
was obtained at a 4 cm−1 resolution with a spectral range of
750–4000 cm−1. Following this, an additional 10 μL of the
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demeton-S solution were added to give a cumulative 20 μL,
for which the ATR spectrum was obtained in each case.

3. Results and Discussion

In the present study, PEI-modified polystyrene colloids
were used as the templates for the deposition of zirco-
nium nanoparticles. Tian et al. [41, 42] have previously
demonstrated that PEI acts as a reductant in the conversion
of transition compounds into metallic particles. Moreover,
through the use of TEM, XPS, and XRD they were able
to identify the metallic particles whether it was Ag, Au,
or another transition, and the exact oxidation state was
thus obtained. In this study we use zirconium oxychloride
which is reduced to metallic zirconium particles upon being
adsorbed onto the PEI modified colloids. This chemistry
is critical in the formation of the metal nanoparticles;
otherwise, the PEI will simply be coated with a layer of
oxychloride, changing the chemical properties we seek.

Following synthesis, the prepared composites were
characterized by FT-IR spectroscopy, scanning electron
microscopy (SEM), and EDX. Figure 1 shows SEM images of
the prepared composites at different magnifications, showing
the deposition of zirconium onto the core polystyrene
colloids. A larger central PS core can be observed, and on
the superficial surface, small protrusions of the Zr metal are
visually attached which are shown by a porous network on
the surface of the colloids as opposed to bare PS which shows
a smooth consistent surface. Scanning electron microscopy
images were obtained on a JSM-5900 which was operated
at 30 kV. The SEM analysis was consistent and reproducible
with a representative area shown in Figure 2. The synthesized
PS-PEI-Zr composites were suspended in water, dispersed
then on glass, and coated with approximately 10 nm of
AuPd. The lighter edges is an edge effect, that is, secondary
electrons can be collected from the top and bottom surfaces
of the sphere edges, leading to an enhanced secondary
electron signal. Figure 2 displays an EDX spectrum which
quantitatively detects the constituent elements. The spec-
trum showed Zr LA1, Zr LB1, Zr LB3, Zr L1, Zr KA1, and
Zr KB1 peaks, indicating the presence of the third layer of
zirconium oxychloride on the polystyrene colloids. Other
peaks detected in the EDX spectrum included Cl KA1, Cl
KB1, and O KA1, exposing elements such as chlorine and
oxygen, a result of the deposition of zirconium oxychloride
on the polystyrene colloids.

In Figure 3, the IR spectra of PS, PS-PEI, and PS-PEI-Zr
composites detect a peak at 2916 cm−1 which corresponds
to the stretching vibration of C–H, also indicating the
presence of PEI on the PS colloids. At around 1700 cm−1,
the presence of the C=O stretching of carboxyl is detected.
Analyzing the PS-PEI curve, it is noticeable that the C=O
bond is not present anymore due to the consummation of
the carboxyl group of PS with PEI and Zr nanoparticles in
the colloidal modifications. There are two more prominent
peaks present at 1492 and 1452 cm−1 which are a result
of the antisymmetric and symmetric stretching of O–C–O.
These two are easily detectable in the PS curve, however,

PEI-Zr shell

30 kV 07  22  SEI×50.000 0.5 μm

Figure 1: SEM image of PS-PEI-Zr spheres.
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Figure 2: EDX of PS-PEI-Zr.

it diminishes in the PS-PEI curve and disappears almost
completely in the PS-PEI-Zr curve. This is again due to the
expenditure of the functional group in the formation of PS-
PEI and PS-PEI-Zr colloids. The peak around 3500 cm−1

is characteristic of the N–H stretching vibration from the
PEI, thus it is not present in the PS curve and does not
considerably reduce in the PS-PEI-Zr curve. Analysis of
the reaction mechanism occurring between PEI and Zr has
previously been studied and reported by IR spectroscopy
[43]. It was shown that two new IR bands involving
interactions between Zr(IV) (Lewis Acid) and the nitrogen
of the amine group (Lewis base) in PEI were present in the
IR spectrum. A broad band in the 1580–1560 cm−1 region
is observed both for aromatic amines (polyvinyl imidazole)
and for aliphatic amines (polyethyleneimine), which can be
easily assigned to the NH2 asymmetric bending mode for
the latter. A second band is observed in the 1450–1350 cm−1

range, depending on the nature of the amine group.
Figure 4 shows the ATR spectra for consecutive additions

of 10 μL aliquots of a 0.06 M demeton solution to a thin
layer of the PS-PEI-Zr colloids. Analysis of the ATR data
and the relevant peaks shows that the binding of the PS-
PEI-Zr colloids to demeton has been successfully achieved.
All four peaks at 2350 cm−1 are designated peaks for the
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Figure 4: ATR spectrum PS-PEI-Zr with 10 and 20 μL of 0.06 M
demeton.

presence of zirconium. Zirconium is not only present in
the Ps-PEI-Zr compound form, but also in its binding
to demeton. At 1010 cm−1 there is a strong presence of
P=O bond for PS-PEI-Zr bonded to 20 μL of demeton;
while there is a considerable reduction of those bonds with
10 μL of demeton and even disappearance for the actual
compound not bonded to the nerve agent. Zirconium is
an ideal candidate for immobilization of molecules with
oxygen groups as contained in phosphates [44]. Because of
zirconium’s affinity for phosphoric groups, by treating the
PEI modified colloids with zirconium we are able to amplify
the interaction of the colloids with demeton’s P=O bond
and thus see a significant change in the corresponding ATR
spectrum. Thus, a similar sensor can be developed to sense
other nerve agents with the organophosphate structure such
as paraoxon. In contrast, if only PEI modified colloids were
employed we would not expect to see a dramatic change
in the ATR spectrum as there is no known specificity of
PEI for the P=O group of demeton. The ethyl group is

distinguished at 1452 and 1492 cm−1 as a result of PS-PEI-
Zr bonding with demeton, explaining why it is absent in the
curve of PS-PEI-Zr without demeton. These peaks strongly
increase in intensity with increasing amounts of demeton
solution. As the concentration of demeton decreased, it
was observed that no strong peak of demeton is noticeable
due to the weak signal, leading to much more prominent
peaks when 10 and 20 μL of demeton are present. Based
on the response of the PS-PEI-Zr nanocomposites to the
experimental parameters of the concentration of demeton
in 1 liter of solution, the minimum sensitivity limit of this
platform for the detection of demeton is approximately 2.0±
0.2 PPB. This can be considered the effective dose which
would result in a detectable change in the ATR spectrum.
The above result allows us to propose a model for the
development of chemical nerve agents through the use of
ATR.

4. Conclusion

A simple method was developed to coat polystyrene colloids
with zirconium particles. The zirconium nanoparticles were
able to attach to polystyrene due to its modification with
PEI, which increased the speed of the reaction and it had no
appreciable effect on the formation of the core colloids. The
detection of OPs has become important because many nerve
agents and pesticides are organophosphates. The ability to
detect small quantities and/or low concentrations of these
compounds is critical. The strong bond formed between
Zr and demeton allows for facile detection of the demeton
peaks by using various characterization techniques. PS-PEI-
Zr is simple to synthesize and utilize, and its use to detect
OPs is useful for applications such as pesticide analysis. The
developed method is an efficient strategy due to its simple
operation, easy large-scale production, and generality for
various core colloids.
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[39] R. Göbel, R. W. Seitz, S. A. Tomellini, R. Krska, and R. Kellner,
“Infrared attenuated total reflection spectroscopic investiga-
tions of the diffusion behaviour of chlorinated hydrocarbons
into polymer membranes,” Vibrational Spectroscopy, vol. 8, no.
2, pp. 141–149, 1995.

[40] U. Hellstern and V. Hoffmann, “Diffusion in ultrathin films
studied by time resolved FTIR-ATR spectroscopy,” Journal of
Molecular Structure, vol. 349, pp. 329–332, 1995.

[41] C. Tian, E. Wang, L. Gao, et al., “A precursor route for
the preparation of metal-dielectric composite in large scale,”
Chemistry Letters, vol. 35, no. 7, pp. 812–813, 2006.

[42] C. Tian, B. Mao, E. Wang, et al., “Simple strategy for prepara-
tion of core colloids modified with metal nanoparticles,” The
Journal of Physical Chemistry C, vol. 111, no. 9, pp. 3651–3657,
2007.

[43] B. Chaufer, M. Rabiller-Baudry, A. Bouguen, J. P. Labbé,
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In the present study, we report on a simple optical method based on thin film interferometry for the swelling evaluation in
polymer nanocomposite layers used for gas sensing applications. We show that white light interferometry can be profitably
applied to characterize scattering materials such as polymer/carbon black nanocomposites. A properly adjusted experimental
setup was implemented to monitor the swelling behavior of the sensitive films in real device operating conditions. In particular, the
behavior of poly(2-hydroxyethyl methacrylate) (PHEMA) and of carbon black/PHEMA nanocomposite layers, used for volatile
organic compounds (VOCs) detection, was investigated and measured under ethanol vapors exposure (max 1%). The method
is very sensitive and the swelling in the range of only few nanometers can be measured. Interestingly, we have found that the
nanocomposite undergoes a more pronounced swelling process with respect to pristine polymer. Ethanol diffusion coefficients in
the nanocomposite were evaluated.

Copyright © 2009 Anna De Girolamo Del Mauro et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

1. Introduction

Polymer films and their nanocomposites embedded in
polymer matrix are well known to be sensitive to different
analytes and are extensively used in sensing application
where their different transduction properties (such as electri-
cal, mechanical, and thermal properties) are exploited. The
target set by the research in this area is the device response
optimization in terms of sensitivity, selectivity, and stability
[1]. Polymer nanocomposite-based chemical sensors work
on the basis of a change of their electrical properties when
they come into contact with a specific substance. Due to
the solvent absorption, the volume of the polymer matrix
increases (swelling) and, at the same time, the volumetric
fraction of carbon particles decreases [2–5]. Therefore, the
change in film volume results in a modification of the
conduction paths throughout the film that is measured as a
change in the electrical resistance.

Swelling measurement is thus very important to study
the sensing layer operating mechanism and to optimize the
sensor device performances.

Device optimization needs a comparison between elec-
trical response and film expansion under volatile organic
compounds (VOCs) exposure.

Optical methods, such as white light interferometry, are
commonly used in commercial measuring system [6] to
estimate transparent film thickness on reflective substrate.
These method have the advantage to be non-contacting
techniques. However, when applied to swelling evaluation,
any optical method generally fails in two respects: (i) the
swelling changes the distance between the optical probe and
the sample; (ii) nanocomposites generally behave as strongly
scattering material. Therefore, during analyte absorption,
it may become very difficult to ascertain if the observed
variation in the reflectance is due to the swelling or to
the effect of the sample scattering. A method based on
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Figure 1: Section device scheme for optical investigation.

white light interferometry for the evaluation of the swelling
of nonscattering materials, such as poly(2-hydroxyethyl
methacrylate) (PHEMA), has been already proposed [3].

Here we show that white light interferometry can be
profitably used for the swelling evaluation of scattering
materials such as polymer/carbon black nanocomposites.
Problems resulting from the change in the distance between
the film and the optical probe have been overcome by a
properly adjusted experimental setup as the relative change
in film thickness during swelling is negligible with respect to
the probe to sample distance.

Swelling of PHEMA/carbon black- (CB-) sensitive films
in sensor devices operating in real conditions was evaluated.

2. Optical Model

Hereafter, the main assumptions and approximations of the
proposed optical model are reported.

In Figure 1, a schematic picture of the polymer
nanocomposite-based sensor investigated in this study is
shown. The film thickness, together with the conductive filler
content and the transducers geometry, determines the device
impedance that must be considerably lower than the one
of the substrate. From the optical point of view, the film
thickness together with the carbon black content determines
the optical absorbance and scattering and, in turn, affect
the fringes contrast. As a consequence, the resulting tradeoff
nanocomposite film thickness for our experimental setup
ranges between 100 and 300 nm.

The system depicted in Figure 1 may be optically consid-
ered as composed by a nonabsorbing double layer onto an
infinite thick substrate. In this frame, the SiO2 layer has a
double function: (i) electrical insulator; (ii) buffer layer to
increases the optical path and thus the number of fringes in
the interference spectra. In Table 1, the refractive indices and
the extinction coefficients, in the visible range of PHEMA,
SiO2, CB, and ethanol are reported [7–9]. Bruggeman
approximation [10] was used to evaluate refraction index for
polymer composite.

Data show that the refractive indices of PHEMA and
PHEMA/CB in the 400 nm–900 nm wavelength range differ
by less than 1% and are very similar, in this range, to

Table 1: Refractive indices and extinction coefficients of the
used materials; 〈n〉 is the weighted mean value for polymer
nanocomposite.

Material n k Weight (%) Thickness (nm) 〈n〉
SiO2 1.45 ∼0 600

PHEMA 1.51 ∼0 98.5% 266

CB 2 1 1.5%

C2H5OH 1.33 ∼0 0.37%

PHEMA/CB 866 1.520

PHEMA/CB/C2H5OH 866 1.524

SIO2/PHEMA/CB/ 866 1.488
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Figure 2: (a) reflectance spectrum of a 866 nm thick PHEMA layer;
(b) fringe shift for a swelling of 30 nm. Black dots indicate inflection
points.

the SiO2 refractive index. Under such approximations, the
double layer can be optically modeled as a single optical layer
with an average refractive index, 〈n〉, that is the weighted
mean between the SiO2 and polymer layer refractive indices,
according to the Bruggeman approximation [10].

Thus, the optical reflectance for the system depicted in
Figure 1 is given, within a maximum 4% error, by

R = r2
1 + r2

2 + 2r1r2 cos 2θ
1 + r2

1 r
2
2 + 2r1r2 cos 2θ

, (1)

where, r1 and r2 are the reflectance between the first and
second interface and between the second and the third
interface given, respectively, by

r1 = (n0 − 〈n〉)
(n0 − 〈n〉) , r2 = (〈n〉 − n2)

(〈n〉 + n2)
, (2)

and θ is the phase thickness of the coating

θ = 2πn1d1

λ
, (3)

n0, 〈n〉 and n2 are the air, the effective layer, and the substrate
refractive indices, respectively. d1is the total thickness of the
effective single layer.
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It is worth noting that for the PHEMA/CB (5%) compos-
ite 〈n〉 is the same as the layer with sole polymer within an
error of less than 1%. The same is true for the nanocomposite
upon absorption of up to 10000 ppm of ethanol, as shown in
Table 1.

From the spectrum minima or maxima, both the layer
thickness and the refractive index can be evaluated.

The model suggests that a variation in the single
layer thickness (e.g., due to the swelling) will result in a
modification of the optical reflectance spectra.

In Figure 2 the effect of 30 nm polymer swelling on the
optical spectrum is shown. As expected, the film expansion
produces a fringe shift. It can be noted that the curve
slope near the inflection points quite rigidly translates. The
resulting thickness variation may be particularly marked:
at a fixed wavelength a less than 4% variation of the total
thickness yield a reflectance variation larger than 50%.

This effect is more clearly visible in Figure 3 where the
theoretical variation, at a fixed wavelength, of the reflectance
intensity as a function of the layer expansion is reported. The
model shows that if we fix the wavelength at an inflection
point, a ±15 nm thickness variation results in a ±40% linear
reflectance change, so that extremely small swelling values
can be evaluated.

3. Experimental

The PHEMA series of samples were prepared by dissolving
the polymer (4 wt%) in hexafluor-2-propanol (HFiP), while
the PHEMA/CB layers were obtained by dispersing carbon
black Pearls 2000 (CABOT Corporation) (5.5 wt% with
respect to polymer) in the PHEMA (1 wt%)/HFiP solution.
The carbon black content is determined on a weight basis

(1)

(2)

(3)

(4)

(a)

Alogen lamp VIS-NIR
spectrometer

Optical fiber

Inlet Outlet

Sample

(b)

Figure 4: (a) photograph of the chamber for optical characteriza-
tion in controlled environment: (1) sample holder, (2) gas inlet, (3)
fiber optic holder, (4) gas outlet; (b) a scheme of the chamber for
optical characterization.

of the components in the starting dispersion. Characteriza-
tions by means of Thermogravimetric Analysis (TGA) on
PHEMA/CB nanocomposite film have shown that the weight
ratio, polymer/filler, in the dispersion is preserved in the
deposited film.

After sonication, the solutions were spin-coated on
SiO2 coated crystalline Si wafers. For this study, films with
thickness between 100 nm and 300 nm have been deposited.

Preparation conditions and thickness values before
exposing the samples to analyte are summarized in Table 2.
Roughness and thickness were measured by means of a
TENCOR profilometer. All these characterizations were
carried out in ambient air.

Reflectance VIS spectrum fringes are acquired with S2000
Oceanoptics spectrometer. Thickness was evaluated using an
Ocean Optics Nanocalc software [6].
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Table 2: Summary of the preparation condition and of the thickness values before exposing to gas.

SAMPLE NAME CB/PHEMA (wt%) PHEMA/HFiP (wt%)

LAYER
THICKNESS

PROFILOMETER
(nm)

LAYER THICKNESS
INTERFEROMETER

(nm)

PHEMA a 0 4 200± 30 170± 5

PHEMA b 0 4 250± 30 220± 5

PHEMA c 0 4 100± 30 140± 5

PHEMA/CB a 5.5 1 250± 70 250± 5

PHEMA/CB b 5.5 1 300± 70 310± 5

PHEMA/CB c 5.5 1 200± 70 200± 5
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Figure 5: Simulated Reflectance variation of PHEMA b (a)
(880 nm thickness at 545 nm), and PHEMA/CB a (b) (966 nm
thickness at 590 nm).

The sensible layers were mounted in the test chamber
and analyzed upon VOCs exposure. The experimental setup
consists of a small chamber based on a modified multiple
tube-fitting connector (Figures 4(a) and 4(b)).

Sample is placed on the top of an adjustable stage
(Figure 4(a)-(1)). Fiber optic reflection probes are connected
to a VIS-NIR light source through SMA connector and
aligned with the sample (Figure 4(a)-(3)). The reflected
light beam is collected by the fiber and directed to the
spectrophotometer.

Measurements in controlled environment were per-
formed using a Gas Sensor Characterization System better
described elsewhere [11] connecting the optical chamber
(Figure 4(a)-(2)) to the gas output of the electrical test
chamber.

Ethanol at concentration of 3000 ppm and 12500 ppm in
N2 was used as testing analyte. The vapor was introduced
in the test chamber by means of a bubbler system in
controlled by mass flowmeters amounts. Gas mixture and
concentration output (Figure 4(a)-(4)) were finally checked
by a Thermo Antaris IGS FTIR gas analyzer.
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Figure 6: Reflected light intensity spectra of PHEMA b sample
under nitrogen (solid line) and exposed to 12500 ppm of ethanol
vapors (dotted line).

4. Results and Discussion

As shown in Table 2, the optically evaluated thickness is,
within the experimental error, equal to the value determined
by the mechanical profilometer, confirming the validity of
the employed model. Curiously, the agreement between
optically and mechanically evaluated thickness seems to be
even better for the nanocomposite rather than for the pure
polymer.

The evaluation of the swelling is based on the experi-
mental shift of the reflectance interference pattern at a fixed
wavelength, chosen near the inflection point. As previously
discussed, according to the model, a swelling of few tenths of
nanometers is related to the optical reflectance variation at
that wavelength.

In Figure 5, the simulated variations at a fixed wavelength
as function of the swelling for the samples PHEMA b and
PHEMA/CB a, calculated on the basis of (1), are reported.
For a given reflectance, the corresponding layer expansion
can then be readily evaluated.

Figure 6 shows the shift of interference fringes of PHEMA
sample exposed to 12500 ppm of ethanol vapors, where a
clearly observable effect of the volume change is detected.
Using the outlined model a 19 nm swelling with a 10%
confidence was calculated.
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Figure 7: Reflected light intensity spectra of PHEMA/CB a sample
exposed to 3000 ppm (a) and to 12500 ppm (b) of ethanol vapors
(dotted lines). Reflectance spectra of samples exposed to pure N2

are shown for comparison (solid lines).
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In Figures 7(a) and 7(b), the shifts of interference
fringes of the PHEMA/CB a sample exposed to 3000 ppm
and 12500 ppm of ethanol vapors, respectively, are shown.
The swelling evaluation gives a thickness variation of
10 nm for the sample exposed to 3000 ppm while an
expansion of 31 nm is found when the same sample is
exposed to 12500 ppm of ethanol. As expected, the amount
of film expansion depends on the concentration of the
analyte.

Nanocomposite layers exhibit a slightly larger swelling
as compared to pure PHEMA layers. A similar result has
been previously observed for nanostructured fluoropolymer
(CFx) and metal-CFx composite films [12]. A possible
active role of the metal filler has been suggested in that
case, to account for this effect. In our case, preliminary
investigations by means of Brunauer-Emmett-Teller (BET)
measurements have highlighted the occurrence of a certain
porosity in the nanocomposite with respect to the bare
polymer. The enhanced specific surface could then account
for the observed swelling.

In Figure 8 the swelling kinetics of PHEMA/CB a sample
recorded at 660 nm, at two different analyte concentrations,
is reported. The swelling in presence of 12500 ppm is greater
than the expansion related to 3000 ppm exposure. Data
exhibit the typical (t)1/2 law at least for the first 600 s. During
this time interval a diffusive mechanism can be then assumed
and, using the Fick equation, the diffusion coefficients can
be estimated. For PHEMA exposed to 12500 ppm of ethanol
the evaluated diffusion coefficient is equal to 1×10−14 cm2/s,
while the diffusion coefficients for PHEMA/CB exposed to
3000 ppm and 12500 ppm of ethanol are 1 × 10−16 cm2/s
and 0.5 × 10−14 cm2/s, respectively. Data for pure PHEMA
are comparable with those reported by Goustouridis et al.
[3].

5. Conclusions

In this work, we developed a simple optical method based
on thin film white light interferometry to measure the
swelling sensitivity of polymer and nanocomposite layers.
The method allows to easily correlate polymer nanocom-
posite film expansion to light intensity variation at a fixed
wavelength, as long as the swelling is small with respect to
the whole layer thickness.

It was successfully applied to PHEMA and to nanocom-
posite carbon black/PHEMA layers which are a typical choice
in chemical sensor technology. Interestingly, we have found
that the nanocomposite undergoes a more pronounced
swelling process with respect to pure polymers.
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Nanocrystalline-nanoporous ZnO thin films were prepared by an electrochemical anodization method, and the films were tested
as methane sensors. It was found that Pd-Ag catalytic contacts showed better sensing performance compared to other noble metal
contacts like Pt and Rh. The methane sensing temperature could be reduced to as low as 100◦C by sensitizing nanocrystalline ZnO
thin films with Pd, deposited by chemical method. The sensing mechanism has been discussed briefly.
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1. Introduction

It is well known that gas sensing performance of sensors
can be improved by incorporating noble catalyst metal into
the nanocrystalline metal oxide-based matrix. A number of
reports [1–3] have been published on nanocrystalline ZnO
thin films to improve the methane sensing performance. The
development of a low-temperature methane detector using
nanocrystalline ZnO-based chemical gas sensors with noble
metal catalytic contacts is an important proposition. The
challenge is to attain lower detection limit, short response
time, and long-term stability of the gas sensors. Nanocrys-
talline ZnO thin films demonstrate remarkable gas-sensing
properties when the crystallite size becomes comparable to
Debye length. Nanocrystalline and porous materials with
controlled composition are of increasing interest in methane
sensing because of their large surface to volume ratio that
enhances the adsorption kinetics and the reaction between
methane and adsorbed oxygen.

Recently it was [1–6] reported that methane-sensing
temperature varies between 100◦C and 250◦C depending
upon whether the ZnO thin film is grown electrochemically
or by sol-gel method and upon the nature of the catalytic
metals. But these relatively high temperatures for detection
of methane are still not suitable for applications in the
coalmines. In this work, nanocrystalline ZnO thin films were

prepared by electrochemical anodization of high-purity Zn
(99.99%). While using Pt catalytic metal electrode methane
sensing could be achieved at 240◦C Pd-Ag (26%), and Rh
electrodes could bring down the temperature to 210◦C. But
the temperature could be brought down to 100◦C by incor-
porating Pd modification of the nanocrystalline ZnO thin
film and by using Pd-Ag catalytic metal Schottky contact.
In this communication, a comparative study between ZnO
Schottky devices with different catalytic metal contacts and
the effect of adding Pd to the nanoporous ZnO are presented.

2. Experimental

The noble metal/ZnO Schottky structure using nanocrys-
talline ZnO thin film, prepared by electrochemical anodiza-
tion of Zn, was studied for gas sensing. A properly cleaned
high-purity Zn foil of thickness 0.5 mm was taken as anode
and platinum foil as cathode with 18 mm separation between
the two electrodes and 0.3 M oxalic acid as electrolyte.
A calomel electrode was taken as the reference. A 10 V
potentiostatic power supply (Princeton Applied Research,
Scanning Potentiostat-362, USA) was used during anodiza-
tion. Sensitization of the grown ZnO films was performed
by dipping into 0.01 M weak acidic aqueous solution of
PdCl2 for 2 seconds followed by baking at 110◦C for 10
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M = Pt, Pd-Ag (26%), Rh

Figure 1: Schemetic of the ZnO based Schottky sensor.

Table 1: The crystal size, pore size, and thickness of the anodized
ZnO thin films.

Parameters Anodized ZnO

Crystal size (nm) 2.40

Pore size (nm) 19–35

Thickness (μm) 8.20

minutes and annealing at 300◦C in air for 30 minutes. Pt,
Pd-Ag (26%) and Rh catalytic metals (2.5 mm × 2.5 mm)
of thickness 0.2 μm were deposited on ZnO films by e-
beam evaporation using Al metal mask for Schottky contacts.
The Zn substrate beneath the ZnO film was used as ohmic
contact. Electrical connections were performed by using fine
copper wire and silver paste. The schematic of the Schottky
sensor structure is shown in Figure 1. In order to study the
gas sensing properties high-purity methane, nitrogen, and
synthetic air were used. For accurate control of the gas flow
rate throughout the experiments, mass flow controller and
mass flow meters (Digiflow, USA) were used. The current-
voltage characteristics of the sensors were studied by a
Keithley model 6487 Pico ammeters-voltage source.

3. Results and Discussions

The XRD and the FESEM (Field Effect Scanning Electron
Microscopy) picture of the anodized ZnO thin films are
shown in Figure 2. The average crystal size, the pore
diameter, and the thickness are summarized in Table 1.

The V-I characteristics of the Schottky sensors were
recorded at all the temperatures of measurements, and the
magnitude of the response (S) was calculated from these
data. The response (S) is defined as the ratio of the change of
current in presence of methane in N2 or air to the current in
N2 or air at constant voltage, both in the forward bias mode
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Figure 2: (a) XRD and (b) FESEM of ZnO thin films obtained by
anodic oxidation of Zn in 0.3 M oxalic acid.

and expressed as

S =
(
Ig − Ia

Ia

)
V

, (1)

where Ig is the current in presence of gas and Ia is the current
in N2 or air.

Figure 3(a) shows response versus temperature curves
of the Schottky sensors with the unsensitized ZnO films
using 1% CH4 in pure N2. For Pt contact the maximum
response was obtained at 240◦C while for Pd-Ag and Rh
contacts the maximum response was obtained at 210◦C.
For all three types of contacts the maximum response was
obtained at 0.4 V bias, as shown in Figure 3(b). This may be
significant for low power consumption of the sensor devices.
Figure 4 shows the response versus temperature curves with
1% CH4 in pure N2 and in synthetic air, respectively. It is
observed that the response of the sensors is higher in nitrogen
compared to that in synthetic air.

In case of the Schottky gas sensors, catalytic noble metals
were taken as electrode contacts. At an elevated temperature,
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Figure 4: Response versus temperature curves of the (a) Pt/ZnO/Zn, (b) Pd-Ag (26%)/ZnO/Zn, and (c) Rh/ZnO/Zn Schottky sensors in
presence of 1% methane in pure nitrogen and in synthetic air, respectively. The response of the sensors is higher in nitrogen than in synthetic
air.

oxygen molecules are weakly bonded to the catalytic metal
(Pt, Pd-Ag, and Rh) and are dissociated to oxygen atoms that
are weakly adsorbed on the metal surface. The metal-oxygen
complex subsequently dissociates

2M + O2 −→ 2M : O [M = Pd, Pt, Rh],

2M : O −→ 2M + 2O.
(2)

The oxygen atoms then undergo a spillover process and
finally form negatively charged surface ions by gaining

electrons from the surface of ZnO, thereby yielding a high
electrostatic potential in the junction [7–9]. The space charge
region, being depleted of electrons, is more resistive than
the bulk. The methane response mechanism with a noble
metal/metal oxide Schottky junction is not so well under-
stood and spectroscopic studies are needed in order to reveal
the reaction pathways that may be different for different
temperatures and even vary with the gas concentration. Here
we present three possible mechanisms of gas sensors. The
first is dissociative adsorption of CH4 to produce H and
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Figure 5: Band diagram of the Schottky Junction explaining the
sensing mechanism. The barrier height reduces upon exposure to
the reducing gas. ψMA, ψMG are the work function of M in air and
in gas, respectively. ΦBA, ΦBG are the barrier height of the junction
in air and in gas, respectively. EC, ECG are the conduction band in
air and in gas, respectively. EV, EVG are the valence band in air and
in gas, respectively. EF, EFG are the Fermi level in air and in gas,
respectively, M = Pt, Pd, or Rh.

CHx (X = 3) on the noble metal surface and reaction with
adsorbed atomic oxygen to produce water. Furthermore,
the H or CHx spills over to the metal oxide and reacts
with chemisorbed ionic oxygen to produce water and free
electrons that increase the current through the junction. If
the device is operated at a temperature of ≥100◦C, which
is normally the case for methane sensing, the water formed
desorbs rapidly from the surface [10–12] (see reactions (3)):

CH4 −→ CH3(ads) + H(ads),

CH3 + H + 4O− −→ CO2 + 2H2O + 4e−,

CH4 + 4O− −→ CO2 + 2H2O + 4e−
(
Complete reaction

)
.

(3)

A second possibility is that due to high solubility and rapid
diffusivity of hydrogen through catalytic metal, it reaches
the catalytic metal/metal oxide interfaces and produces an
interfacial dipole layer. The electrically polarized potential at
the interface also lowers the work function of the noble metal
and thus reduces the barrier height. Such sensing mechanism
is summarized in Figure 5, where the reduction of the
barrier height upon exposure to the reducing gas is shown.
The adsorbed hydrogen atoms may, as a third possibility,
passivate the interface states at the noble metal/metal oxide
interface, preventing them from pinning the Fermi level. The
passivated interface thus might cause a decrease in the barrier
height. Due to this lowering of barrier height, the current
through the junction increases [6, 13], yielding thereby a
high response.

Palladium (Pd), Silver (Ag), Platinum (Pt), and Rhodium
(Rh) are the most common metal catalysts that are used
to improve the gas-sensing properties. Here Pt, Pd-Ag, and
Rh catalysts were used for gas sensing applications. A Pd-
Ag (26%) alloy metal contact was used instead of pure Pd.
The reason is that the phase transition from α phase of pure
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Figure 6: Transient response curves of (a) Pt/ZnO/Zn, (b) Pd-Ag
(26%)/ZnO/Zn, (c) Rh/ZnO/Zn Schottky sensors at 0.4 V bias.

palladium to β phase hydride occurs at low H2 concentration
at 300 K and it is an irreversible process [14]. This will
damage the sensor due to peeling-off of Pd. Moreover,
the response time of more than 10 minutes for pure Pd
contact sensors, as reported in the literature [15], is too
long to allow real-time monitoring of flowing gas streams.
To overcome these problems Pd was alloyed with 26% Ag
for CH4 sensing. Pd-Ag thin film is attractive for use [14]
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Table 2: Response, response time, and recovery time of different noble metal contacts on ZnO thin film (calculated from Figure 6).

% of CH4
Response Response time (s) Recovery time (s)

Pt Pd-Ag Rh Pt Pd-Ag Rh Pt Pd-Ag Rh

0.01 0.18 0.99 1.22 52.2 22.3 130.2 58 48.3 148.3

0.05 0.29 1.38 1.82 40.2 19.7 52.2 42.3 46.2 120

0.1 0.62 2.21 2.48 27.9 16.4 42.8 30.1 38.1 89.2

0.5 0.68 3.11 3.87 20.3 12.1 38.2 26.2 20.2 80.2

1 0.71 3.81 4.39 18.8 8.8 30.2 22.8 16 78.4

Table 3: Response, response time, and recovery time of Pd-Ag/ZnO Schottky sensor with different concentrations of CH4 in nitrogen using
unmodified and Pd modified ZnO thin films at the corresponding optimum temperatures and voltages (calculated from Figures 6(b) and
9(a)).

% of CH4
Response Response time (s) Recovery time (s)

ZnO Pd: ZnO ZnO Pd: ZnO ZnO Pd: ZnO

0.01 0.99 18.2 22.3 10.2 48.3 18.7

0.05 1.38 22.3 19.7 6.7 46.2 17.2

0.1 2.21 23.2 16.4 6.03 38.1 16.8

0.5 3.11 25.2 12.1 4.02 20.2 16.1

1 3.81 32.2 8.8 2.69 16 16.0

Table 4: Response, response time, and recovery time of Pd modified Pd-Ag/ZnO Schottky sensor with different concentrations of CH4 in
nitrogen and in synthetic air as the carrier gas (calculated from Figure 9).

% of CH4
Response Response time (s) Recovery time (s)

N2 as carrier gas Synthetic air as
carrier gas

N2 as carrier gas Synthetic air as
carrier gas

N2 as carrier gas Synthetic air as
carrier gas

0.01 18.2 6.8 10.2 13.8 18.7 20.0

0.05 22.3 11.0 6.7 9.9 17.2 19.7

0.1 23.2 17.0 6.03 8.7 16.8 17.7

0.5 25.2 17.8 4.02 7.2 16.1 17.0

1 32.2 24.8 2.69 4.6 16.0 15.9

because of the low rate of hydride formation, not much
hindrance against hydrogen diffusivity, greater solubility of
hydrogen, higher energy barrier due to OH formation and
superior mechanical properties as compared to pure Pd.
The alloy has quite high rate of hydrogen adsorption in the
temperature range 30◦C–100◦C that is important for fast
responding gas sensors.

It can be observed that Rh gives higher response than
Pd-Ag and Pt (Rh > Pd-Ag > Pt) because the catalytic
effect of dissociation of methane is higher than Pd and Pt
[16]. Also the OH formation rate influences the size of the
response as discussed below. In literature, it can also be
found that the catalytic activity of Pd and Pt for methane
dissociation is more or less the same [17]. But Figures 3
and 4 show a higher response of Pd-Ag alloy than Pt that
implies that the catalytic activity of Pd-Ag is higher than
that of pure Pd. In case of synthetic air that is shown in
Figure 4 it can be noticed that the response is somewhat
reduced. Since oxygen is already chemisorbed to a large
extent on the noble metal surface the adsorption sites for
methane is likely to be reduced. So dissociated hydrogen
reacts with chemisorbed oxygen to produce H2O molecules

instead of diffusing into the noble metal/ZnO junction,
thereby yielding a weaker response. Since oxygen adsorption
is most favorable on Pt it gives the most reduced performance
in presence of synthetic air as compared to the other two
metals, as shown in Figure 4. Similarly the OH formation
energy of Rh is higher than Pd-Ag and Pt [18–21]. Thus this
is another reason why the Rh catalytic metal contact gives
higher response than Pd-Ag and Pt. The transient response
of the sensors recorded in presence of different methane
concentrations (0.01%, 0.05%, 0.1%, 0.5%, and 1%) and at
0.4 V bias is shown in Figure 6. From the transient response
cycles the response and recovery time were calculated and
are summarized in Table 2. The response time is defined
here as the time to reach 67% of the saturation value of the
current. After the gas pulse is cut off the time required to
reduce the current to 67% is defined as the recovery time. It
can be observed from Table 2 that the Pd-Ag contact shows
shorter response time than Pt and Rh contacts, which may
be due to the higher solubility and diffusivity of H in Pd-
Ag compared to Rh and Pt and therefore H takes shorter
time to reach the Pd-Ag/ZnO junction compared to that for
Pt/ZnO and Rh/ZnO junctions, but it may also be because



6 Journal of Sensors

None SEL 5 kV 100 nm WD 6.4 mm×30000

Unmodified

(a)

None SEL 5 kV 100 nm WD 6.4 mm×30000

Pd modified (2s)

(b)

Figure 7: FESEM of (a) unmodified and (b) modified ZnO thin films. It is observed that there is little or no difference in the surface
morphology after treatment with PdCl2 solution [6].
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Figure 8: (a) Response versus temperature curves and (b) response versus voltage curves of the Pd modified Schottky sensor. It is observed
that the response of the sensor is higher in nitrogen than in synthetic air and the maximum response is obtained at 100◦C and at 3 V.

of more favorable chemistry on the Pd-Ag surface. This is
because the catalytic metal/ZnO is most likely highly porous
due to a rather thin catalytic metal (200 nm) and a highly
porous ZnO, which makes diffusion through the metal a
noncritical parameter. It should also be noted in Table 2 that
the recovery times for Pd-Ag and Pt are about the same.
This is most likely because of the back reaction between
hydrogen and oxygen for water formation, as well as carbon
dioxide formation, on the catalytic metal surface both in the
case of nitrogen and synthetic air. It is almost impossible
to attain oxygen leakage free systems for measurements at
atmospheric pressure in the laboratory. It can be inferred
that Pd-Ag alloy is the most suitable catalytic metal amongst

the three for methane sensing using the Pd-Ag/ZnO Schottky
junction.

There are very few reports on metal oxide based methane
gas sensors with high response and fast response and
recovery [6]. The reported sensor structures [1–5] on oxide
based semiconductors operating in the resistive mode and
at high temperatures showed longer response and recovery
time. This is not suitable for low temperature applications,
particularly in the mining environment. It may also incur
higher power consumption and short battery lifetime.

To improve the sensing performance, the surface of ZnO
thin films was chemically modified with Pd. From FESEM
the surface morphology and the pore size were revealed for
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Figure 9: Transient response curves of the Pd modified Schottky sensor in 1% methane using (a) nitrogen and (b) synthetic air as the carrier
gases at 100◦C and at 3 V bias [6].
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Figure 10: Stability study of the surface modified Schottky sensor structures using (a) nitrogen and (b) synthetic air as the carrier gases. It
is observed that the sensor shows more or less stable performance in both the cases. However, the stability in synthetic air initially shows a
little deterioration and then stabilizes.

both unmodified and modified ZnO surfaces (Figure 7). It
was observed that there is little or no difference in the surface
morphology after treatment with PdCl2 solution [6]. The
presence of Pd was confirmed by XPS studies. Table 3 shows
the improvement of methane sensing parameters after Pd
surface modification of ZnO thin film.

The variations of the response with operating tempera-
ture and with biasing voltage using 1% methane in nitrogen
and in synthetic air are shown in Figure 8. It is observed from
the figure that maximum response was obtained at 100◦C

and at 3 V. It is further observed that the response is higher
in pure nitrogen than in synthetic air.

For the nanocrystalline structure the adsorption energy
[22, 23] is considerably lower, and the presence of dispersed
Pd nanoparticles over ZnO surface further reduces it. As a
result the sensors respond at considerably lower tempera-
ture. It is worth mentioning here that imperfect structural
orientation of the polycrystalline sensing layer (ZnO) also
modulates the gas adsorption behavior and thus the sensing
parameters [24].
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Figure 9 represents the transient response for different
concentrations of methane at 100◦C using nitrogen and
synthetic air as carrier gases. The response time and recovery
time with increasing methane concentrations as derived from
the transient response curves are shown in Table 4.

It is apparent from the table that response time is shorter
than recovery time that is true also for the cases in Tables
2 and 3. The Pd-Ag/ZnO surface seems to be favorable for
the adsorption kinetics at the catalytic metal and Pd-Ag/ZnO
interface, compare Tables 3 and 4, the same way the recovery
time is longer than the response time for all cases in Tables
2–4. It is interesting to note that the recovery time in Table 4
is about the same in nitrogen and oxygen, which supports
the earlier discussion that the back reaction is the same in
nitrogen and oxygen atmosphere due to oxygen leakage into
the system.

It should be noted that the sensing of methane at 100◦C
for Pd-Ag/ZnO might be suitable for practical applications
due to the high response, speed of response, and recovery,
because there is no accumulation of water molecules on the
sensor surface at 100◦C [12].

We tested the long-term stability of the Schottky sensor
for 33 days in presence of 1% methane in nitrogen at 100◦C,
and the results are shown in Figure 10(a). It is evident
from the figure that the sensors show more or less stable
performance with a negligible variation of current over the
above-mentioned period in a nitrogen atmosphere. We also
tested the stability in synthetic air; see Figure 10(b) for 8
hours and a fairly good stability was obtained. The long-
term stability in air needs to be further tested since this is
the realistic atmosphere for a methane leak detector.

4. Conclusion

Our investigation confirms that methane can be detected
at as low a temperature as 100◦C using Pd-Ag alloy as
the Schottky contact to nanocrystalline ZnO thin film,
obtained by anodization of Zn and surface modified by
using noble metal, for example, Pd. Nanocrystalline ZnO
thin films, after Pd surface modification, showed improved
sensing characteristics like large response, short response and
recovery time. The stability of the sensor structure obtained
in this study indicates that the sensor might be good for
methane sensing in the coalmine environment.
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1. Introduction

In recent years semiconductor gas sensors have found
widespread commercial application in gas monitoring and
alarm applications. To date most of these sensors employ
metal oxide (MOX) semiconductors as gas sensitive materials
[1–7]. Commercial MOX sensors mostly employ thick-film
materials as sensing layers due to the fact that thick-film
technologies are intrinsically low cost and that thick-film
compositions can easily be controlled, allowing for the
preparation of a wide range of MOX base materials and
incorporation of numerous catalytic promoter impurities
[3, 8]. In this way MOX gas sensors with different cross
sensitivity profiles can be realised. Most recent advances
in this field are three-sensor arrays deposited on a single
ceramic heater chip. These three-sensor arrays are embedded
in a single TO5 package and are marketed together with
data acquisition boards and principal component analysis
software [9].

In spite of this progress, MOX gas sensors have remained
a subject of intense scientific interest, mainly because of two
challenges: (i) the limited selectivity of MOX gas sensors

and (ii) their relatively large heating power consumption
which makes MOX sensors and in particular MOX sensor
arrays hard to employ in mobile applications and in bus-
connected sensor networks. Whereas micromachined heater
technologies have been investigated to decrease the heating
power consumption of MOX gas sensor arrays [10–14],
recent efforts have been focused on the preparation of
MOX nanocrystals or nanowires [15–19]. Due to their very
constrained geometry and good thermal insulation, self-
heating effects in single nanowire sensors can be quite
appreciable, thus opening up new ways towards ultralow
power-heated MOX gas sensors [20]. Concerning progress
in the fields of sensitivity, selectivity, and stability, nanowire
technologies have considerably enhanced the sensitivity and
the stability of MOX gas sensors but contributed relatively
little towards a solution of the cross sensitivity problem.

A third line of research, which has attracted attention in
the past few years, is the low-temperature sensitivity of MOX
gas sensors. Work into this direction has shown that MOX
gas sensors cannot only respond to gases at conventional
operation temperatures of the order of several hundred
centigrade but also at room temperature and slightly above
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[21–26]. In this latter mode of operation UV photoactivation
has also been shown to be effective [27–31]. Gases that could
be detected under such conditions are NO2, NH3, H2S, and
a number of short-chain alcohols.

Although interesting from a phenomenological point
of view, all these latter reports remain vague in providing
a consistent explanation for these novel low-temperature
sensing phenomena. The present paper intends to contribute
to this discussion, summarising results from recent work
on the low-temperature response of semiconductor gas
sensors [32–35]. Comprehensive presentation of these data
in a single review aims at developing a coherent picture of
low-temperature gas sensing phenomena at semiconductor
surfaces. As will be shown below, the essence of our
findings is that semiconductor materials in general—and
MOX materials in particular —tend to adsorb multiple layers
of humidity from the ambient air, forming a closed liquid
electrolyte layer on the surface. In this water adsorption-
limited state, saturated semiconductor surfaces do not
respond to changes in the ambient H2O vapour pressure,
and their response to reactive gases is limited to molecules
that can easily dissolve in water and undergo electrolytic
dissociation there. The active sensing layer in this case is
the adsorbed water film, and the role of the underlying
semiconductor materials is simply reduced towards serving
as a pH sensor. In our previous work we have coined the term
“dissociative gas sensing effect” for this kind of gas sensing
mechanism.

In the following we develop this idea of a dissociative
gas sensing effect by reviewing some relevant observations
on MOX materials. We then provide the reader with the
theoretical background for the analysis of low-temperature
multilayer water adsorption phenomena. In the central part
of this article we discuss gas sensing experiments that have
been performed on hydrogen-terminated diamond (HD)
surfaces. The reason for considering such a dissimilar semi-
conductor material is—that in contrast to the huge variety
of MOX materials with their widely variable composition
and morphology—HD is a well-characterised single-crystal
material with a well-documented adsorbed liquid electrolyte
layer on top [36, 37]. HD, therefore, has turned out to be an
ideal model system for studying the dissociative gas sensing
effect [33, 34]. As a third kind of semiconductor material, we
have studied hydrogenated amorphous silicon (a-Si:H). The
interest in this latter material stems from the fact that it can
easily be incorporated into microsensor processes, exhibiting
at the same time both a room-temperature dissociative
gas sensing effect and an innovative kind of “coordinative
gas response” that appears when the sensor operation
temperature is raised above the water evaporation threshold
[35]. In the final chapter we present a comprehensive model
for the dissociative gas response, considering the partial steps
of gas/liquid electrolyte and liquid electrolyte/semiconductor
interactions.

2. Observations on Metal Oxide Gas Sensors

2.1. High-Temperature Response. As summarised in Figure 1,
MOX gas sensors exhibit broad-range sensitivity to a wide
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Figure 1: Gas sensitivity profiles of different MOX materials.

variety of analyte molecules. This broad-range sensitivity is
due to the well-known combustive gas sensing effect in which
adsorbed analyte molecules become oxidised by interactions
with preadsorbed surface oxygen ions [2–4, 8]. In all cases
a major sensitivity also occurs in the case of NO2 which
competes with O2 in forming negative surface ion species.

A key observation on MOX gas sensors is that those
chemical surface interactions that lead to a combustive gas
response are thermally activated. This fact is evidenced
in Figure 2, which shows the H2 and the water vapour
sensitivities of an SnO2:Au sensor [39] as a function
of its operation temperature. As far as reducing analyte
molecules are concerned, the shape of these sensitivity
curves can be understood on the basis of two opposite
trends: (i) a thermally activated surface combustion of the
adsorbed analyte molecules which limits the response on
the low-temperature side and (ii) a thermally activated
and concentration-dependent desorption rate which limits
the response at the high-temperature side [8, 38]. Figure 3
shows how the combination of both effects determines the
temperature dependence of the gas response.

2.2. Low-Temperature Response. A significant new obser-
vation was that, in addition to this high-temperature gas
sensitivity, MOX gas sensors also exhibit a small and slow
and thus easily overlooked low-temperature response. There
have been a number of reports, demonstrating sensitivity
towards NO2, NH3, H2S, and different alcohol vapours even
at room temperature [21, 22, 31]. Some of these reports
also demonstrate an enhancement of this low-temperature
gas response upon irradiation with UV light [27–30]. A
consistent explanation of the underlying sensing mechanism,
however, is not given in these reports. More recently we have
demonstrated that this low-temperature response exhibits
a different cross sensitivity profile in comparison to the
conventional combustive high-temperature response. This
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Figure 2: Surface temperature dependence of the sensitivity of a SnO2:Au gas sensor: (a) towards H2; (b) towards water vapour.
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Figure 3: (a) Temperature dependence of the surface combustion and desorption rates of reducing analyte molecules; (b) cooperation of
both effects in determining the temperature dependence of the MOX gas sensitivity [38].

fact is revealed from a comparison of Figures 4(a) and 4(b).
Figure 4(a) moreover shows that the low-temperature cross
sensitivity profile is virtually the same as that observed on
hydrogen-terminated diamond (HD), that is, a completely
dissimilar gas sensing material. Although due to the different
kinds of charge carriers (p-type in the case of HD and n-
type in case of MOX, see also Section 4.1) the actual sensor
response points in opposite directions, the cross sensitivity

profile with regard to different analyte gases, however, is
exactly the same. This latter observation paved the way for
the idea that a completely new gas sensing mechanism might
be involved at room temperature and slightly above [32–35].

Comparing the low- and the high-temperature gas
sensing effects, it is evident that the low-temperature gas
response is comparatively small and limited to a much
smaller number of gases than the high-temperature one.
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Notable examples for a comparatively high low-temperature
gas sensitivity are the responses towards NH3 and NO2. A
second relevant observation is that the response to both
gases exhibits a huge asymmetry with regard to the response
and recovery time constants: whereas response times are
moderate, recovery times are extremely long.

Further clues to the nature of the low-temperature gas
sensing effect can be obtained by observing changes in
the gas response patterns when the operation temperature
of the SnO2:Au gas sensors is increased, as displayed in
Figure 5. These data demonstrate that the low-temperature
gas response pattern starts to disappear at temperatures

Figure 6: Result of a contact angle experiment as performed on a
nanogranular SnO2 film deposited on an oxidised silicon wafer [32].

around 200◦C, and that it is replaced by the familiar
broad-range high-temperature gas sensitivity which becomes
dominant at temperatures around 400◦C.

Comparing the low-temperature MOX and HD gas
sensing effects and realising that both the p-type surface
conductivity and the gas response of HD are due to a
thin layer of adsorbed water on the diamond surface [36],
a similar effect was suggested for MOX materials as well.
Further evidence in favour of an adsorbed liquid electrolyte
layer on MOX surfaces came from the observation that MOX
surfaces are fairly hydrophilic. This latter fact is evidenced
in Figure 6, showing that a drop of water suspended on a
MOX surface spreads out rapidly, reducing the contact angle
to almost zero.

Accepting the possibility that a closed liquid electrolyte
layer might indeed exist at the MOX surface, the observed
low-temperature cross sensitivity profiles can be explained
as follows: the MOX surface and thus the semiconductor
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band bending can only be affected once analyte molecules
are dissolved in the surface water layer and dissociated there.
Overall, this amounts to an indirect sensing mechanism
which limits the role of the MOX layers towards that of a pH
sensor [40]. Before we follow this idea further, we present
some theoretical background that allows multilayer water
adsorption phenomena on low-temperature solid surfaces to
be analysed.

3. Multilayer Water Adsorption at Solid Surfaces

3.1. BET Isotherm. Multilayer adsorption of gases on solid
surfaces is described by the BET isotherm. This isotherm was
first introduced by Brunauer, Emmett, and Teller in 1938
[41]. The main assumptions leading to this isotherm are [42]

(i) polymolecular adsorption of spherical particles;

(ii) homogeneous surface with constant adsorption cen-
tre density;

(iii) the heat of adsorption of the first adsorbed
monomolecular layer drops to the heat of liquefac-
tion for all following layers;

(iv) all following polymolecular layers act like a liquid;

(v) the number of adsorbate layers can reach infinity.

With these assumptions the relative surface coverage
Θ(T ,P) is obtained:

Θ(P,T) =
(

P

P0(T)− P

)
·

⎡⎢⎢⎢⎣ c(T)

1 +
(

P

P0 (T)

)
· (c(T)− 1)

⎤⎥⎥⎥⎦.
(1)

In this equation P and P0 represent the equilibrium
and saturation vapour pressures of the adsorbate gas at the
temperature T and c(T) of the BET constant:

c(T) = exp
(
ε1 − εL
kB · T

)
. (2)

In this latter equation ε1and εL represent the heats of
adsorption and liquefaction, respectively.

A particularly simple form of the BET isotherm is
obtained in case the first layer is adsorbed as tightly as all
the others. Then c(T) = 1 and the expression for the BET
isotherm reduces to

Θ(P,T) = P

P0(T)− P
. (3)

For any vapour pressure P there exists a temperature
Tsat at which the vapour pressure P in the air equals the
saturation pressure P0(Tsat). At all temperatures T lower than
Tsat, the maximum vapour pressure P(T) is limited by the
saturation pressure at that temperature, that is, P(T) = P0(T).
Equation (3) then predicts that under conditions of saturated
water vapour, that is, at T ≤ Tsat, a solid surface will adsorb
infinitely many layers of water and thus form a closed layer
of condensed water on the surface. For temperatures higher
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Figure 7: Saturation vapour pressure of water as a function of the
temperature in the air.

than Tsat, the water vapour pressure in the air is supply-
limited and lower than P0(T). In this limiting case, P is much
smaller than P0(T), and the BET equation reduces to the
familiar Langmuir isotherm [43]:

Θ(P,T) = c(T) · P
c(T) · P + P0(T)

. (4)

As P0(T) increases exponentially with temperature, the
surface coverage Θ(T ,P) in this temperature range drops
exponentially as the temperature is increased beyond Tsat.

3.2. Water Adsorption at Solid Surfaces. Considering the
main constituents of the ambient air (N2, O2, H2O, and CO2)
as well as the range of analyte gases that have frequently
been studied in gas sensing experiments, water vapour is
outstanding insofar as it can occur in high concentrations
(Figure 7) and at the same time exhibits a high boiling point
(Figure 8(a)) and a concomitantly high heat of vaporisation
(Figure 8(b)). Because of these properties, adsorbed water
vapour can easily undergo multilayer adsorption leading to
thin liquid electrolyte layers on solid surfaces, and it thus can
completely alter the gas-surface interactions that may occur
on a semiconductor surface.

In order to estimate the water coverage on a semiconduc-
tor surface using the BET equation, an estimate of the BET
constant (2) is required. The value of this constant depends
on two parameters: (i) the heat of liquefaction εL and
(ii) the heat of adsorption ε1. The heat of liquefaction of
water is known from literature (εL = 0.424 eV per molecule
[45]). The heat of adsorption describes the adsorption
energy of the first monolayer on the adsorbent surface. This
latter value can vary strongly with the chemical composition
and the morphology of the adsorbing solid. A first estimate
for the heat of adsorption of water on MOX surfaces is
0.52 eV [44]. With c(T) being known, the surface coverage
of water on a MOX surface can now be obtained from (1).

Assuming that water vapour saturation in the air is
reached at 30◦C, it is revealed from Figure 9 that a MOX
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Figure 8: (a) Boiling points of the main air constituents and of a number of often studied analyte gas molecules; (b) heat of vaporisation of
the main air constituents.
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surface will always be covered by multiple layers of water
as long as the substrate temperature remains at room
temperature or below (0 < T < 30◦C). With a closed
water film being present, oxygen surface adsorbates will not
form. In case the substrate temperature is raised beyond
the saturation temperature Tsat, the water surface coverage
will rapidly drop into the range of a single monolayer as
T ∼ 70◦C is approached. As a single monolayer of water
is sufficient to prevent oxygen ionosorption, the normal
combustive detection mechanism still will not work. First
indications of a combustive response, however, might be
expected when there is a tendency of the adsorbed water
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Figure 10: Water coverage as a function of vapour pressure and
substrate temperature (low-temperature region T ≤ Tsat). Tsat =
27◦C (300 K).

to concentrate in patches with above-monolayer thicknesses.
Raising the substrate temperature towards 150◦C, the water
coverage drops to about 0.1 monolayers which means that
large patches of free semiconductor surface start to occur,
providing adsorption sites for oxygen. In agreement with this
expectation we have observed that MOX gas sensors start to
respond to combustible gases as this temperature is exceeded
(Figure 5) and that MOX layers start to respond to changes
in the humidity concentration in the gas phase (Figure 2(b)).

Figures 10 and 11 refer to two situations in which
the vapour pressure in the gas phase is varied from zero
to the saturation vapour pressure considering that the air
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temperature is 30◦C. The first diagram reveals that, with the
MOX substrate being kept at room temperature or below,
multilayer water adsorption will take place also at water
vapour pressures much lower than the saturation pressure
level. A normal gas response, therefore, cannot be expected in
this lower H2O vapour pressure range as well. This situation
changes, when the MOX substrates are heated to 150◦C or
more. In this latter case the surface water coverage varies
over the entire H2O pressure range and remains in the sub-
monolayer range. In such situations oxygen ionosorption
and a normal combustive gas response can occur, and, in
addition, single H2O molecules may directly adsorb on the
MOX surface and thus give rise to a water-vapour-dependent
response signal.

4. The Universality of the Low-Temperature
Gas Response

The considerations in Sections 2 and 3 have indicated that a
thin layer of condensed humidity might play an important
role in determining the gas sensing properties of MOX gas
sensors operated at or slightly above room temperature.
In this paragraph we present the results of gas sensing
experiments on alternative semiconductor materials which
are known to carry condensed water layers on their surfaces
under such moderate operation temperatures.

4.1. Hydrogen-Terminated Diamond (HD). Diamond with a
bandgap of 5.5 eV is a bona-fide insulator in its undoped
state. However, it has been shown that it can exhibit a
pronounced p-type surface conductivity of up to 10−5 Ω−1

per square when the surface is terminated with hydrogen [46,
47]. The best established model to explain this phenomenon
is the transfer doping model of Maier et al. [36]. According

to these authors, a near-surface hole accumulation layer
with carrier densities in the range of 1012-1013 cm−2 forms
via a transfer of diamond valence electrons to an adsorbed
surface electrolyte layer. This effect, whose exact microscopic
origin is still under debate, has already been employed
for devices such as field effect transistors [48], single-hole
transistors [49], or pH-sensors [50]. The interest in this
present context is that similar devices also support gas
sensing interactions that are strikingly similar to those found
in room-temperature operated MOX gas sensors.

The investigated samples are shown in Figure 12. The
left-hand side of this figure is a sketch of our present state
of understanding of surface transfer doping in HD [36].
The essential information of this sketch is that a very thin
surface p-type layer in the H-terminated diamond is formed
when diamond valence electrons are transferred to H3O+

ions into the adsorbed liquid electrolyte layer. In the course
of this transfer a fraction of the H3O+ ions is neutralised
forming H2O and O2 molecules, the latter being emitted to
the gas phase. In summary, a negative excess charge arises
in the liquid electrolyte layer which is compensated by the
surface hole accumulation layer in the diamond. Analyte gas
molecules with the capability of dissolving and undergoing
electrolytic dissociation can disturb this charge equilibrium
and thus promote conductance changes, which have been
monitored using the device structure presented in the right-
hand part of Figure 12. In this device Ti/Au electrodes
(20 nm/200 nm) were applied in a gap cell configuration to
probe the surface conductivity of the diamond. The contact
pad area was 1000 μm × 230 μm, and the spacing between
the contacts was 1000 μm. Prior to the electrode deposition
the diamond surface was processed in a way as to obtain an
H-terminated surface in between the Ti/Au electrodes and an
O-terminated surface in the periphery of the gap cell [33, 34].

Figures 13 and 14 present key results of the related gas
sensing experiments.

Figure 13(a) can be regarded as a mirror image of the
respective results for room-temperature operated MOX gas
sensors (see also Figure 4(a)). Due to the fact that holes are
the majority carriers in HD, we observe a resistivity decrease
upon exposure to NO2 and an increase upon exposure to
NH3. The insensitivity towards C2H4, H2, and CO, that
is, towards a representative range of combustible gases, is
demonstrated by the zero response towards C2H4 and the
undisturbed long recovery from the NO2 exposure during
exposure to H2 and CO. The long NO2 recovery is terminated
by the final exposure to NH3. As NH3 was added in excess to
the NO2, a conductivity effect of opposite sign is created and
still persists a long time after the termination of the NH3-
pulse. The other effect that is demonstrated in Figure 13(a)
is that dilution of the hole gas by a partial conversion of H-
termination to O-termination sites increases the gas sensi-
tivity without altering the cross sensitivity profile. This latter
effect was attributed to a catalytic effect of the O-termination
sites in converting electronic into ionic charge and vice
versa when charge carriers cross the semiconductor/liquid
electrolyte interface [34, 37].

Figure 13(b) summarises the results of NO2 and NH3

gas sensing experiments in a plot of gas response versus
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Figure 13: (a) Response of an HD sample, processed to exhibit different baseline resistances, towards a representative range of analyte gases;
(b) concentration-dependent response of a hydrogen-terminated diamond sample towards different nitrogen bearing gases. NO and NO2

exhibit an acidic (resistance decrease) and NH3 and N2O a basic (resistance increase) response. During these tests the HD sample was kept
at room temperature.

concentration. In this plot we have also included data on a
wider variety of gases that led to a gas response. In all cases
these are nitrogen-bearing gases. In a previous publication
[34] we have related the different levels of sensitivity to the
individual gases to their different capabilities of dissolving
there as acids or bases.

Figure 14, finally, shows that the HD sensors do not
respond to changes in the H2O vapour concentration in the

ambient air at all. We note here that room-temperature-
operated MOX gas sensors exhibit a similar effect. A
difference, however, arises when the adsorbed water layer is
evaporated by increasing the sensor operation temperature:
whereas in MOX gas sensors evaporation of the adsorbed
humidity layer leads back to the usual combustive gas
response, the surface transfer doping effect in the HD
samples disappears. With the HD samples thus having
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Figure 14: Response of an HD sample towards water vapour.
During these tests the HD sample was kept at room temperature.

been returned to their intrinsic high-resistivity state, all
gas sensitivity disappears as well until, eventually, the HD
samples are rehydrated. All three semiconductor materi-
als investigated here return to their dissociative sensing
behaviour after a cycle of evaporation and readsorption of
humidity at their surfaces [32–35].

The data in Figure 15 show a result of an actual test in
a chemical laboratory in which an HD sensor was exposed
to acid and base vapours emitted from a chemical laboratory
workbench. These latter results clearly support the fact that
HD sensors are able to sense acid and base vapours that
dissolve in the electrolyte layer. During these experiments
also the acids HCl, H2O2, and CH2O2 were successfully
detected.

4.2. Hydrogenated Amorphous Silicon (a-Si:H). A second
semiconductor material, where the presence of adsorbed
humidity layers has been confirmed, is hydrogenated amor-
phous silicon (a-Si:H). This material has found wide-
spread commercial application in photovoltaic solar energy
conversion and in large-area thin film electronic devices [51,
52]. In the course of these developments the basic material
properties of a-Si:H have been intensively investigated [53,
54]. In this context it has been established that ambient
humidity does give rise to adsorbed layers of water on a-
Si:H surfaces [55–57]. Furthermore, it has been shown that
NH3 exposure of undoped a-Si:H films at room temperature
can increase the conductance by several orders of magnitude
[55]. In this early work it was argued by Tanielian and
Fritzsche that misleading conclusions can be drawn about
basic physical properties of a-Si:H films as long as there is
uncertainty about the presence of surface adsorbates.

In the context of our present investigations we have
reconsidered the phenomenon of the a-Si:H gas response,
performing gas sensing tests under conditions which are
more typical of gas sensor operation [35]. With regard to gas
sensing tests performed at room temperature, our key results
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Figure 15: Response of an HD sample with a partially oxygenated
surface towards acid and base vapours, generated in a clean-room
environment.

are summarised in Figure 16. These data firstly show that—
similar to the MOX and HD cases—a-Si:H films hardly
respond to changes in the humidity content of the ambient
air (Figure 16(a)). Secondly, we again observe pronounced
and selective conductivity changes upon exposure towards
NO2 and NH3. Thirdly, very long recovery time constants are
observed after the a-Si:H films had been exposed to NO2 and
particularly NH3. As already argued above, these results are
consistent with the presence of an adsorbed liquid electrolyte
layer at the a-Si:H surface. With regard to the MOX and HD
cases, however, an important difference arises in that both
NO2 and NH3 exposures lead to an increased conductance
of the a-Si:H/electrolyte system. Considering the fact that
undoped a-Si:H is almost intrinsic and therefore highly
resistive at room temperature, it cannot be ruled out that the
sensor resistance is dominated in this case by the adsorbed
liquid electrolyte layer itself. In this case it is clear that
opposite changes in the pH level of the surface electrolyte
will always lead to a conductance increase of the a-Si:H/liquid
electrolyte layer stack. An alternative explanation for this
effect would be that pH changes in the surface electrolyte
could either increase the small native n-type conductivity of
the a-Si:H or turn its conduction from n-type to p-type. In
both cases an increased conductivity would be expected upon
exposure to acid-or base-forming gases.

In the a-Si:H case the firmest evidence for the existence
of an adsorbed liquid electrolyte layer was obtained by
operating the a-Si:H films at temperatures above the water
evaporation threshold of about 150 to 200◦C. Under these
conditions the results of Figure 17 have been obtained. Here
we see that—similar to the MOX case—a-Si:H films do start
to respond to changes in the humidity content in the ambient
air.

This latter result is interesting in two respects: firstly it
adds evidence to the existence of a closed adsorbed humidity
layer on the a-Si:H surface at room temperature and above,
and secondly it shows that a-Si:H exhibits an intrinsic bulk
conduction that is independent of the presence or absence
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Figure 17: Response of an undoped a-Si:H film towards different
concentrations of water vapour in the ambient air. Sensor operation
temperature: 250◦C.

of a surface electrolyte layer. Performing gas sensing tests
at T ∼ 250◦C, which is of the order of the deposition
temperature of the a-Si:H films, gas response patterns can
therefore be observed that are characteristic of H-terminated
sensor surfaces. Such experiments could not be performed
on H-terminated diamond as a finite level of p-type surface
conductivity can only be observed when a surface adsorbate
is present.

Operating a-Si:H films under adsorbate-free conditions,
we still do observe a sensitivity towards NO2 and NH3

(Figure 18). With regard to water-free MOX surfaces, the
surprising result is that the high-temperature a-Si:H gas
sensitivity is far more selective than that of MOX materials.
This latter fact is demonstrated in Figure 19, which shows
that a-Si:H films do respond predominantly to nitrogen-

bearing gases. Gases which simply exhibit combustibility and
which can easily be detected with heated MOX gas sensors
such as H2 and ethene lead to a response that is two orders
of magnitude smaller than the NO2 and NH3 responses. This
latter kind of selectivity has been explained in our previous
publication [35] on account of the fact that a-Si:H films
exhibit H-terminated surfaces that can easily interact with
molecules which exhibit lone-pair orbitals like H2O and
NH3 or electron-deficient three-centre orbitals like NO2. The
proposed surface interactions of H2O and NH3 are illustrated
in Figure 20.

5. Response and Recovery Time Constants

The results discussed so far have provided evidence that the
room-temperature response of semiconductor gas sensors is
mediated by a thin layer of condensed water. This limits the
gas sensitivity to molecules which can easily dissolve and
undergo electrolytic dissociation in water. A consequence
of the electrolytic dissociation is that the resulting charged
molecular fragments become hydrated, that is, they acquire
a shell of oriented water molecules around them. This
hydration effect severely reduces the reevaporation rate of
the dissolved analytes back into the gas phase. Once a gas
exposure pulse has been terminated, the back-reaction is
therefore critically slowed down, and the sensor fails to
return to baseline again. Considering potential applications
of this low-temperature effect, it is therefore relevant to
identify measures to decrease the recovery time constants.
In the following we discuss some of these possibilities in the
context of HD sensors.

5.1. Effect of Sensor Operation Temperature. A first and obvi-
ous measure is increasing the sensor operation temperature,
keeping in mind the thermal stability of the surface elec-
trolyte layer and of the H-termination of the diamond, which
is the enabling factor for the surface transfer doping effect.
Considering the stability of the H-termination, we note that



Journal of Sensors 11

100

50

20

10
5210.5

0 5000 10000 15000 20000 25000

Time (s)

107

108

109

R
es

is
ta

n
ce

(Ω
)

a-Si:H@250◦C, background SA

NO2 (ppm)

(a)

5000

500

2000

200100

0 5000 10000 15000 20000 25000

Time (s)

107

108

109

R
es

is
ta

n
ce

(Ω
)

a-Si:H@250◦C, background SA

NH3 (ppm)

(b)

Figure 18: Response of an undoped a-Si:H film towards different concentrations of NO2 (a) and NH3(b). Sensor operation temperature:
250◦C.

1000010001001010.1

c (ppm)

0.01

0.1

1

R
es

po
n

se
(R

0
/R

ga
s
−

1)

NH3

NO2

Ethylamine

Ethene
H2

a-Si:H@250◦C, background SA

Figure 19: Response of an undoped a-Si:H film towards nitrogen-
and nonnitrogen bearing gases. Sensor operation temperature:
250◦C.

it is stable up to annealing temperatures in the order of 800◦C
in vacuum [58]. The adsorbed surface electrolyte, the second
requirement for the formation of a hole accumulation layer,
is less stable. Electrolyte desorption was already observed at
temperatures above 150◦C [34, 50]. Respecting these much
more rigid temperature constraints, we have performed gas
sensing tests up to surface temperatures of 140◦C. Within the
temperature interval from room temperature up to 140◦C,
we did not find any significant changes in the cross sensitivity
behaviour. The main difference was that those gases that
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Figure 20: Proposed interaction of H2O and NH3 molecules on a
water-free a-Si:H surface.

could be detected exhibited a faster response and recovery
behaviour than at room temperature. This fact is illustrated
in Figure 21, considering the special case of response to
NH3. These data show that both the response and recovery
time constants decrease with increasing sensor operation
temperature. As a second effect, we observe a reduction in
the magnitude of the steady-state gas response. Compared
to MOX materials, however, this temperature effect is quite
small [59].

5.2. Effect of UV Light Exposure. The beneficial effect of
UV light exposure on the response and recovery time is
illustrated in Figure 22. Here, the transient response of an
HD sample with a partially oxidised surface to two successive
NH3 pulses is shown. During the first gas pulse, light
from a UV LED (λ ∼ 255 nm) was used to irradiate the
HD surface. Before the NH3 exposure pulse the UV light
decreased the baseline resistance of the sensor by roughly
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gas pulses. In this experiment the HD sample was operated at
successively higher temperature.
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one order of magnitude. Upon NH3 exposure, a significantly
shorter response time is observed as compared to the second
exposure pulse, that was carried out in the dark. When the
UV illumination was continued beyond the NH3 exposure
pulse, the UV light also lead to a decrease of the recovery
time constant.

5.3. Effect of Ozone Exposure. The exposure to ozone further
proved to be successful in the case of NH3 detection. O3

is heavily oxidising and can therefore be detected in ppb
(10−9) concentrations at heated MOX surfaces. In contrast,
O3 did not produce any gas response on room-temperature-
operated HD gas sensors. However, as shown in Figure 23,
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Figure 23: Response of an HD sample towards increasing NH3

concentration steps. The short O3 exposure pulses following each
NH3 exposure pulse demonstrate the O3-induced resetting of the
sensor surface to baseline. During these tests the HD sample was
kept at room temperature.
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Figure 24: Semiconductor materials and temperature ranges which
support the different kinds of sensing characteristics.

there was a huge effect when the O3 was employed after an
NH3 exposure pulse.

A possible explanation for this latter effect is the well-
known ozone oxidation reaction of NH3:

2 NH3 + 4 O3 −→ NH4NO3 + 4 O2 + H2O. (5)

The resulting ammonia nitrate can disintegrate into
NH4

+ and NO3
− ions again and thus produce opposing

pH changes in the surface electrolyte, that is, re-establish
neutrality again. As short-wavelength UV light can produce
ozone, this latter reaction might also contribute to the UV
acceleration effect.

6. Sensing Mechanisms

6.1. Semiconductors and Sensor Operation Temperature
Ranges. In the previous sections we have presented the
results of gas sensing tests on three different kinds of
semiconductor materials: a first group of MOX materials
where oxygen is the chemically reactive species at the sensor
surface and a second group of materials, HD and a-Si:H,
which both expose covalent, H-terminated C–H or Si–H
bonds to the gas ambient. We have firstly shown that,
irrespective of the chemical properties of the sensor surface,
all kinds of semiconductor materials exhibit largely the
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same kind of dissociative room-temperature gas response.
Secondly, we have shown that at higher-temperatures, where
closed adsorbed humidity layers can no longer exist, the
different chemical composition of the sensor surfaces starts
to matter giving rise to different kinds of sensor response. For
clarity, this situation is visualised in Figure 24, defining once
more the names that we have given to the different kinds of
sensor response.

Among the sensing mechanisms mentioned, the combus-
tive MOX effect has amply been considered and needs no

further discussion here [2, 8, 38, 60–63]. The coordinative
effect, observed on water-free a-Si:H surfaces, is certainly a
very innovative effect and of interest both from an appli-
cation and a basic-science point of view. Clearly, however,
with the very few data available at the moment, it is too
early to arrive at definite conclusions yet. In the following we
discuss the dissociative gas sensing effect in more detail, as it
is universally observed at room temperature or slightly above
on all three kinds of semiconductor materials investigated
here. Trying to understand this latter effect is made possible
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by the following favourable situation: firstly there is a firm
scientific basis that allows gas/liquid electrolyte interactions
to be discussed and, secondly, there is a well-investigated
model system where electronic interactions between an
adsorbed liquid electrolyte layer and an underlying semicon-
ductor substrate have been investigated. This model system
is the HD/liquid electrolyte system. Trying to understand the
universality of the low-temperature dissociative gas response,
the common aspect of the gas/liquid electrolyte interaction
needs to be considered, and then mechanisms need to be
identified which explain how the gas-induced electrochem-
ical changes in the surface electrolyte are communicated to
the different semiconductor substrates.

6.2. Gas/Electrolyte Interactions. With a liquid electrolyte
layer existing at the sensor surface, the first obvious step
in the sensing mechanism is the penetration of the analyte
gases into the liquid and absorption there. Considering those
gases where we have detected a significant gas response
in the liquid electrolyte/HD system, we have proposed
that absorption in the liquid is followed by electrolytic
dissociation and concomitant changes in the concentrations
of H3O+ and OH− ions, that is, ultimately changes in the pH
value:

NH3 + H2O ←→ NH4
+ + OH−, (6)

NO2 + 2 H2O ←→ NO3
− + H3O+ +

(
1
2

)
H2, (7)

NO + 3 H2O ←→ NO3
− + H3O+ +

(
3
2

)
H2, (8)

N2O + 5 H2O ←→ 2 NH4
+ + 2 OH− + 2 O2. (9)

Considering these detection reactions, we have seen that
these give rise to different levels of gas response. This fact is
illustrated in Table 1.

Attempting to relate the magnitude of the measured
gas sensitivities to the physico-chemical properties of the

Table 1: Comparison of measured gas sensitivities to chemical data
of the different analyte gases.

Analyte
gas

Sgas [c = 100 ppm] Solubility pK a pKb

NO2 30 hydrolyses(<2550 g/L) −1.32

NO 28 0.067 g/L −1.32

CO2 n.a. 0.0005 g/L 3.3

NH3 5 541 g/L 4.79

N2O 0.003 1.2 g/L 4.79

different analyte molecules, we have further proposed that
the above reactions are overall results of two partial reactions.

(i) Absorption in the liquid:

NH3 + n H2O ←→ (NH3)n aq, (10)

NO2 + H2O ←→ HNO3 +
(

1
2

)
H2, (11)

NO + 2 H2O ←→ HNO3 +
(

3
2

)
H2, (12)

N2O + 3 H2O ←→ 2NH3 + 2 O2. (13)

(ii) Electrolytic dissociation inside the liquid:

HNO3 + H2O ←→ NO3
− + H3O+; pKa = −1.32,

(14)

NH3 + H2O ←→ NH4
+ + OH−; pKb = 4.79. (15)

The observed ordering of the gas sensitivities then arises
from two causes: (i) decreasing ease of absorption due to
the necessity of breaking up increasing numbers of H2O
molecules and of rearranging increasing numbers of covalent
bonds to form HNO3 or NH3, and (ii) poorer electrolytic
dissociation of NH3 relative to HNO3.

A final comment with regard to gas sensitivities relates to
the absence of an observable CO2 gas sensing effect. Within
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our reasoning this latter insensitivity arises from the fact
that CO2 does not dissolve readily in water and that the
corresponding acid H2CO3 is only a relatively weak one. It
is therefore suggested that the sensor baseline resistance in
ambient air is more likely to be determined by the trace levels
of NO2 (<1 ppm) than by the much more abundant CO2

(∼400 ppm).

6.3. Electrolyte/Semiconductor Interactions. With the ab-
sorbed gas concentrations having been converted into pH
changes, the next question is how these changes are com-
municated to the underlying semiconductor substrate and
converted into a conductance change there. To this end,
one has to consider energy diagrams like the one shown in
Figure 25. This latter diagram shows the relative arrangement
of the diamond valence band maximum and the conduction
band minimum as arranged on a common scale with the
H2O/OH− and H3O+/H2O redox levels in the adsorbed
liquid electrolyte. As a common reference energy the vacuum
level is drawn as a red dashed line all through this diagram.

Considering this diagram two important points need to
be noted. Firstly, gas absorption in the liquid electrolyte
leads to pH changes. pH changes in turn alter the number
of positively charged H3O+ ions at the energy position of
the H3O+/H2O and of OH− ions at the H2O/OH− redox
couples, respectively. Secondly, provided these redox levels
overlapped with filled or empty levels in the diamond valence
or conduction bands, neutralisation reactions are enabled by
shifting electronic charge across the semiconductor liquid
electrolyte interface. Once such a charge transfer has taken
place, the changed densities of conduction or valence band
electrons give rise to a conductance change, that is, a sensor
signal. Referring back to Figure 25, it is seen that there is
such a favourable match in the case of the valence band
maximum in H-terminated diamond and the H3O+/H2O
redox level. Looking to the right-hand side of Figure 25, one
can see that there is a completely unfavourable situation
in the case of the liquid electrolyte/oxygenated diamond
case. As a consequence, gas sensitivity is seen in the liquid
electrolyte/HD system but not in the liquid electrolyte/OD
one. The ultimate reason for this difference is the different
direction of the C–H and C–O surface dipoles, leading to
large differences in the related electron affinities [58, 64, 65].

Having considered the HD case, the question remains
why there is also a dissociative gas sensing effect in the MOX
and a-Si:H cases. This latter question is answered by the
energy diagrams presented in Figures 26 and 27: in the first
case there is a favorable match between the H3O+/H2O level
and the bottom of the SnO2 conduction band; in the second
case between the H2O/OH− level and the bottom of the a-
Si:H conduction band. A full account of the pH sensitivity of
MOX surfaces is provided in [40].

In concluding this chapter we note that all the above
arguments apply to semiconductor/liquid electrolyte inter-
faces which are operated in a floating-gate manner as
illustrated in Figure 12(b). In this configuration equilibra-
tion between the semiconductor and the liquid electrolyte
needs to proceed via charge transfer processes across the
semiconductor/liquid electrolyte interface. Charge exchange

processes across such interfaces are in general slow due
to kinetic hindrances associated with the conversion of
electronic to ionic charge and vice versa. Evidence for such
hindrances comes from the observation of catalytic enhance-
ment effects when H-termination sites at the HD/liquid
electrolyte interface are replaced by OH-termination ones
(Figure 13(a)). Another supporting evidence for such hin-
drances comes from observations on HD sensors operated
as pH sensors in macroscopic volumes of liquid electrolyte
using conventional electrochemical three-electrode configu-
rations [66, 67].

7. Summary and Conclusions

In accordance with the BET isotherm, we found that, at
surface temperatures below about 150◦C, a thin layer of
adsorbed humidity is likely to exist and to cover the surface of
all studied semiconductor materials. Under these conditions
a direct gas sensing interaction with the semiconductor
surface cannot occur. In case an electronically favourable
condition exists, that is, the redox level in the liquid
electrolyte matching with either the conduction minimum or
the valance band maximum in the semiconductor material,
possible pH changes in the surface electrolyte can be
communicated to the electronic system in the underlying
semiconductor, and a conductometric gas response can be
obtained.

This form of gas sensitivity is limited to gases, which are
able to undergo electrolytic dissociation in water, and it is
therefore called “dissociative gas response mechanism”. Gases
that cannot undergo electrolytic dissociation remain largely
undetected.

Heating MOX materials through the water evaporation
threshold, a direct interaction of the analyte gas molecules
with the surface oxygen ions is enabled. Under these condi-
tions, the dissociative gas response vanishes and gives way to
the widely known “combustive gas response mechanism”.

Heating hydrogen-terminated diamond (HD) specimens
beyond the evaporation temperature of the surface elec-
trolyte layer causes both the p-type conductivity in the
diamond and the gas response to vanish. Both effects are
related to the fact that HD does not support a bulk but
rather a surface conductivity that is induced by a transfer
of valence electrons to the adsorbed water layer. Direct gas-
surface interactions with an H-terminated semiconductor
surface, therefore, cannot be studied on HD surfaces. HD
can be used as an innovative gas sensor material making
use of the phenomenon of dissociative room-temperature
gas response. Its gas sensing properties can be improved by
using the observed effects of temperature, UV light exposure,
ozone “cleaning” by oxidation, and catalytic enhancement
via OH surface groups.

Hydrogenated amorphous silicon (a-Si:H) exhibits both
an H-terminated surface and a bulk conductivity that
is unrelated to the H-termination itself. Heating a-Si:H
through the water evaporation threshold, a novel type of
gas response can be observed that is far more selective than
the combustive gas response at MOX surfaces. It is called
“coordinative gas response mechanism”. Under heat-dried
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conditions, a predominant response to nitrogen-bearing
gases can be observed at a-Si:H surfaces. It involves both the
surface bound H atoms of the a-Si:H films as well as the
lone-pair electrons (NH3) or three-centre bonds (NO2) of
nitrogen-containing analyte gas molecules.
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1. Introduction

The transducer for the quartz crystal microbalance (QCM)
sensor is often in the form of a piezoelectric circular disk.
Many aspects of piezoelectric films used as sensors are
discussed in some detail in a recent book [1]. The general
form of the common AT-cut quartz resonator is illustrated
below in Figure 1.

There are two electrodes on the crystal’s opposing faces.
Upon an excitation (mechanical or electrical), thickness
shear acoustic waves can undergo constructive interference
such that resonances occur at particular frequencies. These
are discussed in the classical book by Lu and Czanderna
[2], an excellent review article related to the QCM in
electrochemistry by Buttry and Ward [3], and in an
oft-quoted text by Bottom [4]. Two modes of operation
are possible. The resonances can be observed either under
steady-state conditions (such as under a steady applied radio
frequency potential) or under transient conditions (such as
a decay following an initial excitation). For both cases, it
has been established that a very accurate equivalent circuit

describing the electrical behavior in the neighborhood of
a resonance is given by the Butterworth Van Dyke (BVD)
circuit as shown in Figure 2 and described by Cernosek et al.
[5], and Muramatsu et al. [6].

The utility of the BVD circuit lies in the fact that the
behavior of the resonator is generally probed using electrical
signals. The physical behavior of the QCM is summarized in
the elements of the BVD circuit. There are four elements. The
branch on the left consists of a single element, the parallel
capacitance CP , which is simply the dielectric capacitance
of the disc and can also reflect any external capacitances
that occur when connecting the QCM to instrumentation.
It does not reflect the motion of the disc and is a constant.
The branch on the right is the so-called motional branch
and consists of three components: the inductance L, a series
capacitance CS, and a series resistance R, which reflects the
mechanical losses in the resonant system. These elements are
sensitive to the disc’s motion. The changes in these elements
under loading of the quartz crystal by a liquid and/or a film
are sensitive to the properties of the load. The series resonant
frequency f0 of L and CS defines the resonant frequency and
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Figure 1: A piezoelectric disc forming the resonant transducer for
the QCM.

L

R

CSCP

Figure 2: The butterworth van dyke electrical equivalent circuit
near a resonance.

R characterizes the losses. Both of these are sensitive to the
load properties as examined by Martin et al. [7], and Bandey
et al. [8].

2. Measurement Methods

As mentioned earlier, it is possible to use both steady-state
and transient methods to experimentally characterize the
loaded resonator. We begin by discussing the steady-state
methods: the oscillator system and the impedance analysis
system.

The oscillator is an electronic amplifying circuit in which
the transducer serves as an active element through which
positive feedback is applied such that the system oscillates.
When the parallel capacitance CP can be neglected, and
where the amplifier is nearly ideal, the circuit will oscillate
at the zero-phase resonant frequency defined by the series
resonance of L and CS. But as illustrated in Figure 2, we
see that CP introduces an additional phase shift which can
change the resonant frequency from its ideal value. A number
of methods to correct for CP have been previously discussed
in detail [9]. The user needs only to recognize that this
correction is necessary and to ensure that precautions are
taken to remove the effect of CP in their instrumentation.
From the oscillator circuit, both the resonant frequency and
the load loss are measured. This load loss can be related to
the amount of feedback necessary to maintain oscillation or
from the value of the current at resonance.

It is possible to excite the resonator not only at its
fundamental frequency but at its odd harmonics [10]. The
work, to be discussed later in this section, has shown that

the study of the harmonics can add valuable additional
information about the film’s properties. A particularly fine
example of this work was recently done by Vogt et al. [11].
One of the primary values is to characterize the change in
the resonant frequency under film load with the harmonic
variation. If the resonant frequency change due to the film
load is proportional to the harmonic number (1, 3, 5, 7, 9,
etc.), this can be taken as some evidence that the film can
be treated as a rigid film. This infers the applicability of the
Sauerbrey relation [12] where the resonant frequency at a
given resonance decreases linearly with increasing mass load.
This simplification can be very useful in many cases as has
been discussed, for example, by Rodahl et al. [13], and by
Voinova et al. [14]. If this relation is not satisfied, it indicates
that a more complex analysis of the mass loading and the
viscous loss effects of the load must be considered.

In general, the oscillator circuits to date have not had the
capability of measuring at multiple harmonic frequencies,
although switching networks have been utilized to make
this possible recently. Recently, a dual harmonic oscillator
(DHO), which operates at the fundamental and the third
harmonic has been developed [15] which was inspired by
the studies showing such a possibility [16]. In the DHO,
the crystal with its load is excited simultaneously at two
harmonic frequencies, for example, the first and the third.
The distorting influence of CP has been removed, and both
resonant frequencies and resistances at the two harmonic
frequencies are measured. This simultaneous measurement
of the same crystal (and therefore under identical conditions)
is unique.

The second major steady-state method is that of
impedance analysis. In this case, an rf voltage is applied
across the crystal and is scanned over the region of the
resonance of interest. Such methods are discussed, for
example, by Kipling and Thompson [17], and by Lucklum
et al. [18]. The QCM serves as a passive device under
test. The ratio of the voltage to the current yields the
electrical impedance of the device. Most applications of this
scanning technique use the electrical admittance instead of
the impedance. The admittance is simply the inverse of the
impedance. The measurements taken are both the magnitude
and phase of the admittance at each frequency or the real
and imaginary parts of the admittance (the conductance
and the susceptance). The use of the Butterworth Van Dyke
circuit shown in Figure 2 is extremely useful in fitting the
measurements. Typical conductance versus frequency and
susceptance versus frequency curves are depicted in Figure 3.
These curves were calculated using a one-dimensional model
for lightly loaded resonator, and yield the conductance and
susceptance in Siemens m−2.

The conductance is a maximum, Gmax, at the resonant
frequency; the value of Gmax yields the inverse of the
resistance R. From Bmax and Bmin, the value of Cp can be
determined.

The methodogies for obtaining these values are discussed
in [17, 18]. As is so often the case, there are possible effects,
which can distort the spectrum and result in inaccurate
fittings. Two of the main sources of these effects are discussed
in an article in this issue [19]. We can determine CP from the
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Figure 3: The conductance (red) and the susceptance (blue) versus
the frequency from resonance are shown. Also, key points used for
analysis are indicated.
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spectrum above. In addition to the contribution of a shunt
cabling to CP , a shunt conductance can also be introduced
via external cabling. This can be recognized and corrected.
The effects of these shunting elements can be corrected
for through the measurements. Finally, spurious resonances
(spur) that lying a few kilohertz above the resonance can
be excited and can distort the spectrum. We have also
shown that this effect can be eliminated by specifically and
quantitatively accounting for its effects. An example of the
presence of a spur resonance is shown in Figure 4 as revealed
by experimental data.

The main resonance is seen to occur at about 24.95 MHz
but a spur is seen near 24.959 MHz. Its spectrum overlaps
the main resonance spectrum, distorting it. This overlap can
be removed by accounting for the spur using a separate
resonance. The main resonance is then described accurately
by a Lorentzian. From the fitting of the main resonance to
the Lorentzian curve described by the Butterworth Van Dyke
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Figure 5: The current decay after excitation is suggested by the red
curve.

circuit, the values of the elements of the circuit (L, CS, R, and
CP) can be determined.

A very different approach was taken at Chalmers Institute
of Technology where they used transient decay of a crystal
to determine the properties of the loading film and liquid
[20]. In a subsequent work, they focused on the transient
current decay resulting from a short circuit analysis [13]. The
frequency of the applied voltage is varied until reaching the
frequency where the largest current is observed. The crystal
is then shorted, leaving the current to decay. The cartoon in
Figure 5 suggests the transient behavior of the current with
time.

The red curve indicates the current decay after initial
excitation. The period of the resonant frequency is given
by the spacing between the peaks or by the alternate zero
crossing of the current. The quality of the resonance is given
by the decay time of the envelope, shown in the blue. The
horizontal black line is the zero line shown for reference. The
resonant frequency and the quality (Q) factor, or its inverse
the dissipation D, can be measured for the resonator.

If the QCM is loaded with a lossy layer, then the envelope
will decay more rapidly. The quality of the resonance can
be related to the decay time. The details on how the films
properties can be obtained from the resonant frequency and
Q are given in [13]. In a commercialized system, it has been
possible to collect data from a number of the odd resonances
(1, 3, 5, and 7) and also (1, 3, 5, 7, 9, and 11).

3. Analytical Methods

In order to relate the changes in the behavior of the resonance
to the properties of the load, it is necessary to employ
a quantitative model. A number of these exist, and most
of them are based on a one-dimensional analysis of the
resonator and load as will be discussed in a later section. The
model assumes a disc of infinite lateral extent, with the only
dimensional variable being along the direction perpendicular
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Figure 6: The distribution of the displacement amplitude is shown.
The quartz and the electrodes are represented the rectangle and the
dark lines, respectively.

(Quartz)

Film
1z=S

0z=S

z=0

Figure 7: Mechanical representation of the quartz resonator loaded
with a film.

to the disc. The actual behavior of the resonator is not
one-dimensional however, but methods have been used to
minimize this effect. This is briefly summarized in Figure 6.

The displacement of the device is not uniform over the
surface [21, 22] and has a maximum at the center and
decreases towards the electrode edges. In fact, this effect can
be used for specific purposes such as rupture event scanning
[23] or for binding perturbations studies [24]. For general
cases, the one-dimensional models have been found to be
quite adequate for the determination of load properties. The
radial sensitivity function is mentioned here only to acquaint
the user of that behavior. Its effect will be ignored in this
presentation.

There are a large number of methods for analyzing the
measurements such that the properties of the load on the
QCM can be extracted. A number of different approaches
have been taken. They include the purely mechanistic treat-
ment where the acoustic resonances with the load in a purely
mechanical manner, description in terms of mechanical-
electrical analogs using the Butterworth Van Dyke circuit,
transmission line analogs for the sensor, and a variety of
simplifications based on linearizing the results from the more
complex solutions. A full electromechanical analysis has been
presented, which will be discussed in more detail at the end
of the paper.

The initial analyses treated the acoustomechanical reso-
nances of the slab of quartz. This view of the resonator can
be summarized as in Figure 7.

Early studies treated the quartz and film as lossless.
A steady-state sinusoidal acoustic shear vibration at a
frequency f was assumed. The frequency f is a real quantity.
Sauerbrey had in mind such a model when for thin elastic
films he understood that the film mass could then be
approximated as an additional quartz mass. This resulted in

a linear relation between the decrease in resonant frequency
and the mass loading of the film with a proportionality
constant dependent only on the quartz parameters. This has
been of extreme value in the measurement of vapor deposited
flms in vacuum.

The linear behavior was valid for approximately 2% or
less change in frequency. The range of quantitative relation
between the resonant frequency and the mass loading can be
extended in range if one accounts for the acoustic impedance
of the film, which can be expressed in terms of the film
density ρ and shear modulus μ

Z = √ρμ. (1)

The multiple reflections at the surfaces at S = 0, S = S0,
and S = S1 were summed and conditions for resonance
determined [25]. This was put into a clean usable form by Lu
and Lewis [26] and has proved very useful in extending the
range of use of the QCM in a quantitative manner, although
the simple linear functionality was lost. The curvature of the
frequency-mass relation that was dependent on the material’s
property. However, the analysis was still restricted to lossless
films.

Nomura and Minemura found that it was possible to
use the QCM under liquid [27]. The liquid is viscous and
introduces a loss into the system. In Figure 7, the liquid can
be represented as an additional infinitely thick layer above
the film. The relation between the frequency change and
the liquid was found to be able to be described by the real
part of a complex frequency as demonstrated in [28]. A
complex frequency was necessary because of the existence of
losses which precluded a steady-state solution under purely
mechanical excitation. That is, a general time dependence
of the type e jωt is assumed. If the angular frequency ω is
complex, it can be seen that the real part gives a cycling
sinusoid, while the imaginary part yields a time-decaying
envelope. The general method used to solve for the resonance
of such a layered system is to assign amplitude magnitudes to
the acoustic waves traveling in the +z direction and in the−z
direction. These acoustic waves are then required to satisfy
the boundary conditions at the interfaces.

Prodded by the observation by Behling et al. [29], that
the equations satisfying these boundary conditions can be
separated into separate terms involving the mass and the
viscoelastic properties of the load, it has been possible to
obtain solutions using the complex frequency notion with
the purely mechanical open circuit analysis to separate
the mass loading from the viscoelastic parameters of the
load. The separation into a mass dependent expression
and a viscoeleastic dependent expression permits some
very useful simplifications under certain conditions. This
description is not discussed further here, but is presently
under preparation.

A variant of the mechanical model was used by the
Chalmers group [30] to quantify the relation between the
resonant frequency and the mass loading and viscoelasticity.
They concentrated on the load, treating the quartz as a rigid
body, as suggested in Figure 8.

By including the possibility of a steady-state external
excitation such as by an externally applied voltage from a
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Quartz

Film

Qz = –t

z = 0

Figure 8: The configuration used where the quartz, shown by the
open bottom rectangle, is treated as rigid and the effects of the
load above it are summarized as changes in the spring constant
and dashpot to the left of the quartz. Recall that the QCM under
investigation is shorted. Therefore, the shunting impedances are
shorted out and can be neglected.

Quartz

Deposit

Figure 9: Electrodes at the bottom of the quartz and at the quartz-
film interface allow the application of an rf voltage.

voltage source as suggested in Figure 9, it is possible to move
to a complete solution under those conditions.

This ability to apply an external steady-state voltage
made possible a number of different ways to analyze the
resonator with a load. Again however, the acoustic waves
in each media are assigned amplitudes and the boundary
conditions at the interfaces need to be satisfied. In fact, if the
model is analyzed using the physical parameters including
the piezoelectric properties of the quartz, then it is possible
to show that the electrical impedance can be represented by
a transmission line equivalent circuit as shown in Figure 10
[31]. This equivalent circuit has been particularly useful to
show further simplifications following simplifications. It is
not possible to do a complete description of the transmission
line approach here. It is hoped however, to show that the
specific piezoelectric and dielectric properties of the quartz
crystal are specifically taken into account in this analysis.
More detailed treatments are to be found in [5, 18, 31]. The
influences of the quartz piezoelectric constant and dielectric
constant are shown in the specific elements representing the
piezoelectric driving circuitry in the transmission line. A
voltage driving source applies a voltage V to the circuit. The
coupling to the quartz is represented by three elements, a
capacitance C0, a reactive element jX , and a transformer
with the turns ratio of 1 : N :

C0 = ε22A

dQ
, (2a)

X = e2
26

ε2
22ω2ZQA

sin
(
kQdQ

)
, (2b)

N =
√
A(

2e26/ε22ωZQ

)
sin
(
dQ/2
) . (2c)

The variable A here is the effective area of the resonator,
usually being the area of the smaller electrode. dQ is the

dq

ext

(film)

jX

1: N

Z

0C

Applied
voltage

V

Stress
free
(air)

Figure 10: The representation of the transmission line equivalent
circuit which serves as starting point for many useful simplifica-
tions. It includes the electric and piezoelectric properties of the
quartz.

thickness of the resonator being about 3.3 × 10−4 m. ε22

is the dielectric constant of the quartz having the value of
3.982 × 10−11 fd/m. ω is the angular frequency. ZQ is the
acoustic impedance of the quartz which for loss less quartz
is given by

ZQ =
√
ρQc66, (2d)

where

c66 = c66 +
e2

26

ε22
. (2e)

Here c66 is the appropriate mechanical shear modulus having
the value of 2.901 × 1010 Pascals, e26 is the piezocoefficient
having the value of−0.095 Coulombs m−2. rQ is of course the
quartz density in kgm m−3. kQ is the propagation constant
for the shear waves in the quartz and is given by the relation

kQ = ω

√
ρQ
c66

. (2f)

The section shown between the dashed lines represents the
quartz and the right and left connections represent the
interfaces of the quartz. We have portrayed the case where the
crystal is loaded only on one face. The left face is left free so
that the stress applied to that interface is zero. The electrical
equivalent is a short circuit, as shown. On the right is the
acoustic load provided by a film. The external surface of the
film is assumed to be unloaded and is represented again by
a short circuit. The various rectangular elements represent
an electrical equivalent of the acoustic delay paths, giving
rise to phase shifts across the elements. The general quartz
elements do not change with load. Further simplifications
of the analysis can be made under conditions where the
resonance has a high Q factor.

Of many simplifications, one of the most useful ones was
proposed by the Sandia group [10]. They have shown that the
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Figure 11: The Butterworth Van Dyke circuit can be modified, as
shown, when the resonator is loaded with a film under a liquid.

transmission line can be reduced to a modified Butterworth
Van Dyke circuit. Additional elements are added into the
motional arm, as suggested in Figure 11. Here, the upper
portion represents the unloaded quartz values. The portion
below that represents the changes to the inductance and
the resistance due to the mass loading of the film. Finally,
the effects of the liquid are represented by the lower group
of elements. For reasonably light film loadings, the film
effects and the liquid effects can be treated as simple additive
elements, as illustrated in Figure 11.

For the analysis of the transmission line model dis-
cussed above, the piezoelectric properties of the quartz were
included. It is possible to take a complete solution for
the resonator, including both the mechanical and electrical
properties of the quartz as well as the loading of films and
liquid without going to the transmission line equivalent. It
is possible to solve for the behavior of the resonator under
a variety of conditions. This approach is summarized in
Figure 12 and described in [32].

At the top of the chart are indicated the parameters
of the quartz, the film, and the liquid which are fed into
a computational loop where the boundary conditions are
satisfied. In order to satisfy these conditions, a quantity Q4

is calculated in terms of some steady-state frequency f . Q4 is
defined as indicated by (3)

J = − jωε22
Φ0

Q4
. (3)

The details for the calculation of Q4 are given in the
appendix. The constant Q4 defines the relation between the
current density J in amperes per sq meter and the voltage
Φ0. From this relation, solutions under a variety of different
conditions can be determined. It can be made specific to a

Steady-state
solutions

Transient
solutionsShort

circuit

Open
circuit

Displ.

Film LiqQtz

L

R

CSCP

J = − jωε22(Φ0/Q4)

Bdry condx

Q4 ( f , params)

Q4

J

Q4 �= 0
Q4 = 0

(1/Q4) �= 0

Y( f ) = J/Φ0

BVD

Figure 12: A flow diagram illustrating the complete electromechan-
ical model.

crystal if desired by including a crystal area. In the case of the
usual voltage source driven resonator, Φ0 is a constant.

The utility of the Q4 concept is that the solutions for
a variety of experimental conditions can be obtained from
this single quantity. One can obtain steady-state solutions
under constant voltage or constant current conditions as
well as transient solutions under open circuit or short circuit
conditions, as explained further in the following.

Since the frequency variation of Q4 is known, and then
one can easily calculate the current density as a function
of frequency under the condition of constant Φ0. The
admittance as a function of frequency is then simply given
by the ratio J/(Φ0). On the other hand, if one wanted
to calculate the admittance under conditions of constant
current, then in a similar manner, Φ0 can be calculated
assuming a constant J . The admittance can be calculated
again as the ratio of J to Φ0.

Both of these cases are steady-state solutions where Q4 is
nonzero. As suggested on the right hand side of the figure,
one can use Q4 to obtain the magnitudes of the acoustic
displacements in the resonant structure as shown under
“Displ” in the figure. Alternatively, one can calculate the
admittance spectrum and fit it to Lorentzian BVD elements.
These two possibilities are the outputs of the steady-state
solutions.

In the case of the transient solutions, we first consider
the short-circuit case. In that case, the applied voltage is zero.
From (1), we can see that there is a trivial solution where J is
zero. But there is another possibility of having a finite J with
a zero applied voltage. This occurs when Q4 is zero. To satisfy
the conditions in this case, the frequency must be taken to
be complex. And the real part yields the resonant frequency
while the imaginary part yields the decay time, related to
the dissipation. Similarly, we can consider the case where the



Journal of Sensors 7

−6000

−4000

−2000

0

2000

Fr
eq

u
en

cy
ch

an
ge

(H
z)

0 0.01 0.02 0.03 0.04 0.05

Film thickness/acoustic wavelength

1E7
1E6
1E5

1E4
1E3

Figure 13: An example of the effect of the softness of a film under
liquid on the frequency versus mass (thickness) relationship.

current is zero. Neglecting the trivial solution, we see that the
voltage can be finite with a zero current if 1/Q4 is zero. Again
the frequency is complex and has the same interpretations as
in the case of the short circuit.

We see that this electromechanical treatment can yield
the full set of steady-state and transient solutions.

4. Caveat

Recently the special behavior of the resonance under load for
the case of a film under liquid, when the film is very soft,
having shear moduli less than 1 × 103 Pa has been discussed
[33]. It is mentioned here because the behavior is so
counterintuitive that the user may feel that the experimental
results should be discounted. The type of behavior that can
be observed is that the frequency-mass relation is nonlinear,
and is not proportional to the Sauerbrey relation even for the
thinnest films. It is even possible that the frequency increases
with load. This behavior has been traced to an induced
resonance in the soft film caused by the need to satisfy the
film-liquid boundary conditions. An example of this is given
in Figure 13.

In this figure, we have plotted the acoustic thickness
along the abscissa instead of the actual film thickness. This
was done so that the comparisons among the films with
varying shear moduli are clear. The acoustic thicknesses are
dependent upon the parameters of the film and are here
expressed as a fraction of the wavelength of the acoustic
wave in the film. The point here is to show the variations
in the frequency-thickness behavior. The case for the stiffest
film (1 × 107 Pa) indicates Sauerbrey-type behavior. As the
film softens with decreasing shear moduli, it is seen that
slope of the curve decreases markedly and becomes almost
flat for films of 1 × 104 Pa. At the softest film value shown
here (1× 103 Pa), the frequency can shift upward in a totally
counterintuitive manner.
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Figure 14: The behavior of the various models relative to the
harmonic behavior of the resonances for a soft film of modulus
1.5× 104 Pa is shown.

In order to compare the relative predictions of the various
models, we plot in Figure 14 the results of the theoretical cal-
culations using the three models: the Voigt-Voinova model,
the open circuit model, and the full electromechanical
treatment.

It is seen that the various models all yield virtually
identical results. The models have been compared under
other circumstances and they all yield virtually the same
result. The user can use the model with which he is most
comfortable with some assurance that it will yield results in
agreement with other models.

To this point, we have tried to indicate the various QCM
measurement methods and the various analytical methods.
We have attempted to show the cautions which should be
considered by the user. If considered, these cautions can lead
to useful determinations of film properties with the QCM.
In the remainder of this review, we shall highlight some
of QCM applications related to biomimetic platforms and
macromolecular interactions, primarily using the transient
technique.

5. QCM-D as a Sensor Platform for
Biomacromolecular Interaction Studies

With its ability to simultaneously detect mass and viscoelastic
property changes, the quartz crystal microbalance with
dissipation monitoring (QCM-D) is an ideal tool to study
biological interactions [34–40]. Herein, we present four
research topics that have had an impact in establishing
QCM-D as a cutting-edge tool to study biomacromolecular
interactions and provide a solid theoretical background to
understand different modeling approaches. Lipid vesicles can
interact with solid substrates in different ways depending
on the surface properties [41]. First we introduce the
fundamental sensor platform depending on surface-specific
vesicle interactions. Then, we introduce an alpha helical
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(AH) peptide derived from the hepatitis C virus (HCV),
which interacts with an intact lipid vesicle platform to
cause a structural transformation, resulting in a complete
bilayer [35, 37]. We apply models to this system to examine
how consideration of the adlayer’s viscoelastic properties
can improve data analysis [37]. In addition to these
lipid-based platforms, other biological interactions such as
protein adsorption can be studied with QCM-D [42]. We
then illustrate the potential of the QCM-D technique in
fundamental biological applications and compare it with
more traditional biochemical assays by monitoring in situ
AH peptide binding to lipid bilayers and cell membranes
[34]. All of these studies have been conducted using crystals
having a fundamental resonance frequency at 5 MHz.

5.1. Surface-Specific Vesicle Interactions. The early
biomimetic systems focused on black lipid membranes
[43], which were formed by painting a lipid bilayer across
a gap in a solid surface. While many important studies
came from this initial work, black lipid membranes’ lack
of robustness necessitated the development of improved
systems. Characterization of black lipid membranes generally
involves measuring the electrical resistance across the
membrane by patch-clamping [44]. This characterization is
nonspecific and many different lipid structures can indicate
a strong electrical seal. Additionally, the lipid bilayer stability
is very low because the structure is only supported at its
edges and is essentially free-floating, making it more likely
to rupture. Starting with Tamm and McConnell’s work in
1985 [45, 46], solid-supported lipid bilayers (SLBs) became
an alternative technique [47] with improved stability. The
solid substrate to which the lipid bilayer is supported via
hydrophilic interactions provides mechanical stability [41].

SLBs are a common model system to mimic biological
membranes and are widely utilized as an experimental
platform to study macromolecular interactions because their
surface chemistry can be functionalized in a controlled
fashion by changing the lipid composition or incorporating
transmembrane proteins [47, 48]. These are only examples of
the multitude of functionalization possibilities. A promising
strategy is to use bottom-up processes driven by molecular
self-assembly, principles such as the formation of SLBs
from vesicle solutions as shown in Figure 15. There are
several common methods that are available to researchers to
make solid-supported lipid bilayers. The two most common
techniques are vesicle fusion [47, 48] and the Langmuir-
Blodgett (LB) or the Langmuir-Schaeffer (LS) transfer
method [45]. After the pioneering work by Kasemo and
coworkers [39, 41] using the quartz crystal microbalance-
dissipation (QCM-D) technique to study vesicle interactions
with solid surfaces, vesicle fusion became a very popular
experimental technique to form SLBs due to the ability of
QCM-D to characterize the entire process, including the
quality of the formed bilayer in terms of viscoelasticity
and acoustic mass. It was demonstrated that vesicles adsorb
irreversibly on SiO2, Si3N4, TiO2, oxidized Pt, oxidized Au,
and thiol-modified Au surfaces in a manner dependent on
the surface’s physical and chemical properties. Keller and

Kasemo [41] demonstrated for the first time that vesicles
interact with different substrates to form three types of
structures, namely, intact vesicle (Figures 15(b) and 15(d),
lipid bilayer (Figures 15(a) and 15(c)), and lipid monolayer,
based on the surface properties.

The QCM-D technique provided new insight into the
vesicle fusion process on silicon oxide to form SLBs by
revealing a two-step mechanism as shown in Figure 15(c).
For the first time, a constructed SLB could be character-
ized in terms of its viscoelastic and mass properties. In
addition, a significant benefit over previous characteriza-
tion techniques including atomic force microscopy (AFM)
and fluorescence recovery after photobleaching (FRAP) is
that the entire SLB formation process—specifically the
vesicle fusion process—can be easily monitored. ΔFmax

indicates the critical vesicle concentration at which vesicle-
vesicle and vesicle-surface interactions are optimized to
induce vesicle rupture [39, 41]. Vesicle rupture creates
bilayer islands with hydrophobic edges, which propagate
further vesicle rupture until the lipid bilayer is complete
and the edges are minimized. In terms of modeling,
the SLBs thickness can be calculated by the Sauerbrey
relationship [12] because the adsorbed layer is rigid as
indicated by the relatively small dissipation changes shown
in Figure 15(e). However, it should be noted that, at the
critical vesicle concentration, the frequency and dissipa-
tion responses are overtone-dependent. Therefore, in order
to better understand the structural transformation, it is
necessary to use a viscoelastic model such as the Voigt-
Voinova model [14], which extends the QCM solutions
to include viscoelastic effects. These thickness calcula-
tions, presented in Figures 15(e) and 15(f) were consis-
tent over the frequency overtones with a film having a
frequency-independent viscosity.

Whereas the critical vesicle concentration of adsorbed
vesicles necessary to induce vesicle rupture can be thought of
as a partial coverage of the surface with intact vesicles, vesicle
adsorption on other substrates such as TiO2 and Au can form
irreversible monolayers of intact vesicles, fully covering the
surface as shown in Figures 15(d) and 15(f). Though these
two systems are different in terms of surface coverage, the
QCM-D frequency and dissipation responses are analytically
similar. Both responses are overtone-dependent, necessitat-
ing the need for modeling that includes viscoelastic effects. In
terms of forming an intact vesicle monolayer as a platform,
there a number of parameters such as flow rate, vesicle size,
and vesicle concentration that are critically important to
platform reproducibility.

By using a viscoelastic model to calculate the adlayer
thickness, it is possible to understand the degree of vesicle
deformation. In Keller and Kasemo’s work [41], they point
out that adsorbed vesicles are no longer spherical but flatten
out when adsorbed due to vesicle-surface and vesicle-vesicle
interactions. They quantitatively analyzed this deformation
process by calculating the theoretical frequency shift of an
intact vesicle monolayer consisting of nondeformed vesicles
(107 Hz) versus the experimental frequency shift (90 Hz)
[41]. This work inspired researchers to revisit pathways to
study vesicle fusion mechanisms and gave opportunities
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Figure 15: Surface specific vesicle adsorption kinetics on solid substrates. Illustration of (a) supported lipid bilayer on SiO2 and (b) intact
vesicles on gold. (c) The typical two-step kinetics of vesicle fusion from small unilamellar vesicles to form a bilayer on SiO2. Note that the
critical coverage occurred at 7.5 minutes. Three different overtones (3rd, 5th, and 7th) are also presented here for viscoelastic modeling.
(d) The typical vesicle adsorption kinetics on a gold substrate are also presented. The huge mass uptake is caused by vesicle adorption. Due
to the viscoelastic nature of vesicles, the overtones do not merge. (e) Comparison of two different thickness calculation-based Sauberbery
and Voigt-based models to characterize the vesicle fusion process. Note the deviation at the critical coverage at 7.5 minutes due to the
highly viscoelastic character of intact vesicles. (f) Comparison of two different thickness models by Sauerbrey and Voigt-based models for
an adsorbed intact vesicle monolayer. Due to the viscoelastic nature of intact vesicles, the overtones do not merger. Since the adlayer’s
viscoelasticity causes high energy dissipation, the Sauerbrey model significantly underestimates the adlayer thickness compared with the
Voigt-based model.
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Figure 16: Structural transformation from intact vesicles to a lipid bilayer on a gold substrate mediated by an amphipathic α-helix peptide
(AH) peptide. (a) Change in QCM resonant frequency and dissipation as a function of time for intact vesicles on oxidized gold. (B) Structural
transformation from intact vesicles to a lipid bilayer Δ f (t) (blue curve) and ΔD(t) (red curve) show vesicle adsorption on oxidized gold.
After 10 minutes (arrow 1) of stabilizing the frequency signal, a POPC vesicle solution (0.1 mg/mL, diameter = 59 nm± 0.2 nm) was injected
into the liquid cell. After 50 and 55 minutes (arrows 2 and 3), the same buffer was used for two washes and the stability of the intact vesicle
adlayer on the gold surface was observed. (b) At 60 minutes (arrow 4), an AH peptide solution was added (0.05 mg/mL) to the intact vesicle
adlayer on the gold surface. After 120 and 140 minutes (arrows 5 and 6), the same buffer was used for two washes and the stability of the
bilayer formed on the gold surface was observed. (c) Illustration of vesicle rupture and fusion processes to form a supported bilayer on a
gold substrate. Reprint from [35].

to study in more detail interfacial science study between
biomacromolecules and substrates.

5.2. Supported Bilayer Formed Peptide-Induced Vesicle Rup-
ture. Given the aforementioned experimental work done
by Keller and Kasemo [41], one of the limitations of
forming the bilayer platform via vesicle fusion is the need to
have specific surface interactions, for example, hydrophilic
interactions, and properties, for example, polarizability. In
order to overcome this energetic problem, a new method was
recently introduced to form a bilayer on different substrates
such as TiO2 and Au, known to have insufficient surface

interactions and properties to rupture adsorbed vesicles, by
introducing an amphipathic α-helical (AH) peptide as a
vesicle destabilizing agent [35, 37]. This process resulted in
the formation of planar bilayers on Au and TiO2 surfaces, as
seen in Figure 16.

By following the viscoelastic property and mass changes
of this vesicle to bilayer transformation, we have successfully
demonstrated that AH peptides destabilize and rupture the
leaflets of intact lipid vesicles, allowing the ruptured vesicles
to form planar bilayers [35, 37]. Regarding AH peptide’s
ability to destabilize vesicle structures, it is hypothesized that
the peptide first creates instability on the vesicle surface by an
electrostatic interaction. Based on similar biological systems
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Figure 17: QCM-D signiatures for structural transformation from intact vesicles to a supported bilayer induced by AH peptide. (a) QCM-D
adsorption kinetics of the first four overtones (Δ fn/n where n = 1, 3, 5, 7 vesicles in a Tris buffer solution (150 mM NaCl, pH 7.5) onto a
gold surface. Vesicles are added after stabilizing the frequency signal for 10 minutes (see arrow 1). The film was then washed twice with
the same buffer (see arrows 2 and 3). Upon addition of the AH peptide (see arrow 4), the vesicles rupture and form a bilayer on the gold
surface. Two buffer washes were performed in order to ensure the stability of the film (see arrows 5 and 6). (b) Expanded view of (a). It is a
detailed plot of AH peptide-induced vesicle rupture process from 50 to 75 minutes. The markers are also presented in order to distinguish
the traces of the overtones (open star Δ fn = 1, open circle Δ fn = 3, open triangle Δ fn = 5, and open square Δ fn = 7, respectively. (c)
Usie of a Voigt-based model to fit Δ f as shown in Figure 17(a) for the structural transformation from intact vesicles to a supported bilayer.
The fit between the viscoelastic model (Q-Tools with density ρ = 1100 kg/m3) and the experimental data are presented. (d) Corresponding
energy dissipation versus time plot demonstrates that the viscoelastic nature of the film changes during the structural transformation from
soft vesicle layer to a rigid bilayer. (e) Expanded view of (c) to capture energy dissipation change corresponding to vesicle-AH peptide
interaction. (f) Corresponding ΔD fit using same model. Reprint from [37].

studied in vivo, it is likely that this leads to expansion of the
vesicles, causing a frequency decrease, as well as the creation
of microvilli (finger-like structures) on the outer leaflet of
the vesicles [49, 50]. Vesicle expansion, resulting in a thicker,
more viscoelastic film, and the formation of structures
akin to microvilli on the vesicles’ surfaces could explain
the large increase in dissipation, which characterizes AH
peptide’s initial interaction with intact vesicles. Interestingly,
AH peptide interaction with intact vesicles results in a final
frequency shift relative to the initial state before vesicle
adsorption of 25.5 Hz ± 0.5, and the final dissipation value

is only 0.08×10−6 (Figure 16(b)), both values corresponding
to a complete rigid bilayer formed by the conventional vesicle
fusion process. Figure 16(c) illustrated the vesicle rupture
and fusion processes to form a supported lipid bilayer. Using
the Sauerbrey relationship the resultant film thickness is in
good agreement with that of a lipid bilayer, indicating a
transition of the soft vesicle layer to a thin and rigid bilayer
film as a result of the AH peptide action. With this strategy
to form lipid bilayers on substrates, which do not permit
vesicle fusion, researchers can take advantage of the electrical
properties of Au and the biocompatibility of TiO2 to form
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new biomimetic structures than can be used in various
applications such as biosensor and lab-on-a-chip devices.
This novel process to form bilayers on Au and TiO2 shifts the
focus on creating improved biomimetic systems away from
materials-based problems.

Furthermore, in this model system as shown in
Figure 16(b) is intriguing, since it demonstrated the “true”
structural transformation from fully saturated single “intact
vesicles” layer to lipid bilayer by foreign material, AH pep-
tide. The structural properties can clearly be distinguished
in situ by biochemical interactions between AH peptides
and lipid molecules. After the “soft” intact vesicle layer is
formed on the gold surface, the AH peptide only acts as
“destabilizing agent” the layer of vesicles that opt to rupture
due to interaction between vesicle-vesicle, and vesicle-surface
(e,g., in this particular case, polarization of gold surface and
hydrophilic interaction with TiO2).

Unlike the classical vesicle rupture mechanism on an
SiO2 surface, this system made it possible to capture the
structural transformation leading to the formation of a
“rigid” bilayer on any solid substrate. To analyze this
transformation, Cho et al. [37] first examined the validity of
the Sauerbrey relation for both the “soft” and “rigid” layers
by calculating adsorbed film thickness. While the Sauerbrey
equation is still popular and simple to use for estimating
film thickness, more accurate models have been derived
to describe the effects of adding various types of foreign
masses on a quartz crystal. In order to better understand
the structural transformation from a “soft” to a “rigid”
film, Cho et al. [37] compared the observed changes with
calculations from the Voigt-Voinova model, which extends
the QCM solutions beyond the Sauerbrey analogies to
include viscoelastic effects. These changes were remarkably
consistent over the harmonic frequencies with a film having
a frequency independent viscosity. The mechanical loss
tangent which is proportional to the ratio of the viscosity to
the shear modulus is a parameter useful in characterizing a
film as either solid-like or liquid-like. A comparison of the
mechanical loss tangent as determined by the Voigt-Voinova
fit using a frequency independent viscosity shows that the
final “soft” vesicle layer had a tan δ greater than unity, while
that of the “rigid” bilayer had a tan delta less than unity. This
agrees with the notion that the “soft” layer is more liquid-
like, while the “rigid” layer is solid-like.

5.3. Protein Adsorption. Numerous QCM-D studies have
focused on small biomolecules such as proteins. These
studies have included protein-protein and protein-surface
interactions as well as conformational changes in protein
films [51–60]. Here we describe a particular 2001 study by
Höök et al. [42]. It is notable for characterizing the structural
transformation of a mussel adhesive protein adsorbed onto
a hydrophobic methyl-terminated surface. It is an ideal
example to demonstrate the usefulness of simultaneous
detection of mass and viscoelastic property changes to
characterize a dynamic, multistep biological process. The
adsorption kinetics of the protein and subsequent structural
transformation induced by cross-linking are monitored in

terms of frequency and dissipation changes in order to
understand the film properties.

As seen in Figure 18, the initial step involves adsorption
of the protein onto a hydrophobic substrate. There is a large
dissipation change (D1 = 15.8 ± 0.2) associated with the
binding process, which indicates that the resulting protein
film is highly viscoelastic. The normalized frequency and
dissipation overtone deviations (25% for n = 3 and 34%
for n = 5) are a result of the energy damping caused
by the soft film properties. After adding a cross-linking
agent, the dissipation decreases to nearly zero, indicating
the formation of a nonviscoelastic film. By analyzing this
change in dissipation upon cross-linking, it is clear that
there is a structural transformation of the protein film on a
macroscopic level because there is a significant change in the
film’s physical properties.

In terms of modeling, this system is very similar to the
AH peptide-induced vesicle rupture process because both
involve the structural transformation of a non-Sauerbrey
regime to a Sauerbrey regime. Initially, the protein film
has a high bound water content and requires a viscoelastic
model to accurately characterize this non-Sauerbrey regime.
Following cross-linking, the protein film becomes rigid and
the associated mass decrease is predicted to be caused by
a decease in bound water content, which is in agreement
with the dissipation data. A lower bound solvent content
characterizes more rigid films and therefore they satisfy all
the conditions necessary to use the Sauerbrey relationship.

A very interesting aspect of this study is that the
entire protein adsorption and cross-linking events were
repeated in D2O in order to check the validity of the fitting
parameters that satisfy the Voigt model. This experimental
step confirmed the validity of the Voigt model to describe
the protein film in both the Sauerbrey and non-Sauerbrey
regimes as well during the structural transformation.

5.4. Binding Dynamics of AH Peptide to Artificial Cell Mem-
branes. As increasing advances in bionanotechnology are
made, there is an increasing need to engineer biomembrane
platforms, which use phospholipid bilayers to support,
protect, and organize membrane proteins. New lipid-based
platforms have enabled a wide array of new research on
biological membranes by (a) controlling the parameters
of the materials, such that optimal platforms are ensured
for promoting the interaction with target molecules, (b)
studying the total saturation of the acyl chains, and the
interaction of the membrane lipids with the target since
lipid phase behavior is influenced by the lipid composition,
(c) evaluating the effect of changing temperature and pH
conditions, which are known to alter the biophysical prop-
erties of lipids, and (d) adding accessory biologic factors,
such as an insoluble detergent complex (raft) that can be
utilized to enhance the interaction with the target. Most
researchers apply a “bottom-up” strategy to achieve this
goal by modifying phospholipid compositions and incor-
poration transmembrane protein into the bilayer system.
Under normal conditions, transmembrane conformation
and proper protein attachment to membrane are necessary
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Figure 18: QCM-D response of overtones as a function of time for protein adsorption and subsequent cross-linking. (a) Exposure of the
methyl-terminated surface to a buffer solution containing 25 mg/mL Mefp-1 in 0.1 M acetate buffer (0.75 M NaCl, pH 5.5), followed by
exchange of the protein solution for a pure buffer solution. The cross-linking behavior of Mefp-1 was subsequently followed by addition of
the same buffer solution containing 1 mM NaIO4. (b) Corresponding dissipation as a function of time for experiment shown in (a). (c) The
best fit between the viscoelastic model (obtained using Q-Soft software(Q-Sense AB)), and the experimental data shown in Figure 17(a). (d)
Change in the effective thickness with respect to time obtained from the fit shown in (c). Reprint from [42].

via complex electrostatic interactions between proteins and
phospholipids were necessary for proper functions. In here,
as sensor system, we discussed the new “membrane on a
chip” system employing “top-to-bottom” approach [47, 48],
namely, utilizing cell derived the microsome to form func-
tional membrane to study protein-protein interaction. As an
model system, we presented the examples for monitoring
the association of the NS5A AH peptide with a model lipid
bilayer and cell-derived membranes. Furthermore, compare
these results to conventional biochemical floatation assay to
check the validity of new platform formed by “top-down”
approach [34].

Conventional biological responses are often triggered
by functional protein receptors. In order to capture this
response, Cho et al. [34] made use of a novel “membrane-on-
a-chip” system wherein the binding dynamics of a synthetic
peptide corresponds to the NS5A AH to lipid bilayers

and cell-derived membrane by “top-down” approach that
could be studied in real time using the quartz crystal
microbalance with dissipation (QCM-D) method. More-
over, they found that significantly more peptide bound
when cellular-derived membranes in which accompany
with protein receptors. The direct evidence protein-peptide
interaction was captured by eliminating protein receptors by
prior treatment of the cellular membranes with trypsin. A
control peptide, whose interaction with membranes involves
trypsin-insensitive glycosaminoglycans, was not altered by
the protease treatment. Similar results were obtained using
standard biochemical membrane flotation assays of NS5A
AH-containing proteins that support the validity of QCM-D
platform used as bioassay. The aforementioned experimental
results demonstrated the potential of QCM-D for studying
these types of protein-membrane interactions as well as
a broad range of problems involving membrane proteins
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Figure 19: QCM-D analysis of AH peptide binding to a quartz crystal coated with POPC model lipid membrane and a cell-derived
membrane. (a) AH peptide binding dynamics on a POPC model lipid bilayer. Frequency, Δ f (t), and dissipation, ΔD(t), changes detected by
QCM-D as a function of time were recorded. (b) NH peptide binding dynamics to POPC model lipid bilayers. NH contains three mutations
designed to disrupt the hydrophobic face of AH. (c) Binding of AH peptide to Huh7-derived microsome coated onto an SiO2 quartz crystal
substrate. The data show that the microsomes saturated at a higher mass than the model POPC membrane, presumably due to the presence
of proteinaceous components. They also show by the dissipation value that those proteinaceous components are associated with higher
viscoelastic energy dissipation, as expected. (d) No binding of NH peptide to Huh7-derived membranes adsorbed on an SiO2 surface. Note
that there are no changes in either the frequency or dissipation, which suggests that there is no binding to Huh7-derived membranes. Reprint
from [34].

or lipids. Furthermore, using “top-down” approach with
conventional bioseparation techniques will provide powerful
tool to create functional platform to study interaction and
biomacromolecular dynamics. The main advantage of the
potential biosensor described in this study using QCM-D
technique is that it is simple and quick to use and that it

shows the real-time kinetics of the interactions happening on
the lipid bilayer derived from the cells that are comparable
to the results obtained by traditional biochemical analysis.
Standard biological assays can take days to complete experi-
ments. However, using the unique “lab on a chip” approach
of QCM-D can reduce assay time to hours.
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6. Conclusions

It is hoped to have provided a view of the use of the quartz
crystal microbalance as a sensor to probe various aspects
of biomacromolecular assemblies. The importance of both
the frequency change and dissipation change during the
assembly process has been emphasized as well as the various
means for exploring the source of these changes through
modeling. The special information that can be gained using
the QCM as one of the tools in the arsenal of detectors for
macromolecular processes is illustrated by several examples.
Among these are the study of surface specific interactions
on lipid vesicles, the demonstration of a vesicle cell rupture
caused by the adsorption of a peptide onto its surface, and
the use of model fits to these processes. The importance
of capturing both the frequency and dissipation data is
demonstrated.

Appendix

We have gathered here the specific relations detailing the cal-
culation of the quantity Q4. This has been made available to
the reader who might be interested in doing the quantitative
computations:

• e26 is the appropriate piezo constant for quartz having
the value −0.095 C m−1

• ε22 is the appropriate dielectric constant for the
quartz with the value 3.982× 10−11 fd/m;

• c66 is the appropriate shear modulus for the quartz
with the value 2.901× 1010 N m−2

• dQ is the quartz thickness in m,

• ρQ is the quartz density having the value of 2649 kgm
m−3;

• c̃66 is the stiffened quartz shear modulus;

• kQ is the acoustic wave propagation constant in the
quartz;

• Q1 is a collection of terms for the quartz;

• Q2 is another set of terms for the quartz;

• ρL is the density of the liquid;

• ηL is the viscosity of the assumed Newtonian liquid;

• ρF is the density of the film on the quartz;

• μF is the shear modulus for the film in N m−2

• kF is the acoustic wave propagation constant in the
film,

• ηF is the viscosity for the film in N sec m−2

• kL is the acoustic wave propagation constant in the
liquid;

• T1 is a collection of terms involving the film and the
liquid;

• T2 is a second collection of terms involving the film
and the liquid;

• Q3 is another collection of terms;

c̃66 = c66 +
e2

26

ε22
,

kQ = ω

√
ρQ
c̃66

,

Q1 = jkQc̃66

(
1− e− jkQdQ

)
,

Q2 = jkQc̃66

(
1− e jkQdQ

)
,

μ̃F = μF + jωηF ,

kF = ω

√
ρF
μ̃F

,

kL = ω

√
ρL
jωηL

,

T1 = 1 +
jkF μ̃F − ωkLηL
jkFμ̃F + ωkLηL

e j2kFdF ,

T2 = 1− jkF μ̃F − ωkLηL
jkFμ̃F + ωkLηL

e j2kFdF ,

Q3 = jkF μ̃F
T2

T1
, (A.1)

We finally obtain the expression to be used for the quantity
Q4,

Q4 =
{
e2

26

ε22

×
(

1−e− jkQdQ
)

+
(

1−e jkQdQ
)

((Q1−Q3)/(Q2 +Q3))

jkQc̃66
(
e− jkQdQ − e jkQdQ[(Q1 −Q3)/(Q2 + Q3)]

)
−dQ
}
.

(A.2)
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1. Introduction

For recognition and detection of individual cells and
bio/chemical molecules, micromechanical cantilever sensors
with picogram to femtogram mass-sensing resolution in
air environment have been attracting intensive researches
[1]. According to measurement scheme, sensing mechanism
of the micromechanical cantilevers can be categorized into
static and dynamic detecting methods. With the static
detecting method, the target molecules are detected by
measuring cantilever surface stress, which is induced by
specific bio/chemical binding or interaction at the surface
of the cantilever [2–6]. Differently, the dynamic detecting
method employs the cantilever as a resonator. Induced by
specific mass adsorbate, a shift in the resonant frequency is
read out as the sensing signal [7–11].

The pioneer investigation by Thundat et al. demon-
strated the mass-sensing capability of micromechanical
resonant cantilevers [7]. With precise optical detection of
atomic force microscopy (AFM), a single cell or virus has

been sensed in air environment [8, 9]. In ultrahigh vacuum,
the resonant cantilevers even showed the mass resolution
as high as attogram level [10]. However, these previously
reported results were generally obtained in laboratories,
with an off-sensor optical position sensing detection (PSD)
of AFM mode used [11, 12]. For portable bio/chemical
sensing applications, there is a recent trend to integrate the
sensing and actuating elements into the cantilever for on-
chip dynamic detection [6, 13, 14].

For static detection, the whole surface of one side of the
cantilever is coated with a sensing layer, that is, affinity to the
targeted analyte, while the other side is relatively passive. The
specific reaction or combination between the analyte and the
sensing layer can cause surface stress on the cantilever that
gives rise to a bending of the cantilever [1, 4, 15, 16]. For
a resonant cantilever, however, the sensing area would be
better to be localized near the free end to enhance the mass
loading signal and to depress cross-talk signal from spring-
constant change.
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Figure 1: SEM image of the integrated resonant piezoresistive
cantilever with the electromagnetic excitation schemes denoted.

For on-the-spot portable detection, microcantilevers
integrated with on-chip read out are highly in demand.
For example, piezoresistive read out based on measuring
the bending stress of the cantilever is a suitable approach
[17–19]. Using the piezoresistive cantilevers, chemical vapors
have been detected with high sensitivity [20–22]. It is worth
to point out that these previously developed piezoresistive
microcantilevers, more often than not, comprised polysilicon
piezoresistors in silicon nitride cantilever or doped single-
crystalline silicon piezoresistors in silicon cantilever. For the
former, the piezoresistive sensitivity of the polysilicon is
lower compared to its single-crystalline counterpart [23].
For the latter, p-n junction isolation is generally used for
the single-crystalline piezoresistors. Electronic noise relative
to p-n junction current leakage is inevitable that more or
less lowers the detecting resolution. For a static surface-
stress sensing cantilever, the noise will directly degrade
the detection resolution. For a resonant cantilever sensor,
however, frequency shift is used to characterize the sensing
signal and the noise in the piezoresistive output only
indirectly influence the sensor performance. As long as the
resonant amplitude of the cantilever is high enough, the
piezoresistive output voltage can safely surpass the noise level
and the frequency shift can be precisely read out.

Both resonant and static cantilever sensors have been
developed in the State Key Lab of Transducer Technology
located at Shanghai branch of Chinese Academy of Sciences.
This review paper will mainly address the technical details
and achievements about the resonant cantilevers and their
biological sensing applications recently obtained in our lab.

2. Formation of the Integrated
Resonant Cantilevers

Developed in the State Key Lab of Transducer Technology,
the SEM image of an integrated silicon cantilever sensor
is shown in Figure 1 for description of our design [24].
The piezoresistive sensing scheme and the electromagnetic
excitation are utilized for the resonant cantilevers sensors. A
small-bulk NdFeB magnet, purchased from Beijing Zhong
Ke San Huan High-Tech Co., is mounted in the sensor

(a)

(b)

(c)

(d)

Si Al

Cr
Aup-Si

SiO2

(e)

Figure 2: Fabrication processes of the integrated cantilever.

package to generate magnetic field of about 50 mT for
Lorentz-force excitation. The magnet generated magnetic
field is measured with a 3G-3-A Tesla-meter. When a sine-
wave AC electric current is fed through the aluminum loop,
the cantilever will vibrate under the Lorentz force. The
driving force is located at the cantilever end, that is, the
peak location of the 1st resonant mode. The piezoresistive
wheatstone bridge for frequency signal read out is put
near the cantilever root, where maximum vibration-induced
stress is located.

Considering the surface area for mass adsorption and
the configuration of the piezoresistors and the Lorentz-coil,
identical dimension of 300 × 100 × 3μm3 is designed. The
calculated effective mass is 52.5 pg. The eigen-frequency for
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Figure 3: SEM images of the fabricated microcantilevers with the dimensions denoted. For the cantilevers from “a” to “d,” their resonance
modes are the 1st flexure-mode, the 2nd flexure-mode, the 1st torsion-mode, and the 2nd torsion-mode, respectively.

the fundamental resonance mode is designed as 45.9 KHz.
The sensitivity is calculated as 0.43 Hz/pg.

With the main process steps shown in Figure 2, the
cantilever fabrication starts from (100) silicon on insulator
(SOI) wafers, with 3.1 μm-thick 1–10Ω · cm n-type top-
layer and 0.36 μm-thick buried oxide (BOX) layer [25]. (1)
A 2000 Å-thick SiO2 layer is grown by dry oxidation. (2)
By ion implantation, boron doping for the piezoresistor
is implemented with 150Ω targeted sheet-resistance. (3)
Contact holes are opened and Al interconnection is pro-
cessed. For protecting the Al from being damaged during
the following cantilever gold-surface cleaning with H2SO4 +
H2O2, an extra Cr layer is sputtered and patterned to cover
the Al lines. (4) To immobilize a sensing film for specific
molecular adsorption, 10 nm-thick Cr adhesion layer and
30 nm Au film are sequentially coated by using electron-
beam evaporation. Then the Cr/Au sensing pads are formed
at the cantilever-paddle terminals by lift-off process. (5) The
〈100〉-oriented cantilever is shaped by front-side reactive
ion etching (RIE) and backside deep RIE, respectively. The
cantilever is released by removing the BOX-layer with HF.
The SEM image of the fabricated cantilever is shown in
Figure 1.

3. Resonance Mode Optimization of
Dynamic Microcantilevers

Micromechanical resonant cantilever sensors are operated
by detecting frequency shift, that is, directly induced by an
additional mass. The detecting resolution of the resonant
frequency, which determines the sensing resolution for mass
adsorption, can be improved by enhancing the Q-factor
value [26]. Most of practical resonant cantilever sensors
need to be operated in atmosphere air where a large volume
air is surrounding the cantilever. Therefore, air-drag energy
loss is the main factor to limit the Q-factor of microscale
resonant cantilever in air, and thus dominates the mass-
sensing resolution. Resonance-mode optimization is found
to be effective in improving the Q-value and mass sensing
resolution. There have been individual reports on individual
experimental findings of resonance-mode influenced sensing
performance [27, 28]. Recently, we carried out a systematic
study to reveal the effect of different orders of resonance
modes of microcantilevers on Q-value and mass-sensing
resolution [29].

We use theoretical analysis, finite-element simulation,
and experimental measurement to investigate the air drag
damping effect on Q-factor of the cantilevers in various
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Figure 4: (a) Schematic phase-locked loop interface circuit for the micromechanical resonant sensor; (b) photograph of the interface circuit
together with the cantilever sensor under testing.

resonance modes. Four types of integrated microcantilevers
in four resonant modes are fabricated by micromachining
techniques, which are the 1st bending-mode (shown in
Figure 3(a)), the 2nd bending-mode (see Figure 3(b)), the
1st torsion-mode (Figure 3(c)), and the 2nd torsion-mode
(Figure 3(d)). These four resonance modes are with the most
possibility to be formed and practically used in dynamic
microcantilever sensors. For practical experiments, the can-
tilevers for the 1st and 2nd torsional modes are optimally
designed in a “T” shape structure and a Latin cross-shaped
structure, respectively. These modifications in structure are
due to some practical interests, such as a higher mass-sensing
sensitivity, and an easier resonance excitation. By comparing
the results obtained from the methods mentioned above,
we expect to provide a guideline to help the designers to
choose an optimized resonance mode for achieving high
performance of microcantilever resonant sensors.

After theoretical analyses (with the details in [29]), we
used professional microelectromechanical systems (MEMS)
software, Coventor-ware, to simulate the four resonance
modes. From the simulated results shown in Table 1, it
can be concluded that, the damping characteristic of the
torsional cantilever resonator is generally better than that of

the flexural one, and the Q-factor of the cantilever resonator
in a higher-order frequency mode is usually superior to
that in a lower frequency mode. Therefore, it is suggested
that optimal choice of the resonant mode is an effective
method to improve the Q-factor of the resonant cantilever
sensors. Among the integrated resonant microcantilever
sensors fabricated and operated in our experiment, the 2nd
torsion-mode one exhibits the best performance in terms of
the highest Q-factor, the highest mass sensitivity, and the best
sensing resolution.

To experimentally verify the analytical results for the
resonant cantilever sensors with the 1st, 2nd flexural modes
and the 1st, 2nd torsional modes, the four types of integrated
microcantilevers are fabricated by using the micromaching
techniques described above. The Lorentz-force resonance
exciting and piezoresistive self-sensing elements are both on-
chip integrated. With a network analyzer and a phase locked
loop (PLL) interface circuit [30] shown in Figure 4, both
open-looped and close-looped Q-factors are measured. With
the results plotted and compared in Figure 5, the test for the
four resonance modes show that a higher Q is obtained for a
higher mode.
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Table 1: Simulated results for a rectangular cantilevers resonating in different modes.

Mode 1st flexure 2nd flexure 1st torsion 2nd torsion

Resonant frequency (kHz) 52.3 328 293 924

Generalized mass (kg) 5.24e-11 5.23e-11 3.09e-11 2.58e-11

Damping coefficient Cd (μN/μm/s) 2.39e-8 2.37e-8 2.04e-8 1.80e-8

Damping ratio ξ = Cd/2mω0 6.94e-4 1.09e-4 1.80e-4 6.01e-5

Quality factor Q = 1/2ξ 720 3587 2778 8319
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Figure 5: Measured amplitude-frequency responses for the 1st and
2nd flexural mode (no. 1 and 2), as well as, the 1st and 2nd torsion
modes (no. 3 and 4) of cantilever sensors in the open-loop circuit
(on the left side) and the closed-loop circuit (on the right side).

For further comparing the performance among the four
types of microcantilever sensors, we implement a biotin-
to-avidin specific binding experiment and frequency-shift
test. Figure 6 shows the schematic process route for the
immobilization of the biotin molecules and specific reaction
with the avidin molecules. At first, biotin is anchored onto
the Au sensing pads at the cantilever surface. The biotin is
immobilized via a thiol-terminaled self-assembled molecular
layer (SAM). Then, the cantilever is immersed into 0.05 mM
solution of Au-particle labeled streptavidin for 20 minutes
to complete the biotin-avidin specific hybridization. The
tested resonant frequency shift of the cantilevers versus
specific biologic hybridization is shown in Figure 7. When

Table 2: Measured mass induced frequency shift, mass sensitiv-
ity, Allan variance (a standard parameter to evaluate resonant-
frequency instability over a certain period of time) and sensing
resolution for different modes of the cantilevers. The designed
mass sensitivity, the calculated Allan variables based on measured
frequency stability, and the finally obtained mass-sensing resolution
based on the Allan variables analysis, are all listed for the
corresponding cantilevers in corresponding resonant modes.

Cantilever type No. 1 No. 2 No. 3 No. 4

Δ f (Hz) 57.5 591.2 443 2330

Sensitivity (Hz/pg) 0.33 4.3 0.9 5.1

Allan variance 2.1e-6 3.3e-7 7.6e-7 1.8e-7

Mass resolution (fg) 313 29 23 9

the absorbed mass, Δm, is smaller enough compared with
the mass of the cantilever, the mass sensing sensitivity can be
expressed as

S = Δ f

Δm
= 1

2
f0

meff
, (1)

where Δ f is the frequency shift, f0 is the initiated resonance
frequency, and meff is the effective mass of the cantilever. By
using the equation, we can calculate the mass sensitivity of
the integrated microcantilever sensors. As shown in Table 2,
among the four cantilever sensors, the 2nd torsion-mode
cantilever-sensor behaves as the highest frequency change
of 2330 Hz. Moreover, a better mass-sensing resolution is
obtained for a higher mode cantilever and the 2nd torsion-
mode exhibits the best resolution of about 9 fg, that is, almost
the mass of a single vaccinia virus. In Table 2, Allan variance
values for all the modes are also provided, which is a standard
parameter to evaluate resonant-requency instability over a
certain period of time.

4. Trace-Level AFP Detection for Early-Stage
Diagnosis of Heptocellular Carcinoma

The torsion-mode resonant cantilever, which features higher
Q-factor value compared to conventional bending resonant
mode, is used for trace level biochemical detection. For
improving the detection limit, the resonant silicon resonant
cantilever with the torsional mode is optimally designed
and fabricated. Our experiments have shown that the sensor
behaves an ultrasensitive detection capability for alpha-
fetoprotein (AFP) antigen [31], which is one of the most
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Figure 6: Schematic mechanism of the thiol-terminal biotin modified on the Au surface of the cantilever and the specific capture to gold-
particle labeled streptavidin.

important tumor markers to indicate hepatocellular carci-
noma (HCC) tumor spread and burden, cell differentiation,
and aggressive potential [32]. It should be noticed that HCC
is the fifth most common cancer worldwide and the third
most common cause of cancer-related death, with about
500 000 new cases diagnosed in one year. For the purpose
of early stage prognosis, an immunological sensor applied
in detection of AFP would better feature the concentration
detection limit of less than 10 ng/mL, that is, at ng/mL level
[33]. Detailed technical treatments on the cantilever and the
sensing experiments will be given in following subsections.

4.1. Immobilization of Self-Assembled Monolayer (SAM)
Mediated mIg. To refresh the surface of the two Au sensing
pads on the torsion-mode cantilever (see Figure 3(c)), the
cantilever is pretreated in Piranha solution and then cleaned
with deionized water. Together with the Au sensing pads,
the cantilever is immersed in the SAM solution of 11-
mercaptoundecanoic acid (MUA) at room temperature.
Then the cantilever is sequentially rinsed by ethanol and
deionized water. After dried by N2 gas, the gold sensing sur-
face has been modified by self-assembly of MUA. Before mIg
immobilization, the cantilever is activated by DBPH [3,3-
dithio-bis (propionic acid N-hydroxysuccinimide ester)]
solution at room temperature. The cantilever is rinsed in
ethanol and deionized water, then, dried by N2 gas. Following
these pretreatment steps, the cantilever is immersed into mIg
solution for 1 hour. Then the cantilever is washed by the
phosphate buffer solution of Phosphate Buffer Solution +
Tween-20 (PBST) and deionized water. After linked to the Au
surface, the mIg is suggested to be immediately used within a
short period of time. When the mIg immobilized cantilever
is restored under a low temperature of −20◦C, it can still be
used for immunodetection within several days.

4.2. Cantilever Surface Silanization and Avidin Recognition by
Specific Reaction with Biotin. A mass adsorption can decrease
the resonant frequency of a micaocantilever. It means that
not only the specific analytes but also other containments
nonspecifically attached to the cantilever surface can cause
the frequency drop. Therefore, the specificity of the reaction

should be enhanced and nonspecific molecular adsorp-
tion should be effectively depressed. More importantly, in
addition to the influence to mass weighing, the surface
nonspecific adsorption can increase the spring constant by
stiffening the microcantilever, thereby, inducing an increase
in the resonant frequency [34]. We have found that the
cantilever-stiffening cross-effect can severely counteract and
weaken the specific mass induced frequency-shift signal. The
measurement results of the biotin-avidin specific reaction in
Figure 8(a) show that the stiffening cross-signal even sur-
passes the mass signal and the frequency reversely increases.
To avoid the cross-effect induced by nonspecific adsorp-
tion, we modify the cantilever surface to resist nonspecific
protein or other molecule adsorption. Herein polyethylene
glycol (PEG) is used as an effective reagent to eliminate
unspecific adsorption. Considering that the surface of the
microcantilever is silicon (at backside) and silicon dioxide
(at front side), PEG is grafted on the cantilever surface with
the format of PEG-silane. The detailed processes are given in
next paragraph.

After pretreated with H2O2/H2SO4 solution and sequen-
tially cleaned by ethanol and deionized water, the cantilever
is immersed into a biotin-SH solution for 12 hours. After
rinsed in ethanol and deionized water, the SiO2 front side
and silicon back side of the cantilever (except for the gold
surface at the end pad for specific sensing) are both silanized
by PEG-silane solution and cleaned by deionized water.
This PEG-silane surface modification is used to effectively
depress nonspecific adsorption of protein on the cantilever
that can cause cross-talk to the specific reaction signal. The
PEG-silane surface modification processes are sketched in
Figure 9. After the cantilever is coated with BSA solution
and rinsed by PBST/deionized water, the resonant frequency
of the sensor is measured by a network analyzer. Then the
biotin monolayer on the gold surface reacts with an avidin-
Au solution for 30 minutes.

After the cantilever is rinsed by PBST/deionized water
and dried by nitrogen gas, the resonant frequency shift
is tested. Plotted in Figure 8(b), the testing results show
that, with the PEG precoating technique used, the cantilever
significantly decrease its resonant frequency according to the
adsorbed mass of avidin-Au. This indicates that PEG-silane
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Figure 7: From bottom to top, the biotin-avidin specific hybridiza-
tion induced frequency shifts are tested for the no. 1 cantilever in the
1st flexural mode, the no. 2 cantilever in the 2nd flexural mode, the
no. 3 cantilever in the 1st torsional mode, and the no. 4 cantilever
in the 2nd torsional mode, respectively.

can effectively resist nonspecific adsorption and improve the
reliability of the sensor.

4.3. mIg Line Array Printing for Confirmation of AFP
Specific Adsorption. To confirm that the antibody-antigen
reaction has completed at the Au surface, monoclonal
immunoglobulin (mIg) lines are arrayed on the patterned Au
stripes of silicon chips. Since that there are discrete epitopes
on the macromolecule outer surface, one macromolecular
antigen can react with no less than two antibodies. Therefore,
after the mIg captures one epitope of AFP, the other epitopes
can be recognized by polyclonal immunoglobulins (pIg).
Then the specifically adsorbed pIg is further reacted with the
pIg Alkaline phosphatase-immunoglobulin (AP-Ig).

In this experiment, gold thin film stripes are electron-
beam evaporated and patterned on a silicon chip whose
surface was previously covered with SiO2 by thermal oxi-
dation. To validate the antibody-antigen specific reaction,
the patterned Au stripes are firstly immobilized with mIg
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Figure 8: Comparison of the tested biotin-to-avidin reaction
induced frequency shifts between the cantilever (a) without the
PEG modification and (b) with the PEG-silane modification. By the
PEG-saline modification method, the suppression of nonspecific
adsorption effect on the detection performance is clearly indicated.
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Figure 10: Microscope image of the BCIP/NBT deposition pattern.
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Figure 12: AFP testing results with the microcantilever sensor. (a) Sensor response signals in terms of various AFP concentrations. (b) Tested
frequency shift for detection of ultralow AFP concentration of 2 ng/mL.
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by using the processes described in previous subsection.
Then the chip is immersed in bovine serum albumin (BSA)
solution and, then, rinsed by PBST. After the Au stripes are
coated by BSA, the chip is immersed in the AFP solution
for 0.5–1 hour to complete the specific antigen-antibody
reaction. Then, the chip is put in a pIg solution for 0.5
hour and washed again by PBST/deionized water. Then it is
immersed in a pIg AP-Ig solution for 0.5 hour and washed by
PBST/deionized water. Finally, the cantilever is put into the
mixing solution of 5-bromo-4-chloro-3-indolyl-phosphate
(BCIP) and Nitro-Blue-Tetrazolium (NBT) for 1 hour, and
then, cleaned in deionized water and dried by nitrogen gas.

The Alkaline Phosphatase (AP) catalyses the complex
of BCIP and NBT, resulting in that a colored deposition is
formed on the surface for experimental observation under
a microscope. The digital micrograph in Figure 10 shows
that the deposition is only formed on the mIg lines, which
indicates that the mIg does specifically capture AFP and the
antibody-antigen reaction has occurred on the Au surface.

4.4. Recognition of AFP. The cantilever surface is cleaned
and pretreated with H2O2/H2SO4 solution, then rinsed in
ethanol/deionized water. After the SAM of MUA is formed
on the Au end-pads of the cantilever, the cantilever surface
is silanized by PEG-silane. The mIg is immobilized on top of
the SAM of MUA. The steps of the mIg immobilization have
been described above, thus, are not repeated again. Before
measurement of the initial resonant-frequency, the cantilever
is coated with BSA solution. Then the cantilever is used
to recognize AFP. After the cantilever reacts with AFP of a
certain concentration, it is washed by PBST and deionized
water. After drying by nitrogen, the frequency shift of the
cantilever is measured in lab air. The sequential processes of
immobilization of mIg and the specific reaction with AFP are
schematically demonstrated in Figure 11.

Prior to the reaction with AFP, the initial frequency of
the microcantilevers is measured as the referential frequency.
After the specific binding, AFP antigen is absorbed to the Au
pads that have been previously immobilized with the anti-
AFP antibody. Therefore, the mass addition of the micro-
cantilever decreases the resonant frequency. Figure 12(a)
shows the experimentally obtained frequency shifts in terms
of various concentrations of AFP solution (i.e., 0 ng/mL,
2 ng/mL, 10 ng/mL, 20 ng/mL, 50 ng/mL, 100 ng/mL, and
200 ng/mL). The detectable concentration of AFP is better
that the cut-off value of 15–20 ng/mL, which is widely
accepted as one of the indicators of HCC. In the case of no
AFP, there is no significant frequency shift. Since that the
range of AFP levels for hepatitis patients with or without
HCC normally overlaps, the normal referential range of
AFP should be lower than 10 ng/mL. The frequency shift
in Figure 12(b) indicates that the signal noise limited AFP
detecting resolution can be better than 2 ng/mL Phosphate
Buffer Solution (PBS) solution, the detection limit of the
developed cantilever sensor can be considered at ng/mL level.
Therefore, the microcantilevers have the ability to detect
HCC at early stage, therefore has the potential to be applied
in clinical assay.

5. Conclusions

Resonant microcantilecver sensors have been intensively
developed in Chinese Academy of Sciences in recent years.
The optimization of resonance modes is studied for enhanc-
ing the detecting resolution to trace level targeted molecules.
Both resonance exciting and signal pick-up elements are
integrated in the cantilevers for low-cost portable applica-
tions. Multiple and localized self-assembly techniques are
developed to enhance sensing specificity and depress cross-
talk noise. Ultralow concentration biological detection has
been successful realized that shows great promise in future
biomedical applications.
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1. Introduction

This paper introduces readers to microelectronic sensor
devices based on surface acoustic waves (SAWs-sensors,
Section 2) and on bulk acoustic waves (BAWs-sensors, QCM,
Section 4, and thin-film bulk acoustic resonators (TFBARs,
Section 5), addressing their physical principles, theory, and
selected examples of practical applications. In the third sec-
tion, we consider the magnetic analogue of SAW resonators,
the so-called magnetoelastic sensors (MESs), ribbon-like
oscillators that can be successfully used for remote query
sensing of (bio)chemical or environmental changes. The fifth
section with a brief discussion of a novel TFBAR technique
concludes the first part of the paper. In the second part
we provide selected examples of chemical and biological
applications of the AW-based sensors and conclude with the
outlook.

The mechanically oscillating sensors (or acoustic wave
(AW) resonators) are commonly used for monitoring a
negligible amount of surface mass. Also, AW devices enable
researchers to measure other physical parameters such
as thickness, viscosity, elasticity, and effects of rough-
ness/sliding friction on thin films of different nature.

The main progress has been made in studying adsorbed
molecular films, thin polymer films, and bioorganic layers on

surfaces. Successful characterization of biomolecular systems
in their natural aqueous environment is the important
objective of biosensoring. The quartz crystal microbalance
(QCM) and surface acoustic wave (SAW) sensors, which can
operate in fluids, straightforwardly offer such a possibility.
A polymer coated or biochemically modified sensor surface
forms a “tolerant” biological interface which is available for
further mounting of biomolecular complexes exposed to
water solution. Biosensor systems based on functionalized
QCM and SAW devices have become a suitable tool for in
situ measurements in biofluids, in particular, for on-line
detection of immunological reactions. The vast literature on
SAW and QCM experiments and theory reveals a strong and
continuous interest in this topic.

A special type of quartz resonator, the so-called elec-
trochemical QCM (EQCM), is a sensor enabling detection
of chemical parameters via electrical conductivity measure-
ments both in the gaseous phase, vapours, and in various liq-
uids. Typically EQCM is based on usage of electroconducting
polymer arrays as a smart coating of the sensor surface.

Particular attention is focused now on biosensors and
bioelectronics, biomedical and environmental applications
of the AW sensors. A brief overview of the biology-related
achievements is given in Section 6 (Chemical and Life
Science Applications).
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New developments are coming now due to the rise
of governmental and public interest to the terrestrial
ecology and extraterrestrial research. A great benefit of
the quartz oscillators is that their operation is gravity
independent so they can be successfully used in space
exploration research [1–3]. “The most widely used complex
measuring instrument in science is still the balance.” (NASA,
http://trs-new.jpl.nasa.gov/dspace/handle/2014/39937.)
QCM-based sensors are planned to be used [4] during The
European ExoMars Rover Mission, which is prepared by ESA
for a launch in 2009 and is devoted to the “search for life or
traces of it, and of water, as a precondition for the existence of
highly complex organisms.” (ESA MISSION, http://www.esa
.int/SPECIALS/ExoMars/SEM10VLPQ5F 0.html.)

Another challenge is to use the quartz sensors for
ecosystem observations and pollution control [5]. Terrestrial
and marine applications of the QCM include coastal devel-
opments [6], aquatic microbial probes [7], studies of the
ocean bio-foul [8], and safety and security [9].

For the convenience of reading, we organized the paper
in the following way. Each chapter contains brief information
about the basic principles, theory, and applications of the AW
devices of a particular type. A special chapter on chemical
and life science applications contains illustrations and basic
principles of surface nanocomposite functionalization of AW
sensors. The references are placed at the end of the paper. The
list of companies that manufacture acoustic sensors of each
type is appended after the list of references (see Appendix
6.4).

1.1. Physical Principles of Acoustic Wave (AW) Sensors. A
biosensor device can be defined as an analytical microelec-
tronic device either based on a combination of biomolecular
sensor elements and a solid state transducer or applied
to living organisms to monitor biological and biochemical
processes in there [10]. Biocomponents conjugated with a
solid state transducer provide a high selectivity to chemical
analytes to such a hybrid device while the transducer element
(e.g., metal electrode) can measure with a high precision
and then convert the input chemical information into a
digital electronic signal. In biosensors, common transducers
are amperometric, potentiometric, and conductiometric
devices, optical sensors, thermal detectors, and acoustic
sensors.

An acoustic biosensor is a type of a sensor device,
where the transducer element is based on a solid slab
of piezoelectric material that can generate acoustic waves
in the sensor’s substrate. The most popular material for
the acoustic sensor substrate is a quartz crystal cut in
specific crystallographic directions (the so-called AT-cut
and ST-cut quartz plates) so that the angle of the plate
in the quartz crystal supports a shear deformation. We
consider two different types of piezoelectric resonators,
namely, bulk acoustic waves (BAWs) sensors based on a
thickness shear vibration mode for AT-cut quartz and surface
acoustic waves (SAWs) devices with a shear horizontal (SH)
mode for ST-cut quartz and Rayleigh surface wave (RSAW)
sensors.

Output signal

Signal transducer

Receptive layer

Figure 1: Principle of biosensor construction. Typically a biosensor
device consists of a sensitive biomolecular layer (grafted polymers,
supported membranes, bioreceptors, nucleic acids, enzymes or
antibodies) immobilized onto the surface of solid substrate (trans-
ducer) that can measure the output signal (e.g., electrical catalytic
current in enzyme-based biosensors, mass changes in acoustical
piezoelectric resonators, etc.).

These devices are widely used now not only in a gas but
also in liquid environments, in particular for biomolecular
detection in biological fluids and immunosensor applica-
tions. In parallel with quartz resonators, we discuss two
novel types of AW devices, namely, silicon-based resonators,
(TFBARs) and magnetoelastic ribbon-based sensors (MESs)
that recently received considerable attention for acoustic
sensor technology.

The sensitivity of the acoustic sensor is proportional to
the energy in the propagation path. In the bulk acoustic
wave mode of propagation, the energy disperses from the
oscillating surface of the transducer though the coating
material. The ratio between the energy dissipated during
one period of oscillation and the energy stored in the
oscillating system determines the quality factor (Q-factor)
of the resonator, an important characteristic of the device.
In surface acoustic wave sensors, the energy is trapped near
the oscillator surface, which increases the sensitivity of the
device in measurements of the surface mass of thin films (see
Section 2, in particular, Section 2.2).

2. Surface Acoustic Waves Sensors

2.1. Surface Acoustic Wave (SAW) Resonators: SH-SSW and
RSAW. Primarily, surface acoustic wave (SAW) sensors have
been designed and used for the detection of (toxic) chemical
components in the gaseous phase. In the latest developments
many research groups have used SAW-based devices for
biological sensing in liquid environments as well.

The last two decades of intensive experimental efforts in
the field of SAW-based biosensors include the design and
fabrication of horizontally polarized shear waves- (SH SAW-)
based devices, Love wave sensors, and Rayleigh-type surface
acoustic wave sensors (RSAW), mass-sensitive devices oper-
ating in the high frequency range between 100 MHz and a
few GHz. The usage of interdigital transducers (IDT) for the
generation and detection of surface acoustic waves allows a



Journal of Sensors 3

strong confinement of the acoustic energy to the surface of
the piezoelectric slab regardless of its thickness [11]. Due
to this confinement, the shift in acoustic wave velocity Δv
due to the surface mass change is very sensitive to the
variations in viscosity, elasticity and electrical conductivity
of the deposited layer. SAW-based sensors are widely used
for detecting gases and volatile compounds. In liquids, after
coating with layers of surface bound receptive layers (such
as adsorbed antibodies or covalently bound hydrogel bound
layers), these sensors can be used as biosensors by themselves
or can be integrated with microfluidic systems [1, 12]. The
interested readers can find further information on the latest
technical developments in SAW biosensors in the excellent
review by Länge et al. [13] and in the valuable product review
article by Harris [9].

2.2. Love Wave Sensors. Surface waves on plane interfaces
have amplitude which decays exponentially with the normal
distance from the solid surface on which they propagate
[14]. The so-called Love waves are of special interest for
the SAW design. The related physical effect was originally
discovered by Love. (A.E.H. Love. Some Problems of Geo-
dynamics Cambridge University Press, Cambridge (1911).)
He observed an effect caused by earthquake waves far from
the epicenter due to the lower acoustic wave velocity of
waves propagating along the stratified geological layers. Love
wave device, a type of SH SAW sensors, is based on the
finding that losses of acoustic energy to the bulk substrate
can be drastically reduced by a resonating surface bound
layer. Simultaneously, an acoustic bound layer resonance
leads to a higher sensitivity of the sensor to surface mass. A
Love-wave resonance is excited when the layer has optimal
thickness and appropriate material parameters [11, 13].
polymethyl methacrylate (PMMA) coating was found a
suitable wave-guiding material for these purposes. The
first Love wave biosensor on PMMA-on-quartz-crystal was
reported by Gizeli et al. [15]. PMMA served as a host matrix
enabling a further mounting, for example, a coating with
additional gold film, followed by thiol SAM- or a peptide
layer deposition.

Two different types of biosensors based on Love wave
devices are presented in [12, 16–18]; see also papers [11, 13]
for a review.

2.3. SH SAW Sensors. The SH SAW sensors can be con-
structed on coated piezoelectric substrates like quartz,
lithium niobate and lithium tantalate cut in a special way
(e.g., Figure 2, shows the Y-cut X propagating lithium
tantalate substrate. Two acoustic modes are excited by the
electrodes in this crystalline direction). The phase velocity of
surface shear waves, V , is lower than that of bulk shear waves,
V0 in the semi-infinite elastic half-space (i.e., the substrate).
This difference in phase velocity can be monitored with high
accuracy in SAW devices. Sensitive coating with polymer
films results in the observation of resonant conditions in
both modes as the layer thickness is increased. The shift in
phase velocity ΔV = V − V0 and the damping coefficient Γ-
,simply the imaginary part of the SAW wave vector q, depend

Figure 2: Sketch of the geometry of an SH SSW-based sensor.

on the surface mass and mechanical parameters of the layer
coating the oscillator’s surface.

From the analysis of the dispersion equation at no-slip
boundary conditions between the coating thin layer and
the resonator surface, one can find for the phase velocity
shift and for the damping coefficient of the resonator the
following expressions:

ΔV

V
≈ 2

(
ωρs
V0ρ0

)2

,

V0 =
√
C44/ρ0 = const,

Γ = q0ω3ρη

μ0
.

(1)

Here ρ0 is the density of the crystal substrate, μ0 is the
elastic shear modulus of the substrate, ω is the oscillator
frequency, ρs ≡ ρh is the surface mass of the thin coating
film, and ρ,η, and h denote the film density, shear viscosity
and thickness, respectively. In fact, the no-slip condition,
for example, when the LB film is covalently bound to the
substrate, corresponds to the Love wave polarization.

The coating film in biological applications can be a
protein adsorbed layer, Langmuir-Blodgett film or supported
lipid membrane. In the case of a double layer coating
with different surface densities of the sublayers, (1) can be
generalized to [19]

ΔV

V
≈ 1

2

(
ωρs
V0ρ0

)2(
1 +

ρs1
ρs2

)2

. (2)

Here ρs1, ρs2 values represent the surface density of the
sublayers in the film. The result for the damping coefficient
for the thin bilayer coating is given by the formula [19]

Γ = Γmonolayer

{
1 +

η2s

η1s

(
1 +

η1sρ1s

η2sρ2s

(
1 +

η2s

η1s

))}
. (3)

The surface mass and viscosity effects in biomolecular
films can be measured also in other types of acoustic
experiments, using the so-called bulk acoustic waves, or the
BAW mode of propagation.

2.4. Rayleigh Surface Acoustic Wave (RSAW) Sensors. RSAW-
based devices as it follows from their name are based on
Rayleigh wave polarization. The analysis of the dispersion
equation for the Rayleigh wave polarization in the limit
of strong coupling between a surface bound layer and a
solid substrate and when only mass loading is taken into
account gives the following formula for the change ΔV of



4 Journal of Sensors

the Rayleigh wave velocity VR due to the presence of surface
bound layer ρS:

ΔV

VR
= k

ρS
ρ

(
VR

ct

)2

. (4)

This result has been corrected for soft layers by account-
ing for the elastic moduli of the layer material (this correction
for the Rayleigh polarization has been reported elsewhere
[20]).

The first experimental realization of RSAW-based biosen-
sors has been reported by Wohltjen and Dessy in 1979 [21].
The interested readers can find an account of later RSAW
developments in gas sensing [22–24] and biosensors in [25]
and in the extensive review by Länge et al. [13] (see also the
outlook section, for microfludic applications [26–29]).

3. Magnetoelastic Sensors (MESs)

Magnetoelastic ribbon-like oscillators are considered as the
magnetic analogue of surface acoustic wave sensors [30–44].
Typically, they are made of amorphous

iron- or nickel-based “ribbons” (or thick films) such
as Metglas (means metallic glass) (Allied Signal Corpora-
tion, Honeywell, http://www51.honeywell.com/honeywell/),
a novel type of magnetostrictive materials (Figure 3). The
big advantage of ferromagnetic magnetostrictive ribbons is
the small size (5.0 cm × 1.0 cm × 30 mkm) of the strips and
the low materials cost making this microsensor technology
suitable for in situ measurements of chemical agents and
contaminants in various media. In such magnetoelastic
sensors (MESs) the longitudinal elastic standing waves are
excited by an ac magnetic field at the mechanical resonance
frequency when the conversion of the magnetic energy into
elastic energy is at maximum [30].

Magnetoelastic thick film sensors also have the important
advantage of enabling wireless operation and monitoring
and are important new tools in sensoring and biosensoring
[31–44].

The fundamental resonance frequency of a ribbon-like
MES is given by

f0 = 1
L

√
E

ρ
. (5)

Here L is the ribbon length, E is the Young’s modulus,
and ρ is the ribbon material density.

For a small mass gain attached to the one side of the
oscillator, the resonance frequency change is equal to

Δ f = f − f0 = − f0
ΔmS

2M
. (6)

Taking into account the elastic stress in the case of a
uniform coating film, the ratio of the measured frequencies
before and after the coating application is given by the
formula [31]

f

f0
=
√√√ M

mtot
+
(

1− M

mtot

)
Ef /ρ f

E/ρ
, (7)

x

z

h

L/2

h0

Figure 3: Sketch of a magnetoelastic sensor. A schematic (cross-
sectional) illustration of longitudinal vibrations of a ribbon-like
elastic plate coated with an organic layer and immersed into a bulk
viscous liquid. The geometry of the system is shown directly on the
figure body (picture is taken from [45]).

where the index “ f ” corresponds to the film parameters, M is
the mass of the sensor, and mtot is the total mass after coating.

Formula (7) enables us to deduce the film elasticity
Ef from experimental data in gas or vacuum. In bulk
liquid measurements, the change in resonance frequency of
the magnetoelastic ribbon of density ρ and thickness d is
proportional to the square root of the product of the density
ρl and the shear viscosity η of the liquid [31, 32]:

Δ f = −
√
π f0

2πρd
√
ηρl. (8)

The quality factor Q for low viscosity liquids is related to
the damping and has the same form as the expression for the
Q-factor for QCM resonators, namely

1
Q
= 1

Q0
+

1

ρd
√
π f0

√
ηρl. (9)

The expressions (8) and (9) give a correct result only
in the case of an ideally smooth oscillator surface. The
correction for the roughness which increases the viscous
damping contribution has been published elsewhere [32].
Another correction factor is attributed to the effects of
geometry that has been recently found in [45].

Among chemical and biomedical applications of wireless
MES one can mention the remote query environmental
monitoring [30, 33, 34, 42], bloodstream chemistry [38, 44],
safety [39], bioaffinity detection [40], and many others.

Future developments in this field include in situ and
in vivo experiments for example, gastric pH monitoring
through the digestive tract [36] or measurements of enzy-
matic reactions in tissues and organs [37].

4. Bulk Acoustic Waves Resonators

4.1. The Quartz Crystal Microbalance with Dissipation (QCM-
D) Monitoring. In addition to “genuine” surface waves,
another type of shear waves can propagate in the plane of an
overlayer-substrate interface. These are bulk acoustic waves
(BAWs).
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(a) (b)

Figure 4: Sketch of a quartz crystal resonator: (a) schematic depiction of a quartz disk with deposited electrodes; (b) side view of the
resonator; shear deformation produced by the electric field. This type of acoustic sensor operates in a BAW mode, when acoustic shear waves
propagate in the direction normal to the quartz plane.

The acoustic BAW-based sensor shown in Figure 4 con-
sists of a thin disk of AT-cut quartz crystal plate with metal
(typically, gold) electrodes deposited on either side. When
driven electrically to resonate, the crystal produces shear
mechanical stress, acoustic shear waves which propagate out
from the crystal faces. The fundamental frequency of the
device in vacuum is given by formula

f0 = 1
2h0

√
μ0

ρ0
, (10)

where h0 is the thickness of the quartz plate, ρ0 is its density,
and μ0 is the shear elastic modulus of quartz (e.g., the
fundamental resonance of a quartz oscillator is 5 MHz for a
0.33 mm crystal).

It has been found that the resonant frequency of such
quartz plates decreases when its surface is coated with an
overlayer constituting a mass load. The experimental fact
that the changes of the surface mass are proportional to the
shift of the crystal resonant frequency is the fundamental
operational principle of quartz crystal microbalance (QCM).

Quartz crystal microbalance (QCM) is a thickness shear
mode resonator which fundamental frequency is sensitive
for even negligible changes in its surface mass ΔM (a
microbalance principle of operation). For a small amount of
mass deposited onto the QCM surface, the shift of resonance
frequency is proportional to the surface mass ΔM of the
deposit (Sauerbrey, 1959) [46]:

Δ f

f0
≈ −ΔM

m0
. (11)

Equation (11), known as Sauerbrey’s formula for the
decrease of the resonance frequency, can only be used for thin
films rigidly attached to the QCM surface.

When one face of the device is brought into contact with
an aqueous solution, the shear waves are strongly absorbed
within a few microns of the surface. The crystal detects
changes in viscosity and density in this region by monitoring
the change in its resonance frequency and damping due to
the viscous dissipation in the overlayer. Experimentally, it is

convenient to obtain this viscous dissipation as the width of
the resonant frequency or as the dissipation factorD [47–52]:

D = Edissipated

2πEstored
= 1

π f τ
. (12)

Here, τ is the time constant for the decay of the vibration
amplitude, the dissipation factor value is equal to the
reciprocal quality factor Q.

When the rigid film is replaced by a Newtonian bulk
liquid of shear viscosity η, the QCM resonant frequency shift
is given by the following expression (Kanazawa and Gordon,
1985, [51]):

Δ f ≈ − 1
2πm0

√
ρηω

2
, (13)

so the total response Δ f for the system of a QCM rigid film-
immersed-in-water is the sum of contributions from the
film surface mass (11) and from the viscous contribution
of water (13). However, a theoretical analysis shows that for
nonrigid deposits this result is not valid. It was found that the
viscous loss of energy in the overlayers causes the deviation
from ideal behaviour and results in a nontrivial reduction
in measured surface mass of the film, Ms = M(1 − α),
where M is the “true” film mass and the viscous correction
factor α depends on the mechanical properties of both the
overlayer material and of the aqueous solution η, ρ. This
reduction in resonance frequency has been predicted for the
first time for the special case of viscous membrane bilayers
[19]. Meanwhile, this result has been generalized for the
case of arbitrary soft (viscoelastic) deposits [53]. For soft
deposits, it was found that the reduction in liquid phase
QCM measurements of surface mass Ms comparing with the
“true” mass Mof the film is:

Ms =M

{
1− η2ρ2ω

ρ1

G′′

G′2 + G′′2

}
, M = ρ1h1. (14)

Here G′ is the storage modulus and G′′ is the loss
modulus of the soft (viscoelastic) overlayer, index “1”
denotes the film properties, and index “2” corresponds to the
liquid phase, respectively.
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4.2. Viscoelasticity of Polymeric Overlayers: Voight (Viscoelastic
Solid) Model. For the QCM-D characterization of macro-
molecular multilayer assemblies such as polymer “brush”
films, adsorbed protein layers, or tethered supported mem-
branes the mechanical properties of a viscoelastic material
must be taken into account (for review, see, e.g., Johanns-
mann’s paper [49]). A big family of polymeric coatings which
conserve their shape and do not flow is well described by
homogenous layers of Voight viscoelastic solids (a model
element with parallel arrangement of a spring (for elasticity)
and a dashpot (for viscous damping)). Even this relatively
simple theoretical model has allowed us to demonstrate the
most important consequences of adsorbate viscoelasticity
[54] in terms of a deviation from the Sauerbrey relation
relevant for a gas environment and ultrathin layers.

For the QCM operating in a gas phase or vacuum, it has
been found that for the no-slip boundary conditions and in
special case of thin soft overlayer:

Δ f ≈ − 1
2πρ0h0

hpω

⎛⎝1 +
2h2

3δ2
(

1 + χ2
)
⎞⎠, (15)

ΔD ≈ 2h3ρω

3π f ρ0h0

1

δ2
(

1 + χ2
) ,

χ = μ/ηω,

δ =
√

2η
ρω

.

(16)

In the case of a viscoelastic bilayer under a bulk layer of
Newtonian liquid (index “B”), the calculated QCM response
is given by the formulae:

Δ f ≈ − 1
2π f ρ0h0

{
ηB
δB

+
∑
i=1,2

[
hiρiω − 2hi

(
ηB
δB

)2 ηiω2

μi2 + ω2ηi2

]⎫⎬⎭,

(17)

ΔD ≈ 1
π f ρ0h0

⎧⎨⎩ηBδB +
∑
i=1,2

[
2hi

(
ηB
δB

)2 μiω

μi2 + ω2ηi2

]⎫⎬⎭. (18)

Formulae (15)–(18) the primary result of our early
work [54]. The results of the theory can be applied for
an analysis of QCM-D acoustic measurements of surface
densities and/or shear viscosity and elasticity for thin
polymeric coatings, adsorbed layer of proteins, or supported
membranes after the transferring onto the solid substrate
and in both the liquid and gaseous experimental conditions
(Q-Sense). Also, the results are useful for understanding
the shear response of biological bilayer membranes with
a different composition of upper and lower monolayers
corresponding to the observed compositional asymmetry of
red blood cell membranes supported by an elastic substrate
(protein network), bioaffinity measurements, immunologi-
cal reactions, diatoms adhesion, and many others (see for
review, [55–61]).

1 1

3

4

5

2

Figure 5: Sketch of the TFBAR structure in contact with liquid: 1-Si
wafers, 2-AIN piezoelectric layer (aluminium nitride) piezoelectric
layer, 3-Al electrodes, 4-analyzer, 5-liquid in a microfluidic system
in contact with the resonator (for review, see [68]).

4.3. QCM as a Mechanical Spectroscopy Tool. The quartz
crystal microbalance can naturally be considered as a
mechanical spectroscopy tool which can monitor the vis-
coelastic material properties by probing samples performing
small-amplitude oscillations at prescribed frequency ω [62].
Several groups have reported on the application of the
QCM to the viscoelastic characterization of thin organic
overlayers in a frequency range from a few Hz to about
100 MHz (for a review, see [49] and references. therein).
In particular, as a mechanical spectroscopy tool, the quartz
crystal resonator can probe the storage and loss moduli of a
thin soft polymeric sample such as adsorbed biomolecular
layers, polymer cushions or liquid crystalline polymers
in small amplitude oscillations where polymer materials
exhibit linear viscoelasticity [62]. The experiments with thin
films are of particular interest from the point of view of
surface science since the viscoelastic moduli of a thin layer
sample can sufficiently differ from the corresponding bulk
magnitude.

5. Thin-Film Bulk Acoustic Resonators

Thin-film bulk acoustic resonators (TFBARs) are based on
a vibrating small solid membrane that is fabricated onto a
silicon substrate that can be functionalized with a sensing
nanocomposite coating [63, 64] (Figure 5). TFBARs have
attracted experimental attention since this novel technique is
a high-Q-factor wireless system operating in the microwave
region from 1 to 10 GHz [65–69]. This type of resonators
meets the requirement for low-cost and small size sensors
with the benefit of a high working frequency in comparison
with similar SAW-based devices. The main progress in
TFBARs has been triggered by FBAR filters applications for
the telecom industry, particularly, in mobile phones [66–68].

Silicon-based TFBARs can be considered as a high-
frequency version of the quartz crystal microbalance [64].

In gas measurements, the mass sensitivity Sm of the
TFBAR oscillator increases with the square of the operating
frequency:

Sm = − 2 f0
2

ρ0h0
2 , (19)

and the surface mass density ΔmS is proportional to the
measured sensor signal Δ f :

Δ f = −SmΔms. (20)
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Here f0 is the resonant frequency of the TFBAR, ρ0,h0 are
its density and thickness, respectively.

Depending on the structure, surface geometry, and
composition of the sensing coatings, the mass sensitivity
of the TFBAR systems can be sufficiently improved for
nanocomposite layers embedded into a host polymer or
another organic coating, for example, cadmium arachidate
matrix with embedded SWCNTs arrays [64].

In vapour and liquid TFBARs measurements, the effects
of viscosity must be taken into account [66]. Recently,
fabrication and successful usage of TFBARs for biosensor
applications have been reported in [68]. For the analysis of
the experimental data of TFBARs in liquids, the theoretical
models of Stockbridge [47] and Kanazawa and Gordon [51]
have been used [66].

For correct interpretation of TFBARs measurements of
viscoelastic and biological materials in liquid applications,
formulae (14)–(18) can be of great help.

There are certain limitations of liquid and biological
applications of TFBARs. Due to the higher operation fre-
quency, TFBARs resonators are much thinner than QCMs
and thus, more fragile. In general, the important engineering
challenge is the optimization of the resonators’ geometry
from the view point of the sensitivity-to-noise ratio [66].

This TFBARs technique is a very promising method in
view of biosensor purposes and, in particular, a combination
of TFBAR devices in microfluidic arrays opens a new route
towards lab-on-chip applications, microanalysis, and small
size immunosensors.

6. Selected Examples of Applications of
AW Sensors

6.1. Chemical and Life Science Applications of SAW-Based
and BAW-Based Sensors. Biosensors based on acoustic res-
onators, like other bioanalytical methods such as immunoas-
says or enzyme assays, use biological compounds as the
receptive overlayer that can distinguish between adsorbed
analytes. Recent applications of thin layered films like self-
assembled monolayers and supported bilayers (Figure 6(a)),
Langmuir-Blodgett (LB) films (Figure 6(b)), protein mono-
layers (Figure 7) and multilayers of complex biomolecular
architecture (Figure 8) as receptive layers in biosensors have
stimulated detailed studies of the physical properties of such
structures. Among novel promising nanomaterials for the
surface functionalization of sensors one can list also stimuli-
responsive polymer coatings, synthetic receptors, and carbon
nanotubes. In particular, a thin-film bulk acoustic resonator
functionalized with a nanocomposite LB layer of carbon
nanotubes has been recently suggested as a fast response
sensor for high-performance gas detection [63, 65].

With these model systems it is possible to construct
multilayer amphiphilic films with controlled monolayer
thickness and to create different coupling strengths between
the adsorbed film and the chemically modified substrate.
Specifically measurements of surface density and viscosity of
these films are important both scientifically and, for example,
with respect to their possible application in acoustical

(a)

(b)

(c)

Figure 6: Sketch of supported membranes on the surface of an
oscillating piezoelectric plate. (a) planar supported lipid bilayer :
surface adjacent layer is anchored to the support;(b) Langmuir-
Blodgett film made of rodlike liquid crystal molecules; (c) sup-
ported membrane made of lipid vesicles.

Figure 7: Protein layer adsorbed from a liquid phase onto a
biochemically functionalized support.

biosensors, electronic nose and electronic tongue in which
they can serve as sensitive elements.

This is also valid within the segregated (sublayer)
structure model of adsorbed protein layers (Figure 7). The
structure of the protein layer resembles a surfactant film
composed of segregated head-and-tail regions. In this case,
the relation between the upper and lower layer viscosities
may vary in strong dependence of the phase state of protein
and amphiphilic monolayer, respectively.
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Figure 8: Multilayer architecture of biomolecular overlayer on the
functionalized resonator surface.This QCM-based biosensor can be
used, for example, for the detection of the DNA duplex formation
and DNA-drug interactions. Binding of drugs increased energy
dissipation (see for review [59]).

The dynamic (shear) viscosity of amphiphilic films is a
key-importance rheological characteristic of a protein film
or a fluid membrane, which is strongly dependent on tem-
perature and phase state of the film, and on environmental
conditions. Usually LB or SAM film acoustic sensors operate
in vacuum or in a gaseous environment. In contrast, a
lipid-water system or a protein layer adsorbed onto a solid
surface in a fluid experiences “wet” conditions or a bulk
aqueous medium at room temperature, which can change
the viscosity of the film. In addition, the biomolecular layer
adsorption process is extremely sensitive to the nature of the
solid substrate in the sense that it can modify the overlayer
structure schematically depicted in Figures 6(a) and 6(c).
This is also valid within the segregated (sublayer) structure
model of adsorbed protein layers (Figure 7). In this case, the
relation between the upper and lower layer viscosities may
vary in strong dependence of the phase state of protein and
amphiphilic monolayer, respectively.

Amphiphilic bilayer films on supports can imitate the
behavior of a bilayer lipid membrane. The constituent bilayer
molecules are composed of hydrophilic groups attached to
hydrophobic chains of different length. The phase diagrams
of such amphiphilic molecules demonstrate a rich variety
of properties and behavior depending on temperature and
water content. Above the liquid crystalline-to-gel transition
the hydrocarbon chains are approximately liquid and a
bilayer membrane behaves like a two-dimensional fluid in
the lateral plane due to the vanishing shear modulus of
elasticity. Such a peculiar fluid is isotropic in its plane
but it is anisotropic in the normal direction due to sub-
layered head-and-tail structure [19]. Viscous properties of
the layer can be characterized by different viscosity values,
namely, the surface viscosity, and a “bulk” shear viscosity
[70].

The surface viscosity of a fluid amphiphilic film is
often considered to be a two-dimensional analogue of bulk
viscosity and defined as the coefficient of proportionality
between the tangential force per unit length and the gradient
in the flow velocity of the liquid. These averaged surface
characteristics can be measured, for example, by an interface
shear rheometer at air-liquid interfaces or by using the
oscillating barrier method in a LB trough. In contrast to

η, the “microscopic” shear viscosity may be defined as a
contribution of fluid disordered chains. The “microviscosity”
of the membrane core can be determined experimentally,
for example, by a probe technique, and describe the local
viscosity near the probe [71]. This “microviscosity” is often
identified with the true membrane viscosity. However, this
experimental technique could give rather different results
with a strong dependence on the probe material and on the
interaction between the probe and its local surroundings.
Both of these viscosities may be changed after the deposition
of an amphiphilic layer on the solid surface.

Both types of resonators (SAW and BAW) [19, 70] can be
applied for the detection of phase transitions in biomolecular
films adsorbed onto the surface of the sensor. These acoustic
devices allow us to measure the acoustic response of the
biofilm or supported lipid membrane in the lipid phase
transition region where the viscosity of the membrane is
subject to dramatic changes. For instance, during the liquid
crystalline to gel transformation of a lipid membrane, the
viscosity of the bilayer changes by more than 10 times, while
the membrane density remains practically constant [70]. It
is an interesting experimental fact that the two halves of
a bilayer lipid membrane are so weakly coupled, that they
can undergo a thermotropic phase transition independently.
This must lead to changes in the SAW damping coefficient,
while the corresponding SAW phase velocity shift due to the
presence of the bilayer will be constant.

When the system is immersed in a water solution,
anisotropy can arise from water trapping into the layer. This
can result in a distinct overlayer viscosity in comparison with
an air environment. This is especially important for protein
adsorbed layers with nonuniform interfacial region structure
and water distribution in the normal direction. These effects
are also important for the lipid vesicles adsorption measured
with QCM [72, 73].

In addition to its importance for biosensor applications,
the study of the hydrodynamic modes of fluid amphiphilic
films and adsorbed proteins are generally important for
understanding the dynamics of lipid-water systems and the
rheology of biological membranes. It is known, for instance,
that living cell membranes, for example, in red blood
cells experience shear stress in hydrodynamic flow through
capillaries. As the lipid bilayer matrix of the membrane is a
two-dimensional incompressible liquid adjacent to an elastic
protein (spectrin-actin) network, the hydrodynamics of this
layered structure are governed by the coupling of the fluid
membrane to shear flows in an external bulk liquid. Recent
efforts in measurements of hydrodynamic effects in QCM
applications are reported in [74].

6.2. QCM in Electronic Nose Applications. Among artificial
sensor systems, the array of electronic chemical sensors
(electronic nose) working in gaseous environments and
imitating the mammalian sense of smell remain, the primary
instrumentation, although sensors operating in aqueous
phase and having the same properties of electronic nose (the
so-called electronic tongue) have been reported [74–82]. In
many cases, the electronic tongue can be regarded as a wet
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Figure 9: A sketch of the electrochemical detection of the redox
enzyme reaction with charge transfer to the EQCM, a quartz crystal
covered with a layer of electroconducting polymers on its surface
and operating in a water solution with ions or buffer.

chemical counterpart of the electronic nose. Recently, the
integration of the electronic nose, and the electronic tongue
into a multisensor device has been proposed to improve
the quality analysis of liquid samples and related volatile
components. The simultaneous usage of these two types of
sensors covered with the same sensing molecular compounds
(metalloporphyrins) has been used by, for example, authors
[75] to optimize the characteristics of the sensor.

A special type of quartz resonators, the so-called elec-
trochemical QCM (EQCM), is a sensor enabling detection
of chemical parameters via electrical conductivity measure-
ments both in gaseous phase, vapours, and in various liquids.
Typically the EQCM is based on usage of electroconducting
polymer arrays as a smart coating for the sensor surface.

If the QCM device is used as a mass sensor in elec-
tronic tongue applications, the density and viscosity of the
solution affect the resonance frequency of the oscillator. The
classical result of Gordon and Kanazawa [51] is applicable
here with a correction for a possible missing mass effect
contribution [53]. The latter can be useful for interpreting
QCM data in electronic tongue and biosensor applications
since the correct estimation of the mass derived from the
QCM response can be a crucial step towards using the
microbalance as a sensor in complex biological liquids, where
biomolecules or cells adsorbed from the solution make a
soft layer on the receptive surface of the oscillator. In some
situations, it is useful to combine the voltammetric electronic
tongue (or EQCM) and QCM technique to relate the mass
changes and charge transport problem in analytic chemistry
applications and in situ electrochemical measurements [83].
For example, it has been reported elsewhere [76] that if a
coating composed of redox active polymers, the QCM can
monitor the mass changes which accompany the redox pro-
cesses in polymer matrix. There the relationship between the
charge, a measure of the total number of electrons produced
or consumed in redox reactions, and mass transport has
been derived from the combined QCM and voltammetry
data.

Electronic noses based on the QCM device have been
widely used as gas sensors to “smell” volatile organic
compounds (VOCs) in food, olive oil, and wine industry
applications as well as in health care and environmental
monitoring, for security and safety purposes [77–83].

6.3. The Problem of Sliding Friction for Viscoelastic Adlayers.
Successful applications of quartz resonators as a sensor ele-
ment in electronic noses and electronic tongues (or EQCMs)
bring up the fundamental question of how internal friction
(effects of viscosity) and interfacial friction (slippage) can
affect the QCM resonance frequency shift Δ f and, hence,
the mass sensitivity. In cases when the overlayer material
exhibits a viscoelastic behaviour, both internal and interfacial
friction may contribute to energy dissipation. Depending
on the situation, the former or the latter type of friction
may dominate. Recently, a dynamic “slip/no-slip” test that
can be applied to QCM thin films spectroscopy has been
suggested elsewhere [62]. The test is based on the theoretical
finding that the peak in the viscous dissipation ΔD depends
on the frequency while the peak value of the ΔD dissipation
factor caused by sliding friction is frequency independent.
It has been shown [62] that the combined action of these
two mechanisms may cause a nonmonotonic variation of the
shift in the dissipation factor ΔD of quartz oscillator when
adlayer parameters are varied.

The effects of interfacial slippage must be taken into
account when the condition of rigid attachment of the
adlayer to the oscillator surface is violated. A finite amount of
slippage can arise either from incommensurate densities [84]
or weak coupling between the aldayer and the substrate and
influence both the resonance frequency f and the oscillator
dissipation ΔD (a comprehensive and extensive analysis of
sliding friction can be found in the recent review by Krim
[85] and in the book by Persson [84]).

For a quantitive characterization of slippage effects it
is convenient to use the ratio of the inverse quality factor
Δ(1/Q) ≡ ΔD to the shift Δ f of the QCM resonance
frequency. This value has been introduced for the first time
in the QCM community by Krim and Widom [86] as a “slip
time”:

τ = Δ
(
Q−1
)

4π
∣∣Δ f
∣∣ . (21)

According to the results of Krim and Widom [86],
a partial decoupling of the overlayer should occur when
2π f τ ≥ 0.5. Such a relatively low decoupling threshold can
lead to noticeable interfacial friction effects even in the
case of molecularly thin films. In nanotribological QCM-
experiments of Krim et al. [86, 87], the interfacial friction
coefficient γ f

γ f = 1
τ
∼ mf (22)

has been found be proportional to the surface mass density
mf = ρ f h f of the film. The authors [86] attributed the “slip
time” τ as a relaxation time associated with film-momentum
fluctuations. This result can also be viewed as the definition
of the slip time as the characteristic time it takes for the
film velocity to decrease by a factor of 1/e. However, it
has been shown [62] that for soft (viscoelastic) materials
this result should be corrected because of additional viscous
dissipation in the overlayers. In analogy with (21), in order
to characterize the temporal QCM response when no-slip
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boundary conditions apply, another characteristic value can
be introduced:

τ0 = −Δ
(
Q−1
)

4πΔ f̃
. (23)

Here Δ f̃ is negative and tilde denotes no-slip conditions.
Defined in this way, the characteristic time τ0 can be
attributed solely to the effects of internal friction (shear
viscosity) on the damping of the QCM. One can find the
coefficient of slippage, λ ≡ 1/γ, from the experimentally
measured τS value as follows:

λ ≈ ωτ0 − ωτS

2πΔ f̃ M
. (24)

Simultaneous measurements of Δ f and ΔD in QCM-D
experiments at different frequencies open a way to estimate
the coefficient of slippage, for example, by comparing the
frequency behaviour of the dissipation factor at maximum
[62] for various environmental parameters.

6.4. Future Outlook. Recent trends and the future outlook in
the design, fabrication, and utilization of AW-based sensors
span many different fields and interdisciplinary research.
Sensor development stretches from nanoscale technology
needs to terrestrial ecosystems (including the ecology of
oceans and environment studies) and even extraterrestrial
research. Surface acoustic wave- (SAW-) based devices are the
most popular high frequency systems due to their extraor-
dinary success in mobile and wireless communication, in
electronics and the sensors industry [88, 89]. These SAW
piezoelectric oscillators [90] as well as BAW devices such as
quartz crystal microbalance have now got a varied number
of applications ranging from high precision gravimetrical
measurements to biosensors. The selected examples are the
usage of acoustic wave devices in the marine research [5, 6],
coastal developments and biofoul control [7, 8], acoustic-
counterflow microfluidics by surface acoustic waves [27–
29], Life sciences and health care service [81, 83, 91, 92],
safety, security, and Man-Portable Threat Warning Systems
[9], further development of a microbalance system for dust
and water vapour detection in the Mars atmosphere [1–3]
and AW-sensors for astrobiology research [4].

There is a rapid progress in the material science of new
polymeric coatings and dynamic macromolecular assemblies
for biosensor purposes (see, e.g., the excellent reviews of
Lehn [93] and Sanchez and coworkers [94]). The frontier
chemical strategy for the innovative structures manufac-
turing is the combination of integrated synthesis and self-
assembly or nanobuilding block techniques [71, 93–96],
usage of hybrid Metal Organic Frameworks (MOFs) [94],
and nanoclay-based compounds [97], new porous materials
[95], and bioinspired structures functional coatings [98–
100].

The combination of novel polymeric materials, synthetic
or natural, with the advanced surface science nanotechnolo-
gies (a polymer pen lithography for the surface patterning is a
selected current example [101]) will be a further step towards
the design of “smart” biosensors of new generation.

Valuable information on recent trends in sensors tech-
nology the reader can find also in the International Fre-
quency Sensor Association web portal [10].

Appendix

The List of (Selected) Companies
Manufacturing AW Sensors

(1) Q-sense (http://www.q-sense.com/diverse use of
qcm d demonstrated in latest research-209.asp).

(2) CENS (http://research.cens.ucla.edu/) UCLA’s Cen-
ter for Embedded Networked Sensing (CENS) with
applications in the Terrestrial ecology.

(3) Nanofilm (http://www.nanofilm.de/) (SAW biosen-
sors).

(4) E-QCM (http://ichf.edu.pl/offers/instrum/quartz
.htm).

(5) QCM (http://www.elbatech.com/).

(6) QCM, EQCM of smaller size plus connection via Q-
pod to PC via USB port to computerize data; also
Combination of QCM sensor and INFICON Sigma
Instruments products (http://www.sig-inst.com/).

(7) EQCM company (http://www.meeck.pl/eqcm/en
m106.html).

(8) DTI Defens Information Community (http://www
.dtic.mil/dtic/).

(9) Honeywell (http://www51.honeywell.com/honey-
well/) (Allied Signal Corporation, production of
Metglas).

(10) Advalytix (http://www.Advalytix.de/) Microfluidic
applications: SAW Technology can be used for pump-
ing, dosing and mixing of reagents in low volumes.

(11) Microsensor Systems Inc. (MSI), the world leader in
Surface Acoustic Wave (SAW) based chemical sensing
(http://www.microsensorsystems.com/aboutus
.html) and (http://www.microsensorsystems.com/).

(12) QCM100 and QCM200 (http://www.thinksrs.com/),
Vacuum & Analytical Instruments.
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[48] M. Rodahl, F. Höök, C. Fredriksson, et al., “Simultaneous
frequency and dissipation factor QCM measurements of
biomolecular adsorption and cell adhesion,” Faraday Discus-
sions, vol. 107, pp. 229–246, 1997.

[49] D. Johannsmann, “Studies of viscoelasticity with the QCM,”
in Piezoelectric Sensors, C. Steinem and A. Janshoff, Eds., pp.
49–110, Springer, New York, NY, USA, 1st edition, 2006.

[50] L. Daikhin, E. Gileadi, G. Katz, V. Tsionsky, M. Urbakh, and
D. Zagidulin, “Influence of roughness on the admittance
of the quartz crystal microbalance immersed in liquids,”
Analytical Chemistry, vol. 74, no. 3, pp. 554–561, 2002.

[51] K. K. Kanazawa and J. G. Gordon II, “Frequency of a quartz
microbalance in contact with liquid,” Analytical Chemistry,
vol. 57, no. 8, pp. 1770–1771, 1985.

[52] B. Zimmermann, R. Lucklum, P. Hauptmann, J. Rabe, and S.
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The quartz crystal microbalance (QCM) is a sensitive device for determining the properties of materials loading it. One of the
fundamental means of making these measurements is the so-called impedance (or admittance) spectra method. The resonant
properties of the piezoelectric QCM sensor are measured over a spectral range in the neighborhood of a resonance, both with
load and without load. The changes in the spectrum upon loading can be compared to models that describe the changes based on
the mass density, the shear modulus, and the viscosity of the load. This comparison can be made with confidence so long as the
spectrum corresponds to the model assumption of a single main resonance. Often, there exists a spurious resonance lying above
the main resonance which is not included in the models. This can change the shape of the spectrum in ways not included in the
model analysis. We describe a method we have used that separates the spur resonance from the main resonance, permitting the
parameters of the main resonance to be isolated from that of the spur. These corrected parameters of the main resonance can then
be used with confidence in model analyses.
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1. Introduction

1.1. Basic Description. The quartz crystal microbalance
(QCM) has become an important tool for monitoring in
many types of nanolayer assemblies of organic and biological
films. A nice overview for its use in biomolecular interactions
is given by Cooper and Singleton [1]. The QCM sensor
is a resonant piezoelectric device and is described in a
recent book [2]. It can resonate at its fundamental frequency
and also at its odd multiple harmonics as discussed in a
review by Buttry and Ward [3]. It consists of a disk with
electrodes on opposing faces. When a load is placed upon
the quartz crystal, changes in its resonant behavior permit
an evaluation of certain properties of the load. A variety of
electronic methods can be used to determine these changes,
with some of them nicely given by Arnau [4]. This has
made it very valuable not only to determine the amount
of material in the load, but additional load properties such
as stiffness and viscosity as well. Fortunately, the resonance
behavior has been shown to be accurately represented by a
simple equivalent circuit permitting the use of sophisticated
electronic techniques to determine changes in the resonant

properties. The full electrical equivalent for the QCM has
been shown to be described by a so-called transmission
line model [5] which can be simplified under conditions
near a high Q resonance to the simple equivalent circuit as
discussed by Cernosek, Martin, Hillman, and Bandey [6].
The equivalent circuit is called the Butterworth Van Dyke
(BVD) circuit [7, 8] and is shown in Figure 1.

The elements of the right hand branch contain the
motional information. The changes due to loading can be
directly incorporated as changes in these elements. The
changes due to loading can be incorporated simply as
changes in the values of the three elements in the right hand
branch. An alternate method is to preserve the values of
three elements, taking them to be the value corresponding
to the unloaded crystal. The changes can be incorporated as
small additional elements and this allows one to focus on the
changes.

1.2. Three Key Methods of Study. The three most common
methods for studying the resonant behavior of the QCM are
(A) using the sensor as the active element in an electronic
oscillator, (B) examining the transient decay of the current
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Figure 1: The Butterworth Van Dyke equivalent circuit.

after initial excitation of the sensor, and (C) recording the
spectral behavior and its changes. The oscillator method
is the most economical and is thus quite popular. From
the measurement, it can determine the resonant frequency
of the BVD circuit. More recently, it has become possible
to also obtain the series resistance R. Generally, this is
restricted to a single harmonic, although recently a dual
harmonic oscillator has been described [9]. Two of the key
properties of the resonance are its resonant frequency and
the loss or energy dissipation. in the resonance. Using the
oscillator approach, two of the properties of the circuit can
be determined at a given harmonic, the resonant frequency
fN and the resistance RN.

The transient decay method [10] excites the QCM at
its resonant frequency, then shorts the crystal and records
the time behavior of the decaying current. This has been
designed such that the decay currents for the various
harmonics can be sequentially recorded. From the current
decay for each harmonic, it is possible to determine the
resonant frequency and the decay time. The decay time
is related to the dissipation. Again, two of the important
properties at each harmonic resonance are determined, in
this case the resonant frequency fN and the dissipation DN.
These are discussed in more detail by Rodahl, et al. [11]. The
ability to examine the behavior of multiple harmonics has
been shown to be useful for interpreting the properties of
the load. Although coming at an increased cost, it has shown
itself to be extremely valuable in data analysis, particularly
when studying viscoelastic loads.

Of primary interest in this paper is the study of the
changes in the spectral behavior of the BVD circuit. This has
come to be known as the “impedance” method and is used
extensively. There have been a number of creative methods
for determining the parameters of the load from spectral
data, which demonstrates the versatility and flexibility of
the impedance method. One, for example, is described by
Berg et al. for the special case [12] in which an oscillating
surface of quartz contacted an adjacent sphere. A somewhat
different procedure was developed by Wang et al. [13] to
use the admittance measurements to study gel swelling
and deswelling. Another unusual application involves the
use of impedance analysis for the measurement [14] of
microliter volumes of liquid drops placed onto the crystals.
The possibility of a scanning QCM was demonstrated by
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Figure 2: The experimental points for a 5 MHz fundamental crystal
in water are illustrated by the circles (conductance) and squares
(susceptance). The spectrum of the calculated 4 element BVD
circuit is shown by the solid and dashed lines.

Oyama et al. [15], where scanning resolutions of 1 to
2 mm resolutions were found possible. There are many
other nonstandard uses of QCM impedance analysis, which
demonstrate that it is a very useful technique for many
applications.

However, we focus here on the standard techniques and
the possible degradations of the experimental data due to
spurs. We consider the standard method to mean that the
impedance being studied is that of a flat, AT-cut quartz
disc with planar loads that can be modeled using a one-
dimensional analysis. Electrically, the resonant behavior can
be summarized in terms of the admittance of the BVD
circuit, which is the ratio of the current to applied voltage.
This is the inverse of the impedance. A common method is to
show the real part of the admittance ( the conductance G ) or
the imaginary part of the admittance (the susceptance B) as a
function of the frequency. These are shown in Figure 2 with
the units of G and B being the millisiemen (mS). The spectra
for various harmonics can be recorded allowing for the
study of multiple harmonics in this case as well. The ability
to make a full determination of all three of the motional
parameters in the BVD circuit drives much of the interest in
this methodology.

The experimental data shows the behavior of a 5 MHz
crystal in deionized 18 MΩ · cm water. The calculated values
were obtained by fitting the data to the BVD circuit.
Although the fit is not perfect, it is very good and demon-
strates the validity of the BVD representation. The resonant
frequency is identified as the frequency of maximum con-
ductance. The width of the peak is related to the loss, or
dissipation of the resonance.

Another informative view of the admittance spectrum
is a plot of the conductance along the abscissa and the
susceptance along the ordinate, as shown in Figure 3.
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Figure 3: Admittance circle showing the circular form when the
abscissa and ordinate scaling are identical.

If the same units are used on both axes, then it can be
shown that the admittance plot is a circle. The diameter of the
circle is the maximum conductance value. The circle center
lies above the zero value of the ordinate and is due to the
parallel capacitance CP.

The agreement of the BVD description with experimental
results shows that we can use these representations of the
resonance to discuss the fitting procedure. There are sources
that can distort these BVD diagrams and are discussed in the
following section.

1.3. Deviations from the BVD. If a sufficiently large frequency
span is taken for the spectrum, spurious resonances become
visible. These are nicely described by Bottom in his classical
text [15]. Taking the conductance data for several harmonics
of the crystal in water, we observe, for example, as shown
in Figure 4, the presence of an additional peak. The abscissa
has been taken to be the index of the frequency plot. The
frequency itself could not be used because it covers several
harmonic ranges.

The additional resonance seen to the high frequency side
of the main resonance is called a spurious resonance, or spur.
The spur overlaps the main spectral peak giving rise to a
distortion. We will show that the spur can be fully integrated
into the fitting scheme to eliminate this source of distortion.
The information in the susceptance data is better seen using
the circular admittance plot.

The large admittance circles for the main resonances are
visible. In addition, the smaller admittance circles for the
spurs are also visible. The effects of the parallel capacitance,
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Figure 4: The conductance spectra are shown for several harmonics
in the case of the quartz crystal having one face immersed in water.
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Figure 5: The circular admittance spectra over several harmonics.

CP , are seen as the offset of the circles’ centers along the ordi-
nate. This vertical offset increases for increasing harmonic
resulting from the increasing capacitive susceptance with
increasing frequency. This capacitance reflects the dielectric
capacitance of the quartz disk as well as the capacitance of
wires and cables used to connect the crystal. The constancy
of this capacitance is clearly seen if we subtract a susceptance
value corresponding to 16 pf from each admittance circle. In
that case, we then observe Figure 6.

In addition to the capacitance effect of CP , we can also
note that the admittance circles are not tangential to the
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Figure 6: The admittance circles corrected for a constant 16 pf
capacitance.

ordinate as would be expected from the simple BVD circuit.
There is a horizontal offset that increases with increasing
harmonic. This is not a large effect, but its effect can
be described by the presence of a frequency dependent
conductance in parallel with the BVD circuit. See, for
example, the recognition and description of such a parallel
path by Lucklum et al. [16].

These deviations are easily summarized in the circular
admittance plots. The capacitance CP gives rise to a vertical
shift in the circle. The spurs are evident from the extra circle
on the high frequency end, and a parallel conductive loading
appears as a shift of the circle to the right.

2. Experimental Details

To obtain the experimental data used for fitting, we used
quartz crystals obtained from Maxtek, Inc. The crystals had
a diameter of 1 inch and were plano-plano 5 MHz AT cut
crystals having asymmetrical electrodes. The thicknesses are
in the range of 331 μm. The smaller electrode defined the
common areal region and had an areal value of 3.419 ×
10−5 m−2. The crystals were placed in the standard polyvinyl
chloride holder was provided by Maxtek. The glass cell
provided by Maxtek was used. The glass cell and the circular
crystal holder are shown in Figures 7(a) and 7(b).

The PVC crystal holder shown in Figure 7(b) contained
the crystal and was connected to the connector shown on the
glass portion of the cell. O-rings sealed the crystal on both

(a) (b)

Figure 7: (a) Two types of glass cells are shown. The one on the left
was used in this study. The PVC crystal holder is shown with the
black O-ring. (b) The crystal is shown In front of the holder along
with the sealing O-ring.

Cp

Gp

R1 R2

L1 L2

Cs1 Cs2

Figure 8: The equivalent circuit used at each harmonic.

sides. The holder was held to the cell by a spring clip. The
circular crystal holder terminated in an SMB connector. To
connect this unit to the Agilent 4291-A Impedance probe, it
was necessary to use an approximate 1 foot length of SMB
cable, and then an SMB to BNC adapter. The instrument
used for capturing the spectra was the Agilent 4294 Precision
Impedance Analyzer.

The crystal was cleaned by immersion in an ethanol
solution and drying with a gentle stream of nitrogen. It was
then placed in an oxygen plasma unit. Deionized water of
18 MΩ · cm purity was used in the glass cell.

3. Fitting Procedure

The experimental data was treated in a fitting procedure
designed to extract the values of the resonance properties. In
the ideal case, the circuit shown in Figure 1 is appropriate.
In such a case, the spectrum is described by a Lorentzian
shape and a fit to this shape would be appropriate. For the
high quality (low dissipation) circuits occurring with the
QCM, the Lorentzian spectra exhibit a symmetry about the
resonant frequency. As we have seen, spurs can distort the
symmetry of the resonance. In addition we have also seen
that the parallel capacitance CP can displace the Lorentzian
circles vertically and shunt conductances can displace them
horizontally.

To incorporate the various aspects of the equivalent
circuit, we use the circuit shown in Figure 8.
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CP is the parallel capacitance, including all of the
connecting adapters and cables. GP represents the effects due
to a conductive shift of the circle to the right. The branch
with the subscript 1 represents the motional aspects of the
main resonance of the quartz crystal, while that with the
subscript 2 represents the resonant spur. We can write the
admittance in terms of the individual circuit elements shown
above as

Y = G + jB

= GP + jωCP +
1

jωL1 +
(
1/ jωCS1

)
+ R1

+
1

jωL2 +
(
1/ jωCS2

)
+ R2

.

(1)

However, we have used an alternate expression for this same
admittance in terms of parameters more convenient for the
fitting procedure, and is shown below:

Y = GP + jωCP +
G1max

1 + j(1/D1)
((

f / f10
)− ( f10/ f

))
+

G2max

1 + j(1/D2)
((

f / f20
)− ( f20/ f

)) . (2)

The values used instead of L,CS, and R are Gmax,D, and f0.
G1max is the maximum conductance of the main resonance,
D1 is the dissipation of the main resonance peak and f10 is
the resonant frequency of the main resonance. Dissipation is
simply the inverse of the more familiar quality factor or Q of
the circuit. It is treated in more detail by Rodahl et al. [10].
Relations connecting the parameters are as follows:

G1 = 1
R1

,

f10 = 1
2π
√

(L1)(CS1)
,

D1 = R1
2π f10L1

.

(3)

These connect the parameters describing the main resonance
branch. There are a set of equivalent connecting equations
for the spurious resonance branch. In order to fit the
experimental spectra to (2), it is necessary to provide
some “guess” values for these parameters. The experimental
spectra are a record of the conductance and the susceptance
over a range of frequencies. It is possible to obtain spectra
with the number of frequencies in the range of 50, 100, 200,
or 400 or more. We typically used the spectra consisting of
400 frequency values. We generated a subroutine with which
we obtained starting guess values from the experimental
spectra. The guess value of Gmax is obtained by recording
the maximum value of G over a resonance. The frequency
at which this occurs is taken as the guess value for the
resonant frequency f0. To obtain a guess value for the
dissipation is slightly more complex. We find the maximum
value of the susceptance in the resonance region and take
its frequency fBmax. We calculate the frequency difference
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Figure 9: The calculated fit using only the main resonance (blue)
with the experimental data shown in red circles.

Δ f = ( f0 − fBmax). Twice this value is taken as the full
width at half maximum for the resonance. The guess value
for the dissipation D is then taken to be (2Δ f / f 0). To fit
a single main resonance (without spur), 5 guess values are
required; CP ,GP ,G1max, f10, and D1. For fitting to a main
resonance with a spur, three additional guess values are
required: G2max, f20, and D2.

While there are many other possible ways to do the
fitting,we chose to use the method called “genfit” in the
Mathcad program. It is described in their literature as a least-
squares nonlinear regression. For those more familiar with
these methods, they also describe it as using a Levenberg-
Marquardt approach to the minimization.

In beginning this experiment, we were not certain
that the spur resonance could be included in the fit to
a resonance. It was possible, for example, that the three-
element equivalent circuit for the spur was too simplistic,
or it was possible that the fitting procedure would not
permit the inclusion of the large number of variables. We
examined this possibility by an initial demonstration. For
this demonstration, we have taken one case of the data for
the seventh harmonic and compare the results of the fitting
with and without spur inclusion.

In Figure 9, the main resonance of the conductance at
the seventh harmonic is shown. The fits are made to the
conductance data. When the spur effect is neglected, a careful
look at the spectrum indicates that the experimental curve
does not have the symmetrical shape expected for a single
resonance. Even a possible shift in the position of the peak is
suggested. We believe this to be the result of the overlap of the
spurious resonance with the main resonance. We include the
first spur of the seventh harmonic and obtain the following
results.

Again, the fits were made using only the conductance
data with the guess values being derived from the conduc-
tance spectrum as described earlier. The fit to the susceptance
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Figure 10: The seventh harmonic data are shown including the
first spur. The experimental G and B values are shown by the red
circles and the blue triangles, respectively. The calculated fits using
the equivalent circuit of Figure 8 are shown by the solid red line and
dashed blue line.

Table 1: Values of circuit parameters without correcting for spur
(black) and with correcting for the spur (red).

N Fmain Gmain Dmain

MHz mS 10−6

1 4.993348 2.45958 353.316

4.993348 2.46127 352.953

3 14.970878 1.33199 188.701

14.970874 1.33314 187.991

5 24.949092 0.844077 155.258

24.949080 0.839339 153.141

7 34.936778 0.573590 145.474

34.926700 0.549358 136.959

data is also extremely good. The quality of the fits provided
confidence in the fitting procedure. By including the effects
of the spur resonance, we feel that we can be more assured
of the accuracy of the elements representing the main
resonance. The accuracy of the representation for the main
resonance is important since the changes due to the load
are calculated from the one-dimensional electromechanical
model which represents the single main resonance.

4. Results of the Fitting

This same procedure was used to fit the 1st, 3rd, and
5th harmonics as well. To show the changes incurred by
including the spur, we have listed in Table 1 the values of the
characteristics of the main resonance determined without the
spur correction (black) and with the spur correction (red).

The differences do not appear to be large. However, we
must remember that the changes induced by the additional

Table 2: Values of the BVD circuit at the various harmonics are
given.

N R L CS

Ω H f F

1 406.57 0.03668 27.70

406.29 0.03369 27.69

3 750.76 0.04230 2.672

750.11 0.04242 2.664

5 1184.7 0.04867 0.8359

1191.4 0.04963 0.8200

7 1743.4 0.05461 0.3802

1820.3 0.06056 0.3429

Table 3: Values calculated from the one-dimensional theory.

N Res. Freq. Induct. CS

Hz H f F

1 4999210 0.03886 26.0833

3 15040717 0.03897 2.8736

5 25073036 0.03897 1.0338

7 35106021 0.03898 0.52733

9 45137744 0.03898 0.31898

11 55169313 0.03898 0.21352

13 65200803 0.03898 0.11259

Table 4: Values of Cp and Gp fitted to the data for the harmonics.

N Cp (pf) Gp (μS) Rp (KΩ)

1 16.134 4.0271 248.32

3 15.884 10.784 92.73

5 15.909 22.985 43.507

7 16.006 45.050 22.198

mass of the film and liquid are very small. So it is necessary
to obtain a relatively high accuracy for these values. Using (3)
it is possible to obtain direct relations between the values of
f0,Gmax, and D with L,CS, and R. These results are shown
in Table 2 in the more familiar values of the BVD circuit
elements.

An unexpected feature of these results is that the
inductance appears to change with the harmonic. While not
a major point of study here, we include the values calculated
from the one-dimensional theory for comparison. The
inductance was found to be almost constant, independent of
harmonic. The calculated values are shown in Table 3.

We extended the values to the 13th harmonic to ensure
the constancy of the inductance with harmonic number. The
calculated changes are very small, which made the results
of the measurements somewhat surprising. This is perhaps
worthy of further study, but was not pursued here.

While we have not dwelled on the corrections for the
parallel capacitance and the parallel conductance, these were
also used in the fitting algorithm. For interest, these values
are shown in Table 4.
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Figure 11: Fitting the conductance of the 7th harmonic containing
two spurs.

As can be seen, the values for CP are almost constant
indicating again the invariance of the dielectric parameters
with frequency. The conductance values are included only
to indicate that the horizontal shift in the admittance
circle can be accounted for. Because resistance is a more
familiar variable than conductance, we have converted the
conductance to resistance, shown in the last column. Except
to remark on the monotonic behavior, we make no further
comment on this variable.

The successes obtained in fitting the main resonance,
spurs and parallel admittances were very satisfying. In the
case of the 7th harmonic, a second spur was seen above the
first spur. We extended the treatment discussed above to have
an additional three elements branch to describe a second
spur and attempted a fit to see whether the fitting routine was
robust enough to include additional variables. The results are
shown in Figure 11.

The agreements fitting to only the main resonance (blue),
to the main and first spur (green) and to the main and both
spurs (red) are very satisfying.

5. Conclusion

One major method for determining the physical parameters
of loads placed on the quartz crystal microbalance is the
admittance (or impedance) method. The recorded values
caused by changes in the electrical measurements of the
admittance spectrum are fit to a model. A major perturba-
tion that can distort the measured electrical spectrum is the
presence of spurious resonances. In addition, perturbations
arising from the connection of the crystal transducer to the
measurement apparatus can also distort the spectrum. We
have shown a method by which these three effects can be
quantitatively accounted for, increasing the confidence in the
accuracy of the fit.
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1. Introduction

Biosensors are analytical devices that combine a biologically
sensitive element with a physical transducer to selectively
and quantitatively discern specific compounds in a given
biological environment [1]. Biosensors play a crucial role in
safeguarding public health and protecting the environment.
Due to the ever-increasing concerns over public health
and environmental safety, improving the performance of
biosensors becomes not just a technological issue but rather
issues of life and death and quality of life. High performance
biosensors are required to detect, specifically and sensitively,
biological species that can cause harm to humans at a
concentration range well below the harmful threshold level.
Ideally, such biosensors should be built upon a wireless
platform with which detections can be made through remote
and wireless operations.

Surface acoustic wave (SAW) based biosensors have the
potential to meet these requirements because their excitation
and data communication can be achieved via a wireless
means [2]. SAW-based sensors are microelectromechanical
systems in which high frequency acoustic waves travel close
to the surface of a piezoelectric substrate. Because of the

confinement of the acoustic energy near the surface within
the range of one acoustic wavelength, SAW devices are
highly sensitive for discerning any surface perturbation
such as molecular absorption or adsorption and change of
viscoelastic properties.

To use a SAW device as a sensor, very often a two-
port delay-line configuration is used. In such a two-port
delay-line SAW sensor, two sets of interdigitated transducers
(IDTs) placed atop of a piezoelectric substrate are necessary
for generating and receiving acoustic waves. The first set of
IDTs is called the transmitter and the second set the receiver.
The transmitter converts an alternating electrical signal into
an acoustic wave which travels along the surface of the
piezoelectric substrate, and the receiver converts the acoustic
wave back to an electrical signal for detection and analysis.
The area between the generator and receiver is often coated
with a chemically sensitive surface for molecular absorption
or adsorption. SAW sensors can be used to detect molecular
absorption and adsorption events or changes in the viscoelas-
tic properties of the sensitive surface by measuring the wave
characteristics such as frequency shift and insertion loss.

SAW devices have been widely used as sensors for
gaseous, chemical, and biological species detection [3–10].



2 Journal of Sensors

Active area

Piezoelectric substrate

Receiving IDTTransmitting IDT

Source

Load

(a)

Active area

Piezoelectric substrate

Receiving IDTTransmitting IDT

Source

Load

Waveguide layer

(b)

Figure 1: Schematic representations of a two-port delay-line SAW
sensor (a) and a Love-mode SAW sensor (b).

The underlying principles for their operations and applica-
tions have been widely discussed and these discussions can be
found in several books [2, 11–13]. Recently, the applications
of SAW devices as biosensors were summarized by Länge
et al. [14] and their applications as gas and vapor sensors
were summarized by Ippolito et al. [15]. In light of this, the
focus of this review will be on the use of nanostructures
to enhance the detection performances of SAW sensors.
We will begin by briefly laying out the basic operating
principles of a SAW device and a Love-mode SAW sensor to
present the need for surface enhancement in a Love-mode
SAW sensor. We will then summarize some recent efforts
in incorporating nanostructures into SAW biosensors. After
that, we will discuss a computational approach to elucidate
the underlying mechanism of Love-mode SAW biosensors
incorporated with nanostructures. Finally, we will present
a modeling example of a Love-mode SAW sensor incorpo-
rated with skyscraper nanopillars along with some selective
results.

2. The Need for Enhancing the Active Area of
a Love-Mode SAW Sensor

Acoustic waves are mechanical waves generated by the
displacements of atoms in a solid piezoelectric material such
as quartz, lithium niobate and lithium tantalite. When an
alternating mechanical strain is applied to a piezoelectric
substrate, the atoms of the piezoelectric material will be dis-
placed from their original locations against the elastic forces
that tend to restore them. This action results in a mechanical
wave propagating close to the surface of the material
[16].

In a common two-port delay-line configuration, a SAW
sensor consists of two transducers placed on the surface
of the piezoelectric substrate as illustrated in Figure 1(a).
The left transducer (the transmitter) is for generating a
mechanical wave and the right transducer (the receiver) is
for picking up the wave. The transmitter is used to convert
an alternating electrical excitation into acoustic wave in the

solid piezoelectric material. The generated acoustic wave
travels along the surface of the piezoelectric material where
the biological detection occurs. By a reverse process, the
receiver converts the acoustic wave back to electrical signals.
In such a two-port delay-line biosensor the dimensions of
the IDTs determine the wavelength of the acoustic wave:
λ = 2(Wel + Wsp) where Wel is the width of each individual
electrode in the IDEs and Wsp the spacing between two
adjacent individual electrodes. The frequency of operation
is governed by f0 = v0/λ, where λ is the wavelength of the
acoustic wave and v0 is the travel velocity of the acoustic wave
in the piezoelectric material [2, 11–13].

In order to achieve high sensitivity in SAW sensors,
it is essential to confine a maximum amount of acoustic
energy near the surface of the substrate and minimize wave
scattering into the bulk of the substrate. To achieve this,
Love-mode acoustic wave devices have been developed based
on the physical effect discovered by Love [17]. In Love-
mode SAW devices, a waveguide layer (see Figure 1(b)) made
of a dielectric material is used to confine acoustic energy
close to the surface of the devices. For high waveguide
efficiency the coated material should have a wave velocity less
than that of the base piezoelectric substrate material [13].
Dielectric materials such as silicon dioxide, parylene, poly-
methylmethacrylate, photoresists, novolac resin are good
waveguide materials.

Aside from trapping a maximal amount of acoustic
energy close to the active surface of a SAW sensor, increasing
the area of the active surface can lead to an increased amount
of molecular absorption or adsorption. To provide a large
detection range and high detection sensitivity, it would be
ideal to have a sufficiently large surface area for the active
region such that a larger amount of molecular absorption
or adsorption at the active region can be achieved. Based
on a brief survey of the state of SAW sensor development
and application, we proposed some strategies for enhancing
the performances of SAW sensors by taking advantage of
nanotechnology, especially adding nanostructures to the
active area of SAW sensors in 2006 [18] based on the
belief that nanostructures would increase the specific surface
area due to their high surface to volume ratio. Indeed,
nanostructures such as nanoparticles, nanotubes, nanofibers,
nanorods, and nanopillars have been successfully employed
for this purpose in the past several years.

3. Efforts in Applying Nanostructures to
the Active Area of SAW Sensors

The nanostructures added to the active surface of SAW
sensors can be categorized mainly into four groups: (1)
dispersed nanoparticles and nanoparticle conjugates, (2)
random nanofibers, nanobelts, and nanotubes, (3) standing
nanostructures, and (4) porous nanostructures. In the
following sections, we will discuss these efforts according to
these categories.

3.1. Nanoparticles and Nanoparticle Conjugates. Levit et al.
[19] used a SAW sensor to detect toluene vapors after
coating the sensor with fluoroalkyl acrylate (FAA) polymeric
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Table 1: Material constants for a XY-lithium-niobate piezoelectric
substrate.

XY lithium niobate

C11 20.3× 1010 N ·m−2

C12 5.3× 1010 N ·m−2

C13 7.5× 1010 N ·m−2

C14 0.9× 1010 N ·m−2

C33 24.5× 1010 N ·m−2

C44 6.0× 1010 N ·m−2

e15 3.7 C ·m−2

e22 2.5 C ·m−2

e31 0.2 C ·m−2

e33 1.3 C ·m−2

ε11 44

ε33 29

ρ 4600 kg ·m−3

nanoparticles (∼100 nm diameter). The obtained sensitivity
results were compared with those obtained with SAW sensors
coated with the same polymer without nanoparticles. They
found that a single layer coating consisting of packed
polymer nanoparticles provided a surface area approximately
three times greater than that of a film without nanoparticles.
When exposed to toluene at a concentration of 3100 ppm,
the SAW sensors coated with FAA containing nanoparticles
exhibited three times greater frequency shift than SAW
sensors coated with FAA without nanoparticles. Chiu and
Gwo [20] showed a linear dependence of frequency shift
upon surface mass density of colloidal Au nanoparticles (∼
10 nm diameter) using a dual delay-line Rayleigh SAW sensor
(built on a LiNbO3 128◦ YX substrate) in a dry environment.
The linear relationships reveal that the higher the mass
density of Au nanoparticles the higher the frequency shift is.
Moreover, they also performed detection of oligonucleotides
by conjugating the oligonucleotides with Au nanoparticles in
reference with a control device having just Au nanoparticles
using a Love-mode SAW device (built on a LiTaO3 36◦

YX substrate) in an aqueous environment. They showed
that frequency shift depends on the concentration of Au
nanoparticles used to bind the oligonucleotides. Based on
their results, they estimated an “atto gram mass standard” for
the sensitivity of their nanoparticles enhanced SAW sensors.
In another study, the same group applied a similar approach
using Rayleigh SAW devices built on AlN substrates [21] to
detect oligonucleotides conjugated with Au nanoparticles.
They showed a clear change in insertion loss as well as
in resonant frequency as the experimental procedure pro-
gresses from surface functionalization, noncomplimentary
reactions, to after hybridization. Au colloidal nanoparticles
have also been mixed with sol gel containing titania and
spin-coated onto the active surface of SAW sensors fabricated
on LiNbO3 64◦ YX substrates [22] for hydrogen gas detec-
tion. Higher-frequency shifts were observed at 1% H2 in a
temperature range from 150 to 300◦C for the SAW sensors
coated with titania containing Au nanoparticles than their
counterparts coated with only titania.

3.2. Random Nanofibers, Nanobelts, and Nanotubes. Of the
techniques using random nanofibers to enhance the active
surface of SAW sensors, conductive polymers such as
polyaniline and polypyrrole are popular choices for the mate-
rials because they can be polymerized by an electrochemical
means. Wu et al. [23] coated a layer of polyaniline nanofibers
as the selective layer for relative humidity detection using
a dual delay-line SAW system built on a LiNbO3 128◦ YX
substrate. The use of polyaniline nanofibers renders the
SAW sensor responsive to humidity change in a close-to-
linear relationship. Sadek et al. [24] used a polyaniline/In2O3

nanofiber composite to improve the sensing performance
of SAW sensors for H2, NO2, and CO detection. Good
repeatability was obtained for H2 and CO gases. For NO2,
the repeatability was not as good due possibly to the
poisoning of the sensitive composite by the NO2 gas at high
concentrations. In a recent study, Sadek et al. [25] used a
polyaniline/WO3 nanofiber composite-based SAW devices
built on a LiNbO3 64◦ YX substrate with a ZnO waveguide
layer for hydrogen gas detection at room temperature. The
developed sensors showed good repeatability and a close-
to-linear relationship (especially at high H2 concentrations)
between hydrogen concentration and frequency shift. In a
similar approach, Atashbar et al. [26] applied polyaniline
nanofibers on top of an AlN waveguide layer of a SAW
sensor fabricated on a LiNbO3 64◦ YX substrate for hydrogen
detection at room temperature.

Polypyrrole is another conducting polymer often used.
IL-Mashat et al. [27] developed a SAW gas sensor with
polypyrrole nanofibers as the active sensing layer. They
demonstrated sensitive responses of the sensors to H2 and
NO2. Aside from these conducting polymer nanifibers, ZnO
nanobelts have also been used as the active layer in a SAW
sensor [28]. In this study, Sadek et al. deposited a layer of
ZnO nanobelts on the active surface of a SAW sensor and
demonstrated sensitive responses of the sensor to gases at a
high temperature: H2 at 185◦C and NO2 at 160◦C. Interesting
enough, the dose-response calibration curve for H2 exhibited
almost a linear relationship while the curve for NO2 was
nonlinear.

Of all the nanofiber cases discussed earlier, the main
purpose for using these nanostructures, including polyani-
line nanofibers, polyaniline/oxide composites, polypyrrole
nanofibers, and ZnO nanobelts, is to make the SAW sensors
responsive to their intended targets such as humidity or
various gases. However, the benefit of using these nanofibers
or nanobelts is clearly visible from one common feature of
these SAW sensors: they all showed rapid responses to their
intended targets owing possibly to the high specific areas of
these nanostructures. One critical issue associated with mul-
titarget sensors, though, is their specificity: It is imperative
that they be able to differentiate various different targets.

Penza et al. explored the coating of a layer of single-
walled carbon nanotubes (SWCNTs) and multiwalled car-
bon nanotubes (MWCNTs) onto commercially available
433.92 MHz two-port SAW resonators for vapor detection
[29–31]. In general, SWCNT produced more shift in wave
frequency than did MWCNT. For SAW sensors coated with
SWCNT, large frequency shifts for low concentrations of
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Figure 2: An illustration for the increase in surface area due
to the cylindrical walls of the nanopillars (a), and a schematic
representation of a two-port delay-line Love-mode SAW sensor
with standing nanopillars added to the active area.

ethanol (720 KHz for 86 ppm) and ethylacetate (655 KHz
for 178 ppm) were noted, and for sensors coated with
MWCNT frequency shifts of 150 KHz, 160 KHz, 110 KHz for
86 ppm ethanol, 178 ppm ethylacetate and 93 ppm toluene
in nitrogen, respectively, were observed. Recently, Penza et
al. [32] applied a thin layer of SWCNT to the active area of
a Love-mode SAW sensor built on LiTaO3 36◦ YX substrate
with a ZnO waveguide layer for various gases detection.
They showed good linear relationship between the gas
concentration and SAW phase change for the SAW sensors in
response to NO2, NH3, and H2 with detection sensitivity of
3.3×10−2, 4.7×10−2, and 1.8×10−2 o/ppm respectively. One
unique aspect of this work is that the authors also measured
the change in electrical conductance of the SWCNT layer in
response to gas exposure and matched the changes in electri-
cal conductance and in SAW frequency shift nicely together
in time. Such a correlated approach to multiple species
detection may provide a unique capability to differentiate
among various target species, a much-needed feature for a
sensor that is responsive to multiple molecular species.

3.3. Standing Nanostructures. In addition to these random
nanofibers, nanobelts, and nanotubes, vertical standing
nanostructures such as nanowires, nanorods, and nanopil-
lars have also been incorporated into the active surface of
SAW sensors. For example, Arsat et al. [33] incorporated
standing polyaniline nanowires on top of a LiTaO3 SAW
device for hydrogen detection. By varying the thickness
of the polyaniline naniwire film they found that a thicker
film led to a faster detection response. Sadek et al. [34]
deposited standing ZnO nanorods onto the active surface

of a SAW sensor fabricated on a LiNbO3 64◦ YX substrate
using a RF sputtering technique and used the SAW sensor
for hydrogen detection. They demonstrated an optimum
operating temperature range for the SAW sensor from 260 to
270◦C with fairly good detection repeatability. Lately, more
efforts were made to add ZnO nanorods to the active surface
of SAW sensors. Wang et al. [35] fabricated a two-port SAW
sensor incorporated with ZnO nanorods for UV detection.
Huang et al. [36] from the same group pushed their effort
one step further by adding Pt coated ZnO nanorods to a
SAW sensor and used it for hydrogen detection.

Again as in those nanofiber and nanotube cases, the
standing nanorods incorporated into the SAW sensors were
mainly for rendering the SAW sensors responsive to their
intended targets rather than for enhancing the sensing
performances of the SAW sensors. A recent report shed
some new light on this regard. Water and Chen [37] used
a hydrothermal technique to add standing ZnO nanorods
onto the active area of a Love-mode SAW sensor fabricated
on a ST-cut Quartz substrate with an RF-sputtered ZnO
waveguide layer. They reported an interesting finding that the
detection sensitivity increases as the height of the nanorods
increases when the ratio of nanorod height to wavelength
is less or equal to 0.014; beyond this ratio the sensitivity
decreases as the nanorod height increases until reaching zero
when the ratio reaches 0.027.

3.4. Porous Nanostructures. Sato et al. [38] reported the
use of a SAW device coated with nanoporous anodized
alumina as a humidity sensor. They found that a SAW
device coated with a 1.0 μm thick nanoporous alumina film
yielded a much higher sensitivity when compared with a
polymide film coated SAW device. The transient response of
the SAW device with nanoporous film was one order faster
than that of the polymide-coated SAW device. Hohkawa
et al. [39] observed that SAW sensors incorporated with
porous anodized alumina coated with platinum or cobalt
were sensitive to ammonia. Varghese et al. [40] reported
the detection of ammonia using nanoporous alumina with
pore size of approximately 43 nm using a SAW sensor at
room temperature. At a resonant frequency of 98.5 MHz a
linear relationship was established between ammonia con-
centration and frequency shift. Moreover, these nanoporous
alumina enhanced SAW sensors were capable of measuring
both low and high concentrations of ammonia. This is a
remarkable improvement when compared with ammonia
SAW sensors based on L-glutamic acid hydrochloride [41]
where the sensors saturated quickly.

Siegal et al. [42, 43] used nanoporous carbon (NPC)
film coated SAW sensors to detect a range of gases such
as carbon tetrachloride, benzene, and trichloroethylene
and achieved sensitivity values of 1070, 698, and 662 ppm,
respectively. These sensitivity values are significantly higher
when compared with the responses of dendrimer polymer
coated SAW devices. In the studies, they also compared the
response of siloxane coated SAW devices against NPC film
coated SAW devices in detecting toluene, methanol and
acetone. The NPC coated SAW devices showed much higher
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Table 2: Material constants for gold and PMMA.

Gold PMMA

E 79 GPa 3 GPa

ν 0.42 0.40

ρ 19300 kg ·m−3 1100 kg ·m−3

responses than their counterparts. The extrapolation of their
reported data suggests that with NPC films of appropriate
density (<1.0 g · cm−3), acetone concentration of less than
1 ppb could be achieved.

4. A Computation Approach to Elucidating
the Effect of Adding Skyscraper Nanopillars

Most of the nanostructures used in the approaches discussed
earlier are generally coated or deposited onto the active
surface. Because of the limited size of the active area,
these approaches have their limitation in terms of how
much the active surface area can be enhanced. As discussed
previously [18], we believe that the use of vertically standing
nanostructures holds great promise to providing a highly
enhanced active surface area. This is because by building
up in a “skyscraper” metaphor a much larger surface area
increase can be achieved within a limited footprint area.
As illustrated in Figure 2(a), in which a hexagonal array
of vertically aligned nanopillars is constructed on a planar
substrate, for a case with r = 150 nm, h = 6μm and
p = 75% for the nanopillars (note, p ≤ 91%), a surface
area increase (S/S0, where S is the enhanced area and S0 is
the footprint area) of 61-fold is achieved. Therefore, adding
3D skyscraper nanopillars onto the active surface of a SAW
sensor (see Figure 2(b)) will offer a significant increase in its
overall active surface area. However, adding nanostructures
to the active surface of a SAW sensor will change the
surface morphology, which in turn would add scattering
loss and affect profoundly the behavior of wave propagation.
To elucidate this impact it is imperative that the effect of
adding standing nanostructures on the wave propagation
and detection sensitivity be investigated analytically.

Over the years, various analytical methods have been
used to study the underlying mechanism for SAW propaga-
tion. Among these methods, the delta function model [44],
equivalent network model [45], Green’s function model [46,
47], and coupling-of-mode method [48] are most notable.
For instance, the Green’s function method was applied to
determine material parameters such as elastic constants
and density in a nanoscale TiN thin film [49]. Generally,
these methods are able to address certain design issues
associated with SAW devices, but they cannot predict the
full-scale behavior of these SAW devices. In these models, the
second-order effects such as backscattering, diffraction and
mechanical loading have either been ignored or simplified,
thus making it highly difficult to predict the behavior of
the SAW devices for high-frequency applications where the
second-order effects are significant.

Finite-element analysis (FEA) has been proven advanta-
geous for both component level and systems level analyses
of SAW devices. The frequency response characterization of
SAW filters [50, 51], the electrical parameter characterization
of SAW devices [52, 53], and the simulation of a SAW
hydrogen sensor [54] have all been analyzed using FEA. We
thus believe that FEA is well suited for investigating the
effect of changing morphology of the sensitive surface on the
propagation of SAW and the detection performance of a SAW
sensor.

5. The Underlying Governing Equations
for SAW Operation

The propagation of acoustic waves in a piezoelectric material
is governed by the following coupled electromechanical
constitutive equations:

T = CE•S− et•E,

d = e•S + ε•E,
(1)

where T is the stress tensor, CE the stiffness matrix, S
the strain tensor, e the piezoelectric coupling tensor, E
the electric field vector, d the electrical displacement, ε
the dielectric matrix, and the superscript t represents the
transpose of a matrix. These constitutive equations can be
related to the applied electrical potential and the induced
mechanical displacements by applying Newton’s law for
mechanical movements and Gauss’s law for electrostatic
movements. According to Newton’s second law of motion,
the stress can be expressed as ∇•T = ρü − F, where ρ
is the density of the substrate material, ü is the particle
acceleration, and F is the mechanical force. Since there is
no internal or external force acting on the substrate, this
equation reduces to ∇•T = ρü. Based on Gauss’s law, the
electrical displacement can be expressed as ∇•d = 0 when
the electrical charge density is zero. Moreover, in a linear
material, the electrical displacement is directly proportional
to the electric field d = εE. This equation can be further
written as d = −ε∇ϕ after applying E = −∇ϕ, where
ϕ is the electric potential. Moreover, the linear strain-
displacement relationship can be written as S = (∇u +
∇ũ)/2 = ∇su.

With these relationships, the constitutive equation (1)
can be expressed in terms of the applied potential (ϕ) and the
induced mechanical displacement and acceleration (u and ü)
along with the material properties (CE, et, and ε) as

∇•[et•∇ϕ] +∇•[CE•∇su]− ρü = 0

∇•[et•∇su
] = ∇•[ε•(∇ϕ)] (2)

For an anisotropic piezoelectric material like the XY-lithium-
niobate substrate, the stiffness matrix (CE), the piezoelectric
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Figure 3: A computer model of a two-port delay-line SAW sensor
with the active area incorporated with 12 evenly spaced standing
nanopillars.

coupling matrix (e), and the dielectric matrix (ε) can be
expressed as

CE =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

C11 C12 C13 C14 0 0

C12 C11 C13 −C14 0 0

C13 C13 C33 0 0 0

C14 −C14 0 C44 0 0

0 0 0 0 C44 C14

0 0 0 0 C14
(C11 − C12)

2

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
,

e =

⎛⎜⎜⎝
0 0 0 0 e15 −e22

−e22 e22 0 e15 0 0

e31 e31 e33 0 0 0

⎞⎟⎟⎠,

ε =

⎛⎜⎜⎝
ε11 0 0

0 ε22 0

0 0 ε33

⎞⎟⎟⎠.

(3)

For an isotropic material such as gold and polymethyl-
methacrylate (PMMA), the stiffness matrix can be calculated
from its Young’s modulus E and Poisson ratio ν as

CE = E

(1 + ν)(1− 2ν)

×

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1− ν ν ν 0 0 0

ν 1− ν ν 0 0 0

ν ν 1− ν 0 0 0

0 0 0
(1− 2ν)

2
0 0

0 0 0 0
(1− 2ν)

2
0

0 0 0 0 0
(1− 2ν)

2

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
.

(4)

The piezoelectric coupling matrix of an isotropic material is
zero and its dielectric matrix has a common constant value
for the three elements along the principal diagonal line: ε11 =
ε22 = ε33 = ε, ε = 2.6 for PMMA and ε = 6.9 for gold.

6. A Modeling Example and
Some Selected Results

Recently, we developed a finite element based computational
method to investigate the SAW propagation behavior in
nanostructure enhanced SAW biosensors [55, 56]. A brief
summary of the technical details of the modeling consider-
ation is discussed here. A two-port delay-line SAW sensor
having a flat sensitive surface with 12 nanopillars incorpo-
rated onto it is illustrated in Figure 3. Due to symmetry,
only a half-structure model needs to be considered. For the
SAW device, two sets of IDTs are placed 40 μm apart: the
one on the left is for generating the SAW and the one on
the right is for receiving the SAW. Each of the two IDTs
has four electrode fingers arranged in two alternating pairs,
with the width and the spacing of the electrodes both set at
10 μm. The SAW sensor has a flat gold film with dimensions
of 20μm × 20μm × 1μm placed in between the two IDTs.
To enhance the sensing performance using nanostructures,
square gold nanopillars having a width of 100 nm and a
height varying from 100 nm up to 1 μm are added to the flat
gold film. For examining the detection performance of these
SAW sensors, a thin film (100 nm) of PMMA is placed on top
of the sensitive surface to simulate molecular adsorption.

For SAW generation, an impulse electrical signal (5) is
applied to the electrode fingers of the generator IDTs. The
generated wave travels to the right along the Y direction (note
that the wave will actually travel in both directions and the
left-traveling wave will be reflected back to the right after it
reaches the left edge). After being interrogated by the PMMA
film adsorbed on the sensitive surface, the acoustic wave is
converted back to an electrical signal at the receiver IDTs.
In the models, the following electrical boundary conditions
are applied: zero charge/symmetry is applied to the top
boundary surrounding the IDTs and to the symmetric plane,
and ground condition is applied to all other boundaries.
The impulse potential to the electrodes is applied in an
alternating manner (i.e., Vi+ at the first and third electrodes,
and Vi− at the second and fourth electrodes):

Vi+ =
⎧⎨⎩+0.5V , t ≤ 1ns,

0V , t ≥ 1ns,
Vi− =

⎧⎨⎩−0.5V , t ≤ 1ns,

0V , t ≥ 1ns.
(5)

The output voltage at the receiver IDTs is obtained in a
similar alternating manner by measuring the differential
potential between the first-third pair and the second-fourth
pair of electrodes.

COMSOL Multiphysics (Burlington, MA) is used to find
numerical solutions to the problem defined by the governing
equation (2). The material constants listed in Tables 1 and
2 [50, 51] are used in the numerical analyses. In each case,
signal attenuation due to PMMA adsorption at the sensitive
surface is examined by quantifying the insertion loss (IL)
characteristics using the following formula:

IL = −20× log10

∣∣∣∣∣Voutput

Vinput

∣∣∣∣∣ (6)
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Figure 4: Snapshots of wave propagation from the SAW model
captured at 10 ns (a) and at 20 ns (b) after the application of an
impulse excitation.

Figure 4 shows two snap-shot images of wave prop-
agation in the SAW sensor captured at 10 ns and 20 ns,
respectively, after the impulse potential is applied. These
images reveal that the generated wave has traveled a distance
of approximately 39 μm away from the leading edge of the
generator IDT in 10 ns, and after 20 ns the wave reached the
other side of the substrate. Based on the travel distance, the
velocity of the acoustic wave is estimated to be 3900 m/s,
which is close to the reported value (ranging from 3700 to
3750 m/s) for an acoustic wave traveling in a XY-lithium-
niobate piezoelectric material [57]. Figure 5(a) shows the
obtained IL spectra for a flat control case (i.e., a SAW
sensor with a flat gold sensitive surface) before and after the
adsorption of a 100 nm thick PMMA film, and Figures 5(b)
and 5(c) show the IL spectra for the SAW sensors with 9 and
12 nanopillars, respectively, before and after the adsorption
of a PMMA film of the same thickness. From these IL spectra,
the resonant frequency for the flat control case is calculated
to be 98.5 MHz. Based on the design, this SAW sensor is
expected to have a resonant frequency of f = 97.5 MHz
which is reasonably close to the observed value. The slight
difference observed here can be attributed to the interference

In
se

rt
io

n
 lo

ss
 (

dB
)

8060

Frequency (MHz)

Before PMMA
After PMMA

100 120 140

9896

22.4

22.2

22

21.8

Frequency (MHz)
100 102

50

45 

40 

35 

30 

25

20

In
se

rt
io

n
 lo

ss
 (

dB
)

(a)

In
se

rt
io

n
 lo

ss
 (

dB
)

8060

Frequency (MHz)

Before PMMA
After PMMA

100 120 140

989694

22.8

22.6

22.4

22.2

23

22

Frequency (MHz)
100 102

50

45 

40 

35 

30 

25

20

In
se

rt
io

n
 lo

ss
 (

dB
)

(b)

In
se

rt
io

n
 lo

ss
 (

dB
)

8060

Frequency (MHz)

Before PMMA
After PMMA

100 120 140

989694
22.8

22.6

22.4

22.2

22

Frequency (MHz)
100 102

50

45 

40 

35 

30 

25

20

In
se

rt
io

n
 lo

ss
 (

dB
)

(c)

Figure 5: Insertion loss spectra for the flat control case (a), a
nanocase with 9 nanopillars (b), and a nanocase with 12 nanopillars
(c) with each insert showing a zoom-in view of the peak frequency.
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Figure 6: Insertion loss spectra for a SAW sensor with 9 nanopillars having a height of 100 nm (a), 150 nm (b), and 250 nm (c) before and
after the adsorption of a 100 nm thick PMMA film with each insert showing a zoom-in view of the peak frequency. (d) Variation of the
differential IL with the height of nanopillars.

of the reflected wave and the fact that only four individual
electrodes are considered for the IDTs in the model whereas
the theoretical value is predicted based on a much larger
number of individual electrodes.

Higher IL is observed from simulation for a sensor with
nanopillars than one without nanopillars. For instance, the
peak IL f for the SAW sensor with a flat sensitive surface
is 21.802 dB, but the peak IL for the SAW sensors with
9 nanopillars and 12 nanopillars is 22.103 dB and 22.123 dB,
respectively, before the adsorption of the PMMA film. After
the adsorption of the PMMA film, the peak IL increases
to 21.820 dB (flat), 22.206 dB (9-nanopillar), 22.421 dB (12-
nanopillar) for the respective SAW sensors. By taking the
ratio of the differential IL measurement to the actual mass
of the adsorbed PMMA, the detection sensitivity of a SAW
sensor is quantified. The actual mass of the adsorbed PMMA
is calculated by multiplying the volume of the adsorbed

PMMA in each case by the density ρ=1000 kg·m−3 of PMMA
material. The detection sensitivity for the flat control case is
calculated as 0.345 dB/ng while the detection sensitivity for
the SAW sensors with 9 and 12 nanopillars are 1.94 dB/ng
(5.62 times higher than the flat control case) and 5.85 dB/ng
(16.96 times higher than the flat control case), respectively.
Thus, the addition of vertically standing nanopillars to the
flat sensitive surface is responsible for the increase in the
total surface area for molecular adsorption, thus leading to
increased detection sensitivity.

Figures 6(a)–6(c) show the IL spectra for a SAW sensor
with 9 nanopillars having different pillar heights before
and after the adsorption of the 100 nm thick PMMA film.
The obtained peak IL measures 22.125 dB, 22.128 dB and
22.105 dB, respectively, when the nanopillars are 100 nm,
150 nm and 250 nm tall before the adsorption of the PMMA
film. After the adsorption of the PMMA film, the peak
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IL values increases to 22.200 dB, 22.243 dB, and 22.211 dB,
respectively. Figure 6(d) shows the variation of the differen-
tial peak IL (due to the adsorption of the PMMA film) with
the nanopillar height. With nanopillar heights being 100 nm,
150 nm, 250 nm, and 1 μm, a differential peak IL of 0.075 dB,
0.115 dB, 0.106 dB, and 0.103 dB is measured, respectively.
The differential peak IL increases significantly when the
height of nanopillars increases from zero to 150 nm, and
beyond this height the differential peak IL decreases slightly
as the height of nanopillars increases. This fact suggests that it
may not be beneficial to have nanopillars taller than 150 nm.
Moreover, this result is consistent with the observation made
by Water and Chen [37] from their experimental work.

7. Summary

Love-mode SAW biosensors hold great promise to deliver
high sensitivity and wireless and remote operational capabil-
ities that are ideal for many biological applications. Although
many parameters such as waveguide thickness, substrate
material, and waveguide material have been explored in
efforts to improve the performance of SAW-based biosen-
sors, there is a technological disjunction that hinders the
application of SAW sensors for highly demanding biolog-
ical detection needs. To address this issue, one solution
is to incorporate vertically aligned, optimally spaced and
mechanically robust nanostuctures into the active area of
the SAW biosensors. Based on a computational modeling
analysis, it is clear that adding standing nanopillars to the
sensitive surface does provide the desired benefits: it provides
increased surface area for increased molecular adsorption,
thus leading to increased attenuation per unit thickness of
molecular adsorption. In general, increasing the number
and the height of nanopillars will increase the detection
sensitivity of the SAW sensors, but such an increase due to
nanopillar height will reach a limit.
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1. Introduction

A semiconductor gas sensor (called device hereafter) pos-
sesses an electrical resistance made with a porous assembly
of tiny crystals of an n-type metal oxide semiconductor,
typically SnO2, In2O3, or WO3. The crystals are often loaded
with a small amount of foreign substance (noble metals or
their oxides) called a sensitizer. When operated at adequate
temperature in air, the resistor changes its resistance sharply
on contact with a small concentration of reducing gas or
oxidizing gas, enabling us to know the concentration from
the resistance change. For its inauguration with a report by
Seiyama et al. [1] and a patent by Taguchi [2], this group
of sensors has been subjected to a tremendous amount of
R&D efforts world wide aiming at improvements of sensing
performances and extensions to new applications. Thanks to
these researches, the group not only has grown to provide
important tools to detect and/or control gases in places
in modern society but also has pioneered to founding a
new technology field where the devices are called chemical
sensors. Speaking more exactly, semiconductor gas sensors
have been classified into two subtypes, that is, surface-
sensitive type operating at temperatures below 500◦C and
bulk-sensitive one operating at high temperature (typically at

800◦C) [3]. This article is concerned with those of the former
type only.

Apart from such remarkable achievements in practical
applications, basic understandings of this group of sensors
have hardly been satisfactory, despite tremendous efforts of
so many researchers as summarized in reviews [5–8]. This
is partly because there are many complex factors which
affect sensing properties. Not only the selection of a proper
oxide semiconductor is important but also the methods
and conditions for fabricating sensor devices exert profound
influences on gas sensing properties through changes in
donor density, crystallite size, contacting geometry between
crystals, packing density (or porosity), packing thickness,
and so on [7]. In addition, the sensing properties are often
modified largely with loading with foreign substances such as
sensitizers. Understandings of these phenomena indeed have
required interdisciplinary knowledge among semiconductor
physics, surface chemistry, solid-state chemistry, and so on.
In order to facilitate the understandings, we have proposed
to assume that the sensing properties are determined by
three main factors, that is, receptor function, transducer
function, and utility factor, as schematically shown in
Figure 1 [4]. The first factor is concerned with how each
constituent crystal responds to the surrounding atmosphere
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Figure 1: Three factors determining the response of semiconductor gas sensors [4].

containing oxygen and target gases (intraparticle issue). It
is unanimous that oxygen is adsorbed on the crystals as
negatively charged species, accompanied by the formation of
a depletion layer inside the crystals. The target gases disturb
the equilibrium through being adsorbed competitively or
reacting with the adsorbed oxygen. The foreign substances
like sensitizers dispersed on the crystals are assumed to affect
these processes anyhow. The second factor is concerned with
how the response of each particle is transformed into that
of the whole device, and apparently this is related with the
mechanism of electron transport between adjacent crystals
(inter-particle issue). For a long time a double Schottky
barrier model [9], which assumes migration transport of
electrons over the barrier as shown, has been advocated
for this process without critical check. The third one is
concerned with the attenuation of the response due to
the effect of diffusion and reaction of reactive target gases
through the pores of the assembly of crystals (assembly
issue) [10–12]. The above scheme has explained rather
well qualitative nature of semiconductor gas sensors in
several respects. However, it has failed to give quantitative
understandings and, most importantly, to give new insights
leading to innovations of this group of sensors. There
should have been some serious defaults included in the
scheme, particularly regarding the receptor and transducer
functions.

Fortunately, we encountered an interesting finding
several years ago that thin film devices fabricated from
hydrothermally prepared colloidal suspensions of SnO2

by a spin-coating technique showed temperature—almost
independent resistances in air in the temperature range 150–
400◦C, as shown in Figure 2 [13]. Such thermal behavior
of resistances is hardly consistent with the double Schottky
barrier model mentioned above. Instead, tunneling transport
of electrons across the contacts (or gaps) between adjacent
crystals is strongly suggested. In addition, this transport
mechanism has made much easier the theoretical modeling
of receptor and transducer functions recently carried out
[14–16], because the constituent crystals can now be treated
independently from each other. As revealed during this
process, depletion in small crystals easily goes beyond
conventional one (regional depletion) to enter new type
one (volume depletion). Obviously, it is a lack of such
information that has delayed fundamental understandings of
this group of sensors, for most of their valuable gas sensing
properties show up in the stage of volume depletion or
nearby.
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Figure 2: Resistance of device under selected partial pressures of
oxygen as measured at various temperatures (spin-coated SnO2 thin
film) [13].

In this review, we try to describe our theoretical ap-
proaches to semiconductor gas sensors. After brief descrip-
tions of some experimental facts theoretically important,
how to formulate receptor function and response of large
and small constituent crystals to oxygen, nitrogen dioxide,
and hydrogen is described to sufficient details followed by
the comparisons with some experimental data. Also included
is a recent extension [17] carried out to understand the
sensitizing effects exerted by electron-accepting substances.

2. Key Issues about SnO2 Gas Sensors

2.1. Oxygen Adsorption on SnO2. The adsorption of oxy-
gen on single-metal oxides was investigated by using a
TPD technique by Iwamoto about 40 years ago [18]. He
classified the transition of metal oxides into three groups
depending on whether the amount of oxygen adsorbed and
desorbed reversibly in the temperature range between room
temperature and 500◦C was large (Group A), small (B),
or nondetectable (C). Group A consisted of p-type oxides,
whereas some of n-type oxides such as SnO2, ZnO, and
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[19].

In2O3 belonged to B, and the others such as WO3 and V2O5

belonged to C. It is suggestive that Group B consists of typical
oxides used for semiconductor gas sensors.

Oxygen adsorption on SnO2 was investigated in more
detail by our group, also by using the TPD technique
but for an extended temperature range up to 600◦C. The
results are shown in Figure 3 [19]. There are four types
of oxygen, α1,α2,β, and γ, recognized to be desorbed
from SnO2 altogether. Of these, only the last two types, β
(presumably O−) and γ (lattice oxygen O2−), are desorbed
in the temperature range above 400◦C after oxygen has
been adsorbed during cooling from 600◦C or at a fixed
temperature of 400◦C. On the other hand, after oxygen
has been adsorbed in the lower temperature range (below
155◦C), only α1 (neutral molecular O2) and α2(superoxide
ion O−

2 ) are desorbed in the temperature range up to 250◦C.
Clearly these molecular adsorbates are formed only when
the other dissociated species are absent. Also it is clear
that at usual sensor operating temperatures (typically 300–
400◦C) β species prevails on the SnO2 surface. The amount
of adsorption of this species has been shown to be fairly
small (less than 1% in surface coverage), suggesting that its
adsorption is limited by the supply of electrons. Later, a
report was published, which identified β to O2− [20]. This
identification cannot fit well to the theoretical analysis of
response to oxygen, however. So it is assumed to be O− in
the following treatments.

2.2. Grain Size Effects. About twenty years ago, we explored
experimental methods to prepare small grains (crystallites)
of SnO2. During this study, we found remarkable grain size
effects [21]. As shown in Figure 4, the resistances under air
(base) as well as under exposure to H2 or CO in air, Ra

and Rg , respectively, were found to increase sharply as the
grain size (dm) decreased beyond a critical value (dc), while
the sensor response to H2 or CO, Ra/Rg , also increased,
though more gradually, as dm decreased. Intuitively we felt
that the phenomena were associated with the completion
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Figure 4: Grain size effects on resistance in air and sensor response
to H2 or CO in air observed with SnO2 (brush-coated thick films)
[21].

of depletion up to the whole region of constituent grains.
Our interpretation (or assumption) was that dc would be
coincident with twice the thickness of depletion depth and
that decreasing dm beyond this point would be responsible
for the sharp increases of Ra, Rg , and Ra/Rg for some reasons
yet unknown. Later, similar size effects were also observed
for the response of lamellar or granular WO3-based devices
to NO2, as shown in Figure 5 [22].

Although such grain size effects seemingly appeared to
match well to the double Schottky barrier model, their real
meanings were left open for a long time. Some researchers
tried to explain the grain size effects [23–26]. Among them,
Rothschild and Komen pointed out that the size effects could
be explained as reflecting changes in the surface area/volume
ratio of the constituent SnO2 grains [23, 24]. Such situation
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granular size or lamellar thickness of constituent WO3 crystals [22].
The symbols attached indicate the preparation methods used for
respective WO3 samples. See literature for details.

has turned out to appear typically in the stage of volume
depletion in the present theory, as mentioned later.

2.3. Feasibility of Tunneling Transport. In sensor devices,
constituent crystals are connected to adjacent ones either by
contacts or by necks, the proportion of which depends on
the methods and conditions of device fabrication. In case
the device is fabricated through wet processes, the contact
connections usually prevail, as seen in Figure 6 [13]. In
such cases, it is easily understood that the device resistance
is determined as a sum of the resistance of each contact.
This idea has already been conceived in the double Schottky
barrier model, which assumes that electrons migrate over
the barrier at the contact. However, this model cannot
be consistent with the temperature-almost-independent
behavior shown in Figure 2, as already mentioned. From
this consideration, we explored the possibility of tunneling
transport of electrons [13]. The tunneling model used is

20 nm

Figure 6: State of constituent grains as observed on SEM (spin-
coated SnO2 film) [13].

shown in Figure 7. The height of the wall to tunnel through
is set to be equal to the electron affinity of the crystals, that
is, the potential energy difference (V) between the vacuum
level and the conduction band edge at the surface, while the
thickness is set to the gap (L) between adjacent crystals. If
V is known, tunneling probability (P) of an electron with
energy E above conduction band edge can be estimated
as a function of L by using a well-established equation.
Reportedly, work function of SnO2 is dispersed between 4.7
and 5.7 eV [27, 28], while donor levels are shallow from
conduction band edge. Therefore, V takes a value of about
5.7 eV at the maximum. The tunneling probability thus
estimated assuming V = 6 eV is shown in Figure 8. When
the gap is zero (contact), P is unity naturally regardless of
E. P decreases sharply with increasing L and decreasing E,
but notably it still keeps a significant value (.01 or above)
at L = 0.1 nm and E = 0.03 eV. Considering that thermal
energy is 51.7 meV at 600 K, it is understood that electrons
can tunnel through such a gap with a significant probability.
What this means is that electrons, exited thermally, can
be transported by tunneling not only through the directly
contacting region (L = 0) but also through a small gap in
its vicinity, as schematically shown in Figure 9. It follows
that even in the case of point contact (contacting area zero)
electrons can be transported by tunneling but this is not the
case by migration. As shown in Figure 7, V is maintained
at the same value in either of flat-band state (a) and bent-
band state (b). Therefore, the tunneling probability is kept
the same in both, only the number of electrons involved
being decreased with a progress of band bending. In this way,
the tunneling mechanism is confirmed to be feasible well to
the electron transport between adjacent crystals. There is no
reason to exclude it. Rather it can even eliminate difficulties
encountered by the migration mechanism.

2.4. Models of Electron Transport between Grains. The mech-
anism of electron transport between neighboring crystals
is directly related with the transducer function of sensors.
There are probably three representative models, as schemat-
ically drawn in Figure 10. Spherical crystals (uniform in
size), connected with neighbors through a contact or a
neck, are assumed to be depleted of electrons in the
outer region only. Double Schottky barrier model (a) is a
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Figure 9: Schematic drawing of tunneling conduction across a gap
between contacting spheres.

traditional one. It assumes that electrons are transported
from nondepleted (core) region of one sphere to that of
another by migration beyond a barrier in between. The
barrier height not only determines the conductance of the
contacting part but also gives rise to the activation energy of

conduction on changing temperature. Tunneling transport
model (b) assumes that electrons located at the periphery of
one sphere are transported to that of another by tunneling
through a small gap (typically 0–0.1 nm) in between. The
conductance is proportional to the density of electrons at the
periphery, which is determined by the surface barrier height.
On changing temperature, no activation energy is associated
with the conductance provided that the barrier height is kept
the same. Neck (or conduction channel) model (c) assumes
that electrons migrate through a conduction channel which
is formed by connecting the core regions of neighboring
spheres. The channel width is narrowed at the neck parts so
that the conductance is determined by the geometric relation
between neck size and depletion depth. Of these models, (a)
and (c), though looking likely at a glance, are not always
free from various difficulties. Probably the most serious one
appears after the depletion depth has reached the radius of
spheres or necks. Such situation can happen easily when the
size of spheres is reduced or gas adsorption is strengthened.
Both models hardly seem to be applicable to such a situation.
In our opinion, (b) seems to survive in various situations.
Actually theoretical treatises in this article are based on this
model.

It is remarked that important information concerning
the transducer function is available from the Hall effects
measurement. As generally accepted, conductance, σ , for
an n-type semiconductor is given by the density, [e], and
mobility, μ, of charge carriers (electrons) as follows:

σ = −q[e]μ. (1)

Here q is the electric charge of proton. The values of [e]
and μ can be estimated independently from the Hall effects
measurement. The measurements on semiconductor gas
sensor devices have been carried out by Japanese experts [29,
30]. According to their results, σ and [e] changed in parallel
to each other with increasing concentration of reducing gases
while μ was kept almost constant, as measured for sputtered
SnO2 thick film devices. This means that the change of
[e] is responsible exclusively for the change of σ , thus
supporting the tunneling transport model (b) in Figure 10.
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Figure 11: State of deposits of PdO on SnO2 grain as observed on
TEM [31].

An exceptional case has been reported with an SnO2 device
fabricated from tin metal by an evaporation and oxidation
method [29]. In this case, both [e] and μ increased with
increasing concentration of target gas (ethanol), resulting in
enhanced sensitivity of σ as compared with the sputtered
devices. This difference in the behavior of μ probably arose
from a change in the morphology of the constituent crystals.
The authors explained such gas sensitivity of μ as resulting
from very small crystals on the basis of a neck model like one
shown as (c) in Figure 10, but it seems difficult to explain
the gas sensitivity of [e] based on this model. The tunneling
transport model, on the other hand, seems to account for the
sensitivity of both [e] and μ better provided that dispersion
in crystal size is admitted, though this is yet to be done.

2.5. Sensitization by Foreign Substances. As mentioned in
Section 1, actual sensor devices are almost always loaded with
small amounts of foreign substances so called sensitizers.
Kinds of sensitizers used or confirmed are quite various,
including noble metals (Pt and Au), noble metal oxides
(PdO, Ag2O, Rh2O3, etc.), base metal oxides (Fe2O3, Co3O4,
etc.), alkaline or rare earth metal oxides (CaO, La2O3, etc.),
and alkali metal oxide (Rb2O). To make sensitization in
effect, sensitizers should be dispersed well on the constituent

crystals of the sensor devices. As shown in Figure 11 [31],
sensitizers are usually deposited as small particles adhering
well to the underlying crystals. However, the roles of
sensitizers (sensitization mechanisms) have not always been
made clear. Beside the sensitization through modifying the
acid-base property of the crystal surface which is vitally
important in acid-base catalyzed reactions like the oxidation
of alcohols, we have proposed two types of sensitization
mechanisms, that is, chemical sensitization and electronic
sensitization, operative for reducing gases [32]. The chemical
sensitization is brought about from the catalytic actions of
sensitizers like Pt. When target gas is resistant to oxidation
like methane, for example, it is activated (or transformed)
into more reactive intermediates like aldehydes before being
exposed to the crystal surface. The electronic sensitization
is in effect when the foreign substances draw electrons
from the crystals, as easily witnessed from an increase in
device resistance. Many of the sensitizers known are p-type
oxides so that formation of p-n junctions between the tiny
deposits of sensitizers and underlying SnO2 (n-type) does
not seem to be so unlikely. It has been shown that work
function of SnO2 is increased significantly by the loading
with PdO (about 0.1 eV), Ag2O (0.3 eV) and CuO (0.5 eV),
as measured on XPS [33]. Here the figures in the parentheses
are increments of work function in respective cases. In
these cases, each sensitizer can undergo a redox change and,
when it is reduced with the target gases, work function and
device resistance have been confirmed to go back to their
original values. It has been thus inferred that coupling of
the formation of p-n junctions and the redox changes results
in the sensitization. This mechanism, however, encounters
difficulties in accounting for the sensitization exerted by the
other sensitizers like Au, Fe2O3, Co3O4, and Rb2O, which
increase work function of SnO2 more or less but are less
facile or totally stable to redox changes. It seems that there are
different mechanisms of electronic sensitization which cover
the redox changes-free cases. Theoretical approaches to this
issue are worth being carried out.

3. Theoretical Approach to
Sensor Response to Oxygen

For a long time, the mechanism of gas sensing has been one
of the most interested subjects in semiconductor gas sensors.
Despite many efforts so far made, however, few have suc-
ceeded in revealing it from a fundamental point of view. As
known well, chemisorption and catalysis of gas molecules on
semiconductor surfaces were paid much attention in the age
earlier than the inauguration of semiconductor gas sensors.
An electronic theory was proposed to explain chemisorption
and catalysis on semiconductors [34–36]. It explains well
how the electron transfer between adsobates and semicon-
ductor results in the formation of a depletion, accumulation,
or inversion layer in the subsurface of semiconductors. When
applied for semiconductor gas sensors, it has been useful
in understanding their behavior qualitatively. Unfortunately,
however, no quantitative understandings have been available
with it. There are several reasons for this, and the most
serious one is, in our opinion, that the theory cannot deal
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correctly with so small semiconductor crystals as used in gas
sensors. As easily understood, response to oxygen is a starting
base of semiconductor gas sensors. The sensors are active in
air, being alert to the access of target gases. In the beginning
of this section, this theory is applied to the response to
oxygen to demonstrate what comes out. Then a new theory is
introduced to deal with small crystals, which is indispensable
for understanding the response behavior of semiconductor
gas sensors. In the following treatments, the semiconductor
crystals taken into consideration are shaped in plate unless
otherwise noted, because mathematical expressions for other
shapes, sphere and column, become far more complex and
tedious due to shape effect.

3.1. Conventional Theory of Depletion (Large Crystals).
Depletion of large semiconductor crystals can be treated with
the conventional theory. Let us consider the adsorption of
electron-accepting molecules (typically O2) on the surface of
a large n-type semiconductor crystal. This situation is well
approximated by the adsorption on a plane of a large crystal
cleaved in halves, as schematically drawn in Figure 12 [37].
As a result of electron transfer, a depletion layer is formed
in the subsurface region, the layer thickness increasing
with an increase in electron transfer. The electron transfer
reaches equilibrium when Fermi level at the adsorbed species
coincides with that in the semiconductor bulk.

The electrostatic equilibrium inside the crystal in such
a case can be treated quantitatively under simplifying
assumptions. Conventionally it is assumed that (1) donors
are ionized completely, (2) there are no other electron-traps
other than the adsorbates, and (3) all of conduction electrons
up to a depth w are completely transferred to the surface
(abrupt model). Since donors in SnO2 are reportedly present
at shallow levels (0.05–0.15 eV) below the conduction band

edge [38], the first assumption can be acceptable fairly well.
The second one may be fit to an ionic semiconductor like
SnO2 better than to a nonionic semiconductor like silicon.
The third one, though useful in simplifying mathematical
treatments, cannot always be rationalized as mentioned later.
However, abrupt model is used here always unless otherwise
noted.

Under these assumptions, the density of surface charges,
QSC, is nominally equal to −qNdw, where q is electric charge
of proton and Nd the density of donors of semiconductor:

QSC = −qNdw = −qNdLDm. (2)

Here m is reduced depletion depth defined by m = w/LD.
Under these conditions, electric potential, V , in the depletion
region should satisfy the following Poisson’s equation, where
x is the depth from the surface and ε is the permittivity of
semiconductor times the free space permittivity:

d2V

dx2
= −qNd

ε
. (3)

By introducing the boundary conditions that dV/dx as well
as V are zero at x = w, (3) is solved to give the following
depth profile of electric potential:

V(x) = −
(
qNd

2ε

)
(x −w)2. (4)

Potential energy of electrons, qV(x), as well as the height of
surface potential barrier, qVS, are obtained from (4):

qV(x)
kT

=
(
q2Nd

2εkT

)
(x −w)2

=
(

1
2

){
(x −w)
LD

}2

,

qV(X)
kT

=
(

1
2

)
(X −m)2,

(5)

qVS

kT
=
(

1
2

)(
w

LD

)2

=
(

1
2

)
m2. (6)

Here LD is the Debye length of semiconductor given by LD =
(q2Nd/kT)−1/2, and X is reduced distance defined by X =
x/LD. The density of electrons at the surface, [e]S, is given
from (6) as follows:

[e]S = Nd exp
(−qVS

kT

)
= Nd exp

(
−m2

2

)
. (7)

In this way, the surface density of adsorbates, −QSC/q, and
electrons can be correlated uniquely through m once LD and
Nd are given.

3.2. Response of Large Crystals. It is assumed that oxygen is
adsorbed as O− exclusively on the semiconductor surface.
Then the overall equation of oxygen adsorption and its
equilibrium are expressed as follows:

O2 + 2e = 2O−, (R1)(
KO2PO2

)1/2[e]S =
[
O−]. (8)
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KO2 and PO2 are the adsorption constant and the partial pres-
sure of oxygen, respectively, and [e]S and [O−] are the surface
densities of free electrons and O−, respectively. Equation
(8) indicates that (KO2PO2 )1/2 determines the density ratio,
[O−]/[e]S, not the respective quantities. These quantities are
determined only after the chemical equilibrium is coupled
with the electrostatic equilibrium just mentioned.

When O− is solely responsible for the total charge density
of the semiconductor as assumed,

[
O−] = −QSC

q
= NdLDm. (9)

By inserting (2) and (8) into (7), we obtain

(
KO2PO2

)1/2
Nd exp

(
−m2

2

)
= NdLDm,

X = m exp

(
m2

2

)
.

(10)

Here X is reduced adsorption strength of oxygen defined
by X = (KO2PO2 )1/2/LD. Indication of (10) is that if X is
given, m is determined uniquely. This in turn determines [e]S
through (8). Thus we can correlate oxygen adsorption with
the surface density of electrons.

In order to obtain the correlation with sensor resistance
(R), we need to know the relation between R and [e]S.
The relation is simple if the tunneling transport model
(Figure 10(b)) is assumed, as follows:

R

R0
= [e]S0

[e]S
= exp

(
m2

2

)
. (11)

Here R0 and [e]S0 are the values of R and [e]S at the flat
band state, respectively. The latter quantity coincides with Nd

for the simplified mode used here. R and R0 are influenced
by many factors other than oxygen adsorption, such as
packing of crystals and geometry of sensor device, but those
influences can be canceled out effectively by normalizing R
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Figure 14: Schematic diagrams of electronic equilibrium for
semiconductor plate (half thickness a) placed under various partial
pressures of oxygen (PO2 ). (a) Depth profiles of potential energy. (b)
Depth profiles of conduction electrons density assumed on abrupt
model (broken lines) and modified model (full lines). See section
3.6 for modified model [15].

by R0. The correlation between R/R0 and X thus obtained
through (10) and (11) is shown on logarithmic scales in
Figure 13 [14]. R/R0 increases with increasing X and its slope
becomes equal to unity in the middle region of X , explaining
that the power law-type dependence ofR on PO2 with a power
index of 1/2 is actually observed. However, no important
information else can be obtained from such a treatise. Similar
conclusions have been obtained for the responses to NO2

and H2 [14]. This is because we have used conventional
theory of depletion developed for large crystals, thus missing
important information about the size and shape of crystals.
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3.3. Two Types of Depletion in Small Crystals. Let us consider
how depletion develops in a plate crystal of thickness 2a
(a, half thickness), starting from the flat-band state, with
increasing PO2 in the ambient. The electrostatic equilibrium
of this system is schematically drawn in Figure 14(a). When
PO2 is small, depletion takes place in the same way as
previously seen in a large crystal, depletion depth increasing
with increasing PO2 . However, this way of depletion is
finished at PO2 (II) where depletion has extended to cover
the whole region of the crystal. Obviously the value of
PO2 (II) decreases with decreasing half thickness (a). What
would happen when PO2 is further increased to PO2 (III))
in the figure? This is a main concern here. The above limit
of depletion comes solely from the physics of the crystal.
The chemistry of oxygen adsorption, on the other hand,
does not care the physics. It requires (8) to hold at any
stages, or, speaking more specifically, the ratio [O−]/[e]S to
increase linearly with increasing X = (KO2PO2 )1/2. In order
for the physics side (electrostatic equilibrium) to fulfill this
requirement, the only available way is to allow Fermi level
to shift down by a designated amount, p kT , whereas the
band bending profile is kept unchanged. With this shift, not
only the whole region from the surface adsorbates (O−) to
the bulk of the crystal can be placed at the same Fermi
level but also the potential energy of electrons goes up to
the level at which [e]S takes a value consistent with the
chemical equilibrium condition (8). This way of establishing
the electrostatic equilibrium is thus very different from one
observed at lower PO2 . It is noted that electron transfer from
the bulk to the surface continues still in this stage, though it is
only nominal when the abrupt model is used (Figure 14(b)).
The electron transfer is made more apparent in case some
electrons are left behind in the depletion layer (modified
model) as illustrated in the same figure. In this case, the
density of electrons inside the crystal decreases progressively
as the Fermi level shift increases, showing that electrons are
squeezed out from the whole crystal to be supplied to the
surface. It is therefore convenient to distinguish the depletion
in this stage from the conventional one in the initial stage up
to PO2 (II). We call them here volume depletion and regional
depletion, respectively, while the border in between is called
boundary depletion.

3.4. Response at Regional Depletion (Plate). As mentioned
earlier, the occurrence of regional depletion followed by
volume depletion is characteristic to small crystals. Receptor
function and response of small plate crystals to oxygen
in the stage of regional depletion are discussed here. The
distribution of potential inside the plate is obtained by
solving Poisson’s equation, which is the same as (3) but has
an origin located at a center of the plate with coordinate x
being taken as a distance normal to the surface from origin
(see Figure 14). In the stage of regional depletion, potential
energy of electrons is expressed as shown below:

qV(x) =
(
q2Nd

2ε

)
{x − (a−w)}2 for |x| � a−w,

= 0 for |x| < a−w.

(12)

These are rewritten in reduced form as

qV(X)
kT

=
(

1
2

)
{X − (n−m)}2 for |x| � n−m,

= 0 for |x| < n−m.

(13)

Reduced quantities, X and m, are the same as defined before,
and n is reduced size defined by n = a/LD. These expressions
are essentially the same as those derived for large crystals,
though depletion in this case starts from both surfaces.
Surface potential energy (barrier) is expressed by the same
equation (7), while (9) holds also as assumed. As a result,
either of (10) and (11) derived for large crystals can be used
to correlate between R/R0 and X also in this case. It is noted,
however, that this can be valid only for plate crystals, which
are free from the shape effect.

3.5. Response at Volume Depletion (Plate). Potential energy
in the stage of boundary depletion is obtained by inserting
w = a in (12) or m = n in (13) and that in volume depletion
is larger by p kT or p, as follows:

qV(x) =
(
q2Nd

2ε

)
x2 + pkT. (14)

qV(X)
kT

=
(

1
2

)
X2 + p. (15)

Here p = 0 indicates boundary depletion. The surface
potential energy is obtained by inserting X = n into (15):

qVs

kT
=
(

1
2

)
n2 + p. (16)

We can then express [e]S and R/R0 by using n and p. [O−]
is obtained from (9) if m is replaced by n. By inserting these
quantities into the mass action law (8), we can correlate X
with n and p. Thus we obtain a couple of equations:

X = n exp
{(

1
2

)
n2 + p

}
,

R

R0
= exp

{(
1
2

)
n2 + p

}
.

(17)

These equations determine the correlation between R/R0 and
X . Unlike the case of regional depletion, however, R/R0 is an
explicit function of X , because we obtain from the couple of
equations

R

R0
= X

n
=
(
KO2PO2

)1/2
a

. (18)

Normalized resistance is thus linear to (KO2PO2 )1/2 and the
reciprocal of a.

The correlations between R/R0 and X in the stages of
regional depletion and volume depletion are drawn for
smaller selected values of n in Figure 15. In principle,
regional depletion always precedes another on increasing X ,
but actually when n is small it is not visible well in the
drawing on this scale, allowing volume depletion to prevail.



10 Journal of Sensors

It is also clear that the slope of each correlation (sensitivity to
oxygen) increases sharply with decreasing n and is inversely
proportional to n or a in the stage of volume depletion. This
indicates a size effect on the sensor response to oxygen. It
is remarked that the derivative of R or normalized R with
respect to the concentration (or partial pressure) of target
gas in problem is usually defined as sensor sensitivity. In the
case of oxygen adsorption, however, the sensitivity is better
defined as the derivative of R/R0 with respect to PO2

1/2, which
is equal to KO2

1/2/a in the stage of volume depletion.

3.6. Effects of Shape and Size. The same treatment can
be extended to spherical crystals (radius a) and columnar
crystals (columnar radius a). For this purpose, two things
should be taken into account. First, Poisson’s equation is
transformed, for the convenience of solution, into one fitting
to the symmetry of the crystal form. A polar spherical
coordinates system and a columnar coordinates system are
illustrated together with one-dimensional system so far used
in Figure 16. In the respective systems, Poisson’s equation is
expressed as a function of a single variable as follows:

d2V

dx2
= −qNd

ε
, (Plate),

(
1
r2

)
d

dr

(
r2dV

dr

)
= −qNd

ε
,
(
Sphere

)
,

(
1
r

)
d

dr

(
rdV

dr

)
= −qNd

ε
, (Column).

(19)

Here r is radial displacement from the center of crystals.
Each equation can be solved by using the same boundary
conditions as used before to give a solution shown below:

V(x) = −
(
qNd

2ε

)
{x − (a−w)}2, (Plate),

V(r) = −
(
qNd/2ε

){r − (a−w)}2{1 + 2(a−w)/r}
3

,

(
Sphere

)
,

V(r) = −
(
qNd

4ε

){
r2 − (a−w)2

[
1 + 2 ln

(
r

(a−−w)

)]}
,

(Column).
(20)

Second, the relations between total surface charge density
(QSC) and depletion depth (w orm) should be altered to meet
crystal symmetry:

QSC

q
= −Ndw = −NdLDm, (Plate),

QSC

q
=
−Nd

{∫ a
a−w4πr2dr

}
(4πa2)

= −
(

1
3

)
NdLDn

{
1−
[

(n−m)
n

]3
}

,
(
Sphere

)
,

n = 1 n = 2 n = 3

V

V

V

R

B
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Figure 15: Correlations between R/R0 and X for plate crystals with
reduced thickness n [17].

QSC

q
= −Nd

{∫ a
a−w2πrdr

}
(2πa)

= −
(

1
2

)
NdLDn

{
1−
[

(n−m)
n

]2
}

, (Column).

(21)

Here m and n are reduced depletion depth (w/LD) and
reduced size (a/LD), respectively.

Based on the abrupt model, receptor function and sensor
response to oxygen can be formulated for spherical and
columnar crystals in the same way as done for plate crystals.
The correlations between R/R0 and X thus derived are
summarized as follows.

Regional depletion. Plate:

X = m exp

(
m2

2

)
,

R

R0
= exp

(
m2

2

)
;

(22)

Sphere:

X =
(
n

3

){
1−
[

(n−m)
n

]3
}

× exp

{(
m2

6

)[
1 + 2

(n−m)
n

]}
,

R

R0
= exp

(
m2

6

){[
1 + 2

(n−m)
n

]}
;

(23)
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Column:

X =
(
n

2

){
1−
[

(n−m)
n

]2
}

× exp
{(

1
4

)[
n2 − (n−m)2

[
1 + 2 ln

(
n

(n−m)

)]]}
,

R

R0
= exp

{(
1
4

)[
n2 − (n−m)2

[
1 + 2 ln

(
n

(n−m)

)]]}
.

(24)

Volume depletion.

R

R0
=
(
S

a

)(
KO2PO2

)1/2,

S = 1
(
plate
)
, 2 (column), or 3

(
sphere

)
.

(25)

S is the shape factor, which coincides with the surface area to
volume ratio for each crystal shape. In the stage of volume
depletion, sensitivity to oxygen decreases in the order, sphere
> column > plate, due to the shape factor when a is the same.

It would be instructive to estimate roughly the values of
LD and n for SnO2 crystals. Martinelli et al. have reported
that the permittivity and the donor density of SnO2 are
10−10 Fm−1 and 4.1 × 1018 cm−3, respectively, [39]. These
values allow us to estimate LD = 2.8 nm at 600 K. Actually,
however, donor density values are scattered rather largely
depending on reports and the highest one is 1.5× 1019 cm−3

[27], which leads to LD = 1.4 nm. When we assume the
former LD value, SnO2 grains of about 20 nm in diameter
usually adapted in actual devices have n = 3.6. Then regional
depletion in these grains is finished at the reduced depletion
depth m = n = 3.6, which leads to R/R0 = 8.7, X = 10.4, and
KO2PO2 = 1.5 × 103 nm2 atm−1 according to (23). It follows
that this value of R/R0 is the maximum response to oxygen
allowed by regional depletion, and therefore the maximum of
conventional sensor response to reducing gases in air (Ra/Rg)
as well. It is understood that larger responses in R/R0 and
Ra/Rg can never be acquired without the help of volume
depletion.

3.7. Corrections for the Tailing of Electron Distribution. The
abrupt model used above cannot always be rationalized, as
mentioned. The assumption of complete transfer of electrons
from the depletion region to the surface can be too drastic.
It is likely that some electrons are left behind in the vicinity
of the depletion frontier where potential energy of electrons
remains modest, resulting in a tailing of electron distribu-
tion. For usual semiconductor devices, a distribution tail
due to thermal fluctuations of electrons has been taken into
consideration for correction [37]. However, this correction
having aimed at applications for thick semiconductor devices
hardly seems to be effective in gas sensors. It is worth
remembering that the electron concentration at the surface,
[e]S, is estimated from VS by assuming the Boltzmann
distribution law. Then it would not be so unreasonable to
assume that the same distribution law operates over the
whole depletion region. If this assumption is admitted, the

amount of electrons transferred from the bulk to the surface,
which contributes to −QSC/q, can be estimated exactly from
the potential energy profiles as follows:

−QSC

q
= Nd

∫ a
a−w

{
1− exp

(
−qV(x)

kT

)}
dx, (Plate),

−4πa2QSC

q
= Nd

∫ a
a−w

{
1− exp

(
−qV(r)

kT

)}
4πr2dr,

(
Sphere

)
,

−2πaQSC

q
= Nd

∫ a
a−w

{
1− exp

(
−qV(r)

kT

)}
2πrdr,

(Column).
(26)

Rearrangements result in

−QSC

qNdLD
= m− ∫ nn−m exp

(
−qV(x)

kT

)
dX , (Plate) , (27)

−QSC

qNdLD
=
(
n

3

){
1−
[

(n−m)
n

]3
}

−
(

1
n2

)∫ n
n−m

R2 exp

(
−qV(R)

kT

)
dR,

(
Sphere

)
,

(28)

−QSC

qNdLD
=
(
n

2

){
1−
[

(n−m)
n

]2
}

−
(

1
n

)∫ n
n−m

R exp

(
−qV(R)

kT

)
dR, (Column).

(29)

The second term in each equation represents the quantity to
be corrected for the tailing effect. Once such a correction
is available, the correlations between R/R0 and X can be
formulated in the same way as done before. The results are
summarized below.

Regional depletion. Plate:

X = (m− AP(m)) exp

(
m2

2

)
,

R

R0
= exp

(
m2

2

)
;

(30)

Sphere:

X =
{(

n

3

){
1−
[

(n−m)
n

]3
}
− AS(n,m)

}

× exp

{(
m2

6

)[
1 + 2

(n−m)
n

]}
,

R

R0
= exp

{(
m2

6

)[
1 + 2

(n−m)
n

]}
;

(31)
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Figure 16: Coordinates systems adapted for plate, sphere, and column [15].

Column:

X =
{(

n

2

){
1−
[

(n−m)
n

]2
}
− AC(n,m)

}

× exp
{(

1
4

)[
n2 − (n−m)2

[
1 + 2 ln

(
n

(n−m)

)]]}
,

R

R0
= exp

{(
1
4

)[
n2 − (n−m)2

[
1 + 2 ln

(
n

(n−m)

)]]}
.

(32)

A(m) or A(n,m) is the correction term appearing in (27)
through (29), and suffices, P, S, and C standing for plate,
sphere, and column.

Volum depletion. Plate:

R

R0
=
(

1
n

)
X +
(

1
n

)
AP(n) exp

(
n2

2

)
; (33)

Sphere:

R

R0
=
(

3
n

)
X +
(

3
n

)
AS(n) exp

(
n2

6

)
; (34)

Column:

R

R0
=
(

2
n

)
X +
(

2
n

)
AC(n) exp

(
n2

4

)
. (35)

A(n) is the value of A(m) or A(n,m) at the boundary
depletion (m = n). In each equation, the second term
(intercept) is close to unity for smaller values of n but it
increases rather sharply with increasing n in a range of
larger n.

The correlations given by these equations are shown for
the cases of planar and spherical crystals in (a) and (b) in
Figure 17, respectively. Compared with Figure 15, the corre-
lations for plate crystals (a) are more convex upward in the
stage of regional depletion and this tendency becomes more
conspicuous as n increases. Those for volume depletion, on

the other hand, are straight lines, which now have intercepts
against ordinate. Such behavior of the correlations seems to
fit better to actual observations. However, the assumption
used for the correction needs to be checked thoroughly for
verification.

3.8. Comparison with Experiments. Although the measure-
ment of device resistance as a function of PO2 is a very
basic task, carrying out it satisfactorily has turned out to
be surprisingly difficult. The resistance is sensitive to trace
amounts of surface-active impurities, that is, contaminant
reducing gases at ppm or sub-ppm levels in commercial
tubes of oxygen or of oxygen diluted with nitrogen, and
contaminant oxygen as well as contaminant reducing gases
in high purity nitrogen. Since these tube gases are mixed
together to control PO2 , contaminants can be serious origins
of disturbances. It is necessary to reduce contaminants as
much as possible but complete reduction has been yet to
achieve. With utmost precautions about contaminants, fairly
reliable data acquisition is under way in our laboratory.
For example, the data obtained with screen-printed thick
films of SnO2 of two different grain sizes (12 and 16 nm
in diameter) at 300 and 350◦C are shown in Figure 18. To
check fitting between the data to the present theory, we
need to know R0 but it has been difficult to measure it
precisely yet due to contaminant oxygen (about 100 ppm
in volume) in nitrogen. Here the resistance in nitrogen,
R(N2), is substituted for R0. The resistance data normalized
by R(N2) are thus plotted as a function of square root of
PO2 in the figure. In spite of the ambiguity just mentioned,
all the data at 300◦C fall on a straight line fairly well in
agreement with (25) or (34) derived for volume depletion.
The data at 350◦C, however, falls on a line which is convex
upward in the beginning and then becomes linear, a feature
characteristic to a change from regional depletion to volume
depletion. From the slope of each straight line, full or
partial, and grain size, we can deduce KO2 using (25) or
(34). The slopes for 12 nm and 16 nm grains are 157 and
118 nm atm−1/2 at 300◦C, respectively, both giving KO2 =
9.9 × 104 nm2 atm−1. The corresponding data at 350◦C are
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Figure 17: Correlations between R/R0 and X for plate crystals (a) and spherical crystals (b) with reduced size n [15].
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89 and 83 nm atm−1/2, giving KO2 = 3.1 and 4.9 in unit of
104 nm2 atm−1, respectively. In principle, KO2 is independent
of grain sizes and this is in fact confirmed with these
experimental data. These results are fairly satisfactory and
seem to assure the soundness of the present theory.

Let us consider next the grain size effect on Ra already
shown in Figure 4. The same data are plotted on logarithmic
scales in Figure 19. When volume depletion is assumed
to prevail in the whole grains size range tested, Ra/R0 is
inversely proportional to a according to (23) or (34), while
it can be shown that R0 is also inversely proportional to a if
ideal packing of spheres is assumed. As a result, Ra should be
essentially constant regardless of the variation of a. In fact,
this is confirmed in the range of a above 3.5 nm (ac). The
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Figure 19: Grain size effect on Ra shown in Figure 4 as reproduced
on the logarithmic scales [16].

sharp increase of Ra observed with decreasing a below ac can
be attributed to an increase in the number of grains without
donors (insulating grains). This can happen when the grain
size (diameter) is made smaller than an average separation
between neighboring donors under the condition of a fixed
donor density (Nd). From ac, Nd is estimated to be 5.6 ×
1018 cm−3, which is fairly close to reported values mentioned
before. This in turn leads to LD = 2.4 nm at 600 K. In this
way, the grain size effect on base resistance is understood in
a way largely different from what was imagined in the past.

4. Receptor Function and Response to NO2

4.1. Modeling. NO2 is selected here as a representative of
oxidizing gases which are adsorbed as negatively charged ions
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on the semiconductor surface. As generally accepted, it is
assumed to undergo adsorption as follows:

NO2 + e = NO−
2 (R2)

The equilibrium of adsorption is written down:

KNO2PNO2 [e]S =
[
NO−

2

]
. (36)

KNO2 and PNO2 are the adsorption constant and the partial
pressure of NO2, respectively, and [NO−

2 ] is the surface
density of NO−

2 . As noted, (R2) and (36) are quite similar
to the corresponding equations for O2, (R1) and (8). This
means that, in the absence of oxygen, receptor function and
response to NO2 can be treated in exactly the same way
as done to oxygen so far. That is, if we define the reduced
adsorptive strength of NO2 as Z = KNO2PNO2 /LD, all of
the correlations between R/R0 and X(= (KO2PO2 )1/2/LD)
obtained to O2 above can be transferred to the correlations
to NO2 by replacing X by Z.

In the coexistence of oxygen, we are placed in a different
situation. Now both O2 and NO2 are adsorbed on the
surface of crystals to compete for electrons. The mass action
laws for O2 and NO2, (8) and (36), should be satisfied
simultaneously. That is,[

O−] +
[
NO−

2

] = {(KO2PO2

)1/2 + KNO2PNO2

}
[e]S. (37)

This is a requirement from the chemistry side. In the physics
side, it is required to have Fermi level kept the same at any
sites among O−, NO−

2 , and bulk of crystal in the band energy
diagram, and nothing else is changed except that the total
surface charge density is now contributed by the two kinds
of adsorbates:

−QSC

q
= [O−] +

[
NO−

2

]
. (38)

As a result, all the equations involving X so far derived to
oxygen can survive if X is replaced by X + Z. That is, the
response of plate crystals (half thickness a) is expressed as
follows.

Regional depletion.

X + Z = m exp

(
m2

2

)
,

R

R0
= exp

(
m2

2

)
.

(39)

Volume depletion.

R

R0
= (X + Z)

n
=
{(
KO2PO2

)1/2 + KNO2PNO2

}
a

. (40)

The meaning of (39) is the same as before; X +Z determines
m unequely and then does R/R0 also unequely. Naturally, the
correlations between R/R0 and X shown in Figure 15 are in
effect in this case, too, if the abscissa is redefined to be X +Z.
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Figure 20: Correlations between R/R0 and X + Z derived for plate
crystals [17].
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Figure 21: Sensor response to NO2 at designated temperatures
as correlated with NO2concentrations for granular WO3 crystals
prepared by pyrolysis [16].

Correlations in the stage of volume depletion can be derived
for other shapes of crystals and are summarized as follows:

R

R0
= (X + Z)

(
S

n

)
=
{(
KO2PO2

)1/2 + KNO2PNO2

}(S
a

)
,

S = 1
(
plate
)
, 2 (column), and 3

(
sphere

)
.

(41)

4.2. Response to NO2 in Air. In the sensory measurement in
air, PO2 is fixed at PO2 (air) and this determines the resistance
level in air (air base), Ra/R0. Conventionally, sensor response
has often been defined as the ratio of device resistance in gas
(Rg) to that in air (Ra). The conventional response (Rg/Ra)
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Figure 22: Sensor response to NO2 at designated temperatures
as correlated with NO2concentrations for lamellar WO3 crystals
prepared by wet process [16].

thus defined corresponds to the ratio of the response to X+Z
to that to X in the present treatment as follows:

Rg

Ra
=
(
Rg/R0

)
(Ra/R0)

. (42)

Let us consider the meaning of this using Figure 20, which
depicts the correlations between R/R0 and X +Z for plates of
two different thicknesses (n = 1 and 3). If X is assumed to
take a value of 100, the air base (Ra/R0) for n = 1 is already
on a linear correlation line of volume depletion, and addition
of Z simply increases the response along with the same line.
From (40) or (41), we can derive

Rg

Ra
=
{

KNO2PNO2(
KO2PO2

)1/2
}

+ 1. (43)

In this case the conventional response reflects the ratio of
adsorptive strengths of the two components. In the case of
thicker plates (n = 3), on the other hand, the air base
point is still in the stage of regional depletion and, with
an increase of Z, the response goes up toward volume
depletion. The conventional response cannot be expressed
in a simple equation like (43). The convex nature of the
correlation lines tends to increase when the modified model
is used (Figure 17), making the conventional response more
nonlinear.

4.3. Comparison with Experiments. It has been shown that
WO3 is very sensitive to NO2, though the sensitivity depends
heavily on the methods of fabricating devices. Conventional
sensor responses to NO2 observed with two devices different
in fabrication method are shown in Figures 21 and 22. For

the former device, WO3 was prepared from ammonium
paratungstate through pyrolysis at 600◦C for 5 hours and
the resulting crystals were granular (grain size not measured)
[40]. The response is seen to be linear to PNO2 in the tested
range up to 80 ppm at 200 and 300◦C but it changes to be
apparently nonlinear at 400◦C. On the basis of the present
theory, the linear response at the lower temperatures reflects
volume depletion, while that at the highest temperature does
regional depletion. This change is easily understood from
Figure 17(b) (after replacing X by X + Z) if we assume that
Z is much larger than X , while KNO2 decreases exponentially
with increasing temperature.

In the case of Figure 22, WO3 was prepared through a sol-
gel process into shape of thin lamellae (ca 30 nm thick) [41].
The sensor response is seen to be linear at both temperatures
of 200 and 250◦C reflecting the involvement of volume
depletion. It is as high as being able to detect NO2 down
to a level of 10 ppb at 200◦C. Such high sensitivity comes
from the smallness of lamellar size used, as understood from
(40). From (40) and (42), the slope of each correlation, 9.4
or 7.4 in unit of 107 nm atm−1, respectively, gives rise to
(KNO2 /a)/(Ra/R0). Thus we can estimate KNO2 if Ra/R0 is
known. Unfortunately, this value is not known yet, but even
when Ra/R0 is assumed to take an ultimately small value of
unity, KNO2 can amount to a value as large as 1.4 or 1.1 in
unit of 109 nm atm−1, respectively. This confirms extremely
strong nature of NO2 adsorption.

5. Response to Hydrogen

5.1. Modeling. Hydrogen is selected here as a representative
of reducing gases, which decreases the device resistance. It
is unanimous that H2 molecules react with O− adsorbates
on the semiconductor crystals. We assume that H2 molecules
collide directly with O− ions (Eley-Rideal mechanism) and
H2O molecules formed are desorbed instantly from the
surface:

O− + H2 = H2O + e. (R3)

This reaction consumes O− ions, while they are resupplied
from the gas phase through the reaction, (R1).

The rate of accumulation of [O−] is expressed by

d
[
O−]
dt

= k1PO2 [e]S − k−1
[
O−]2 − k3PH2

[
O−]. (44)

Here t is time, k1 and k−1 are the rate constants of forward
and reverse reactions of (R1), respectively, k3 is that of
forward reaction of (R3), and PH2 is the partial pressure of
H2. At steady state, d[O−]/dt = 0, so that we obtain

(
KO2PO2

)1/2[e]S =
[
O−]{1 +

(
cPH2[
O−]
)}1/2

. (45)

Here KO2 = k1/k−1 (equilibrium adsorption constant) and
c = k3/k−1. In the absence of H2, this equation coincides with
the mass action law of the oxygen adsorption equilibrium,
(8). This means that the presence of H2 modifies the value of
[O−] simply according to (45). The electrostatic equilibrium
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Figure 23: Theoretical sensor response to H2as correlated with Y 1/2

at X = 1000 [17].

of the crystal, on the other hand, does not see H2 but [O−],
requiring the depletion depth to change correspondingly.
Thus the equations relating VS and [O−] with m, n, and
p in Section 3 can survive altogether in this new situation.
Inserting those into (45) followed by rearrangement, we
obtain an equation relating among X(= (KO2PO2 )1/2/LD),
Y(= (c/LDNd)PH2 ), and m, while R/R0 is always derived from
VS. The sensor resistance measured to a mixture of H2 and
oxygen is expressed here as Rg in order to distinguish it from
that measured to oxygen only. The sought correlations for
plates can be summarized as follows.

Regional depletion.

X exp

(
−m2

2

)
= m

{
1 +
(

1
m

)
Y

}1/2

,

Rg

R0
= exp

(
m2

2

)
(Plate).

(46)

Volume depletion.

Rg

R0
= S(X/n)

{1 + (S/n)Y}1/2 ,

S = 1
(
plate
)
, 2 (column), and 3

(
sphere

)
.

(47)

These equations show that under fixed X (or PO2 ), Rg/R0 is
an implicit or explicit function of Y . The equations in the
stage of regional depletion for other shapes are excluded here
for brevity.

5.2. Response to H2 in Air. In usual sensor operation, PO2 is
fixed at that (0.21 atm) of the air. Sensor response is often
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Figure 24: Observed sensor response to H2 in air at 350◦C as
correlated with PH2

1/2 for SnO2 devices different in grain size
(screen-printed thick films).

defined as the ratio of the device resistance in air to that
in the target gas (or normalized conductance), Ra/Rg . This
corresponds to the response ratio in the present treatment as
follows:

Ra

Rg
= (Ra/R0)(

Rg/R0

) . (48)

Each term in the right-hand side can be estimated as a
function of Y for fixed X by (46) or (47) so that the
conventional sensor response can also be done. For example,
Figure 23 shows the sensor response as a function of Y 1/2 for
plate crystals, where n is selected between 0.1 and 3 and X is
fixed at 1000. As easily understood, even when a large X is
selected in order to secure deep stages of volume depletion
in the absence of H2, the crystals are brought to regional
depletion ultimately on increasing Y , and this tendency is
enhanced with increasing n. Regional depletion is seen to
begin at a relatively small value of Y 1/2 for n = 3. In the range
of Y 1/2 where volume depletion prevails, (47) holds so that
(48) is transformed into an explicit function of Y :

Ra

Rg
=
{

1 +
(

1
n

)
Y

}1/2

=
{

1 +
(

c

aNd

)
PH2

}1/2

. (49)

When (c/aNd)PH2 is far larger than unity,

Ra

Rg
=
{
Y

n

}1/2

=
{

1 +
(

c

aNd

)
PH2

}1/2

. (50)

This is why linear correlations appear in the range of volume
depletion as shown. In the range of regional depletion,
such linearity is not allowed, though detailed discussion is
reserved here.

5.3. Comparison with Experiments. Sensor response (Ra/Rg)
of two screen-coated SnO2 thick film devices different in
grain size (12 and 16 nm in diameter) to H2 at 350◦C is
shown as a function of PH2

1/2 in Figure 24. The response
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Figure 25: Grain size effect on sensor response shown in Figure 4
as reproduced in the relation between Ra/Rg and a−1/2.

data of each device fall on a correlation line which is
slightly concave upward initially and then becomes almost
straight. This behavior is easily understood from (46)–(50).
For example, (49) and (50) show that the linear relation is
obtained when PH2 is sufficiently large, and otherwise the
concaved relation comes out. It is noted that the response as
well as the slope of the correlation are lager with the smaller
SnO2 grains. This is also consistent with what is expected
from the derived equations. It is reserved, however, that really
quantitive analysis of the response behavior is not mature
yet at present because of a lack of knowledge about many
physicochemical constants needed. Probably we have to go
up spirally repeating measurements and theoretical analyses.

Finally let us consider the grain size effects previously
shown in Figure 4. The response data are reproduced in
Figure 25, where the response is plotted against reciprocal of
square root of a. Three data of the larger grains to either H2

(A) or CO (B) fall on a straight line passing through origin in
agreement with (50), while the remaining data on the smaller
grains deviate upward probably through improvements of
utility factor due to the appearance of insulating grains. The
ratio of the slopes of straight lines, A/B, gives the ratio of the
rate constants (k2) of the oxidation reactions of H2 and CO.
The ratio is analyzed to be 14. Similar response data to H2

(C) measured with Al-doped SnO2 [42] are also included in
the figure. The slope ratio, C/A, which is 1/29 in this case,
gives the ratio of donor density (Nd).

6. Influences of Electron-Traps Dispersed on
the Crystals Surface (Plates)

6.1. Modeling of Receptor Function. Semiconductor gas sen-
sors are usually sensitized by loading the constituent crystals
with sensitizers, as mentioned before. Among a variety
of sensitizers known, we consider here only those which
draw electrons from the constituent crystals, increasing work

0

qV(x)

−n n

O−

mD

D−

Figure 26: Diagram of electrostatic equilibrium drawn for small
crystals loaded with surface electron-traps.

function of the crystals. Further, only the event of electron
transfer between the sensitizers and the crystals is focused
attention, excluding any other events such as redox changes
of the sensitizers. It is assumed that the sensitizer in problem
is deposited as tiny particles or clusters (denoted D), which
form electron-trapping centers located in the forbidden
band at the surface. Electrons would be transferred from
the crystals to form ionized traps (D−). Unlike the case of
gas adsorption, however, the electrons once trapped do not
return back to the crystals no matter how gas atmosphere
changes, if the trapping level is deep enough. In the treatment
of electrostatic equilibrium, D− contributes to the total
surface charge density (Qs) together with ionized adsorbates,
typically O− and/or NO−

2 , as shown in Figure 26. For plate
crystals placed in air, this is expressed as

Qs = −q
(
[D−] +

[
O−]) = −qmLDNd. (51)

Here m is the reduced depletion depth in air. Obviously the
presence of [D−] affects m depending on its magnitude. For
ease of treatment, [D−] is expressed in terms of reduced
depletion depth, mD, it develops in the absence of oxygen.
That is,

[D−] = mDLDNd. (52)

Two cases are distinguished here depending on whether the
electron transfer between the traps and the bulk of crystals is
reversible (reversible traps) or not (irreversible traps).

In the case of reversible traps, trapped electrons partic-
ipate in the electrostatic equilibrium of the crystals; [D−],
[O−], and the bulk of each crystal are kept at the same Fermi
level. By using (8) and (52), (51) is rewritten as

mDLDNd +
(
KO2PO2

)1/2[e]s = mLDNd. (53)
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dispersed with reversible electron-traps [17].

It is reminded that m and mD are reduced depletion depths
to [D−] + [O−] and [D−], respectively. We know that [e]s
as well as R/R0 are expressed as a function of m, n, and p.
The following equations result for correlating R/R0 with X
(abrupt model).

Regional depletion.

X exp

(
−m2

2

)
= m−mD,

R

R0
= exp

(
m2

2

)
.

(54)

Volume depletion.

R

R0
= exp

{(
n2

2

)
+ p

}
= X

(n−mD)
. (55)

The correlations derived for mD = 0, 1, 2, and 2.5, and
n = 3 are shown in Figure 27. For given X , R/R0 increases
dramatically with increasing mD. In the stage of volume
depletion, R/R0 of a trap-dispersed plate of reduced size n
is the same as that exhibited by a clean plate of reduced size
n−mD. The response in the stage of regional depletion is seen
to be also enhanced dramatically on increasing mD.

In the case of irreversible traps, trapped electrons are
assumed to stay at the traps permanently. It is suspected that
such case may happen when the foreign deposits react with
the surface of the constituent crystals. For example, the com-
ponent cations of the deposits are dissolved into the lattice
of underlying crystals at the surface or nearby. The dissolved
cations may act as strong acceptors of electrons (irreversible
traps). Anyway those trapped electrons amounting to depth
mD are kept off from the electrostatic equilibrium. As a result,
oxygen adsorption cannot take place until PO2 exceeds a
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Figure 28: Correlations between R/R0 and X for plate crystals
dispersed with irreversible electron-traps [17].

critical point (PO2 (D)) at which depletion depth reaches mD

in the absence of [D−]. Equation (51) is rewritten as

[D−] +
{(
KO2PO2

)1/2 − (KO2PO2 (D)
)1/2}[e]s = mLDNd.

(56)

The resulting correlating equations are summarized as fol-
lows:

Regional depletion.

(X − XD) exp

(
−m2

2

)
= m−mD,

R

R0
= exp

(
m2

2

)
.

(57)

Volume depletion.

(X − XD) exp

{
−
(
n2

2

)
− p

}
= n−mD,

R

R0
= exp

{(
n2

2

)
+ p

}
= (X − XD)(n−mD).

(58)

Here X(D) = (KO2PO2 (D))1/2/LD. The correlations given by
these equations are shown in Figure 28, where mD and n are
set to the same values as those used in Figure 27. It is seen that
the response does not appear up to X = XD (masking) and
then rise up steeply with a slope increasing with increasing
mD. The irreversible traps are thus effective also in enhancing
the sensitivity to O2, though in a manner different from that
with the reversible traps.

6.2. Response to NO2 or H2 in Air. In this section, response of
electron-trap dispersed plates to NO2 or H2 in air is discussed
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briefly. Under exposure to NO2 in air, total surface charge
density is written as follows:

Qs = −q
(
[D−] +

[
O−] +

[
NO−

2

]) = −qmLDNd. (59)

For either type of traps, reversible and irreversible, the sought
correlations between R/R0 and X +Z are essentially the same
as those obtained between R/R0 and X if X is replaced by
X+Z. At fixed X , the sensitivity of R/R0 to Z increases sharply
with increasing mD.

The response to H2 in air can be developed in the same
way as done for clean plate crystals. [O−] is given by (45),
while [D−] is kept constant. Using these equations, it is
possible to derive the sought correlations for reversible traps
as follows.

Regional depletion.

X exp

(
−m2

2

)
= (m−mD)

{
1 +
[

1
(m−mD)

]
Y

}1/2

,

Rg

R0
= exp

(
m2

2

)
.

(60)

Volume depletion.

Rg

R0
=
{

X

(n−mD)

}{
1 +
[

1
(n−mD)

]
Y

}1/2

, (61)

Ra

Rg
=
{

1 +
[

1
(n−mD)

]
Y

}1/2

=
{

1 +
[

1
(n−mD)

][
c

LDNd

]
PH2

}1/2

.

(62)

Equation (62) formulates conventional sensor response.
The response is drastically promoted by increasing mD,

as illustrated in Figure 29, where correlations are sought
between Ra/Rg and Y 1/2 with n and X being fixed at 3 and
1000, respectively. However, the manner of promotion of the
response is considerably different from that of the thickness
effect observed with clean plates (Figure 23).

In the case of irreversible traps, the correlations are given
as follows.

Regional depletion.

(X − XD) exp

(
−m2

2

)
= (m−mD)

{
1 +
[

1
(m−mD)

]
Y

}1/2

,

Rg

R0
= exp

(
m2

2

)
.

(63)

Volume depletion.

Rg

R0
=
{

(X − XD)
(n−mD)

}{
1 +
[

1
(n−mD)

]
Y

}−1/2

, (64)

Ra

Rg
=
{

1 +
[

1
(n−mD)

][
c

LDNd

]
PH2

}1/2

. (65)

Expression of conventional sensor response (65) is seen to
be identical to (62). This is quite natural because it does not
matter in the stage of volume depletion whether the traps are
reversible or not.

7. Discussion

To those who have been engaged in semiconductor gas sensor
researches like us, it is a long-time dream to acquire a
theoretical background of sensor researches. For a long time,
many people have exerted efforts to upgrade capabilities of
sensors or to extend applications of sensors empirically from
various standpoints of sensing materials, material prepara-
tion and processing, sensitizers and stabilizers, sensing body
structure and fabrication, device structure, electrodes, signal
processing, transients based sensing, and so forth. These
efforts have contributed to ever continuing progresses of gas
sensors. However, it has not always been easy to understand
well the meaning of a new progress achieved in a particular
category, to those working in different categories. Even it
has happened that the finders themselves do not understand
their remarkable findings well, failing to connect them to
another progress. All these have arisen mainly from a lack of
a theoretical background commonly possessed by gas sensor
researchers.

The theoretical concept available to semiconductor gas
sensors has so far been almost nothing more than the concept
of semiconductor catalysis born a long time ago. It has
been useful for qualitative interpretations of gas sensors but
almost powerless for quantitative analyses. A main reason
for this is that the concept has ignored the role or meaning
of so small semiconductors as used in gas sensors. Behavior
of small semiconductors is considerably different from that
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of large ones and this difference provides gas sensors with
profound merits. This is a truth unrevealed so far. We
have shown in this article that gas response behavior of
small semiconductors can be formulated by using well-
established concepts and well-known parameters in physics
and chemistry. The equations derived seem to work well
on understanding the response behavior experimentally
observed, though available data are still limited at present.
No doubt the equations need to be checked more rigorously
by experiments. Nevertheless we believe we are at a new start-
ing point for theoretical approaches to semiconductor gas
sensors. It is anticipated that such approaches will contribute
much to strengthening and expanding the background of
gas sensors. The treatments described in this article have
focused attention to receptor function of semiconductors
only, setting transducer function to work in a simple mode.
Elaboration of the transducer function is one of the most
important subjects of theoretical approaches.

8. Conclusions

Through the theoretical approaches to semiconductor gas
sensors described here, the following conclusions can be
drawn.

(1) Receptor function and response of small semicon-
ductor crystals can be formulated in principle by using the
chemical parameters of gases side, such as partial pressure,
adsorption constant and rate constant, and the physical
parameters of semiconductor side, such as shape and size,
donor density, and Debye length.

(2) Theoretical equations account for well-response
behavior to oxygen, nitrogen dioxide, and hydrogen, as well
as the grain size effects involved, though the tested examples
are limited in number.

(3) Electron-traps dispersed on the crystal surface influ-
ence strongly on receptor function and response to gases,
thus exerting a kind of sensitization effect.

List of parameters and
symbols frequently used

KO2 and KNO2 : Equilibrium adsorption
constants of O2 and NO2

PO2 , PNO2 and PH2 : Partial pressures of O2, NO2 and
H2

PO2 (D): PO2 giving mD in the absence of D
[e]s: Surface density of conduction

electrons
[O−], [NO−

2 ] and [D−]: Surface densities of O−, NO−
2 ,

and D−

D and D−: Extrinsic electron-traps, neutral
(D) and ionized (D−)

Qs: Total surface charge density
q: Electric charge of proton
Nd and ε: Donor density and permittivity

of oxide semiconductor
LD: Debye length
a and n: Half thickness of plates and

reduced thickness (a/LD)

w and m: Depletion depth and reduced
depletion depth (w/LD)

mD: Reduced depletion depth in
vacuum due to extrinsic traps

x and X : Displacement from origin and
reduced displacement (x/LD)

V(x), V(X), and Vs: Potential energy of electrons at
x,X and surface

p: Fermi level shift
X : = (KO2PO2 )1/2/LD
Y : = (c/LDNd)PH2

Z: = KNO2PNO2 /LD
X(D): = (KO2PO2 (D))1/2/LD
c: = k3/k−1

k1 and k−1: Rate constants of oxygen
adsorption and desorption (R1)

k3: Rate constant of surface reaction
(R3)

R and R0: Resistances at PO2 and flat band
state

Ra and Rg : Resistances in air and target gas
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oxide semiconductors gas sensors whose working temperature is modulated with optimized multisinusoidal signals. Experiments
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Results evidenced that the features extracted during the temperature modulation reduce the multidimensional data dispersion
among repeated measurements. In particular, the Energy Signal Vector provided an almost constant classification rate along the
time with respect to the temperature modulation.
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1. Introduction

In a seminal paper by Zaromb and Stetter [1] the possibility
to approach the quantitative and the qualitative analysis of
simple and complex gas mixtures with solid-state sensor
arrays and intelligent signal processing algorithms was
introduced. Since that, countless examples of this approach
appeared in literature and, among the used sensors tech-
nologies, metal-oxide semiconductor gas sensors were largely
investigated [2–5]. Even if these researches corroborated
the initial hypothesis, the practical application of solid-state
sensors is still limited in practice by nontolerable instability
of sensors signals. This is manifested as a nonpredictable
temporal variation of the sensor signal whose more evident
consequence is the spread of sensors responses when the
sensor undergoes the same gas exposure. Consequently, cal-
ibrated sensor response patterns become, even at short time

scale, obsolete providing false evaluations and requiring,
as countermeasure, frequent calibrations. The instability of
sensor signals derives from two main sources. The first is
clearly found in the nature of the chemical and physical
processes occurring in the sensor [6], such as ageing (e.g.,
the reorganization of the sensor surface) and poisoning (e.g.,
irreversible analyte binding). The second source of instabil-
ity, often neglected, pertains to uncontrolled changes of the
measurement conditions due for instance to fluctuations of
the sample flow rate or the temperature of gas and sensors. In
addition, other issues related to the experimental setup can
induce either memory effects (such as systematic errors due
to repeated measurement sequences) or short-term effects
(system warm-up, thermal trends). These effects may also
trigger the degradation of samples that in some cases can
give rise to nonreproducible sensor responses that can be
attributed to sensors drift. The sources of sensor instability
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due to nonaccurate measurement procedure can hopefully
be counteracted by careful experimental designs.

The removal of those effects of physical and chemical
origins resulting in sensors instability is a complicated task
that requires a deep knowledge of the physics and the
chemistry involved in the sensing process and, even more
complicated, in the control of those technological steps
related to the sensor fabrication process. Nonetheless, disre-
garding the “physical” approach to sensor stability, several
authors demonstrated that it is possible to improve the
sensor performance by an intelligent selection of the sensor
features [7], by an optimization of the sensor operating
conditions [8], and by a clever design of signal processing
algorithms [9].

Feature extraction is defined as the operation necessary
to extract from the temporal evolution of the sensor signal a
set of synthetic descriptors that can be used in computations
aimed at identifying the gas components in a mixture and
their concentration. Features are practically related to the
measure of the sensor signal in two conditions defined by
the absence and the presence of the sample. The signal
measured in these two states can be combined in order to
obtain different quantities. For instance, in case of chemically
sensitive resistances the simplest features that can be defined
are, Rgas − Rref, and (Rgas − Rref)/Rref where Rgas and Rref are
the sensor resistance measured in presence of the sample
and the reference atmosphere, respectively. It is known
that even these simple quantities have different stability
properties [10]. A methodology suggested to improve the
sensor performance consists in the time modulation of the
sensor signal obtained changing at least one of the sensor
operating conditions. In case of metal-oxide semiconductor
gas sensors, since the sensor properties are strongly depen-
dant on the sensor temperature [11], the modulation of
temperature is an easy method to obtain a time variable
sensor signal. In these sensors temperature modulation is
expected to alter the kinetics of both adsorption and reaction
processes taking place at the sensor surface. Temperature
modulation leads to the development of response patterns,
which may be characteristic of the species being detected.
In other words, by retrieving information from response
dynamics, new response features are obtained that can
confer more selectivity to metal oxide sensors. Indeed,
several authors have developed this strategy and applied
several techniques to extract features that are important for
the discrimination or quantification of gases. Fast Fourier
Transform (FFT) and Discrete Wavelet Transform (DWT)
have been used as feature extraction tools in several studies
[12–17]. Various researches shown that the features extracted
from temperature modulated gas sensors are more stable
with respect to sensors operated at fixed temperature [18–
22]. An important set of parameters to be adjusted is defining
the temperature modulation profile. In case of simple
sinusoidal modulation some results evidenced the existence
of optimal modulation frequencies whose application results
in a general improvement of selectivity and stability [14, 15].

Concerning the expected efficiency of the methods based
on optimized features extraction, signal processing, and
operative conditions it is important to consider that it

is rather unlikely that these approaches can remove the
degradation of physical and chemical properties of a sensor,
but since the instability is also due to the fluctuations of
the experimental conditions signal processing optimization
can be considered as the search of features that are less
sensitive to those quantities that fluctuate among repeated
measurements.

In this paper, we illustrate the stability properties of a
number of distinct features derived from systems theory, a
discipline defining the instruments to study and represent
complex time evolving systems.

In this study, the features are simultaneously extracted
from a temperature-modulated array of metal-oxide semi-
conductor gas sensor. The stability is evaluated in a four-
classes pattern recognition problem assuming that improved
stability results in a better classification of the four classes.
Sensors were operated in a discontinuous mode temperature
modulation where they are normally kept nonpowered and
the temperature modulation is applied only during the time
interval when feature extraction is performed [23].

2. System Theory and Sensors
Features Extraction

Elements of systems theory have been used in the past to
model sensors behavior considering not only the steady
state changes but also the dynamic evolution of signals.
Attempts to model these behaviors using either time series
or analytical approximation have been shown in the past
[24–27], and the use of specific methods to extract only
the dynamic information was also demonstrated [28, 29].
Nonetheless, only recently one of the central concepts for
the analysis of dynamics systems, the phase space, has
been taken into consideration. In order to define the phase
space let us consider a system whose state is completely
described by n scalar variables. Different states corresponds
to different points in an n-dimension vector space defined by
an orthonormal basis where each direction corresponds to
one of the scalar variables. The main property of such space is
the unique correspondence between points in the space and
states of the system.

Practically, the information gained about a system, such
as a sensor, is contained in the temporal evolution of the
measured signal. Nonetheless, from the time dependence of
this scalar quantity a number of novel variables can be gen-
erated. For instance, in mechanical systems, the observation
of the position with the time gives place to variables such as
velocity (first derivative) and acceleration (second derivative)
from which the phase space is constructed.

As a consequence, a system, observed through a single
scalar quantity for a period of time, is represented by
a sequence of points in the phase space. Once suitably
parameterized with the time, this sequence forms a trajectory
containing all the captured information about the phenom-
ena underlying the system evolution. The relation between
the observed signals and the internal variables forming
the phase space has been demonstrated by the embedding
theorem of Takens [30]. According to this theorem, the
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Figure 1: Responses of a SnO2 gas sensor in presence of different gas concentrations; (a) the sensor response in the time domain; (b) phase
space of SnO2 sensor with f (t) and f ′(t) as canonical variables.

variables of the phase space are given by a number of
differentiable transformations of the observed signal such
as a set of independent coordinates x(t), x(t + τ1), x(t +
τ2), · · · , x(t + τn). Each variable of this set represents
the experimental time series at different time samples (after
a specific time delay τn, a multiple of the sampling time
step Ts). Any dynamic state of the system is therefore
represented in a multidimensional phase space as y(t) =
[x(t), x(t + τ1), x(t + τ2), · · · , x(t + τn)]. The number
of coordinates defining the phase space and the values of the
time delays τn must be chosen suitably in order to obtain an
optimal description of the phenomena. There are sufficient
conditions to avoid false projection and ambiguities of the
trajectories.

From a general point of view, a chemical sensor can
be considered as a dynamic system whose response signal
temporally evolves following, with its proper dynamics, the
concentration of the analytes. The information is in the
temporal evolution of a single scalar quantity (i.e., in the
sensor signal) and from this time dependence, a number
of new variables can be generated. The minimum set of
variables able to describe the state and the evolution of
the sensor comprises the response signal (i.e., the observed
variable) and its first derivative. Therefore, a phase space can
be defined by the orthonormal basis formed by the observed
signal and its first derivative. The use of the phase space in the
field of gas sensors was first introduced in 2003 [31]. In the
Figure 1 the responses of SnO2 sensor in presence of different
gas concentrations and the relative trajectories spanned in
the phase space are shown.

The description of the trajectory in the phase space give
rise to novel features related to the underlying phenomena
that can be used to build more accurate gas identifica-
tion models. The area spanned by the trajectory when it
undergoes a transformation (e.g., during the adsorption) is

a rather straightforward descriptor to quantify the process.
In this quantity both the magnitude and the velocity of
the sensor response are considered. However, the area is
a descriptor that overlooks some characteristics of the
trajectory evolution (i.e., the shape of the trajectory). This
is the reason to include other descriptors, for example,
the dynamic moments (DMs), that can describe also the
morphology of the trajectories [32].

Among the possible quantities that can bring such
notions, the following DMs are here discussed, all of them
are defined as combination of the phase space variables:

DM2 = 1
n

n∑
i=0

xi yi (1)
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√

2
2n

n∑
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(
x2
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2
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)
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2
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i yi
)

(5)

where x(t)|ti+kti and y(t)|ti+k+τ
ti+τ

= x(t + τ)|ti+k+τ

ti+τ
are portions of

the sensor signal (ti = 0, 1, 2, 3, . . . ; k = 1, 2, 3and
5 s; τ = 1, 2 and 3 s). Each DM describes a different
morphological feature of the trajectory, so that the collective
use of more than one moment is usually required for
an exhaustive description of a phase space trajectory. The
first gas sensor signal described by DMs was the quartz
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Figure 2: Example of the signal response of a tungsten oxide microhotplate sensor to ammonia (500 ppm), nitrogen dioxide (1 ppm) and
ammonia + nitrogen dioxide (500 + 1 ppm) in the phase space domain. The first derivative of the sensor response for a time lag equal to 3 ms
(y-axis) is plotted verses the sensor response (x-axis). Reproduced from [33] Elsevier Science, with permission.

microbalance [33], whereas in the example here illustrated
they are applied to temperature modulated metal-oxide gas
sensors. In Figure 2 typical trajectories in the phase space
of a tungsten oxide gas sensor in the presence of the gases
are shown. The exposure to different gases and mixtures
results in evidently distinct trajectories. Thes differences are
transformed in quantities by the application of the dynamic
moment.

Phase space is an example of a principle of the classical
signal theory applied to the study of the time evolution of a
gas sensor signal. Following the suggestions of signal theory
let us consider a gas sensor array as a mathematical object,
where the observable signals of each sensor are part of a
multidimensional array. When the sensors simultaneously
interact with the same chemical compounds, the signals of
the sensors becomes characterized by a certain degree of
mutual correlation. The amount of correlation may change
according to the quality and quantity of the gas species to
which the array is exposed. One of the quantities that can

express the relationship between the sensors of an array is the
mutual energy. Given two generic signals x(t) and y(t), the
mutual energy in the interval (t0, t1) is given by the following
definition:

ξxy =
∫ t1
t0
x(t)y(t)dt. (6)

The value of the energy likely depends on the affinitie
between the gas species present and the sensor active layer.
Hereafter, we call energy vector (EV) the following quantity:

EV =
∣∣∣ ξ1,1 ξ1,2 . . . ξ1,k ξ2,1 ξ2,2 . . . ξ2,k . . . ξk−1,k−1

. . . ξk,k

∣∣∣,
(7)

where k is the number of sensors in the array, and the
generic vector element ξxy is defined by (7). This method
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Figure 3: Four-element micro-hotplate array mounted on a standard TO-8 support.

Figure 4: Chip layout where heating meanders and interdigited electrodes can be identified.

was originally proposed by Martinelli [34] and later more
extensively applied to gas sensors arrays by Vergara et al. [35].

3. Experimental

3.1. Sensor Fabrication. Sensing layers were deposited over
an integrated four microhotplates fabricated using microsys-
tems technology. Basically, each sensor was formed by a
gas-sensitive layer, interdigitated electrodes, insulating layers
and a poly-silicon heater, all stacked on a 0.2 μm thick
Si3N4 membrane grown by low-pressure chemical vapor
deposition (LPCVD). The micro hotplate was characterized
by a temperature coefficient of resistivity (TCR) equal to
6.79 × 10−4. Heaters resistance was also used to measure
the actual temperature of the sensor membranes. The power

consumption was about 80 mW when working at 480◦C
and the thermal response of the coated membranes was
measured to be near 20 milliseconds (thermal response was
estimated to be about 10 milliseconds in bare devices). The
technological fabrication steps of the substrates are reported
elsewhere [36, 37]. Finally, the 4-element microhotplate
array was packaged on a standard TO-8 package (see
Figures 3 and 4). Each chip had 4 membranes, that can be
functionalized with proper sensing layers, the size of which
was 450 × 450 μm2 and the electrode area was 50 × 50 μm2.

The sensor array was formed by four thick-film metal
oxide layers. The following materials were used: 1% Pt-doped
and 1% Pd-doped tin oxide (Sensors A and B) and 1% Pt-
doped and 1% Pd-doped tungsten oxide (Sensors C and D).
These were deposited using a drop coating technique. A paste
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was prepared dispersing the active material (SnO2 or WO3

nanopowders + 1% Pd or Pt) in glycerol. This process was
repeated four times in order to obtain four different layers
on the different membranes that integrated a micro-sensor
array. The as-deposited films were dried in an oven at 180◦C
for 2 hours. Subsequently; they were annealed in situ at
480◦C for 2 hours. The purpose of annealing was to ensure a
good adherence of the active material to the sensor substrates
and to burn out the organic vehicle (i.e., glycerol) used in the
paste. The selection of these materials was based on previous
experience for an analogous gas analysis application [38].

3.2. Experimental-Setup. An array composed of seven micro-
hotplate gas-sensors was placed in a 20 mL volume air-tight
test chamber to measure vapors of acetaldehyde, ethylene,
ethanol and ammonia. This chamber was connected to a
continuous flow system that allowed us to obtain, with high
reproducibility, different concentrations of pollutant gases
diluted in dry air. Mass flow controllers provided the dilution
of test gases (at the desired concentrations) in dry air. The
total gas flow was set to 200 mL/min and kept constant.
The moisture level was kept to 10% of relative humidity
(measured at 30◦C ± 1◦C) during all the experiments.

The signals of the micro-gas sensor array were measured
when the operating temperature of sensors was modulated
using an optimized multisinusoidal signal. The multisi-
nusoidal signal was generated using a written-in-house
MATLAB code. A set of six modulating frequencies (optimal
frequencies selected in a systematic way) was employed
to synthesize the temperature-modulating multisinusoidal
signal. For the sake of simplicity, the same multisinusoidal
signal was applied to the heating element of every sensor
within the array. The frequencies composing this signal were
12.8 mHz, 25.6 mHz, 38.5 mHz, 92.9 mHz, 339.7 mHz and
682.7 mHz. The first three frequencies are known to be more
important for gas identification, while the last three fre-
quencies are helpful both for identifying and quantifying the
gases considered [39]. The range of modulating frequencies
is far below the cut-off frequency of the metal oxide coated
membranes, which is the inverse of their thermal response
(i.e., (1/20)10−3s−1 = 50 Hz) [22].

3.3. Databases. The following compounds were tested:
acetaldehyde (50 ppm), ethylene (50 ppm), ethanol
(25 ppm), and ammonia (50 ppm). Five sessions of me-
asurements were performed. Each session consisted in 12
replicas of each exposure, resulting in a total of 240 measures;
samples sequence, in each session, was randomized. Among
the measurement sessions, sensors were powered off. Each
measurement took 312 seconds corresponding to the time of
application of the multisinusoidal temperature modulation.
The whole experiment was performed in four months.
During the entire measurement process, before and after
each measurement, both sensors and their heating elements
were not powered. Finally, the sensors were powered when
the analyte was already into the sensors cell.

The sampling rate of the sensor signals was set at 100
samples per second, which was far higher than the frequency

range applied to the temperature modulating signal. The
peak to peak amplitude of the multisinusoidal current signal
applied to the heater was equal to 2 mA. It corresponds to
a sensor operating temperature range between 220◦C and
450◦C. Figure 5 shows a typical transient response from a
Pd-doped SnO2 gas sensor in the presence of 50 ppm of
ammonia when the measurement time was set to 312 s.

3.4. Data Analysis. From the recorded signals the previously
defined features called dynamic moments and energy vectors
were calculated. For sake of comparison the following
standard quantities were also calculated and considered in
the analysis:

Steady state feature extraction ΔR/R0, where the ΔR is
the shift of the resistance between the instant value of
the measure and the initial baseline (R0) according to this
formula:

ΔR(ti)
R0

= R(ti)− R0

R0

R(ti) = 1
5

∑5

j=1
R
(
ti− j

) (8)

with ti = 0, 1, 2, 3, . . .

(i) The integral of the sensor signal INT(x(ti))k =∫ ti+k
ti

x(t)dt with k values considered in the data
analysis are 1, 2, 3 and 5 (ti = 0, 1, 2, 3, . . .).

(ii) The Fast Fourier Transform (FFT) coefficients of the
sensor signal calculated on the entire temperature
modulation applied to the sensor [40];

In order to reduce the measurement time all the features,
except FFT, have been calculated in the first 20 seconds of
each measurement.

Partial Least Square Discriminant Analysis (PLS-DA)
has been utilized as classifier to compare the performance
of features. For validation purposes, the entire dataset
was split in training and testing sub-dataset (144 and 96
measurements, resp.). The number of latent variables used
for PLS-DA models [41] was optimized minimizing the
generalization errors applying the Leave-One-Out Cross-
validation (LOO-CV).

4. Results and Discussion

Collected data was analyzed in order to study the per-
formance of the defined features in a shorter time with
respect to the whole time during which the temperature
modulations was applied. To this scope, only the first twenty
seconds of the sensors response were considered. Since
FFT requires the entire modulation period to be efficiently
calculated it was not included in this analysis. Features were
calculated every second in the first 20 s considering sensor
signal lengths of 1 s, 2 s, 3 s, and 5 s.

The classification rates are summarized in Figure 6. The
results obtained in validation and calculated considering a
signal portion of 1 s are shown. All the features shown in
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Figure 6 achieved more than 93% of correct classification
in training. Among these features, EV achieved the highest
classification rate equal to 91%. Furthermore, EV provides
discrimination rate higher than 80% in the first second
of measurement the classification rate reaches 90% after
5 s. Common features, such as ΔR/R0, give the worst
performance in almost all the twenty seconds. Finally, it is
important to note that the classification rates of EV and DMs
are quite constant over the entire measurement time. EV
results are even promising for real applications, in particular
considering that a short measurement time results in reduced

sensor power consumption. It is important to remark that
the application of dynamic feature extraction contributes to
a reduction of the measurement time as it was observed since
several years ago applying a multiexponential fit to the signal
of SnO2 based gas sensors [42].

The performance of features such as EV, Integral and
DMs are clearly dependent on the signal behavior and their
results could change considering different time windows.
This effect is shown in Figure 7 where a summary of the
classification rate of the above features considering a time
window of 2 s is shown using a box-whisker plot.
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DMs’ have the highest classification rate (hMD, about
90%), but this occurs only in a particular situation deter-
mined by a particular matching of the signal with the
requirements of DM. The box-plot for these descriptors is
characterized by a low mean value (mMD) with respect to the
hMD confirming a large variability in the first 20 s. A different
behavior is observed for EV, where the distribution of the

classification rate is less dispersed than that of DMs. Finally,
the integral shows the same order of variability of the EV
but, generally, a lower classification rate. A supplementary
investigation has been done considering the performance of
the features calculated using 3 s and 5 s of the sensors signal
portion. In this case, the classification rate was lower than the
previous cases.
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A further improvement was obtained considering more
EVs calculated at different times but using for each calculus
a time lengths of 1 s. EVs were calculated at 3 s and 8 s. In
this case the classification rate of validation reached 96%
and almost 100% in training. In Figure 8 a summary of the
best performance obtained in validation for each feature is
shown.

The best result is obtained using a combination of two
different EVs. This means that EVs did not provided totally
overlapped information. These results are better appreciated
considering that FFT, calculated with the whole experiment
time of 312 s, provided the 86% of correct classifications.

Concerning the performance of DMs, results show that
it is possible to increase the classification rate but only in
a precise interval of the signal evolution and combining
different DMs. This last detail reinforces the efficiency of the
recognition power of EV that was almost independent from
the temperature modulation applied and, on the other hand,
the difficulties to determine an optimized configuration for
DMs features.

EV promising results are fundamentally due to the
combination in these features of the relations between
couples of sensor signals putting in evidence the cross-
correlation among sensors, and that this quantity is expected
to be weakly sensitive to any instability source.

5. Conclusions

The stability of different kinds of features has been investi-
gated utilizing an array of optimized multisinusoidal signal
temperature modulated metal oxide gas sensors. For this
measurement setup, results have evidenced that the dynamic
features achieve better performance with respect to the
standard feature extraction such as ΔR/R0, the integral or
the FFT. The DMs have shown a good discrimination but
the performances are strongly dependent by the considered
portion of the signal evolution. Instead, the EV has shown
an almost constant classification rate along the time with
respect to the temperature modulation being also able to
obtain more than 90% of correct classification rate in the first
5 s. This aspect is of fundamental importance for practical
applications since this feature is able to accurately identify
and classify different species using few seconds of the signal
response independently from the position on the profile of
the temperature modulation.

Moreover, further increment in sensing performance is
obtained when more Evs, calculated at different time times
are taken into account.

Finally conventional sensor arrays using the same type of
construction technology have been thoroughly investigated
and are widely utilized today in many critical applications. It
remains as a standing question, however, how to maximize
their performance and simultaneously minimize the time
required for it. This is an important question, because sen-
sors composing an array can convey different attributes of the
process being monitored, and, when properly conditioned,
can complement each other. In this frame, a more complex
classification task and the utilization of quality/variety of

chemo-sensing technologies using this feature extraction
procedure will require more deep investigations.
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1. Introduction

Chemical gas sensors have been widely developed in the
last decades for different purposes. Oxygen sensors, which
have been the most studied devices in this area, have been
appropriate devices for combustion control in automotive
applications [1, 2]. Also, most of the different electrochem-
ical gas sensing devices have the same phenomenology and
working principles, which are almost identical to the ones of
typical oxygen sensors. Therefore, understanding the oxygen
sensing mechanisms leads to a vast knowledge on many other
similar gas sensing devices.

Oxygen sensing can be achieved by means of different
working principles: among others, electrochemical, pumping
gauge, or resistive oxygen sensors have been developed in the
past. One of the most usual systems is the electrochemical
oxygen sensor, based on ceramic ion-conducting electrolytes.
Moreover, current trends in the development of these
sensors, such as the implementation of nanomaterials to
improve sensing characteristics or promoting gas selectivity
in nonequilibrated gas mixtures, demand a precise knowl-
edge on which parameters determine the sensors behavior.
The complexity of these systems and the difficulty to establish
all the processes involved in their normal operation mode has

lead to different physical and physicochemical models across
the years.

This work is focused on reviewing models on ion-
conducting potentiometric oxygen sensors. Their static and
dynamic response is modeled. Some concerns on the elec-
trolyte characteristics are presented, and models of the elec-
trode properties are considered as well. A special emphasis
is made on the use of nanomaterials in the electrodes and
electrolytes. Selective sensing in these devices thanks to the
mixed potential is also commented.

2. Background

2.1. Structure of the Sensor. Potentiometric sensing devices
based on ion-conducting ceramics usually present the same
basic structure (Figure 1):

Measured gas/Metal/Ion conductor/Metal/Reference gas.
(1)

A ceramic ion-conducting electrolyte is covered by two
catalytic active metals and is put in contact with two different
atmospheres: the measuring one and a reference atmosphere
whose composition is known (generally air).
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Figure 1: Schematic structure of a potentiometric planar oxygen
sensor. (A) Measuring atmosphere. (B) Porous protective layer.
This layer is optional as it prevents from electrode degradation
and sometimes it improves the sensor response due to gas species
diffusion. (C) Measuring electrode, catalytically active, generally
made of platinum. (D) O2− ion-conductive ceramic electrolyte. The
most used electrolyte is Y2O3-doped ZrO2 (YSZ). (E) Reference
electrode, in contact with (F) Air reference atmosphere. Some
sensors have been occasionally described without a reference
atmosphere. Also, a heating element (a dissipative low resistance)
is optionally put in front of this sensor structure to achieve stable,
high enough temperatures.

Air reference

Exhaust gas

Exhaust gas

Exhaust
gas 

Ion–conducting
electrolyte 

Anode

Cathode

Figure 2: Schematic structure of a thimble-type potentiometric
oxygen sensor.

In oxygen sensors, this structure consists in a O2−

conductor such as Y2O3-doped ZrO2 (YSZ) with platinum
electrodes. Ion-conduction is thermally activated above 600–
650 K in this ceramic. Gas sensors can optionally include
a dissipative resistance near the sensing cell as a heating
element to reach a stable, high temperature. This is usual
in gas sensors for automotive applications, such as lambda
sensors. Also, a protective layer is sometimes put over the
measuring electrode to prevent from corrosion or to avoid
changing the catalyst properties as ageing the sensor.

When initially developed, oxygen sensors were thimble-
type (Figure 2). Since the 1980s, these sensors were also
designed in planar-type (see Figures 1 and 3). Although
the planar structure requires lower size, lower power con-
sumption for the heating element, and lower fabrication
costs and enables better stability in the measurements, the
physical principles governing the behavior of the sensors are
essentially the same in both thimble and planar types. As will
be shown in Section 2.3, some planar sensors work with no
air reference in one of their electrodes.

Sensing
cell 

Protective layer
& outer electrode

Air reference channel in
contact with inner electrode 

Figure 3: Image of a real commercial oxygen potentiometric sensor
made of YSZ. The sensing cell consists in a Pt electrode exposed
to the unknown gas, the ceramic electrolyte (YSZ), and another
Pt electrode exposed to air via the reference channel, which is not
in contact with the measured gas in the normal operation mode
of the sensor. Also, a protective and diffusive layer is put over the
measuring electrode. The layer is visually indistinguishable from the
electrode.

The ceramic process for developing planar sensors
requires techniques like tape casting, screen printing, piling
up substrates, or ceramic sintering. Structural and electro-
chemical properties of the resulting devices are extremely
dependent on the conditions these techniques have been
carried out.

2.2. Response of the Sensor. When exposed to a certain gas
mixture, an open circuit voltage VOC can be measured
between the working and reference electrodes:

VOC = kBT

4e
ln

p∗O2
,REF

p∗O2

, (2)

where kB is Boltzmann’s constant, T is the temperature,
e the elementary charge, p∗O2

,REF is the oxygen’s partial
pressure in the reference gas (which corresponds to a 21% O2

concentration in air), and p∗O2
is the oxygen’s partial pressure

in the measuring gas. The term kBT/4e is frequently referred
as RT/4F, which is exactly the same. This is the well-known
Nernst equation.

According to (2), the electric response of the sensors
would be a logarithmic dependence on p∗O2

, which does not
seem a very sensitive response (see Figure 4 for a simple
model of response to O2-N2 mixtures), with output voltages
of some mV in front of concentrations of about 1%–10%
O2 in N2. It can be seen that, at the typical temperatures
of operation, the Nernst open circuit voltage would be
near 1 volt if the relation p∗O2

,REF/p
∗
O2

was very high, that
is, when oxygen’s partial pressure in the air reference was
several orders of magnitude higher than the oxygen’s partial
pressure in the measured gas (e.g., less than ppm of O2

in the measured gas). However, due to the presence of
metal catalysts such as platinum in the electrodes, oxygen
sensors may be sensitive to other gas species. For instance,
reducing species such as CO and hydrocarbons, which may
be present in the measured gas, can react with oxygen in
the catalytically active Pt electrodes. Near the measuring
electrodes, as the equilibrium concentration of oxygen may



Journal of Sensors 3

0

20

40

60

80

100

120

140

160

V
N

er
n

st
(m

V
)

0 2 4 6 8 10 12

O2 volume (%)

T = 873 K
O2 in N2

Figure 4: Modeled Nernstian response for an imaginary sensor
with an air reference (21% O2) according to (2), for oxygen
concentrations in the range from 0.01% to 10% vol.

be extremely depleted after reacting with CO or HCs, the
YSZ-based sensors can show high voltages (near 1V) when
exposed to nonequilibrated mixtures containing reducing
gases and oxygen. Platinum electrodes let O2 molecules react
with the reducing species, causing a deep local decrease
of p∗O2

in their adsorption sites. Equation (2) is still valid,
but only for the chemically equilibrated gas mixture near
the Pt electrodes, and not for the O2 concentration in the
nonequilibrated bulk gas. Therefore, the introduction of
nonequilibrated reducing species may result in a voltage drop
near 1 volt, and oxygen sensors can subsequently work also as
reducing gas sensors. In other words, potentiometric oxygen
sensors based on O2− conduction are paradoxically more
sensitive to the presence of reducing species than to oxygen.
The presented structure (1) works as lambda sensors in
automotive applications for combustion control and exhaust
gas sensing.

In combustion engines, the parameter λ is a signal
on how close is the combustion of a mixture air/fuel to
stoichiometric conditions [4]. λ is defined as

λ = (volume of air/volume of fuel)(actual)
(volume of air/volume of fuel)(stoichiometric)

. (3)

A stoichiometric mixture corresponds to λ = 1. Lean
mixtures (excess of oxygen, air/fuel ratio higher than the
stoichiometric air/fuel ratio) are characterized by λ > 1,
whereas rich mixtures (lack of oxygen, air/fuel ratio lower
than the stoichiometric air/fuel ratio) are characterized by
λ < 1.

YSZ-based sensors can work as λ-sensors. Figure 5 shows
a typical response for a lambda sensor exposed to several
exhaust gases corresponding to different values of the param-
eter λ. In the lean region (λ > 1), O2 concentration reaches
1%–3% in equilibrium. As said before, V([O2]) is in the
order of tens of mV with a logarithmic dependence, not very
sensitive to p∗O2

. In the rich region, the exhaust gas contains
significant amounts of carbon monoxide and hydrocarbons,
that is, reducing gases. This justifies the high open circuit
voltage for λ < 1. Near λ = 1, there is an abrupt voltage
drop due to the change from rich to lean conditions. In
this region, the oxygen concentration in equilibrium changes
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Figure 5: Typical response of a potentiometric oxygen sensor in
terms of the combustion parameter λ.

in several orders of magnitude. Therefore, in practice, this
kind of sensors works with a binary response, rich/lean.
The determination of the rich/lean conditions is a useful
information in combustion control.

Regarding other characteristics of the electric response,
these sensors may offer excellent response times (no more
than hundreds of milliseconds) in both oxidizing and reduc-
ing atmospheres. The response is dependent on temperature,
not only due to thermal activation of ionic conduction and
the T dependence in (2) but also because of the temperature
influence on catalytic conversion in the electrodes. This
causes a local p∗O2

dependence on the temperature near the
metal electrodes.

Ceramics offer strong mechanical stability and thermal
stress resistance. This helps to keep the behavior of the sensor
not so dependent on ageing effects. However, structural
phase transitions in some regions of the ionic conductor and
a low degradation of the electrodes may appear through a
long time of usage (above hundreds of hours of operation).
This can affect the response, specially the response time.

2.3. Sensors without Air Reference. In the recent years, some
planar oxygen sensors have been designed without air
reference. Its structure consists in

Measured gas/Electrode1/Ion conductor/

Electrode 2/Measured gas.
(4)

As said before, the physical principles governing the behavior
of ion-conducting oxygen sensors are the same for both
thimble and planar-type sensors, even in the case of no
air reference in one of the electrodes. Equation (2) would
be perfectly applicable to a sensing element with no air
reference, that is, with both electrodes exposed to the same
gas. However, as the two electrodes would detect the same
oxygen partial pressure p∗, a zero voltage would be obtained:

VOC = kBT

4e
ln

p∗

p∗
= kBT

4e
× 0 = 0 volts. (5)

In order to provide nonzero potentiometric responses,
commercial and experimental sensors with no air reference
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usually incorporate a metal catalyst different from Pt or
a metal oxide in one of the electrodes. This introduces
different working functions in each electrode and provides
an additional output voltage [6–10].

Using different materials in each electrode in sensors
with or without air reference is a way to improve selectivity
to oxygen or to other molecular species. Nanomaterials are
currently a useful tool to improve selectivity, as will be shown
in Section 4.2.

3. Steady-State Response of the
Potentiometric Sensor

From a qualitative point of view, oxygen molecules in both
measuring and reference electrodes are in local equilibrium
with the nearest oxygen ions in the electrolyte, due the
reaction

O2 + 4e− � 2O2−

(
gas
)

(electrode) (ion conductor).
(6)

When the oxygen concentration in the measuring atmo-
sphere is not the same as in the reference atmosphere, the
electrochemical cell of the sensor is pushed to a nonequilib-
rium state, as two different O2− local concentrations near the
two respective electrodes are demanded to reach equilibrium
(6) with oxygen molecules in contact to each electrode. The
distribution of oxygen ions across the electrolyte is altered to
reach equilibrium. As a consequence, a nonzero voltage must
be detected between the electrodes due to this nonuniform
charge distribution across the ion-conductor.

3.1. Derivation of the Nernst Voltage. The ideal Nernst
open circuit voltage can be easily derived from elementary
thermodynamics. The Gibbs free energy of a molecule, G, is

G = H − TS = H − kBT ln Ω, (7)

whereH is the enthalpy, S is the entropy, andΩ is the number
of states available to the molecule. This number of states
must vary linearly with the volume of the system, which
is inversely proportional to the oxygen partial pressure, p∗.
Therefore, G can be rewritten as

G = H − kBT ln
(
constant× p∗

)
. (8)

If the oxygen partial pressure in the measured and reference
gases is different, their respective Gibbs free energies, GM

and GR, will be also different. Thus, this difference in Gibbs
energies between oxygen molecules in the two atmospheres
must be

ΔG = GM −GR

= ΔH − kBT
[
ln
(
constant× p∗M

)− ln
(
constant× p∗R

)]
= ΔH + kBT ln

p∗R
p∗M

,

(9)

where p∗R and p∗M are the oxygen partial pressures in the
reference and measured gases, respectively.

This energy difference must be equal the difference of
electric energy ΔU . As four electrons are transferred in
reaction (6), ΔU = −4eΔV . Thus,

ΔV = VR −VM = kBT

4e
ln

p∗R
p∗M

, (10)

where VR and VM are the electric potentials of the reference
and measuring electrode, respectively.

The use of Gibbs energy in this derivation and other
descriptions concerning the sensors behavior has been widely
replaced by the use of the electrochemical potential [11, 12],
μ̃ = μ + q · V , where μ is the chemical potential and V is the
electric potential. Note that μ̃ and μ have energy dimensions
although they are called potentials by abuse of language.

3.2. Classical Models of the Potentiometric Response. As seen
in the previous section, to derive the Nernst voltage it
is assumed that there is only ionic conduction in the
electrolyte and both electrodes are catalytically active. The
resulting Nernst equation (2) shows no dependence on
the electrodes and electrolyte characteristics; that is, the
theoretical equilibrium voltage is the same whatever the
physicochemical properties of the sensor are.

However, experiments have shown that the output
voltage is dependent on the properties of the electrodes
and the electrolyte, not only in the transient process but
also in steady-state conditions. Nonideal behavior is easily
observed under reducing atmospheres. Response differences
between sensors led some authors to model their respective
behavior in terms of their different properties. Also, Nernst
equation is derived assuming that thermodynamical equi-
librium is reached; that is, no faradic current across the
sensor is detected. As a consequence, processes of adsorption,
reduction, or desorption of different molecular species in
the electrodes are not contemplated in Nernst equation as
the sensor would provide then a rate-determined response
instead of an equilibrium response.

The first models of the behavior of potentiometric
oxygen sensors were developed for automotive applications
and focused on the sensors response when exposed to
engine air/fuel mixtures. These models took into account
the interaction between different molecular species in the
electrodes. They are considered to model the behavior of
non-Nernstian sensors or mixed potential sensors.

Comparisons between ideal and experimental sensor
voltage curves led Fleming [3] to the following considera-
tions.

(i) CO is the main reducing gas which may adsorb onto
Pt electrodes [13]. Therefore, CO is assumed to be the unique
gas apart from O2 to affect sensor voltage.

(ii) CO may deplete the local oxygen partial pressure near
the measuring electrode via the reaction:

2CO + O2 � 2CO2. (11)

The resulting oxygen concentration in equilibrium after
reaction (11) is responsible of the ideal equilibrium Nernst
voltage in reducing mixtures.



Journal of Sensors 5

(iii) However, CO may affect the sensor voltage by
depleting directly the oxygen ions in the electrolyte near the
measuring electrode:

CO + O2− � CO2 + 2e−(
gas
) (

electrolyte
) (

gas
)

(electrode)
(12)

(iv) The open circuit voltage results from the superpo-
sition of two Nernst voltages linked with the two previous
reactions:

Vout = α×Vreaction O2 + β ×Vreaction CO. (13)

(v) The equilibrium voltages Vreaction O2 and Vreaction CO

can be calculated in terms of estimated equilibrium constants
for reactions (6) and (12), respectively.

(vi) The parameters α and β depend on the fraction
of adsorption sites occupied by O2 and CO species in the
platinum electrodes. They can be estimated in terms of heat
adsorption for CO and O2 on Pt and thermodynamical
constants.

Thus, the output voltage in front of the engine air/fuel
ratio is considered as a function of four parameters: the
equilibrium constants for two chemical reactions and the
fraction of CO and O2 adsorbed molecules in platinum.
Additionally, this model contemplated the possibility of
different electron electrochemical potentials between the two
electrodes. The steady-state high voltage in nonequilibrated
reducing mixtures is explained with this ancient model even
in actual planar Pt/YSZ/Pt potentiometric sensors. Fleming
also provided a first model to understand why the step
voltage from high to low values was not always so abrupt and
did not appear at a same gas composition in all sensors [3].

Fleming’s model was later improved by Anderson and
Graves [14] to study the characteristics of the commented
voltage step for a certain gas composition. They took into
account the adsorption fraction for O2, CO, and also CO2

and considered the existence of a gaseous boundary layer
between the bulk gas region and the electrode/catalyst sur-
face. They used the same equations as in Fleming’s model for
the steady-state adsorpted species but additionally assumed
a transient mass transfer of O2, CO, and CO2 between
the bulk gas and the boundary layer and certain transient
adsorption/desorption rates in the electrode. By solving
numerically the system, steady-state oxygen concentrations
in the electrode were found.

Anderson focused on calculations for estimating the sen-
sor voltage when exposed to different O2/CO mixtures. He
took into account the effect of different surface reaction rate
constants in the electrodes and found different theoretical
voltage curves in terms of the reaction rate constant of the
reaction

O2 + 2CO −→ 2CO2 (14)

and its inverse reaction rate constant. In the case of lower
reaction constants for oxygen combustion, that is, a higher
inverse reaction rate than the reaction rate of (14), voltage
curves did not show the step-like behavior shown in Figure 5.

Also, the calculated responses in sensors with identical
reaction rate constants but different mass transfer rate
constants were compared. It was shown that differences in
the dynamic process (changes in mass transfer across the
hypothetic boundary gas or in the reaction rate constants)
may cause differences in the steady-state response and not
only in the transient response. This is not reflected in
Nernst equation as it only takes into account the equilibrium
oxygen partial pressure in front of the electrodes, without
considering the process which leads to this local oxygen
partial pressure.

Up to now, the commented models did not take into
account the possibility of implementing a protective, diffu-
sive layer schematically similar to the one shown in Figure 1,
although this last work contemplated a hypothetical diffusive
gas boundary layer. Saji et al. [15] used YSZ sensors with
a porous ceramic coating over the measuring electrode. A
same sensor was exposed to different oxygen/combustion
gas mixtures at different temperatures, and different voltage
steps were found again depending on the combustion gas.
In experiments with different gas mixtures, the voltage
step appeared at a different combustion parameter. In fact,
differences in the step voltage characteristics were observed
in mixtures as similar as nonequilibrated H2-O2-N2 and D2-
O2-N2. A different combustion voltage step for hydrogen and
for deuterium suggested an influence of the molecular mass
in the response.

These results and the observed differences in temperature
led Saji to develop a more complete model of the sensors
steady-state response. According to this model, the sensors
response depends on three temperature-activated phenom-
ena:

(i) spontaneous equilibration of the initially nonequili-
brated gas mixture,

(ii) oxygen reactions in an electrode-electrolyte contact
following (6),

(iii) carbon monoxide reactions following (12).

At a high enough temperature (over 900 K), step voltages
were observed at the stoichiometric oxygen/combustion
gas mixtures. This measurements, along with evidences
suggesting that gas phase reactions occur spontaneously
in gas mixtures containing oxygen and combustible gas at
high temperatures, with no need of a Pt catalyst, made
Saji assume that the gas mixture was equilibrated in the
measuring electrode and the voltage was in accordance with
the predicted ideal Nernst voltage. In a middle temperature
region (650–800 K), there was still no spontaneous reaction
and the gas mixture entered the porous coating without
chemical equilibration. As mass transport across a porous
layer is governed by diffusion and each molecule has a
different diffusion coefficient, steady-state concentrations
across the ceramic coating were different for the different gas
species (Figure 6). Assuming that the pore diameter is much
less than the mean free path of the gas molecules (Knudsen
diffusion), Saji found the following equation to calculate the
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Figure 6: Representation of the diffusion of O2 and H2 across a porous layer covering one of the electrodes. According to Saji et al. [15],
diffusion of the molecular species may lead to important differences between the bulk gas concentration and the measured concentration in
the electrodes. This would justify differences in the step voltage in some gas mixtures.

gas mixture composition where the step voltage appeared:

oxygen concentration
combustion gas concentration

(
voltage step

)
oxygen concentration

combustion gas concentration
(stoichiometric)

=
√

MO2

Mcombustible gas
,

(15)

where Mx is the molecular mass of the component x.
This model was in agreement with experimental data and
explained why the voltage step for deuterium was different
from the one for molecular hydrogen. Last, in a low-
temperature region (below 650 K but at a temperature high
enough to provide ionic conduction), reactions (6) and (12)
and Fleming’s original considerations were applicable.

Several experimental measurements with potentiometric
sensors [16–20] led Brailsford et al. to try to develop similar
models for both transient and equilibrium sensor responses
when exposed to mixtures containing O2, CO, CO2, H2, and
H2O [21, 22]. Apart from considering different adsorption
rates and the same possible reactions in the measuring
electrode as in previous models, an additional reaction of
adsorbed CO with adsorbed H2O (a “water-gas” reaction)
in the electrode was modeled. By comparing the Brailsford
model to an hypothetic water-CO reaction [20], the voltage
curve was not well fitted, at least at medium temperatures
(631 K). At high temperatures (837 K), no big differences
were observed between models with and without this reac-
tion. Works of Brailsford et al. were useful for understanding
the effects of various physicochemical processes involved
in the operation of electrochemical sensors. However, their
modeled CO-H2O interaction appeared to be not necessary.

Fleming’s model [3] and the later modifications incor-
porated competing reactions at the adsorption sites (i.e., the
three-phase boundary sites) in the electrodes, for instance,
one for oxygen (6) and another one for carbon monoxide
(12). What Fleming characterized with adsorption and
desorption constants for different gas species was later exten-
sively considered as mixed potential of the potentiometric
sensors.

3.3. Three-Phase Boundary. Up to now, a few electrodes
characteristics have been considered: the main classical
models of the sensor response focused on the interacting
gases and the rates of reaction, adsorption, and desorption
for each molecule species in the electrodes. As seen, this
provided useful information to understand the sensors per-
formance and good agreements between experimental and
calculated data was generally obtained. However, the sensor
was considered as a black box, with almost no influence on
the response in terms of the electrode morphology or the
electrolyte characteristics.

Morphological and catalytic properties of the electrodes
are important to obtain an appropriate response. Moreover,
models of the behavior of electrodes are important for
current trends on implementation of nanomaterials as
catalysts in this kind of sensors and in solid oxide fuel cells
as well.

The triple phase boundary (TPB) is an important con-
cept for studying processes in the electrodes. TPB sites are the
regions where the measured atmosphere, the metal catalyst,
and the electrolyte coexist. Reactions in electrochemical
systems involving ion-conduction can only appear in TPB
sites or nearly zones if the sensing electrode is metallic. For
instance, reaction (6) is assumed to occur only where O2

molecules can reach a Pt/YSZ contact zone. Otherwise it is
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Figure 7: Scheme of the three-phase boundary sites in an
interface electrode—electrolyte. Porous electrodes help increasing
the density of three-phase boundary sites.

not possible to exchange electrons from the metal and change
the amount of oxygen ions in the electrolyte.

Several works have confirmed the dependency of the elec-
trode performance on the length of three-phase boundary
sites [23–25], and different electrode configurations lead to
different TPB lengths. We can define, regarding their TPB
density, three types of suitable electrodes for potentiomet-
ric oxygen sensors: nonporous metallic electrodes, porous
metallic electrodes, and cermet electrodes. Works on the
three-phase boundary sites have been mainly focused on
solid oxide fuel cells, but their results are perfectly applicable
to electrochemical sensors.

Reactions in a nonporous pure metallic electrode are
relatively difficult as the TPB sites are located exclusively in
the contour of the electrode in contact with the electrolyte.
Although gas molecules may adsorb in the entire surface
of the electrode, most of them cannot react providing or
extracting oxygen ions from the electrolyte as the con-
tacts gas/catalyst/electrolyte are only in the contour of the
electrode. This low density of TPB sites causes a current
constriction as a high fraction of the contact area between
metal and YSZ is inactive [26, 27]. Subsequently, the response
time of sensors with this structure is slow. Hertz and Tuller
[28] developed a model on the current constriction in TPB.
Also, the response of the sensors may worsen due to ageing,
as slight contaminations of the electrodes may affect a large
fraction of three-phase boundary sites, given that most of
them are allocated in a same region.

An improved configuration for electrodes in oxygen
sensors is a porous metal electrode. Most of the commercial
oxygen sensors incorporate porous Pt electrodes, as gas
molecules can diffuse across the pores and the density of TPB
sites increases [25, 29, 30]. Figure 7 shows a scheme of the
structure of the interface porous Pt electrode/YSZ electrolyte.
SEM images of the surface of porous Pt electrodes can be
seen, for instance, in [29].

An electrode made of a ceramic/metal composite is
known as a cermet electrode. These electrodes provide even
more TPB sites. Using a porous Pt/YSZ composite instead
of a metal phase over the YSZ electrolyte multiplies the

number of interfaces between the catalyst and the electrolyte
[31]. TPB length is increased and problems with current
constriction are avoided. Some authors have worked on the
dynamics of TPB sites in these composites, as thermal and
electrochemical history of the system may affect the TPB
length [32–35]: for instance, high polarizations may modify
the morphology of the electrode or block some fractions of
the interfaces between Pt/YSZ with oxygen molecules or ions.

As an alternative to Pt/YSZ cermet electrodes, other
cermet electrodes consisting in metal oxides mixed with a
metal catalyst have been proposed in order to modify the
mixed potential of the sensors and/or improve gas selectivity
due to the promotion of one of the competing chemical
reactions in the catalysts. For instance, selectivity to O2

has been reported with NiO [36], CdO and SnO2 for CO
selectivity [37], ZnO for H2 selectivity [38], CdMn2O4,
CdCr2O4, and WO3, among others, for NOx selectivity [39–
42]. Nanomaterials have been applied to modify the mixed
potentials and enhance gas selectivity, as it will be shown in
the next section.

An interesting model of the transient and steady-state
response of the potentiometric sensor including the classical
views of the first models, mixed potentials, reaction rates,
possible diffusion of molecular species, and TPB dynamics
was developed by Zhuiykov [43, 44].

Zhuiykov considered a planar non-Nernstian potentio-
metric YSZ sensor with dissimilar electrodes: one made
of porous platinum and the other one made of porous
NiO deposited on a porous Pt film. The fact that Pt was
porous improved the TPB sites density. No air reference
was designed; that is, the two electrodes were exposed to
the same atmosphere. The model studied the response to
a NO2/O2/H2O mixture. The following phenomena were
considered:

(i) multicomponent diffusion of gaseous species
through the porous electrodes; ordinary bulk
diffusion as well as Knudsen and surface diffusion
was modelated,

(ii) adsorption, desorption, and partial dissociation of
nitrogen dioxide within the solid oxide electrode,

(iii) dissociation of water in the three-phase boundary
sites,

(iv) cathodic reaction of NO2 in the three-phase bound-
ary and in the electrode bulk of the solid oxide
electrode,

(v) electrochemical reaction of oxygen, following equa-
tion (6).

All the electrochemical reactions were assumed to occur at
different kinetic rates in each electrode as their composition
was different. This model offered a more detailed description
of the main phenomena in this kind of potentiometric
sensors. Also, some electrochemical stages were assumed to
occur only in the TPB sites whereas some other phenomena
were considered in the bulk electrodes and in the TPB sites
as well. The competition of different rates for each elec-
trochemical stage, together with time-dependent equations
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for multicomponent gas diffusion phenomena, led Zhuiykov
to get a transient and steady-state response of the sensor
which was experimentally verified. Some phenomenological
parameters which had been introduced in previous models
[45, 46] were eliminated with this more detailed description.
Moreover, this model could be extended to other non-
Nernstian planar gas sensors with dissimilar electrodes.

Muroto et al. studied the dynamic behavior of the elec-
trodes, with special emphasis on phenomena of activation
and degradation of Pt/YSZ three-phase boundary sites and,
generally, Pt/YSZ interfaces [47]. They proposed a scheme of
the interface electrode-electrolyte and a representation of all
the possible electrochemical driven changes (i.e., polarizing
the sensor) and temperature effects. In particular, they found
that low polarizations between the two sensor electrodes
under certain controlled atmospheres might partially scratch
some regions of the electrode, promoting electromigration
of platinum and leading to the possible creation of new
three-phase boundary sites. Thus, imposing an external
polarization to the sensing devices could increase the density
of TPB sites and subsequently improve the catalysis as well as
lower the electrode impedance and response times. However,
a too high polarization could damage the electrode due to
cracking the platinum or promoting the formation of air
bubbles between platinum and YSZ, lowering the effective
density of TPB sites.

Ramamoorthy et al. [48] compared the response time of
sensors with different metallic and metal oxide electrodes
and tried to correlate to the charge transfer processes in
the three-phase boundary sites. Although the total time of
response was not only determined by the characteristic time
of processes in electrodes, it was found that the fact that
charge transfer reactions occur only in TPB sites in Pt elec-
trodes leads to a current constriction phenomenon which is
not observed in some complex metal oxide electrodes such as
lanthanum strontium iron cobalt oxide (LSFCO). They made
use of impedance spectroscopy in this work. Applications of
this technique will be commented in next section.

3.4. Equivalent Electric Models and the Use of Impedance
Spectroscopy. Characteristics and behavior of electrochem-
ical sensors in terms of their equivalent electric models.
In this field, impedance spectroscopy is a powerful tool
to characterize electrically the oxygen sensors and fit their
modeled electrical components.

Impedance spectroscopy is performed by means of a
potentiostat who applies an external AC voltage to the
sensor electrodes and detects a current in a wide range
of frequencies. The corresponding impedance is calculated
for each frequency. Imaginary versus real impedance is
represented in terms of frequency. An alternative way to
represent impedance spectra is using Bode diagrams.

In a first approximation, a typical electrochemical gas
sensor can be electrically modeled as shown in Figure 8. As
electrodes can exchange electrical charge following equation
(6) and charges can be stored in the electrode structure or
in the interface electrode-electrolyte [49], the two electrodes
of the sensor are assumed to behave like a resistor in
parallel to a capacitor. Ceramic electrolytes are usually

Electrode 1 Electrode 2Bulk resistance
(electrode)

Grain boundary
(electrolyte)

Figure 8: Minimum equivalent electric circuit of an oxygen sensor
to fit to impedance spectra.

considered as a resistor in series with a parallel resistor-
capacitor. As indicated in Figure 8, this represents the bulk
(or intragranular) contributions and grain boundary (or
intergranular) contributions.

More complex electrical models can be tried depending
on the desired level of fitting accuracy or the needs of
separating contributions from bulk, grain boundary, second
phase, surface layer contributions, and so forth. For instance,
a very low capacitor can be modeled in parallel to the
resistance of the intragranular contributions, as bulk crystals
are not perfect [50]. Also, capacitances in the electrodes
and in the electrolyte can be replaced by constant phase
elements. [48, 51–53]. Inductance contributions [54] or
Warburg diffusion phenomena in electrodes [50, 55–57] can
be implemented as well. Considerations on how to carry out
impedance spectroscopies in ceramic materials and how to
model and treat the measured data can be found at [58–61].

Meng and Shen [62] showed an example of an electrical
model of an unconventional sensor with Pt-free electrodes:
Ag/C and Ag-W2/C electrodes. The electrolyte was mod-
eled just with a single resistance as no capacitive effects
were seen in the electrolyte in the range of the applied
frequencies. Constant phase elements were introduced in
the arcs corresponding to electrode contributions. Generally,
it may be necessary to introduce constant phase elements
in the electrodes instead of capacitors as they fit better
impedance data when double layer capacitance effects (i.e.,
current constriction in the interface electrode-electrolyte)
are present. With this model, the impedance spectra of the
Ag-W2/C would not be correctly fitted: it was necessary, in
this case, to introduce a Warburg diffusion impedance due to
mass transport phenomena in the electrode. Impedance data
helped, in this case, to proof a faster kinetic process of oxygen
reduction on the Ag-W2C/C catalyst. Warburg diffusion is a
representation of mass transport in the electrode instead of
charge transport.

The influence of the electrode characteristics in the
sensing response can be tested by impedance spectroscopy.
As introduced before, Ramamoorthy et al. [48] compared
three different electrodes for YSZ potentiometric oxygen
sensors: platinum, lanthanum strontium iron cobalt oxide
(LSFCO), and chromium oxide and correlated with the
sensors response. It was found that the characteristic time
of electrochemical reactions was controlled by resistance in
Pt and chromia electrodes and by capacitance in LSFCO
electrodes, but this was not the phenomenon who limited
the response time of the sensor. These data suggested that the
high response time in the sensors was due to surface diffusion
of oxygen adsorbates, which was influenced by the electrode
microstructure.
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Regarding the sensor response, Frade et al. [63] observed
that variations in the sensor response after polarizing the
electrodes might be correlated by impedance spectroscopy.
They also established relations between consequences of
polarizing the sensor and the thickness and transport
properties of the solid electrolyte.

Separating the different contributions in the electrolyte
and the electrode is a key point when extracting information
from impedance spectroscopy. First, the impedance of the
two electrodes may be overwritten in the impedance spectra.
Thus, it is relatively usual to design some test sensors with
three electrodes in order to use an additional reference
electrode. This helps separating the RC contributions for
each electrode [64, 65]. Due to their differences in resistance
and capacitance, it is relatively easy to separate electrode
arcs from electrolyte arcs [26, 27, 58, 66], but problems
arise for detecting bulk and grain boundary contributions
in the electrolyte [67, 68]. Separating intragranular and
intergranular contributions in the ceramic electrolyte may be
useful to observe differences in the sintering process [69], to
compare conductivities in YSZ with different yttria contents
[70] or to analyze the effect on adding some MgO content to
YSZ [68].

Some works have tried to establish general patterns for
describing the factors determining the electrolyte conductiv-
ity [71]. However, high dispersion in conductivity measure-
ments have been found in different works as a high number
of parameters may affect the resistance of the electrolyte,
not only the measurement conditions but also fabrication
parameters, thermal history of the electrolyte, grain size, and
so forth. A large discussion on the role of the grain bound-
aries in the total conductivity of ion-conducting ceramics
was done by Guo and Waser [72]. They focused on models
of space charge layers for describing grain-to-grain contacts.

4. Improving Potentiometric Oxygen Sensors:
Current Trends on the Use of Nanomaterials

Research in nanomaterials has been carried out extensively
in the recent years. The use of nanostructures shows usually
similar advantages in different disciplines: miniaturization,
material savings, lower energy consumption, and new physi-
cal and chemical properties due to scale effects.

Nanotechnology is an interesting research ambit in the
field of electrochemical gas sensors. The use of nanomaterials
has provided some improvements on the classical oxygen
sensors, whose models of behavior have been presented in
the previous sections. However, works on nanomaterials for
oxygen sensing devices have been essentially for academic
purposes and not yet commercially applied, as much research
has to be done in the future. Moreover, research focuses
on the development of solid oxide fuel cells, although these
devices share most of their physicochemical properties with
electrochemical sensors.

Göpel [73–75] commented on the possibility of hypo-
thetic electrochemical nanosensors with the structure
Pt/YSZ/Pt but appreciated several difficulties in its miniatur-
ization. For instance, relatively large Pt clusters are required
to form a spatially coherent net of an electron conducting

contact which allows the oxygen molecules to access the
three-phase boundary, as large differences in the surface
free energies between platinum and YSZ cause adhesion
problems. Göpel suggested also that it would be hard to
prepare epitaxial thin films with a structural control in the
monolayer range.

More recently, Huang and Choi [76] commented some
other problems and future challenges regarding the use of
nanomaterials for gas sensing. For instance, mechanisms,
such as pore diffusion or reactions of molecular oxygen,
adsorbed oxygen or oxygen ions, and parameters like surface-
to-volume ratios, have been intensely investigated in gas
sensors, but further research is required to take account of
these mechanisms coupled with particular nanostructures
in the sensors. Selectivity could be improved with a more
precise knowledge in this area.

Works with nanomaterials have focused on the improve-
ments of the sensor characteristics. In the context of poten-
triometric ion-conducting oxygen sensors, we can divide
the use of nanomaterials in these devices in three separate
groups:

(i) nanomaterials for lowering the electrode impedance,
for instance, increasing the density of TPB sites, avo-
iding current constriction in the electrode/electrolyte
contacts, or lowering the surface free energy between
the electrode and the electrolyte,

(ii) nanomaterials for improving gas selectivity for oxy-
gen or other gas species by enhancing catalysis in
the electrodes or by modifying the mixed potential
of the electrodes, here, semiconducting oxides have
been tried as an alternative to pure metal catalyst
electrodes,

(iii) nanomaterials for designing thin film electrolytes in
order to lower the activation energy for ion-cond-
uction and enabling lower operation temperatures.

4.1. Lowering the Electrode Impedance. As seen before, one
of the most important elements in electrochemical oxygen
sensors is the three-phase boundary. A high number of TPB
sites ensures a good response time as it lowers the double
layer capacitance. As the use of porous Pt, Pt-YSZ composites
or other cermet composites is a good way to improve the TPB
density, it seems obvious that particles with lower grain size
and higher specific surface help enlarging the number of TPB
sites.

Kimura and Goto [77] looked for an alternative to
Pt in the electrodes and found that iridium may have
similar or higher catalytic activity than Pt. They prepared
Ir-YSZ nanocomposite electrodes by metalorganic chemical
vapor deposition (MOCVD). The composite consisted in
crystalline Ir and amorphous YSZ, with an average Ir particle
size of 3 nm. Several composites were prepared with a
controlled Ir composition from 3% to 71% vol. It could be
seen that the electrical conductivity was up to 1000 times
higher than that of Pt electrodes.

Later, the electrochemical performance of IrO2/YSZ
nanocomposite electrodes was investigated by Torres-Huerta
et al. [78], with grain sizes between 15 and 30 nm. Although



10 Journal of Sensors

this work was in the area of fuel cells, the observed properties
are applicable to gas sensors. The modeled equivalent circuits
after impedance spectra suggested that the polarization
resistance was lower than in Pt conventional electrodes and
Ir-YSZ electrodes [77], probably due to a higher density
of triple phase boundary sites. Furthermore, the activation
energy for the interfacial conductivity of the composites
was in agreement with the energy of dissociation of oxygen
molecules. By comparing to the activation energy for LSM
or Pt electrodes [79], the authors suggested that the IrO2-
YSZ cermets might offer an efficient and competitive perfor-
mance as electrode materials for YSZ electrolytes, although
further analysis would be necessary.

An interesting improvement of the electrodes impedance
was proposed by Wang et al. [80], also valid for fuel
cells and electrochemical gas sensors. Based on quantum
ab initio calculations, it was found that both the surface
energy of a Pt0.7Ni0.3 cluster and the energy change of
the Pt-Ni alloy cluster upon ripening on YSZ were lower
than pure Pt. Also, changes in microstructure properties
after annealing nanoporous Pt and Pt-Ni thin films were
compared. No changes were found in Pt-Ni nanoporous
thin films, but a dramatic porosity reduction was observed
in pure nanoporous platinum. Therefore, a lower electrode
impedance, better thermal stability, and lower temperature
of operation were expected.

The use of nanocomposites made of Pt mixed with
carbon nanotubes has sometimes been suggested [81] to
be applied in oxygen sensors. However, they have been
implemented just in some hydrocarbon electrochemical
sensors [82] or biosensors [83] have been designed with
those nanocomposites.

4.2. Promoting Catalysis and Enhancing Gas Selectivity.
Nanostructured materials are a useful tool to improve
sensitivity and selectivity in potentiometric ion-conducting
sensors as well as in sensors with other sensing principles.
The use of nanoparticles as catalyst, for instance, may
owe larger surface areas and, subsequently, higher catalytic
activities than in bulk material catalysts. This should help
maximizing the response. However, as said before, it is
necessary to know the interactions between the gas being
monitored and the nanostructures to get reliable and repeti-
tive results.

In order to improve catalysis as well as electrode
impedance in the electrocatalytic reduction of dissolved
oxygen, Britto et al. [84] made use of carbon nanotube
microelectrodes. Although their interest was improving the
behavior of solid oxide fuel cells, results regarding the
exchange current densities in the electrode are interesting
when compared to graphite paste electrodes. It was found
that an electrode made of carbon nanotubes showed an
exchange current density of about 6 times the current
density in electrodes made of graphite. However, an electrode
made of carbon nanotubes with deposited palladium had
an exchange current density of 105 times the graphite paste
electrode. This important change in the charge transfer
together with the fact that reactions between oxygen and

hydrogen are usual in some measurements with oxygen
sensors could help promoting oxygen selectivity as well as
lowering the electrode impedance.

Later, Collins et al. [85] showed that carbon nanotubes
are highly sensitive to the chemical environment in the
case of single wall carbon nanotubes, electrical resistance,
local density of states by direct exposition to air, different
concentrations of dissolved oxygen, or very small amounts
of adsorbed gases. The results of this work, therefore,
showed that although selectivity and sensitivity to oxygen
was excellent and this could have been a tool to improve the
performances of oxygen sensors in the electrodes, the use of
carbon nanotubes does not seem to be an easy tool to future
developments in oxygen sensing with catalytic electrodes,
as many properties are extremely dependent of the design
process or some extrinsic conditions.

More recently, Cvelbar and Mozetič [86] studied an
unconventional improvement on the catalysis by using a
Nb2O5 nanowire array at the outer surface of an originally
developed catalytic oxygen sensor. Thanks to the higher
surface areas, a stronger catalysis than in a conventional
catalyst was obtained. Also, oxygen atoms generated from
dissociation of molecular oxygen were detected at densities of
up to ten times lower than in conventional bulk catalysts. The
results suggested that nanowire-based sensors could be used
to detect small densities of gases (oxygen or other species) in
environments where standard catalytic probes fail.

Not many works have focused on improvements in
catalysis by means of nanomaterials in the electrodes for
potentiometric oxygen sensors based on an ion-conducting
electrolyte. However, electrodes of ion-conducting oxygen
sensitive devices have been modified with nanostructured
materials to promote selectivity to some gases in multicom-
ponent gas mixtures with presence of oxygen. As will be
shown, metal oxide nanoparticles have been useful to modify
the mixed potential in the electrodes in non-Nersntian planar
sensors.

As said before, the competition of reactions such as (6)
for oxygen or (12) for carbon monoxide in metal catalysts
had been already introduced in the classical models of
the sensors response and suggested the concept of mixed
potential. Modifying the mixed potential in an electrode can
lead to a different sensor output voltage when exposed to
certain gas mixtures. In fact, the combination of different
electrochemical cells covered by different electrode materials
can promote a net selective response to concrete molecular
species. Some commercial sensors in automotive applica-
tions are based on this possibility.

Devices with some of these new electrodes suggest future
development on new commercial selective gas sensors. For
instance, Wu et al. [87] proposed the use of a porous
CuO-ZnO nanocomposite over a Pt conventional paste. The
structure CuO-ZnO/Pt/YSZ/Pt was studied as a selective
CO sensing electrode. A high porosity was observed in the
structure of the CuO-ZnO nanocomposite electrode. An
output voltage of about 8 mV was detected for a 800 ppm
CO concentration in air near 800 K. However the response
equilibration time of the sensor was significantly slow, in the
order of thirty minutes.
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Li and Kale [88–91] studied electrodes made of tin-
doped indium oxide (ITO) nanoparticles. Sensors with the
structure ITO nanoparticles/YSZ/Pt exposed to air mixed
with several CO concentrations near 900 K got higher
sensitivities for CO and lower potentiometric response times
than in previous works. This net response is non-Nernstian
and was attributed to the mixed potential of electrodes made
of ITO nanoparticles.

In an opposite direction, Plashnitsa et al. [92] studied a
mixed potential sensor with almost no selectivity to carbon
monoxide and other species such as hydrocarbons. By using
gold nanoparticles coatings as sensing electrodes, sensitivity
of 400 ppm CO in air was lowered to less than 10 mV at
870 K, whereas sensitivity to 400 ppm NO2 was promoted
to 60 mV. The obtained high sensitivity and high selectivity
to NO2 were attributed to the higher catalytic activity of the
reaction

NO + O2− � NO2 + 2e− (16)

in the Au/YSZ interface than the catalytic activity of reac-
tion (12), causing a modification of the respective mixed
potentials. This work showed big differences between the
behavior of electrodes with gold nanoparticles and gold bulk
electrodes, as bulk Au electrodes had been described for
mixed potential sensors for detection of CO [93–95] and
hydrocarbons [92, 96, 97].

More nanocrystalline oxide solid electrolytes for mixed
potential NOx sensors can be found: there have been
proposed structures based on nanostructured CuO-doped
NiO electrodes [98], nano-structured perovskites such as
LaFeO3 [99], a more sensitive and stable version with
LaFeO3-doped Pt [100], or thin films of NiO electrodes
[101, 102].

4.3. Nanomaterials in Electrolytes. High temperature of
operation (around 850 K) in classical potentiometric ion-
conducting sensors is one of their main limitations. The
aim of getting higher conductivities and lowering this
temperature has stimulated the research on alternatives to
traditional YSZ bulk ceramics. Although increasing the Y2O3

doping in ZrO2 can seem an easy way to enhance the ionic
conductivity (due to the larger number of oxygen vacancies)
of the ceramics, structural stability properties are affected.
The main advantage of using bulk YSZ in oxygen sensors
is that powders have high purity and uniform particle sizes,
and this helps predicting the sensor properties as the grain
size after sintering can be estimated. However, nanomaterials
have provided some interesting improvements.

Several studies on synthesis of YSZ nanoparticles have
been carried out, some of them with a relatively high
dispersion in grin sizes [103–105]. By comparing conduc-
tivities and microstructure of single crystal, microcrystalline,
and nanocrystalline YSZ, it was confirmed that the grain
boundary resistance is the main contribution to the total
resistance of nanocrystalline YSZ and other ceramic ion-
conductors [106–109]. Kosacki et al. [110] studied and
modeled the total electrical conductivity in nanocrystalline
YSZ thin films with controlled grain sizes in the range of

1–400 nm and detected an enhancement of the activation
energy for the ionic conductivity (0.93 eV in nanocrystalline
YSZ in front of 1.23 eV in microcrystalline YSZ). They
were also found a slight increase of undesired electronic
conductivity at very low oxygen partial pressures (below
10−20 atm).

Another experiment with YSZ thin films was prepared
[111] by epitaxially growing nanocrystalline 10 mol% Y2O3-
doped ZrO2 over a MgO substrate, producing YSZ thin
films of different thickness. Differences in conductivity and
activation energies were studied. Equivalent circuits fitted
to measurements from impedance spectroscopy, along with
models of conductivity in two-phase materials [112], were
applied to separate the YSZ/MgO surface/interface and YSZ
lattice conductivities. As a result, and according to the
applied two-phase materials model, a nanoscale effect with
exceptionally high ionic conductivity below 60 nm thickness
was interpreted, with ionic conductivities 1000 times higher
than in bulk YSZ and an activation energy of 0.45 eV.

Garcı́a-Sánchez et al. [113] worked on nanostructured
YSZ thin films for solid oxide fuel cells, although the
results are perfectly extensible to electrochemical sensors.
An activation energy of 0.79 eV was achieved for ion-
conduction through the grain boundaries, increasing the
total conductivity of the material up to 0.033 S/cm at
923 K. Nanostructured YSZ was obtained via ultrasonic spray
pyrolysis, and relevant changes in grain sizes were observed
in terms of the deposition time and temperature.

Zhu and Fan [114] focused on the consequences of
ceramic sintering temperature when using YSZ nanoparti-
cles. It was found that 8 mol% YSZ nanopowders with an
average grain size of 9 nm could be fully densified after
1300 K sintering for 24 hours, a temperature significantly
lower than the usual 1650–1750 K for YSZ micrometric
powder.

Nanostructured ion-conducting solid electrolytes have
been claimed for possible oxygen sensing applications. Yadav
and Hu [115] observed an order of magnitude enhancement
in oxygen ion-conductivity in a Ag/YSZ/Ag cell exposed to
two separate atmospheres containing oxygen and nitrogen.
Conductivities of microstructured and nanostructured YSZ
were extracted from impedance spectra and compared.
Other patents have claimed similar nanostructured elec-
trolytes for sensing devices [116–118], among other appli-
cations such as fuel cells or oxygen pumps.

Although it is not strictly a YSZ thin film for electro-
chemical gas sensors, it is interesting to comment the works
of Dimitrov and Dushkin [119] on YSZ thin films with
Pt nanoparticles for O2 resistive detection as an alternative
method for oxygen sensing with nanomaterials. Thin films
of pure YSZ and films of YSZ with Pt nanoparticles
were prepared by spray pyrolysis and by dip coating of a
substrate as well. The electric resistance was measured in the
samples when exposed to several oxygen and nitrogen cycles.
Although the pure YSZ sample showed a higher sensitivity
to oxygen at 1075 K, the Pt-YSZ sample had a faster response
time and the response was relatively stable with time. A lower
resistance in the case of the Pt-YSZ sample was attributed to
the presence of the metal.
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Later, junctions consisting in YSZ in contact to YSZ
with embedded Pt nanoparticles were prepared, observed,
and tested as electrochemical sensors [120, 121]. Different
platinum loadings were compared, and Nernstian responses
were found when exposed to 0.9% O2 in N2 for nanoparticle
Pt loadings of 2.5% mol and 6.5% mol in YSZ.

5. Conclusions

Models of the behavior of YSZ-based potentiometric oxygen
sensors have been reviewed. The classical models based
on reaction rates and rates of adsorption of different gas
species in the three-phase boundary sites are still useful to
understand the general working principles of the sensors.
Electric models fitted by impedance spectroscopy seem to be
a powerful tool to extract information about phenomena in
electrodes and electrolytes. The use of nanomaterials in these
devices has shown promising improvements for modifying
the mixed potentials to enhance gas selectivity, lowering the
activation energies for ion-conduction, or avoiding current
constriction in the electrode/electrolyte interfaces. However,
they are still necessary more work to be done to implement
the advantages of nanomaterials in commercial sensors, as
problems with repeatability of measurements, dependence
on experimental conditions, control of particle sizes, and
spatially coherent nets of electron conducting contacts in the
electrodes have to be solved.
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1. Introduction

In the last two decades, gas sensors based on SnO2 thick films
became the dominant solid state devices for the gas detection
in domestic, commercial, and industrial alarms [1, 2]. It
is widely accepted that, when oxygen chemisorbs, electrons
transfer from the bulk to the surface of the grain modifying
the barriers at the grain boundaries [3]. In particular,
after oxygen chemisorption, the barrier height, Vs, and the
depletion width, Λ, become larger and, as a consequence,
the sample resistance increases. Different factors (such as
type of defects, morphology, and additives) contribute to the
electrical response of the gas sensor [4, 5].

The film resistivity (or conductivity) is broadly used
to characterize a sensor, and the widely acknowledged
phenomenological equation [2, 6, 7] is

ρ = ρoExp
(
eVs

kT

)
, (1)

where ρo is the bulk resistivity, k the Boltzmann constant, and
T the absolute temperature.

In this work, the resistance of undoped SnO2 thick-
film gas sensors is analyzed as a function of temperature
in vacuum and in dry air atmosphere. In order to explain

the results, thermionic and tunneling contributions to the
electrical conduction have been considered.

2. Experimental

Commercial high-purity SnO2 (Aldrich, medium particle
size 0.4 μm) was ground until a medium particle size of
0.1 μm (labeled powders P1). A calcination process carried
out at 1100◦C for 2 hours led to powders with larger particle
size (labeled powders P2). Then, a paste was prepared with
an organic binder (glycerol) and the powders P1 and P2. The
used solid/organic binder ratio was 1/2. No dopants were
added.

Thick, porous film samples were made by painting onto
insulating alumina substrate on which electrodes with an
interdigit shape have been deposited by sputtering. Finally,
samples were thermally treated for 2 hours in air at 500◦C.
Samples were labeled S1 (small particle size) and S2 (large
particle size). The thickness of the films was measured with a
Surtronic 3+ (Taylor Hobson) profilometer with a diamond
stylus (radius: 1 μm). To image the tin oxide surfaces a
JEOL JSM 6700F SEM was employed. The X-ray data were
collected with a Siemens D-500 difractometer using CuKα
radiation.
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Dynamical resistance curves were measured while chang-
ing the vacuum into air flux and, after having reached
quasisaturation, changing the dry air flux back into vacuum
(10−4 mmHg). In temperature cycling experiments, resis-
tance was measured while raising and then decreasing the
temperature from room temperature up to 420◦C at a rate
of ∼2◦C/min with the sample kept in air (40 mmHg).

3. Modelling

To model the resistance of the two sets of sensors, a field-
assisted mechanism for barrier crossing is proposed (see [8]).
We applied the WKB approximation to a double parabolic
barrier of the following form:

V(r) =

⎧⎪⎪⎨⎪⎪⎩
Vs

Λ2
(r + Λ)2, −Λ ≤ r ≤ 0,

Vs

Λ2
(r −Λ)2, 0 ≤ r ≤ Λ.

(2)

The tunnelling and thermionic contributions to the current
density, with respect to the flat band case, were calculated
following the classical work of Crowell and Rideout for a
single parabolic barrier [9]. The whole calculation resulted
in a factor two in the exponent of the tunneling part
of [9, equation (13)]. Thus, we found for the tunneling
contribution, here called I1, and for the thermionic one, here
called I2, respectively,

I1 = eVs

kT

∫ 1

0
Exp

{
−eVs

kT

[
α +

2kTy(α)
E00

]}
dα,

I2 = Exp
(
−eVs

kT

)
,

(3)

where

y(α) = (1− α)0.5 − αLn

[
1 + (1− α)0.5

α0.5

]
,

α = E

eVs
,

E00 = eh

4π

(
Nd

m∗ ε

)1/2

,

(4)

with E being the energy of an electron in the conduction
band. From numerical solutions of (3) it turns out that the
relative tunneling emission with respect to the thermionic
one (I1/I2) is an increasing function of E00/kT ratio. For a
given material, E00 is fixed; thus the tunneling contribution is
more effective at lower temperatures. Moreover the solution
of (3) at a fixed temperature shows, as discussed in [8] (our
factor two does not alter the trend), that the lower the barrier
the more important the relative thermionic contribution
with respect to the field assisted one. This phenomenon
gives an explanation to the experimental evidence presented
below.

4. Results and Discussion

In Figures 1(a) and 1(b), SEM micrographs of the samples
S1 and S2 are shown. Both samples present homogeneous

200 nm Mag = 150 kX EHT = 3 kV WD = 1mm Signal = 1 Signal B = InLens Signal A = InLens

(a)

200 nm Mag = 80 kX EHT = 4.99 kV WD = 3mm Signal = 1 Signal B = InLens Signal A = InLens

(b)

Figure 1: (a) SEM micrograph for a sample labeled S1 (R < Λ). (b)
SEM micrograph for a sample labeled S2 (R > Λ).

microstructures. From SEM micrographs a significant differ-
ence in the microstructures of S1 and S2 is observed. The
samples showed the presence of agglomerates, but samples
made with larger particle size (S2) showed a highly porous
microstructure with the presence of some cracks (not shown
in this figure). The average particle radius of samples labeled
S1 was determined to be 25 nm, while for samples labeled S2
it was determined to be 125 nm. The mean thickness of the
films determined by the profilometer was 100 μm for samples
S1 and 440 μm for samples S2.

Since SEM imager for sample S1 is not clear enough to
provide reliable grain size determination, we have performed
X-Ray Diffraction (XRD) on this sample for comparison.
From XRD, the film is found to be composed of SnO2

with a high degree of crystalline. In Figure 2, the peak
corresponding to the (211) plane is showed. The grain sizes
of the samples were calculated following Scherrer’s law [10]:

t = 0, 9 · λ
B · cos(θB)

, (5)

where t is the SnO2 particle size; λ is the wavelength (Co =
1.788 Å); B is the angular width (in terms of 2θB) measured in
radians that corresponds to the full width at half-maximum;
θB is the value of the angle of the peak of the highest
intensity. Through this equation, a particle size, t, of 41 nm
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Figure 2: XRD of sample 1 to compare with SEM measurement.

was calculated for sample S1. This result is in agreement with
that found using SEM.

Figure 3 shows the electrical response (resistance versus
time) of the sample with smaller particle size after changing
the vacuum (10−2 mmHg) into air flux (t = 0) and back
into vacuum. In Figure 3, curve A—experiment carried out
at 280◦C—after a quick increasing due to air exposure,
the electrical resistance is almost constant over a lapse of
700 seconds. On the other hand, at the temperature of
420◦C (Figure 3, curve B) a diminution in the resistance
after a quick increase is observed. Figure 4 shows electrical
responses (resistance versus time) of the sample S2 after
changing the vacuum into air flux (t = 0) and back into
vacuum. Curve A shows an electrical response similar to
those observed in sample S1 at the low temperature (Figure 3,
curve A). When the temperature is increased at values close
to 420◦C, a slow decreasing in the resistance with exposure
time was registered (Figure 4, curve B). This behavior is
similar to that observed at the high temperature in sample S1
for the longest exposition times. However, due to the greater
thickness in sample S2, a slower electrical response with
respect to S1 in the studied temperature range is detected.

Resistance versus time curves can be understood by
considering that intergranular potential barriers are respon-
sible for the observed electrical response [11]. The rapid
increase of the resistance, when samples are exposed to air,
indicates that equilibrium at the surface is quickly reached.
The interaction of oxygen with grain surfaces produces the
transfer of electrons from the bulk to the surface. From this
process, Vs and Λ become larger and, as a consequence,
the sample resistance increases. The long term changes in
the resistance observed after a quick initial change in the
atmosphere can be explained in terms of oxygen in- and out-
diffusion [12] that reflects in a slow change of the doping
level, Nd.

Samples with larger particle size (S2) showed a relatively
slower response than samples with smaller particle size (S1).
This result could be explained by considering that samples
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S2 are thicker than S1. It has long been suggested that the
response time of a semiconductor gas sensor could be related
to the reactivity and diffusion of gas molecules inside gas
sensing layers [13, 14].

Regarding the behaviour of resistance in vacuum a more
subtle analysis is required. The values of resistance in vacuum
for the samples S1 and S2 are reported in Table 1 at the
temperatures of 280 and 420◦C, respectively.

Samples S2 show a lower resistance than samples S1 at
both temperatures due to the lower number of grains. But it
is worth noticing that, whereas at the high temperature the
value of the resistance is comparable to that of the smaller



4 Journal of Sensors

−25 250

V
′
s

ΔE

r(nm)

R < Λ

B
ar

ri
er

(V
)

Figure 5: R < Λ, the potential is not zero at the centre of the grain.
The potential barrier that electrons have to cross is ΔE < eV ′

s . V ′
s is

the distance between the conduction band at surface and the Fermi
level; it holds V ′

s < Vs [13].

Table 1: Average resistance values in vacuum of samples S1 and S2
at the two operating temperatures.

S1 (R = 25 nm) S2 (R = 125 nm)

280◦C R = 0.565 kΩ R = 0.105 kΩ

420◦C R = 0.110 kΩ R = 0.085 kΩ

grained sample, at the low temperature the resistance of S1 is
five times larger than that of S2. The case of grains with R < Λ
(S1) is sketched in Figure 5. In a previous work [15] we have
demonstrated that the barrier height in vacuum, which we
will call here V ′

s , of SnO2 grains with R < Λ is expected to be
about 10% lower than that of grains with R > Λ because of
the decrease of surface state density.

It must be observed that the density of electrons decreases
exponentially with the distance of Ec from EF in the same
manner as the thermionic contribution increases due to the
lower barrier. As explained in [8, equation (7)], if we call
ΔE the barrier height and eV ′

s the distance between Ec and
EF , then the Fermi level is eV ′

s − ΔE below the bottom of
the conduction band. The carrier density is then reduced
by a factor Exp[−(eV ′

s − ΔE)/kT]. Consequently the total
thermionic contribution to conductance is proportional to
Exp[−(eV ′

s −ΔE)/kT]×Exp(−ΔE/kT), where the first term
is the change in carrier density and the second one is the
probability of barrier crossing. This product gives exactly

Exp
[−eV ′

s

kT

]
= Exp

[
−Ec − EF

kT

]
. (6)

Therefore, if we do not invoke tunnelling, it is necessary
for a semiconductor with lower distance between Ec and
EF to exhibit higher conductivity, which is contradicted by
experimental evidence.

If the mechanism of barrier crossing were purely
thermionic, the smaller grains would show less resistivity
at every temperature, being the resistivity an exponential
function of the barrier height; see (6). At the higher
temperature, the number of electrical active grains, of the

samples S2, competes with its higher resistivity making the
resistance of the two samples almost equal, R(S1) = 1.3R(S2).
Instead, at 280◦C where the tunneling contribution (I1) is
dominant with respect to the thermionic (I2) because at
lower temperature E00

∼= kT , the effect of grain size is
crucial. In the case of small grains, the actual barrier to be
crossed, �E, is much lower than that of the larger grains,
and, in the case of lower barrier, the relative tunneling
contribution is reduced with respect to the thermionic one.
In fact, at R = 25 nm the overlapping of potential barriers
takes place, see Figure 5, and ΔE < V ′

s < Vs. Therefore a
larger resistance for smaller grains is to be expected at the
lower temperature. If instead the phenomenon were purely
determined by thermionic emission, the barrier lowering of
small grains could not produce different effects at different
temperatures, the effect being only that of reducing the
resistance of the small grains with respect to that of large
ones. It would not then be possible to explain why R(S1) =
5.4R(S2) at 280◦C.

5. Conclusions

The resistance behavior of the two samples in oxygen has
been explained in terms of barrier variations due to surface
reactions. In the case of vacuum, to explain the greater
resistance (Table 1) of small grains with respect to larger
ones, in spite of the fact that the barrier of the latter is
higher, it is necessary to invoke tunneling. It turns out
that the relative tunneling contribution in the case of small
grains is smaller because intergranular barriers are lower as
a consequence of the lift of the potential at the centre of the
grain.

Therefore, if the sensors are working at temperatures at
which the tunneling crossing is dominant with respect to
thermionic, it is possible that the decrease of the former
contribution results in a very big increase in resistance for
samples with a grain radius smaller than depletion width.
This evidence could not be taken into account by bare
thermionic emission.
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Screen-printing technology is a low-cost process, widely used in electronics production, especially in the fabrication of disposable
electrodes for (bio)sensor applications. The pastes used for deposition of the successive layers are based on a polymeric binder
with metallic dispersions or graphite, and can also contain functional materials such as cofactors, stabilizers and mediators. More
recently metal nanoparticles, nanowires and carbon nanotubes have also been included either in these pastes or as a later stage
on the working electrode. This review will summarize the use of nanomaterials to improve the electrochemical sensing capability
of screen-printed sensors. It will cover mainly disposable sensors and biosensors for biomedical interest and toxicity monitoring,
compiling recent examples where several types of metallic and carbon-based nanostructures are responsible for enhancing the
performance of these devices.
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1. Introducing Screen Printing Technology
and the Applications of Nanomaterials in
Screen Printed Electrodes (SPEs)

Screen printing technology is a low-cost thick film process
that has been widely used in artistic applications and
more recently in the production of electronic circuits
and sensors. In the 80s the process was adapted to the
production of amperometric biosensors [1–4], making their
commercialization much easier. This was due to the multiple
advantages that the technology offers including reduced
expense, flexibility, process automation, reproducibility and
wide selection of materials. A huge number of successful
electrochemical devices have been built using this technique
[5].

The process of screen printing is rapid and simple; it con-
sists of squeezing an ink or paste through a patterned screen
onto a substrate held on the reverse of the screen. Successive
layers can be deposited by this procedure and repeat patterns
can be designed onto the same screen to enhance production
speed. The substrate needs to be an inert material, most
commonly PVC [6], polycarbonate [7], polyester [8], or

ceramic [9], although nitrocellulose [10] and glass fibre
[11] are also employed. Each layer is deposited through
the corresponding mask providing a specific pattern. These
masks are prepared by a photolithographic technique with
photosensitive gels and nylon, polyester or, stainless steel
meshes.

There are mainly two types of pastes that can be used
in screen printed electrode (SPE) production: conductive
or dielectric inks. The conductive inks give rise to the
formation of conductive tracks on the electrodes. They are
based on an organic binder where gold, silver, platinum or,
graphite are dispersed at high loads as conducting fillers.
Recently water-based inks have also been employed [12–15].
Functional materials can also be part of the formulation such
as cofactors, stabilizers and mediators, and more recently
nanosized metals and carbon nanotubes. Dielectric inks
are often based on polymers or ceramics and form the
encapsulating layer of the sensor, delimiting the working area
and electric contacts.

Regarding biosensors production via screen printing,
the biological component (e.g., enzyme, antibody, nucleic
acid) can be added in different ways, giving rise to different
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preparation alternatives; the deposition by hand or the
electrochemical entrapment after a multilayer deposition
process is the most used alternatives. Another possibility
is to introduce the biological material in a printing paste,
printing it as a last layer on the electrode surface or as
a one step deposition layer forming a biocomposite with
the rest of the ingredients [16]. However, the incorporation
of the biomolecules in screen printing pastes depends on
their nature and is not always possible due to the paste
drying conditions that can often bring the denaturalization
of the biocomponent. Some of the most commonly used
configurations for screen-printing enzymatic biosensors
were reviewed by Albareda-Sirvent et al. [17]. More recently,
arrays have been developed with multiple working electrodes
on the same printed strip, for simultaneous electrochemical
detection of different analytes including phenol/pesticides
[18–20] or several target sequences of hybridization in
genosensors, with up to 8 working electrodes on the same
strip [21].

The design of new nanoscale materials has found a wide
range of applications in the field of sensors, revolutioniz-
ing this field. They have also started to find their place
in screen printed devices, bringing uncountable benefits.
Among them, carbon nanotubes, nanowires and metallic
nanoparticles have lately become favorite tools in the sensor
area, since they can promote the electron transfer reactions of
many molecules, lower the working potential of the sensor,
increase the reaction rate, improve the sensibility, or in
case of biosensors, contribute to a longer stability of the
biocomponent. In genosensors and aptasensors the metallic
nanoparticles can serve also as electroactive labels for electro-
chemical stripping techniques (e.g., stripping voltammetry,
stripping potentiometric detection). Nanowires have also
received considerable attention in nanoscale electronics and
sensing devices [22–26], due to their high aspect ratios, capa-
bility of multisegmented synthesis, and surface modification
compatibility. Recent research supports that nanowires can
be applied in biofuelcells [27], adaptive sensors [28], and
enzymes-based electrochemical sensors [29, 30]. They are
also interesting tools for magnetic control of electrochemical
reactivity or to adapt on demand (bio)electrocatalytic trans-
formations as it was shown for ethanol/methanol [29] and
glucose detection [27, 31].

The incorporation of nanomaterials in SPEs can be
done following different alternative strategies. In most of
the cases the addition of nanoparticles or nanotubes into
screen printed inks, although possible [32], is not an easy
task. In spite of not suffering from temperature stability
problems in the same extent as enzymes or nucleic acids,
they are insoluble in many solvents that constitute the matrix
of screen printing pastes. For these reasons, other methods
have been developed that are applied after the printing.
These postprinting modifications include drop casting of the
working electrode with nanotubes dispersed in DMF/water
[33], Nafion [34], polyethylenimine [35], or DMSO [36], or
electrodeposition of metallic particles [37]. More examples
will be discussed in the following sections.

There are many good reviews concerning the preparation
and application of nanomaterials in electrochemical sensors

[38–50]. However, there are scarce references on them to
screen printed devices as electrodic material to support
these nanomaterials. On the other hand, there are articles
reviewing advances in SPE sensors [16, 51–57], but their
content on applications of nanomaterials into these types
of sensors is limited. In any case, there is no review, to
the best of the authors’ knowledge, dedicated exclusively to
the application of nanotechnology to screen printed sensors.
The following sections will be addressed to meet this need,
covering examples of practical applications of screen printed
sensors in the clinical and environmental field, explaining
their basic principles and recent improvements with the use
of nanotechnology.

2. SPE in Clinical Diagnosis

2.1. Glucose. Due to the prevalence of diabetes in the
developed nations, 85% of the current market of biosensors
is aimed to glucose monitoring, resulting in more than $5
billion expense [58]. Disposable screen-printed biosensors
are widely employed to address this need of frequent glucose
monitoring in diabetics, and they are also used in food
industry for quality control. They show a superior perfor-
mance compared to reflectance devices since they give a rapid
and accurate answer using disposable strips with no risk of
instrument contamination. This shift toward electrochemical
sensing has already been accounted for companies like Roche
Diagnostics, Lifescan, Abott, and Bayer giving rise to more
than 40 blood glucose meters on the market.

The majority of these devices are based on screen-printed
carbon electrodes modified with the enzyme glucose oxidase
(GOX), which oxidizes glucose to gluconic acid. In these
systems, the presence of a mediator is needed to achieve
direct electron exchange between the electrode and the redox
centers of GOX, since these centers are situated in the interior
of an insulating glucoprotein shell which prevents the direct
process [59]. There are two major types of mediators:
hydrogen peroxide oxidation mediating reagents and enzy-
matic glucose oxidation mediating reagents. The first type is
employed in sensors where the oxygen participates actively
in the oxidation of glucose catalyzed by glucose oxidase
forming gluconic acid and H2O2. Reduction or oxidation of
H2O2 occurs at high potential in nonmediated electrodes.
Therefore, mediators are employed in this type of glucose
biosensors to lower such potentials. This is the case of prusian
blue (PB) [60–64]). Instead of these mediators, metallized
carbon can also be used in the working electrode as the
dispersed metal particles have shown favorable catalytic
activity to oxidation and reduction of H2O2. The second
type of mediators, the artificial mediating reagents, offers the
advantage of not requiring oxygen in the system, which is
the limiting reagent in the first type of systems and thereby
lowering their sensitivities.

The use of nanotechnology has served to improve both
types of systems. As mentioned previously, dispersed metal
particles can be used to diminish the oxidation potential
of H2O2 in glucose sensing without the need of mediators.
If these particles are in the “nano” range, cannot only the
potential be decreased but also the sensitivity enhanced. Shen
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et al. [32] reached this effect very recently by adding iridium
nanoparticles on a screen-printable homemade carbon ink
based on hydroxyethyl cellulose, polyethylenimine and a
commercial carbon material. They first made a study of
feasibility applying this ink on the working electrode of a 3-
electrode configuration. Over the printed working electrode
the enzyme (GOX) was covalently attached via glutaralde-
hide. They passed subsequently to successful mini disposable
electrodes with a 3-electrode configuration, with a working
diameter of 1 mm. These minielectrodes responded linearly
to glucose between 0 to 15 mM and needed as little as 2 μL
Sample volume.

Zuo et al. [65] used a silver nanoparticles-doped silica
sol-gel and polyvinyl alcohol hybrid film on a PB-modified
screen-printed electrode to immobilize GOX. Although they
did not avoid the use of the mediator for H2O2 detection
(PB), they doubled the sensitivity of the sensor comparing
with the biosensor without nanoparticles. The immobilized
GOX remained with a 91% activity for 30 days in buffer.

The synthesis, characterization and immobilization of
PB nanoparticles of 5 nm diameter have been reported [66]
as mediators in Indium Tin Oxide (ITO) electrodes for the
amperometric detection of H2O2. A similar strategy could be
applied to SPE for the H2O2-based glucose detection.

Some other examples of nanomaterials for glucose
sensing are applied to biosensors that do not require the
formation of H2O2. Guan et al. [67] dispersed multiwalled
carbon nanotubes (MWCNTs) within mineral oil following
the procedure described by Rubianes and Rivas [68]. They
mixed the MWCNT dispersion with an enzymatic solution
of glucose GOX in citrate buffer and potassium ferrocianide
and deposited a drop of the mix over the working electrode
of screen-printed electrodes. After the drop dried they
tested these electrodes (several types varying the mixing
time for enzyme/MWCNT) and compared them with the
corresponding type without MWCNT. It was shown that the
best response toward glucose was obtained in the systems
where the MWCNTs were present and had been mixed with
the enzymatic solution during 30 minutes before deposition.
Longer mixing time would lead to axial electron transfer.
A wider linear response range and higher sensitivity was
reached when the MWCNTs were present.

Lu and Chen [69] drop-coated also the working electrode
of their screen-printed strips with a solution containing
magnetite nanoparticles (Fe3O4) with ferricyanide. In this
case, the enzyme (GOX) was added in a later stage, after
the nanoparticle-containing drop had dried. Sensitivity of
1.74μA mM−1 was achieved. Rossi et al. [70] prepared and
functionalized Fe3O4 nanoparticles with amino groups to
link them covalently with GOX. The GOX-coated magnetite
maintained the enzymatic activity for up to 3 months.
Although they could have applied this modified enzyme
in screen-printed sensors, they opted for quantifying the
oxygen consumption from the transformation of glucose
to gluconic acid catalyzed by this enzyme by measuring
the increase of the steady state fluorescence intensity of
Ru(phen)3. This consumption of oxygen increased with the
glucose concentration so glucose was able to be monitored
without any surface of sensing material but directly in the

solution. In spite of being an elegant approach, a digital
fluorescence imaging system was required, which is a more
sophisticated piece of equipment than a small portable
potentiostat.

Gao et al. [71, 72] built and patented a nanocomposite
membrane to be screen printed into a carbon strip using
an aqueous slurry ink of a diffusional polymeric mediator
(polyvinyl ferrocene coacrylamide) on a PVPAC binder
and alumina nanoparticles. The nanoparticulate membrane
served not only as biosensing media but also for analyte
regulating functions.

Wang et al. [27] reported the possibility of modu-
lating the electrochemical reactivity toward glucose and
methanol of a screen-printed working electrode using nickel
nanowires. A screen-printed carbon strip served as the
working electrode and was limited by a glass cylinder to
form an electrochemical cell. An Ag/AgCl and platinum wire
were used as reference and counter electrodes, respectively.
The nanowires were previously grown by electrodeposition
into nanopores of alumina membranes, then removed from
the templates, washed and stored in a KOH solution until
their use. After being magnetically separated from the storing
solution, they were dispersed in a NaOH solution used as
electrolyte and placed in the homemade electrochemical cell.
The modulation of the magnetic field was performed by
placing a small magnet under the working electrode surface.
The magnetic properties of nickel and its catalytical action
toward aliphatic alcohols and carbohydrates entitled this
action, and an enhancement of the electrochemical signal
was observed when the nickel nanowires were vertically
oriented with a magnetic field. Similarly, when the nanowires
were magnetically orientated in a horizontal position the
enhancement was produced to a lesser extent. Moreover,
such modulated redox transformation was observed multiple
times, upon repetitive changes of surface orientation.

2.2. Cholesterol. The alarming increase of clinical disorders
such as hypertension, heart related illnesses, cerebral throm-
bosis, arteriosclerosis, and coronary artery disease. due to
abnormal levels of cholesterol in blood have stimulated the
development of biosensors with the purpose of quantifying
the levels of this compound. Besides, the quality control
and nutritional labelling of foods in the food stuff industry
is another application for the measurement of cholesterol
[73, 74].

The biosensing element most commonly used in choles-
terol biosensors is cholesterol oxidase (ChOx), which can
be immobilized in the working electrode of screen-printed
sensor, catalyzing the conversion of cholesterol in presence
of oxygen and water into 4 cholestene-3 one and hydrogen
peroxide. As in the case of glucose biosensing, amperometric
measurements of hydrogen peroxide are often monitored,
and here the high potential also causes interferential prob-
lems (ascorbic acid, uric acid and other easily oxidizable
species); so mediators are also required. Some commonly
used mediators in cholesterol sensing are cobalt phtalocia-
nine [75], ferrocene derivatives [76] and phenothiazine
derivatives [77]. Another possibility is also to add a mediator
for cathodic determination of H2O2 such as prusian blue
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(PB) [78], titanium dioxide [79] or metal hexacyanoferrate
[80]. As in glucose sensing, there is also a possibility to avoid
the route of H2O2 production; in this case peroxidase (POD)
can be combined with ChOx with potassium ferrocyanide.
The drawback of this last route can be that the air oxidation
of ferrocyanide is taking place as a competitive reaction of the
enzymatic oxidation since it can affect the system.

Several matrices have been employed to construct choles-
terol sensors including glassy carbon or gold electrodes,
graphite-Teflon, tungsten wire, ITO-coated glass and porous
silicon. Advances implemented on these electrodes for
cholesterol detection have been recently reviewed for Arya
et al. [81], including the application of nanomaterials.
However, there are only a few reports that focus on
the development of disposable cholesterol biosensor. For
example, in Arya’s review only three out of one hundred cited
references were based on screen-printed electrodes, two of
them containing nanoparticles. This is an example of how the
application of nanomaterials on screen-printed cholesterol
sensors is a field that is yet starting.

A collaboration between Italian and Russian scientists
has led to applications of gold nanoparticles [82] and very
recently MWCNT [83] on screen-printed rhodium graphite
electrodes for cholesterol detection. In both cases they did
not use ChOx but opted for another enzyme, cytochrome
P450scc, for its specific catalysis of cholesterol side chain. An
interesting review on applications of this enzymatic family in
biosensors can be found [84].

The same scientists had previously built a cholesterol
sensor with this enzyme in SPE but without nanoparticles,
by immobilisation of cytochrome P450scc biomolecule with
glutaldehide or agarose hydrogels over the rhodium-graphite
working area [85]. This sensor needed the use of a mediator
for electronic transfer: riboflavin. By drop coating the work-
ing area with gold nanoparticles suspended in chloroform,
they converted the electrode into a nonmediated system,
since the roughness of the surface was enough to penetrate
the protein matrix, reaching a sensitivity for cholesterol of
0.13 μA μM−1. The addition of MWCNT to the electrode
prior to the deposition of the electron transfer, P450scc
enzyme, once the enzyme had been immobilized, would
increase sensitivity more than 17 times with respect to
bare electrodes, or 2.4 times with respect to the electrode
containing gold nanoparticles. This catalytic effect is shown
in Figure 1. Although the sensitivity to cholesterol was of the
same order as using the gold nanoparticles, the linearity in
the response improved significantly in the range of 10 to
80 μM.

Li et al. [86] also proved the electron transfer improve-
ment with MWCNT in an electrode containing ferrocyanide,
POD, ChOx and cholesterol estearase. They performed
clinical trials in blood of 31 patients with the biosensor
showing fairly good correlation between this method and the
results obtained by a clinical blood analyzer.

2.3. Hybridization Sensors. The detection of specific sequen-
ces of DNA is a booming field due to its applications
for diagnosis of pathogenic and genetic diseases, forensic
analysis, drug screening and environmental testing. Different
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Figure 1: Cyclic voltammograms of screen-printed bare rhodium-
graphite electrode for cholesterol detection (1), on electrodes
modified with Au nanoparticles and P450scc (2), or with multi-
walled carbon nanotubes and P450scc (3). Experiments were
performed under aerobic conditions, 100 mM phosphate buffer,
50 mM KCl, pH 7.4, and the scan rate was 50 mV s−1. With
permission from [83].

strategies can be used for the detection of DNA in sensors,
among them the most useful tools are the intrinsic elec-
troactivity of nucleic acids [87], the use of DNA duplex
intercalators [88], the labelling with enzymes [89], or the
addition of electroactive markers [90].

Metallic nanoparticles (NPs) have emerged as appealing
electroactive markers in electrochemical sensors, especially
in stripping voltammetry. This technique is cheap, simple
and fast in comparison with optical methods in which
commercial DNA chips are based. Another advantage of
the use of nanoparticles in DNA hybridization sensors
is their multiplexing capability, being able to recognize
different molecules in the same sample due to the distinct
voltammetric waves produced by different electrochemical
tracers [91]. Additionally, their life cycle is much longer than
other markers, making their use even more attractive.

Although most of the work of application of metallic
nanoparticles for DNA recognition events is performed in
other types of electrodes (e.g., gold disks [92], glassy carbon
electrodes [93], graphite-epoxy composite electrodes [94],
pencil graphite electrode [95]) some examples have emerged
regarding the use of SPE in combination with elements
from nanotechnology and will be studied in the following
paragraphs.

Wang et al. [96] developed a hybridization assay employ-
ing a combination of electrodes: a probe-modified gold
surface and an SPE. The method was based on the electro-
static collection of silver cations along the DNA duplex, the
reductive formation of silver nanoclusters along the DNA
backbone, the dissolution of the silver aggregate with a nitric
acid solution and the stripping voltammetry detection of
the dissolved silver with the SPE. A scheme of the working
protocol is shown in Figure 2.

DNA segments related with the BRCA breast-cancer
gene were detected to concentrations as low as 200 ng/mL
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Figure 2: Immobilization and analytical protocol for DNA
hybridization detection. (a) Formation of self-assembled cys-
teamine monolayer, (b) immobilization of ssDNA probe, (c)
hybridization of complementary target, (d) “loading” of the silver
ion to DNA, (e) hydroquinone-catalyzed reduction of silver ions to
form silver aggregates on the DNA backbone, (f) dissolution of the
silver aggregates in nitric acid (50%) and transfer to the detection
cell, (g) stripping potentiometric detection with SPE. From [96]
with the permission of Elsevier.

with an original strategy developed also by Wang et al.
[97]. It was based on the use of magnetic particles as
tools to perform DNA hybridization. The assay involved the
hybridization of a target oligonucleotide to probe-coated
magnetic beads, followed by binding of the streptavidin-
coated gold nanoparticles to the capture target and catalytic
silver precipitation on the gold-particle tags. The DNA-
linked particle assembly was then magnetically collected
onto a screen printing electrode surface with a permanent
magnet positioned bellow. This way a direct contact between

the silver tag with the surface was managed and the solid-
state electrochemical transduction was enabled. This silver
aggregate did not form in the presence of only noncompli-
mentary DNA. The described method did not require acidic
solution or metal deposition of the silver, so the time needed
for the assay was reduced. This technique of combined
magnetism and metal detection is now used frequently for
DNA hybridization detection not only for screen-printed
sensors but also with other electrodic supports.

Suprun et al. [98] recently published the design of
an SPE with gold nanoparticles (AuNPs) included in its
surface as an electrochemical sensing platform of inter-
actions from the protein thrombine and the thrombin
binding aptamer. The nanostructrured DNA aptasensor had
the aptamer immobilized to the AuNP by avidin-biotin
linkages. Detection of a binding between aptamer (APT)
and thrombin was performed by introducing the aliquots
of the targets and binding-buffer onto the electrodes. The
difference between cathodic peak areas in the system SPE/
AuNP/ APT/ thrombin and in the SPE/ AuNP/ APT/ buffer
was measured in a stripping voltammetry with Eox = +1.2 V,
and a calibration curve was built for different thrombin
concentrations. The thrombin detection limit was 10−9 M.

The same detection limit (10−9 M) was also found for a
thrombin biosensor designed by Kerman and Tamiya [99].
They developed an aptamer-based sandwich assay where the
primary aptamer was immobilized on the surface of the SPE
and the secondary aptamer on the AuNP. The electrochem-
ical reduction current response of the Au nanoparticles was
monitored to quantify detection of thrombin.

Gold nanoparticles and stripping voltammetry were
employed by Authier et al. [95] for the quantitative detection
of amplified human cytomegalovirus (HCMV) DNA. In this
case it was only the oligonucleotide probe which was marked
with gold nanoparticles. The detection was permitted after
the release of the gold metal atoms anchored on the hybrids
by oxidative metal dissolution, given rise to a response with
anodic stripping voltammetry at a sandwich type screen
printed microband electrode. With this technique it was
possible to detect 5 pM-amplified HCMV DNA fragment.

2.4. Drugs Determination. New applications for SPE are
emerging for determination of drugs in the pharmaceutical
and biomedical fields. Recently Shih et al. [100] determined
codeine, an effective analgesic and antitussive agent in
pharmaceutical preparations. They developed a nontronite
clay-modified screen-printed carbon electrode that detected
codeine in urine by square wave stripping voltammetry. The
codeine quantification was achieved by measuring the oxida-
tion peak after background subtraction in voltammograms
run between 0.6 and 1.3 V at a square wave frequency of
15 Hz and amplitude of 45 mV. Under these conditions they
found linearity for codeine detection in the range of 2.5 to
45 μM.

Burgoa Calvo et al. [101] developed a silver nanoparticle-
modified carbon SPE to detect lamotrigine (LTG), a new
generation antiepileptic drug for treatment of patients with
refractory partial seizures or without secondary generaliza-
tion. They determined LTG by differential pulse adsorptive
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stripping voltammetry with a detection limit of 3.7×10−7 M.
The SPE used was modified with silver nanoparticles that
had been electrodeposited from AgNO3 in an acidic Britton-
Robison solution by accumulating potential during a time
under stirring. They studied different parameters of silver
deposition to optimize the intensity of the reduction peak at
−1.06 V needed for the LTG quantification. Good agreement
was found between the level stated by the manufacturer of
commercial capsules and the one measured by the biosensor.

Enzymatic amperometric sensors with gold nanopar-
ticles have just been developed [102] for the determina-
tion of Phenobarbital, a first generation of anticonvul-
sant drug widely used to treat epilepsy. Different elec-
trode preparation methods were evaluated to immobilize
covalently the enzyme, cytochrome P450 2B4. The best
results were obtained in gold SPE modified with elec-
trodeposited gold nanoparticles and with the cytochrome
attached covalently by Mercapto Propionic Acid/ N-
hidroxysuccinimide with N-(3-dimethylamoinopropyl)-N′-
ethylcarbodiimide hydrochloride, or in carbon SPE func-
tionalised with diazonium salt. The former covalent attach-
ment in gold SPE without nanoparticles did not give any
response to Phenobarbital. The same research group detected
another antiepileptic drug, leveticeratum, by carbon screen-
printed electrodes [103] but in this case without modifica-
tion by nanoparticles, using peroxidase immobilization by
pyrrole electropolimerization.

Martinez et al. [104] designed an MWCNT-modified
SPE for Methimazole (MT) determination in pharmaceutical
formulations. MT is used as a drug to manage hyperthy-
roidism associated with Grave’s disease, but it has side effects
as possible decrease of white blood cells in the blood. The
designed sensor consisted of a rotating disk together with an
MWCNT-modified graphite SPE (the working electrode was
drop casted with a dispersion of the MWCNT in a mixture
of methanol, water and Nafion). The rotating disk contained
tyrosinase immobilized in its surface, which catalyzed the
oxidation of catechol (C) to o-benzoquinone (BQ). The back
electrochemical reduction of BQ was detected on MWCNT-
modified graphite SPE at −150 mV versus Ag/AgCl/NaCl
3 M. Thus, when MT was added to the solution, this thiol-
containing compound participate in Michael type addition
reactions with BQ to form the corresponding thioquinone
derivatives, decreasing the reduction current obtained pro-
portionally to the increase of its concentration. This method
made possible the determination of MT for concentra-
tions from 0.074 to 63.5 μM with a reproducibility of
3.5%.

2.5. Ethanol Quantification. Quantification of ethanol is
useful not only in clinical diagnostic analyses but also
in fermentation and distillation processes. The ampero-
metric biosensing response of ethanol can be based in
two approaches: using alcohol oxidase (AOX) or alcohol
dehydrogenase (ADH) as catalytic enzyme [52]. In the
first case AOX is employed to catalyze the formation of
aldehydes and H2O2 by oxidizing low molecular alcohols
with O2. The electrochemical response would be given by
the mediated oxidation of H2O2, as in other biosensoric
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Scheme 1: Detection of ethanol at the biosensor surface catalyzed
by alcohol dehydrogenase (ADH).

detections (glucose, cholesterol). This is the case of the
screen-printed sensor designed to determine ethanol in beer,
built by Boujtita et al. [105], using cobalt phthalocyanine as
mediator.

The second approach uses the action of the enzyme ADH
catalyzing the oxidation of ethanol or other primary alcohols
(excepting methanol) following Scheme 1. This mechanism
was used by Liao et al. [107] to built an ethanol biosensor
with ferricyanide-magnetite nanoparticles as mediator. They
used the two-step immobilization method that Lu and
Chen [69] had previously employed for glucose sensing.
The method involved drop coating the carbon working
electrode with a mix of Fe3O4 and ferrricyanide, drying
this layer at high temperature, and posterior addition of
the enzyme in buffer (in this case ADH from baker’s yeast
(YADH) and NAD+). The NAD+-YADH/Ferri-Fe3O4 based
biosensor worked at 200 mV and showed excellent sensitivity
for ethanol in buffer: 0.61 μA mM−1.
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The use of nickel nanowires with SPE for ethanol/glucose
detection was previously revised in the Section 2.1. Addi-
tionally, multi-segmented nickel-gold-nickel nanowires were
recently employed in the detection of ethanol [29]. The
principle of use was similar to the procedure reported for
glucose/ethanol [27], but in this case the electrodic support
to control magnetically the orientation of the nanowires
was not a screen printed electrode but a glassy carbon
disk.

3. SPE for Detection of
Environmental Pollutants

3.1. Hybridization Sensors. The use of organophosphorus
and carbamate pesticides in agriculture has risen exponen-
tially in the last decade causing public concern regard-
ing the environment and food safety. For this reason,
many examples of screen-printed electrodes have been
proposed for detection of pesticides to substitute other
techniques such as HPLC that require trained personnel
and can be time consuming and tedious. Most of the
screen-printed biosensors are enzymatic systems based on
cholinesterase (ChE) inhibition, alone or in combination
with choline oxidase (CHO), or noninhibition systems
based on organophosporus hydrolase (OPH). However the
applications of the later are quite limited since OPH is not a
commercial enzyme. Few examples have also been reported
using tyrosinase as biocomponent.

Andreescu and Marty [108] compiled in a good review
the advances in cholinesterase biosensors, describing immo-
bilization procedures, different designs and configurations
including screen printing electrodes and practical applica-
tions. However, there is only one reference related to the
use of nanomaterials on pesticide detection with SPE. The
appearance of more work in this area will entitle us to
complete that work.

Lin et al. [109] modified in 2003 the classical system of
amperometric bienzymatic biosensor for pesticide detection
that was used from the late 1980s (see Scheme 2) applying
multiwalled carbon nanotubes covalently linked to the
enzymes. The MWCNT were dispersed in DMF and dried
over the carbon working area of the screenprinted elec-
trode; they created carboxylic groups in their surface. Both
enzymes were then immobilized by forming amide linkages
with the MWCNT using 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) as coupling agent. Performing ampero-
metric detections at 500 mV parathion was detected in buffer,
without the use of mediators obtaining a linear calibration
curve from 50 to 200 μM and a low detection limit of
0.05 μM.

Cai and Du [110] reported very recently the detec-
tion of Carbaryl using an MWCNT-based composite in
screen-printed carbon electrodes. The nanotube containing
composite was used to modify the other classic approach
of pesticide detection: the monoenzymatic approach using
cholinesterase to catalyze the hydrolysis of thiocholine (see
Scheme 3). Since thiocholine is already electroactive, its
oxidation is the reaction to be studied, without the need of a
second enzyme. When pesticides are present they inhibit the

catalysis of thiocholine formation and a decrease in the signal
is observed. Classically, this approach is used with mediators
in the system (CoPh, PB) and the amperometric study of
thiocholine oxidation can be performed at a low oxidation
potential such as 100 mV. However, Cai and Du, avoided
the use of mediators with the use of the MWCN-cross-
linked cellulose acetate composite, with the cholinesterase
covalently bounded to it. This was possible due to the
catalytical activity of the nanotubes toward the oxidation of
the enzymatically produced thiocholine. The percentage of
inhibition of the thiocholine oxidation signal for different
concentrations of Carbaryl was obtained by quantifying the
peak current at the 535 mV oxidation peak that appeared
in cyclic voltammetry before and after inhibition. The
detection limit of this sensor for Carbaryl was 0.004 μg/mL
concentration (equivalent to a 10% decrease in signal).

A carbon nanotube-modified screen-printed sensor
combined with a flow-injection system has been built very
recently [106] for the assessment of salivary cholinesterase
enzyme activity as an exposure biomarker of pesticides.
The modification of the carbon screen-printed electrode
was performed by drop casting of an aqueous dispersion
of MWCNT, leaving it to dry naturally over the working
electrode. A diagram of the flow injection system with
the incorporated SPE is shown in Figure 3. A quick and
noninvasive approach was reached to determine pesticide
exposure by measuring the activity of cholinesterase in
rat saliva via the electrochemical monitoring of oxidation
of thiocholine production (see Figure 3). In this case the
enzyme is not immobilized in the SPE but present in the
saliva.

3.2. Metals. Although essential metals play an integral role
in the life processes of living organisms being catalysts in
biochemical reactions or essential nutrients, some other
metals have no biological role (such as silver, aluminium,
cadmium, gold, lead and mercury). High concentrations of
most metals, regardless of being essential or nonessential are
toxic for living cells [111]. Thus, there is a growing demand
for rapid, inexpensive and reliable sensors for measurement
of metals not only in the environment but also in biomedical
and industrial samples. In this sense, SPE can be of great
use for metal detection since it has been proved that they
give comparable results to those obtained by more expensive,
laboratory-based techniques [112].

In the past five years, research has been developed on
the use of the enzyme urease as biorecognition element in
screen-printed biosensors for the detection of metal ions
[113–115]. However, no records have been found for urease
inhibition-based SPE containing metallic- or carbon-based
nanomaterials.

On the other hand, there are many other examples of
screen-printed sensors without including any enzyme or
biorecognition element (i.e., sensors, not biosensors) for
metallic ion detection (see Figure 4) and some of them have
seen improvements by the incorporation of nanomaterials.
This section will focus on them. In most of the cases they
are based on voltammetric stripping analysis, a technique
that traditionally was undertaken by Hg electrodes and
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that is one of the most sensitive alternatives for metal ion
determination.

Domı́nguez-Renedo et al. [37] have recently published
the detection of chromium (VI), a strong carcinogenic
and toxic species, by means of an SPE modified by
electrochemical deposition of metallic nanoparticles. Both
gold and silver nanoparticle-modified electrodes were tested
toward Cr (VI) by differential pulse voltammetry. For the
electrode preparation, the silver deposition was similar to the
procedure described by this group for lamotrigine detection
[101] (see Section 2.4). For the electrodes that were modified

with gold nanoparticles, a solution of 0.5 M H2SO4 con-
taining 0.1 mM of AuClO4 was used for the electrochemical
deposition of gold at the graphite working electrode, at a
potential of 0.18 V during 200 seconds. While the best results
in terms of sensibility (4 × 10−7 M) and reproducibility
(%RSD = 3.2) were obtained by the gold nanomodified
sensors, the silver-modified ones offered no interference in
presence of any tested metallic ion (gold-modified sensors
showed interference with Cu(II) in concentrations higher
than 10−5 M).

The same preparation techniques for silver and gold
nanoparticles in SPE were employed a year earlier to detect
Sb (III) [116, 117]. In that case, the detection was performed
using anodic stripping voltammetry. A sensitivity of 6.8 ×
10−10 M was reached in the case of silver nanoparticles, while
9.4×10−10 M was measured in the case of gold nanoparticles.
Common interferants in anodic stripping voltammetry (such
as bismuth) did not affect the electrochemical response of
these sensors.

Nanogold-modified SPEs were also employed to detect
As(III) [118]. In this case the working electrode was
previously treated with Triton X-100 solution. The gold-
nanoparticles were obtained dissolving poly (L-lactide) in
THF containing HAuCl4 with posterior addition of NaBH4.
The poly-L-lactide-established nanoparticles were then drop
coated on the pretreated working electrode. Differential pulse
anodic stripping voltammetry was also used here obtaining
a linear calibration curve up to 4 ppb of As(III) with a
detection limit (S/N = 3) of 0.09 ppb. Using the same
types of electrodes, an indirect method to detect traces of
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hydrogen sulphide was developed [119] by measuring the
inhibited oxidation current of As(III). The detection limit for
hydrogen sulphide was 0.04 μM.

3.3. Other Pollutants. Nitrites can contaminate water, food-
stuff and environmental matrices by conversion into car-
cinogenic nitrosamines. Its quantitative determination is
therefore of increasing interest. There is a large number of
electrochemical sensors developed with this purpose [120–
127], some of them including nanomaterials [122–130]
but only one example [131] has been encountered using
SPE and nanotechnology. The later work consisted of the
immobilization of hemoglobin (Hb) into SPE containing
colloidal gold nanoparticles incorporated into carbon ink.
An unmediated sensor was thus created with sensitivity
for nitrites of 0.1 μM. The colloidal gold nanoparticles
decreased the background current, improved the conductiv-
ity, amplified the electrochemical signal, helped to retain the
bioactivity and accelerated the electron transfer rate.

Hydrazine and its derivatives are potential reducing
agents of environmental and toxicological significance. The
application of SPE for the detection of this compound was
performed already in 1995 for Wang and Pamidi [132].
They printed only the working electrode as a strip con-
taining cobalt phtalocianine or modified with mixed valent
ruthenium and detected hydrazine spiked samples with con-
centrations of 10−5 M by amperometric and voltammetric
measurements. No biomolecule was required. More recent
work [133] includes the application of copper-palladium
alloy nanoparticle plated screen-printed electrodes in a flow
injection analysis system, reaching a linear detection range
of 2–100 μM and a detection limit of 270 nM. The SPE,
prepared under successive electrochemical deposition of Cu
and Pd, showed and enhanced hydrazine electrocatalytic
response at low detection potentials in neutral media.

4. Conclusions and Perspectives

This review has summarized recent applications of nanotech-
nology in thick film electrochemical sensors. Apart from a
revision of the state of the art for this printing technique,
the article has gathered different types of screen printing
sensing devices by application topic. In every topic a brief
introduction has been given to explain the mechanism of
detection, followed by examples of nanotechnology applica-
tions, emphasizing on the preparation of the (bio)sensor and
its response. The reported examples have shown situations
where metallic nanoparticles and carbon nanotubes have
been valuable for screen-printed sensors in different ways.

(i) To substitute the use of other mediators, as it was
demonstrated with MWCNT or iridium nanoparti-
cles for H2O2 detection, substituting prusian blue in
glucose sensors, or riboflavin in cholesterol sensors.
The same was demonstrated with MWCNT in pesti-
cide detection.

(ii) As labels or electroactive markers for stripping
voltammetry. Metallic nanoparticles were used to
improve detection in SPE genosensors, to test drugs,
or to detect metallic pollutants in SPE sensors.

(iii) To retain the bioactivity of enzymes once they have
been immobilized in the sensor, as it was the case
of gold nanoparticles with hemoglobine in nitrite
sensors.

(iv) To eliminate interferences, as the Au and Ag nanopar-
ticles in Sb sensors, where the interference of bismuth
is not observed.

(v) To improve the sensitivity of the devices. The increase
in the surface area of the working electrode generally
leads to more sensitive responses.

As summary, the coupling of electrochemical screen-
printed sensors with nanoscale materials is being used
as a tool for improved sensitivity, longer stability of the
bioelement in biosensors and new detection possibilities. The
application of nanomaterials in this type of electrochemical
devices is still in progress and literature continues to grow
and broaden. Although the use of nanotechnology in screen-
printed sensors may not be the only key needed to solve
some problems faced occasionally by these sensors (e.g.,
selectivity in some applications), it is certainly a step
forward, and the implemented improvements are multi-
plying the future possibilities of these disposable sensor
devices.
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Molecular Biology, vol. 229, no. 1, pp. 153–172, 1993.

[60] I. L. de Mattos, L. Gorton, and T. Ruzgas, “Sensor and biosen-
sor based on Prussian Blue modified gold and platinum
screen printed electrodes,” Biosensors & Bioelectronics, vol.
18, no. 2-3, pp. 193–200, 2002.

[61] K. Derwinska, K. Miecznikowski, R. Koncki, P. J. Kulesza,
S. Glab, and M. A. Malik, “Application of Prussian Blue
based composite film with functionalized organic polymer to
construction of enzymatic glucose biosensor,” Electroanalysis,
vol. 15, no. 23-24, pp. 1843–1849, 2003.

[62] W. Zhao, J.-J. Xu, C.-G. Shi, and H.-Y. Chen, “Multilayer
membranes via layer-by-layer deposition of organic polymer
protected Prussian Blue nanoparticles and glucose oxidase
for glucose biosensing,” Langmuir, vol. 21, no. 21, pp. 9630–
9634, 2005.

[63] T. Li, Z. Yao, and L. Ding, “Development of an amperometric
biosensor based on glucose oxidase immobilized through
silica sol-gel film onto Prussian Blue modified electrode,”
Sensors and Actuators B, vol. 101, no. 1-2, pp. 155–160, 2004.

[64] A. Lupu, D. Compagnone, and G. Palleschi, “Screen-printed
enzyme electrodes for the detection of marker analytes
during winemaking,” Analytica Chimica Acta, vol. 513, no. 1,
pp. 67–72, 2004.

[65] S. Zuo, Y. Teng, H. Yuan, and M. Lan, “Development of a
novel silver nanoparticles-enhanced screen-printed ampero-
metric glucose biosensor,” Analytical Letters, vol. 41, no. 7,
pp. 1158–1172, 2008.
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[94] M.T. Castañeda, A. Merkoçi, M. Pumera, and S. Alegret,
“Electrochemical genosensors for biomedical applications
based on gold nanoparticles,” Biosensors & Bioelectronics, vol.
22, no. 9-10, pp. 1961–1967, 2007.

[95] L. Authier, C. Grossiord, P. Brossier, and B. Limoges, “Gold
nanoparticle-based quantitative electrochemical detection of
amplified human cytomegalovirus DNA using disposable
microband electrodes,” Analytical Chemistry, vol. 73, no. 18,
pp. 4450–4456, 2001.

[96] J. Wang, O. Rincón, R. Polsky, and E. Dominguez, “Electro-
chemical detection of DNA hybridization based on DNA-
templated assembly of silver cluster,” Electrochemistry Com-
munications, vol. 5, no. 1, pp. 83–86, 2003.

[97] J. Wang, D. Xu, and R. Polsky, “Magnetically-induced
solid-state electrochemical detection of DNA hybridization,”
Journal of the American Chemical Society, vol. 124, no. 16, pp.
4208–4209, 2002.

[98] E. Suprun, V. Shumyantseva, T. Bulko, et al., “Au-
nanoparticles as an electrochemical sensing platform for
aptamer-thrombin interaction,” Biosensors & Bioelectronics,
vol. 24, no. 4, pp. 831–836, 2008.

[99] K. Kerman and E. Tamiya, “Aptamer-functionalized Au
nanoparticles for the electrochemical detection of thrombin,”
Journal of Biomedical Nanotechnology, vol. 4, no. 2, pp. 159–
164, 2008.

[100] W.-C. Shih, M.-C. Yang, and M. S. Lin, “Development of
disposable lipid biosensor for the determination of total
cholesterol,” Biosensors & Bioelectronics, vol. 24, no. 6, pp.
1679–1684, 2009.

[101] M. E. Burgoa Calvo, O. Domı́nguez-Renedo, and M. J. Arcos-
Martı́nez, “Determination of lamotrigine by adsorptive strip-
ping voltammetry using silver nanoparticle-modified carbon
screen-printed electrodes,” Talanta, vol. 74, no. 1, pp. 59–64,
2007.

[102] M. A. Alonso-Lomillo, C. Yardimci, O. Domı́nguez-Renedo,
and M. J. Arcos-Martı́nez, “CYP450 2B4 covalently attached
to carbon and gold screen printed electrodes by diazonium
salt and thiols monolayers,” Analytica Chimica Acta, vol. 633,
no. 1, pp. 51–56, 2009.

[103] M. A. Alonso-Lomillo, O. Domı́nguez-Renedo, P. Matos,
and M. J. Arcos-Martı́nez, “Electrochemical determination
of levetiracetam by screen-printed based biosensors,” Bioelec-
trochemistry, vol. 74, no. 2, pp. 306–309, 2009.

[104] N. A. Martinez, G. A. Messina, F. A. Bertolino, E. Salinas,
and J. Raba, “Screen-printed enzymatic biosensor modified
with carbon nanotube for the methimazole determination in
pharmaceuticals formulations,” Sensors and Actuators B, vol.
133, no. 1, pp. 256–262, 2008.

[105] M. Boujtita, J. P. Hart, and R. Pittson, “Development of a
disposable ethanol biosensor based on a chemically modified
screen-printed electrode coated with alcohol oxidase for the
analysis of beer,” Biosensors & Bioelectronics, vol. 15, no. 5-6,
pp. 257–263, 2000.



Journal of Sensors 13

[106] J. Wang, C. Timchalk, and Y. Lin, “Carbon nanotube-based
electrochemical sensor for assay of salivary cholinesterase
enzyme activity: an exposure biomarker of organophosphate
pesticides and nerve agents,” Environmental Science and
Technology, vol. 42, no. 7, pp. 2688–2693, 2008.

[107] M.-H. Liao, J.-C. Guo, and W.-C. Chen, “A disposable amper-
ometric ethanol biosensor based on screen-printed carbon
electrodes mediated with ferricyanide-magnetic nanoparticle
mixture,” Journal of Magnetism and Magnetic Materials, vol.
304, no. 1, pp. e421–e423, 2006.

[108] S. Andreescu and J.-L. Marty, “Twenty years research in
cholinesterase biosensors: from basic research to practical
applications,” Biomolecular Engineering, vol. 23, no. 1, pp. 1–
15, 2006.

[109] Y. Lin, F. Lu, and J. Wang, “Disposable carbon nanotube
modified screen-printed biosensor for amperometric detec-
tion of organophosphorus pesticides and nerve agents,”
Electroanalysis, vol. 16, no. 1-2, pp. 145–149, 2004.

[110] J. Cai and D. Du, “A disposable sensor based on immobi-
lization of acetylcholinesterase to multiwall carbon nanotube
modified screen-printed electrode for determination of car-
baryl,” Journal of Applied Electrochemistry, vol. 38, no. 9, pp.
1217–1222, 2008.

[111] I. Bontidean, A. Mortari, S. Leth, et al., “Biosensors for
detection of mercury in contaminated soils,” Environmental
Pollution, vol. 131, no. 2, pp. 255–262, 2004.

[112] K. C. Honeychurch and J. P. Hart, “Screen-printed elec-
trochemical sensors for monitoring metal pollutants,” TrAC
Trends in Analytical Chemistry, vol. 22, no. 7-8, pp. 456–469,
2003.
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1. Introduction

Immunosensors have arisen great interest with expecta-
tion of providing fast and highly sensitive immunologi-
cal response. Immunosensors have widespread applications
in clinical diagnostics, food safety and quality control,
biological analysis, and environmental monitoring [1–5].
During the past years, the research in this field evolved
quickly with the aim of improving the performance of the
biosensors (specificity, stability, sensitivity, detection limit,
etc.). In this approach, recent studies have been focused on
the use of nanoparticles as tools to amplify the response
signal from antibody—antigen interaction, which led to the
improvement of the characteristics of the biosensor [6–8].

In the recent years, nanomaterials have been widely used
in bioanalytical chemistry, bioseparations, and bioimaging
for their unique and particular properties [9–12]. Iron
oxide nanoparticles or magnetic beads are a kind of
nanomaterial which might play an important role in the
construction of electrochemical biosensors [13]. Firstly, iron

oxide nanoparticles have a very large surface area and good
bio-compatibility. Most practically, they can be magnetic ally
immobilized on Au substrates [14, 15]. Furthermore, these
magnetic particles are especially designed for concentration,
separation, purification, and identification of molecules and
specific cells [16–18]. Besides, they are particularly suitable
for integration in microfluidic devices.

A new approach allows to attach these magnetic particles
by covalent binding on the substrate previously functional-
ized with self-assembled monolayer (SAM). The tailoring of
the physical chemistry of surfaces has led to an increasing
interest in using SAMs of thiolor sulfur compounds as
insulator [19–22]. The formed single molecular organized
structures have numerous advantages, such as insulating
nanostructures, free of defects, much more stable, especially
in water and other solvents [23].

In this work, we report the development of an electro-
chemical Immunosensor based on iron oxide nanoparticles
functionalized with the streptavidine. The Biotine tag anti-
D-dimer reduced antibody was immobilized on the surface
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of iron oxide nanoparticles linked to a previously function-
alized gold electrode using 11-Amino-1-undecanethiol and
glutaraldehyde as coupling agent.

For the purpose of developing this Immunosensors,
surface plasmon resonance (SPR) and electrochemical
impedance spectroscopy (EIS) techniques were selected. In
first time, surface plasmon resonance (SPR) was used as
optical characterization technique [24]. This technology has
emerged as a powerful tool for in situ control of biomolec-
ular interaction in real time [25]. SPR sensors are based on
surface plasmon or electromagnetic wave propagating along
a metal/dielectric interface. Since the wave vector of plasmon,
ksp, depends on the dielectric constants of both media, ksp =
k0

√
εmetalεsample/(εmetal + εsample) (where k0 is the free space

wave vector of the optical wave), it is extremely sensitive to
properties of the dielectric medium which is in contact with
the metal.

Surface plasmons are generally excited in the Kretch-
mann configuration by directing p-polarized light to a
glass prism and reflecting from a gold film [26]. When
the tangential x-component of the incident optical wave
vector, kx, is matched with ksp, the pumping light energy is
transferred to surface plasmons:

kx = k0 · nglass · sin θinc = ksp, (1)

where nglass is the refractive index of the prism and θinc is the
angle of incidence.

Therefore, the information of biological binding (recog-
nition) events on the gold film can be obtained by carefully
monitoring the SPR coupling characteristics. In most SPR
systems, the information of the biomolecular interactions is
obtained from measurements of the angular or the spectral
characteristics of light reflected under SPR.

In second time, electrochemical impedance spectroscopy
(EIS) was used as transduction technique for the label free
detection. This technique is an effective tool used on the one
hand, for the qualitative and quantitative characterization
of electrochemical processes occurring in the conducting
polymer films [27, 28]. On the other hand, to probe the
interfacial properties of modified electrode and often used
for understanding chemical transformations and processes
associated with the conductive supports and it can be used
to probe antibody-antigen interaction in order to study the
immunosensor responses [29–31].

While comparing with the development of an
immunosensor-based on antibody coupled on a SAM,
we attempt to show that the use of iron oxide nanoparticles
allows to amplify the response signal and leads to the
improvement of immunosensor characteristics.

2. Materials and Methods

2.1. Reagent. The magnetic coated streptavidin nanoparti-
cles that display a diameter of 200 nm and an iron oxide
content of about 70% (cf. Figure 1) were purchased from
Ademtech SA. 11-Amino-1-undecanethiol (AUT) and Glu-
taraldehyde (GA) were obtained from Aldrich. Neutravidin
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Figure 1: AFM images of the iron oxide nanoparticles.

(Neutv) was purchased from Pierce. The biot-tag anti-D-
dimer reduced antibody (Fab fragment Biot-ScAc) and the
antigen (peptide conjugated to BSA) were obtained from
Wyeth Company (Aberdeen UK).

The buffer solution used for the electrochemical im-
pedance experiments was Phosphate Buffer Saline (PBS)
containing 137 mM NaCl, 2.7 mM KCl, 0.01 M K2HPO4

and 0.01 M KH2PO4, pH 7. For the cyclic voltammetry
experiments, the redox couple Fe(CN)3−

6 /Fe(CN)4−
6 at a

5 mM concentration was used. All solutions were made up
in ultrapure water (resistance 18.2 MΩcm−1) produced by a
Millipore Milli-Q system.

2.2. Instrumentation

2.2.1. Surface Plasmon Resonance (SPR) Technique and Gold-
Coated Substrates. Surface plasmon resonance spectrometer
“Biosuplar 3” (http://www.micro-systems.de/) was devel-
oped at the Institute of Semiconductor Physics of the
National Academy of Sciences of Ukraine (Kyiv). This opto-
electronic device based on the phenomenon of surface plas-
mon resonance in the Kretchmann’s optical configuration
was controlled by a computer via self-developed software.
Gold film (45 nm) deposited through Cr adhesion layer (1–
1.5 nm) onto a glass chip represented the sensor surface. An
incident beam of p-polarized light from a semiconductor
laser diode (λ = 650 nm) excited an oscillation of electronic
plasma (i.e., surface plasmon) in this metallic film. A special
prism capable of rotation on a computer-defined angle
provided optimal conditions for the plasmon excitation. A
plasmon resonance itself was registered as a drastic decrease
of reflected light intensity.
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In the present study, the SPR spectrometer flow cell (V ∼
20μL) was connected to a Gilson Minipuls 3 pump.

2.2.2. Impedance Spectroscopy. Cyclic Voltammetry and Elec-
trochemical Impedance Spectroscopy (EIS) measurements
were performed using a Voltalab 80 impedance analyzer.
A conventional three electrode cell was used, including a
saturated calomel electrode (SCE) as reference electrode, a
platinum wire as counter electrode (0.54 cm2), and a modi-
fied gold working electrode (0.19 cm2). The impedance spec-
troscopy measurements were carried out in the frequency
range from 0.05 Hz to 100 KHz at dc potential −400 mV,
using a modulation voltage of 10 mV. Data simulation was
made with the commercial software Zview (Scribrerand
associates, Charlottesville, VA). All electrochemical measure-
ments were carried out at room temperature in PBS pH 7.4.

2.2.3. Atomic Force Microscopy . Atomic Force Microscopy
(AFM) experiments were performed in air, using a Pico Plus
molecular imaging microscope with a 300 nm scanning head.
The images were registered in tapping mode using silicon
pyramidal Si3N4 tips. The overage resonance frequency of the
tips was 300 kHz in air. The image presented in this paper
was acquired with 512 lines and were processed by means of
a plane fit.

2.2.4. FTIR Spectroscopy. NICOLET 710 FT-IR spectrometer
equipped with an MIR (Middle Infrared) source an MCT/A
detector was used to obtain the FTIR spectra. All the spectra
are collected during 128 scans for the reference and sample.
Our strategy consisted of recording in reflexion mode the
spectrum of the cleaned gold substrate and then of the
gold substrate modified with the SAM. The spectrum of
the cleaned electrode served as a reference. The difference
between two spectra gave the spectrum of SAM.

2.2.5. Preparation of the Modified Electrode. Two systems
were prepared, one based on the use of a thiol SAM (system
1) and the other based on the use of functionalized magnetic
iron nanoparticles with the streptavidin (system 2).

In the first step of the electrode modification, the 11-
Amino-1-undecanethiol monolayer is chemisorbed on the
gold electrode surface and exposed an array of amino groups
towards the solution. In the second step, the electrode
surface is activated with aldehyde groups and left the
second carbonyl group of glutaraldehyde free on the top
of the surface. Formation of bridge structures due to the
reaction of both aldehyde groups of glutaraldehyde with
the amino groups may be prevented by the application of
a high concentration of the bifunctional reagent, that is,
GA [32]. The last step, the amino group of neutravidin
(Scheme 1(a): system 2) and of magnetic iron nanoparticles
coated by streptavidin (Scheme 1(b): system 2) are covalently
coupled with the aldehyde group of glutaraldehyde. The new
membrane rich in binding sites of biotin allowed forming the
high binding affinity with the biotin ligand attached on scAb
antibody fragment. The Fab fragments were biotinylated in
the hinge region, to ensure orientation of the fragment at the

(a) 

(b)

Aminothiol GA

Biot-sc Ab Ag

mAb

scFv

scAb

FAb

Neutravidin

Iron oxide 
nanoparticles

(c)

Scheme 1: (a) System 1: schematic representation of the fabrication
process of the multilayer immunosensor based on SAM. (b)
System 2: schematic representation of the fabrication process of the
multilayer immunosensor based on iron oxide nanoparticles. (c)
Fab fragment biotinylated antibody.

surface with the binding site facing a way from the surface.
The system is shown schematically in Scheme 1(c).

Two types of gold electrodes are used as substrate for the
biolayer fabrication. Evaporated gold (∼300 nm thickness)
deposited on silicon using a titanium layer (30 nm thickness)
used as substrate for the electrochemical experiments. These
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Rm
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CPE

Scheme 2: Equivalent circuit model for complex impedance plot.

gold electrodes were provided by LAAS, CNRS Toulouse.
Before modification, the gold surface was cleaned in an
ultrasonic bath for 10 minutes in acetone, dried under a
dry N2 flow and then dipped for 1 minute into “piranha
solution” comprising 7 : 3 (v/v) 98% H2SO4/30% H2O2.
The gold substrate was then rinsed 2 to 3 times with ultra-
pure water and dried under nitrogen flow. For the optical
characterization the gold film (45 nm) deposited through Cr
adhesion layer (1–1.5 nm) onto a glass chip was used. The
gold surface was cleaned in the same way than the other ones,
with a “piranha solution,” but for 15 seconds.

The aminothiol monolayer was prepared by soak-
ing a clean gold electrode (Au) in 0.1 mM 11-Amino-
1-undecanethiol (AUT) in ethanol solution for 24 hours
at room temperature in darkness, washing the electrode
thoroughly with ethanol to remove physically adsorbed 11-
Amino-1-undecanethiol, immersing the electrode in PBS
(pH 7.4) containing 5% (v/v) glutaraldehyde (GA) solution
for 1 hour 30 minutes, and rinsing with PBS. Afterwards,
for system 1, the electrode was immersed into 10−5 mM
Neutravidin solution for 2 hours to achieve Schiff base
reaction between the aldehyde group of glutaraldehyde and
the amino group of Neutravidin. And for system 2, the
electrode was immersed into 0.25 mg/ml magnetic coated
streptavidin nanoparticles solution for 12 hours to form
the Schiff base between the aldehyde group of glutaralde-
hyde and the amino group of streptavidin. Antibody scAb
fragment with a Biotin tag (0.4 mg/ml) was immobilized
on AUT/GA/Neut. films for 1 hour at room temperature,
followed by thorough rinsing with PBS. Antigen at different
concentrations was incubated on immobilized antibody
for 30 minutes at room temperature. Scheme 1 shows the
schematic steps for the formation of the biolayer and the
antigen-antibody recognition for both systems.

3. Results and Discussion

3.1. Characterization of Self-Assembled Monolayer. The mod-
ified gold electrode with the self-assembled monolayer 11-
Amino-1-undecanethiol was followed by several technique of
characterizations.

3.1.1. Cyclic Voltammetry. Cyclic voltammetry is an effective
and convenient method for probing the feature of the
modified electrode surface. The step of the SAMs deposition
was controlled by this technique. As is shown in Figure 2(a),
the cyclic voltammogram defines the characteristics of a
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Figure 2: Cyclic voltammetric measurement with the presence
of the 5 mM redox-probe 3[Fe(CN)6]/K4[Fe(CN)6]: (a) bare gold
electrode; (b) SAM/Au-electrode. All experiments were performed
in PBS 10 mM pH 7.4, scan rate 50 mV/s.

diffusion controlled redox process observed at the cleaned
bare gold electrode. This reversible cyclic voltammogram
indicates a clean gold surface. The formation of the SAM
on the gold electrode (Figure 2(b)) resulted in an insulating
surface in a sort of way and thus blocked the diffusion of
ferro/ferricyanide towards the surface of electrode, therefore
the blocking of the Faradaic current.

3.1.2. Impedance Measurement. Electrochemical Impedance
Spectroscopy (EIS) is an effective tool for probing the feature
surface-modified electrode while controlling its electrical
properties [33, 34]. In a first time, this technique was used
for the characterization of the impedance behavior of SAM
modified gold electrode and for subsequent extraction of
useful information from this. In Figure 3 Nyquist impedance
plots for Au-electrode and SAM modified electrode at
−400 mV dc potentials are presented, where Re(z) is the
real part and Im(z) is the imaginary part of the complex
impedance Z [35]. The membrane resistance values, Rm,
were extracted from fitted data (Table 3) which are 8292 and
37120Ωcm2 for bare Au-electrode and mixed modified Au-
electrode, respectively. The values of the fractional coverage
area of the SAM monolayer (θ) can be calculated from the
impedance diagrams using [36]

θ = 1− Rm

R∗m
, (2)

where Rm and R∗m are the values of the membrane resistance
derived from the impedance diagram of the bare gold
electrode and of the gold electrode SAM functionalized,
respectively. In our system the coverage area was equal to
77%.

3.1.3. SPR Measurement. Optical characterization of the
SAM layer was performed by SPR technique. Figure 4
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Table 1: Optical parameters obtained by fitting the SPR curves for system 1 based on SAM.

Layer Thickness (nm) n kapa ε′ ε′′

Bare gold 50.72 0.17 3.988 −15.87 1.355

Thiol 2.16 1.34 0 1.791 0

GA 0.1 1.45 0 2.10 0

Nev. 0.8 1.45 0 2.10 0

Ab 0.4 1.45 0, 2.10 0

Table 2: Optical parameters obtained by fitting the SPR curves for system 2 based on iron oxide nanoparticles.

Layer Thickness (nm) n kapa ε′ ε′′

Bare gold 50.72 0.17 3.89 −15.87 1.355

Thiol 2.16 1.34 0 1.791 0

GA 0.1 1.45 0 2.10 0

Iron oxide nanoparticles 301 0.28 2.98 −8.802 1.6688

Ab 1.2 1.45 0 2.10 0
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Figure 3: Nyquist diagram (−Im(z) versus Re(z)) at −400 mV
versus SCE in PBS solution 10 mM pH 7.4, obtained for the non-
Faradic impedance measurement corresponding to (a) bare gold
electrode and (b) self-assembled monolayer functionalized gold
electrode.

presents the spectra of the reflected intensity versus incidence
angle. These spectra show an incidence angle shift of 0.563◦

between the bare gold layer (Figure 4(a)) and the gold layer
coated with SAM layer (Figure 4(b)). By fitting these spectra
using the Winspall program, the thickness of each layer was
calculated (see Table 1). The thickness of the gold around
of 50.72 nm was checked by this fitting. Also, the thickness
of the SAM layer was estimated to 2.16 nm. Furthermore,
this fitting allows estimating the dielectric constant ε· of each
layer from [37]

ε = ε′ + i ε′′, (3)

with ε′ = n2 − kapa2, and: ε′′ = 2 · n · kapa.
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Figure 4: In situ SPR curves (reflected intensity (R) versus inci-
dence angle (θ)) corresponding to: (a) bare gold electrode and (b)
self-assembled monolayer functionalized gold electrode.

As kapa is the adsorbents index and n is the refraction
index that were determined by fitting. Then the dielectric
constant of the gold film was estimated to ε = −15.87 +
i 1.355. These values correspond to the wavelength of λ =
650 nm and they are comparable with literature [38].

3.2. Optical and Electrical Characterization of the Biofilm of

System 1 (Based on SAM) and the Biofilm of System 2

(Based on Iron Oxide Nanoparticles)

3.2.1. SPR Measurement. A typical kinetics of step-by-step
formation of the biofilm (system 1) is shown in Figure 5,
that present the SPR angle sensorgrams. As the first step,
we injected a glutaraldehyde solution (5%) into the sensor
head containing a gold sensor surface functionalized by
aminothiol (a signal from PBS served as the baseline). After
110 minutes and after rinsing by PBS buffer the incidence



6 Journal of Sensors

Table 3: Fitting parameters obtained from the proposed equivalent circuit for the different layers of the immunosensor based on SAM.

Layer Rs (Ωcm2) Rm (Ωcm2) CPE (Fcm2) αCPE χ2

Bare gold 51.63 8292 1.8847E-5 0.96414 0.0011

Thiol 47.18 37120 4.0271E-6 0.9475 0.00058

GA 49.26 62535 3.2506E-6 0.94902 0.0011

Neutv. 43.22 48703 3.9494E-6 0.93945 0.0010

Ab 44.63 39869 4.1848E-6 0.93169 0.0010

Table 4: Fitting parameters obtained from the proposed equivalent circuit for the different layers of the immunosensor based on iron oxide
nanoparticles.

Layer Rs (Ωcm2) Rm (Ωcm2) CPE (Fcm2) αCPE χ2

Bare gold 51.63 8292 1.8847E-5 0.96414 0.0011

Thiol 47.18 47280 4.4323E-6 0.95475 0.00023

Iron oxide nanoparticles 43.22 52673 3.0594E-6 0.92432 0.0011

Ab 44.63 74200 4.1848E-6 0.92349 0.0012
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Figure 5: Building-up kinetics of the biofilm based on SAM.
SPR responses for the step-by-step formation of multilayer. All
measurements were performed in the flow cell, in PBS 10 mM pH
7.4.

angle was increased of 0.031◦ compared with the base line,
indicating that a stable grafting of GA was achieved [29]. In
the second step, neutravidin solution (10−5 M) was injected;
this injection was accompanied by sharp changes in the
signal until its saturation, suggesting that the neutravidin
was indeed immobilized onto the GA activated surface. After
120 minutes of the injection, the SPR angle did not decrease
during PBS flow, indicating that a stable immobilization of
Neutravidin was achieved by covalent binding. An incidence
angle shift of 0.465◦ was observed. Finely, Biotinylated Ab
(0.4 mg/ml) was injected. An increase of 0.12◦ in incidence
angle was observed after PBS flow, indicating an efficient
binding reaction between biotinylated Ab and neutravidin
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Figure 6: In situ SPR curves (reflected intensity (R) versus inci-
dence angle (θ)) corresponding to the various layers grafted onto
the gold electrode (system based on SAM): AUT, AUT-GA, AUT-
GA-Neut., and AUT-GA- Neut.- Biot.ScAb.

(immobilization by biotin/avidin affinity) [39]. Using the
incidence angle shift, the covering rate of antibody was
determined according to

ΓAb = (Δθ/K)
(dn/dc)

, (4)

where Δθ, K , and dn/dc represent, respectively, variation
of the incidence angle, conversion constant (5300 s of
arc/nm) and refractive index increments (0.188 cm3/g for
the protein). For system 1, the covering rate of antibody
reached 0.37 ng/mm2 which corresponds to a surface density
of antibody immobilized on the modified gold electrode of
148 × 109 Ab molecules/mm2. With this surface density, the
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Table 5: Comparison of analytical parameters of immunosensors based on SAM and immunosensor based on iron oxide nanoparticles.

Analytical parameters SAM system IrNp System

Optical characterization

detection limit 4.5 μg/ml 300 ng/ml

sensitivity 0.003◦ · μg−1 ·ml 0.094◦ · μg−1 ·ml

Dynamic range 4.5 to 15 μg/ml 0.3 to 1 μg/ml

The time response 45 minutes 30 minutes

reproducibility 6.3% 5.7%

Electrical characterization

detection limit 1 ng ml−1 500 pg ml−1

sensitivity 257.3 Ω · cm2 · μg−1 ·ml 1871 Ω · cm2 · μg−1 ·ml

Dynamic range 1 to 50 ng ml−1 0.5 to 50 ng ml−1

The time response 45 minutes 20 minutes

reproducibility 8.7% 7.5%
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Figure 7: Building-up kinetics of the biofilm based on iron oxide
nanoparticles. SPR responses to the step-by-step formation of
multilayer. All measurements were performed in the flow cell in PBS
10 mM pH 7.4.

average surface occupied by each Ab molecule of 6.73 ×
10−10 mm2 was obtained.

For each step of grafting of the layers constituting
the immunosensor membrane, the spectra presenting the
reflected intensity versus incidence angle, after flowing
PBS buffer, were recorded (see Figure 6). The thickness of
each layer was calculated by fitting these spectra using the
Winspall program. The refractive index used to fit the data
for the protein layers was n = 1.45 [40]. This refractive
index was assumed to be similar for all of the proteins and is
commonly assumed for proteins studied by SPR. The fitting
parameters are given in Table 1. Furthermore, this fitting
allows estimating the dielectric constant ε· of each layer from
(3).

In the same way, the building up of the membrane of
immunosensor based on iron oxide nanoparticles was in situ
controlled by SPR technique. Figure 7 shows the SPR angle
sensorgrams. The results show that a stable immobilization
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electrode (system based on SAM): AUT, AUT-GA, AUT-GA-IrNP,
and AUT-GA-IrNP. - Biot.ScAb.

of GA was indicated by the increase of the incidence angle
of 0.031◦ compared to the base line. The immobilization of
GA was achieved by the covalent binding of the amino group
of the modified gold electrode by reaction with aldehyde
groups of glutaraldehyde. Afterwards, iron oxide nanoparti-
cles solution (0.25 mg/ml) was injected on the new surface
rich of aldehyde groups of glutaraldehyde. This injection
was accompanied by sharp changes in the signal until its
saturation, suggesting that the nanoparticles was indeed
immobilized onto the GA activated surface. After 13 hours of
the injection, the SPR angle did not decrease during the PBS
flow, indicating that a stable immobilization of nanoparticles
was achieved by covalent binding. An incidence angle shift
of 1.681◦ was observed. Finely, Biotinylated Ab (0.4 mg/ml)
immobilized by biotin/avidin affinity leading to an incidence
angle shift of 0.266◦.

For system 2, the covering rate of antibody reached
ΓAb = 0.95 mg/mm2 which corresponds to a surface density
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Figure 9: Nyquist diagram (−Im(z) versus Re(z)) for the non-
Faradic impedance measurements (at −400 mV versus SCE, in
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grafted onto the gold electrode (system based on SAM): AUT, AUT-
GA, AUT-GA-Neut., and AUT-GA-Neut.- Biot.ScAb. Spectra were
obtained between 0.05 Hz and 100 kHz. Amplitude of ac voltage:
10 mV.

of antibody immobilized on the modified gold electrode of
3.81×109 Ab molecules/mm2 which correspond to a doubled
surface density compared to system 1.

For each step of grafting of the layers constituting
the immunosensor membrane, the spectra presenting the
reflected intensity versus incidence angle, after rinsing by
PBS buffer, were recorded (see Figure 8). These spectra show
the incidence angle shifts which correspond to each layer
of the biofilm based on the iron oxide nanoparticles these
results show again the construction of the biofilm layer by
layer. Furthermore, the thickness of each layer was calculated
by fitting these spectra using the Winspall program. The
fitting parameters are given in Table 2. These results show
that the average thickness of the nanoparticles layer is about
301 nm. Furthermore, AFM photograph of nanoparticles
presented in Figure 1 shows their quasispherical shape. The
distribution in size of the dried nanoparticles is the following
one: the diameter range is between 160 nm to 500 nm with a
mean diameter of 257 nm, and 28% of nanoparticles have a
diameter of 240 nm. Therefore, the hydrodynamic diameter
of the nanoparticles was determined using Malvern Nano-
Zetasizer at 25◦C. Magnetic nanoparticles were diluted at
1/200 in a 1 mM NaCl solution pH7. The nanoparticles
present a hydrodynamic diameter of 284 nm with a polydis-
persity coefficient of 0.1 and a zeta potential of−23.6 mV due
to their streptavidin coating.

The comparison of the results of both systems proved
that the use of the iron oxide nanoparticles increases the
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Figure 10: Nyquist diagram (−Im(z) versus Re(z)) for the non-
Faradic impedance measurements (at −400 mV versus SCE, in PBS
solution 10 mM pH 7.4) corresponding to the various layers grafted
onto the gold electrode (system based on iron oxide nanoparticles ):
AUT, AUT-GA- IrNP., and AUT-GA-IrNP-Biot.ScAb. Spectra were
obtained between 0.05 Hz and 100 kHz. Amplitude of ac voltage:
10 mV.

thickness of the layer of antibody from 0.4 to 1.2 nm, from
where, the increase of the grafting density of antibody on the
electrode.

3.2.2. Impedance Measurement. We used EIS to control the
building up of the biofilm in PBS (10 mM, pH 7) at
potential −400 mV. Figures 9 and 10 show the results of
impedance spectroscopy measurements as Nyquist plots, for
the assembly of the two biofilms on gold electrodes. All
the electrical parameters values are presented in Table 3 and
Table 4.

In the case of system 1 (based on SAM) (Figure 9), the
fitting data (Table 3), the results show an increase of the
membrane resistance Rm, of 37120 to 62535 Ωcm2, for GA
film which reflected clearly the attachment of the GA film
on the aminothiol functionalized electrode. Therefore, the
capacitance element decreases, this is due to an increase in
the thickness of the layer relating to

CCPE = ε0εiA

di
, (5)

where ε0 is the vacuum dielectric constant (8.85 × 10−14

F/cm2), εi is the dielectric constant of the layer i, A is
the area of the surface, and di is the thickness of the
layer. Afterwards, the decrease of Rm, during the grafting
of neutravidin, further indicated the subsequent attachment
of neutravidin on the modified electrode. Therefore, the
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Figure 11: Optical calibration curves describing the variation of
angle shift Δθ against antigen concentrations:

capacitance element increases, this is due to an increase in
the dielectric constant, due to an increase in the conductivity
that can be due to the grafting of a charged protein
(neutravidin). Finely, the subsequent immobilization of scAb
on the electrode was indicated by a decrease of Rm.

In the same measuring conditions, the building up of the
biofilm of immunosensor based on iron oxide nanoparticles
was controlled by EIS (Figure 10). From the fitting data
(Table 4), The results show an increase of the membrane
resistance Rm for IrNP film compared with SAM film, which
reflected clearly the attachment of the IrNP film on modified
electrode (no impedance measurements were performed
when GA coupled SAM with IrNP). Therefore, the formation
of an IrNP film will partially reduce the electron transfer
of the modified electrode, so the conductivity of the whole
IrNP layer decreases. Finally, the subsequent immobilization
of scAb on the electrode was indicated by an increase of
Rm.
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Figure 12: Nyquist diagram (−Im(z) versus Re(z)) at −400 mV
versus SCE in PBS solution 10 mM pH 7.4, obtained for the non-
Faradic impedance measurement on modified gold electrode with
biotin tagged reduced antibody under various concentrations of
antigen.

3.3. Electrical and Optical Detection via System 1 (Based

on SAM) and via System 2 (Based on Iron Oxide

Nanoparticles)

3.3.1. Optical Detection. In order to study the comparison
of the two immunosensors responses, the optical calibration
curves corresponding to the variation of incidence angle Δθ
versus concentrations of specific antigen in PBS solution was
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presented in Figure 11. Figure 11(a) presents the response of
immunosensor developed with system 1. The immunosensor
calibration curve with Ag concentrations presents a satura-
tion part; however, the immunosensor response exhibits a
linear relation between θ and the Ag concentrations ranging
from 4.5 to 15 μg/ml with a detection limit of 4.5 μg/ml, and
an average response time of 45 minutes. The linear regression
equation was θ = 0.003 [Ag] + 0.003, with a correlation
coefficient of 0.96. Figure 11(b) presents the response of
immunosensor developed with system 2. The immunosensor
calibration curve with Ag concentration presents a satura-
tion part; however, the immunosensor response exhibits a
linear relation between θ and the Ag concentration ranging
from 0.3 to 1 μg/ml with a detection limit of 300 ng/ml, and
an average response time of 30 minutes. The linear regression
equation was θ = 0.094 [Ag] + 0.002, with a correlation
coefficient of 0.98. Consequently, the results show a higher
response in the case of the immunosensor based on iron
oxide nanoparticles compared to immunosensor based on
SAM.

3.3.2. Electrical Detection. Antigen—Antibody interactions
were monitored by impedance spectroscopy in PBS solu-
tion (10 mM, pH 7) at −400 mV for system 1 and for
system 2. Systematically, the electrodes modified with
biotin-tagged antibody fragment were equilibrated with
a range of concentrations of the specific antigen. The
impedance spectra obtained after incubation with different
concentrations of Antigen are shown in Figure 12. Imme-
diately the impedance decreases clearly with the increase
of [Ag], which indicates that a larger amount of Antigen
was linked to the specific sites and the electron transfer
decreases.

In order to study the comparison of both immunosensors
responses, the electrical calibration curves corresponding
to the variation of membrane resistance ΔRm versus con-
centrations of specific antigen in PBS solution, was pre-
sented in Figure 13. Figure 13(a) presents the response of
immunosensor developed with system 1. The immunosensor
calibration curve with Ag concentration presents a saturation
part; however, the immunosensor exhibits a linear relation
between Rm and the Ag concentration ranging from 1 to
50 ng ml−1 with a detection limit of 1 ng ml−1, and an overage
response time of 45 minutes. The linear regression equation
in the range from 1 to 50 ng ml−1 wasRm = 257.3 [Ag] 3.248,
with a correlation coefficient of 0.83. Figure 13(b) presents
the response of immunosensor developed with system 2.
The immunosensor calibration curve with Ag concentration
presents a saturation part; however, the immunosensor
exhibits a linear relation between Rm and the Ag concentra-
tion ranging from 0.5 to 50 ng ml−1 with a detection limit
of 500 pg ml−1, and an overage response time of 20 minutes.
The linear regression equation in the range from 1 to 50 ng
ml−1 was Rm = 1871 [Ag] + 0.908, with a correlation coef-
ficient of 0.91. Consequently, comparing the characteristics
of both Immunosensors, the results confirm that the using
of the iron oxide nanoparticles improves immediately the
characteristics of the immunosensor in terms of detection
limit.
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Figure 13: Electrical calibration curves describing the variation of
membrane resistance ΔRm against antigen concentrations.

4. Conclusion

In this study, we have developed an immunosensor based
on functionalized iron oxide nanoparticles. By comparison
with the development of an immunosensor based on SAM,
we have demonstrated that the use of the functionalized
iron oxide nanoparticles offers several advantages. The
comparison of the results of both systems proved that the
use of the iron oxide nanoparticles amplifies the response
signal, so increases the thickness of the layer of antibody
from 0.4 to 1.2 nm, from where, the increase of the grafting
density of antibody on the electrode. In second time, we
have demonstrated that by using electrochemical impedance
spectroscopy combined with theoretical equivalent circuits
models it is possible to determine the electrical properties.
Furthermore, EIS allowed a thorough monitoring of the
engineering of the biolayer membrane.

Table 5 shows the comparison of analytical parameters
of immunosensors based on SAM and immunosensor based
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on iron oxide nanoparticles from electrical and optical
characterization. The comparison of characteristics of both
immunosensors has showed that nanoparticles permitted to
obtain the best characteristics. So, antibody immobilization
on nanoparticles permitted to reach sensitivity and to reach
lower detection limit: 500 pg/ml instead of 1 ng/ml to in the
case of EIS and 300 ng/ml instead of 4.5 μg/ml in the case
of SPR. Thus, it permitted to improve the sensitivity from
257.3Ω · cm2 · μg−1 ·ml to 1871Ω · cm2 · μg−1 ·ml in the
case of EIS and from 0.003◦ · μg−1 ·ml to 0.094◦ · μg−1 ·ml
in the case of SPR.
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nanotubes. It seems that the removal of amorphous carbon from the as-received nanotubes through a purification process yielded
an intimate nantoubes-spore interaction as revealed by transmission electron microscopy. Freundlich model successfully correlated
the adsorption equilibrium data for the nanotubes-spore interaction. Transmission electron micrographs showed extensive contact
between the Bacillus and the purified nanotubes, but the association appeared less intimate between the spores and the as-received
nanotubes.
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1. Introduction

Carbon nanotubes (CNTs) are one of the most promis-
ing materials in the areas of electronics, sensors, bio-
manipulation, and medicine due to their unique mechanical,
electrical, and chemical properties [1–4]. Indeed, a large
amount of research on the area of sensors has positioned
single-wall carbon nanotubes (SWCNTs) as one of the
most capable structures for detecting diverse chemical and
biological agents [5]. Recent studies have also shown the
potential of carbon nantoubes as amperometric sensors for
detecting analytes in solution without the requirement of any
mediator due to their high electron transfer rates [6]. It has
been shown that CNTs can act as a conducting channel for
electrons towards redox active centers resulting in sensing
materials for components such as cytochrome c, horseradish
peroxidase, myoglobin, and glucose oxidase [7–10]. Li et al.
[11] have studied the sensing properties of polymer-coated
nanotubes for detecting hydrochloric acid (HCl) vapors.

They have shown that coated nanotubes are capable of
sensing concentrations of HCl at levels as low as 2 ppm.

Detection of ammonia in water has been studied by Pan-
tarotto et al. [12], and they have shown that the concentra-
tion can be measured based on the covered area of the CNTs
by the ammonia. Current developments on nanotubes-based
sensors performed by Nanosensors, Inc. [13] have shown
that these nanomaterials can detect pathogenic microorgan-
isms such as E. coli or Salmonella in food supplies. Studies
carried out by Grüner [14] on sensors have shown that CNTs
represent a real-time acquisition material with the potential
of measuring intramolecular vibrations, anharmonic relax-
ations as well as conformational changes of the sensed media.
Major challenges remain, however, in making devices that
differentiate between adsorbed species in complex mixtures
and provide rapid forward and reverse response. A recent
work, based on the adsorption properties of different CNTs-
bacterial systems, has shown that the adsorption kinetic is
strongly dependant on the microorganism involved [15].
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Here, it was reported that the adsorption of S. aureus upon
as-received CNTs was considerably faster than that exhibited
by E. coli. Evidently, the size of the microorganism influenced
the rate of adsorption upon the carbonaceous material [15].
A research work carried out by Upadhyayula [16] on the
adsorption equilibrium of B. atrophaeus upon commercial
CNTs has also shown that the kinetics can be successfully pre-
dicted by the well-known Freundlich adsorption equation.
These results are encouraging since predictive outcome on
sensing signal may be simulated by established adsorption
parameters. The study of B. atrophaeus (a nonpathogenic
spore-forming bacterium) and CNTs system appears to be
a good representation media of the interaction of nanotubes
and lethal microorganisms such as B. anthracis. The rapid
detection of microbial pathogens is of great interest due
to the threats that they represent as a biological weapons
[17]. We have shown that spores of Bacillus can survive in
chlorinated tap water and can be recovered and identified on
typical household water filters [18]. To date, the analytical
detection methods of pathogenic contaminants on drinking
water systems are complex and time consuming (between
six hours to two days) [19]. Thus, the development of a
pathogen detection device based on carbon nanotubes would
represent a promising sensing platform.

In order to build an effective sensor device based on
nanotubes, it is critical that these nanomaterials are free
of their metal catalyst as well as of impurities such as
amorphous carbon material. It has been shown that presence
of amorphous carbon severely reduces the electrical prop-
erties of the nanostructures [20]. Additionally, elimination
of amorphous carbon is a critical step for subsequent
surface functionalization [21]. Indeed, by functionalizing
their surface structures, specific chemical groups can be
covalently attached to the nanotubes in order to address
them into specific sensing applications. Undoubtedly, study
of the physical attachment of biological organisms onto
carbon nanotubes has to be initially performed in order to
characterize their adsorption properties. The purpose of this
research program is to study and compare the adsorption
properties of B. atrophaeus onto as-received and purified
SWCNTs for the development of a biothreat nanosensing
devices.

2. Experimental Methodology

2.1. Absorbent Material. SWCNTs purchased from Carbolex,
Inc. (Lexington, Ky, USA) were studied in this research
program. These nanostructres were synthetizised through an
arc-discharge method yielding nanotubes with a diameter
around 1.4 nm. A thermogravimetric analysis, performed in
air by Carbolex, Inc. on these raw nanotubes, indicated that
this material contained between 20 to 30 wt% of amorphous
carbon. In this study, removal of amorphous carbon and
impurities was performed by introducing 0.5 gram of carbon
nanotubes into a 100 mL of a 2.6 M HNO3 solution. The acid
solution containing the nanotubes was placed in a shaker
for 48 hours rotating at 150 r.p.m. at room temperature.
Subsequently, the CNTs-acid solution was vacuum-filtered
through a 5 μm pore size polycarbonate membrane, and the

filtrate washed with approximately 2 liters of deionized water.
In this paper, both the as-received and the purified nanotubes
were considered for the adsorption equilibrium and kinetics
study.

2.2. Absorbate Material. B. atrophaeus (formerly B. subtilis
var. niger) was received from the U.S. Army Proving
Grounds, Dugway, Utah, courtesy of Patricia Cox. Here, a
stock culture was prepared following the purification method
previously reported on B. atrophaeus-carbonaceus system
[15]. The spores were stored in multiple capsules of 2 mL
each at 4◦C. These spores presented an elliptical shape
with dimensions of 0.3μm × 1μm. The Schaeffer Fulton
spore-staining method was also performed on the spores
in order to identify the ratio between spores (nongrowing)
and vegetative (growing) forms. Indeed, it is important to
consider the amount of spores on each stage, since the
adsorption and sensing mechanisms might be influenced by
the spore/vegetative ratio. In this study, the ratio of spores to
vegetative form was found to be around 2 : 1.

2.3. Adsorption Stage. Shaker experiments were performed
to determine the kinetics and adsorption equilibrium of B.
atrophaeus onto the as-received and the purified SWCNTs.
Here, 0.1 gram of the as-received CNTs and 0.1 gram of
the purified CNTs were added to different 250 mL flasks
containing 99 mL of sterilized deionized water. Then, 1 mL
of a spore solution of B. atrophaeus at a pre-established
concentration was added to each flask at 1.3 × 104, 4 × 105,
and 6 × 106 CFU/mL. (CFU: Colony Forming Unit). The
flasks were then placed in a mechanical shaker at 200 r.p.m.
at room temperature. Two milliliters of each CNTs/spore
system were sampled at regular intervals and filtered through
a 2 μm polycarbonate filter paper (Millipore, Mass, USA).
The filtrates (containing unattached cells) of the CNTs/spore
samples were inoculated on Tryptic Soy Agar (TSA) plates
and incubated at 37◦C for 24 hours, and the number of
colonies grown on the plates was counted. The absorbed
amount of spores onto the CNTs was calculated by a mass
balance of the total spores in the solution before and after
adsorption. The final concentration of the solution and the
maximum adsorbed amount give the respective adsorption
equilibrium concentration and adsorption capacity for the
spores. The kinetic and equilibrium study performed in this
research program was carried out on duplicates based on
three different initial spore concentrations.

2.4. Microscopic Analysis. Optical analysis using a Hitachi
S-3200 SEM and a Hitachi H 7650 TEM was performed
on the as-received and purified CNTs to characterize their
morphology. Microscopic observations of the CNTs/spore
systems after the batch experiment were also carried out to
elucidate their interaction.

3. Results and Observations

3.1. Microscopic Analysis. Initial evidence of the as-received
material under the SEM showed bundles of aggregated
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Figure 1: Scanning electron microscope micrograph of the SWC-
NTs (a) as-received and (b) purified.

nanotubes with a continuous entangled appearance (see
Figure 1(a)). The presence of these continuous fibers agrees
with previous studies carried out by Liu et al. on SWCNTs
[22], where it has been shown that it is difficult to identify
the end and beginning of an SWCNT. In contrast, Figure 1(b)
shows an SEM micrograph of the SWCNTs after being
subjected to an acid purification. From the figure, it can
be observed that the chemical treatment disentangles the
nanotubes as well as removes impurities such as amorphous
carbon. Figure 2 shows TEM micrographs of the as-received
and purified SWCNTs. This figure supports the findings
observed on the SEM analysis, where it can be seen that
a considerable amount of amorphous material has been
removed after the nanotubes have been chemically treated.

3.2. Adsorption kinetics and Equilibrium. For the adsorption
kinetic studies, samples were taken at different time intervals
from the spores-CNTs batch experiments and were filtered.
The variation of adsorbed spores onto the CNTs was
established by counting the cells in the filtrate (representing
the non-adsorbed spores) and subtracting them from the
initial concentration.

Adsorption curves of the B. atrophaeus/as-received CNTs
and the B. atrophaeus/purified CNTs for the three different
initial spore concentrations here studied are shown in
Figure 3. Here, the average fractional adsorption uptake
(Mt/Mmax) is plotted against time (t); where Mt and Mmax

are the adsorbed amounts per unit mass of adsorbent at
a specific time and at infinity time, respectively. In this

100 nm
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Amorphous
 carbon
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100 nm

Nanotube
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Figure 2: Transmittion electron microscope micrograph of the
SWCNTs: (a) as-received and (b) chemically treated.

study, Mmax was calculated from the last point of the
kinetics study in the batch experiment. Figure 3 shows that
the purified nanotubes yielded a higher adsorption uptake
than that displayed by the as-received nanotubes. This is
probably due to the fact that less amorphous carbon is
present in the acid-purified nanotubes and, therefore, a more
efficient adsorption process takes place on these purified
CNTs. Indeed, it is interesting to note that in 1 minute of
batch experiment, the treated nanotubes already adsorbed
more than 80% of the spores. Figure 3 also shows that the
maximum uptake increases at shorter times by decreasing the
initial concentration of the absorbate material.

The effective diffusivity De of the spores onto the CNTs
can be estimated using the following equation based on
macropore diffusion process if the fractional uptake is greater
than 70% [15]:

1− Mt

M∞
≈ 6

π2
exp

(
−π2Det

r2

)
, (1)

where r is the absorbent particle radius, and t is the time.
Indeed, it has been suggested in a previous study that the
CNTs act as web during the bacteria nanotubes adsorption
process [15]. Here, r is considered as the distance between
carbon nanotubes aggregates, which is about 100 μm [16].
Hence, the diffusivity rate and the effective diffusivity (De)
can be obtained from the slope of ln[(1 −Mt/M∞)] against
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Figure 3: Adsoprtion uptake curves of B. atrophaeus on “as-
received” and purified single-wall carbon nanotubes at room
temperature.
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Figure 4: Correlation of adsorption kinetics data using a macro-
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time (t); where the slope is given by (−π2De/r2) and the
intercept by ln(6/π2). Figure 4 shows the kinetic correlation
for the B. atrophaeus and the two systems of CNTs here
studied for the batch experiment based on the initial
concentration of spores of 6×106 CFU/mL. From Figure 4, it
can be observed that the effective diffusion rate of the spores
onto the purified CNTs is more than 1.5 times greater than
its as-received counterpart; this effect is probably due to the
more intimate contact between the treated nanotubes and
the spores. A conjecture that appears to agree with the TEM
analysis.

Similar adsorption uptake curves were obtained with
the other two concentrations of the absorbate here studied.
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Figure 6: Adsorption equilibrium response of B. atrophaeus onto
SWCNTs at room temperature. The solid lines represent the fitting
of the Freundlich isotherm model to the experimental data.

Indeed, by plotting the diffusivity rate of the three sets of
experiments based on the initial spore concentration (see
Figure 5), it can be observed that the diffusivity rate of
spores onto the purified nanotubes is higher than that shown
onto the as-received nanotubes. The effective diffusivity
was then determined from the data presented on Figure 5.
Table 1 shows the effective diffusivity of the samples here
studied. As expected, the effective diffusivity for the B.
atrophaeus/purified nanotubes is higher than that shown by
the B. atrophaeus/as-received nanotube system. These results
are again encouraging since they suggest that nanotubes with
higher percent of purity may be used to develop a faster
detection platform.

The maximum adsorbed amount of absorbate material
(Mmax) upon the nanotubes and its corresponding con-
centration in the supernant (Ce) are plotted on Figure 6.
Freundlich adsorption isothermal equation was used to fit
the component adsorption data for the two systems-based
CNTs here studied. The Freundlich isothermal is give by

Mmax = k f Ce
1/n, (2)
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Table 1: Effective diffusivity of the B.atrophaeus spores onto purified and as-received SWCNTs for the three initial absorbate concentrations
here studied.

Sample Initial spore conc. (Cini) Effective diffusivity De (cm2/s)

B. atrophaeus/purified CNTs 1.33× 104 3× 10−10

B. atrophaeus/as-received CNTs 1.33× 104 2.33× 10−10

B. atrophaeus/purified CNTs 4× 105 2.44× 10−10

B. atrophaeus/as-received CNTs 4× 105 2.12× 10−10

B. atrophaeus/purified CNTs 6× 106 2.14× 10−10

B. atrophaeus/as-received CNTs 6× 106 1.38× 10−10
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Nanotube

(b)

Figure 7: TEM picture of an isolated spores/untreated nanotubes
complex following the shaker-batch interaction experiment. (a)
After 1 minute. (b) After 50 minutes.

where k f is the Freundlich adsorption coefficient, and n is
the adsorption intensity parameter. Figure 6 shows a good
fit between the isotherm and the experimental data (yielding
r2 higher than 0.98 for both systems). From the figure, the
adsorption coefficient of the B. atrophaeus/purified CNTs
is more than 3 times higher than the B. atrophaeus/as-
received CNTs system. This again suggests that the removal
of amorphous carbon increases the affinity of the nanotubes
towards the spores.

3.3. TEM Analysis. Optical analysis of the bacillus-nano-
tubes systems following the batch experiments was carried
out on a TEM to elucidate their interfacial interaction.

50 nm

500 nm

Spore

Nanotubes

Spore

Figure 8: TEM picture of an isolated spores/purified nanotubes
complex following a 1 minute shaking-batch interaction process.

Indeed, the sampled aliquots had to be diluted in order to
be observed on the TEM. Typical micrographs of the CNTs-
spores system are shown in Figure 7, where a strong interac-
tion between both components can be observed. The figure
shows the as-received nanotubes/bacillus complex after 1 and
50 minutes of shaking in the batch experiment. From the
figure, it is observed that the interfacial contact increases at
longer times, since more nanotube-spore material appears to
be in contact after 50 minutes of shaking-batch interaction.
Similar behavior was observed with the spore-purified CNTs
system. Figure 8 shows the contact of the bacillus with
the purified nanotubes after 1 minute in the shaker-batch
experiment, and the amount of material interacting in this
purified system appears to be higher than that shown with
the as-received material. The micrograph shown in Figure 8
supports the kinetic data obtained in the present research
work regarding the contention that there is stronger affinity
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between spores and purified nanotubes compared to as-
received nanotubes.

4. Conclusions

An adsorption equilibrium and a kinetic study of B.
atrophaeus on SWCNTs have been here performed. The
carbon nanotubes used in this study were investigated in
its as-received condition as well as after being subjected
to a chemical acid treatment. Evidence here presented
demonstrates that the adsorption rate of spores onto purified
nanotubes is faster than that shown onto untreated carbon
nanotubes. Indeed, results have shown that the effective
diffusivity of spores upon the nanotubes follows the same
trend displayed by the adsorption rate. The Freundlich
isotherm equation seems to fit well with the experimental
data; here, the Freundlich adsorption coefficient of the B.
atrophaeus on purified nanotubes was more than 3 times
higher than that shown by its as-received counterpart. It
has also been shown that the removal of amorphous carbon
through the purification process evidently allows a more
intimate interaction between the nanotubes and the spores.
Optical analysis following spores-nanotubes interaction on
a shaker-batch experiment supports the experimental data
obtained during the kinetic process. Here, TEM micrographs
showed higher interaction between the purified nanotubes
and the spores than that exhibited between spores and the
untreated nanotubes. This research work demonstrates the
promising potential of building relatively short outcome
biosensor devices based on diffusion parameters of micro-
organisms onto SWCNTs.
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A simazine sensing system, composed of column packed with a molecularly imprinted polymer (Sim-MIP) and an electrochemical
analyzer, was scaled down in order to easily determine the concentration of simazine, an environmentally restricted chemical, in
tap water. In order to enhance the detection limit, the ratio of the eluent (dilution rate) in the electrolyte was optimized to 10%. A
new in-house built column size with∅ = 1.5 mm was prepared, and 3 mg of Sim-MIP particles was packed in the column. During
the sensing process, 90% of the simazine loaded to the column was collected by elution. The reductive current of simazine was
determined up to 1–10 μM. Solid phase extraction through the Sim-MIP column enabled simazine to be selectively detected from
a mixed aqueous solution containing structural analogues in the range of 10–40 nM. Whether the concentration of simazine in tap
water had reached environmentally restricted levels (10–40 nM) was determined within 1 hour using this system.
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1. Introduction

Recently, triazine herbicides have been widely used to effec-
tively increase the quantity of agricultural produce. Triazine
herbicides are therefore distributed in the soil or irrigation
water and may be spread to adjacent areas by wind, stream
runoff, or evaporation. These herbicides are persistent in the
natural environment and are therefore restricted to certain
concentration levels for safety reasons [1].

Among the triazine herbicides, simazine has been com-
monly used around suburban areas, such as golf courses
and dry riverbeds. However, simazine is suspected of being
an endocrine disrupting chemical. According to the water-
purity standards of the World Health Organization (WHO),
tap water that is contaminated with 10 nM (2 ppb) of
simazine is considered to be harmful. However, it is difficult
to remove such trace amounts of simazine from tap water
using common water purification systems.

In addition, there are few reports of simazine monitoring
systems, despite numerous reports of sensors for atrazine,
which belongs to the group of s-triazine herbicides that

includes simazine [2–7]. Therefore, a monitoring method
that can be used to trace concentrations of simazine in
untreated water is required.

In order to detect simazine, focus was made on molec-
ularly imprinted polymers (MIPs) as a recognition element
and a selective binder to simazine. We investigated the
preparation of an imprinted polymer for simazine (Sim-
MIP) from methacrylic acid (MAA) and ethylene glycol
dimethacrylate (EDMA) as a sensor receptor for the con-
struction of a simazine sensing system [8]. The electrochem-
ical reduction of simazine by voltammetry was reported
using a dropping mercury electrode [9]. We proposed a
novel sensing system for simazine based on determination of
its electrochemical coupling with Sim-MIP, which functions
as a recognition element. The prepared Sim-MIP is more
selectively bound to simazine under aqueous and acidic
conditions through a hydrogen bond with the carboxyl group
of MAA, compared with other triazines, such as atrazine
and propazine. The sensing system was constructed from
Sim-MIP particles packed in a column for the selective
collection (solid phase extraction) of simazine and an
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electrochemical analyzer, in which an amalgamated gold
electrode was used as the working electrode in place of a
dropping mercury electrode [10]. Use of the amalgamated
electrode with electrochemical analyzing system provided a
linear relationship between the concentration of simazine
and the reductive current of simazine in the range of 10–
30 μM. For the detection of 10 μM of simazine, 10 mL
of a 100 nmol simazine solution was applied to the Sim-
MIP packed column and eluted to a volume of 10 mL.
The simazine in the eluent was then determined in a
commonly used electrochemical vial, in which the electrodes
were placed. Simazine at a level of 10 nM (WHO water-
purity standard) could be detected with this system. The
distinctive feature of the Sim-MIP solid-phase column is that
a simazine concentration as low as 10 nM could be extracted.
Therefore, for the detection of 10 nM simazine, a large
volume (10 L) of 100 nmol simazine sample solution was
applied to the column and eluted to a volume of 10 mL and
then electrochemically analyzed. The results indicated that
the column concentrated the simazine significantly; however,
it took more than 10 hours to apply the entire sample
solution to the column at a flow rate of 5 mL/min. Moreover,
the obtained response showed low stability, because the large
volume of sample solution was continued to be loaded onto
the column. Although the performance showed that the
system was applicable to a low concentration of simazine, it
took an excessive amount of time, and also stable extraction
was not easily achieved. Therefore, improvement of the
sensing system is necessary to analyze the legally restricted
concentration of tap water samples.

To establish a more efficient system for the evaluation
of practical concentrations of simazine in the environment,
the sensing system was improved to detect environmentally
restricted concentrations of simazine in tap water within
a short time frame. In order to reduce the time, the
electrochemical cell setup and the Sim-MIP packed column
were optimized. Basically, reduction of the volume of sample
solution loaded to the column is required, which takes
most of the time for the sensing process. Considering this,
the system was scaled down by constructing an in-house
built disposable column to realize a practical monitoring
system.The optimum sensing system enabled simazine at
environmentally restricted concentrations in tap water to be
easily monitored within a time frame of 1 hour.

2. Experimental

2.1. Reagents. 6-Chloro-N,N-diethyl-1,3,5-triazine-2,4-di-
amine (simazine) and propazine were purchased from
Wako Pure Chemicals (Osaka, Japan) as standard chemicals,
and atrazine was purchased from Kanto Chemicals (Tokyo
Japan). The structures of these herbicides are shown in
Figure 1(a). Dimethylformamide (DMF), MAA, and EDMA
were distilled prior to use in order to remove stabilizers
(Figure 1(b)). Aqueous solutions of the triazine herbicides
were prepared using water purified to 18.3 MΩ with a
Milli-Q SP system (Millipore). All other chemicals were
of laboratory grade and used without further purification.

Stock solutions of the herbicides were prepared at 2.0 mM by
dissolving an appropriate amount of the triazine herbicide
in methanol. Sample solutions were prepared by dilution of
the stock solutions with 0.1 M KCl.

2.2. Preparation of MIP. The MIP for simazine was pre-
pared using a previously reported procedure [8]. Simazine
(1.34 mmol), MAA (9.99 mmol), EDMA (26.88 mmol), and
azoisobutyronitrile (0.61 mmol) were mixed and dissolved
in DMF (30 mL). After the solution was purged with dry
nitrogen gas for 10 minutes, it was polymerized using UV
light irradiation at 4◦C for 5 hours. The obtained polymer
was crushed in a mortar and sieved to between 30 and
60 μm diameter size. To remove the template (simazine), the
polymer was washed three times in methanol/acetic acid (7:3
v/v).

2.3. Electrochemical Determination. In order to scale down
the system, the electrochemical measurements were per-
formed using a computer-controlled electrochemical ana-
lyzer (ALS 1200, Tokyo, Japan) and a three-electrode elec-
trochemical cell setup in a glass vial that required only
1 mL of analyte solution. By reducing the volume of the
electrochemical measurement solution from 10 to 1 mL, the
initial sample solution used to load the column can be
reduced. An amalgamated electrode as a working electrode
was prepared on a gold electrode (∅ = 1.6 mm, BAS-Au)
according to the recommended procedure given in the BAS
Co. technique guide [11]. An Ag/AgCl (3 M NaCl) reference
electrode and a auxiliary platinum wire electrode (BAS,
Tokyo) were used.

All cyclic voltammetry electrochemical measurements
were carried out in a glass vial containing a deoxy-
genated electrolyte (0.1 M KCl, pH 3.0) at room temperature.
Simazine exhibited a reductive current at −1.08 V during
the measurement at the scan rate of 0.1 V s−1. The cathodic
current difference at−1.08 V, with and without simazine, was
recognized as the reductive current of simazine.

2.4. Sim-MIP Packed Column and Solid Phase Extraction
(SPE). In our previous study, a commercially available
column (I.D. = 3 mm, Eyela) was used, in which 20 mg of
dried Sim-MIP particles were packed (Figure 1(c)) [10]. In
this study, a small in-house built column (I.D. = 1.5 mm;
Figure 1(d)) was prepared as an inexpensive setup to reduce
the volume of the sample solution and to allow more
stable and simpler extraction of simazine than the previous
sensor setup. 3 mg of Sim-MIP particles were packed in the
column. The procedure for sample application to the column
was performed according to our previous report, as shown
in Figure 1(e) [10]. In the first step, the sample solution
was loaded and adsorbed onto the column packed with
Sim-MIP. Dichloromethane was used to wash impurities
from the Sim-MIP column resulting from sample solutions
containing impurities, such as atrazine and/or propazine, as
well as simazine. After removal of the impurities, methanol
was loaded onto the column as the eluent to break the
hydrogen bond between simazine and MAA. The eluent
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Figure 1: Schematic diagram of electrochemical sensing system for simazine. (a) Triazine compounds, (b) structural formula of MAA as
functional monomer and EDMA cross-linking monomer, (c) the column packed with 20 mg of Sim-MIP, (d) the column packed with 3 mg
of Sim-MIP, and (e) electrochemical sensing system combining the Sim-MIP packed column with electrochemical analyzing setup, a: an
amalgamated electrode, (b) a vial containing 1 mL of solution, and (c) Ag/AgCl reference electrode.
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Figure 2: Calibration plot of simazine. One mL of the simazine
solution containing 10% methanol was measured by cyclic voltam-
metry versus the scan rate of 0.1 V/sec. Reductive current of the
cathodic peak was plotted against the concentration.

was mixed with electrolyte (0.1 M KCl, pH 3.0) at given
ratios (1%–30%) and the sample in the electrolyte was then
electrochemically measured by cyclic voltammetry. The flow
rate of the loading solutions was 2.0 mL/min.

3. Results and Discussion

3.1. Electrochemical Measurement of Simazine on Amalga-
mated Gold Electrode. In our previous study, the highest
reductive current of simazine was obtained for a pH 3.0
KCl solution as the electrolyte [8]. Simazine is electro-
chemically reduced through protonation, which precedes the
electron-transfer reaction [9]. The electrochemical reaction
of simazine has to be performed in acidic media. However,
the reductive current of simazine is hardly detectable at a pH
lower than 2.0; therefore, 0.1 M KCl (pH 3.0) was used as the
electrolyte in the experiment.

The electrochemical detection of simazine was then
performed after elution, in which simazine was eluted by
methanol and mixed with the electrolyte. To reduce the
detection time, reduction of the volume of simazine solution
loaded onto the column is required; however, this would
also result in reduction of the amount of simazine available
for the electrochemical measurement. Therefore, optimum
conditions for the sensitive electrochemical determination
of simazine must be determined for this sensing process.
For this purpose, the smaller volume of electrolyte is better,
because simazine in the eluent would not be diluted. In other
words, the dilution rate should be as low as possible.

Therefore, dilution of the eluent (methanol) by the
electrolyte was examined at 1%, 10%, 20%, and 30%. The
reductive current and peak potential of simazine (10 μM)
at various dilutions were compared. The reductive current
difference with and without simazine was also compared.
The peak current of simazine was the highest at 10%
methanol in the electrolyte, while there was no significant
difference between the peak current at 1% and 10% dilution.

Each peak potential was −1.02 V at 1% methanol and −1.08
V at 10%. Higuera et al. reported that the peak current of
simazine increased with the decrease in the peak potential
in the range from −1.0 to −1.1 V due to changing proton
concentration [9]. The results obtained are consistent with
their study; therefore, the electrochemical measurement of
simazine was performed at 10% methanol. For ratios higher
than 10%, the reductive current of simazine decreased and
was not observed at 30%. The peak potential shifted in the
negative direction and overlapped the reductive potential of
the proton itself, at around −1.2 V, and the electrochemical
reduction of simazine and the proton compete at a higher
concentration of methanol.

Based on this result, for the electrochemical determi-
nation, one hundred μL of the eluent was mixed with
900 μL of electrolyte solution to determine the concentration
of simazine in 1 mL of the measurement solution. In
addition, at volumes less than 1 mL of solution, the simazine
did not reduce for stable electrochemical determination
because of the change in dilution. Basically, it is difficult to
completely maintain the diluted concentration of a mixed
solution composed of methanol with the electrolyte at
every measurement, because methanol is a volatile solvent.
Moreover, simazine is a poorly water-soluble compound, so
that precipitation would occur, even for a slight decrease
in the methanol ratio of the mixed solution for a highly
concentrated simazine solution. Thus, it was determined that
for the electrochemical determination of simazine in a mixed
measurement solution, 100 μL of methanol with 900 μL of
electrolyte would be the optimum condition. As a result, the
reductive peak current was dependent on the concentration
of simazine up to 10 μM, and the electrochemical detection
limit of simazine was 1 μM, as shown in Figure 2.

3.2. Improvement of the Sim-MIP Packed Column. The
environmental standard for the simazine concentration in
water is legally restricted to 19.8 nM (4 ppb) by the U.S.
Environmental Protection Agency, 9.9 nM (2 ppb) by the
World Health Organization, and 14.9 nM (3 ppb) in Japan.
In our previous study, a sensing system was constructed
by packing 20 mg of Sim-MIP particles in a commercially
available column, which was coupled to an electrochemical
analyzing system including an amalgamated gold electrode,
and this system could detect the environmental restricted
concentration of simazine [10]. In this system, a 100 nmol
simazine sample solution (10 nM × 10 L) was loaded on the
Sim-MIP packed column and eluted using 1 mL methanol;
however, a large volume of the simazine solution (10 L) must
be loaded to collect 100 nmol of the simazine, requiring
more than 10 h. This is not a suitable amount of time to
detect a trace concentration of simazine. 1 μM of simazine
in 1 mL (containing 1nmol of simazine) was shown to be
the limit of detection for the electrochemical system. To
reduce the column loading time, we have proposed scaling
down of the system, and the volume was reduced to 10%
of that used in the previous study. However, the detection
limit of the amalgamated gold electrode is 1 μM, which is
higher than the environmental limit for simazine (10 nM)
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Table 1: Improvement of the Column and Collected Simazine.

System
Column Loaded simazine in sample Eluent Measurement

I. D. Packed MIP Concentration Volume Quantity Volume Collected quantity Volume Recovery

(mm) (mg) (nM) (mL) (nmol) (mL) (nmol) (mL) (%)

1 3.0 20 10 1000 10 1.0 9.650 10 96.5

2 3.0 20 10 100 1 0.1 N.D. 1 N.D.

3 1.5 3 10 100 1 0.1 0.904 1 90.4
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Figure 3: Calibration plot of simazine solution both with( ) and
without impurities ( ).

in tap water. Therefore, from such a trace concentration of
simazine, 100 nmol has to be collected in the frabricated
sensing system.

The examined column conditions are listed in Table 1.
The recovered simazine in the eluent was determined by
measurement of the UV light absorbance of simazine
(λmax = 220 nm). When 1000 mL of the sample solution
(10 nM) was loaded on a column packed with 20 mg of
Sim-MIP, the recovery was 96.5%; however, in the case
of 100 mL of sample loaded on the column, simazine was
not detected in the eluent (0.10 mL). We consider that the
volume of eluent may be insufficient for the size of the
column. In order to take enough time to elute simazine
with a small volume of eluent, the inner diameter of the
column was reduced to half of the previous column, and was
packed with 3 mg of Sim-MIP. When 100 mL of the sample
was loaded on this column, the recovery in the eluent was
90%, so that it can be used as a small volume (1 mL) for
electrochemical detection (Figure 1(e)b). When 100 mL of
the sample was loaded on the column and eluted by 100 μL
of methanol, elution was completed within 1 h at a flow rate
of 2 mL/min, as shown for system 3 in Table 1. Based on
the calibration curve obtained, using this system, a linear
relationship was observed in the concentration range of 10–
40 nM. The sensitivity and reduction of the measurement
time were improved by utilizing a small 3 mg Sim-MIP
packed tube column, which was cheaper than that previously
used (Figure 1(c)).

3.3. Selective Detection Of Simazine. With the use of an
amalgamated gold electrode, triazine compounds such as
atrazine and propazine exhibit similar CV profiles and

cathodic peaks similar to simazine. In our previous study,
we examined the interference of atrazine and propazine in
the determination of simazine, and the washing process
using dichloromethane was so effective in removing the
nonspecific adsorption of these compounds, and simazine
was selectively detected, even from a sample solution also
containing atrazine and propazine [10]. If compounds other
than triazine herbicides are present in the tap water, these
compounds would not be electrochemically detected in
the negative potential area of the simazine cathodic peak,
because water soluble and hydrophilic compounds are not
adsorbed on the hydrophobic polymer of the Sim-MIP
column.

In order to examine the effect of other triazine com-
pounds, calibration plots of simazine with and without
impurities such as atrazine (10 μM) and propazine (10 μM)
were compared.

The sample solutions were eluted through the Sim-MIP
packed column using the extraction procedure shown in
Figure 1(e). The reductive current of the sample solution,
both with and without impurities, showed a linear concen-
tration dependence, and the slope was −0.0204μA/μM and
−0.0200μA/μM, respectively, and the calibration plots were
almost the same in the examined range of simazine concen-
tration (Figure 3). Therefore, when using this procedure, the
presence of other triazine compounds has no effect on the
measurement sensitivity.

3.4. Simazine Detection in Tap Water. Sample solutions of
tap water spiked with 10, 20, or 40 nM of simazine were
examined, and the concentrations were determined as 8.75,
22.5, and 43.5 nM, respectively. The simazine concentration
found in tap water was almost the same as that expected,
suggesting that there was no significant influence from
unknown impurities in the tap water. Thus, it was shown that
the electrochemical sensing system proposed in this study
is applicable for the simple detection of environmentally
restricted concentrations of simazine (10–40 nM) in tap
water within a period of 1 hour.

4. Conclusion

A new electrochemical sensing system was fabricated using
an in-house built column packed with 3 mg of Sim-MIP,
coupled with an electrochemical analyzing system with an
amalgamated gold electrode and a cell setup requiring 1 mL
of analyte solution. 100 mL of a trace concentration of
simazine solution was applied to the column, and simazine
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was eluted by 100 μL of methanol. One volume of eluent
was mixed with nine volumes of electrolyte (0.1 M KCl, pH
3.0) for the electrochemical determination. The fabricated
sensing system could specifically detect simazine in the range
of 10–40 nM, even though there were other triazine com-
pounds present. The environmental restricted concentration
of simazine (10–40 nM) in tap water was determined within
1 hour. This sensing system provides a portable and low-cost
method for the practical application of simazine sensing.
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δ-free F0F1-ATPase within chromatophore was constructed as a novel biosensor to detect miRNA targets. Specific miRNA probes
were linked to each rotary β subunits of F0F1-ATPase. Detection of miRNAs was based on the proton flux change induced by light-
driven rotation of δ-free F0F1-ATPase. The hybridization reaction was indicated by changes in the fluorescent intensity of pH-
sensitive CdTe quantum dots. Our results showed that the assay was attomole sensitivities (1.2× 10−18 mol) to target miRNAs and
capable of distinguishing among miRNA family members. Moreover, the method could be used to monitor real-time hybridization
without any complicated fabrication before hybridization. Thus, the rotary biosensor is not only sensitive and specific to detect
miRNA target but also easy to perform. The δ-free F0F1-ATPase-based rotary biosensor may be a promising tool for the basic
research and clinical application of miRNAs.
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1. Introduction

MicroRNAs (miRNAs) are small noncoding RNA molecules
20–22 nucleotides(nt) in length, which function to regulate
gene expression. Recent studies have found that some miR-
NAs have altered expression in cancer cells, and specific alter-
ations in miRNA expression may be an important biomarker
for toxins which have serious effects on human health [1–
4]. The effective detection is crucial for better understanding
the roles of miRNAs in cancer cells, the response of cells to
stress, and the process of cellular growth, proliferation, and
metabolism. Therefore, many different methodologies have
been used to profile miRNA expression, including Northern
blotting with radio-labeled probes [5, 6], oligonucleotide
microarrays [7, 8], and quantitative PCR-based amplification
of precursor or mature miRNAs [9, 10]. However, the normal
detection approaches require many steps such as enrichment,
reverse transcription, amplification, labeling, and clean-up
[11]. Most of these methods are time consuming due to
ovenight hybridization reaction and complicated fabrication.
The most popular approaches to hybridization analysis such
as Northern blotting and microarrays take a long time for
hybridization of probes and their target molecules because
of the static hybridization kinetics on a solid phase. To solve

this problem, microfluidics technology has been used to stir
the hybridization solution to increase the rate of diffusion for
rapid identification [12, 13]. For instance, the hybridization
time of Surface Acoustic Wave (SAW) microagitation chips
can be reduced and signal intensities increased more than 6
fold [14]. Thus, methods for rapid measuring the expression
profiles of miRNAs will considerably accelerate the field in
addition to the sensitivity and specificity.

Recent advances in nanotechnology have enabled the
biosensor design and production of a variety of nanodevices
for biological purpose. It is well known that F0F1-ATPase is
a complex of two parts, F0 (a1b2cn) and F1 (α3β3r1δ1ε1). It is
connected by a central stalk composed of γ and ε subunits
and a peripheral stalk made of the δ and b subunits. The
proton translocation through F0 drives rotation of the c-ring
oligomer together with rε complex, forcing conformational
changes in F1, which result in ATP synthesis from ADP and
Pi [15, 16]. It is also known that the δ-subunit plays a switch
role between the F0 and F1 in the ATP synthesis [17]. The δ-
free FoF1-ATPase is constructed with a3, b3, ε, and γ as well
as cn subunits as rotator and a, b2 as stator. Based on this, Su
et al. constructed a nanomotor by using δ-free FoF1-ATPase
within chromatophores [18].
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Here, we developed a rapid method to detect miRNAs
using the rotary nanoscale biosensor based on δ-free F0F1-
ATPase. The miRNA probe system, which was linked to
the rotary β subunit of F0F1-ATPase, was used to detect
their target miRNAs. CdTe quantum dots- (QDs-) labeled
chromatophores were responding to change of proton con-
centration of outside surface. In our experiments, miRNA
probes linked to β subunit act as a rotary propeller.
By this procedure, it is possible to monitor a real-time
hybridization between the immobilized miRNA probes and
the stirred target miRNAs. In addition, the procedure does
not require enrichment, reverse transcription, amplification,
and hybridization before detection. In this study, the method
is sensitive to attomole of mir-145 (1.2 × 10−18 mol) and is
capable of discriminating a single base difference among let-
7 family members.

2. Materials and Methods

2.1. Materials. The water-soluble and pH-sensitive CdTe
quantum dots (QDs) were gifts from Professor Tang
Fangqiong (Technical Institute of Physics and Chemistry,
Chinese Academy of Sciences, China). In this study, we
used the QDs with maximum emission wavelength at
535 nm. ATP and streptavidin were purchased from Sigma-
Aldrich (USA). Biotin-(AC5)2Sulfo-OSu was purchased
from Dojindo (Japan). Lipidbiotin was purchased from
Avanti. The δ-free ATPase within chromatophores was
prepared as the previous study [18, 19]. The β-subunit
of F0F1-ATPase was expressed and purified as described
previously [20]. The antibody was prepared according to the
procedure [21]. Mir-145 probe sequence is 5′-GGGGAU-
UCCUGGAAACUGC-3′. The other probe sequences follow
as let-7a (5′-AACTATACAATCTACTACCTTATCCT-3′),
let-7a (5′-UGAGGUAGUAGGUUGUAUAGUU-3′), let-7b
(5′-UGAGGUAGUAGGUUGUGUGGUU-3′), let-7c (5′-
UGAGGUAGUAGGUUGUAUGGUU-3′), and let-7d (5′-
AGAGGUAGUAGGUUGCAUAGU-3′), respectively. Total
RNA was extracted from MCF-7 human breast cancer cells
by using TRIZOL reagent (Invitrogen) according to the
manufacturer’s instructions. All other analytically purified
reagents are of analytical grade.

2.2. Cell Culture. The MCF-7 human breast cancer cell
was kindly provided by Professor Jianwen Chen. Cells were
maintained in Dulbecco’s modified Eagle’s medium (Sigma)
supplemented with 10% fetal bovine serum (PAA) at 37◦C in
a humidified 5% CO2 incubator.

2.3. Biosensor Assembly and miRNA Detection. The surface
of chromatophores was labeled by QDs according to [22].
Briefly, the chromatophores (100 μL) were resuspended in
buffer A (50 mM tricine–NaOH, 5 mM MgCl2, 10 mM KCl,
pH 6.5) and incubated for 3 hours at room temperature with
100 μL CdTe QDs (1 × 1015/μL, dissolved in water). Free
QDs were washed away by centrifuging at 13 000 rpm for 30
minutes at 4◦C in three times. The precipitate (QD-labeled
chromatophores) was re-suspended in 100 μL of 50 mM
tricine buffer (pH 6.5). Meanwhile, 2 μL of 2 μM biotin was
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Figure 1: Schematic diagram of the biosensor based on F0F1-
ATPase within chromatophore. 1, 2, 3, 4, 5, 6, 7, 8, and 9
represent the antibody against β subunit, the linking system com-
posed of [biotin-AC5-sulfo-OSu]-streptavidin-[biotin-AC5-sulfo-
OSu], miRNA probe, target miRNA, 535 nm QDs, chromatophore,
bacteriorhodopsins (BRs), the linking system of lipidbiotin-
streptavidin-[biotin-AC5-sulfo-OSu]-Polylysine, and the glass sur-
face, respectively.

added in 20 μL β subunit antibody at room temperature for
30 minutes, followed by adding 2 μL of 2 μM streptavidin at
room temperature for 30 minutes. The streptavidin-biotin-
labeled β-subunit antibody was incubated with 5 μL QDs-
labeled chromatophores fixed on the glass slips at 37◦C for 1
hour. Redundant free biotin-streptavidin-labeled β-subunit
antibody was rinsed with 50 mM TSM buffer (50 mM
Tricine-NaOH pH 7.0, 0.25 M sucrose, and 4 mM MgCl2).
Then 100 μL 10 μM miRNA probe labeled with biotin was
added and incubated at room temperature for 30 minutes.
Free probes were washed out by 50 mM TSM buffer. The
δ-free F0F1-ATPase with chromatophore was immobilized
onto the glass surface through the biotin-streptavdin-biotin
attachment. MiRNA probe system was hybridized with
miRNA target in 100 μL formamide hybridization solution
at 37◦C. Before the detection, the sample was exposed under
the cooled light source with a 570 nm filter for one hour
to initiate the rotation of the F0F1-ATPase. During illumi-
nation, the buffer containing 2 mM NaN3 and 2 mMATP
was infused into the chamber to inhibit the hydrolysis
activity of the F0F1-ATPase and hold force between the
β3 and γ to tightly band them together [18, 19, 23]. The
hybridized reaction was recorded by our detection platform
(BPCL) (see Supplementary Materials available online at doi:
10.1155/2009/671896). Fluorescence was excited at 471 nm
and emitted at 535 nm.

2.4. Data Analysis. The data were presented as means ±
standard deviation of the mean. All experimental data were
from average of at least 4–6 independent tests.

3. Results

3.1. Rotary Biosensor Design. Figure 1 showed the scheme
of a novel rotary biosensor based on F0F1-ATPase within
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a chromatophore. Chromatophores were immobilized to
glass surface by lipidbiotin-streptavidin-biotin-Polylysine
system [18]. Each β subunit of F0F1-ATPase was linked with a
miRNA probe, which was used to detect target miRNA. Thus,
three target miRNAs can bind specifically to a single F0F1-
ATPase. After illumination, the chromatophores can main-
tain the proton electrochemical gradient across the plasma
membrane for a long time (see Supplementary Materials).
The light-driven rotation of F0F1-ATPase l resulted that the
protons are pumped out of chromatophores and the proton
concentration around chromatophores increased [15, 16],
which leads to an enhancement of fluorescent intensity of
CdTe quantum dots (QDs). The pH-sensitive QDs labeled
on the outer surface of chromatophores are used as a proton
sensor to detect proton flux [22]. Based on this, the changes
of fluorescent intensity can indicate the alteration of H+

concentration ([H+]). When target miRNAs bind to the
capture probes, the rotation of δ-free F0F1-ATPase slows
down, which leads to a decrease in fluorescent intensity. In
the course of detecting target miRNAs, miRNA probes linked
to β subunits function as a rotary propeller to stir the sample
solution, which results in dynamic hybridization reaction.
The rotation of δ-free F0F1-ATPase-based biosensors enables
one to monitor hybridization reactions in real time. In
our experiment, the hybridization reaction is detected by
recording the changes of fluorescence intensity. Using this
method, the results can be obtained in 500 seconds.

3.2. Sensitivity and Detection Rang of miRNA Assay with
Dynamic Hybridization Reaction. To determine the sen-
sitivity of the method with dynamic hybridization property,
we used miRNA (mir-145) probes to capture their target
miRNAs in a complex RNA background and the change
of fluorescence intensity was detected. The low limit of
detection for the assays was found to be 1.2 × 10−18 mol
(0.72 × 106 molecules) (see Supplementary Materials).
Figure 2(a) showed the fluorescence intensity changes of
biosensors with the different amounts of loads at 37◦C,
respectively. The no miRNA loading as control shows the
low limit of detection. Serial 10-fold dilution of total RNA
extracted from MCF-7 cells was used to analyze the detection
range of the biosensors. The rate of fluorescence changes
in 500 seconds were approximately 563.94± 9.68 U/s,
554.08± 9.95 U/s, 531.73± 10.97 U/s, 517.06± 4.19 U/s,
501.29± 10.05 U/s, 487.66± 6.95 U/s and 471.27± 5.94 U/s
for biosensor hybridized with miRNA probe, miRNA from
10 cells, 102 cells, 103 cells, 104 cells, 105 cells and 106 cells,
respectively. Using this novel rotary biosensor, we were able
to detect not only amounts of relatively abundant miRNAs
but also low level miRNAs because we observed a broad
range of miRNAs expression levels from 1.2 × 10−18 mol
(0.72 × 106 molecules) to 1.2 × 10−13 mol (0.72 × 1011

molecules). Compared to changes in fluorescence intensity
of miR-145 from 106 cells, more miRNAs did not lead to
the further changes because of the quantitative limitation
of chromatophores. Increase of quantity of chromatophores
can obtain a broader detection range. As shown in
Figure 2(b), the rate of fluorescence changes in 500s of the
different molecules is linear, and the detection range is about

5 orders of magnitude, which implies that this method can
be used to quantify miRNAs with a wide range.

3.3. Specificity of miRNA Assay with Dynamic Hybridization
Reaction. Figure 3 showed the Specificity of miRNA assay
with dynamic hybridization reaction by the four let-7 family
members. It is well known that Most human miRNAs differ
by three or more nucleotide bases, but function as the
different roles in cancer cells and the process of cellular
growth, proliferation, and metabolism. In the let-7 family,
the members differ by only one or two nucleotide base.
To determine whether our miRNA assay is capable of
discrimination among family members under the condition
of dynamic hybridization, we attempted to use let-7a probes
to capture let-7a, let-7b, let-7c, or let-7d miRNA targets in
1 pM. The fluorescence intensity changes of let-7a binding
to the let-7a probes (the rate of fluorescence change in
500 seconds: 471.36± 10.17 U/s) was relatively slight com-
pared with that of the biosensor only loaded with miRNA
probe (the rate of fluorescence change in 500 seconds:
559.96± 7.05 U/s), which indicated a specific binding to let-
7 miRNA target (Figure 3). In contrast, the fluorescence
intensity changes of let-7b, let-7c, and let-7d binding to the
let-7a probes (the rate of fluorescence change in 500 seconds:
553.14± 10.07 U/s, 549.42± 9.97 U/s and 552.99± 8.94 U/s)
were more dramatic than that of let-7a binding to the let-
7a probes and were similar to that of biosensor only loaded
with miRNA probe. These results suggest that the rotary
biosensor can be used to discriminate among the four let-7
family members.

3.4. Comparative Analysis of Dynamic and Static Hybridiza-
tion Reaction. The normal hybridization procedure fails to
move solution volumes, and so this static hybridization
reaction requires incubation over night. To demonstrate
utility of the static hybridization, Figure 4 shows that the
fluorescence intensity changes of biosensors were hybridized
with miRNA target in 100 μL formamide hybridization
solution at 37◦C for 1 hour, 6 hours, and 12 hours,
respectively. Before the detection, the sample in the buffer
containing 2 mM NaN3 and 2 mMATP was exposed to the
cooled light source with a 570 nm filter for 1 hour to
initiate the rotation of the FoF1-ATPase. Then, the results
of static hybridization were recorded by our detection
platform. Compared to the control only loaded with miRNA
probe (565.89± 5.19 U/s), no significant binding signal was
observed when hybridized with miRNA target for 1 hour
(555.57± 8.15 U/s). These data suggested that the static
hybridization was strongly correlated with the incubation
time, which is consistent with previous study. The biosensor
with dynamic hybridization (469.87± 8.01 U/s) can cap-
ture more target miRNAs than the biosensor with static
hybridization for 6 hours (511.47± 10.01 U/s). But, upon
static hybridization for 12 hours (451.90± 7.61 U/s), the rate
of fluorescence changes was just slighter than that in of
dynamic hybridization (469.87± 8.01 U/s). The activity of δ-
free F0F1-ATPase did not change because of the overnight
hybridization reaction (data not shown). In comparison with
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Figure 2: Detection range of the miRNA biosensor assay with dynamic hybridization. (a) Total RNA extracted from MCF-7 cells was serially
10-fold diluted. Different amounts of miR-145 could be detected by the biosensor loaded without or with target miRNAs derived from
10 cells, 102 cells, 103 cells, 104 cells, 105 cells, and 106 cells reaction at 37◦C, respectively. (b) Correlation between the rate of fluorescence
changes and molecular amounts of miRNAs. The mean value was calculated from three independent detection experiments. Error bars show
variations among the experiments as the standard deviation of the mean.

the static hybridization, the dynamic hybridization using the
rotation of miRNA probe system will greatly reduce the time
to detect target miRNAs.

4. Discussion

Here we present a novel method for the rapid detection of
target miRNA. The miRNA probe system linked to rotary
β subunit of δ-free F0F1-ATPase was used to detect target
miRNA. The change of proton flux was recorded through the

changes of fluorescence intensity of QDs, which can monitor
real-time hybridization state [22]. In this study, the biosensor
has function as a rapid, sensitive, and specific tool to detect
miRNAs.

The recent miRNAs detection method has called for
the rapidity of the hybridization reactions and real-time
detection. In the normal hybridization reaction, the vicinity
of the corresponding probe spot will take long time to finish,
especially in case of low concentrated miRNA molecules. In
our experiments, the rotation of F0F1-ATPase-induced fluid
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Figure 3: The miRNA biosensor with dynamic hybridization can
be used to specifically detect the target miRNAs. The let-7a probes
were used to capture their target miRNAs. The biosensor was only
hybridized without any miRNAs or with incompletely complemen-
tary target let-7b, let-7c, let-7d or complete complementary target
let-7a at 37◦C, respectively.

movement of nanoliter volumes could increase in collision
between the probe and the target, thereby accelerating the
hybridization kinetics [24, 25]. The efficiency of biosensor
with dynamic hybridization efficiency was more than that
of static hybridization for 6 hours (Figure 4). Meanwhile,
the rotation of δ-free F0F1-ATPase makes it possible to
monitor the real-time hybridization, which can yields data
during the hybridization reaction. Furthermore, there is
no need to reverse transcription and amplification before
hybridization, thereby reducing the overall time of the
detection.

The detection sensitivity was based on two lines
of evidence. First, dynamic hybridization reaction might
improve assay sensitivity. Peytavi et al. demonstrated that
the microfluidic system increased the hybridization signal
by 10-fold compared with a static hybridization system
[13]. Other groups have demonstrated that inducing a
microagiation in the fluid layer on a microarray can reach
the signal amplification by 6-fold [14, 26]. Our method was
sensitive enough to detect the amounts of miRNAs in 10
MCF-7 cells. Especially, mir-145 is considered act as tumor
suppressor genes or oncogenes and down-regulated in MCF-
7 breast cancer cell line. Second, QDs have unique optical
properties and exceptional photostability according to the
previous study [27, 28]. In our experiments, more than two
hundred QDs were attached on one chromatophore, which
can enhance sensitivity in the process of miRNA detection
(see Supplementary Material).

In terms of specificity, our method is capable of dis-
crimination of a single base change in the target miRNAs
even under particularly permissive binding condition. In
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Figure 4: The dynamic hybridization resulted in a decrease in
hybridization time. In the static hybridization, the biosensor was
hybridized without or with miRNAs extracted from MCF-7 cells
in the hybridization solution at 37◦C for 1 hour, 6 hours, and 12
hours before detection, respectively. For the dynamic detection, the
hybridization of biosensor and target miRNAs was monitored in
real time without the preincubation with target miRNAs.

the experiments, we observed good discrimination among
let-7a, let-7b, let-7c, and let-7d using let-7a-specific probes
(Figure 3). During the hybridization reaction, the rotation of
δ-free F0F1-ATPase might decrease the binding of unspecific
miRNAs. The results showed that rotary miRNA probe
system tend to bind the target miRNA complementary
completely to the probe sequence.

In conclusion, our results demonstrated that δ-free
F0F1-ATPase-based rotary biosensor is a promising research
tool that can be applied to large-scale miRNAs detection
combined with the lab-on-a-chip technology.
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1. Introduction

The reliability of electrical equipment in Medium Voltage
(MV) substations is a prerequisite to guarantee the conti-
nuity of the service in an MV distribution network. Failure
statistics of different electrical components of substations
indicate the MV substation as one of the major causes of
outages [1]. In particular, the MV switchboard very often
suffers of flashover. The most effective technique to provide
an early warning of failure in these electrical apparatus is
to detect corona or surface predischarges phenomena. Since
these phenomena, on long term, can give rise to breakdown
and consequently lead to out-of-services it is important both
to detect their inception and to follow their evolution by
monitoring their induced effects, such as light emission,
generation of acoustic noise, and ozone production [2].
However in general these signals are relatively low, and the
high level of electrical interference exacerbates the problem
of the infield measurement.

On the other hand until now high costs of traditional
sensing devices heavily limited applications of any diagnostic
system for assessing conditions of these low-cost electrical
components.

Recently the feasibility of an innovative combined system
has been investigated [3]. In this work, the system was
assembled using high sensitivity and cheap sensors; these
sensors are either commercially available or ad hoc developed
prototypes. Fibre-optic-based sensors were chosen, having

the advantages to be not invasive, not affected by unwanted
electrical disturbances, chemically inert and also quite cheap.
An optical microphone and a fluorescent fibre-optic sensor
were used to detect respectively the sound pressure and the
light generated by predischarges inside the MV switchboard.

Further goal of this Research Project was a fibre-
optic sensor development to detect the ozone produced by
predischarge. Its integration into the assembled diagnostic
prototype takes aim at detecting simultaneously three dif-
ferent predischarge effects for avoiding occurrence of false
alarms.

The ozone sensor chosen by the authors [4] is based
on a novel open path optical layout. This optical scheme
guarantees a high sensitivity and, at the same time, the
survival in the harsh environment of MV switchboard.

In the previous work the validation of the sensor was
performed through calibration measurements on a gas flow
cell, with different ozone concentrations and in a laboratory
mock-up used to simulate a corona discharge simulator.

In this paper for the first time this sensor was mounted
directly inside a real MV switchboard for assessing its capa-
bility to detect ozone produced by predischarge phenomena
close to phase cable terminations.

2. Sensor Description

The developed sensor is based on the differential optical
absorption of UV light by ozone, which strongly absorbs
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Figure 1: Optical scheme of the ozone sensor. The probe (on the
left in the figure) mounted inside the MV switchboard is connected
to the remote control unit by means of optical fibres.

in a wide spectral band between 200 nm and 375 nm; on
the contrary it shows a negligible absorption in the region
between 377.5 nm and 450 nm [5].

The ozone concentration C is evaluated from the inten-
sity I(λ) of wavelength λ measured by a spectrometer, by
means of the Lambert-Beer law [6] I(λ)/I0(λ) = exp(−εCl),
where l is the path length of the region containing the
ozone, I0(λ) is the incident intensity and ε is the absorption
coefficient. Through this law, the sensitivity to ozone con-
centration depends on the path length l. In the following C is
expressed in ppm.

This spectroscopic technique is intrinsically suitable for
the implementation of a whole optical fibre-based sensor to
be located close to critical electrical components.

Up to now some efforts were already devoted to imple-
ment a fibre optic-based solution to assess the applicability
of this spectroscopic technique for ozone detection in the
industrial environment. O’Keeffe et al. [7] developed a
small size probe, based on a PTFE, 5 cm long cell coupled
to launching and collecting optical fibres, located on the
opposite sides of the cell, to measure concentration of ozone
higher than 25 ppm. The purpose of the present Project is
the development of an optical fibre sensor able to detect
the presence of a lower ozone concentration and to follow
its evolution in time inside the MV switchboard. The novel
fibre-optic layout schematically shown in Figure 1, has been
implemented to fulfil this requirement.

The sensing probe (on the left in Figure 1) consists of
a fixed length (40 cm) cylindrical enclosure, designed in
ozone compatible material (PTFE). Longitudinal sides of this
cylinder are open to allow the passage of the ozone.

A UV fused-silica retro reflector (a circular corner cube
with 7 cm clear aperture) is tightly mounted on one end
of this enclosure. The introduction of this retro reflector is
for doubling the path length of the sensing probe, and for
increasing therefore the sensitivity of the sensor to lower
ozone concentration.

On the opposite side of this enclosure, two optical fibres
are connected to collimating lenses. A UV filter (wavelength
peak = 300 nm, FHWD = 140 nm) is positioned in front of
the collecting lens, to remove spectral contributions of the
UV source out of the two main ozone absorbing (at 254 nm)
and not absorbing (at 375 nm) regions. UV solarisation
resistant fibres (300 cm long, 400 micron diameter) are
used as launching and collecting fibres, for preventing the
degradation of fibres to UV exposure.

The launching fibre is coupled to the UV light source (a
deuterium tungsten lamp). The collecting fibre is connected
to a compact spectrometer, with fixed grating (spectral range
195–950 nm and resolution 0.25 nm). A variable attenuator
(A) is mounted between the lamp and the launching fibre to
avoid the saturation of the spectrometer.

The initial optical alignment of the back-reflected beam
is performed by adjusting three screws on the top of this
flange; these are blocked when the optics are aligned.

The spectrometer is USB-connected to the PC notebook
and controlled by means of a proprietary software interface
developed using Labview.

This interface was conceived as a polyfunctional interface
for a smart management of the whole prototype assembled
for the diagnostic of predischarge phenomena. As this pro-
totype consists of three different types of sensors (acoustic
and optical sensors for detecting, resp., the sound and the
light emission of the predischarge and, presently, the ozone
sensor), this interface allows an easily setting of configuration
parameters, of measure start and of display and saving
functions of the three sensors. Moreover, it is possible to
display simultaneously the time behavior of signals coming
out from each sensor, correlated to the same event of
predischarge. This combined analysis allows an efficient
and more reliable diagnosis of initial failure of electrical
components.

An example of the developed “ozone interface” is dis-
played in Figure 2. In this figure, a typical acquired spectrum
of the UV filtered beam is shown (down in the figure).
Settings of monitored wavelengths are shown on the right.
The time trace of the transmitted intensity at 254 nm in
presence of different ozone concentration is visible on the
top.

The program acquires simultaneously also the transmit-
ted intensity at the not absorbing wavelength. In this way any
intensity losses within the sensor not correlated with ozone
variations can be controlled in real time.

3. Sensor Calibration

Performances of the ozone sensor were validated in labora-
tory in presence of different ozone concentrations [4]. The
lateral sides of the sensing probe were sealed to form a flow
chamber. It was equipped with two gas accesses, located,
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Figure 2: Control Panel of the ozone sensor, displaying the acquired spectrum (lower) and the time trace (upper) of the intensity at 254 nm
monitored with change of ozone concentration.

respectively, close to the retro reflector and close to the
output collecting lens to keep a uniform gas path with a
constant flow rate (1 litre/min).

To test the response time and the linearity of the sensor
two devices were used as reference ozone generators. A multi
gas calibrator (mod. Series 100 Environics manufactured)
was used for generating calibrated ozone concentrations up
to 2 ppm ± 0.01 ppm; secondly an alternative laboratory sys-
tem, used for determining the efficiency of NO/NO2 catalytic
converters (Gas Phase Titration method), was applied for
producing calibrated higher ozone concentrations (range: 2–
10 ppm) [8]. During all tests, spectra were averaged over 10
acquisitions and the acquisition time was 2.5 seconds long.

With the multigas calibrator, the ozone concentration
was increased with maximum step of 0.5 ppm from 0 to
2 ppm; three series of measures were repeated for each
concentration value. For each step, 5 minutes duration, time
traces of intensities of both absorbing and not absorbing
bands were recorded.

The linearity of the sensor was evaluated as Log10(I0/I)
versus the calibrated ozone concentration C (ppm), where I
is the transmitted intensity at 254 nm measured for each step
of concentration over stationary conditions.

Figure 3 shows an example of the sensor linearity in the
range 0–2 ppm; the mean value and the standard deviation
over three repetitions are shown.

The sensitivity of the sensor is equal to 0.01; that is, ΔC =
1 ppm corresponds to I/I0 = 0.97, corresponding to 200
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Figure 3: Linearity of the assembled ozone sensor; C (ppm)
is the calibrated ozone concentration (provided by the Multigas
calibrator).

counts. The repeatability is equal to 2σ/(
√

3x) = 0.08 ppm,
where σ is the standard deviation of the mean, x, with a
coverage factor of 2. The concentration resolution is lower
than 0.15 ppm.

The same sensitivity has been obtained with the other
set-up in the range 2–10 ppm [4], but with a worst resolu-
tion.

During all tests, a very fast response time (seconds) to
changes of the concentration in the flow chamber has been
evidenced; this confirms that the sensor is suitable to follow
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quick changes of ozone concentrations along the measuring
path.

4. Experimental Details

To assess the feasibility of the new sensor in detecting
ozone concentration under a real operating condition, a
typical MV switchboard configuration was reproduced in
the laboratory. Normalized components exploited in Italian
distribution network (12/20 kV) were used. Inside, two
different artificial defects were introduced once at a time
to simulate predischarge activity. A wire (300 mm long and
1 mm diameter) was used to generate a corona phenomenon.
A strip of electrical semiconducting tape (70 mm long and
15 mm wide) was attached to the phase cable termination to
simulate a surface predischarge.

A standard Partial Discharge (PD) electrical system was
used to monitor the predischarge activity [9]. This method
provides the value of the predischarge amplitude in terms of
apparent charge (picoCoulomb, pC).

For each type of defect, a series of tests were carried out
by increasing the voltage applied to cable termination from
0 kV to the predischarge inception level (Ui), detected by the
PD system, and then progressively up to 25 kV.

The ozone probe was installed inside the MV switch-
board and connected to the control unit located outside of
the MV enclosure, as schematically shown in Figure 1. The
probe was located on a lateral wall of the enclosure as shown
in Figure 4.

To check the presence of ozone concentration in the
MV switchboard, a commercial ozone sensor with a typical
acquisition times of one minute, was also located inside the
metallic case.

5. Results and Discussion

Figure 5 shows an example of the ozone trend (red points)
measured by the optical sensor versus time during three
consecutive voltage applied ramps. The ozone level was
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Figure 5: Ozone sensor response versus time measured in presence
of the corona defect. The right vertical axis reports predischarge
amplitudes (pC) by the standard PD electrical method.

evaluated by means of the calibration curve shown in
Figure 3. Data shown in Figure 5 refer to ozone values
measured inside the MV enclosure in presence of a corona
defect. The acquisitions were 2.5 seconds long. The solid line
(blue line) represents the average over 20 points. The vertical
axis on the left shows predischarge amplitude values (in pC)
measured by the standard PD system (blue dots in figure).

As shown in Figure 5, similar trends were obtained
with the corona defect over three measure repetitions. This
behavior is in good agreement with data registered by the
PD system; it was confirmed that the corona phenomenon
was quite stable. A slight delay in detecting both the corona
inception and extinction was observed, even if a time of
tenth seconds was confirmed. The ozone levels measured
by the optical sensor were between 0.2 and 0.3 ppm (on
plateau); these values were in good agreement with the
average value measured by the commercial ozone system
(0.23 ppm). As shown in Figure 5 the sensor started to detect
ozone presence over three repetitions, when the amplitude
of the corona predischarge was equal to 400 pC. This value
was measured by the PD system at a voltage level equal to
1.25Ui. This is the minimum applied voltage necessary to
record an ozone activity by means of this optical sensor.
This value was compared with detectable threshold values
of both the optical microphone and the fluorescent fiber-
based sensor of the diagnostic prototype, respectively, equal
to 1.15Ui and to 1.1Ui. As evidenced, the sensitivity of the
ozone sensor is slightly lower than sensitivities of optical
and acoustic sensors. A lower sensitivity was obtained in
presence of surface predischarges. The sensor began to
appreciate the presence of ozone (0.15–0.2 ppm) only when
the predischarge activity was higher than 1500 pC (equal to
2.5Ui). The amplitude of the surface predischarge, measured
by the PD system at inception was about 600 pC. This is
probably due to the high instability of this of phenomenon.
To improve the sensitivity to both predischarges inception an
optimization of the path length will be performed.

6. Conclusion

This paper was aimed at giving a contribution to the ongoing
development of a combined diagnostic system for detection
of predischarges in electrical components of MV distribution
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network. In particular the application for the first time of a
new fibre-optic sensor for detecting ozone variation induced
by predischarge in a MV switchboard, was evaluated. A
novel layout of the spectroscopic type sensor, based on the
use of an optical retroreflector, was adopted to improve its
sensitivity. Optical fibres were used to connect the sensing
probe, installed into the MV enclosure, to the remote control
unit located outside.

Main advantages of this whole optical configuration are
its installation inside the MV compartment without affecting
service performances of electrical components; Moreover,
any mutual interference between the optical sensor and the
ozone produced by predischarges is avoided, since the sensor
is based on a spectroscopic technique. As a consequence a
long life in service is expected.

Main features of this sensor are linear response from
0.1 to 10 ppm and a concentration resolution lower than
0.15 ppm.

The validation of this sensor in a typical MV switchboard
configuration either with a “corona defect” or with a
semiconducting strip (surface predischarge) has evidenced
the sensor feasibility to follow predischarge activities and
to provide a correct measure of the ozone concentration
produced. The minimum detectable threshold of the ozone
signal in presence of a corona phenomenon was 1.3Ui,
slightly higher than these of acoustic and optical sensors, and
higher (2.5Ui) with surface predischarge.

Further developments will be sought to improve both the
sensitivity and the speed of the sensor response, in presence
of surface predischarge phenomena.
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