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Nanoporous materials emerged as potentially promising
materials because of their high surface area, tunability in pore
sizes, and ease of functionalization, thus finding applications
from energy to sensing, devices, and medicine. This special
issue is devoted to the recent developments in the synthesis
of nanoporous materials that include innovative synthetic
routes to fabricate them, structural/morphological character-
ization, properties, and potential applications in various areas
of interest. In the field of nanoporous material, nanoporous
silicon and nanoporous thin films are discussed, namely, the
influence of wet chemistry and electrochemical methods in
the fabrication of these materials. Yu. M. Spivak et al. found
that alteration in the surface properties of the silicon results
in different features of the material. The obtained results
demonstrated a new approach to a wide range adjustment of
Si porosity and surface properties to address various specific
goals. Also, this work highlighted the surface functionality
features of porous silicon prepared and treated in different
conditions. The paper by H. Zhang et al. demonstrates a
solvent-free approach based on microwave technique for the
design of microporous metal-organic framework. This study
provides advancement in the synthetic methodology instead
of employing traditional wet-chemical based approaches.
This paper also opens up the new understanding for the
electromagnetic wave absorption capability of metal ions
which plays a key role in the successful conversion of
reactants to MOFs and merits towards further investigation.
A. Pastre et al. presented an integrated approach based on
colloidal lithography and electroless deposition technique to

produce porous gold films. By this approach, the porosity
of the materials can simply be controlled by varying the
diameters of polystyrene beads and deposition materials and
can be extended to a wide range of materials. The fabrication
of porous gold films by an original “bottom-up” approach
through combined PS beads templating and gold electroless
deposition methods has been achieved. All the techniques
employed in the fabrication of the PGFs are totally wet-
chemistry processes. The paper titled “Template Transfer
Nanoimprint for Uniform Nanopores and Nanopoles” was
presented by J. Li et al. They have demonstrated a simple
and large-scale process based on template transfer nanoim-
printing method to fabricate Pt nanorods array. This process
enables large-scale fabrication of uniform nanostructures
(nanopores or nanorods) based on the template transfer
process in which both robust metallic amorphous alloys and
thermosetting polymers can be used as constructing materi-
als of master moulds. Pt-based materials have already been
investigated with very impressive and promising applications
in the renewable energy technologies such as fuel cell. The
paper by T. Woignier was very focused on the nanoporous
glasses for nuclear waste containment. It addresses the prob-
lem of the synthesis of new porous matrices in which the
reactivity of the chemical species in the matrix is extremely
important for the physical properties of the final two-
phase materials. This special issue provides a comprehensive
update in the field of nanomaterials, especially highlighting
the benefits and risks related to the use of nanomaterials.
Finally, an extensive review article on nanoporous anodic
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alumina (NAA) and various fabrication techniques and their
applications in the biosensing area makes this special issue a
very important milestone.

Krishna Kant
Gurvinder Singh

Mahaveer Kurkuri
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Pristine aluminum (Al) has received great deal of attention on fabrication of nanoporous anodized alumina (NAA) with arrays of
nanosized uniformporeswith controllable pore sizes and lengths by the anodization process.There aremany applications ofNAA in
the field of biosensors due to its numerous key factors such as ease of fabrication, high surface area, chemical stability and detection
of biomolecules through bioconjugation of activemolecules, its rapidness, and real-timemonitoring.Herein, we reviewed the recent
trends on the fabrication of NAA for high sensitive biosensor platforms like bare sensors, gold coated sensors, multilayer sensors,
and microfluidic device supported sensors for the detection of various biomolecules. In addition, we have discussed the future
prospectus about the improvement of NAA based biosensors for the detection of biomolecules.

1. Introduction

In recent years, metal oxide based nanomaterials are emerg-
ing in various areas such as thermal barrier [1], gas sensor [2],
solar cells [3], drug delivery [4], and biomedical applications
[5] due to ease of preparation and possibility in tailoring
chemical and physical properties. Nanoporous oxide materi-
als possess tremendous applications in water purification [6],
biosensors [7], therapeutics [8], optical sensors [9], oxygen
carrier [10], battery technology [11], and bioimaging [12].
Overall, nanoporous anodized alumina (NAA) has several
advantages such as high surface area to volume ratio, thermal
stability, chemical stability, electrical insulation, formation
of unique pore structures, high porosity, self-organized pore
structure, being nontoxic and bioactive, and biocompatibility.
In addition, systematic arrangement of nanopores is of great
interest, especially pores with high aspect ratios between

pore diameters to pore length for various applications such
as separation, drug delivery, and biosensing. Due to this,
geometrical arrangements of pores with high surface area
are promising candidates in biosensing for the detection of
extremely rare/important biological entities.

Keller et al. have developed closely packed hexagonally
arranged duplex structured NAA with pores and barrier type
of oxide layer formation by anodic oxide coating through
electrolytes [13]. The most popular fabrication method to
synthesis NAA is electrochemical anodization, which has
wide variety of applications in areas such as filtration process
[14], biosensor [15, 16], drug delivery [17], corrosion resistant
[18], oxygen sensor [19], catalysis [20], photocatalytic [21],
cancer therapy [22], refractometric [23], interferometric [24],
DNA sensor [25], bone implant [26], separation [27], and
fluorescence detection [28]. The growth of porous structure
depends on the ionic transport in anodic oxides under the
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influence of electric field by anodic polarization in a suitable
electrolyte. The pore geometry (pore shape and diameter)
depends on the processing parameters such as electrolyte
solution, pH, anodization voltage, current density, time
of anodization, and temperature. However, precise pore
diameter formation in the anodization process of pristine
aluminum (Al) under applied electric field is completely not
understood yet.

Al can be electrochemically anodized by two-step
anodization process to get nanopores [29, 30]. In anodiza-
tion process, its surface is electrochemically oxidized in
an electrolyte solution which leads to the formation of an
oxide layer. The anodization can be done by applying voltage
between an Al electrode (anode) and Pb and/or Pt electrode
(cathode) arranged parallel to each other. The electric field
is equally dispersed on its surface where pores are created
on the surface of NAA [31]. The highly ordered porous
structures are fabricated under low temperatures with strong
acid electrolyte solutions (oxalic acid, phosphoric acid, and
sulfuric acid) which is called the mild anodization process.
Further, these self-ordered pore arrangements with narrow
size distribution and high aspect ratio can be developed
by applying different potentials, for example, at 25V with
sulfuric acid [32], 40V with oxalic acid [30], and 195V with
phosphoric acid [33] leading to the formation of pores of
diameters 65, 100, and 400 nm, respectively. Despite being
advantageous to form precise pores, themain disadvantage of
mild anodization or self-ordered arrangement is that the rate
of oxide growth is slower due to low current density and high
processing time.On the other hand, hard anodization process
can overcome the drawbacks of mild anodization process
where higher current densities and faster processing steps
are involved and the whole process is mechanically robust
[34]. Recently Losic and Santos reported the fabrication of
NAA by soft and hard anodization techniques for structural
changes of pores and optical properties for specific sensing
applications [35]. However, by using acid solutions porous
structures can be created in NAA; on the other hand, by
using neutral solutions barrier (nonporous) type of NAA is
created [36]. Further, Lee and Park published a review on
the formation of structural changes of porous and nonporous
(barrier) types of NAA by anodization (Figure 1) [37].

In addition to that, NAA has been used in separation
studies such as protein [38], molecular release [39], and
transport [27]. This process offers self-organized growth of
nanopores from top to bottomwhich provides highly ordered
NAA structure. The fabrication of nanopores in NAA of
different structures such as funnel [40], multilayered [41],
hierarchical [42], and three-dimensional [43] has also been
reported. Recently, Santos et al. developedNAAwith inverted
funnel structure; this type of multistratified structures of
cylindrical nanopores varies in pore diameter from top to
bottom [44]. The NAA can also be fabricated in wide variety
of nanostructures such as nanotubes, nanofibers [45], and
nanodots [46].

Owing to the abovementioned importance and wide
range of NAA applications herein, we are reviewing fab-
rication and applications of NAA in biosensing arena. In
this article, the most recent and current research on NAA

Al

Al
Al

Anodization

Al2O3

(a) Barrier, type NAA (b) Porous, type NAA

Figure 1: Specific diagram of formation of porous and nonporous
NAA by Al through anodization process [37].

and gold coated NAA (Au-NAA) with their key role in
biosensing applications have been covered. In particular,
our focus is on fabrication of NAA by anodization process
and their specific applications in biosensing with detailed
description on fabrication conditions, working principles,
and mechanism of biosensing. Finally, the future prospectus
of NAA in the area of biosensing has been discussed.

2. Fabrication of Nanoporous
Anodized Alumina (NAA)

In general, NAA can be developed by two-step anodization
method (Figure 2) [47, 48]. As discussed in Introduction,
by varying parameters like applied current, concentration
of acid solutions, anodization time, and temperature, one
can tailor the NAA properties. For example, Yin et al. used
same method [63]; at first the Al film was electrochemically
polished in a mixture of ethanol (EtOH) and HClO

4
. In the

next step, Al was anodized with 0.3M oxalic acid at 10∘C
and at 40V for few hours to obtain nanoporous structures
of NAA. Further, second anodization was carried out in the
same way to remove the barrier layer which is created at
the bottom of nanopores by using 0.5M phosphoric acid
or by using dry etchants like chlorine-based gases. In this
method highly ordered nanopore arrays in thin alumina film
on silicon substrate were obtained.

Similarly, Lo and Budiman fabricated NAA by using
impure Al foils which can be used in large scale applications
whereas the highly pure foils have limited applications in
nanoelectrophotonics.The impure Al foil was taken as anode
and copper as cathode [64]; further, 5 × 5mm pieces of
impure Al foil were mounted on the glass slides and these
were then anodized in 0.3M oxalic acid for about 18 h at
constant voltage of 40V. The oxidized layer was etched using
0.5M phosphoric acid at 80∘C for 1 h. The same material was
anodized by using above conditions for 15min to develop
nanopores throughout the surface. Thus, obtained samples
were removed and floated over saturated HgCl

2
and further

treated with H
3
PO
4
to remove the deposited barriers to get

NAA. To compare, ultrapure Al foils were used and it was
found that all the properties such as growth rate and chemical
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DC power supply
(60 V)

Instrumentation and
parameter selection

Cooling water outlet

Working electrode
(forms AAO membrane)

Pore formation

Calibration electrode

Electrolyte
0.3M

oxalic acid

Cooling water
inlet at 5∘C

Magnetic stirrer

AlPt

Stirring bar

(a)

dint

dp
Lp

Al
Air

Alumina

(b)

Figure 2: (a) Experimental set-up for fabrication of NAA by two-step anodization process and (b) the geometric structure of NAA (𝑑int:
interpore distance, 𝑑p: pore diameter, and 𝐿p: pore length) [47, 48].

composition were similar with that of NAA produced from
impure Al foils except the pore ordering (morphology).
However, the pore consistency and order can be controlled
by electropolishing the impure Al foil.

Nagaura et al. proposed a multistep anodization and
leaching process to get three dimensional structured films
[65], in which Al foils were used as working electrode
in anodization process and carbon electrode as counter
electrode. Each anodization step was followed by dipping the
substrate into phosphoric acid for pore widening, which was
called leaching process. The anodization was conducted in
phosphoric acid solution at 10∘C with stirring and varying
current to get multistep structures which is followed by
leaching process after every anodization step with different
time interval of dipping.

Similarly, Hussain et al. fabricated uniform NAA to
fabricate tungsten trioxide (WO

3
) nanowires [66]. In this

process, Al foils were cleaned with acetone to remove the
dirt and greases which were further subjected to annealing at
500∘C for 5 h at heating rate of 10∘C/min. Further, the oxides
were removed by dilute oxalic acid and rinsed with deionized
water. In next step, electrically polished foils were kept in a
mixture of EtOH and perchloric acid at a voltage of 12 V for
3min at 100∘C. Further, two-electrode cell systemwas used to
fabricate NAA using graphite as counter electrode. Anodiza-
tion was carried out at 40V for 120min at 50∘C in 0.3M
H
2
C
2
O
4
electrolyte. The oxide layer of NAA substrate was

removed by washing with H
2
Cr
2
O
4
and H

3
PO
4
for 30min.

Further, it was again anodized at a voltage of 40V for 120min
at 50∘C in 0.3M H

2
C
2
O
4
acid. After this process, NAA was

immersed in H
3
PO
4
for 90min to increase the size of pore

width. The fabricated NAA has been used as a template
to fabricate WO

3
nanowires by electroless deposition bath

method. NAA was sonicated under the mixture of SnCl
2
and

HCl in the wt% of 0.3 and 2.5, respectively. However, in this
mixture, dissolution of the template was due to prolonged
dipping process. On the other hand, NAA was sonicated

under the mixture of PdCl
2
and HCl used in the wt% of 0.1

and 1, respectively, for 3min which is followed by dipping the
template in deionized water. The deposition bath was used to
formnanowires byNAA template in which sodium tungstate,
hydrazine hydrate, sodiumpotassium tartrate, and acetic acid
were used as a composition. With this, WO

3
nanowires were

formed in the pores of NAA.
For the formation of unidirectional NAA structures Na

et al. [67] used pure 1050 Al sheets after pretreatment to
clean the surface before the anodization process. Al samples
were anodized in dilute H

2
SO
4
electrolyte solution using

Pt cathode at a current density of 3 A/dm2. In the next
step, anodization was carried out at different electrolyte
temperatures such as 2, 10, and 15∘C for 5 to 6 h. After this
process, acid resistant tape was removed by acetone washing
to form porous structures on surface. The thickness and
average diameter of unidirectional nanopore were found to
be 230–240 𝜇m and 6–24 nm, respectively.

In another work, the synthesis of carbon nanotubes in
NAAfilmbyH

2
SO
4
orH
2
C
2
O
4
acidwas achieved by Sui et al.

[45]. Polished Al plate was anodized at different anodic volt-
ages in 0.16M H

2
C
2
O
4
or 1.2M H

2
SO
4
solution for 25min

by rigorous stirring at 15∘C to get porous NAA template,
which was then cleaned and kept for boiling (15min). Pairs of
alumina templates with or without boiling in water were put
into tubular stove with gas flowmixture of N

2
C
2
H
2
at the rate

of 100mL/min at a particular temperature for 2 h. Further,
Al was dissolved in 10% NaOH solution to release nanotubes
and nanofibers. Immediately, these were thoroughly washed
and dispersed in pure EtOH solution by sonication method
to obtain pure nanopore structures in the form of carbon
nanotubes on NAA.

Furthermore, Tsuchiya et al. developed self-organized
NAA in neutral electrolytes [68]. Al foils (0.5mm) were
degreased by sonicating in acetone, isopropanol, and
methanol followed by rinsing in deionized water and dried
under nitrogen atmosphere. Anodization was done in
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a conventional cell with three electrodes; Pt as counter
electrode and Haber-Luggin capillary electrode with
Ag/AgCl were as reference electrode. The samples were
assembled in electrochemical cell by pressing against an
O-ring. The electrolytes such as 1M (NH

4
)
2
SO
4
solution

with fluoride ions and deionized water were used in this
experiment. Anodization was done at high voltage poten-
tiostat which consists of potential from open circuit potential
to certain fixed potential. Further, the samples were rinsed
in deionized water and dried in nitrogen stream. The pore
diameter of NAA was obtained at different potentials in acid
solutions ranging from 65 to 500 nm.

Fabrication ofNAAwith ideally ordered channel arrange-
ments was reported by Asoh et al. [69]. In this, the electropol-
ished master mold was placed on pure Al sheet below 10∘C
for about 4min in a mixed solution of HClO

4
and C

2
H
5
OH.

An array of concaves on Al surface was formed. Further,
anodization of Al was done by 0.3M H

2
SO
4
and/or H

2
C
2
O
4

under constant voltage. Later, anodic oxide filmwas removed
from Al substrate in saturated HgCl

2
solution. The selective

removal of barrier layer (down part of oxide layer) and pore
widening were done by etching the NAAmembrane in 5wt%
H
3
PO
4
at 30∘C. This treatment facilitates better observation

of the holes at bottom oxide layer, where uniform diameter
of channels (40 nm) and depth of the nanopore (1𝜇m) were
formed.

On the other hand, Zhang et al. fabricated NAA mem-
brane using low potential anodizing process [70]. Highly
pure Al foils were cut into small pieces and annealed in a
furnace in the presence of air at 600∘C. Mixture of acids
(H
3
PO
4
: HNO

3
: H
2
O = 8 : 1 : 1) was taken and Al plates were

polished for 30 s at 95∘C followed by electrochemical polish-
ing in perchloric acid and EtOH (1 : 4 ratio). Anodization was
done in H

2
SO
4
aqueous solution under constant potential

of 18 V. The Al plate was fixed in acid solution which was
separated from cathode of mechanically polished copper
plate. All experimentswere conducted in 3∘Ccoldwater using
ice bath. The oxide layer was produced at first anodization
step and was removed by submerging the Al plate in chromic
acid solution. Second anodizationwas conducted under same
conditions by shortening the duration to 3 h. The NAA were
obtained with pore diameters ranging from 6.8 to 19.3 nm at
potential of 6 to 18V.

Wang et al. fabricated NAA nanotubes using pulse
anodization; theNAAnanotubes were fabricated bymodified
anodization process, that is, pulse anodization [71]. Al plate
was sonicated in EtOH, ultrapure water, and then electropol-
ished in a mixture of EtOH andHClO

4
4 : 1 (v : v) at 20∘C and

5∘C for 3min.The first anodization was done in an electrolyte
solution of 0.3MH

2
SO
4
at 25V and 6∘C.This consists ofmild

anodization and hard anodization pulses in 0.3M H
2
SO
4

electrolyte and EtOHof concentration ranging from0 to 25%.
Wet chemical etchants were used to remove remaining Al
substrates in 0.2M CuCl

2
and 6.1M HCl solution. Through

pulse anodization, the pore length and diameters of NAA
were found to be 500 and 90 nm, respectively.

Friedman et al. prepared series of highly porous and
pure NAA [72]. A flat cell was used with a Pt mesh counter
electrode, and the Al was exposed to electrolyte at 0.25 𝜋cm2.

At first anodization step, the NAA was anodized for 2 h and
kept in 5% H

3
PO
4
/5% chromic acid solution for overnight

which is followed by etching to provide a barrier layer, thus
resulting in the formation of small porous structures on
the surface of Al. Further, it was reanodized at the same
condition as in the first step but with shorter time interval.
So, the above methods emphasize the fabrication of different
types of NAA with different pore diameters and pore lengths
for the detection of immobilized biomolecules on their
surface. In addition, these key parameters enhance the optical
properties and rapid sensitivity in the detection process of
biomolecules. Consequently, the structural parameter and
fabrication conditions of the NAA become crucial platform
for biosensing application.

3. Applications of NAA in Biosensing

Recently, NAA based materials have attracted considerable
attention in biosensing due to possibilities like immobi-
lization of target molecules on nanopores, optical sensing
enhancement by coating Au layer on NAA surfaces, low
concentration detection, biocompatibility with living cells
due to Au coating, portability, and so forth. The recent
reviews on NAA based biosensing date back to 2014 [73–
76]; thus, there is a huge scope for the current review article
which covers latest research works and current trends in
this particular field. Owing to this, it could help the readers
to find recent developments and current trends in NAA
based biosensing applications. The following applications are
categorized based on the types of transducer for the detection
of biomolecules.

4. NAA Biosensor

4.1. Detection of Glucose. The barcode system enhances
the optical biosensing effect of NAA for oxazine dye and
glucose using photoluminescence (PL) spectroscopy [77].
Enhancement in the PL barcode system for optical biosensor
was observed for NAA structure with wide pore diameter
(30–71 nm) and controlled pore length (5–12.4 𝜇m). The
barcodes were produced with respect to different wavelength
of PL spectra. The wide pore diameter and controlled pore
lengths were obtained by wet chemical etching and various
anodization processing times. It was found that PL barcode
systemdepends on the pore diameter and lengths. In a control
experiment, no PL spectrumwas observed for the pore length
larger than 25 𝜇m with 5 h anodization time. In this study
pore lengths, such as 5, 8, and 12.4 𝜇m, resulted in better
PL intensities. Intensity of PL spectra was increased with
wide pore diameter, due to decrease in surface thickness of
substrate. However, PL intensity has been decreased while
increasing the etching time for longer pore diameters. Further
enhancement in PL intensity for larger pore diameter was
exhibiting better sensing effect for oxazine dyes and glucose
biosensors.

Furthermore, Santos et al. studied the effect of pore
length and diameter of NAA for biosensing applications
[78]. The study showed effect of pore diameter and pore
length with respect to particular reflection in NAA. Samples
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monitoring of D-glucose by NAA-RFs system, and (iv) structural nanopore geometry of effective medium; (b) sensing plots at different
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with different pore diameters with same pore lengths were
considered with same geometrical characteristics. The wider
pore showed greater reflectivity due to bigger pore diameter
and larger pore gives lower reflectivity due to large pore
length. The reflectivity studies have been used to predict
the biosensing mechanism of NAA. Furthermore, Santos
et al. reported the comparision of biosensor material for
the detetction of D-glucose and L-cysteine using PL and
reflectrometric interference spectroscopy (RIfS) [79]. NAA
substrate was fabricated by two-step anodization process with
pore length and pore diamters of 1.8 to 12.7 𝜇m and 29
to 74 nm, respectively. The detetcion of D-glucose and L-
cysteine under nonspecific and specific adsorption condi-
tions by NAA was carried out using PL and RIfS systems.
However, the better sensitivity for both the biomolecules was
observed for NAA by PL due to their photoactivity compared
to RIfS. Sensing of glucose and L-cysteine was achieved at
low concentration by NAA, that is, 0.01M and 0.005M,
respectively, using PL.

In another work, Kumeria et al. developed NAA rugate
filters (NAA-RFs) for real-time detection of D-glucose by
reflection spectroscopy with flow cell [15]. Reflection spec-
troscopy is one of the optical instruments with various
benefits such as small size, being portable, and low cost,
compared to other optical instruments. Four different types
of NAA rugates, that is, NAA-RF 1, NAA-RF 2, NAA-RF
3, and NAA-RF 4, were fabricated. The detection of D-
glucose in flow cell was observed by change in refractive index
(RI) of NAA rugate filter with respect to adsorption of D-
glucose into nanopores. The RI was measured initially by

using distilled water which was sent into flow cell followed by
D-glucose solution. Further, this D-glucose was immobilized
on NAA-RF 1 where RI has been increased for D-glucose and
decreased for distilled water. Similar procedure was applied
for other three NAA rugate filters. However, better sensitivity
was found for NAA-RF 2 compared to other three NAA-RFs
materials for D-glucose. The schematic diagram explains the
optical system for detection ofD-glucose by combiningNAA-
RFs and reflection spectroscopy and sensing plot for different
concentration ofD-glucosewith respect to change in effective
RI of NAA-RFs using reflection spectroscopy (Figure 3).

4.2. Detection of Binding of Antibody and Antigen. Takmakov
et al. fabricatedNAA for the detection of streptavidin through
covalently bonded biotin on sensor surface using fluores-
cence microscopy [80]. By using aminosilane-succinimide
chemistry [81], the biotin molecules were immobilized cova-
lently on NAA surface. Fluorescence microscopy was used
to detect streptavidin molecules on biotin bonded sensor
surface. The fabrication process and sensing mechanism are
explained as follows: Al film was coated on glass substrate
through mask by ion beam coater with film thickness of
around 600 nm. The anodized Al film showed pore diam-
eter and thickness of 20 nm and 60𝜇m, respectively. The
biotin molecules were immobilized on sensor surface by
NAA which were rinsed in 3-aminopropyltriethoxysilane
(APTES) and later washed with acetone followed by drying
in oven. Biotin layer was formed on sensor surface by
mixing with dimethyl sulfoxide (DMSO) solution of biotin
N-hydroxysuccinimide ester and acetone. The covalently
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bonded biotins were analyzed on surface by FTIR. Further,
biotinylated substrate was exposed to streptavidin modified
Alexa Fluor 488 dye solution for 5min. The unbound strep-
tavidin on biotinylated substrate was removed by further
washing with phosphate-buffered saline (PBS) solutions. The
streptavidin bounded biotin NAA substrate was immersed
into water and then analyzed by fluorescence microscope
to confirm the binding of biomolecules. The streptavidin
molecules were exposed to both materials in which the
fluorescence contrast was high for NAA compared to Al film
due to high diffusion of streptavidin into porous structured
NAA. The sensing of streptavidin was carried out by using
fluorescence microscopy where significant increase in flu-
orescent intensity was observed for NAA (black line) due
to covalent bonding of streptavidin-biotin on sensor surface
and moreover biomolecular diffusion process was higher
in porous surface. In contrast, Al film exhibited very low
intensity peaks due to improper binding of biomolecules and
was having less diffusion due to nonporous structure of bare
metal film.

Fu et al. developedNAAbased biosensor for the detection
of antigen-antibody detection using SERS method [82].
NAA was developed by the process of Al thin film coated
on glass substrate with thickness of 380 nm by thermal
evaporation technique and followed by anodization process.
Further, silver (Ag) nanoparticles were coated on the surface
of NAA to enhance the RI of medium. The immobilized
antigen-antibody was obtained on modified NAA substrate
by washing with APTES solution followed by GTA solution
for the formation of amino and aldehyde groups, respectively.
The detection of antigen-antibody recognition on NAA was
observed by wave guide assisted SERS system. The obtained
human IgG (antigen)was covalently boundwithNAAsurface
followed by FITC-anti-IgG (antibody) which were allowed
to immobilize with human IgG modified NAA surface.
The immobilization of molecules was analyzed by change
in angle dependent reflectivity on NAA surface. The angle
dependent reflectivity studies were obtained by processing
bare NAA substrate at angle 44.74∘, human IgG modified
NAA surface has angle of 45.04∘, and at the end of FITC-
anti IgG modified NAA the angle was 44.42∘. The above
results show that the angle dependent reflectivity increases
with respect to excess binding of molecules on NAA surface.
The detection of binding molecules on NAA surface was
analyzed by enhanced SERS signals throughAg nanoparticles
accumulation.

Kant et al. developed biosensing platform by utilizing
the pore dimension of NAA to detect the immobilization
of streptavidin (antibody) with biotin (antigen) by elec-
trochemical impedance spectroscopy [49]. NAA has been
fabricated with 25–65 nm and 4–18 𝜇m pore size and lengths,
respectively. In addition, nanopore arrays were patterned
on back side of substrate by photolithographic process. The
streptavidin biomolecules were bound on nanopore array
structure of NAA surface by soaking it in mixture of strepta-
vidinwith PBS solution.Thedifferent concentration solutions
of biotin molecules were allowed to bind on streptavidin
functionalized substrate. However, 0.2 𝜇M concentration of
biotin molecules bound with streptavidin showed better

sensing performance due to decrease in pore resistance on
substrates and increase in pore diameter from 25 to 65 nm.
It has been found that sensitivity has not only depended
on pore dimensions where size of biomolecules may also
influence the enhancement of sensing performance. The size
of immobilized biomolecule of streptavidin was about 4-
5 nm and the size increased to 6–8 nm due to binding with
biotin molecule which resulted in better performance. The
electrochemical impedance spectroscopy was performed by
four electrode systems to characterize the NAA biosensor.
The electrochemically impedance biosensor performed by
change in surface charge ofNAAbinding to both biomolecule
and pore resistance of substrate. Two gold foils as working
and counter electrodes withAg/AgClwere used as a reference
electrode. The NAA substrate was sandwiched between two
cells and contacted to reference electrode from each side
of cells. The working and counter electrodes were placed
at the end of two cells. An equivalent circuit was used to
balance the resistance and capacitance of the NAA to analyze
the streptavidin bonded biotin on NAA. The sensitivity
of NAA has been enhanced by decreasing pore resistance
with respect to change in conductivity of sensor surface.
The larger pores with longer pore length are not suitable
for the detection of biomolecules. Thus, the pore resistance
increased when the pore length was increased from 4.5 to
18 𝜇m.The pore resistance depends on the pore length and it
was found that no response/sensitivity was observed for the
pore length above 10 𝜇M. The detection limit was observed
using different solutions of biotin in the range of 0.2 to
10 𝜇M by binding with streptavidin on NAA substrate, but
in the concentration of 0.2 𝜇M it showed better sensitivity
for the binding of biotin and streptavidin molecules on NAA
substrates. The fabrication and formation of nanopore arrays
on NAA surface by lithographic technique and graphs are
shown in Figure 4. The graph represents the pore resistance
dependent on different concentration of biotin solution with
respect to different pore diameters and pore lengths obtained
by NAA biosensor.

4.3. Detection of Protein. Alvarez et al. reported real-time
detection of binding protein-A with rabbit, anti-sheep, and
sheep immunoglobulin on the surface of NAA with respect
to change in optical thickness using fluorescence microscopy
[50]. The fabricated label-free NAA biosensor has structural
dimensions of 60 nm and 6 𝜇m in diameter and thickness,
respectively. The sensor surface modification by protein-A
has been tested for interaction with rabbit, sheep, rabbit,
anti-sheep and chicken’s immunoglobulin.The binding inter-
actions were carried out in PBS solution with 0.1mg/mL
biomolecules concentration for the biosensing applications.
Schematic diagram in Figure 5 represents the protein-Amod-
ified sensor surface and step by step binding mechanism of
rabbit anti-sheep and sheep’s immunoglobulin biomolecules
with protein-A. The sensitivity has been measured in terms
of time versus change in optical thickness (OT) of sensor
surface modified protein-A with rabbit, rabbit anti-sheep,
sheep, and chicken immunoglobulin. Optical thickness has
been rapidly increased with respect to time on NAA sensor
surface for protein-A interacting with rabbit anti-sheep and
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Figure 4: (a) Schematic representation showing fabrication process involved in the formation of NAA biosensor along with detection. (b)
The graph representing changes in pore resistance with different biotin concentration and graph showing linearity between actual pore sizes
with different biotin concentrations [49].

sheep immunoglobulin biomolecules. However, no binding
affinity was observed for rabbit and chicken immunoglobulin
biomolecules (dark base lines) due to weak interaction with
sensor surface.

In addition to that, Lau et al. fabricated NAA for the
detection of bovine serum albumin (BSA) through pore

widening using optical waveguide spectroscopy [83]. The
immobilized BSA on NAA surface was observed for reflec-
tivity to confirm the detection. High sensing performance
was attained through the pore widening onNAA surface.The
reflectivity increased with respect to increase in the sensi-
tivity of material. The enhancement in sensing performance
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Figure 5: (a) The schematic diagram of binding affinity of biomolecules on NAA surface and (b) the time dependent change in optical
thickness (OT) graphs showing the binding interaction of protein-A, rabbit, rabbit anti-sheep, sheep, and chicken immunoglobulin [50].

was obtained by processing film with uniform porous struc-
ture.

4.4. Detection of DNA. Pan and Rothberg developed immo-
bilization of single stranded DNA (ssDNA) oligonucleotides
on NAA and the fabricated materials were functionalized as
a reflective biosensor to detect complementary DNA at area
of 1 nmol/cm2 [84].The fabricated structures of NAA were of
6 𝜇m and 40 nm in thickness and diameter, respectively. The
fabricated sensor material has very high surface area which
could easily accommodate DNA oligonucleotides on NAA
surfaces. The detection of biomolecules was based on change
in reflectivity on the surface of sensor material.

Takmakov et al. studied the ionic conductance via
shrunk porous alumina and ssDNA biosensing by using
porous material [85]. The NAA substrate was fabricated
with the structural dimensions of 60 nm and 10 𝜇m pore
diameter and depths, respectively. Further, NAA pore diam-
eters were shrunk by hydrothermal treatment. The process
involves three steps, formation of shrunk porous structures
on sensor material by anodization, the reduction in the
size of porous structures by hydrothermal treatment, and
the detection of DNA oligomers by porous materials. The

ssDNA biomolecules were immobilized on sensor surface
by aminosilane-glutaraldehyde chemistry [86]. The immobi-
lization of ssDNA inside the sensor material decreases the
pore resistance due to increase in the surface charge density
of sensor material with negatively charged ssDNA. The
immobilized ssDNA was hybridized with double stranded
DNA (dsDNA) to increase the pore resistance. The dsDNA
was denatured using urea which liberates complementary
DNA strands to recover the initial pore resistance of immo-
bilized ssDNA.The DNA detection has been achieved by the
conduction variation with or without hybridization of DNA
in internal nanopores of sensor material through electrical
impedance studies.

Hotta et al. developed the multilayer structure poly-
electrolytes coated NAA surface for the detection of DNA
(single stranded probe DNA) and hybridized DNA using
infrared reflection adsorption spectroscopy (IRRAS) [51].
The Al thin film was deposited on glass substrate by thermal
evaporation followed by anodization to get pore diameter of
40 nm. Further, the polyelectrolyte solutions (poly (acrylic
acid) and poly (allylamine hydrochloride)) were coated on
NAA substrate using layer by layer coating process to form
a protective layer during buffer solution immersion process.
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Detection of DNA-DNA hybridization on NAA substrate by
optical wave guide spectroscopy was carried out as follows:
initially streptavidin was immobilized with biotin on NAA
surface to detect DNA which shows increased red shift upon
binding. Further, this immobilizedDNAonNAA surface was
bonded with noncomplementary (T2) target DNA.Thus, red
shift has been increased due to complementary target DNA
(T1) added with probe due to hybridization. Better sensing
detection was found from complementary target DNA (T1)
probe on NAA surface due to DNA hybridization which was
observed using optical wave guide spectroscopy. Schematic
representation of polyelectrolytes-NAA film and DNA-DNA
hybridization assay using polyelectrolytes-NAA is shown in
Figure 6.

4.5. Detection of Viral Particle. Moon et al. developed NAA
to capture and align procapsid (phi29 viral) particles using
fluorescencemicroscopy [87]. Al foil was anodized to prepare
the diameter and interpore distances of 75 and 105 nm,
respectively. The pore structure was modified by coating of
Al
2
O
3
film using atomic layer deposition (ALD) with average

pore diameters of 38 nm. The surface of NAA was cleaned
using 3 (trimethoxysilyl) propyl aldehyde (TMSPA/TMS)
solution. Later, substrate was incubated in phi29 viral and fol-
lowed by rinsing in TMS buffer solution to remove unwanted
phi29 viral particles on surfaces. Later, DNApackage onNAA
substrate was tethered to capture phi29 viral particles through
polishing and centrifugation. By polishing, the chemically
modified NAA substrate was incubated in procapsid solution
so that high numbers of phi29 viruses were bound into
nanopores and small amounts of viruses were out of the
nanopores. By centrifugation, the pore sizes were shrunk to
38 nm by ALD method: actual size of phi29 viral particles
was 45 nm. The attractive capture behavior was observed via
centrifugation for phi29 viral particles on DNA packaged

NAA substrate. The nanopore sizes were less than viral
particle sizes; thus, it was easy to be captured onto substrate.
The fluorescence microscopy was used to detect the viral
particles on NAA substrates.

4.6. Detection of Vitamin C. Chen et al. developed the pho-
tonic structure of biomimetic based NAA with distributed
Bragg reflector for the sensing of vitamin C molecules [52].
Different anodization process was used to fabricateNAAwith
distributed Bragg reflectors by galvanostatic pulse anodiza-
tion process. However, excellent sensing performance of
vitamin C was observed for NAA prepared with anodization
period of 675 s at 3∘C with current ratio of 6 : 1 compared to
other anodization parameters. Schematic representation of
vitamin C molecule captured by APTES and GTA solution
on NAA distributed Bragg reflectors and sensing results of
vitamin Cmolecule with respect to change in effective optical
thickness (OT) are presented in Figure 7. Surface function-
alization of sensor involves the APTES modified NAA dis-
tributed Bragg reflectors with internal surface hydroxylated
by using H

2
O
2
solution, further modified with APTES using

Chemical Vapor Deposition (CVD) process, and later treated
with GTA solution to activate the amine groups of APTES.
Thus,modifiedNAAdistributedBragg reflectorswere used to
adopt vitamin C molecules on internal surfaces. The RIS has
been used to detect different solutions of vitaminCmolecules
on sensor surfaces with respect to change in effective optical
thickness of sensor substrate.

4.7. Detection of Enzyme. NAA has been developed for the
detection of glucose oxidase (GOx) using UV-vis spec-
troscopy by Darder et al. [88]. The pore diameter and
thickness of NAA pores were in the range of 30–80 nm
and 33–150 𝜇m, respectively. The GOx was immobilized on
NAA surface and was fixed between two disks; the acetate



10 Journal of Nanomaterials

APTES GTA VIT. C

COOH

COOH

COOH

COOH

COOH

COOH

N N

N N

NSi

Si

Si

N

O
O
O

O
O
O

O
O
O

Al2O3

NAA modified with APTES and
GTA for adapting a vitamin C

(a)

R2 = 0.9985

LLoD = 0.02 𝜇M

S = 226.97 nm 𝜇M−1

ΔOTeff (nm) = 226.97 [Vitamin C] (𝜇M) − 20.25

NAA-DBR(675 s; 3∘C; 6

0

25

50

75

100

125

Δ
O

T e
ff

(n
m

)

0.2 0.3 0.4 0.5 0.60.1

[Vitamin C] (𝜇M)

Sensing performance of vitamin C molecule

6 : 1

: 1)

(b)
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buffer solution was filtered through NAA substrate which
was placed in between the disks, followed by the GOx with
acetate buffer and chitosan solutions. The lack of chitosan
covering on GOx modified NAA surface may decrease the
enzyme activity due to leakage of glucose oxidase from the
surface. Outer protecting layer of chitosan can permeate the
water molecules and allows ions to transport and bind to
protein. The UV-vis spectroscopy has been used to analyze
the activity of immobilized GOx. The solutions of 5mM
potassium ferrocyanide and 40mM glucose were mixed in
0.1M Tris/HCl buffer for analysis. Later, 40 𝜇M GOx was
added to the prior solution for enzymatic reaction. The
procedure was repeated to attain the linear relationship
between the absorbance and GOx reactions. The platinum
electrode holds the GOx modified NAA surface for glucose
determination. The increase in pore size leads to increase
in the enzymatic activity and shows good response even at
low concentration. The response was very less for higher
thickness NAA material with decrease in pore sizes.

Recently, polyelectrolytes based layer by layer coating on
NAA for the biosensor applicationswas explored.Krismastuti
et al. fabricated layer by layer coating of polyelectrolytes
on NAA for the bacterial enzyme detection of proteinase-
K using interferometric reflectance spectroscopy (IRS) [53].
Three different thicknesses of NAA such as 1.3, 3.0, and
4.4 𝜇m with pore diameter, interpore distance, and wall
thickness of 30 ± 1.7, 100 ± 1.5, and 70 ± 1.8 nm, respectively,
were fabricated. The aim was to increase the thickness of
porous layer to influence the easy detection of the enzyme.
Polyelectrolytes like poly (sodium-4-styrenesulfonate) (PSS)
and poly-L-lysine (PLL) have been used as negatively and
positively charged layers, respectively, for layer by layer
coating onto the sensor surface. Instead of gold coating
on alumina surface polyelectrolytes were coated due to

several advantages such as ease of availability and low cost
and can play a vital role in increasing the RI on sensor
surface. The fabrication process of layer by layer deposition
of polyelectrolytes on to the sensor surface is as follows:
dust free NAA was silanized by APTES, followed by 7–
10 nm thick gold film onto NAA substrate to prevent the
pore blocking. The second step is layer by layer coating of
polyelectrolytes using custom designed flow cell and coating
was monitored by IRS. Separately PSS and PLL were taken
in NaCl solution: PSS solution, followed by PLL solution at
a flow rate of 0.2mL/min, was injected alternatively into the
sensor surface. Thus, multilayer coating of opposite charges
of polyelectrolytes was achieved on the NAA surface. The
polyelectrolytes coated NAA sensors of different thickness
were used to detect bacterial enzyme of proteinase-K by
IRS spectroscopy system which is shown in Figure 8. The
enzyme exposure to substrate of thickness 1.3 𝜇m shows the
effective optical thickness (EOT) of 1.9 nm and after washing
sample with Mili-Q water the EOT was blue shifted to
7.1 nm. Proteinase-K enzyme was also exposed to substrate
of 3.0 𝜇m thick which reveals that EOT was blue shifted
to 1.8 nm and after washing with water it was shifted to
1.9 nm. However, proteinase-K exposure on the substrate
of 4.4 𝜇m thick showed red shift in EOT which is due to
polyelectrolytes being diffused deep inside the nanopores to
form high thick sensor so that enzymes were occupied easily
into porous layers and hence increasing the RI of sensor
substrate, compared to those of 1.3 and 3.0 𝜇m thick sensor.

A simple and smart detection by using trypsin immobi-
lized NAA through PL system was developed by Santos et al.
[54]. NAA was fabricated by two-step anodization method;
the average pore size and lengths were of 40 nm and 7.1 𝜇m,
respectively. The size of trypsin biomolecule was 3.8 nm and
hencemoleculeswere easily accommodated and immobilized
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on the nanopores. The process of trypsin immobilization in
nanopores was made possible by silanization process: APTES
and glutaraldehyde (GTA) were mixed together with NAA,
and later trypsin biomolecules were allowed to bind via
amino groups on porous substrate by the incubation process.
The schematic diagram of different stages of immobilized
trypsin molecules on NAA and sensitivity plot of trypsin by
change in effective optical thickness with respect to different
stages on NAA surface by PL spectroscopy is shown in
Figure 9. The detection of immobilized trypsin has been
done by observing change in effective optical thickness
on sensor substrate by PL. Effective optical thicknesses of
bare NAA, APTES coated NAA, GTA-modified NAA, and

immobilized trypsin on NAA were found to be 0.1, 0.6,
1.2, and 1.8%, respectively. From the above observation, it
has been confirmed that there was an obvious increment in
effective optical thickness of NAA.

Invertase is one type of enzyme which is used for the
production of sugars and used for hydrolysis process like
inverting sucrose into glucose and fructose. Thus, NAA
biosensor was fabricated and applied to real-time detection
of invertase enzyme using Surface Plasmon Resonance (SPR)
sensor by Dhathathreyan [55]. For the enzyme immobiliza-
tion, the substrate of pore diameter and interpore distances of
60 and 100 nm, respectively, were used. The uncontaminated
NAA substrate was kept with invertase enzyme solution
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for 1 h at required pH value. The enzyme immobilization
activitywas tested in the experimental flow cell by gold coated
glass plate and SF10 prism set-up sealed with Teflon cell to
impound tested solution. The immobilized invertase and its
interaction with sucrose were analyzed by calculating the
change in RI on substrate using SPR signal as shown in
Figure 10.

On the other hand, gelatin-modified NAA was fabricated
for the real-time detection of trypsin using RIfS by Nemati et
al. [56]. Gelatin molecules play vital role for chemical sensing
and better selectivity towards trypsin molecules. The NAA
substrate was gold coated with 5 nm thickness using sputter
deposition, and the APTES and GTA solutions were used
to modify the surface of NAA for the formation of amino
groups. After this, gelatinmolecules were allowed to immobi-
lize on inner surface of the pores.Thedifferent concentrations
of trypsin enzyme (0.125, 0.3, 0.5, 0.6, and 1mgmL−1) were
used to analyze the sensing performance by using RIfS
system. The effective optical thickness was changed with
respect to different concentration of trypsinmolecules. How-
ever, higher concentration of trypsin molecules (1mgmL−1)
showed fast response in RIfS. More concentration of gelatin
molecules immobilized on the pores provides faster response
to trypsin molecules. Hemoglobin has been used instead
of gelatin as a chemical sensing element that also shows
faster sensing performance. Schematic diagram of enzyme
detection by gelatin-modified NAA using RIfS set-up and
also different concentration of analyte solution leads to

Prism

Invertase

Nanoporous layer

Figure 10: Sensing of immobilized invertase enzyme on NAA
surface in flow cell of SPR [55].

change in effective optical thickness in real-time which is
shown in Figure 11.

5. Gold Coated NAA (Au-NAA) Biosensor

5.1. Detection of Protein. While integratingNAA into the SPR
system, the RI at the close proximity of the sensing platform
plays vital role. Thus, Hierro-Rodriguez et al. have extracted
the RI values of different NAA templates which are useful in
developing SPR and long range SPR sensors [89]. Similarly,
Kim et al. developed an Au-NAA biosensor for the label-free
detection of aptamer-protein binding interaction on sensor
surface using combination of localized surface plasmon reso-
nance (LSPR) and interferometry [90].The obtained uniform
porous structured NAA substrate had pore diameters and
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interpore distances of 60 and 120 nm, respectively. The size
of pore diameter was reduced to 47 nm by coating of Au
thin film on NAA surface by thermal evaporation technique
with thickness of 15 nm for the enhancement in optical
properties on their surface. The aptamer-I was immobilized
onNAA surface by rinsingNAAwith thiolated aptamer-I and
6-mercaptohexanol solutions. Further, aptamer-I modified
NAA substrate was rinsed with mixture of thrombin and PBS
solution. After processing, aptamer-II solutionwas interacted
with aptamer-I-thrombin modified NAA surface. The RI
was high for aptamer-I with NAA compared to bare Au-
NAA. The obtained high concentration of aptamer-I was

immobilized on Au-NAA which was red shifted and was
observed through interferometry system. Later, aptamer-I-
thrombin immobilized Au-NAA surface revealed that the
red shift was due to enhancement in RI of NAA. However,
nonspecific binding of aptamer-I and aptamer-II on Au-
NAA surface was observed whereas aptamer-I-thrombin on
Au-NAA surface resulted in better binding interaction. The
RI depends on the binding interaction of biomolecules on
sensor surfaces. The saturation state was attained for the
concentration of thrombin more than 100 𝜇M; above this
concentration no response was found from interferometry
and LSPR signals.
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Figure 12: (a) The schematic diagram of Au-NAA bilayer structure and (b) effective optical thickness with and without protein on Au-NAA
bilayer optical biosensor measured by fast Fourier transform [16].

In recent years, there have been increased interest on
developing label-free optical biosensors based NAA. These
types of label-free optical biosensors are exhibiting high
throughput in medicinal applications. The Au-NAA bilayer
substrate as label-free optical biosensor for BSA has been
developed by Macias et al. [16]. The bilayer structure of NAA
has been prepared with different porosity with pore diameter
and depths of 68 nm and 1.9 𝜇m as well as bottom layers
with 33 nm and 4.7 𝜇m, respectively. The design of bilayered
structures was planned in such a way that the top layer can be
used as entry for protein whereas low pore size bottom layer
could not allow protein in this direction.The gold deposition
onNAAwas achieved by coating 10 nm thickness of gold film
on top of the surface of NAA bilayer via sputtering technique.
The greater sensitivity was attained by increasing the layer of
gold film on sensor surface which increases the RI of NAA.
Initially, sensor materials were incubated with proteins at
quantity of 1mg/mL in PBS buffer solution for 2 h at 5∘C to
avoid the binding on surface of gold layer. Further, samples
were thoroughly washed in PBS solution to remove any free
contaminants. Thus, identical procedure was carried out for
protein in PBS solution for biosensing applications. It was
found that the protein adsorption occurred on the surface of
NAA due to electrostatic forces between protein and sensor
substrate. The allowed protein was detected at the top layer
using change in optical thickness between two layers. The
following equation has been used to detect the protein by
change in optical thickness: that is,
ΔEOT = EOT (after protein penetration)

− EOT (before protein penetration) ,
(1)

where EOT is effective optical thickness.
The schematic diagramof fabrication and structure ofAu-

NAA bilayer and fast Fourier transform graph of the optical

biosensing response of Au-NAA bilayers before and after the
penetration of protein into sensor structures are shown in
Figure 12. As shown in Figure 12(b), the peak intensity was
very less in overall gold coated NAA bilayer with infiltration
of protein due to adsorption of protein in layer 1.The increase
in effective RI of layer 1 will decrease the RI of overall sensor
substrate. The effect of optical thickness was increased in
layers 1 and 3 due to the above reason, whereas less shift in
layer 2 optical thickness was observed. The same results were
obtained for Au-NAA bilayer without protein where higher
intensified peaks were formed.The Au-NAA bilayer with the
protein (BSA) has been sensed by intensified peaks of layers
1 and 3.

In similar work, Yeom et al. fabricated Au-NAA for
real-time detection of antigen (C-reactive protein) [57]. The
fabricated NAA have dimensions of 100 nm pore diameter
and depths of poreswere 4.9 𝜇m.TheAu-NAAmaterials were
obtained by electron beam evaporation method. Here, gold
layer coating on sensor material acts as high SPR compared
to bare Ag or Au metals. The Au coated sensor substrate
has produced LSPR and it plays vital role in accepting and
immobilizing antibody on sensor surfaces. The immobilized
antibody has been captured by Au-NAA material which
was rinsed and kept for 24 h in solution of 11-mercapto-1-
undecanol and EtOH. The unwanted antibody was removed
by treating sensor surface with Tris-HCl solution instead of
PBS solution to avoid the damage. The detection of antigen
usingAu-NAAworks on LSPR principle inwhich the allowed
antigens react with antibody to change RI of the sensor
substrate. The biosensing mechanism has been predicted by
change in the reflectivity of the sensor substrate by real-time
biosensor detection method (Figure 13).

Similarly, Hiep et al. fabricated photonic structure of
Au-NAA film for the detection of biomolecular interaction
using interference localized surface plasmon resonance
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(iLSPR) system [58]. The gold coated NAA film (Au-NAA)
has thickness of 270 nm which was rinsed in 11-amino-1-
undecanethiol hydrochloride solution to functionalize with
free amino groups available at substrate surface. A mixture
of PBS and BSA solutions was used for rinsing NAA surface.
The iLSPR system was used for the detection of binding
interaction of two different biomolecules on NAA surface.
The RI was slightly changed due to interaction of biotin-
avidin binding on NAA surface and further increased for
BSA binding with avidin on sensor surface. The limit of
detection for avidin using Au-NAA film by iLSPR was found
to be 100 ng/mL. Schematic diagram shows iLSPR biosensor
and wavelength depends on reflectance spectra changes by
biotin-avidin and biotin-BSA binding interaction on Au-
NAA surface (Figure 14).

5.2. Detection of DNA. Kim et al. fabricated “cap like” gold
structures which were coated on NAA for the detection of
DNA hybridization sensing mechanism using LSPR micro-
scopic system [59]. The fabricated NAA has the diameter
and thickness of 60 nm and 5 𝜇m, respectively. The immo-
bilization of DNA on Au-NAA was achieved by mixing of
10 𝜇M thiolated DNA probe and 100 𝜇M 6-mercaptohexanol
solutions which were further applied on sensor surface. A
target DNA was hybridized with probe DNA on sensor
surface by PBS solution. The sensing of probe DNA and
target DNAs hybridization was captured by the increment
in wavelength shifts (𝜆max) and relative reflected intensity
which depends on change in the concentration of target
DNA on the sensor surface. The saturation state was found
at the concentration of target DNA which exceeded the limit
of 10 𝜇M. Schematic diagram shown in Figure 15 represents
the working mechanism and sensing measurement of DNA
hybridization on Au capped structure of NAA using LSPR
system.

5.3. Detection of Cells. In biosensors field, researchers are try-
ing to develop NAA with gold film coating for the detection

of biomolecules such as proteins and DNA. However, less
study has been carried out on the fabrication of Au-NAA
for the detection of single living cell adhesion and seeding
on sensor surfaces using SERS system. Toccafondi et al.
fabricated biosensor substrate, that is, Au-NAA, for single
cell sensing with the help of SERS [91]. Fabricated Al thin
film on glass substrate has thickness of 500 nm by e-beam
evaporator followed by anodization process. The prepared
film structure had pore diameter and depth sizes of 50 and
120 nm, respectively. Thick gold layer of 25 nm on NAA was
coated by e-beam evaporator and N2a cell lines were used
frommouse neuroblastoma for living cell sensing application
by bare NAA and Au-NAA using SERS system. In this
experiment, 5 × 104 N2a cells were mixed in 2mL of high
glucose medium and cells were grown in this solution at 37∘C
with humidified CO

2
atmosphere. Later, cells were allowed

for sensing application using bareNAAandAu-NAA.During
the sensing process, different diameters (60 and 120 nm) of
bare NAA were used to adhere to the N2a cells without using
any adhesion solution which was due to biocompatibility
and surface roughness of the material. The adhered cells
were captured with fluorescent dyes by confocal fluorescence
microscopy. However, the aim was to develop Au-NAA for
living cell sensing applications using SERS. The excellent
micro Raman scattering improvement has been achieved by
cell seeded onAu-NAA.The sensing ofAu-NAAmaterial was
done by laser light obtained frommicro Raman spectroscopy.
Enhancement in Raman peaks was observed in the presence
of N2a cell due to adhesion and growth on surface of sensor
material. On the other hand, Toccafondi et al. fabricated
biocompatible Au-NAA for the detection of fibroblast living
cells using SERS and fluorescencemicroscopy [92].The SERS
signals were high for the higher pore dimension. The cells
were grown on Au-NAA surface due to biocompatibility of
material. The living cells (NIH-3T3 cells) were incubated in
Au-NAA surfaces for 2 days and grown on the surface. The
better sensitivity was achieved for the bigger pores (130 nm)
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Figure 14: (a) Schematic representation of the iLSPR biosensor, (b) the reflection spectra which depend on the change in RI upon binding
of biotin-avidin, and (c) interaction of biotin-BSA [58].

and smaller pore lengths (50 nm) of Au-NAA for living cell
sensing using SERS system.

5.4. Detection of Fluorescent Molecules. Das et al. developed
novel Au-NAA with honeycomb pore structure for the
biosensor applications with fluorescent molecules such as
cresyl violet, rhodamine 6G, and green fluorescent protein-
mut2 using SERS system [60]. Honeycomb pore structures of
NAA with the pore size and wall thickness of 15 and 36 nm,
respectively, were fabricated.Three different honeycomb pore
structures were fabricated: NAA1 with pore size and wall
thicknesses of 181 ± 45 and 82 ± 35 nm (bigger pores), NAA2
of 82 ± 7 and 21 ± 7 nm (medium pores), and NAA3 of
29 ± 4 and 13 ± 4 nm (smaller pores), respectively. The SERS
signals were enhanced by coating 25 nm of gold film on NAA
by thermal evaporation, namely, Au-NAA1 with pore size
and wall thickness of 157 ± 35, 104 ± 35 nm, and Au-NAA2
with 59 ± 9, 40 ± 9 nm, and Au-NAA3 with 15 ± 3 and

36 ± 3 nm, respectively. To achieve the sensing, fluorescent
molecules were deposited on different Au-NAA substrates
by chemisorption method and tested with the molecules
of concentration 106M. Further, cresyl violet, an organic
dye, was chosen which is routinely used in nerve tissue
sector for biological stain. At first, cresyl violet molecules
were coated on different Au-NAA structures revealing that
SERS signals were enhanced due to NH

2
groups which

were forcefully attached on sensor surfaces attributed to
vibrationalmodes at 591 cm−1.Thesemolecules were strongly
attached on surface of Au-NAA3 due to low porosity whereas
in case of Au-NAA1 and Au-NAA2 molecules were not
attached due to medium and high porosity, respectively. It
was found that the enhancement in SERS measurement of
Au-NAA2 compared to other two substrates due to low pore
size and wall thickness. The enhancement was observed in
SERSmeasurements for rhodamine 6G and green fluorescent
protein-mut2 molecules which was due to the extensive
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use of rhodamine 6G as a dye molecule in fluorescence
microscopy. Due to the fact that molecular adsorption on
metal surfaces is because of electronegativity of metals, this
electronegativity is high for noble metal Au compared to
Ag. Thus, the adsorption of molecules was enhanced by Au
coating on sensor substrates. The rhodamine 6G molecules
were deposited over surfaces of Au-NAA1 and Au-NAA2
to test in SERS systems. These molecules were strongly
bound to Au surfaces and the enhancement in SERS was
observed with strong intensity of vibrational modes at 1361
and 1510 cm−1. The green fluorescence protein-mut2 was a
fluorescent protein which has a capability of fluorescence
recovery to use in slow biological processes.The SERS spectra
enhanced through the fluorescent proteinswhichwere coated
on Au-NAA2 surfaces and SERS peaks were obtained at
1500 cm−1. The schematic diagrams of honeycomb nanopore
structure of Au-NAA and the SERS spectra are shown in
Figure 16 which reveals the detection of (i) cresyl violet and
(ii) rhodamine 6G using SERS.

5.5. Detection of Binding of Alkyl Thiol. Previously, several
articles showdeveloping ofNAA for the detection of immobi-
lized biomolecules on sensor surface by soaking the substrate
in mixer of preferred buffer solutions like PBS/Tris-HCl
containing biomolecules. However, biomolecules sometimes
may not properly bind on the substrate with this technique.
On the other hand, the biomolecules can also be immobilized
onto the substrate by flowing the biomolecules taken in
a mixture of buffer solutions within microfluidic channels
for better binding due to higher chances of biomolecules
coming in contact with the surfaces. The microfluidic system
comprising sensor substrate has the advantages such as
healthy binding biomolecule, less amount of sample for the
detection, and rapid sensitivity in microchannels. For the

first time Kumeria and Losic developed Au-NAA comprising
microfluidic channel for label-free optical biosensing for the
detection of binding of alkyl thiol on sensor substrate by
enhancement of reflectivity in interferometric spectroscopy
signals [61]. Pore size and pore depths of fabricated NAA
structures were of 60 nm and 4 𝜇m, respectively. In addition
to that, scanning electron microscopy was used to measure
the interpore distance and it was about 60–100 nm. The
reflectance interferometric spectroscopy (RIS) signals were
enhanced by the pores and surface area of internal pore struc-
tures of NAA. The fabricated controlled parameter of NAA
has been coated by different metals like Au, Ag, Cr, Pt, and Ni
by atomic layer deposition.However, Kumeria and Losic have
not observed significant reflectance interferometric intensity
signal originating from Pt, Ag, and Ni metals. The better
interferometric signal has been obtained forAu andCrmetals
due to enhancement of reflectivity on these thin metals. The
optical biosensing performance was performed only by Au-
NAA structure because Au metal has biocompatibility and
chemical stability and is preferred for particular molecules
binding detection for biosensing applications. The set-up
comprises Au-NAA into microfluidic device with connected
syringe pump and fiber optic probe. The optical biosensing
showed by 1mM thiol molecules which were passed into
Au-NAA substrate mounted microfluidic chip reveals higher
wavelength with respect to change in effective optical thick-
ness obtained for adsorption of molecules on Au surfaces.
Furthermore, even at low concentration of molecules it has
shown better sensitivity. The effective optical thickness has
been increased with increase in the concentration of thiol
molecules on sensor surfaces. They also analyzed real-time
sensing performance of the molecule bounded with thiol
group on sensor substrate which shows excellent maximum
wavelength. The schematics shows the Au-NAA embedded
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Figure 16: (a) Honeycomb pore structure of Au-NAA; (b) the SERS spectra for the detection of (i) cresyl violet and (ii) rhodamine 6G [60].

in microfluidic channel for detection of alkylthiol binding by
optical biosensor using RIS system (Figure 17).

5.6. Detection of Circulating Tumor Cells. Kumeria et al.
developed label-freemicrofluidic channel based biosensor on
Au-NAA for the detection of circulating tumor cells (CTC) by
reflectrometric interference spectroscopy [93–96]. Biotiny-
lated anti-EpCAM was immobilized on the NAA surface
through multiple chemical steps followed by integrating the
porous NAA substrate into the microfluidic device. Spiked
tumor cells in PBS and whole blood samples were injected
into the device and captured with high efficiency by using
interferometric spectroscopy. The fabricated NAA has pore
diameter and lengths of 32±3 nm and 4±0.2 𝜇m, respectively.
The sensor surface was coated with ultra-thin Au layer
of 8 nm by thermal vapor deposition technique. Multistep
surface modification was adopted: Au-NAA were soaked
in 10mM solution of mercaptoundecanoic acid (MUA) in
order to bind it covalently onto the sensor surface, followed
by soaking in solution containing streptavidin molecules at
100 𝜇g/mL concentration where streptavidin binds to MUA.

Further, the streptavidin functionalized substrate was incu-
bated in 50 𝜇g/mL of anti-EpCAM antibody in PBS buffer
solution. The PMMA based microfluidic chip was obtained
by computer numerically controlled (CNC) micromachin-
ing method. This microfluidic chip was formed with two
channels with sensing platform for Au coated NAA substrate
on the glass substrate. The working principle of detection
involves the use of white light emitted from optical fiber
probe which was focused on anti-EpCAM modified sensor
substrate incorporated in the chip and lightwas reflected back
from the surface into the same optical fiber probe system.The
change in effective optical thickness on sensor surface was
attributed to the change in RI of the surface. The RIS signals
were obtained after the flow of CTCs into the channels, due
to binding of CTCs onto anti-EpCAM functionalized Au-
NAA substrate. The effective optical thickness was increased
due to continuous binding of CTCs onto anti-EpCAM coated
sensor surface. The interferometric signals were changed a
bit due to unbound CTCs which were removed from the
surface after washing.The detection limit of CTCs was found
to be less than 1000 cells/mL, which is significant in practical
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Figure 17: (a) Au-NAA placed in microfluidic chip as a biosensor for the detection of alkyl thiol molecule using reflective interferometric
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NAA [61].

applications and clinical diagnosis. It was also observed that,
when the flow rate of CTCs was higher, there was no notable
increase in effective optical thickness whereas, when the flow
rate was low, effective optical thickness was enhanced by slow
ascend and continuing the number of CTCs increment on the
sensor surface.

5.7. Optical Properties of Au-NAA. The optical properties
of Au-NAA for the application in biosensing by using
reflectance spectroscopy have been developed byHernández-
Eguı́a et al. [97]. NAA substrates were fabricated with various
porosities in the range of 14 to 70%. The expected pore
diameters were in the range 38.6 to 90 nm, on which 20 nm
Au was coated by sputtering method. The prepared Au-
NAA samples were analyzed by reflectance spectroscopy
and Fabry-Perot interferences (FI). The interference fringes
consist of NAA film and are surrounded by the incident
medium of air and the substrates were observed. The FI
depends on RI of the material; that is, FI was increased upon
increase in RI of Au-NAA substrate, whereas, noncoated
NAA samples showed decrease in FI due to less RI compared
to Au-NAA. The study on controlled thickness of gold layer
was performed to obtain better reflectance spectra in the
infra-red region.Thus, by controlling the thickness of the gold
layer on NAA surface the better performance of the material
can be achieved in terms of sensitivity.

6. Aluminum Coated NAA (NAA/Al) Biosensor

6.1. Detection of Protein. Further, the improved label-free
optical wave guide biosensor based NAA/Al multilayer film
has been developed by Hotta et al. for the detection of
BSA through optical wave guide spectroscopy [62]. The
wave guide experiment was functioned by measuring the
reflection spectra of multilayer thin films using Kretschmann
configuration. The multilayer film was fitted with glass
prism and xenon lamp was used to irradiate the light onto

prism. The incident light was slightly adjusted on prism by
polarizer. Then, the reflected light was collected in photonic
multichannel analyzer. A polydimethylsiloxane (PDMS) flow
cell has been used to flow the analyte solution on multilayer
film sensor. The irradiated light was incident on analyte
solution and reflected spectra have been used for detection of
analyte. The different structures of NAA/Al multilayer films
were obtained by varying the substrate thickness. Al films
which have been coated on glass substrate with thickness of
180 nm by thermal evaporation and films were anodized with
formation of 34% porosity, and obtained pore diameter and
lengths were of 39 and 220 nm, respectively (film a). Similarly,
the same deposition method was used to fabricate Al film of
thickness 500 nm and it was anodized with formation of 45%
porosity to get cylindrical pore structured film of diameter
and lengths of at 33 and 670 nm, respectively (film b). For
the adsorption of BSA on NAA/Al film structures, the films
were rinsed in mixture of prostate specific antigen and BSA
solutions. The adsorption of BSA has been analyzed with
respect to change in reflectivity on NAA/Al multilayer films.
The reflectivity increased due to higher RI by increasing the
concentration of BSA on film b compared to film a surface.
However, it was found that film b was highly red shifted
for the adsorption of BSA due to higher surface area, high
porosity, and larger pore length with pore size compared
to film a. Thus, the sensitivity was more for multilayer
structure of film b over film a. Schematic diagram and
working principle of detection of BSA on sensor substrate
using optical waveguide spectroscopy and graph showing
binding on substrate versus concentration of BSA in the
solution phase were shown in Figure 18.

Similarly, Yamaguchi et al. fabricated NAA/Al multi-
layer thin film on glass substrate for detection of binding
interaction of different molecules using optical wave guide
senor mechanism [98]. Thus, the sensitivity depends on
change in the RI of sensor material where analyte molecules
were immobilized on their surfaces. The optical wave guide
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Figure 18: (a) Working principle for the detection of BSA by optical wave guide spectroscopy; (b) shift in the binding on substrate versus the
concentration of BSA in the solution phase for film a and film b [62].

sensor got great attention as the small changes in RI of
material can be detected; that is, the sensor could detect lower
concentration of samples.

7. Platinum Coated NAA (Pt-NAA) Biosensor

7.1. Detection of Binding of Prostate Specific Antigen. An et
al. developed Pt-NAA biosensor for the improvement of
prostate specific antigen binding on sensor surface in inter-
ferometric method through pore widening [99]. Earlier same
group reported pore widening method on porous Si where
less sensitivity was observed [100]. However, the experiment
of Pt-NAA biosensor has improved the sensitivity through
fabrication of pore widening structure on NAA.The Pt-NAA
was silanized by APTES solution and later this substrate was
treatedwith Prolinker-A solution for binding of biomolecules
onto the surface. The Prolinker-A modified sensor surface
was bound with prostate specific antigen. The detection of
antigen by pore widening on sensor surface by the prostate
specific antigen solution of 100 ng/mL treated with Pt-NAA
surface reveals that higher wavelength means rapid detection
of binding of antigen molecules on sensor surface. The
effective optical thickness has been increased with respect to
pore widening on Pt-NAA biosensor surface which is due to
larger antigen molecules occupied and bound to Prolinker-
A on larger pore and the optical signals were enhanced to
get rapid detection through interferometric spectroscopy.
Overall, it was found that biosensing of NAA, Au-NAA,
Al-NAA, and Pt-NAAs showed better sensitivity towards
targets analyzed using different spectroscopy techniques. In
NAA, targets were immobilized on their surfaces via binding
with antigen-antibody. However, NAA shows less sensitivity
compared to other substrates which has been enhanced by
shrinking the pore size of Al, Au, and Pt coatedNAA. Further,
Au-NAA was chosen for biosensing application due to their

higher refractive index, surface plasmon, and biocompati-
bility compared to NAA, Al-NAA, and Pt-NAA. Au-NAA
was able to detect biomolecules at very low concentration
of 100 ng/mL. In the case of NAA and Al-NAA for the
analysis of biomolecules, the concentration was set to be of
0.1/1mg mL−1. The targets were immobilized by covalently
binding with antigen-antibody on Au-NAA surface for rapid
detection. Lastly, Pt-NAA have better sensitivity compared to
Au-NAA but the cost effectiveness of platinum hinders the
usage in commercialization purpose.

8. Conclusion

In this review, past and recent progress on surface modifi-
cation and development of NAA platform by the anodiza-
tion process for suitable biosensing applications have been
discussed. By controlling the parameters such as applied
voltage, selection of acids, anodization time, and temperature,
the precise and highly porous structure of NAA substrates
can be fabricated. The methods combined with analytical
techniques provide great benefits in terms of technological
aspects in biosensors field. Further, the sensitivity and better
performance of NAA substrates can be enhanced by coating
with gold nanoparticles and also by incorporating with
microfluidic devices. However, some process to immobilize
biomolecule on substrates requires selected buffer solutions,
and some buffer solutions can damage the NAA substrate
depending on the pH level, so the immobilization process
may not occur onNAA surfaceswhich hinders the biosensing
process. We believe that in future, the improvement of NAA
sensor and modern NAA based sensing platforms will give
better results. Further, this review reports sensingmechanism
of various kinds of NAA to immobilized biomolecules at
lower concentration which was examined by using several
spectroscopic techniques.
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Research is in progress to incorporate nuclear waste in newmatrices with high structural stability, resistance to thermal shock, and
high chemical durability. Interactionswithwater are important formaterials used as a containmentmatrix for the radio nuclides. It is
indispensable to improve their chemical durability to limit the possible release of radioactive chemical species, if the glass structure
is attacked by corrosion. By associating high structural stability and high chemical durability, silica glass optimizes the properties
of a suitable host matrix. According to an easy sintering stage, nanoporous glasses such as xerogels, aerogels, and composite gels
are alternative ways to synthesize silica glass at relatively low temperatures (≈1,000–1,200∘C). Nuclear wastes exist as aqueous salt
solutions and we propose using the open pore structure of the nanoporous glass to enable migration of the solution throughout the
solid volume. The loaded material is then sintered, thereby trapping the radioactive chemical species. The structure of the sintered
materials (glass ceramics) is that of nanocomposites: actinide phases (∼100 nm) embedded in a vitreous silica matrix. Our results
showed a large improvement in the chemical durability of glass ceramic over conventional nuclear glass.

1. Introduction

A number of materials have been considered to incorporate
hazardous nuclear wastes such as ceramics, cements, metal
matrices, and glasses [1–8]. Presently, the two best candidate
materials are crystalline ceramics and glasses. Fixation of
radioactive wastes in glasses has been shown to be a viable
technological alternative for effective management of nuclear
wastes.The advantages of the method are that a large number
of elements can be incorporated into the glass structure and
a small volume of solid waste is produced as a result [9]. In
this process, the radioactive elements are mixed and melted
with a glass frit [10]. However, to ensure long-term storage,
long-life nuclear waste (actinides) has to be incorporated in
a matrix with excellent chemical durability [11, 12]. Research
is in progress to propose new matrices with high structural
stability, good mechanical properties, and high chemical

durability. Titania-based minerals and zirconia-based glass
ceramics, in which the crystalline phases are embedded in
an aluminosilicate glass matrix, are possible candidates [3–
5]. They consist of a highly durable crystalline phase homo-
geneously dispersed in a glass matrix that also has good
chemical durability [6–8]. The titanite and zirconolite phases
suggest that these matrices are highly corrosion resistant.

The properties of silica glasses, including good durability
and mechanical strength and the ability to incorporate large
concentrations of dopants, make them ideal candidates as
matrices for the storage of nuclear waste. The main disad-
vantage of silica glasses for this kind of use is their high pro-
cessing temperature of∼2,000∘C.However, it has been shown
that the sol-gel process is an appropriate low temperature
process to obtain glasses at around 1,000∘C, not by melting
but by sintering of a nanoporous amorphous silica gel [13–
20]. In this paper, we compare different nanoporous silica
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networks as possible host matrices for actinides and assess
the feasibility of fixing actinides in silica glass. We charac-
terize different families of porous glasses and examine the
advantages and drawbacks of the different porous matrices.
We focus on the mechanical properties and the permeability
of the porous materials. These features depend on the pore
volume, which can be adjusted using different parameters
and processes including silica content, sintering, drying, and
composite approach.

2. State of the Art

2.1. Porous Glasses by Foaming or Leaching of Glasses. The
classical procedure for making glass includes a high temper-
ature step that ensures that the raw materials are dissolved
and have reacted. At that point, the amorphous structure
of the liquid is preserved by quenching the melt. Standard
glass is generally the result of a multistep process including
melting the different oxides at a high temperature followed by
refining and finally quenching. One possible way to prepare
porous glass is to nucleate the bubbles inside the melt and
then to quench it. The resulting glass is generally called
“foamed glass” [21, 22].The bubbles are obtained through the
decomposition of carbonates duringmelting, but this process
is not suitable for the preparation of high durability glass for
the fixation of nuclear wastes. Another example of porous
glass obtained in the standard way is microphase separated
and leached “Vycor” glass [14, 23–25]. In this process, sodium
borosilicate glass is heat-treated to induce phase separation.
An acidic corrosion treatment will dissolve the “weak” borate
phase and create continuous porosity in the silicate phase.The
nanoporous glass can then be further sintered into vitreous
silica glass at a temperature close to 1,200∘C, instead of
the 2,000∘C required by the standard procedure [25]. The
authors of this precursor method were the first to suggest
confining nuclear wastes in the porosity [14]. The nuclear
waste was fixed in the porous structure, after which the pores
are collapsed. However this kind of glass is not pure silica but
contains 3–5 percent of boron [14]. As boron is much more
soluble in water than silica, its presence reduces the chemical
durability of the glass.

2.2. Standard Sol-Gel-Glass Route. Thehigh temperature step
in the melting process for glass is avoided when the sol-gel
route is used. The first step is the formation of a gel which
generally involves the hydrolysis reaction of an organometal-
lic compound (Si(OR)

4
), dissolved in alcohol in the presence

of water. By condensation reactions, two silanol groups give
rise to siloxane bonds (SiOSi) [13]. These two reactions lead
to noncrystalline materials.

Different types of silica gels for the synthesis of glass are
described in the literature [13, 15, 19, 20, 26, 27]. However, for
impregnation experiments, the porous network has to be able
to resist capillary stresses during the soaking steps. In porous
materials, the mechanical properties depend on the load
bearing fraction of the solid and decrease with an increase in
pore volume [28]. On the other hand, pore volume increases
permeability and improves waste loading [16]. A compro-
mise is thus needed between the mechanical properties and

Figure 1: Scanning electron microscopy of xerogels.

permeability by controlling pore volume. The mechanical
properties of the materials can be increased in different ways:
(1) by collapsing the pore volume by drying, (2) by sintering,
and (3) by using the composite approach.

2.3. Collapsing the Pore Volume. The result of gelation is a
two-phase medium containing the solid network and the
liquid (alcohol andwater). Drying can be carried out at ambi-
ent temperature, but during the drying stage considerable
shrinkage occurs which transforms the wet gel into a hard,
dry, but nanoporous solid (pore range is close to 10 nm) called
“xerogel.”

The drying procedure is crucial and must be extremely
slow because otherwise it can lead to capillary phenomena
that can destroy the gel network and break up the solid net-
work. Alternative dryingmethods represent a favorable com-
promise between the capillary forces and the mechanical
resistance of the gel network (strengthening the gel by rein-
forcement, reducing the surface tension, enlarging the pores,
etc.) [13, 17]. To summarize, xerogels samples can be synthe-
sized by careful control of the drying parameters. Xerogels
(Figure 1) are porous glasses whose pore volume ranges from
30 to 70% and which mainly comprise micropores due to the
collapse of the larger pores.

2.4. Aerogels and Sintered Aerogels. The goal of supercritical
drying is to eliminate these capillary forces. The magnitude
of the stresses depends on the interfacial energy of the liquid,
and it is possible to eliminate capillary stresses if the pressure
and the temperature go beyond the critical point of the
liquid [29, 30]. The supercritical solvent is then isothermally
evacuated by condensation outside the autoclave.After super-
critical drying, the “aerogel” (Figure 2) is a solid material,
amorphous but extremely porous (80–99% porosity) and
very brittle [29].

One (among others) possible application of these very
porous materials is as a glass precursor. The silica aerogels
can be easily transformed into silicate glasses by a sequence
of sintering treatments [15, 26, 31]. Sintering enhances the
mechanical properties of aerogels. Depending on the dura-
tion of the heat treatment, microporosity is progressively
eliminated [25, 32].
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Figure 2: Scanning electron microscopy of aerogels.

2.5. The Composite Approach. Another important parameter
is permeability. High permeability is usually an advantage
because it means that the fluid and hence the chemical
species of interest can easily migrate in the porous network
and homogeneous distribution of the chemical species can
be expected as a result. In ceramic science, it is generally
accepted that the inclusion of particles or fibers improves the
mechanical properties of composite ceramics and also modi-
fies the porous structure (Figure 3). It is possible to adjust the
density, the mechanical properties, the pore size distribution,
and the permeability of the composite aerogels by adding
silica powder (silica soot like aerosil OX50) to the monomer
solution just before gelation [15, 31, 33].

To summarize, mechanical properties, capillary forces,
and permeability are the most important parameters for fill-
ing the nanoporous glass network. These different kinds of
porousmaterials can all be considered nanoporous glass even
though the “glassy” state is achieved in very different ways.
They will be tested as host matrix for nuclear waste contain-
ment.The actinides are simulated by lanthanides nitrates (Nd
and Ce) in water, which diffuses by capillarity in the porous
network. Guest molecules were deposited on the surface
of the skeleton when the liquid was further evaporated.
The mean pore size and the pore size distribution need to
be tailored to facilitate homogeneous dispersion of doping
molecules within the texture.

3. Experimental

3.1. Nanoporous Glass Synthesis. The silica porous glasses
were synthesized from previously reported sol-gel techniques
[13, 29, 33]. The silica gels were made from tetraethoxysilane
(TEOS) hydrolyzed with distilled water and with ethanol as
solvent. The mixture was stirred and aged one week at room
temperature. After gelation the alcogels were transformed
into xerogels or sintered aerogels.

For the xerogel samples, porosity is partially eliminated by
controlled and slow drying [13]. These xerogels samples cov-
ered density between 0.5 and 1.6 g⋅cm−3.

Some gels are transformed into aerogels by supercritical
drying performed at 305∘C and 13MPa [29]. The sintering
of silica aerogels at high temperature (>1000∘C) has been
described previously [15, 26]. Depending on the duration of
the heat treatment, the pores collapse and the bulk density

Figure 3: Scanning electron microscopy of typical composite aero-
gel.

increases. These sintered aerogels porosity ranged from 95%
to 0% (density between 0.1 and 2.2 g⋅cm−3).

Composite aerogels were synthesized using the same
protocol as for previously published ones [16, 33]. TEOS was
hydrolyzed with 15 mole of water (HCl 10−2M) per mole of
TEOS for 1 h under stirring. Pyrogenic silica (aerosil OX 50)
was added under stirring. The pH was adjusted to 4.5, which
led to gelation in a fewminutes.Theproportion of aerosil with
respect to the total silica weight ranged from 5% to 70%. The
composite wet gels were transformed into composite aerogels
by supercritical drying with ethanol. The density range is
0.25–0.5 g⋅cm−3.

3.2. Experimental Techniques. Bulk density (𝜌) was deter-
mined from direct measurements of weight and from the
geometric dimensions of samples. Porosity (𝜙) was calculated
from bulk density and skeletal density (𝜌

𝑠
). The skeletal den-

sity, measured by helium pycnometry, was 𝜌
𝑠
= 2 g/cm3 [23].

Elastic modulus (𝐸) and rupture modulus (𝜎) were mea-
sured by the three-point bending technique using an Instron
1196 mechanical testing machine (24N load cell) [15, 28].

Toughness (𝐾IC) was measured by the Single Edge
Notched Beam technique [34] and 𝑎

𝑐
the critical flaw size was

calculated from

𝑎
𝑐
=

(𝐾IC/𝜎)
2

1.21𝜋

.
(1)

Permeability (𝐷) was measured using a method of impreg-
nation based on Archimedes’ principle [8]. The samples are
dipped in water and, during impregnation, the thickness of
the penetrating water, ℎ(𝑡), increases with time. We previ-
ously showed [8] that

𝐷 =

𝜂𝜙ℎ

2

(𝑡)

2Δ𝑃 ⋅ 𝑡

,
(2)

where Δ𝑃 is capillary pressure and 𝜂 is water viscosity. We
calculated 𝐷 from the slope of the straight line ℎ2(𝑡) = 𝑓(𝑡).
𝐷 has the dimension of a surface and was expressed in nm2.
The details of the technique are given in [16].

Microstructure was analysed by scanning electron
microscopy (JEOL 1200EX 100 kV). A Jeol (JSM-66300F)
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Figure 4: Toughness versus density for xerogels (circles), sintered
aerogels (triangles), and composites aerogels (diamonds).

microscope was used to get the back-scattered electron
micrographs.

The sintering was characterized by dilatometer (Adamel
Lhomargy DI10.2) experiments in the temperature range 25–
1300∘C.

The crystalline phases were characterized by X-rays dif-
fraction (CuK𝛼) with a Phillips PW 1830.

The chemical durability of the glass ceramics was mea-
sured with a conventional Soxhlet device [15]. The test was
conducted at 100∘C, after 28 days of leaching. The normal-
ized mass loss (g⋅m−2) was calculated from analysis of the
leachates.

4. Physical Properties of Nanoporous Glasses

4.1. Mechanical Properties. Figure 4 shows that sintered aero-
gels, composites aerogels, and xerogels have quite similar
toughness. However, sintered aerogels and composite aero-
gels are capable of resisting filling with an aqueous solution,
whereas xerogels are generally not [16]. There are two expla-
nations for these different behaviors: the xerogels network
is locally damaged by the stresses that occur during drying.
The assumption of damage to the structure is deduced from
the reduced stiffness of xerogels compared to composite and
sintered aerogels previously measured [35].

The xerogels flaw sizes are almost one order of magnitude
higher than the composite and sintered aerogels flaws size
(Figure 5). These flaws are created during drying, because of
the large shrinkage. Flaws inside the structure act as stress
concentrators and capillary stresses are locally amplified by
this effect. The second explanation is linked to the smaller
mean pore size of the xerogels structure (10 nm) compared
to that of aerogels (10–100 nm) and composites aerogels (50–
200 nm). During drying, xerogel is subjected to a compres-
sion force that tends to eliminate the larger pores [13]; drying
shifts the pore size distribution toward the smaller pores and
the capillary forces increase in smaller pores. Larger capillary
forces and larger critical flaw sizes explain why the xerogels
break during filling with aqueous solution.
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Figure 5: Critical flaw size versus density for xerogels (circles), sin-
tered aerogels (triangles), and composites aerogels (diamonds).
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The toughness of the set of sintered aerogels increased by
2 orders ofmagnitude (Figure 4), over thewhole range of den-
sity. During the sintering process, densification is induced by
viscous flow, which tends to reduce the volume of the whole
sample, eliminating the smallest pores [36, 37]. Because of the
mechanical improvement and the elimination of the microp-
ores, the sintered aerogels are able to resist impregnation by a
liquid [26].

In the composite approach, it is possible to adjust the
pore volume by adding silica powder (such as aerosil) just
before gelation [16, 33]. The addition of aerosil increases
bulk density and hence the mechanical properties (Figure 4).
Aerosil addition also affects the aggregation process, the pore
structure [38], and pore size distribution [33]. It homogenizes
the pore structure and increases the mean pore diameter
to the mesoporosity range (50–200 nm) leading to lower
capillary forces than in the xerogels.

In conclusion, drying, sintering, and the composite
approach will improve the mechanical properties. However,
xerogels samples usually cracked during filling with liquids
certainly because of the presence of flaws, which weaken the
gel network, and the small pores, which enhance capillary
forces during filling. We can thus conclude that this set of
samples is not an appropriate host for nuclear wastes.
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4.2. Permeability. Thesecond important porous feature of the
host matrix is permeability. Permeability (𝐷) was measured
by a method based on Archimedes’ principle [16]. Previous
study has shown that 𝐷 decreases with sintering [15] and
these new results confirm the previous data (Figure 6). The
results are in agreement with the empirical Carman-Kozeny
relation: 𝐷 ∝ (1 − 𝜌𝑟)𝑟

ℎ

2 [13, 15], where 𝑟
ℎ
is the mean pore

size (hydraulic radius).
According to this relation, because of the decrease in

the mean pore size and the increase in relative density, 𝐷
decreases. So a compromise in density needs to be found for
the use of sintered aerogels as host matrices. Bulk density
has to be high enough to obtain a matrix with acceptable
mechanical properties but not too high, to have significant
permeability. The permeability of the composite aerogels set
was measured using the same method (Figure 7) but, in
contrast to the sintered aerogels, permeability of composites
aerogel increased with an increase in density.

This counterintuitive result (with respect to the Carman-
Kozeny relation) is due to the fact that while the addition of
aerosil particles increases density it also increases mean pore
size [33]. The net result is an increase in𝐷.

The composite aerogels set combines improvement of the
mechanical properties and an increase in permeability. This
method is easy to use and produces host matrices with a
large porous volume that is accessible and can be rapidly
impregnated by water. Next, we tested the different porous
networks as host matrices for long lived nuclides.

5. Loading of Gel Derived Porous Glass by
Simulating Oxides

Although there are a number of fission product radionuclides
with high activity (137Cs and 90Sr) and a long half-life (99Tc,
200,000 years; 129I, 1.6 107 years) in nuclear wastes, actinides
account for most of the radiotoxicity because, after several
hundred years, the radiotoxicity is dominated by 239Pu (half-
life = 24,100 years) and 237Np (half-life = 2,000,000 years).
Thus, most of the long-term risk is directly related to the fate
of these two actinides in the environment. Generally nuclear
wastes are provided in salt form in aqueous solutions and,
in the trapping approach [14–17, 31], the nanopore structure
is used to allow migration of the liquid species (salt in
solution) throughout the whole porous volume. Because of
the fine pore structure, we would expect ourselves to be able
to prepare a nanocomposite using a very simple process.
Soaking of the porous network by surrogate solutions then
needed to be tested. We chose Nd and Ce because of their
different affinity with silica which produces different kinds
of glass ceramics, simulating the possible behavior of the
actinides in the presence of silica.

In a previouswork [15], we showed that partial sintering is
required to resist capillary forces, and heat treatment has two
effects: it increases the mechanical strength of the aerogels
and removes the smallest pores to reduce the effects of
capillary phenomena. As explained above, the final density
must avoid the formation of cracks but retain a sufficiently
large porosity to allow the migration of the liquid through
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the whole volume of the sintered aerogels. The compromise
was a bulk density close to 1 g⋅cm−3 (almost 50% of the pore
volume). Cerium and neodymium nitrates were dissolved in
water. After soaking in an oven the sintered aerogels were
dried and calcined at 600∘C for two hours to decompose the
neodymium nitrate. Further heating at 1,100∘C fully sintered
the gel structure [15, 26, 39].

The dense solid consisted of a silica matrix in which the
surrogate oxide was trapped. The difference in weight before
soaking and after sintering enables measurement of the
“waste loading” in weight percent. Figure 8 shows that waste
loading increased with the concentration of the simulate
solution. Waste loading close to 10 weight percent can be
achieved with this process [15] but the loading was twice
lower than expected (calculated from the pore volume and
the concentration of the solution).We concluded that, during
the preliminary sintering step to achieve density close to
1 g⋅cm−3, part of the porosity closed and the soaking solution
was unable to invade the whole porosity. Another approach
proposed by Aravind et al. [17] is to incorporate surrogate
(Nd
2
O
3
) in the alcogel just before drying. The results of this

study showed that high waste loading was obtained (30%).
Another way to improve the loading rate is to use a

highly permeable porous structure that is more accessible
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to the soaking solutions. This goal was achieved using the
composite aerogel set. After soaking, drying, and calcination,
the composite aerogels samples were fully sintered in the
temperature range 1,100–1,250∘C. Because composite aerogel
has a higher pore volume than sintered aerogels, higher waste
loading (35%) can be achieved with this process (Figure 8).
However, high surrogate loading should cause thermome-
chanical stress. We discuss this problem in Section 7 of the
paper.

6. Sintering Behavior

Dilatometer data (Figure 9) show that the sintering increases
rapidly around 1000–1200∘C, in the vicinity of the silica
glass transition. Above 1000∘C the sintering mechanism is a
viscous flow process characteristic of amorphous materials
[26, 39]. The sintering process is affected by the loading rate
and Figure 9 shows the shrinkage curves of samples loaded
with various CeO

2
and Nd

2
O
3
concentrations.

The curves (Δ𝑙/𝑙
0
) show that a high loading increases

the temperature range in which shrinkage is large. This
temperature is close to 1,050∘C for the composite aerogel
samplewithout loading, 1150∘C for the sample containing 10%
of Nd

2
O
3
, and 1,250∘C for the composite aerogel loaded with

13% of Nd
2
O
3
.

Loading by surrogate solution prevents sintering, because
the crystalline phases (CeO

2
and Nd

2
O
3
) are not involved

in the viscous flow mechanism responsible for sintering of
amorphousmaterials.The effect on the sintering temperature
is more pronounced for Nd than for Ce because the samples
loaded with Nd present three different crystalline phases:
neodymiummono-silicate (Nd

2
SiO
5
), di-silicate (Nd

2
Si
2
O
7
),

and neodymium sesquioxide (Nd
2
O
3
). Consequently the

sintering step has to be adjusted to the composition of the
loaded porous glass and can vary by 200∘C.

7. Characterization of
the Waste Glass Ceramics

We have shown that these porous matrices can be filled with
the surrogate solution and fully sintered, demonstrating that

Figure 10: Aerogels sample (left), sintered aerogel (middle), and Nd
loaded material (right).
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rapid containment of actinides in silica is possible. After
sintering, the nanocomposite solids consist of a silica matrix
in which the actinide surrogate is trapped.Thewaste loadings
we studied are in the range of 5–35% but loading higher than
50% can be achieved with these processes [17, 31].

7.1. Structure. Figure 10 shows an aerogel on the left. After
complete sintering the aerogel is transformed in silica glass
(middle) or in glass ceramic (right).

The final structure of the nanocomposite materials is that
of glass ceramics. The X-ray spectra show that the sintered
material loaded with Ce is a biphasic compound (SiO

2
-

CeO
2
) [40].The sample loaded with Nd presents three differ-

ent crystalline phases, neodymium mono-silicate (Nd
2
SiO
5
)

and di-silicate (Nd
2
Si
2
O
7
) but also neodymium sesquioxide

(Nd
2
O
3
) (Figures 11 and 12).

High Nd content favors the presence of neodymium
mono-silicate (Nd

2
SiO
5
). These structural differences are the

result of the affinity of Ce and Nd for Si. In the case of
Ce, the formation of a binary glass in a melting process is
difficult; Ce generally forms CeO

2
crystallites [41]. Moreover

the crystalline phases of cerium silicates like Ce
2
Si
2
O
7
are not

stable at temperatures below 1,400∘C [42, 43].
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Figure 13: Back-scattered electron microscopy of the glass ceramic
loaded with of Nd

2

O
3

.

In the case of Nd, glasses with a weight percent between
2 and 5 have been obtained [44, 45]. The phase diagram also
shows that the different Nd silicates (Nd

2
SiO
5
andNd

2
Si
2
O
7
)

are stable at room temperature (Nd
2
O
3
) [46, 47].

7.2. ElectronMicroscopy. Back-scattered electronmicroscopy
(Figures 13 and 14) showed that the surrogate oxides were
homogeneously distributed in the silica matrix.

The size of the surrogate domain ranged from 20 to
200 nm and the nanocomposites consisted of a silica matrix
in which lanthanides oxides are trapped.

7.3. Thermomechanical Properties. The mechanical proper-
ties of the different glass ceramics are important in validating
the process. The mechanical behavior of matrices containing
nuclear wastes should be as high as possible because fractur-
ing of thematrix will increase the corrosion rate (i.e., increase
the contact surface between the solid and water).The rupture
strength decreases progressively with the Nd loading and the
weakening is important when Ce loading is higher than 10–
15% [48]. Figure 15 compares the experimental data of the
elasticmoduluswith calculated data given by theReussmodel
[49].

Figure 14: Back-scattered electron microscopy of the glass ceramic
loaded with of CeO

2

.
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Figure 15: Evolution of the elastic modulus versus the loading rate
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2
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, (circle) and Reuss models or Nd
2

O
3

(dotted line) and CeO
2

(full line).

The model predicts the evolution of Young’s modulus of
composite materials as a function of the volume fraction and
elastic properties of the different phases. The model assumes
the stresses are transferred from a phase to another which
requires both a close contact between matrix and particles
and nomicrocracking.Themodel straight line was calculated
with the elastic moduli of the silica glass (73GPa [50]), CeO

2

(184GPa [51]), and Nd
2
O
3
(418GPa [52]). Figure 15 shows

that for loading higher than 15% the experimental data are
clearly lower than the model prediction which confirms a
weakening of the composite structure. This weakening of the
material is the result of the large differences between the ther-
mal expansion coefficients of the compounds present in the
glass ceramics; the thermal expansion coefficient of vitreous
silica (0.5 10−6/∘C) is lower than that of CeO

2
(11.5 10−6/∘C)

and Nd
2
O
3
(12 10−6/∘C) crystallites [47]. After sintering and

cooling, local stresses can occur at the boundary of the
CeO
2
and Nd

2
O
3
crystallites because of major differences in

thermomechanical properties.The net result is the formation
of microcracks that weaken the glass ceramics. Some authors
tried to improve waste loading between 20 and 50% [17,
31]. However this approach could lead to microcracks in
glass ceramics and the microflaws would encourage aqueous
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Table 1: Normalized Ce, Nd, and Si mass loss (g⋅m−2) versus corrosion time.

Days
SiO
2

SiO
2

-CeO
2

SiO
2

-CeO
2

SiO
2

-Nd
2

O
3

SiO
2

-Nd
2

O
3

Si mass loss
(g⋅m−2)

Si mass loss
(g⋅m−2)

Ce mass loss
(g⋅m−2)

Si mass loss
(g⋅m−2)

Nd mass loss
(g⋅m−2)

7 0.124 0.250 n.m. 1.17 0.01
14 0.252 0.436 n.m. 2.89 0.025
21 0.34 0.656 0.108 5.91 0.15
28 0.442 1.012 0.162 9.33 0.31

corrosion and hence lead to the diffusion of actinides in the
environment.Once again a compromise needs to be found for
“efficient”waste loading in the range 10–15%.This loading rate
is acceptable and corresponds to the nuclear waste content in
existing borosilicate nuclear waste glass [10, 52].

7.4. Chemical Durability. Chemical durability ensures resis-
tance to aqueous corrosion. In general, glass corrosion in
aqueous solutions is governed by diffusion-controlled ion
exchange and dissolution of the glass network itself [52–55].
Corrosion could be favored by the presence of thermome-
chanical stresses [55] and by the solubility of the silica in
regions with different curvature [56]. Moreover saturation of
the solution can affect the processes.We have seen that theNd
glass ceramic have amore complicated structure thanCe glass
ceramic. As a result, different chemical durability behaviors
are to be expected.

As explained in the introduction, vitreous silica has high
chemical durability. This is thus necessary to compare the
mechanisms of alteration of the Nd and Ce glass ceramics
with those of silica and the usual borosilicate glass. The
chemical durability of the glass ceramics was measured with
a conventional Soxhlet device [15], and we measured the Ce,
Nd, and Si mass losses [40] (Table 1).

The normalized silica loss characterizes the destruction
of the glass network by the glass former dissolution. The
dynamic corrosion rate (𝑉

0
) of pure silica is equal to

0.015 g⋅m−2 per day, 100 times lower than the corrosion rate of
the usual nuclear waste glass for which 𝑉

0
is equal to 2 g⋅m−2

per day [53, 54]. 𝑉
0
for the glass ceramics loaded with the

Ce was 0.035 g⋅m−2 per day and 0.25 g⋅m−2 per day with Nd:
evidence of the better chemical durability of glass ceramics
compared to that of nuclear waste glass.The corrosion rate of
the Nd glass ceramic is 8 times higher than SiO

2
. It has been

shown that the sol-gel-glass process allows the synthesis of
binary neodymium silica glasses with neodymium content as
high as 5% [44, 45], less durable than SiO

2
.

Long-term aqueous corrosion results [48] also suggest
that in these new matrices a limit of solubility is attained that
prevents alteration of the material, which is not the case of
standard nuclearwaste glass inwhich the process of corrosion
is never stopped in water [8, 57, 58]. In the literature, the
corrosion of the Nd glass ceramics has also been studied
through soxhlet experiments [9, 23].These authors also found
a poor corrosion effect but unfortunately the data are not
comparable because of the lower temperature they used for
the process (60–70∘C) and a shorter experiment (only lasting

two days) which does not allow the chemical durability to be
characterized in saturation conditions.

8. Conclusion

Borosilicate glass is a solid in which a wide range of
nuclear waste can be dissolved and successful industrial-scale
technologies have been developed. However research is now
investigating new containment matrices with high chemical
durability, because it is important to limit the possible
release of radionuclides if the matrix is destroyed by aqueous
erosion.This paper describes different matrices aimed at ren-
dering hazardous materials less dangerous including fixing
the hazardous material in the nanopores of porous glasses
and vitrifying the nanoporous material containing the less
hazardous material.

The composite silica approach is likely the best compro-
mise to confine actinides. A high pore volume is available
for impregnation and network permeability is increased and
rapid containment of surrogate actinide oxides in silica has
been demonstrated. Surrogate elements are embedded in the
silica matrix. The main advantages of the process are the
high chemical durability of the silica matrix and the good
mechanical resistance.

In addition to the problem of the synthesis of new porous
matrices, the influence of the reactivity of the surface and of
the pore structure on the physical and chemical properties
of the invading species is the subject of much ongoing
research. We have presented two examples in which the
reactivity of the chemical species in the matrix is extremely
important for the physical properties of the final two-phase
materials. It should also be underlined that this process
enables the synthesis of nanocomposite materials, which
cannot be achieved by melting. Sintering preserves the initial
heterogeneous structure.
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Hydrophilic layers of porous silicon are prepared by single- or two-step anodization and characterized by evaluating their surface
hydrophilicity and contents of functional groups using IR spectroscopy and adsorption of acid-base indicators with different p𝐾a
values. The surface functional composition of the synthesized samples is shown to be adjustable depending on the anodization
current density. The surface of samples obtained at anodization current density 30mA/cm2 is predominantly occupied with p𝐾a
2.5 corresponding to ≡Si–OH groups. The increase of current density to 80mA/cm2 results in the increase of surface functional
nonuniformity with the formation of versatile centers, primarily Lewis acidic sites corresponding to Si atoms, as indicated by
selective indicator adsorption in agreement with the disappearance of Si–H bonds in IR spectra and overall surface disordering
according to SEM and AFM data.

1. Introduction

Porous silicon (por-Si) is a promising material for sensors,
biosensors, and specific medical purposes [1–4]. Biomedical
applications of por-Si involve the use as a carrier for target
delivery of single or combined drugs [5–9], photosensitive
agents in photodynamic therapy and in tissue engineer-
ing [10], various biodetectors, and biomedical imaging [11]
including tumor visualization, as well as eye diseases. Mod-
ified por-Si layers can be used in biosensors [1, 2, 4, 12–
17] for various applications including the determination of
glucose, DNA, antibodies, bacteria, and viruses [12–14]. This
application area involves different types of sensors, including
electric, electrochemical, optical, and labeling devices [15–
17]. Biosensor application of por-Si also includes the use
in passive platforms for the deposition of biological cul-
tures and active elements interaction with the biological
environment [15, 18, 19]. A highly developed porous struc-
ture of por-Si facilitates the development of highly efficient

parallel biochips for the analysis of several cultures in one
platform. Furthermore, por-Si is a promising material for
nanocontainers in targeted drug delivery [3–9, 20].Themain
advantages of por-Si nanocontainers include high sorption
or carrier capacity due to a large surface area, pore volume
and concentration, high stability, biocompatibility, versatility
of modifications and characteristics, inexpensive synthesis
processes, and easy exploration in target applications [4, 9,
20–23]. Moreover, por-Si nanocontainers are efficient for in
vivo applications since they dissolve in an organism with the
rate adjustable by varying the porosity and surface chemistry
[4, 24–26] and yield only a nontoxic orthosilicic acid that
affords a controllable drug release from such nanocontainers.

In this way, por-Si nanoparticles can be used for effective
delivery of antiviral drugs to infected cells. In [27] a signifi-
cant increase of Streptocidum (saliphenylhalamide, SaliPhe)
solubility was achieved by encapsulating this antibiotic into
thermally hydrocarbonized por-Si (THCPSi) nanoparticles
subsequently releasing this drug to inhibit influenza infection
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in vitro and reduce the number of progeny viruses in
influenza-infected cells. In addition to increased solubility,
the considered por-Si based nanosystems were shown to
provide improved drug delivery properties, including high
stability in vitro and low cytotoxicity [27]. The preparation of
biodegradable por-Si nanoparticles functionalized with anti-
bodies that target cancer cells and containing a hydrophobic
anticancer drug camptothecin described in [7] afforded a
successful targeting and selective destruction of cancer cells.

A highly promising application area relates to the devel-
opment of systems for a simultaneous delivery of different
therapeutic agents, for example, low molecular weight drugs,
and with relatively large peptides [6], such as hydropho-
bic indomethacin in combination with hydrophilic human
peptide YY3-36 (PYY3-36). The authors argue that the
startup sequence of the two drugs in por-Si nanoparticles
affects the release rate of each drug. PYY3-36 was found to
provide a significant improvement of por-Si nanoparticles
cytological compatibility and possess a biological activity and
ability to penetrate the intestinal cells after the release from
nanoparticulate por-Si carrier.

Depending on the type of carried drugs and their
chemical composition, particularly specific functional groups
(hydroxyl groups, amino groups, etc.) in their molecules,
the nanocontainer surface should meet the corresponding
requirements such as hydrophilic or hydrophobic nature,
presence of certain adsorption centers (functional groups),
and charge. By adjusting the technological conditions, it is
possible to adjust geometric characteristics of the porous
texture and the composition of the porous silicon surface. It
is significant for delivering various therapeutic agents, from
small drugs to large molecular peptides/protein therapeutics
[4]. Particularly, the hydrophilic-hydrophobic, acid-base, and
donor-acceptor properties determined by the presence of
specific centers and functional groups on the surface sig-
nificantly affect such properties as wettability, permeability
of pores to certain substances (that in turn determines the
selection of solvents or dispersion media), and interaction
with physiological liquids and drugs.

Furthermore, the phase composition and morphology
of porous silicon surface are also highly important. These
properties are known to markedly vary depending on the
source material and electrochemical processing conditions
parameters [9, 20, 21, 28–30]. XANES and IR spectroscopy
investigations [29] revealed that the ratio between oxide
and silicon phases in the surface layer is higher for por-
Si obtained at low-resistance substrates of n-Si compared
with p-por-Si samples due to the concentration and type of
substrate doping impurities. Furthermore, XANES and XPS
studies indicated a considerable variation of por-Si phase
composition, particularly the content of 𝛼-Si, 𝛼-Si : H, and
nanocrystalline silicon (nc-Si) phases in depth of the porous
layer [21, 30]. The surface layer is enriched with a mixture of
silicon dioxide, nonstoichiometric silicon oxide (up to 48%),
and hydrogenated amorphous silicon while the percentage of
nc-Si grows with depth (e.g., to 62% at the depth of 60 nm).

In addition to the specific composition of functional
groups, their general acid-base properties as well as the
charge state of por-Si surface are also very important factors

that should be considered when choosing the conditions
for obtaining porous silicon; they significantly affect the
interaction mechanism between por-Si carrier surface and
grafted therapeutic agents or other substances.

An effective approach to the study of adsorption centers
and functional groups on the surface of solids using a selective
adsorption of acid-base indicators with different p𝐾a values
was suggested in [31, 32]. This method is extremely sensitive
and allows distinguishing the functional groups of the same
chemical composition differing only in the electron density
distribution and therefore in their acid-base and donor-
acceptor properties characterized by their p𝐾a values. Earlier
the considered technique was successfully applied in the
study of various oxidematerials [31, 32]; however it was never
used in respect of porous silicon.

This research work is aimed at the study of possibilities
to control the surface composition of por-Si useful for target
drug delivery by the variation of its synthesis parameters via
electrochemical anodization in an Unno-Imai cell.

2. Experimental

2.1. Preparation of Porous Silicon Layers. Por-Si layers were
prepared by electrochemical anodization of monocrystalline
silicon in an Unno-Imai [33]. The application of Unno-
Imai method is determined by a more uniform electric field
distribution over the anodized sample in the case of a double-
chamber cell compared with a single-chamber one due to a
direct electric contact between the silicon plate cathode side
and electrolyte in the second consecutively connected cell
(chamber). This approach provides an increased uniformity
of the porous layer characteristics over the plate surface and
simplifies the plate preparation for anodization because a
preliminary formation of a highly doped or metal layer on
the nonprocessed side of the plate is not required in this case.

KEF-5 silicon (111, n-type conductivity, doped with phos-
phorus, electric resistance 5Ohm⋅cm) was used as a source
substrate material. All the samples were subjected to the
same pretreatment procedures before and posttreatment
procedures after the electrochemical anodization.

The electrochemical anodization was carried out using
an aqueous electrolyte comprising HF aqueous solution with
addition of isopropyl alcohol [4, 34]. Porous silicon was
prepared via a single- and two-stage anodization with the
variation of current density 𝐽 and anodization time 𝑡. The
process conditions are summarized in Table 1.

2.2. Characterization Methods. The morphology and texture
of the obtained por-Si samples were characterized by SEM
(Phenom) and AFM (Ntegra Terma, NT-MDT) methods.

The composition of functional groups on por-Si surface
was studied by FTIR reflectance spectroscopy using aNicolet-
6700 installation in a mode specifically useful for the char-
acterization of semiconductors [4, 21, 29, 35, 36] involving
both integrated (over a large surface) and local (in the areas
up to 10 𝜇m) ones. This characterization was performed for
samples obtained under different conditions in single- and
two-phase synthesis as well as for samples prepared under the
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Table 1: Conditions of por-Si layers preparation.

Series of samples Current density
𝐽, m0/cm2 𝑡, min Number of prepared samples Notes

I 30 15 8 Single-stage anodization
II 80 15 8 Single-stage anodization
III Stage 1: 80

Stage 2: 30
Stage 1: 30
Stage 2: 60

2 Two-stage anodization

IV 2 Two-stage anodization, storage in ambient
conditions for 2 years

(a) (b)

Figure 1: Texture of obtained por-Si illustrated by SEM data of splits for samples synthesized at (1) 𝑗 = 30mA/cm2, 𝑡 = 60min and (b)
𝑗 = 80mA/cm2, 𝑡 = 30min.

same conditions straight upon the synthesis and after 2-year
storage in ambient conditions.

Furthermore, in order to precisely analyze the surface
functionality of the samples, they were also studied using
a selective adsorption of acid-base indicators with different
p𝐾a values. This method described in detail in [31, 32]
affords a highly sensitive determination and distinguishing
surface centers, including functional groups of the same
chemical composition differing only in the electron density
distribution and, consequently, in their acid-base and donor-
acceptor properties. In this paper we determined the content
of the acid centers on the surface of the synthesized samples:
the typical silicon surface Lewis acid centers (Si atoms) and
Bronsted acid centers (groups ≡Si–OH), close to the neutral
centers (group =Si(OH)

2
) and the main centers (the group –

Si(OH)
3
).

3. Results and Discussion

3.1. Effect of Synthesis Parameters on por-Si Morphology and
Texture. SEM data for splits of por-Si samples prepared
under anodization conditions corresponding to each stage
of series III separately and after the complete two-stage
anodization as well as for a sample synthesized in a single
stage within the time equal to the overall anodization time for

series III at current density 80m0/cm2 are shown in Figures
1 and 2.

The textural characterization of these samples suggests
that in the considered conditions a system of channels
is formed involving meso- and macropores predominantly
spread along a (100) crystallographic direction. The samples
prepared at the current density 80mA/cm2 are featured with
the presence of pores directed rectangularly to the surface
plane that probably accounted for the applied electric field
geometry and competing processes at anodization.

As shown in Figure 2, two-stage anodization with the
variation of current density in the considered conditions
provides the formation of two por-Si layers with a well-
defined boundary. The textural features of por-Si layers
prepared in a two-stage mode (Figure 2(a)) resemble that for
the samples synthesized in a single-phasemode in the similar
conditions (Figures 1(a) and 1(b)). The formation of more
loose and highly developed surface for samples prepared
in two stages is probably determined by the second-stage
features involving not only the formation of por-Si layer with
modified texture during the anodization front movement
inside the substrate but also a certain additional etching of
the top por-Si layer.

AFM data (Figure 3) indicate that the increase in the
anodization current density leads to the increase of the
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(a) (b)

Figure 2: SEM data for splits of por-Si samples prepared (a) in two-stage (stage 1: 𝑗 = 80mA/cm2, 𝑡 = 30min; stage 2: 𝑗 = 30mA/cm2,
𝑡 = 60min) and (b) single-stage anodization (𝑗 = 80mA/cm2, 𝑡 = 90min).
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Figure 3: Morphology of por-Si layers according to AFM data: (1), (c) series I (𝑗 = 30mA/cm2); (b), (d) series II (𝑗 = 80mA/cm2).
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resulting pore size and a significant surface flattening between
the pores.

3.2. IR Spectroscopy Data on the Composition of Functional
Groups on the Surface of Porous Silicon. IR reflectance spec-
troscopy analyses were carried out for por-Si samples pre-
pared via a single-stage anodization in two different modes:
(a) 𝑗 = 80mA/cm2, 𝑡 = 30min and (b) 𝑗 = 30mA/cm2,
𝑡 = 60min, as well as via a two-stage process involving
consecutively performed stages (a) and (b). For the latter
samples IR spectra were recorded straight upon the synthesis
and after 2-year storage in ambient conditions (series III and
IV in Table 1, resp.). IR spectra of the studied samples are
illustrated in Figures 4 and 5.The observed absorption bands
are interpreted in accordance with reference data [29, 37–39]
and summarized in Table 2.

The comparative analysis of the considered data indicates
the following: IR spectra of all the studied por-Si samples
involve absorption bands at 2958, 2927, and 2856 cm−1
suggesting the presence of carbon-containing complexes on
their surface. The amount of carbon-containing complexes
grows with the increase of anodization current density
(Figure 4). According to [36], the appearance of carbon-
containing species on por-Si surface is determined by the
electrochemical oxidation of an alcohol component of elec-
trolyte yielding C=O groups reacting with surface hydroxyls.
The sample obtained in a single stage at 𝑗 = 30mA/cm2
and 𝑡 = 60min is featured with a significantly reduced
content of such species (among the discussed bands, only
peaks at 2927 and 2856 cm−1 corresponding to stretching
antisymmetric vibrations of CH− in CH

2
and CH, resp., are

present in their spectra) compared with the sample prepared
at higher current density. For the sample prepared using a
two-stage synthesis their amount is further decreased. These
data are in agreement with the conclusions that anodization
at the second stage results in the formation of a new por-Si
layer inside the silicon plate below the already formed layer
(anodization front spreads inside the substrate) and etching
of the top layer (Figure 2(a)). The content of nano- and
mesopores also drops consequently resulting in the decrease
of alcohol and its electrochemical oxidation products.

In the range 3100–3700 cm−1 a broad absorption band is
observed corresponding to surface hydroxyls (\–X bonds).
The surface of obtained por-Si samples is featured with
hydrophilicity (as suggested by the absence of bands at 948
and 644 cm−1 intrinsic to Si–H bonds in the spectra of
samples straight after preparation) mostly prominent in the
case of anodization current density 30mA/cm2.

The presence of absorption bands numbers 7 and 8
(1056–1160 cm−1) responsible for antisymmetric stretching
vibrations of SiO− in O–SiO and C–SiO is typical for the
oxidation of a highly developed surface of por-Si.

2-year storage (samples of the series IV) results in the
increase of peaks indicated by number 4 (the most intensive
peak in this region corresponding to O

3
SiH group) and

number 5 (SiH–SiO
2
group) that in combination with a high

intensity of antisymmetric stretching bands of SiO− in O–
SiO and C–SiO probably reflects the oxide layer growth on
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Figure 5: IR spectra of por-Si layers prepared by two-stage process
straight before the characterization (green line) and stored within 2
years after the synthesis in the same conditions (blue line).

por-Si surface. A long time storage also led to the increase
of bands 1–3 relating to carbon-containing complexes while
the band at 3600–3200 cm−1 decreased (as shown by the
increased reflection in this region). The reduced absorption
relating to \–X groups in this region can be attributed to
the interaction of hydroxyls with alcohol-containing residues
of the electrolyte and products of electrochemical oxidation
of alcohols diffusing to the surface and forming carbon-
containing species. Thus, redistribution of chemical bonds
on por-Si surface proceeds in the course of storage. In
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Table 2: IR absorption peaks in the por-Si samples interpreted according to [29, 37–39].

Number∗ Band position, cm−1 Interpretation
1 2958 Antisymmetric stretching vibrations of CH− in CH

3

2 2927 Antisymmetric stretching vibrations of CH− in CH
2

3 2856 Antisymmetric stretching vibrations of CH− in CH
4 2250 SiH− in O

3
–SiH

5 2190 SiH− in SiO
2
–SiH

6 2106 SiH− in Si
2
H–SiH

7-8 1056–1160 Antisymmetric stretching vibrations of SiO− in
O–SiO and C–SiO

9 827 Symmetric stretching vibrations of SiO in O–Si–O
10 948 SiH− in Si

2
–H–SiH

11 760 Si–C
12 664 SiH− deformation vibrations
∗It corresponds to the relating numbers of absorption bands in Figures 4 and 5.

Table 3: Data of por-Si surface characterization by the adsorption of acid-base indicators with different p𝐾a values.

p𝐾a Indicator Supposed type of
surface centers

Content of surface centers, nmole/cm2
(on both sides of ∼1 × 1 cm plates)

Series I
Anodization current density 30mA/cm2,

more uniform surface

Series II
Anodization current density 80mA/cm2,

less uniform surface

2.5 m-Nitroaniline Acidic hydroxyls
≡Si–OH 28,5 25,2

6.4 Bromocresol purple
Almost neutral

hydroxyls
=Si(OH)

2

7,24 24,9

8.8 Thymol blue Basic hydroxyls
–Si(OH)

3

1,17 10,1

14.2 Ethylene glycol Si atoms 6,1 356

contrast with the fresh por-Si, the samples subjected to a 2-
year ageing are featured with a growing surface passivation
with hydrogen as indicated by the appearance of bands at
948 cm−1 (SiH− in Si

2
–H–SiH) and 644 cm−1 (SiH pendulum

oscillations). It should be also noted that IR reflectance
spectrumof por-Si after 2-year storage ismore complicated in
the region 1000–600 cm−1 compared with the same material
straight after the synthesis.

3.3. Indicator Adsorption Data on the Surface Functional
Composition. A detailed analysis of the surface functional
composition using the selective adsorption of acid-base
indicators with different p𝐾a values was carried out for
hydrophilic por-Si layers obtained at two different anodiza-
tion current values (series I and II). The results summarized
in Table 3 indicate that the surface of samples prepared at the
current density 30mA/cm2 is predominantly occupied with
Bronsted acidic centers with p𝐾a 2.5 corresponding to ≡Si–
OH groups. The increase of current density to 80mA/cm2
results in a drastic decrease in the content of these centers
(in agreement with the observed decrease of hydrophilicity)
and prevailing of Lewis acidic centers with p𝐾a 14.2 probably
formed by silicon atoms, in combination with a certain

increase in the concentration of Bronsted neutral (p𝐾a 6.4)
and basic (p𝐾a 8.8) centers likely relating to =Si(OH)

2

and –Si(OH)
3
groups, respectively. Probably the synthesis

performed in more “severe” conditions with a significantly
higher current density results in “loosening” of the surface
layer with multiple disruption of bonds to form versatile
centers, including surface silicon atoms as well as “double”
and “triple” hydroxyl groups.

4. Conclusions

Porous silicon layers are prepared by single- and two-stage
anodization of monocrystalline n-type silicon (111) with the
variation of anodization current density, number of synthesis
stages, and their conditions as well as storage time after the
preparation.

IR reflectance spectroscopy revealed the presence of
absorption bands at 2958, 2927, and 2856 cm−1 indicating the
presence of carbon-containing complexes on por-Si surface
with the content of these species depending on the synthesis
conditions. A broad absorption band corresponding to sur-
face hydroxyls (O–H bonds) is also observed in the region
3100–3700 cm−1.
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The surface of obtained por-Si samples is found to possess
hydrophilic properties (as suggested by the absence of bands
at 948 and 644 cm−1 intrinsic to Si–H bonds in the spectra of
samples straight after preparation) mostly prominent in the
case of anodization current density 30mA/cm2.

The characterization of the prepared por-Si samples by
adsorption of acid-base indicators with different p𝐾a values
indicated a possibility for the control over their surface
functional composition via the variation of the synthesis
conditions. The surface of samples obtained at anodization
current density 30mA/cm2 is predominantly occupied with
p𝐾a 2.5 corresponding to ≡Si–OH groups. The increase
of current density to 80mA/cm2 results in the increase
of surface functional nonuniformity with the formation of
versatile centers, primarily Lewis acidic sites corresponding
to Si atoms, as indicated by selective indicator adsorption
in agreement with the disappearance of Si–H bonds in IR
spectra and overall disordering of the surface morphology
according to REM and AFM data.

Generally, the obtained results demonstrate an approach
to a wide range adjustment of por-Si porosity and surface
properties to address various specific goals.
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[34] H. Föll, M. Christophersen, J. Carstensen, and G. Hasse,
“Formation and application of porous silicon,”Materials Science
and Engineering R: Reports, vol. 39, no. 4, pp. 93–142, 2002.

[35] M. F. Panov and V. V. Tomaev, “Optical reflection of oxidized
PbSe films in the infrared spectral range,” Glass Physics and
Chemistry, vol. 38, no. 4, pp. 419–426, 2012.

[36] A. A. Kopylov and A. N. Kholodilov, “Infrared absorption
in porous silicon obtained in electrolytes containing ethanol,”
Semiconductors, vol. 31, no. 5, pp. 470–472, 1997.

[37] A. Borghesi, A. Sassella, B. Pivac, and L. Pavesi, “Charac-
terization of porous silicon inhomogeneities by high spatial
resolution infrared spectroscopy,” Solid State Communications,
vol. 87, no. 1, pp. 1–4, 1993.

[38] A. Borghesi, G. Guizzetti, A. Sassella, O. Bisi, and L. Pavesi,
“Induction-model analysis of SiH stretching mode in porous
silicon,” Solid State Communications, vol. 89, no. 7, pp. 615–618,
1994.

[39] V. P. Tolstoy, I. V. Chernyshova, and V. A. Skryshevsky,
Handbook of Infrared Spectroscopy of Ultrathin Films, Wiley
Interscience, 2003.



Research Article
Microwave-Assisted Solvent-Free Synthesis of
Zeolitic Imidazolate Framework-67

Heng Zhang,1,2,3 Jing Zhong,1,2,3 Guoxiang Zhou,3 Junliang Wu,3

Zhenyu Yang,4 and Xianming Shi5

1Key Laboratory of Structure Dynamic Behavior and Control (Harbin Institute of Technology), Ministry of Education, Harbin,
Heilongjiang 150090, China
2School of Civil Engineering, Harbin Institute of Technology, Harbin 150090, China
3School of Civil Engineering and Architecture, Wuhan Polytechnic University, Wuhan 430023, China
4Department of Chemistry, Nanchang University, Nanchang 330031, China
5Department of Civil & Environmental Engineering, Washington State University, P.O. Box 642910, Pullman, WA 99164-2910, USA

Correspondence should be addressed to Jing Zhong; zhongjing@hit.edu.cn and Xianming Shi; xianming.shi@wsu.edu

Received 17 December 2015; Revised 3 March 2016; Accepted 13 March 2016

Academic Editor: Gurvinder Singh

Copyright © 2016 Heng Zhang 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.

A microporous metal-organic framework (MOF), cobalt-based zeolitic imidazolate framework-67 (ZIF-67), was synthesized by
the combination of solvent-free hand-mill and microwave irradiation, without any organic solvent and within 30 minutes. The
hand-milling process can mix the reactants well by the virtue of high moisture/water absorption capacity of reactants. In addition,
the outstanding electromagnetic wave absorption capability of cobalt leads to efficient conversion to MOF structures before
carbonization. The obtained ZIF-67 possesses high surface area and micropore volume.

1. Introduction

Metal-organic frameworks (MOFs) are a family of highly
porous crystalline materials, which consist of metal ions
and ligands that are coordinated into 3D structures. In light
of their unique physicochemical characteristics, MOFs have
great potential for applications such as gas storage [1, 2],
separation [3], drug delivery [4], heterogeneous catalysts [5],
luminescence [6],magnetism [7], biomedical sensors [8], and
heating transformation through reversible water adsorption
and desorption [9]. MOFs feature very large specific surface
area and pores size controllable and adjustable by the proper
selection ofmetal ions andorganic linkers [10, 11]. In addition,
the organic linkers can be functionalized independentlywith-
out sacrificing the geometrical characteristics of 3D porous
structures, which is another unique advantage [12, 13].

Although MOFs have garnered increasing interests of
researchers, there are still several factors limiting their practi-
cal applications [14, 15]. The use of organic solvents and long

synthesis time are two of the top challenges. Organic solvents
pose the risk to operators and the natural environment, lead-
ing to limited autoclave availability, whereas the long synthe-
sis time tends to translate to high energy consumption and
cost.

There are several strategies to address challenges in syn-
thesizingMOFs, among which the solvent-free (SF) synthesis
and microwave (MW) synthesis are very promising [16, 17].
For instance, Lin et al. reported that the porous metal azolate
framework can be synthesized by simply heating the mixture
of metal oxide/hydroxide and azole ligand only [18]. Friscic
adopted “accelerated aging” to assist the synthesis of multi-
gram of metal-organic framework without using solvents,
high temperature, or another activation [19]. Nonetheless,
with few exceptions [20], SF mixing alone without any
subsequent or concurrent treatment, such as hydrothermal
process, would not effectively produce MOFs. While it is
essential to mix the solid reactants well in order to synthesize
uniform MOF particles, this can only be partially achieved
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with the aid of ball milling [21, 22]. Microwave-assisted
synthesis of MOFs has proven its effectiveness in recent
years [23, 24]. Microwave absorption can induce vibration
of atoms and molecules and thus convert mechanical energy
to thermal energy, which induces chemical reactions very
efficiently [25].The polar solvents, which have high dielectric
absorptivity, function as thermal conversion agents to elimi-
nate local superheat spots, promoting fast and homogeneous
nucleation over the MOF growth process. In this study, a
hypothesis to test is that the efficiency of MW treatment
should also depend on the wave absorption capability of the
metal ions. This factor, to the best of our knowledge, has not
been considered in previous studies.

Zeolitic imidazolate frameworks (ZIFs) are a class of
MOFs that are topologically isomorphic with zeolites, in
which tetrahedrally coordinated transition metal ions are
connected by imidazole linkers [26]. The structure of ZIFs
is highly stable, and it can be heated to high temperatures
without decomposing, making them suitable for use in hot
environments [27]. Tanaka et al. reported a mechanochem-
ical dry conversion of ZnO to ZIF-8 by ball milling, which
avoids the use of organic solvents using excess amount of
2-methylimidazole. And the BET surface area of obtained
ZIF-8 reached the maximum (1480m2 g−1) after milling
for 96 h [28]. Subsequently, Lanchas et al. used 1-butanol,
pyridine, and 4-methylpyridine as structure directing agents
to generate ZIF single crystals above 88–90∘C [29]. Lin et al.
also reported that the porousmetal azolate framework can be
synthesized by heating the mixture of metal oxide/hydroxide
and azole ligand at 100∘C for 24 h [18]. Although it has been
reported that ZIF-67 can be obtained within several minutes
by hydrothermal methods, either excess 2-methylimidazole
(Zn2+ : 2-methylimidazole : H

2
O = 1 : 70 : 1238) or additives

[30, 31], such as trimethylamine, are needed, which results in
the waste of reactants and pollution to the environment. In
addition, the samples synthesized within minutes by normal
solvothermal/hydrothermal methods generally have lower
surface areas and smaller pore volumes. A mechanochemical
synthesis of ZIFs inwhich crystal formation can be completed
within several minutes has not been reported. Interestingly,
we also noticed that the cobalt ions in ZIFs have excellent
electromagnetic wave absorption properties [32–34] and thus
may facilitate the fast synthesis of ZIFs via theMW treatment
method.

Here, we describe a very rapid method for the synthesis
of cobalt-based zeolitic imidazolate framework-67 (ZIF-67),
taking the advantages of coupling SF and MW treatments.
The goal is to eliminate the use of organic solvent in the proc-
ess and shorten the synthesis time to less than 30 minutes,
including 20 minutes for manual grinding and 5 minutes for
the crystallization.

2. Experimental Section

2.1. Materials. All the reagents, including cobalt nitrate
hexahydrate (98%, Sigma-Aldrich), 2-methylimidazole (99%,
Sinopharm), and cobalt nitrate hexahydrate (98%, Sigma-
Aldrich) were used as received.

2.2. Preparation of ZIF-67. The preparation of ZIF-67 con-
sisted of three steps: (1) mixing the starting materials by
mechanical attrition at room temperature for 20min; (2)
production of ZIF-67 crystals with MW-irradiation; (3)
washing the as-synthesized ZIF-67withmethanol for 3 times.
Specifically, 895mg 2-methylimidazole was finely powdered
in an agate mortar for 5min; then 404.8mg Co(NO

3
)
2
⋅6H
2
O

was added and the mixture was ground for another 15min.
The resulting mixture was transferred into a quartz boat and
placed in a domestic microwave oven and heated for 5min.
The obtained solid, termed SF MW ZIF-67, was washed with
methanol for 3 times and then separated by centrifugation.
Domestic microwave oven (G90W25M SP-WD) was used,
with the power of 900W.

We also tested whether the addition of cobalt-containing
salt to the precursors of Zn-based MOFs can facilitate the
formation of Zn-based MOFs. We prepared ZIF-8 with the
solvent-freemethod by adding small amount of cobalt source
(Co(NO

3
)
2
⋅6H
2
O) into the starting materials. 785mg of 2-

methylimidazole was ground for 5 minutes, followed by
the addition of 642mg of Zn(NO

3
)
2
⋅6H
2
O. Then 166mg

of Co(NO
3
)
2
⋅6H
2
O was added and ground for another 15

minutes. The microwave treatment is the same as that of the
SF MW ZIF-67.

2.3. Characterization. The structures of the ZIF-67 crystals
were investigated by scanning electron microscopy (HELIOS
Nanolab 600i); X-ray diffraction (XRD, Empyrean series 2,
PANalytical) and infrared spectrum (IR, Frontier Optical,
PE) surface areas were measured by 3H-2000PS1 Specific &
Pore Size Analysis Instrument (BeiShiDe Instrument).

3. Results and Discussion

During the solvent-free (SF) synthesis of MOF, mechanical
grinding is required to promote the reactions between solid
reactants through multiple mechanisms, including heating,
defects formation, particle size reduction, local melting, and
even phase changes to other polymorphs [32]. Ball mill
is generally preferred to grind the solid reactants, since it
can supply high power, being programmable, and result
in smaller particles with small polydispersity [17]. In this
study, however, instead of ball mill, we use hand-mill only
to accelerate the moisture/water absorption of the solid
reactants. Once the two reactants are mixed and ground,
the solid mixture turns into blue liquid (Figures 1(a) and
1(b)) within several minutes (which is dependent on the air
humidity). It is mainly caused by the high moisture absorp-
tion capability of cobalt nitrate hexahydrate. The quantity
of absorbed moisture seems large enough to dissolve all
reactants (cobalt nitrate hexahydrate and 2-methylimidazole)
without any noticeable solid particles, making the reactants
well mixed. Upon further hand-milling for several minutes,
solid pink particles (Figure 1(c)) gradually precipitated until
the whole liquid mixture eventually changed back into solid
particles. This is because 2-methylimidazole can gradually
absorbwater in the liquidmixture as long as it is not saturated.
Such solid-liquid-solid phase change during hand-milling
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Figure 1: Photographs of starting materials (a), the liquid mixtures (b), and products before MW-irradiation (c) and after MW-irradiation
(d).

can greatly facilitate the unprecedented uniform mixing of
the solid reactants. Since the input energy to the reactants
during hand-milling is negligible comparing to ball milling
process, the mechanism related to the mechanochemical
synthesis probably cannot be applied to the situation of hand-
milling. Indeed, as will be discussed in the following, the
obtained solid particles after hand-milling do not possess any
structural characteristics of ZIF-67. Those pink particles are
then treated by MW-irradiation, which is necessary for the
synthesis of ZIF-67 in this study. UponMW treatment, it can
be observed that the color of the particles changed from pink
to purple (Figures 1(c) and 1(d)). It is worth pointing out that
although the MW oven we used in this study is domestic and
cheap instead of programmable and expensive industry MW
oven, the physical/chemical properties of the obtainedZIF-67
are quite stable formore than five times synthesis and confirm
the reproducibility.

Figure 2 presents SEM images of the ZIF-67 samples
synthesized by the SF method. The samples maintain the
rhombic dodecahedral shape, which is consistent with ZIF-
67 prepared by autoclaved method. However, the average
size of the SF samples is about 500 nm, which is much

1𝜇m

5𝜇m

Figure 2: SEM images of ZIF-67 crystals.

smaller than the traditional one. This may be due to its short
synthesis time resulting in a fast nucleation and short growth
rate during the SF process. Figure 3 shows the structures
of ZIF-67 at different MW-irradiation time. The structure
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Figure 3: XRD patterns of as-synthesized ZIF-67 products under
MW-irradiation for 0min (a), 1min (b), and 5min (c).

and high crystallinity of our prepared ZIF-67 product are
confirmed by the XRD patterns shown in Figure 3(c). The
positions of diffraction peaks agree well with the simulated
one. A favorable orientation of (110) direction was observed,
from the highest peak at 2 theta value of 7.3 degrees,
which represents (110) plane of ZIF-67 crystals. We can see
from Figures 3(a) and 3(b) that, with no or not enough
MW-irradiation, the peaks of the products do not conform
to the simulated one, indicating no ZIF-67 structure was
generated. This phenomenon was further certified by FTIR
spectroscopy (Figure 4). From the comparison between the
samples before and after MW-irradiation, we can see that,
before microwave-assisted heating, the as-synthesized ZIF-
67 precursors obtained by just grinding exhibit peaks in
accordance with 2-methylimidazole as reported in literature
[35], implying no ZIF-67 product was prepared. However,
after MW treatment, a new absorption band at 477 cm−1 was
displayed, manifesting the Co-N stretching, which proved
the existence of ZIF-67 structure. On the other hand, the
duration of MW-irradiation should be carefully controlled
to prevent the overheating of the particles. In this study, the
samples are cooled down after each 1min in MW treatment
for the prevention of the collapse of the framework and even
its carbonization.
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ZIF-67, after MW
ZIF-67, before MW
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Figure 4: IR spectrum of SF MW ZIF-67 crystals.

Figure 5(a) shows nitrogen adsorption isotherm of
SF MW ZIF-67, which is a Type I isotherm, representing
a micropore structure. The Brunauer-Emmett-Teller (BET)
specific surface area and Langmuir specific surface area
of ZIF-67 are calculated to be 1120m2/g and 1562m2/g,
respectively. A pore size distribution ranging from 1.24 nm
to 1.36 nm, based on the Horvath-Kawazoe (H-K) model, is
shown as in Figure 5(b).The peak at 1.3 nm probably resulted
from the distortion of the second-building unit (SBU), which
is formed through the reaction of Co2+ and 2-MImduring the
hand mixing or microwave radiation. Considerable energy
will be absorbed by the reaction systemduring themicrowave
radiation treatment, and it not only accelerates the formation
of MOF but also might be able to distort the already formed
SBU.As can be seen from the complementary experiments, in
which themicrowave radiation time decreased from 1minute
to 30 seconds, the size of the pores decreases obviously
and the peak at 1.3 nm disappears. Clearly, the microwave
radiation treatment time has some impact on the pore size
distribution.

For the solvent-free microwave heating method in this
study, we prepared ZIF-67 with the reactant quantity much
closer to stoichiometric Co-2MI ratio (1 : 7.94), in which not
only does it improve the reagent utilization efficiency and
avoid using of poison reagents, but also the resultant MOFs
have higher surface area (1120m2/g) and micropore volume
(0.52mL/g). Actually, those values are similar to the MOFs
obtained by traditional solvothermal/hydrothermal samples
(>100∘C, 1 h to 1 month). We further carried out experiments
by shortening the heating time during each heating and
cooling process. It was found that when the heating time
decreases from 1 minute to 30 seconds (Figure 6), the
surface area and micropore volume can be enhanced to
1591m2/g and 0.74 cm3/g, respectively, which fully testified
the accessibility of this approach and, by optimizing the
preparation conditions, we can synthesize ZIF-67 solids with
good quality within several minutes but without using any
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adsorption-desorption isotherms (a) and H-K micropore size distribution (b) of SF MW ZIF-67.

Table 1: Physical properties of different samples.

Samples Mean pore size (nm) 𝑆BET (m
2/g) Micropore volume (cm3/g)

C-ZIF-67 1.17 1725 0.82
SF MW ZIF-67-1 1.18 1120 0.52
SF MW ZIF-67-2 1.31 1591 0.74
C-ZIF-67, ZIF-67 samples synthesized by the conventional solvothermal method.
SF MW ZIF-67-1, ZIF-67 samples synthesized by the SF MWmethod, in which heating time is 1 minute.
SF ZIF-67-2, ZIF-67 samples synthesized by the SF MWmethod, in which heating time is 30 s.
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Figure 6: N
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adsorption isotherms of different samples.

poisonous reagent or waste of reactants. We also compare the
porous structures of ZIF-67 obtained viaMW treatment with
conventional solvothermalmethod. FromFigure 7, the lattice
distance of the SF MW ZIF-67 increased, while the particle
size reduced from 800 nm to 500 nm, implying that the pore
size increased throughMWtreatment.Thiswas confirmed by
the pore size distribution by N

2
adsorption testing in Table 1,

which shows a pore size distribution ranging from 1.24 nm
to 1.36 nm and a median pore diameter of 1.31 nm. This is
much larger than the conventional ones with a median pore
diameter of 1.17 nm and pore volume (at 𝑃/𝑃

0
= 0.024) of

0.82 cm3/g. In addition, the pore volume of the MW samples
can be increased by tuning the heating time from 1 minute
to 30 s (total MW heating time is the same, i.e., 5min) in
every MW heating interval (63%, 𝑃/𝑃

0
= 0.038, 0.52 cm3/g

versus 90%, 𝑃/𝑃
0
= 0.021, 0.74 cm3/g). Meanwhile, the mean

pore size also decreases to 1.18 nm, which is similar with
the traditional ones. This phenomenon illustrates that the
porosity can be tuned by varying the heating intervals during
the SF MW process, which can facilitate the generation of
hierarchical pores.

We also apply the same procedure to synthesize ZIF-8.
However, MW-irradiation directly converts the particles into
amorphous carbon instead of ZIF-8, and the addition of extra
water to the precursors of ZIF-8 during hand mix still cannot
prevent the carbonization (Figure 8). Further, we testified
whether our method applies to those ZIF or MOF systems
that can only be synthesized in solvothermal conditions,
in which we tried the synthesis of MOF-5. Unfortunately,
there is no MOF-5 generated according to the XRD analysis
(Figure 9). Such distinct comparison clearly illustrates the
importance of electromagnetic wave absorption capability
of metal ions. Cobalt is one of the most effective electro-
magnetic wave absorbents. When irradiated by electromag-
netic waves, cobalt ions act as superheat spots and trigger
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Figure 7: TEM images of the as-synthesized SF MW ZIF-8 particles (a, b, c), SF MW ZIF-67 particles (d, e, f), and C-ZIF-67 particles (g, h,
i).

the complexation between the metal ions and ligands to
form stable 3D microporous MOF structures. Therefore, the
MOF formation mechanism during MW treatment in this
study should be very different from the conventional ones
where it is the organic solvent that acts as heating spot

as we discussed previously. In addition, we expected that
the existence of cobalt would facilitate the production of
ZIF-8 due to its microwave-absorbing properties. We added
a minimum of Co(NO

3
)
2
⋅6H
2
O to the precursors for the

synthesis of ZIF-8, and the results of this experiment testified
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Figure 8: Images for the samples obtained by the microwave radiation for the precursors of ZIF-8 with extra (a) 10mL water and (b) 100mL
water.
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Figure 9: XRD for the samples obtained by hand mixing and
microwave treatment for the precursors of MOF-5.

our assumption. It can be clearly seen from Figure 10 that
there is a peak at 417 cm−1 in the IR spectrum of SF MWZIF-
8/ZIF-67, which represented the Zn-N stretching, implying
the formation of ZIF-8 structure. When compared to the
IR spectrum of SF MW ZIF-67, the difference was evident
between 400 cm−1 and 500 cm−1. In SF MW ZIF-67, as
exemplified in Figure 4, the adsorption band is at 477 cm−1,
which is the characteristic for Co-N stretching. Therefore,
ZIF-8 was prepared successfully with the existence of cobalt
nitrate. The TEM images in Figure 7(a) revealed that the
particle size of ZIF-8 was about 50 nm with hexagonal shape.

4. Conclusions

In this study, we combine hand-milling withMW-irradiation
methods to synthesize ZIF-67. This avoids the use of organic
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Figure 10: IR spectrum of SF MW ZIF-67 (red) and SF MW ZIF-
8/ZIF-67 (black).

solvent and shortens the synthesis time to less than 30 min-
utes. The hand-milling process is to mix the solid reactants
well, whereas the MW-irradiation successfully converts the
participating reactant particles to ZIF-67. The synthesized
ZIF-67 features high surface area and micropore volume. We
also show that the electromagnetic wave absorption capabil-
ity of metal ions plays a key role in the successful conversion
of reactants to MOFs, which merits further investigation.
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Porous gold films presented in this paper are formed by combining gold electroless deposition and polystyrene beads templating
methods. This original approach allows the formation of conductive films (2 × 106 (Ω⋅cm)−1) with tailored and interconnected
porosity. The porous gold film was deposited up to 1.2𝜇m on the silicon substrate without delamination. An original zirconia gel
matrix containing gold nanoparticles deposited on the substrate acts both as an adhesion layer through the creation of covalent
bonds and as a seed layer for the metallic gold film growth. Dip-coating parameters and gold electroless deposition kinetics have
been optimized in order to create a three-dimensional network of 20 nmwide pores separated by 20 nm thick continuous gold layers.
The resulting porous gold films were characterized by GIXRD, SEM, krypton adsorption-desorption, and 4-point probes method.
The process is adaptable to different pore sizes and based on wet-chemistry. Consequently, the porous gold films presented in this
paper can be used in a wide range of applications such as sensing, catalysis, optics, or electronics.

1. Introduction

The combination of the intrinsic properties of gold and of
those of a porous material makes porous gold films (PGFs)
an interesting material in many applications. These films
are conductive [1] and chemically stable [2], present good
wettability in electrolyte solutions [3], and exhibit a large
specific surface area. Thus, porous gold films are increasingly
used for electrochemical devices such as electric double-layer
capacitors (EDLC) [4–7], Li-ion batteries [4, 8], or fuel cells
[9, 10]. PGFs are also used as bio/chemical sensing electrode
systems [2, 11–14], based on their nontoxic and biocompatible
nature [12] and on the presence of active sites for biomate-
rials. In addition, these films present a high electrocatalytic
activity, rapid mass transport, and a good thermal stability,
which makes them suitable for (electro)catalytic applica-
tions [12, 15–17]. Finally, PGFs exhibit excellent properties
concerning Surface-Enhanced Raman Spectroscopy (SERS),

Fluorescence, and Surface Plasmon Resonance (SPR), mak-
ing them an attractive material for optical applications [18–
20].

The pore size (from the nm to the mm scale), the pore
modality (mono- or multimodal), and the presence of acces-
sible and interconnected pores are essential parameters to
be taken into account in relation to the targeted application.
Some applications require small pore sizes (nm scale) in order
to have a large specific surface area and thus increasing the
active surface of the material. On the other hand, some other
applications need large pore sizes (𝜇mscale) to ensure a better
mass transport [14, 21, 22]. Developing processes to fabricate
porous gold films with tailorable properties is of undeniable
interest.

PGFs are currently fabricated using mainly either a top-
down dealloyingmethod or a bottom-up templatingmethod.
The dealloying process consists in selectively etching the less-
noble metal from a binary alloy (mostly Ag

𝑥
Au
1−𝑥

) [11, 23].
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The alloy is either directly bought from a supplier in the
form of a metallic ribbon [6, 10, 18, 24] or fabricated using
mainly cosputtering deposition [1, 5, 25, 26], electrodepo-
sition [4, 9, 19], vapor/thermal deposition [22, 27, 28], or
more rarely electroless deposition [15, 29].The sample is then
chemically or electrochemically selectively etched, leading
to the formation of a porous framework of the remaining
metal, composed ofmetallic ligaments and pore channels [23,
29]. Porous gold films fabricated by this method are tunable
in thickness and pore size but present some weaknesses.
First of all, they mostly require costly dedicated equipment
and/or conductive substrate for the binary alloy fabrication
(sputtering or electrodeposition methods). Then, the films
are not systematically deposited on substrates, which could
limit the scope of application. If deposited on substrates
they require costly and constraining sputtering of Cr/Au
or Ta/Au adhesion layers in order to prevent delamination
of the film during etching [26]. Moreover, the dealloying
process requires concentrated acid treatments to remove the
less-noble metal from the alloy. The dealloyed films often
contain some remains of this less-noble metal, degrading
their catalytic properties [16]. Finally, PGFs contain pore
sizes within the nm range, limited by the size of the less-
noble metal aggregates composing the alloy. The templating
method, on the other hand, is a simple and cost-effective way
to create porous gold films of controlled pore sizes (from nm
to 𝜇m scale) [17, 30]. This technique allows the formation
of a porous film of a controlled thickness by a totally wet
approach. It is based on the deposition of an assembly of
spherical particles (template), followed by the filling of the
interstitial spaces between the spheres by the material of
our choice (which is gold here). The final step consists in
removing the template (either by calcination or by dissolution
(solvent or acid)), revealing the porous structure of the
filling material. Various types of templates exist, allowing
us to choose the pore sizes desired (from the nm to the
mm scale): colloidal crystals (e.g., silica spheres) [31, 32],
polymers (e.g., polystyrene beads) [15, 33–35], surfactants
[13, 14, 36], hydrogen [21, 37], or biomaterials [38, 39]. Filling
the interstices between the spheres is mainly achieved by
electrodeposition method [13, 21, 32, 34, 37], which consists
in an electrochemical growth of a selected metal on a
conductive substrate. A variant of electrodeposition is the
electroless deposition technique. It allows depositingmetallic
films, while avoiding the constraining use of a conductive
substrate. Only a few papers [14, 31, 33, 35] are reporting
the combined use of electroless deposition method and
templating technique to create porous gold films so far.

In this paper, we present an original totally wet-chemistry
approach to fabricate gold filmswith controlled and intercon-
nected porosity using alternate of templating and electroless
deposition processes. PS beads have been used here as
template, since they allow the tailoring of the pores and
are highly monodisperse, easily autoassembled, and easily
removable. Gold electroless deposition method has been
chosen to embed the PS beads in this conductive metal as
we are able to control the thickness of the deposited film.
An original Au/ZrO

2
film is deposited on a silicon substrate.

It is composed of a zirconia (ZrO
2
) gel matrix embedding

gold nanoparticles. The inorganic matrix anchors the gold
nanoparticles to the substrate. It creates Si-O-Zr bridges with
the functionalized silicon substrate surface as a replacement
for organic linkers previously reported in the literature [40].
The gold nanoparticles act as growth seeds for the growth of
the gold film. Electrical, chemical, and structural properties
of such films have been investigated during this work.

2. Materials and Methods

All the materials were purchased from Sigma-Aldrich
(France). To avoid any purification, deoxygenated milli-Q
water (18.2MΩ⋅cm) was used in all the preparations. All
reactions were carried out under argon atmosphere. All the
glassware dedicated to the gold nanoparticles embedded in
zirconia matrix synthesis is washed with aqua regia prior to
use. 3 × 2 cm2 P-doped (5–10Ω) pieces of Si (100) wafers are
used as substrates. First, they are thermally oxidized (110∘C)
creating a 200 nm thick SiO

2
layer.

2.1. Preparation of the Au/ZrO2 Sol. The gold nanoparticles
embedded in zirconia matrix (Au/ZrO

2
) were synthesized

according to a previous work [41]. A solution containing
equimolar (0.011mol) amount of zirconium(IV) propoxide
solution (Zr(OC

3
H
7
)
4
, 70 wt.% in 1-propanol) and acety-

lacetone (CH
3
COCH

2
COCH

3
, ≥99%) was prepared into

a 250mL three-necked flask. The mixture was stirred for
30 minutes under air to ensure the homogeneity of the
solution and to allow the protection of the zirconiumalkoxide
by chelation with a 𝛽-diketone (acetylacetone) in order to
slow down hydrolysis reaction [42]. 1mM Gold(III) chloride
trihydrate (HAuCl

4
⋅3H
2
O, ≥99.9% trace metal basis) in 2-

propanol ((CH
3
)
2
CHOH absolute, over molecular sieve,

≥99.5%) gold solution and 13mM of sodium borohydride
(NaBH

4
, ≥96%) in a mixture of water/2-propanol reducing

agent solution were prepared on a side.The gold solution was
added into the flask, and after a few minutes of stirring, the
reducing agent solution was added under vigorous stirring.
The yellowish solution takes instantly a blood-red colour.The
stirring of the solution was carried on during 3 hours under
air. Hexane (CH

3
(CH
2
)
4
CH
3
anhydrous, ≥95%) was added

to the Au/ZrO
2
sol and was centrifuged at 2500 rpm during

30min at 0∘C. The upper organic phase was thrown out and
theAu/ZrO

2
solid phase redispersed in ethanol (CH

3
CH
2
OH

absolute, ≥99.8%). DLS measurements and TEM analyses
showed that the gold nanoparticles formed are approximately
5 nm in diameter.

2.2. Preparation of the PS Beads. The PS beads were synthe-
sized by a modified microemulsion polymerization method
[43]. 1 g of sodium dodecyl sulfate (CH

3
(CH
2
)
11
OSO
3
Na,

≥99.0%) is dissolved in 90mL of water in a 250mL three-
necked flask topped with a reflux condenser and connected
to argon. The temperature is raised to 80∘C and 0.15 g of
potassium persulfate (K

2
S
2
O
8
, ≥99.0%) dissolved in 10mL

of water is added to the reaction batch. A mixture of
1.5 g of styrene (C

6
H
5
CHCH

2
, ≥99%) and 0.1 g of 1-butanol

(CH
3
(CH
2
)
3
OH, ≥99.4%) is added drop by drop under mild
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Repeated n times

(b) Au/ZrO2 deposition

Figure 1: Schematic diagram of the porous gold film fabrication.

agitation (200 rpm) for 30min.Then, 3.5 g of styrene is added
all at once to the batch and is stirred for 1 hour. The solution
is heated at 85∘C for 1 hour before being cooled down to
room temperature (RT). The bluish solution contains PS
beads with a diameter of about 20 nm (determined by DLS
measurements).

2.3. Fabrication of the Porous Gold Film. The fabrication
process of such a film includes five steps. These steps are
presented in Figure 1 and will be detailed in the following
subsections.

2.3.1. Surface Hydroxylation. The oxidized silicon substrate is
cleaned by soaking in a Piranha solution during 2 hours at RT
followed by the immersion in a boiling solution containing
hydrogen peroxide solution (H

2
O
2
, 30 wt.% in H

2
O) and a

few drops of ammonium hydroxide solution (NH
4
OH, 28–

30% NH
3
basis). This cleaning process allows the creation

of hydroxyl groups on the surface of the silicon substrate
(Figure 1(a)). The substrates can be stored in mQ-water until
used (up to a month) [44].

2.3.2. Au/ZrO2 Seed Layer Deposition. The seed layer, avoid-
ing delamination of the film and containing gold nanopar-
ticles, is deposited by dip-coating technique. The functional-
ized substrate is rinsed withmQ-water and dried vertically in
air at RT. It is immersed in the Au/ZrO

2
stock solution during

10 s and withdrawn at a constant speed of 100mm⋅min−1.
The substrates are dried vertically in air at RT for 2 hours
(Figure 1(b)). The Au/ZrO

2
film, after the deposition and

drying processes, has a bluish tint and is about 300 nm thick.

2.3.3. Gold Electroless Plating. The Au/ZrO
2
-coated silicon

substrate is immersed in an aqueous solution containing
4mL of the ionic gold precursor (HAuCl

4
, 0.1 wt.%) and

0.25mL of hydrogen peroxide solution (H
2
O
2
, 30 wt.%

in H
2
O) for 2 minutes while agitated continuously. The

Au/ZrO
2
film takes progressively a violet and then black

colour. Finally, a goldish tint appears on the film (Figure 1(c)).

2.3.4. Deposition of the PS Beads Template. The PS beads
were assembled on the gold-coated substrate by dip-coating
method. The sample was immersed in the PS stock solution
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Figure 2: Size distribution by volume of (a) diluted ethanolic solution of Au/ZrO
2
and (b) diluted aqueous solution of PS beads.

for 10min and withdrawn at a constant speed of 2mm⋅min−1.
It is dried vertically in air at RT overnight [45]. The film
deposited is opalescent and colourless (Figure 1(d)).

2.3.5. Au/PS Multilayered Film and Dissolution of PS Beads.
The gold electroless plating and the deposition of the PS
beads template steps were reproduced 𝑛 times to form a
multilayered film. The sample is finally immersed in toluene
(C
6
H
5
CH
3
, ≥95%) for 1 hour to remove the PS beads and

create consequently porosity within the film (Figure 1(e)).

3. Results and Discussion

3.1. DLS Analysis. To determine the particle size and size
distribution of the gold nanoparticles, Dynamic Light Scat-
tering (DLS) analyses were performed using a Malvern Zeta-
sizer Nano-S90 on diluted samples. The size distribution is
expressed by volume, and the particle size is calculated as the
average value of three successive measurements. The results
represented below indicate that the ethanolic solution of
Au/ZrO

2
contains gold nanoparticles with a mean diameter

of 4.9 nm. The distribution is comprised between 2 nm and
8 nm with a maximum centered on 4.9 nm (Figure 2(a)).
The solution is considered to be monodisperse in size since
the peak is narrow. The same analyses have been conducted
on a diluted aqueous solution of PS beads. The sample is
monodisperse in size with a mean diameter of the bead equal
to 26.1 nm (Figure 2(b)).

Polystyrene beads used as templates present the advan-
tages of being tunable in size [46] (from 20 nm [43] to 400 nm
[47]) and easily removable by soaking in toluene. They
allow choosing the size of the pores created in our material
according to the considered application while preserving
their internal structure. The withdrawal speed chosen allows
the formation of an assembly of polystyrene beads on the
surface of the gold-coated sample. It is indeed observable
on the inset of Figure 5(a) as the porous network is well-
organized within the final material.

3.2. TEM Analysis. High Resolution Transmission Electron
Microscopy (HRTEM) was carried out using a TOPCON
EM002B TEM, operating at 200 kV. The TEM analysis per-
formed on a diluted sample of Au/ZrO

2
confirms the size

of the gold nanoparticles contained in the ethanolic solution
(Figure 3). It shows as well that spherical gold nanoparticles

Au 

ZrO2

10nm

Figure 3: TEM picture of a gold nanoparticle embedded in zirconia
matrix.

are indeed embedded in a zirconia matrix (light-grey in the
picture).

3.3. Formation Mechanism of the Gold Film by Electroless
Plating. The deposition of the Au/ZrO

2
seed layer by dip-

coating technique allows us to control the thickness and the
mechanical properties of the film. The withdrawal speed and
the drying process are themain parameters to control in order
to do this. The withdrawal speed chosen (100mm⋅min−1)
allowed us to obtain the appropriate thickness of the film
(300 nm). The film is uniformly deposited and continuous.
The drying process (2 hours in air at RT) avoids the presence
of cracks in the film and the delamination of the film.
Gold nanoparticles are immobilized onto the silicon substrate
thanks to the creation of strong Si-O-Zr bridges between the
hydroxylated silica surface and the ZrO

2
matrix embedding

these nanoparticles [42]. The H
2
O
2
introduced during the

electroless plating process acts as a reducing agent. It reduces
the Au3+ from the ionic gold precursor (HAuCl

4
) into Au0

(reaction (3)) as explained in previous work [40]:

2AuCl
4

−
+ 6e−  2Au + 8Cl− (1)

3H
2
O
2
 3O

2
+ 6H+ + 6e− (2)

2AuCl
4

−
+ 3H
2
O
2
→ 2Au + 3O

2
+ 8Cl− + 6H+ (3)

Gold atoms (Au0) reduced by the H
2
O
2
in the gold plating

bath contribute to the growth of the gold nanoparticles
immobilized onto the substrate. These nanoparticles act
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Figure 4: GIRDX diagrams of (a) amorphous Au/ZrO
2
at RT, (b) crystallized Au/ZrO

2
treated thermally at 1200∘C, and (c) Au/PS 10-layered

film.

as nucleation sites. Particles growth is followed by their
coalescence to form a continuous metallic gold film. The
nucleation/growth/coalescence process is visually noticeable
as it induces a change of colour on the gold film [48].
The reaction kinetics has been optimized in order to obtain
continuous gold films. The key parameters are the gold
precursor concentration and the 𝑉HAuCl

4

/𝑉H
2
O
2

ratio. The
thickness of the gold film mostly depends on the reaction
time [49, 50]. We have set this parameter to 2min, in order
to obtain continuous conductive metallic films of controlled
thickness (20 nm) between each PS assembly layers. Similar
results have been obtained elsewhere [40]. In this work, Hu
et al. employed a multistep process to ensure adherence of
gold nanoparticles to the substrate. Their process consisted
in functionalizing the glass surface with organic linkers
(APTMS), followed by the use of citrate-stabilized gold
nanoparticles as nucleation sites. The functionalizing step
lasted 16 hours under inert atmosphere, followed by the
immersion during 6 hours in the gold-citrate solution. The
alternative process we are presenting is a time-efficient one-
step method based on a sol-gel process.

3.4. XRD Characterization. The Au/ZrO
2
seed layer was

analyzed by Grazing Incidence X-Ray Diffraction (GIXRD)
(Figure 4(a)).The diagramswere recordedwith a Bruker AXS

D8 diffractometer using a Cu K
𝛼
radiation source (40 kV

and 40mA) and equipped with a Lynxeye XE 1D detector.
Experiments were carried out between 2𝜃 = 25∘ and 50∘. The
angle of incidence was fixed at 2∘.The presence of a large peak
on the diagram between 2𝜃 = 24∘ and 33∘ is characteristic
of the amorphous phase of the zirconia. This observation is
consistent with the fact that ZrO

2
presents a crystal structure

only at high temperature [51] and remains amorphous at
RT. The low-intensity peak situated at 2𝜃 = 38.65∘ could
be attributed to the cubic gold crystal structure. In order
to confirm the presence of gold nanoparticles embedded in
the ZrO

2
matrix, the film was treated at 1200∘C under air

(Figure 4(b)). One can observe the characteristic peaks of
the monoclinic ZrO

2
crystal structure at 2𝜃 = 24.00∘; 24.36∘;

28.00∘; 31.46∘; 34.14∘; 34.39∘; 35.28∘; 35.87∘; 38.54∘; 38.80∘;
39.41∘; 39.95∘; 40.70∘; 41.13∘; 41.37∘; 44.80∘; 45.49∘; 48.90∘;
and 49.24∘ according to the ICDD card reference 00-037-
1484. The presence of gold particles is also evidenced by the
diffraction peaks at 2𝜃 = 38.18∘ and 2𝜃 = 44.39∘ (ICDD card
reference 00-004-0784). No additional phase is observed.The
GIXRD diagram of the Au/PS 10-layered film (Figure 4(c))
exhibits diffraction peaks at 2𝜃 = 38.18∘ and 2𝜃 = 44.39∘
corresponding to the (111) and (200) lattice planes of the cubic
gold crystal structure (ICDD card reference 00-004-0784).
The relative intensity of the diffraction peaks shows that there
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Figure 5: SEMmicrographs of (a) PGF after two PS layers, (b) PGF after twenty PS layers, (c) PS beads assembly, and (d) top view of the ten
PS layers film.

is no preferential orientation during the formation of the gold
film onto the silicon substrate. No additional crystal phase is
observed.

3.5. SEM Analysis. Scanning Electron Microscopy (SEM)
analyses were carried out using a Zeiss Ultra 55. Images of
the porous gold films at different steps of the deposition
process are shown in Figure 5. The different layers deposited
during the process can be seen in Figure 5(a). The lower
200 nm thick layer corresponds to the thermally oxidized
silicon (SiO

2 therm.), coated with the 300 nm thick seed layer
(Au/ZrO

2
) on top of which we find the PGF.This porous film

is composed of two layers of PS beads assemblies coated with
20 nm thick gold thin films. The inset of Figure 5(a) (zoom
on the porous film) shows the porosity created within the
film. The hole size fits the diameter of the PS beads obtained
by DLS measurements. The deposition of ten successive PS
beads assemblies/gold thin film is represented in the inset of
Figure 5(b). No change in the structure of the overall film
was noticed. The pore size and the gold thin film thicknesses
stayed unchanged during all the process. At this point, the
porous gold film reaches a thickness of about 1.2 𝜇m, while
presenting no delamination. In order to increase the thick-
ness of the porous gold film, the deposition of 10 additional
Au/PS layers was experimented. The first 10 Au/PS layers are
uniformly deposited. However, the deposition of the last 10
Au/PS layers revealed the presence of large (about 3.6 𝜇m
thick) blocks of stacked alternativeAu/PS layers (Figure 5(b)).
This behaviour may be related to internal mechanical stress
within the material. Experimentally, we observed that the

10 upper layers are thicker and thicker as we carry on with
the PS beads deposition/electroless plating steps. We can
deduce from these observations that we have reached a
limit in the PGF growth by electroless deposition after 10
successive Au/PS layers. The same result was obtained after
each experiment conducted, showing the reproducibility of
the structure beyond the critical point. A SEM picture of
the PS beads assembly is presented in Figure 5(c). We can
notice that the PS beads are uniformly deposited on the gold-
coated substrate. Figure 5(d) shows the surface state of the 10-
layered film and a zoom on this surface state in the inset. The
final layer is homogeneous, continuous, and crackless and
contains low porosity. The gold layers between porous layers
are connected altogether and are about 20 nm thick. Such a
thickness allows the film to be continuous and conductive. All
the pores of the material are considered to be interconnected
since there are no remaining PS beads after toluene treatment,
even the ones situated close to the substrate.

3.6. AFM Analysis. Atomic-Force Microscopy (AFM) anal-
yses were performed using a Bruker Edge atomic force
microscope. Figures 6(a) and 6(b) show the 2D and 3D 1 𝜇m
× 1 𝜇m images, respectively, of the PS beads assembly. From
these figures, we can observe that the PS beads are spherical
and form a continuous film. The homogeneity of contrast
highlights the fact that the PS beads composing the film are
on the same level. The absence of volume effect, as the layer
exhibits a high density, is confirmed by the extracted profile
(based on the white line from Figure 6(a)) (Figure 6(c)).
The RMS roughness calculated (from Figure 6(a)) is 6.64 nm,
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Figure 6: (a) AFM 2D 1 𝜇m × 1 𝜇m image, (b) AFM 3D 1𝜇m × 1 𝜇m image, and (c) extracted line profiles from the 1 𝜇m × 1 𝜇m image.

which is low. This result shows that the distribution of
the PS beads is homogeneous. The morphology of the PS
beads assembly studied by AFM confirmed the observations
previously made by SEM (Figure 5(c)).

3.7. Krypton Adsorption-Desorption Isotherms. The Brun-
auer-Emmett-Teller (BET) specific surface areas (𝑆BET) were
determined from krypton adsorption-desorption at 77.35 K
using a Bel Japan Belsorp Max Instrument. Prior to the
experiments, the samples were outgassed at RT for several
hours under secondary vacuum. The PGFs exhibit a 𝑆BET of
4m2⋅g−1, which is considered to be high for such a material
[1, 37]. However, we were not able to determine an accurate
pore size as the sample mass characterized was too low
(3.3mg compared to the few hundred milligrams commonly
required).

3.8. Electrical Characterization. The electrical conductivity
of a 1 𝜇m thick porous gold thin film has been measured
using a Jandel RM2 four-point probes system (Figure 7). The
probes exhibit a 1.0mm spacing and a 125 𝜇m tip radius. The
value of the conductivity has been assessed to be 2 ± 0.2 ×
106 (Ω⋅cm)−1, which is about 20 times less than dense gold.
Similar results of PGFs conductivity have been found in the
literature.Maaroof et al. stated that the electrical conductivity

I

V

SSS

S = 1mm

d = 250𝜇m

Figure 7: Drawing of a four-point probes system.

of porous gold films is in the range 1× 105–3× 106 (Ω⋅m)−1 [1].
The decrease in the conductivity value is due to the presence
of pores in thematerial and hence the presence of air, which is
an insulating medium. As a comparison, the carbon exhibits
an electrical conductivity of 6.1 × 104 (Ω⋅cm)−1.
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4. Conclusion

The fabrication of porous gold films by an original “bottom-
up” approach through combined PS beads templating and
gold electroless deposition methods has been achieved. All
the techniques employed in the fabrication of the PGFs are
totally wet-chemistry processes.The deposition of an original
sol-gel-based Au/ZrO

2
adhesion/seed layer onto a silicon

substrate has been presented in this paper. Dip-coating
and drying parameters have been optimized in order to
deposit a uniform, continuous, and crackless film. The ZrO

2

matrix anchors the Au nanoparticles to the substrate and
prevents the delamination of the final material (PGF) up to
a thickness of 1.2 𝜇m. Simultaneously, the gold nanoparticles
embedded in the ZrO

2
matrix act as growth seeds for the

following gold electroless deposition. An autoassembly of
PS beads (template) has been deposited onto the Au/ZrO

2

film by dip-coating technique. Gold electroless deposition
kinetics parameters have been optimized in order to obtain
continuous conductive gold thin films of controlled thickness
between PS layers.The process described is conducted several
times and the PS layers are removed by dissolution. SEM
pictures showed a three-dimensional network of intercon-
nected and size-tailored 20 nm wide pores separated by
20 nm thick continuous gold layers. Krypton adsorption-
desorption isotherms demonstrated a specific surface area
(𝑆BET) of about 4m

2
⋅g−1.The fabrication process described in

this paper allows the deposition of amaterial exhibiting at the
same time a good conductivity value (2 × 106 (Ω⋅cm)−1) and
well-defined 20 nm wide pores. Such material is a promising
candidate for electric double-layer capacitor electrodes or
bio-/chemical sensors, for instance.
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A new methodology is developed for the fabrication of nanostructures on substrate based on anodized Al
2
O
3
(AAO)

porous template transfer process. It includes (1) forming amorphous alloy, negative UV-resist resin (i.e., SU-8), or PMMA
(polymethylmethacrylate) plate nanorod arrays by hot-press molding amorphous alloy, negative UV-resist resin (i.e., SU-8), or
PMMA plate into the anodized Al

2
O
3
porous substrates; (2) removing AAO templates by chemical etching process after suitable

posttreatment (annealing and/or irradiation) to improve the mechanical strength of the nanorod arrays; (3) reforming nanopore
films by hot-embossing the nanorod arrays into a thin layer of polymer film on substrates (e.g., silica); (4) cleaning the bottom
residues in pores of the films by oxygen plasmon. The results indicate that the diameters of amorphous alloy (or negative UV-
resist resin or PMMA) nanorod arrays can be ranged from 32 nm to 200 nm. The diameters of the imprinted ILR-1050 photoresist
nanopores are about 94.5 ± 12.2 nm and the diameters of the imprinted or SU-8 resin on glass slides nanopores are about 207 ±
26.4 nm, which inherit the diameters of AAO templates.This methodology provides a general method to fabricate nanorods arrays
and/or thin nanopore films by template transfer nanoimprint process.

1. Introduction

Nanostructural materials with defined size (from 1 nm to
1000 nm), shapes (e.g., triangle, square, or pores), and struc-
tures (e.g., monolayer, multilayers, and hierarchical arrays)
have shown unique properties for advanced applications [1–
4]. For instance, the ordered Ag nanopole arrays on Si wafer
preserve surface-enhanced Raman scattering, which can be
used for ultrasensitive bio/chemical sensing [5]. The surface-
confined Ag NPs (nanoparticles) show distinct blue shift
in the UV-Vis absorption [2]. Periodic nanoporous films
constructed by multilayered Ag/CoFeB/Ag structures have
enhanced magnetooptical effects [6]. Controlled fabrication
of nanostructural materials at large scale is the base for their
applications. For this goal, lots of methods have been devel-
oped, such as nanoimprint, template fabrication, lithography
using electron beam, ion beam, X-ray beam, and laser beam.
Among them, nanoimprint is powerful due to its large-scale
ability at low cost.

The success of nanoimprint critically depends on the
fabrication of robust and durable master molds and/or the
development of economical fabrication technologies for these
molds or direct imprinting [7–11]. Even though the con-
ventional fabrication methods including electron, ion, X-ray,
laser-beam or optical lithography can be used to fabricate the
master molds besides directly conducting nanoimprint for
some desired nanostructures, they are limited by either their
feature sizes or patterned area scales [12–16]. Most of the cur-
rent polymer master molds are not so strong and durable for
increased repeating times and crystallinemetal master molds
are limited by their grain sizes [17, 18]. Silicon or quartz based
molds can retain their high strength over a wide temperature
range and can be lithographically patterned. However, they
are brittle and have limited longevity [7]. Recently, template-
assisted lithography has been further developed for large-
scale fabrication of defined nanostructures at low cost. Partic-
ularly, anodized porous alumina makes it possible to prepare
porous master molds with areas as large as 28 × 45 cm2
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Figure 1: Scheme of the template transfer imprinting process for the preparation of nanopore structures. Forming amorphous alloy (or
PMMA) nanorod arrays by hot-press molding amorphous alloy (or PMMA) into AAO porous substrates (a); removing AAO templates by
chemical etching process (b); reforming nanopore films by hot-embossing the nanorod arrays into polymer film on substrates (c); cleaning
the bottom residues in pores of the films by oxygen plasmon (d).

and feature sizes as small as 13 nm (products brochure of
Synkera Technologies Inc.). However, most of the templates
are disposable and the nanoimprint process in which we
use the master molds made of traditional materials does not
improve replicability, which significantly affect the stability
and reliability of the final products.

It is well-known that amorphous metals and thermal-
setting polymers are intrinsically free from grain size limi-
tations and they are robust enough [8, 19–23]. Furthermore,
amorphous metals present superior mechanical properties
and some thermal-plastic polymers can become thermal-
setting by posttreatment at high temperature and/or irradia-
tion (i.e., UV photoresist) after they form the desired patterns
[1–4, 8]. In this paper, a new method termed as template
transfer nanoimprint is developed for the fabrication of
nanostructures on substrate based on AAO template transfer
process in which a kind of amorphous metal alloy (i.e., Pt-
based amorphous alloy) or a kind of robust epoxy resin
photoresist (i.e., SU-8) is used.

2. Experiment

2.1. Chemicals and Materials. Double-side anodized Al
2
O
3

(AAO) porous templates with pore sizes of 35 nm, 90 nm, and
200 nmwere purchased fromSynkeraTechnologies. Photore-
sist SU-8-2050 was purchased from MicroChem Inc. Plat-
inum, copper, andnickel bulkwith purity of 99.99%were pur-
chased from Zhongnuo Advanced Material Company. Red
phosphorus (99.99%) and 1,1,1,3,3,3-hexamethyldisilazane
(HMDS)were purchased fromAlfa Aesa. PMMA (polymeth-
ylmethacrylate) is purchased fromAlibaba. Positive photore-
sist ILR-1050 was purchased from Research Semiconductor
Company.

2.2. Preparation of Pt-Based Bulk Amorphous Alloy. The Pt-
based amorphous plates (ø4mm × 1mm) were prepared by

cutting the Pt-based amorphous rods that were prepared by
a rapid solidification process after pressing the molten alloy
into a copper mold of diameter of 4mm. An ingot with
composition of Pt

57.5
Cu
14.7

Ni
5.3
P
22.5

(atom%) [23–25] was
prepared, using a high-frequency induction melting (HFIM)
process (NEW-ADR-05) in which bulk platinum, copper,
nickel, and red phosphorus were melted together to produce
an alloy. To ensure chemical and structural homogeneity and
purification, the ingot was remelted 3∼5 times with B

2
O
3

under Ar atmosphere in an arc melting furnace. Then, the
ingotwas remelted again andPt amorphous rodswith a diam-
eter of 4mm were prepared by copper mold casting process.
These rods were cut into 1mm thick pieces, which will be
polished and cleaned in acetone, ethanol, and deionizedwater
for further use.

2.3. Template Transfer Process for the Fabrication of Nanopore
Structures. Figure 1 gives the scheme of the template transfer
imprint process for the preparation of nanopore arrays using
amorphous alloy as constructing materials. The AAO tem-
plates are firstly cleaned before using as follows: immersing in
acetone for 15mins and then in ethanol at 70∘C for 15mins,
and then washing in deionized water, drying by N

2
flow, and

then placing in an oven at 80∘C for 10mins. Then, the Pt-
based amorphous plate (ø4mm × 1mm) is pressed into the
cleaned AAO template at the temperature higher than its 𝑇

𝑔

(glass transition temperature) but lower than its𝑇
𝑥
(the initial

crystallization temperature) under a certain pressure that can
overcome the capillary forces (a). And then theAAO template
and the amorphous plate are immersed in 35% KOH etching
solution at 80∘C for 30mins to remove the AAO template,
leading to the formation of nanorod arrays with desired
diameter and interrod spacing (b). After that, the formed
nanorod arrays can be used asmaster mold to form nanopore
arrays again by hot embossing into a layer of polymer (e.g.,
positive photoresist ILR-1050 or SU-8) on substrates (c).
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Figure 2: XRD pattern for the Pt
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bulk metallic glasses (b).

Finally, the bottom residues in nanopores after the master
mold is released can be removed by oxygen plasma to obtain
bottom clean nanopore arrays for further application (d).The
Pt-based amorphous plate can be replaced by SU-8 based or
PMMA based plate to fabricate nanorod arrays, which can
also be used to prepare the nanopore structures.

3. Results and Discussion

In order to make sure the Pt-based alloy be in amorphous
phase, X-ray diffraction (XRD) of the Pt-based alloy rods was
performed. As shown in Figure 2(a), two broadly diffused
peaks at 41.0∘ and 74.8∘ appear in the XRD pattern, indicating
that amorphous Pt

57.5
Cu
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Ni
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22.5

alloy rods are prepared
[23–25]. In order to find the suitable temperature range for
the hot press process, the differential scanning calorimetry
(DSC) is conducted.As shown in Figure 2(b), there is a typical
glass transition at 502K (𝑇

𝑔
) and the initial crystallization

appears at 570K (𝑇
𝑥
) for the amorphous Pt

57.5
Cu
14.7

Ni
5.3
P
22.5

alloy. Thus, the super cooled liquid region is about 68K,
which provides us with a wide enough temperature range to
do the hot press.

In the template transfer process, the cleaned AAO
template covered with Pt-based amorphous alloy plate is
preheated at the temperature between 𝑇

𝑔
and 𝑇

𝑥
(i.e., 533 K).

Then, pressure (80∼130MPa) is applied on the amorphous
alloy plate and maintained about 60 seconds. And then the
sample is removed from the oven and quenched in cold
water. If the aspect ratio (length to diameter ratio: 𝐿/𝑑) of
the nanorods is low (<7), the amorphous alloy plate can be
easily separated from the AAO template due to their different
thermal coefficients (usually, Pt-based amorphous alloy is
smaller than AAO). For high aspect ratio, the AAO template
can be dissolved into hot concentrated KOH solution (80∘C,
35wt%). It is found that the applied pressure is increased as
the diameter of AAO template decreases. For example, the
applied pressure is about 80MPa for AAO templates with
diameter of 200 nm and the pressure has to be increased up
to 130MPa for AAO templates with diameter of 35 nm.

Figure 3 gives the SEM images of the formed Pt-
based amorphous alloy nanorod arrays transferred from
AAO templates of different diameters. The nanorod arrays
almost inherit the size and size distribution features of the
nanopores. The diameter of nanorod arrays is about 199.8 ±
25.8 nm if AAO templates with diameter of 202.4 ± 27.8 nm
are used (Figure 3(a)). The diameter of the nanorods is 87.8 ±
6.7 nm if AAO templates with diameter of 88.6 ± 6.8 nm are
used (Figure 3(c)). The diameter of nanorod arrays is about
32.0 ± 2.3 nm if AAO templates with diameter of 34.8 ±
2.4 nm are used (Figure 3(e)). As observed from the angle-
tilt image of some nanorod arrays (Figure 3(b) and inset of
Figure 3(d)), the aspect ratio can reach about 5-6, indicating
that the Pt

57.5
Cu
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22.5

amorphous alloy has good
super-plastic forming ability in its cooled liquid region, which
endows it excellent filling ability even in very small pores.

We also try to obtain thermosetting polymer nanorod
arrays using AAO template transfer process in which a kind
of UV curing epoxy resin (i.e., SU-8) or PMMA plates is used
as constructing materials [26, 27]. If using PMMA plates as
construction materials, the similar process as using Pt-based
amorphous alloys can be performed for the PMMA nanorod
arrays, only by adjusting the imprinting temperature to 160∘C
and the imprinting pressure at about 25MPa. If using liquid
SU-8 resin, the process is followed below. The liquid SU-8
resin of 0.5∼1mm thick is spin-coated on the glass substrate
and dried by heating at 90∘C for 35mins, respectively. Then
the SU-8 resin is placed on the AAO template and pressure
gradually up to 1.5MPa is applied on the substrate and is
maintained for 5mins. After that, the sample is exposed
under UV-light for 10mins and thermal-cured at 90∘C for
35mins to complete cross-linking. Finally, the AAO template
is removed by dissolving into 35wt%KOH solution or peeled
mechanically to obtain nanorod arrays made of highly cross-
linked SU-8 resin. Figures 4(a) and 4(b) give the SEM images
of nanorod arrays made of SU8 resin transferred from AAO
template pore diameter of 82.4 ± 3.4 nm. The diameter of
these nanorods is about 82.1 ± 3.2 nm, almost the same as
that of the AAO template. Figures 4(c) and 4(d) give the SEM
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Figure 3: SEM images of the Pt-based amorphous nanorods arrays prepared fromAAO template with different diameters. (a) and (b): 202.4 ±
27.8 nm; (c) and (d): 88.6 ± 6.8 nm; (e) and (f): 34.8 ± 2.4 nm.The insets in (a), (c), and (e) give the diameter histograms of nanorods. (b), (d),
and (f) are the magnified local images or angle-tilt images of these nanorods.
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Figure 4: SEM images of the nanorod arrays of SU-8 resin transferred from the AAO template with pore diameter of 82.4 ± 3.4 nm ((a)
and (b)). The inset is the magnified local images of these nanorods. SEM images of the nanorod arrays of PMMA transferred from the AAO
template with pore diameter of 198.7 ± 31.5 nm ((c) and (d)).

images of nanorod arrays made of PMMA plate transferred
from AAO template pore diameter of 202.4 ± 25.4 nm. The
diameter of these nanorods is about 198.7 ± 31.5 nm.The side
view of SU-8 nanorod arrays gives an aspect ratio about 6,
indicating that the SU-8 resin has a good filling ability.

The nanopore films can be further prepared using these
nanorod arrays as master molds. The fabrication procedure
using Pt-based nanorod arrays as master molds is demon-
strated as below. The HMDS of about 100–200 nm (used as
tackifier) and the positive photoresist ILR-1050 resin of about
300∼400 nm are spin-coated on the Si wafer successively.
Then, the Si wafer with these resins is heated at 100∘C for
30mins. After that, a Pt-based amorphous alloy plate with
nanorod arrays is placed on the dry ILR-1050 resin and heated
to 140∘C (just above 𝑇

𝑔
of ILR-1050 resin). Then, pressure

about 15∼20MPa is applied on the Pt-based amorphous
plate for 20mins. And then, the Pt-based amorphous alloy
master mold and the ILR-1050 resin are gradually cooled to
room temperature by conventional air flow and the Pt-based

amorphous alloy master mold is released from the ILR-1050
resinmechanically. Finally, the surface of the nanopore arrays
made of ILR-1050 resin is cleaned by oxygen plasma and the
shallow nanopore arrays are obtained. Figures 5(a) and 5(b)
give typical SEM images of the nanopore arrays fabricated by
diameter of 88.6± 6.8 nmPt-based amorphous alloy nanorod
arrays; Figures 5(c) and 5(d) give typical SEM images of the
nanopore arrays fabricated by diameter of 198.7 ± 31.5 nm
PMMA nanorod arrays. The insets in Figures 5(a) and 5(c)
show that the diameters of the nanopores are about 94.5 ±
12.2 nm and 207 ± 26.4 nm, which are slightly larger than
those of nanorods due to the oxygen plasma cleaning and the
thermal expansion effect of nanorods at high temperature.
These shallow nanopore arrays have great potentials for the
ultra-sensitive biosensing after further treatment (chemical
functionalization of solid-state nanopores and nanopore
arrays and applications thereof) [28] or as masks for deep
nanoholes. Nanoparticle arrays can be further fabricated
using these nanopore films as templates again. Control
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Figure 5: SEM image of the type ILR-1050 photoresist nanopore arrays prepared from Pt-based nanorod arrays. (a) and (b): 94.5 ± 12.2 nm.
SEM image of the SU-8 photoresist nanopore arrays prepared from PMMA-based nanorod arrays. (c) and (d): 207 ± 26.4 nm. The insets in
(a) and (c) give the diameter histograms of nanopores. (b) and (d) are the magnified local images of these nanopores.

of the depth of these nanopores is in progress by tuning
the fabrication conditions (e.g., imprinting pressure and
temperature, sizes, and interspacing of nanorod arrays).

4. Conclusions

The nanorod arrays made of Pt-based amorphous alloys
or UV-curing thermosetting epoxy resin are successfully
fabricated using AAO template transfer process. Using these
nanorod arrays as master molds, the nanopore arrays can
be successively transferred into another kind of material,
such as ILR-1050 resin on Si wafers (or SU-8 resin on glass
slides). This method is suitable for the preparation of shallow
nanopore arrays on substrate. This newly developed process
enables large-scale fabrication of uniform nanostructures
(nanopores or nanorods) based on the template transfer
process in which both robust metallic amorphous alloys
and thermosetting polymers can be used as constructing
materials of master molds.
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