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The rapid increase in industrialization, urbanization, and
population growth has led to a pronounced rise in the global
energy demands [1–4]. With depleting fossil fuels and grow-
ing concern on environmental protection, urgent research
efforts are needed to find alternative energy resources that
are efficient and economically and ecologically friendly. Since
energy resources such as solar power are intermittent, but the
usage is increasing in numerous portable electronic devices,
efficient means have to be found for energy storage and trans-
portation. A number of electronic, photonic, and optoelec-
tronic devices have been proposed for this purpose, such as
photovoltaic solar cells, batteries, supercapacitors, field effect
transistors, fuel cells, thermoelectric, thermal-photo cata-
lysts, and luminescence display devices.

The main purpose of this special issue is to use advanced
nanomaterials and nanotechnologies in designing systems for
an efficient interconversion of different energy forms among
thermal, photonics, and electrical energy. Graphene, carbon
nanotube, and conducting polymer may represent the most
studied materials where the nanoscale design permits their
more efficient performance in a number of energy conversion
and storage devices. All devices dealing with conversion of
energy forms and storage were considered for this special
issue.

The energy crisis is evident from the fact that the global
energy consumption has been accelerating at an alarming rate
due to the rapid economic expansion worldwide, increase

in world population, and ever-increasing human reliance on
energy-based appliances. By 2050, advanced technologies for
both optoelectric conversion (e.g., solar cells) and energy
storage (e.g., supercapacitors and batteries) are being exten-
sively studied around the world. Functional nanomaterials
have opened up new fields in materials science and engineer-
ing to meet this challenge. In particular, nanomaterials and
nanotechnologies have been demonstrated to be an enabling
technology for creating high-performance optoelectric con-
version and energy storage devices. Like all other devices,
performance of the energy-related devices depends strongly
on the properties of the materials they employ. Recent devel-
opment in materials science, particularly carbon nanomate-
rials, has facilitated the research and development of energy
technologies as (shown in the works by Y. Luo et al. and L. Li
et al.). Comparing to conventional energy materials, carbon
nanomaterials possess some unusual size-surface-dependent
(e.g., morphological, electrical, optical, and mechanical)
properties useful in enhancing energy conversion and storage
performance. Specifically, considerable efforts have been
made to utilize the unique properties of carbon nanotubes
(CNTs) and graphene as optoelectric conversion materi-
als. Tremendous progress has been achieved in developing
carbon nanomaterials for high-performance optoelectric-
conversion and energy storage devices. The special issue was
focused on the progress in the research and development of
carbon nanomaterials during the past twenty years or so. The
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advanced energy conversion (i.e., solar cells) and storage (i.e.,
supercapacitors and batteries) was also discussed along with
some challenges and perspectives in this exciting field.

The other functional nanomaterials are also published in
this special issue besides graphene, carbon nanotube, and
conducting polymer. It mainly focuses on preparations, cha-
racterizations, functionalizations, and properties of nano-
particles, nanostructured coatings, films, membranes, nano-
porous materials, and nanocomposites. The fundamental
understanding of the mechanisms on materials and processes
at nanoscale was highlighted.

Yongfeng Luo
Li Li

Sanqing Huang
Tao Chen

Hongmei Luo
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The light extraction efficiency of organic light-emitting diodes (OLED) is greatly limited due to the difference in refractive indexes
between materials of OLED. We fabricated OLED with photonic crystal microstructures in the interface between the glass substrate
and the ITO anode. The light extraction efficiency can be improved by utilizing photonic crystals; however, the anisotropy effect
of light extraction was clearly observed in experiment. To optimize the device performance, the effect of photonic crystal on both
light extraction and angular distribution was investigated using finite-difference time domain (FDTD) method. We simulated the
photonic crystals with the structure of square lattice and triangle lattice. We analyzed the improvement of these structures in the
light extraction efficiency of the OLED and the influence of arrangement, depth, period, and diameter on anisotropy. The optimized
geometric parameters were provided, which will provide the theoretical support for designing the high performance OLED.

1. Introduction

Organic light-emitting diodes (OLED) have drawn much
attention due to their potential applications in flat panel
displays [1]. The basic structure of a conventional OLED
is composed of glass substrate, Indium tin oxide (ITO)
transparent conducting layer, hole transport layer, organic
light-emitting layer, electron transport layer, and on the top
of the device metal cathode. Luminous efficiency is one
of the important indicators to measure the performance
of OLED. The luminous efficiency is mainly determined
by the quantum efficiency which is divided into internal
quantum efficiency 𝜂int (the ratio of the total number of
photons generated within the organic emitter to the number
of injected electrons) and external quantum efficiency 𝜂ext

(ratio of the total number of photons emitted by the OLED
into the viewing direction to the number of electrons injected
into organic emitter). The ideal solution to increase 𝜂int has
been proposed and the internal quantum efficiency can be
reached near 100% [2], while the external quantum efficiency
is dependent not only on 𝜂int but also on the external coupling
efficiency 𝜂coupling (the ratio of the total number of photons
coupled out in the forward direction to the total number of
photons generated within the organic emitter). The external

coupling efficiency is also called light extraction efficiency. So
we can get the following expression [3]:

𝜂ext = 𝜂int ⋅ 𝜂coupling . (1)

However, the light extraction efficiency still needs to be
improved due to the restriction of mismatch of refractive
index between the substrate and organic materials on the
energy of the guided wave. This kind of mismatch can cause
such a low light extraction efficiency that only 20% of light
is extracted into air [4]. The mismatch of refractive index
between ITO and glass (substrate) interface is the most
serious. A great many measures have been taken to improve
the light extraction efficiency of OLED [5–8].

It has been demonstrated that photonic crystal (photonic
crystal) is an effective way to improve light extraction effi-
ciency of OLED. After utilizing micro/nanostructures such
as photonic crystal, the mismatch of refractive index between
layers can be reduced to some degree and more light will be
extracted into air because of the scattering of the photonic
crystal structure [9, 10]. However, to optimize the device
performance, not only light extraction efficiency but also
angular distribution should be considered [11–13].

The mechanism of improving light extraction after uti-
lizing photonic crystal has been proposed [9, 10]. In this
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Figure 1: Simulation model of OLED.
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Figure 2: Parameter sweep of photonic crystal in green OLED.

paper, experimental and theoretical studies on the light
extraction and anisotropic effects were addressed. Firstly, the
parameters of photonic crystal were optimized to achieve
the best light extraction efficiency by using finite-difference
time domain method. Secondly, experiment of luminance
of OLED has been done to compare photonic crystals of
different structures. We studied the far field of the devices by
using FDTD and ASAP ray tracing software and discussed
the influence of arrangement, depth, period, and diameter on
anisotropy. The anisotropy of light emitted from the devices
has been observed from experiment.

The simulated model of the device is shown in Figure 1,
in which we keep the substrate small enough to simulate
multiple round trips of light. In addition, the substrate should
be modeled large enough so that the near-field optics effect
wouldnot happen. Also, we minimized the size of the device
by using perfect match layer boundary; in this way we neglect
the leakage and reflection of light from the edge of the device.

In our case, a series of green OLED with different period
and diameter of photonic crystal was modeled, from which

Al

Resist

Resist

Resist

Glass

Glass

Glass

Glass

SiO2

SiO2

Figure 3: The fabrication procedure of SiO2 pillars on glass.

Figure 4: The photograph of the fabricated substrate.

we obtained different outcoupling efficiencies. The optimum
value of the green device is period of 500 nm, diameter
300 nm. The parameters of photonic crystals of the devices
can be optimized by parameter sweep in FDTD, shown in
Figure 2.

2. Experiments

In the experiment, the former optimized photonic crystal pat-
tern (500 nm period, 250 nm line width) and an unoptimized
photonic crystal pattern (200 nm period, 100 nm line width)
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Figure 5: (a) The measured spectra of the OLEDs; (b) characteristic of luminance versus voltage.
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Figure 6: The comparison of OLED with photonic crystal and without photonic crystal.

were formed on a glass substrate by IC technique. The SiO2
pillars on glass can be fabricated as follows, which is shown
in Figure 3. Firstly, a 350 nm electron beam resist was spinned
on glass. A 30 nm Al which acted as conductive layer in the
process of electron beam lithography (EBL) was evaporated
on the top. After EBL, the patterns on resist can be formed.
Finally, we sputtered SiO2 of 300 nm thick and lifted off the
resist to get the SiO2 pillars. The photograph of the fabricated
substrate is shown in Figure 4.

SiNx buffer layer was sputtered on the substrate with
SiO2 pillars; then the ITO anode was deposited and annealed
in order to make the resistivity low; after that, organic and
cathode layers were deposited on the top to fabricate the
complete device.

The organic layers and the cathode LiF/Al were sequen-
tially deposited by conventional vacuum vapor deposition
in the same chamber without breaking the vacuum. The

pressure of the chamber was 1 × 10−6 Torr. The structure of
the device with the thickness of every layer is given as follows:
ITO/NPB (30 nm)/Alq3 (50 nm)/LiF (0.5 nm) Al (100 nm).
The thickness of the organic layers was measured by using
quartz-crystal monitors.

The electroluminescent (EL) spectra and the CIE color
coordinates were measured by using Pro-650 Spectra Scan,
and the current-voltage (𝐼-𝑉) characteristics were measured
using Keithley 2400 Source Meter and LS110Minolta lumi-
nance meter.

3. Results and Discussion

The measured spectra and the characteristic of luminance
versus voltage of the devices are shown in Figures 5(a) and
5(b), respectively, both of which were driven at 12 V at room
temperature. from the figures we can see that the peak in
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(a) (b)

(c) (d)
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Figure 7: (a) Square lattice, (b) triangle lattice, (c) 200 nm depth, (d) 300 nm depth, (e) 400 nm depth, and (f) 500 nm depth.

spectrum is 520 nm, and the value of radiance with photonic
crystal is higher than that without photonic crystal. When the
parameters are closer to the optimal, the value of radiance and
luminance reaches the highest.

From the experimental result we can find that although
the outcoupling efficiency of the devices was enhanced after
introducing photonic crystal structure, the light emitted from
the devices with photonic crystal structures becomes less
uniform than that without photonic crystal structures. The
comparison of OLED with photonic crystal and without
photonic crystal was shown in Figure 6.

Therefore, it is necessary to study the effect of pho-
tonic crystal on anisotropy of the light emitted by means
of simulation. In fact, the simulation of the complete
OLED device is a cross-scale simulation [14]. Consider-
ing the anisotropy of light extraction, we neglected the
multiple scattering part of light so as to get the direction
and the intensity information of light which just passes
through the photonic crystal structures. Then this informa-
tion can be loaded to ASAP to trace the propagation of
light in substrate. Finally, the far-field information can be
obtained.
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(a) (b)

Figure 8: (a) 500 nm period 250 nm diameter; (b) 200 nm period 100 nm diameter.

From Figure 7 we can see the distribution of light
extraction copy distribution effect on the photonic crystals.
When square lattice was implemented, the extraction would
be cross-shaped. When triangle lattice was implemented,
the extraction would be hexagonal shape. Figure 8 shows
the shape similar to far field when the depth of photonic
crystals changes. The bar on the right of each photo denotes
the maximum difference of intensity, ranging from 0.469
to 0.526, 0.544, and 0.632 with the depth changing from
200 nm∼500 nm, respectively.

It can be concluded that the intensity nonuniform
increase as the structures become bigger. However, it is found
that despite the 𝑋, 𝑌 direction, the light is extracted at
45∘ and 135∘ when the depth of photonic crystal increases.
So the anisotropy will become less as the directions of
extraction increase. The two factors compete with each other,
so when the depth increases, the anisotropy first increases
and then decreases. Therefore, the closer the period of the
structure line width to the size of the optimum light efficiency
structure, the more obvious the unevenness of the angle.

4. Conclusion

We can conclude that the enhancement of light extraction
efficiency can be improved when the parameters of photonic
crystal structure are closer to the optimal value; however,
the anisotropy did exist when utilizing photonic crystals in
OLED. The anisotropy effect becomes apparent when the
period and diameter become closer to the optimal value.
Therefore, the light extraction efficiency and anisotropy
should be both considered to choose the suitable parameter
of photonic crystal.
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A sensitive and stable enzyme biosensor based on efficient immobilization of acetylcholinesterase (AChE) to MWNTs-modified
glassy carbon electrode (GCE) with chitosan (CS) by layer-by-layer (LBL) technique for rapid determination of carbofuran has
been devised. According to the inhibitory effect of carbamate pesticide on the enzymatic activity of AChE, we use carbofuran as a
model pesticide. The inhibitory effect of carbofuran on the biosensor was proportional to concentration of carbofuran in the range
from 10−10 g/L to 10−3 g/L with a detection limit of 10−12 g/L. This biosensor is a promising new method for pesticide analysis.

1. Introduction

As one group of the most commonly applied pesticides in
agriculture, carbamate pesticides, which are typical examples
exhibiting fairly high toxicity, have been used more and more
extensively. Rapid determination and reliable quantification
of trace level of carbamate pesticides are significant to
healthiness and environment. The toxic action of carbamate
pesticides is due to their ability to irreversibly modify the
catalytic serine residue in acetylcholinesterase (AChE), and
subsequent inhibition of the AChE effectively prevents nerve
transmission by blocking breakdown of the transmitter
choline [1]. When AChE was immobilized on the working
electrode surface, its interaction with the substrate of acetyl-
thiocholine obtained an electrochemically active product of
thiocholine, which can produce an irreversible oxidation
peak. The inhibitory effect of carbamate pesticides on AChE
was monitored by measuring the decline of oxidation current
of thiocholine.

Chitosan (CS) contains large groups of –NH2 and –OH
and has been widely used as a modifying reagent to prepare
modified electrode due to its excellent biocompatibility,
nontoxicity, cheapness, easy-handling, and high mechanical
strength [2]. Its excellent advantages have gained growing
interest in using it to immobilize biomolecules in recent years,

especially immobilizing enzyme and constructing ampero-
metric biosensors. Their advantages in sensing field include
small size with larger surface, particularly the ability to
facilitate electron transfer when being used as electrode [3, 4];
on the other hand, carbon nanotubes (CNTs) are extremely
promising for preparation of amperometric biosensors and
applications in biochemical sensing field [5, 6].

Among the fabrication of biosensor, immobilization of
enzyme to solid electrode surface is a crucial step for the
design of the biosensor [7]. In our work, CS is used for immo-
bilization of AChE by using LBL technique, leading to a stable
AChE biosensor for rapid determination of carbofuran. The
presence of CS provides excellent sensitivity and stability of
the biosensor and good precision of measurements.

2. Experimental

Oxidation of MWNTs and pretreatment of GCE were pre-
pared according to our previous work [8]. Then by dipping
into borate buffer solution (pH 9.18) for 15 min, the functional
groups of MWNTs can be negatively charged. Afterwards,
the modified electrode was immersed into 0.5% CS acetic
acid solution (the pH was adjusted to 5.0 with NaOH) and
1 mg/mL MWNTs solution of pH 9.18 borate buffer solution
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Figure 1: Effect of the number of AChE/CS layers (𝑛) on the current
res-ponse of the biosensor with 0.001 mol/L ATChCl in 0.1 mol/L
PBS (pH 7.40) at 0.30 V.

for 15 min alternately; a five-MWNTs/CS bilayer can be
obtained. After preparing MWNTs/CS/ED/GCE, this modi-
fied electrode was dipped into 0.5% CS acetic acid solution
(pH 5.0) and AChE solution for 15 min alternately. The mod-
ified electrode was carefully washed with double-distilled
water after each dipping step. This sequence was repeated
until the desired AChE/CS bilayer number was 4 (as shown
in Figure 1). In order to get most activity of the enzyme
electrode, a AChE membrane was fabricated at the surface.
Meanwhile the obtained biosensor of AChE/CS/MWNTs/
CS/ED/GCE was stored at 4∘C in PBS when not in use.

Cyclic voltammetric and amperometric measurements
were performed using an electrochemical analyzer CHI800
connected to a personal computer. A three-electrode config-
uration was employed consisting of a glassy carbon electrode
(GCE) serving as a working electrode, a saturated calomel
electrode as a reference electrode, and a platinum wire as an
auxiliary electrode. A typical amperometric 𝑖-𝑡 curve for the
biosensor was obtained at +0.3V (versus SCE). On addition
of 60𝜇L 0.1 mol/L ATChCl to 6 mL PBS with stirring, the
oxidation current increased steeply to reach a stable value.
The enzyme electrode achieved 95% of the steady-state-
current in 10 s. This rapid response was because the MWNTs
promoted electron transfer. For the measurement of carbofu-
ran, the obtained AChE/CS/MWNTs/CS/ED/GCE electrode
was first immersed in different concentrations of standard
carbofuran solution for 10 min (as shown in Figure 2). Then
the electrode was transferred to the electrochemical cell of
6.0 mL pH 7.40 PBS containing 1.0 × 10−3mol/L ATChCl
to study the electrochemical response by amperometric 𝑖-𝑡
curve at +0.3V (versus SCE). The inhibition of pesticide was
calculated as follows: Inhibition (%) = 100% × (𝑖0 − 𝑖1)/𝑖0,
where 𝑖0 was the peak current of ATChCl on AChE/CS/
MWNTs/CS/ED/GCE and 𝑖1 was the peak current of ATChCl
on AChE/CS/MWNTs/ED/GCE with carbofuran inhibition.
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Figure 2: Effect of immersing time in 1.0 × 10−7 g/L carbofuran
on the inhibition of the biosensor with 0.001 mol/L ATChCl in
0.1 mol/L PBS (pH 7.40) at 0.30 V. Inset: effect of immersing time in
1.0 × 10−7 g/L carbofuran on the current response of the biosensor
with 0.001 mol/L ATChCl in 0.1 mol/L PBS (pH 7.40) at 0.30 V.

Inhibition (%) was plotted against the concentrations of the
carbofuran to obtain a linear calibration graph.

3. Results and Discussion

TCh will be electrochemically oxidized on the surface of GCE
under a certain potential; the oxidation process of thiocholine
can be described as [9]

2[H3C]3–N+–CH2–CH2–SH

−2e→ [H3C]3–N+–CH2–CH2–S–S–CH2–CH2–N+–[CH3]3
+ 2H
+.

(1)

In the current study, the voltammetric characteristics of
thiocholine (an enzymatically generated product of acetylth-
iocholine chloride) on GCE, ED/GCE, and MWNTs/CS/ED/
GCE were investigated by cyclic voltammetry in the potential
range of −0.1∼1.0 V at a sweep rate of 100 mV/s in phosphate
buffer. Typical cyclic voltammograms are shown in Figure 3.
The anodic oxidation peaks were observed on GCE (curve
A), ED/GCE (curve B), and MWNTs/CS/ED/GCE (curve C)
in 5.0 × 10−3mol/L TCh solution. The anodic peak current
of thiocholine on the MWNTs/CS/ED/GCE (𝐼pa = −61 𝜇A)
is enhanced one time more than that on GCE (𝐼pa =
−29.5 𝜇A) and also higher than that on ED/GCE (𝐼pa =
−57.5 𝜇A). Meanwhile, the overvoltage of thiocholine at the
MWNTs/CS/ED/GCE (𝐸pa = 0.35V) is about 250 mV less
than that at GCE (𝐸pa = 0.60V). The observed low oxidation
overvoltage and high anodic oxidation peak of thiocholine
at the ED/GCE may attribute to the electrocatalytic activity
of MWNTs, which is coming from its edge-plane-like sites
at the tube ends [8]. Note that the anodic peak current of
thiocholine on the MWNTs/CS/ED/GCE (𝐼pa = −61 𝜇A) is
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Figure 3: Cyclic voltammograms of GCE (A), DE/GCE (B), and
MWNTs/ CS/DE/GCE (C) in 0.005 M thiocholine. Scanning poten-
tial range: −0.1∼1.0 V; potential scanning rate: 100 mV/s.

higher than that on ED/GCE (𝐼pa = −57.5 𝜇A). This can be
attributed to the electrocatalytic activity of MWNTs adsorbed
by CS. It is because there are many free amino groups (–NH2)
in molecule chains of CS. At low pH (such as acetic acid),
free amino groups of CS are protonated and become –NH3

+,
which can adsorb –COOH− of MWNTs by static gravitation.
The processes can be described as

Protonating process: CS–NH2 + H+ → CS–NH3
+.

Adsorbing process: CS–NH3
+ + COOH− →

CS–NH3
+COOH−.

CS has strong adsorptive ability, and it can adsorb the
biomolecules stably. In the present paper, pH of the enzyme
solution was kept at 7.40; it was well above the isoelectric point
of AChE, which is pH 4.50. The enzyme exists in the form of
anion at pH 7.40 [10], facilitating its adsorption with the CS,
which makes it suitably incorporated into multilayers, and the
multilayers were constructed.

Carbofuran concentrations were detected from their
inhibitory effect on AChE. In different concentration solu-
tions of carbofuran, inhibition rate can be determined after
the 10 min immersion of enzymatic electrode. Figure 4 is the
curves between inhibition rates and pesticide concentration,
and it shows a good linearity between inhibition rates and

−log[carbofuran] in the range from 10−10 g/L to 10−3 g/L with

a detection limit of 1.0 × 10−12 g/L.
To prove the precision and the practicability of the pro-

posed method, the operational stability and the storage
stability of the AChE/CS/MWNTs/CS/ED/GCE electrode
were also examined. As shown in Figure 5, when stored at
4∘C in PBS and measured every day, the AChE/CS/MWNTs/
CS/ED/GCE electrode retained about 80% of its original
sensitivity after 3 weeks. Both the operational stability and
the storage stability of the AChE/CS/MWNTs/CS/ED/GCE
electrode were much better than those of the AChE/MWNTs/
CS/ED/GCE electrode for five repetitive measurements. The
good stability is attributed to the following aspects: the fab-
rication process is mild, and no damage happened to the

80

70

60

50

40

30

20

2 3 4 5 6 7 8 9 10 11

In
h

ib
it

io
n

 (
%

)

= 0.9961

= 95.02− 7.62

80

70

60

50

40

30

20

2 4 6 8 10 12

10

In
h

ib
it

io
n

 (
%

)

−log{[carbofuran] (g/L)}

−log{[carbofuran] (g/L)}

Figure 4: Linearity of enzyme inhibition rate and −log[carbofuran]
bet-ween the concentration range of 10−10 to 10−3 g/L. Insert: detec-
tion limit is 10−12 g/L.
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Figure 5: The storage stability checked by performing the biosensor
in 0.001 mol/L ATChCl every day with the biosensor being stored in
0.1 mol/L PBS (pH 7.4) at 4∘C.

enzyme molecules. On the other hand, the good biocompat-
ibility of CS maintains the biological activity of the enzyme
immobilized on the electrode.

4. Conclusions

In summary, we are proposing for the first time to use CS
for developing enzymatic biosensors based on layer-by-layer
technique. We integrate the good biocompatibility of CS and
the good conductivity of MWNTs together; meanwhile CS
also plays an important role in MWNTs immobilization.
The results are promising and indicates that the biosensor
possesses higher biological affinity to AChE. So the biosensor
proposed has good performance in determination of carbo-
furan.
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We describe bottom-up fluorenol approach to create soluble covalent organic nanomolecular architectures (ONAs) as potential
multicomponent organic semiconductors (MOSs). BPyFBFFA as a typical model of ONAs and MOSs exhibits a persistent chair-
shaped geometric structure that consists of hole-transporting triphenylamine (TPA), high-efficiency terfluorene, and high-mobility
pyrenes. BPyFBFFA was synthesized via the intermediates PyFA and BPyFA with iterative Friedel-Crafts reactions and Suzuki cross-
coupling reactions. BPyFBFFA behaves as an efficient blue light-emitter without the low-energy green emission band. Complex
diarylfluorenes (CDAFs) are promising candidates for nanoscale covalent organic frameworks and MOSs. Friedel-Crafts protocols
offer versatile toolboxes for molecular architects to frame chemistry and materials, nanoscience, and molecular nanotechnology as
well as molecular manufactures.

1. Introduction

Multicomponent organic semiconductors (MOSs) are very
important for the functional organic devices [1]. Until now,
most of the typical electronic device functionality and
performance optimization strongly depend on the synergic
interactions among the contradictive components such as
electron/hole, p/n, donor/acceptor and host/guest [2, 3].
To ingeniously arrange the opposite elements in the device
space is a challenge that scientists face in organic elec-
tronics. Intramolecular contradiction-uniform systems via
molecular engineering that have obvious advantages over
physical contradictive systems have been explored such
as p-n copolymerization [4, 5], bipolar light emitters and
molecular heterojunction. The intrinsic merits originated
from the molecular features such as efficient energy-transfer
process. MOS fully has an advantage over semiconductor

blending systems with the drawback of phase separation.
Recently, three-component red-green-blue (RGB) polymers
show promising single-molecular white light-emitting mate-
rials [6–8]. The trend in organic semiconductors is to
integrate various different functional moieties into single
nanomolecules via covalent molecular engineering process.
It is an emergent task to achieve stable and high-performance
single-layer devices with MOSs equivalent to those in a
multilayer device, although some issues are unresolved, such
as unfoldable functionalities. For example, the unified p-
n systems are still lagging behind the bulk heterojunction
blending systems for polymer solar cells [9, 10].

The initial issues are that there are limited flexible meth-
ods to integrate various functional moieties into a robust
system of MOSs with the suitable positions as well as control-
lable distance. Framework chemistry and materials offer
the methodology to MOSs by means of state-of-the-art
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models with several merits such as rigid shape persistence,
cubic backbones, and mesh superstructures. However, the
most reported metal-organic frameworks (MOFs) [11] and
covalent organic frameworks (COFs) [12, 13] do not exhibit
any solubility that severely hinders the entry to organic semi-
conductors. Soluble metal-organic polyhedron (MOPs) [14–
16] and covalent organic polyhedron (COPs) [17, 18] do not
easily access. In this background, it is necessary for molecular
architects to create the designable organic intramolecular
multicomponent systems that are suitable for the MOSs via
a feature of facile, concise, green and sustainable syntheses.

Previously, we set up a BF3 ⋅Et2O-mediated Friedel-
Crafts reaction of tertiary alcohols [19–21], an atom-eco-
nomic and classical C–H bond functionalization to syn-
thesize a series of complex diarylfluorenes (CDAFs) [22].
Subsequently, this protocol has modified stacked polymer
semiconductors for nonvolatile memory devices [23] and
light-emitting devices [24, 25]. Hyperbranched conjugation-
interrupted polymers have been made by means of Friedel-
Crafts polymerization [26, 27]. More recently, morphology-
directed molecular designs have been demonstrated using
diarylfluorene-modified fullerenes for bulk heterojunction
solar cells by our group [28]. Series of works from
XIE-HUANG group demonstrate that this approach is
effective for function-directed semiconducting materials
in organic electronics. However, scientists have never
started to explore fluorenol approach and Friedel-Crafts
protocols as versatile toolbox toward structure-directed
framework, porous, mesh nanomaterials in the realm
of nanoscience, and molecular nanotechnology. To this
end, we demonstrate the flexible fluorenol approach as
an organic nanochemistry method for soluble covalent
organic nanoframeworks (CONs). Diarylfluorene-based
BPyFBFFA that is easily accessed from Friedel-Craft
reaction has complex nanomolecular architecture with a
nonplanar geometric shape of three-legged chair (Figure 3).
The BPyFBFFA contains multicomponent blue emitting
pyrene chromophores, terfluorene and hole-transporting
triphenylamine (TPA), which exhibit a stable amorphous
blue emitter with a low ionization potential of 5.32 eV.

2. Results and Discussion

We firstly carried out retrosynthesis analysis of BPyFBFFA
as modeling MOSs that has an open framework (Scheme 1).
So far, there are two typical divergent and convergent routes
for dendrimers, multiarmed or starburst oligomers, and
nanosized architectures. For this asymmetry BPyFBFFA, site-
selective reaction that is a challenge in organic synthesis
would be the prerequirement if the individual divergent
route I or convergent route II is workable. To handle the
thorny issue, we adopted a hybrid approach of divergent
and convergent route to the target molecule, BPyFBFFA,
as shown in Scheme 1. We found that BF3 ⋅OEt2 catalyzed
electrophilic substitution reactions of 9-arylfluorenol with
thiophene, TPA, and their derivatives in nearly quantitative
yields that encouraged us exploring the complex BPyFBFFA
via the Friedel-Crafts protocol.

BPyFBFFA was synthesized by the divergent and con-
vergent mixture routes that are outlined in Scheme 1. First,
we take three times of iterative Friedel-Crafts reactions
to BPyFBFFA. In details, BPyFBFFA can be obtained by
the Friedel-Crafts reactions of BPyPFBA with blue light-
emitting tertiary alcohol (TFOH) at the yield of 70%. The
key intermediate of BPyPFBA has been synthesized by
the Suzuki cross-coupling reaction of compound 2 with 1-
pyrenylboronic acid. Friedel-Crafts reactions of PyFA with
bromo-substituted fluorene tertiary alcohol enable to syn-
thesize compound 2. Similar processes of Friedel-Crafts
reactions and Suzuki coupling reactions have been repeated
to give the key intermediate, PyFA. The target BPyFBFFA can
be accessed by the simplified two times of iterative Friedel-
Crafts reactions that undergo the key intermediate of com-
pound 3. The above effective route suggested that BF3⋅ OEt2-
mediated Friedel-Crafts reaction, combining with the Suzuki
reaction, is an efficient method to prepare different two-
component or three-component complicated electrolumi-
nescent nanomolecules. The BPyFBFFA and the key interme-
diates have good solubility in common organic solvents such
as dichloromethane, chloroform and THF that have been
characterized by 1H NMR, 13C NMR and matrix-assisted
laser desorption/ionization time-of-flight mass spectrometer
(MALDI-tof-MS). The target compound has been unambigu-
ously confirmed by the MALDI-tof-MS that exhibits a single
peak with molecular weight of 2142.5 (Figure 1), well matched
with the calculated molecular weight of 2143 Da.

The physical data that includes thermal, electrochemical
and optical properties of these organic nanomolecules are
collected in Table 1. The thermal properties of the na-
nomolecules were evaluated by thermogravimetric analy-
ses (TGA) and differential scan calorimetry (DSC) (See
Supplementry Material available online at http://dx.doi.org/
10.1155/2013/368202). It is found that the decomposition
temperatures (𝑇𝑑) (5% weight loss) of nanomolecules are
above 400∘C. From DSC curves, two intermediates exhibited
the glass transition in the second heating cycle with the 𝑇𝑔 of

147∘C for PyFA, 218∘C for BPyFA and 130∘C for BPyFBFFA.
No crystallization exotherm and melting endotherm were
observed. As expected, incorporation of diarylfluorenes is
beneficial to raising morphological stability. CV measure-
ment was employed by us to investigate the oxidation and
reduction behavior of organic nanomolecular frameworks,
in order to estimate their HOMO and LUMO energy levels.
The reduction and oxidation behaviors of the nanomolecular
PyFA, BPyFA and BPyFBFFA were investigated by cyclic
voltammetry (CV) in anhydrous dichloromethane. BPyF-
BFFA has a bandgap of about 2.73 eV that is probably because
pyrene causes the reduction of potential with LUMO of
∼−2.63 eV.

Figure 2 depicts the absorption and photoluminescence
spectra of the compounds PyFA, BPyFA and BPyFBFFA
in THF. The absorption and photoluminescence maxima of
PyFA and BPyFA were very similar (Table 1). The peak at
∼350 nm and ∼298 nm in the absorption spectra of PyFA
and BPyFA is ascribed to the most prominent 𝜋-𝜋∗ vibration
of chromophore pyrene and triphenylamine according to
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Scheme 1: Retrosynthesis analysis of BPyFBFFA: (a) divergent synthetic route, (b) convergent synthetic route, (c) mixture route to BPyFBFFA.

our prevrious observations [22], respectively. Therefore, com-
pared with PyFA, BPyFA with double substitution of pyrene
moieties exhibited the relatively increasing intensity of peak
at 350 nm. The PL maxima of PyFA and BPyFA in film were
obviously red shifted (c.a. 50 nm), relative to those in solution
presumably because of the improved excimer emission that
resulted from strongly𝜋-stacking between pyrene planes. The
absorption and PL maxima of BPyFBFFA in solution are
about 350 nm and 422 nm, respectively. The photolumines-
cence maxima of BPyFBFFA in solid state thin films were
slightly red shifted relative to those in solution presumably

because of different dielectric constants in microenviron-
ment. The difference between the precursors and the target
BPyFBFFA without excimers suggests the introduction of
terfluorene backbone is favorable for the three-dimensional
framework to overcome the intermolecular interactions by
the increased distance among chromophores.

3. Conclusions

In summary, we proposed shape-persistent covalent organic
frameworks, polyhedra, nanomolecular architectures as
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Table 1: Physical data of PyFA, BPyFA and BPyFBFFA.

Compound 𝜆max
a (nm/abs) 𝜆max

a (nm/PL) 𝜆max
b (nm/PL) 𝑇𝑑 (∘C)c 𝑇𝑔 (∘C)d (HOMO/eV)e (LUMO/eV)e Band gap

PyFA 298, 350 405 454 430 147 −5.29 −2.51 2.78

BPyFA 298, 350 421 468 519 218 −5.36 −2.63 2.73

BPyFBFFA 349 401, 422 433 402 130 −5.32 −2.63 2.73
aMeasured in CHCl3 solution; bfilm; cobtained from TGA measurements, 𝑇𝑑: decomposition temperature, the temperature was recorded corresponding to a

5% weight loss; dobtained from DSC measurements, 𝑇𝑔: glass transition temperature. eHOMO/LUMO = −(𝐸onset − 0.05V) − 4.8 eV, where the value 0.05 V

is for FOC versus Ag/Ag+ .

Data: lhxie-2-0003.B2 25 Aug 2006 16:07 Cal: 060313-ZHENG 13 Mar 2006 10:11
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Figure 3: The molecular structure of BPyFBFFA, optimized molecular configurations of BPyFBFFA without alkyl substitution, and its cartoon
geometric shape that resembles chair.

alternative next-generation organic semiconductors and
advanced organic nanomaterials. Fluorenol approaches are
one effective and atom-economic bottom-up synthesis to
open nanomolecular covalent organic frameworks as organic
nanosystems that have been made by retrosynthetic analysis
of methodologies. Based on this strategy, BPyFBFFA has
been fabricated by iterative Friedel-Crafts reaction combined
with Suzuki coupling reactions. BPyFBFFA that contains
the oligofluorene tethered with a core of hole-transporting
triphenylamine exhibited stable amorphous blue emitting
behaviors which is potential multicomponent electrolumi-
nescent material. Complex diarylfluorenes (CDAFs) will be
potential candidate for organic/polymer porous materials
and organic nanomaterials. Fluorenol approaches would offer
a versatile platform to organic framework semiconductors for
plastic optoelectronics and organic mechatronics.

4. Experimental Section

4.1. Chemicals. All the solvents and reagents were purchased
from commercial suppliers and were used without further
purification, unless noted otherwise. All products were
purchased by flash column chromatography which was
carried out with Kanto Silica Gel 60N (40–63𝜇m). Spec-
trochemical-grade solvents were used for optical meas-
urements. Tetra(triphenylphosphine) palladium(II), 1-pyren-
ylboronic acid, pyrene, 2-bromo-9-fluorenone, bromo-
benzene and TPA were obtained from Aldrich Chemical Co.
Boron trifluoride etherate, potassium carbon-ate, magnesium
sulphate, chloroform, and toluene were purchased from
Sinopharm Chemical Reagent Co., Ltd. Dichloromethane as
dried by anhydrous sodium under room temperature. THF
and toluene were dried over sodium benzophenone ketyl
anion radical and distilled under a dry nitrogen atmosphere
immediately prior to use. 2-bromo-9-phenylfluoren-9-ol
and 2,7-dibromo-9-phenylfluorene-9-ol, 4-(2-bromo-9-
phenyl-fluoren)-N-phenyl-N-(4-(9-phenyl-2-(pyren-1-yl)-
fluoren) phenyl)aniline, and 9,9,9,9-tetraoctyl-9-phenyl-
[2,2:7,2-terfluoren]-9-ol were obtained according to our
previous literatures [22, 24, 25].

4.2. Characterization. 1H-NMR and 13C-NMR were record-
ed on a Bruker 400 MHz spectrometer in d-CDCl3 with
tetramethylsilane (TMS) as the interval standard. Mass
spectra were recorded on a Shimadzu GCMS-2010P. For
the MALDI-TOF MS spectra, the spectra were recorded
in reflective mode, and no substrates were used. Element
analyses were carried out on an Elementa Analysensysteme
GmbH vario EL III instrument. Absorption spectra were
measured with a Shimadzu UV-3150 spectrometer at 25∘C,
and emission spectra were recorded on a Shimadzu RF-
530XPC luminescence spectrometer upon excitation at the
absorption maxima. DSC analyses were performed on a
Shimadzu DSC-60A instrument at a heating rate of 10∘C/min.
TGA were conducted on a Shimadzu DTG-60H thermo-
gravimetric analyzer under a heating rate of 10∘C/min. Cyclic
voltammetric (CV) studies were conducted at room temper-
ature on the CHI660E system in a typical three-electrode
cell with a platinum sheet working electrode, a platinum
wire counter electrode, and a silver/silver nitrate (Ag/Ag+)
reference electrode. All electrochemical experiments were
carried out under a nitrogen atmosphere at room temperature
in an electrolyte solution of 0.1 M tetrabutylammonium
hexafluorophosphate (Bu4NPF6) in CH2Cl2 expect that poly-
mers were coated on platinum plate electrodes in acetonitrile
at a sweeping rate of 0.1 V/s. According to the redox onset
potentials of the CV measurements, the highest occupied
molecular orbital (HOMO)/lowest unoccupied energy levels
(LUMO) of the materials are estimated based on the refer-
ence energy level of ferrocene (4.8 eV below the vacuum):
HOMO/LUMO =−(𝐸onset−0.05 V)−4.8 eV, where the value
0.05 V is for ferrocene versus Ag/Ag+.

4.3. General Procedure for Friedel-Crafts Reactions. A solu-
tion of boron trifluoride etherate (BF3 ⋅Et2O) in appropriate
dichloromethane (20 mL) was added dropwise to a mixture
solution of tertiary alcohols and aryl substrates in appropriate
dichloromethane (100 mL). The reaction mixture was stirred
at rt (25∘C) under nitrogen until starting material is no longer
detectable by TLC (2 hours 2 days). Ethanol (50 mL) and
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water (150 mL) were successively added to quench the reac-
tion. And then the phases were separated and the aqueous
phase was extracted with dichloromethane. The combined
dichloromethane layers were washed and dried (MgSO4).
After removal of the solvent, the remaining crude product
was purified by silicone gel chromatography (petroleum
ether-dichloromethane) to yield products.

4.4. Synthesis of 4-(2-Bromo-9-phenyl-fluoren-9-yl)-N,N-di-
phenylaniline (1). Three compounds were prepared follow-
ing the general procedures above using 2-bromo-9-phenyl-
fluoren-9-ol (0.34 g, 1 mmol, 1 equiv.), TPA (2.44 g, 10 mmol,
10 equiv.), and BF3 ⋅Et2O complex (0.12 mL, 1 mmol). The
reaction mixture was stirred under nitrogen at room tem-
perature (25∘C) for 30 min. The yield of 4-(2-bromo-9-
phenyl-fluoren-9-yl)-N,N-diphenylaniline (1) is 90%. The

yield of byproduct is 9%. GC-MS (m/z): 565 [M+]1H NMR
(400 MHz, CDCl3, ppm): 𝛿 7.73–7.71 (d, J = 7.6 Hz, 1H), 7.62–
7.60 (td, J = 8.0 Hz, 1H), 7.53–7.53 (s, 1H), 7.48–7.46 (dd, J =
8.0 Hz, J = 2.0 Hz, 2H), 7.42–7.38 (d, J = 7.6 Hz, 1H), 7.37–7.34
(t, J = 7.2 Hz, 1H), 7.32–7.25 (d, J = 7.6 Hz, 1H), 7.25–7.19 (m,
9H), 7.18–7.08 (d, J = 8.0 Hz, 4H), 7.08–6.97 (m, 4H), 6.91–
6.89 (d, J = 8.4 Hz, 2H). 13C NMR (100 MHz, CDCl3, ppm):
𝛿 153.63, 151.42, 147.79, 146.70, 145.49, 139.37, 139.17, 138.74,
130.87, 129.60, 129.43, 129.01, 128.57, 128.32, 128.23, 127.82,
127.06, 126.45, 124.71, 123.16, 123.12, 121.72, 121.53, 120.42, 65.31.

4.5. Synthesis of N-(4-(2-Bromo-9-phenyl-fluoren-9-yl)phe-
nyl)-N-(4-(9-phenyl-2-(pyren-2-yl)-fluoren-9-yl)phenyl)ani-
line (2). The compound was prepared following the general
procedures above using 2-bromo-9-phenyl-fluoren-9-ol
(0.336 g, 1 mmol, 1 equiv.), PyFA (0.685 g, 1 mmol, 1 equiv.),
and BF3⋅Et2O complex (0.124 mL, 1 mmol). The yield of
target product (2) is 89%. MALDI-TOF-MS (m/z): 1003.5

[M+] calcd. Found: 1005. 1H NMR (400 MHz, CDCl3, ppm):
𝛿 8.21–8.17 (m, 2H), 8.12–8.08 (m, 4H), 8.01–7.98 (m, 2H),
7.95–7.89 (m, 2H), 7.86–7.85 (d, J = 7.6 Hz, 2H), 7.72–7.64
(m, 3H), 7.59–7.57 (d, J = 8.0 Hz, 1H), 7.50–7.39 (m, 4H),
7.36–7.31 (m, 5H), 7.27–7.13 (m, 13H), 7.08–7.06 (d, J = 7.6 Hz,
2H), 6.99–6.88 (m, 7H). 13C NMR (100 MHz, CDCl3, ppm):
𝛿 153.62, 151.86, 151.77, 151.41, 147.62, 146.58, 146.29, 146.13,
145.47, 140.64, 140.09, 139.45, 139.36, 139.15, 138.81, 137.96,
131.70, 131.15, 130.85, 130.79, 130.17, 129.58, 129.44, 129.22,
128.99, 128.87, 128.65, 128.55, 128.48, 128.39, 128.29, 128.22,
128.02, 127.86, 127.81, 127.79, 127.63, 127.04, 126.88, 126.59,
126.43, 126.23, 125.46, 125.32, 125.27, 125.13, 125.04, 124.98,
124.86, 123.80, 123.28, 123.26, 121.67, 121.51, 120.53, 120.38,
65.40, 65.29.

4.6. Synthesis of N,N-Bis(4-(2-bromo-9-phenyl-fluoren-9-yl)
phenyl)aniline (3). The compound was prepared following
the general procedures above using 2-bromo-9-phenyl-flu-
oren-9-ol (3.36 g, 10 mmol, 2 equiv.), TPA (1.33 g, 5 mmol,
1 equiv.), and BF3 ⋅Et2O complex (0.62 mL, 5 mmol). The
yield of byproduct 4-(2-Bromo-9-phenyl-fluoren-9-yl)-N,N-
diphenylaniline (1) is lower than 5%. The yield of N,N-
bis(4-(2-bromo-9-phenyl-fluoren-9-yl)phenyl)aniline (3) is

83%. MALDI-TOF-MS (m/z): 883 [M+]. 1H NMR (400 MHz,
CDCl3, ppm): 𝛿 7.72-7.70 (d, J = 7.6 Hz, 2H), 7.61–7.55 (d, J =

7.6 Hz, 2H), 7.51 (s, 2H), 7.47–7.45 (d, J = 7.6 Hz, 2H), 7.38–
7.33 (m, 4H), 7.29–7.27 (d, J = 7.6 Hz, 2H), 7.24–7.16 (m, 12H),
7.08–7.06 (d, J = 7.6 Hz, 2H), 7.01–6.98 (d, J = 7.6 Hz, 5H), 6.90–
6.88 (d, J = 7.6 Hz, 4H). 13C NMR (100 MHz, CDCl3, ppm):
𝛿 153.59, 151.38, 147.49, 146.47, 145.45, 139.37, 139.16, 139.01,
130.87, 129.54, 129.46, 129.02, 128.57, 128.32, 128.22, 127.82,
127.06, 126.44, 125.16, 123.49, 123.43, 121.71, 121.52, 120.41,
65.31.

4.7. Synthesis of N,N-Bis(4-(2-bromo-9-phenyl-fluoren-9-yl)
phenyl)-4-(9-phenyl-2-(pyren-1-yl)-fluoren-9-yl)aniline. The
compound was prepared following the general proce-
dures above using 2-bromo-9-phenyl-fluoren-9-ol (0.672 g,
2 mmol, 2 equiv.), PyFA (0.685 g, 1 mmol, 1 equiv.), and
BF3 ⋅OEt2 complex (0.124 mL, 1 mmol). The yield of target
product is 75%. MALDI-TOF-MS (m/z): 1321.2 [M+] calcd.
Found: 1323. 1H NMR (400 MHz, CDCl3, ppm): 𝛿 8.19–8.17
(d, J = 8.0 Hz, 2H), 8.11–8.04 (m, 4H), 8.01–7.96 (m, 2H),
7.94–7.89 (m, 2H), 7.85–7.83 (d, J = 7.2 Hz, 2H), 7.71–7.63 (m,
4H), 7.58–7.56 (d, J = 8.0 Hz, 2H), 7.49–7.39 (m, 6H), 7.34–
7.29 (m, 7H), 7.24–7.12 (m, 17H), 6.98–6.96 (d, J = 8.8 Hz,
4H), 6.93–6.87 (m, 6H). 13C NMR (100 MHz, CDCl3, ppm):
𝛿 153.56, 151.83, 151.76, 151.36, 146.29, 146.09, 145.99, 145.42,
140.64, 140.36, 140.07, 139.44, 139.34, 139.16, 137.95, 128.92,
129.12, 131.69, 131.13, 130.85, 130.78, 130.19, 129.56, 129.22,
129.01, 128.84, 128.64, 128.5, 128.47, 128.38, 128.31, 128.25,
128.03, 127.87, 127.79, 127.61, 127.03, 126.87, 126.59, 126.42,
126.24, 125.46, 125.31, 125.26, 125.12, 125.01, 124.87, 124.17,
123.74, 121.66, 121.51, 120.53, 120.36, 65.39, 65.29.

4.8. Synthesis of N,N-Bis(4-(2-(pyren-1-yl)- 9-phenylfluoren-
9-yl)phenyl)-4-(2,7-bis(9,9-dioctylfluoren-2-yl)-9-phenyl-flu-
oren-9-yl)aniline (BPyFBFFA). The target molecule was
prepared following the general procedures above using
9,9,9,9-tetraoctyl-9-phenyl-[2,2:7,2-terfluoren]-9-ol
(3.043 g, 2.94 mmol), BPyFA (3.307 g, 2.94 mmol), and
BF3⋅Et2O complex (439.4 𝜇L, 3.46 mmol). The reaction
mixture was stirred at rt (25∘C) under nitrogen for 48 h. The
yield of BPyFBFFA is 70%. MALDI-TOF-MS (m/z): [M+]
calcd. For C165H147N, 2143 Found: 2142.

4.9. General Procedure for Suzuki Reactions, Taking N-phe-
nyl-N-(4-(2-(pyren-1-yl)-9-phenyl-fluoren-9-yl)phenyl)aniline
(PyFA) as an Example. A typical preparation procedure
is as follows. In a three-necked schlenk flask (150 mL),
4-(2-bromo-9-phenyl-fluoren-9-yl)-N,N-diphenylaniline (1)
(565 mg, 1 mmol), 1-pyrenylboronic acid (322 mg, 1.3 mmol,
1.3 eq), and tetra(triphenylphosphine) palladium (0) (80 mg)
were added. The flask was evacuated and back filled with
nitrogen atmosphere over three times, after which degassed
toluene (30 mL) and K2CO3 aqueous solution (2 M, 5 mL,
10 e equiv.) were injected into the flask through syringe.
The mixture was heated up to 90∘C and stirred for 2 days.
The solvent was removed under vacuum. The mixture was
purified by silica gel chromatography (petroleum ether) to
afford pale yellow powder (548 mg, 80%). MALDI-TOF-MS

(m/z): [M+] calcd. For C53H35N, 685.3; Found: 685.5. 1H
NMR (400 MHz, CDCl3, ppm): 𝛿 8.22–8.18 (t, J = 7.6 Hz,
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2H), 8.16–8.18 (d, J = 8.8 Hz, 2H), 8.09 (s, 2H), 8.03–8.01
(t, 2H), 7.97–7.93 (t, J = 7.6 Hz, 2H), 7.89–7.87 (d, J = 7.6 Hz,
1H), 7.77 (s, 1H), 7.69–7.67 (d, J = 7.6 Hz, 1H), 7.52–7.50 (d, J
= 7.6 Hz, 1H), 7.46–7.42 (t, J = 7.6 Hz, 1H), 7.37–7.34 (m, 3H),
7.27–7.21 (m, 7H), 7.19–7.17 (d, J = 8.4 Hz, 2H), 7.11–7.09 (d, J =
7.6 Hz, 2H), 7.02–6.96 (m, 4H). 13C NMR (100 MHz, CDCl3,
ppm): 𝛿 151.88, 151.77, 147.91, 146.54, 146.21, 140.64, 140.11,
139.86, 139.46, 137.95, 131.711, 131.15, 130.79, 130.22, 129.45,
129.23, 128.91, 128.63, 128.53, 128.42, 128.05, 127.91, 127.86,
127.68, 126.98, 126.64, 126.28, 125.48, 125.37, 125.27, 125.16,
125.01, 124.92, 124.56, 123.51, 122.99, 120.61, 120.49, 65.41.

N,N-bis(4-(2-(pyren-1-yl)-9-phenyl-fluoren-9-yl)phe-
nyl)aniline (BPyFA). The target molecule was prepared fol-
lowing the general procedures above. 𝑅𝑓 = 0.12 (petroleum

ether). MALDI-TOF-MS (m/z): [M+] calcd. For C88H55N,
1125.4, Found: 1125.6. 1H NMR (400 MHz, CDCl3, ppm):
𝛿 8.17–8.14 (t, 4H), 8.09–8.04 (m, 8H), 7.96–7.91 (m, 6H),
7.88–7.83 (t, 4H), 7.71 (s, 2H), 7.64–7.62 (m, 2H), 7.46–7.44
(m, 2H), 7.42–7.38 (t, J = 7.6 Hz, 2H), 7.31–7.27 (m, 6H),
7.25–7.15 (m, 8H), 7.14–7.07 (m, 6H), 6.99–6.92 (m, 5H). 13C
NMR (100 MHz, CDCl3, ppm): 𝛿 151.82, 151.74, 147.71, 146.36,
146.158, 140.61, 140.05, 139.87, 139.41, 137.89, 137.81, 131.64,
131.08, 130.72, 130.17, 129.43, 129.17, 128.85, 128.57, 128.55,
128.48, 128.37, 128.29, 128.01, 127.84, 127.80, 127.60, 126.88,
126.57, 126.21, 125.42, 125.23, 125.19, 125.05, 124.97, 124.89,
124.85, 123.57, 123.15, 120.54, 120.39, 65.37.
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This study investigates the effects of varying the spiked iron content of iron/carbon nanopowder (Fe/CNP) composite materials
on hydrogen storage capacity. Among four such samples, a maximum hydrogen uptake of approximately 0.48 wt% was obtained
with 14 wt% of spiked iron under 37 atm and 300 K. This higher hydrogen uptake capacity was believed to be closely related to
the physisorption mechanism rather than chemisorption. In this case, the formation of maghemite catalyzed the attraction of
hydrogen molecules and the CNP skeleton was the principal absorbent material for hydrogen storage. However, as the iron content
exceeded 14 wt%, the formation of larger and poorly dispersed maghemite grains reduced the available surface areas of CNP for the
storage of hydrogen molecules, leading to decreased uptake. Our study shows that hydrogen uptake capacities can be improved by
appropriately adjusting the surface polarities of the CNP with well dispersed iron oxides crystals.

1. Introduction

Hydrogen-based energy is an irreplaceable component in the
inventory of future energy sources. Hydrogen has long been
considered an ideal energy carrier. In addition, it is a viable
alternative to fossil fuels such as oil and coal because it is
a renewable energy source that causes no carbon emissions
[1]. Despite the promise of hydrogen as an abundant energy
source, several obstacles such as its production, transporta-
tion, and storage need to be overcome in order to make
hydrogen-based energy practical and viable. In order to meet
the challenges of hydrogen storage, four different storage
methods have been proposed: liquefaction, compression,
storage in metal hydrides, and adsorption on certain sur-
faces [2]. Among these currently available techniques, those
involving adsorption and the use of a solid-state matrix com-
posed of metal hydrides are considered particularly efficient
in mild temperatures [3]. Although metal hydrides can store
large amounts of hydrogen through chemisorption, they have

high mass densities and unsuitably slow hydrogen desorption
rates. In order to address these issues, two methods have
been proposed: the doping of transition metals with catalytic
properties to lower the desorption energies involved [4] and
the selection of light-weight metal hydrides [5].

Microporous carbon-bearing materials have also been
considered for hydrogen storage. These materials possess
properties that include not only large specific surface areas [6]
but also microporous textures [3] that provide a particularly
favorable environment for hydrogen storage. These carbon-
bearing materials adsorb undissociated hydrogen molecules
mainly by the van der Waals forces present at their surfaces.
These binding forces are so weak that the physisorption
process at room temperature is impeded by thermal motion
[3]. Transition metals are again introduced into these carbon-
bearing materials to lower their surface energies to enhance
the adsorption forces at room temperature. As a particular
example, a report based on the ab initio density-functional
theory suggests that pillared Li-dispersed boron carbide
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nanotubes are capable of hydrogen storage capacities of up
to 6.0 wt% [7]. The hydrogen uptake capacities of single-
walled carbon nanotubes can be greatly increased (from
0.76 wt% to 1.66 wt% in a particular case) by using doped
palladium that has undergone thermal treatment [8]. The
use of nickel catalysts in the nanotube material enhances the
spillover effect of hydrogen, thereby leading to a higher rate
of hydrogen adsorption on the activated carbon surface [9].

In our study, we selected carbon nanopowders (CNPs)
spiked with different weight ratios of catalytic iron. Further,
we evaluate and discuss the hydrogen storage capacity of
these Fe/carbon nanopowder (Fe/CNP) composite materials
at 300 K.

2. Experimental

2.1. Preparation of Iron/Carbon Nanopowder Composite Mate-
rials. The CNP (CAS 7400-44-0) and reagents (Fe(NO3)3
and an analytical grade of ethanol) were purchased from
Aldrich and used without any further purification. The CNP
(formed by laser decomposition) was in an amorphous form
with an average particle size of 30 nm (as obtained from
the specifications labeled on the bottle). In order to prepare
the Fe/CNP composite materials, 0.4 g of untreated CNP
was mixed with 40 mL of ethanol and the desired amount
of Fe(NO3)3. The mixtures were sealed by Parafilm and
immersed in an ultrasonic water bath for one hour. After the
seal film was removed, the samples were dried at 60∘C for a
duration of 24 h.

2.2. Textural and Structural Studies. X-ray diffraction (XRD)
analyses (using a LabX XRD-6000, Shimadzu) of the original
and iron-spiked CNP samples were conducted with a scan
range of 10∘ ∼ 80∘ (corresponding to 2 theta or twice
the incident angle). The scan rate was set at 4 degrees
per minute and CuK𝛼 radiation (𝜆 = 0.15406 nm) at
30 kV and 20 mA was used for the diffraction process. The
Fourier Transform Infrared Spectroscopy (FTIR) spectra
(using a Bomen DA8.3 spectrometer) of the CNP samples
were obtained by operating the FTIR in the transmission
mode using KBr pellets with the scan rate and resolution

set at 1.00 cm−1/s and 2 cm−1, respectively. The transparent
KBr salt pellets were prepared by grinding 5 mg of the
CNP with 50 mg of KBr salt. Subsequently, this mixture was
hydraulically pressed. The specific surface area of the CNP
sample was determined using the Brunauer-Emmet-Teller
(BET) equation by measuring the N2 adsorption isotherm
at 77 K (ASAP2020, Micromeritics). The pore volume and
the pore size of the sample were automatically calculated by
the built-in software. The pore volume was determined by
the single point adsorption rate for pore diameters less than
62.5368 nm at 𝑃/𝑃0 = 0.96807. The pore size was obtained
by the adsorption average pore width (4V/A) evaluated using
the BET method.

2.3. Hydrogen Adsorption Experiments. The hydrogen uptake
capacity of the CNP samples was evaluated using a specially
designed volumetric adsorption/desorption system (shown

Gas reservoir

Pump

Water bath

Sample

chamber

H2

Figure 1: Schematic diagram of measurement system of hydrogen
adsorption experiments.

in Figure 1). This apparatus comprised a sample cell (with

a volume of 10.45 cm3) and a gas reservoir cell (with a

volume of 30.61 cm3) separated by a Sievert valve. The
entire system was evacuated and vented several times prior
to the experimentation process in order to minimize the
hydrogen uptake from the system materials. For the hydro-
gen adsorption experiments, all the prepared samples were
preheated at 360∘C for 20 min under 20 atm of pressurized
hydrogen. The whole procedure was repeated four times.
After the sample cell was pretreated and cooled to room
temperature, it was immersed in a water bath in order to
be maintained at a constant temperature environment. The
hydrogen adsorption experiments were carried out at 300 K
with an initial hydrogen pressure of 37 atm; the pressure
drop from this initial pressure was recorded by a pressure
gauge. The hydrogen adsorption capacity of the samples was
calculated from the pressure drop by using the ideal gas
law. The background correction factor for this calculation
was obtained by conducting the experiment under identical
conditions without using any samples. Subsequently, LaNi5
crystals were used as the internal standard sample and the
experiment was repeated.

3. Results and Discussion

3.1. Hydrogen Uptake Experiments. The dependence of
hydrogen uptake on reaction time under conditions of
37 atm pressure and 27∘C (room temperature) is shown in
Figure 2(a). Since the steady states of hydrogen adsorption are
reached after a reaction time of one hour, the corresponding
hydrogen uptake in one hour for all samples is chosen for all
the following discussions. As indicated in Figure 2(b), a local
adsorption maximum of approximately 0.48 wt% is obtained
with a CNP sample spiked with 14 wt% of iron. Further, it is
noticed that the hydrogen uptake capacity inversely decreases
as the iron content increases. This hydrogen storage capacity
is comparable with the adsorption capacities of palladium-
and vanadium-doped carbon nanotubes (∼0.69 wt%) [10].
In addition, this storage capacity of the CNP sample is also
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Figure 2: (a) Kinetic energy diagram of hydrogen molecule adsorption to Fe/carbon nanopowder (Fe/CNP) composite materials; (b) effect
of iron content in Fe/CNP composite materials on hydrogen adsorption; and (c) FTIR spectra of 14 FeCNP samples before and after hydrogen
adsorption.

comparable with that of activated carbon (∼0.53 wt%) [9];
moreover, it is superior to that of copper-doped activated
carbon fibers (0.28 wt% under similar conditions) [1]. In
spite of the decrease in hydrogen uptake capacity when
the spiked iron content exceeds 14%, the overall hydrogen
adsorption capacity is enhanced by approximately 20 ∼ 60%
in comparison with the original CNP sample that was not
spiked with iron. This observation clearly indicates that the
addition of iron improves the hydrogen adsorption capacity
in carbon-bearing materials.

3.2. Textural and Structural Properties. In order to interpret
the differences in hydrogen adsorption capacities of the
various samples, the textural and structural properties of
the Fe/CNP composite samples are examined. Figure 2(c)
shows the FTIR spectra of the 14 wt% iron-spiked samples

with the maximal spectral values before (14 FeCPN-B) and
after hydrogen adsorption (14 FeCPN-A). After hydrogen
is adsorbed in the samples, no C–H stretching vibrations
are observed. Normally, these vibrations are observed at

wavenumber values of approximately 2800 ∼ 3100 cm−1 [11].
The suppression of these vibrations might imply either that
the amount of adsorbed hydrogen molecules by chemisorp-
tions is not enough to activate the C–H stretching vibrations
or that there is eventually no chemisorption occurring in the
samples.

The specific surface areas of the Fe/CNP samples are
analyzed by measuring the N2 isotherm at 77 K using the
BET method. Furthermore, these hydrogen uptake capacities
are normalized by their corresponding specific surface areas
(listed in Table 1 and shown in Figure 3). It is noted that each
square meter of surface area contributes to approximately
0.0035 g of hydrogen uptake; this uptake capacity appears
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Table 1: Results of measured N2 isotherm using BET analysis and measured hydrogen adsorption capacities.

Sample
BET surface area Pore volume Pore diameter Gravimetric adsorption capacity Normalized adsorption capacity

(m2/g) (cm3/g) (nm) (wt%) (10−3 × g-H2/m2)

CNP 110.26 0.441 15.99 0.386 3.497

7Fe/CNP 226.86 0.682 12.03 0.452 1.993

14Fe/CNP 191.13 0.429 8.99 0.610 3.191

28Fe/CNP 128.04 0.352 11.00 0.512 3.995

56Fe/CNP 147.67 0.529 14.33 0.478 3.239
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Figure 3: Normalized hydrogen uptake rates after considering
specific surface areas of Fe/CNP composite materials.

unaffected by the amount of iron present in the sample. Since
chemisorbed hydrogen molecules are most likely to occur at
the metal surface (metal hydride), the consistent normalized
sorption capacity of both the pure and iron-spiked CNP
samples might imply that the hydrogen molecules are mainly
adsorbed by the process of physisorption. However, the pos-
sibility that the hydrogen molecules are adsorbed through the
process of chemisorption at the Fe/CNP sample surfaces still
exists. Furthermore, it is reasonably assumed that the CNP
supports principally contribute to the observed surface areas;
the iron-bearing species developed under our experimental
conditions usually have a specific surface area of less than

20 m2 g−1 [12]. Consequently, the presence of iron content
would effectively increase the adsorption capacity per surface
area of the CNP since the fraction of CNP present in the
sample decreases as the iron content increases. However,
as observed in Figure 3, the normalized adsorption capacity
does not proportionally increase as the iron content increases.
This might imply that both the surface morphology and pore
distribution of the CNP influence the hydrogen uptake; this
influence of the morphology and the pore distribution can be
examined by the scanning electron microscopy (SEM) and
the N2 isotherm BET analyses.

Figure 4(a) clearly shows that the original CNP is an
aggregate of hundreds of granular carbon nanoparticles; this
aggregation results in a mesoporous as well as a macroporous

texture. This texture is considered an unfavorable environ-
ment for hydrogen adsorption. Based upon the grand canon-
ical Monte Carlo calculation, Rzepka and coworkers have
suggested that a micropore with diameter of approximately
0.70 ∼ 0.75 nm could effectively retain hydrogen molecules
owing to better surface contact (stronger adsorption forces)
at the pore walls [3]. In this particular case, the hydrogen
molecule resides comfortably in the pore due to the strong
capillary action of the adsorption forces. On the other hand,
although a larger pore (>1 nm) could hold more hydrogen
molecules by the formation of two adsorption layers, the
binding force is so weak that it would be easily overcome
by the thermal motion of molecules at room tempera-
ture. Accordingly, the dependence of porosity in retaining
hydrogen would be limited and the observed gravimetric
adsorption would only depend on the specific surface area of
the samples [3].

As indicated by the Bopp-Jancso-Heinzinger (BJH)
differential adsorption pore volume (dV/dD) shown in
Figure 4(b), the CNP sample mainly contains the meso-
porous texture (centered at 2.5 nm) and the macroporous
surface (centered at 75 nm); this is consistent with the
aggregated features observed in the SEM image (Figure 4(a)).
The addition of iron species would dramatically rearrange the
original porous texture toward microporous morphology dis-
tribution by the growth or aggregation of Fe-bearing particles
(inset in Figure 4(a)). When the iron content exceeds 14 wt%
(14 Fe/CNP samples), the CNP surfaces are fully covered by
Fe-bearing particles; thus, the micropores are blocked and
the surface texture tends toward mesoporous environments
due to the formation of large iron clusters. The addition of
iron content increases the overall specific surface area of
these Fe/CNP samples to a certain extent; this increase in the
specific surface area is responsible for the higher hydrogen
uptake. Although the transition images of the porous texture
are difficult to record due to the limitations of SEM resolution,
the transition in texture could significantly reflect in the N2-
BET adsorption/desorption isotherm. Further, this transition
can be calculated by the BJH method [13]. However, the
increased specific surface area alone cannot fully explain
why the maximum hydrogen adsorption does not occur
in the 7 wt% (7 Fe/CNP) samples that show the largest
specific surface area. In order to address this disparity, it is
necessary to take into consideration the role of iron content
in the Fe/CNP samples. This is discussed in the following
section.
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Figure 4: (a) Scanning electron microscopy (SEM) image of original CNP sample; and (b) distribution of pore diameters in Fe/CNP composite
materials.
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Figure 5: Surface morphology of 7%, 14%, 28%, and 56% 𝛾-Fe2O3 in Fe/CNP composite materials.

3.3. Effects of Surface Polarization. Figure 5 shows the SEM
image of the formed 7%, 14%, 28%, and 56% 𝛾-Fe2O3 in the
Fe/CNP composite materials. The particles detected in the
SEM images have an identical average size as calculated by
the XRD line broadening method. A close-up micrograph
(Figure 6) shows Fe in Fe/CNP determined, and Fe should
be Fe/CNP compound as the SEM/EDS mapping analysis
displays the existence of significant Fe composition. We
applied quantitative method of Fe in Fe/CNP determined on

those samples (Figure 6). As indicated by the XRD patterns,
the spiked iron contents finally transition into a maghemite
cluster in the Fe/CNP samples (Figure 7). Maghemite can
be considered as a fully oxidized magnetite in which the
positive charge is increased via oxidation of Fe (II) in the
magnetite [12]. As a result, it is believed that the surface
polarization of Fe/CNP samples (induced by the presence of
maghemite) increases as the iron content increases. Polarized
surfaces attract hydrogen molecules more effectively than
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Figure 7: X-ray diffraction (XRD) patterns of Fe/CNP composite
materials.

relatively neutral CNP surfaces due to the stronger dipole-
induced dipole interactions; in particular, this is observed in
the region several angstroms above the sample surface [14].
We have not yet obtained any substantial spectrum evidence
to determine whether or not the surface maghemite acts
as a catalyst to create the spillover effect of the hydrogen
molecules. However, it has been suggested that the initially
adsorbed hydrogen molecules would preferentially form a
hydrogen layer with the individual hydrogen “atoms” cov-
ering the maghemite surfaces [15]. In our study, we have
tentatively assigned the formed cluster as maghemite. Further
identification work is needed to support our claim.

Under high pressure environments, hydrogen molecules
can be adsorbed by the dipole (at the support surface)
induced-dipole (partially polarized hydrogen molecules)
interactions [1]. At the same time, the nearby carbon supports
would also be partially polarized and lose some of their
surrounding electrons owing to the strong electron-acceptor
characteristic of metallic catalysts. This would create new
hydrogen adsorption sites that increase the hydrogen uptake
capacities [1]. Consequently, the hydrogen uptake capacity

Pretreatment

Hydrogen 

storage experiments

Dehydroxylation

Fe(NO)3 + CNP + ethanol Fe3+ aqueous species

Goethite -FeOOH

Hematite -Fe2O3

Magnetite Fe3O4

Maghemite -Fe2O3

Ultrasonic 1 hr

Drying (60 C 24 hr)

360 C/20 atm/20 min × 4

Figure 8: Scheme of iron oxide transformation and experimental
procedures.

is strongly related to the number of adsorbed hydrogen
molecules that overcome the surface energy barrier between
the metallic portion and the carbon support [15]. This
reasoning more appropriately describes our experimental
observations.

During the reactions occurring in the ultrasonic bath, the
Fe (III) ions are able to locate themselves at the CNP surface,
while the accompanying water molecules escape during the
following 24 h of drying at 60∘C (Figure 8). During this
stage, we speculate that the Fe (III) ions probably transform
into iron-bearing oxide structures; these structures are able
to further assist phase transformation to well-ordered iron
oxides in the pretreatment stage (Figure 8). In the sample
preparation processes as discussed above, the most probable
method of maghemite formation is by the dehydration
of goethite to form the hematite phase. Subsequently, the
hematite is oxidized to form magnetite [12]. The maghemite
obtained through this process usually has a specific surface

area less than 20 m2 g−1; this supports our previous reasoning
that the CNP content mainly contributes to the measured
surface area.

Accordingly, we have presented our speculations on the
increased hydrogen adsorption by the Fe/CNP samples in this
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section. In the case of 7Fe/CNP (7 wt%) samples that exhibit
the largest specific surface area, their mild hydrogen uptake
capacity might be attributed to the lack of sufficient quantities
of maghemite clusters embedded in the CNP skeleton. Under
these conditions, only the nearby CNP surfaces are able to
adsorb the polarized hydrogen molecules; the rest of the CNP
surface contributes very little to the hydrogen adsorption
due to the higher surface energy barrier and poor spillover
reactions [8]. In addition, this explains the lowest normal-
ized hydrogen adsorption capacity (shown in Figure 3). For
the 14 Fe/CNP samples that show the maximum hydrogen
adsorption, the maghemite clusters may probably be well
dispersed over the entire carbon nanopowder surface. This
arrangement lowers the surface energy barrier but sacrifices
the specific surface area since the deposited maghemite might
also block the surface pores. Beyond 14 wt% of the spiked
iron sample, further addition of iron species leads to larger
maghemite grains on CNP surface; these grains not only
block the surface pore (reducing the surface area) but also
increase the weight of the Fe/CNP samples. Consequently, the
gravimetric storage capacity of these samples drops; however,
the normalized adsorption capacity is very close to those of
the chosen initial CNP samples.

4. Conclusion

In this study, we evaluated the hydrogen storage capacity
of Fe/CNP composite materials spiked with various weight
ratios of iron content. The XRD analysis of the samples
showed the formation of maghemite (𝛾-Fe2O3) in these
Fe/CNP samples. Moreover, no significant chemisorption
of hydrogen molecules was observed from the FTIR spec-
tra. The maximum obtained gravimetric hydrogen storage
capacity was approximately 0.48 wt% with a spiked iron ratio
of 14 wt% under pressure and temperature conditions of
37 atm and 300 K, respectively. This value is attributed to
the polarization of the sample surface (induced by the pres-
ence of maghemite crystals). As the iron content exceeded
14 wt%, the maghemite formed larger grains that were poorly
dispersed across the surface, thereby causing a decrease in
the gravimetric hydrogen adsorption rate. Our experimental
results revealed that higher hydrogen storage capacities could
be achieved by carefully controlling the dispersion of iron
oxides in CNP samples in order to obtain a homogeneously
polarized CNP surface. Thus, the hydrogen storage capac-
ity of Fe/CNP samples can be significantly increased by
appropriately adjusting the surface polarities of the CNP and
ensuring well dispersed iron oxide crystals on the surface.
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[9] M. Zieliński, R. Wojcieszak, S. Monteverdi, M. Mercy, and M.
M. Bettahar, “Hydrogen storage in nickel catalysts supported on
activated carbon,” International Journal of Hydrogen Energy, vol.
32, no. 8, pp. 1024–1032, 2007.

[10] R. Zacharia, K. Y. Kim, A. K. M. F. Kibriab, and K. S.
Nahm, “Enhancement of hydrogen storage capacity of car-
bon nanotubes via spill-over from vanadium and palladium
nanoparticles,” Chemical Physics Letters, vol. 412, no. 4-6, pp.
369–375, 2005.

[11] H. S. Kim, H. Lee, K. S. Han et al., “Hydrogen storage in Ni
nanoparticle-dispersed multiwalled carbon nanotubes,” Journal
of Physical Chemistry B, vol. 109, no. 18, pp. 8983–8986, 2005.

[12] R. M. Cornell and U. Schwertmann, The Iron Oxides: Structure,
Properties, Reactions, Occurrences and Uses, Wiley-VCH, 2nd
edition, 2003.

[13] F. . Rouquerol, J. Rouquerol, and K. S. W. Sing, Adsorption
By Powders and Porous Solids: Principles, Methodology and
Applications, Academic Press, 1999.

[14] D. F. Evans and H. Wennerstrom, The Colloidal Domain: Where
Physics, Chemistry, Biology and Technology Meet, Wiley-VCH,
2nd edition, 1999.

[15] Y. Li and R. T. Yang, “Hydrogen storage in metal-organic
frameworks by bridged hydrogen spillover,” Journal of the
American Chemical Society, vol. 128, no. 25, pp. 8136–8137, 2006.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2013, Article ID 891365, 6 pages
http://dx.doi.org/10.1155/2013/891365

Research Article

Annealing Effects of Sputtered Cu2O Nanocolumns on
ZnO-Coated Glass Substrate for Solar Cell Applications

Lung-Chien Chen,1 Chung-Chieh Wang,2 and Suz-Wei Lu1

1 Department of Electro-Optical Engineering, National Taipei University of Technology,
No. 1, Section 3, Chung-Hsiao E. Road, Taipei 106, Taiwan

2Materials & Electro-Optics Research Division, Chung-Shan Institute of Science and Technology,
P.O. Box No. 90008-8-6, Lung Tan, Taoyuan 325, Taiwan

Correspondence should be addressed to Lung-Chien Chen; ocean@ntut.edu.tw

Received 19 December 2012; Revised 5 February 2013; Accepted 13 February 2013

Academic Editor: Sanqing Huang

Copyright © 2013 Lung-Chien Chen 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.

Cuprous oxide (Cu2O) films were prepared on an indium tin oxide glass substrate by radiofrequency magnetron sputtering using
a high-purity Cu target. The temperature of annealing was varied to obtain Cu2O thin films with various elements, compositions,
and surface structures. The p-Cu2O thin films thus formed were characterized by FESEM and XRD. After annealing at 500∘C, the
bilayer structure which consisted of Cu nanoclusters on the surface of a film of Cu2O nanocolumns was observed. The Cu2O solar
cell with the bilayered structure exhibited poor power conversion efficiency.

1. Introduction

Cuprous oxide (Cu2O) is a potential oxide semiconductor
with a direct band gap of 2.17 eV because the theoretical
energy conversion efficiency of a Cu2O solar cell is of the
order of 20% [1–3]. Undoped Cu2O, prepared by various
techniques, is usually a p-type semiconducting material
because of its native defects that are formed by Cu vacancies
[4, 5]. Cu2O is of a nontoxic nature and is an attractive all-
oxide candidate for low-cost photovoltaic (PV) applications.
Cu2O has long been considered to be an attractive transparent
conductor oxide (TCO) semiconductor, which is favorable
for the fabrication of low-cost solar cells for terrestrial
applications. Several groups have reportedly developed p-n
junction solar cells with a TCO/Cu2O heterostructure, such
as zinc oxide (ZnO)/Cu2O, indium-doped ZnO (IZO)/Cu2O,
aluminum-doped ZnO (AZO)/Cu2O, and gallium-doped
ZnO (GZO)/Cu2O heterojunction [6–11]. Cu2O thin films
have been prepared by various methods, including reactive
sputtering [12], metal-organic chemical vapor deposition
(MOCVD) [13], electrochemical deposition [14–17], chemical
dissolution [18–20], and the direct oxidation of Cu sheets [21].

According to the literature, the performance of Cu2O-
based solar cells is significantly affected by the crystallinity of
Cu2O, because Cu metal can easily be formed at the surface
of the Cu2O films or at the interface between the TCO and
the Cu2O films when thin films of TCO are deposited on the
Cu2O films. Therefore, this study investigates the deposition
of the Cu2O thin films by the magnetron sputtering method;
in particular, it examines the effect of changing the tempera-
ture of annealing to vary the crystal quality of the Cu2O thin
films.

2. Experimental

In this study, Cu2O films were prepared on ITO glass
using a Cu target with 99.995% purity and a radiofrequency
magnetron sputtering system. The Cu targets were in Ar
(flow rate of 40 sccm) and O2 (flow rate of 1–3 sccm) gas at

a stable pressure of 3× 10−3 Torr, and the temperature and
time of annealing varied to yield Cu2O thin films with various
properties. The flow rates of both argon and oxygen gases
were individually monitored using mass flow controllers.
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Figure 1: Top-view and cross-sectional FESEM images of microstructures of Cu2O films following annealing at 300, 400, and 500∘C.

Table 1 presents in detail the parameters of reactive mag-
netron sputtering for the preparation of Cu2O films. The
elements, composition, and surface structure of Cu2O thin
films were characterized by field emission scanning electron
microscopy (FESEM) and XRD measurements. The mobility
and carrier concentrations in the Cu2O thin films, and the
resistances of the the films, were determined by making Hall
measurements.

After the Cu2O films had been studied, ZnO/Cu2O
heterostructure solar cells were fabricated. A ZnO film and
then a Cu2O film were deposited on an ITO-coated glass
substrate. Next, copper electrodes were formed by sputtering
onto the surfaces of both of the ZnO film and the Cu2O film
to complete the fabrication of the ZnO/Cu2O heterostructure
solar cells. The current density-voltage (J-V) characteristics
were measured using a Keithley 2420 programmable source
meter under irradiation by a 100 W xenon lamp. Finally, the
irradiation power density on the surface of the sample was

calibrated at 100 W/m2.

Table 1: Sputtering parameters for Cu2O films.

RF power of Cu target 50 W

Working pressure 4.3 × 10−3 Torr

Annealing temperatures 300–500∘C

Flow rate of argon 50 sccm

Flow rate of oxygen 1–3 sccm

Film thickness 800–1000 nm

3. Results and Discussion

Figure 1 shows the top-view and cross-sectional FESEM
images of the microstructures of the Cu2O films that had
been annealed at 300, 400, and 500∘C. Two-dimensional
grain boundaries of the Cu2O films that were annealed at
400 and 500∘C are clearly observed. The oxide scales on the
sample that was annealed at 300∘C exhibit compact clusters
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Figure 2: X-ray diffraction patterns of samples that had been annealed at various temperatures.

of fine grains, as shown in Figures 1(a) and 1(b). When
the annealing temperature exceeded 400∘C, porous, thin
oxides formed, particularly developed in the grain boundary
regions, implying that they were produced by fast diffusion
processes, as shown in Figures 1(c) to 1(e), which may
be responsible for the low value of the activation energy.
Nanosize grains with sizes from 30 to 50 nm were obtained
by varying the annealing temperature and flow rate of oxygen
gas. After annealing at 500∘C, as shown in Figure 1(e), the
bilayer structure consisted of Cu nanoclusters on the surface
of a film of Cu nanocolumns was observed.

To elucidate the annealing mechanism, the phase was
identified. Figure 2(a) presents the XRD pattern of the Cu2O
films that were treated at various annealing temperatures.
XRD diffraction shows that single phase of Cu2O films
was formed by growth at different annealing temperatures,
yielding diffraction peaks at 36.45∘ and 42.33∘ that corre-
sponded to the (111) and (200) planes of the cubic-structured
Cu2O. At high annealing temperatures, the Cu2O(111) peak
increased and Cu peaks appeared at 400 and 500∘C. The
Cu2O(111) peak shifted slightly from 36.45∘ to 36.93∘. The
outgassing of oxygen from the surface of the film into the
Cu2O nanocolumns and the formation of Cu clusters on
the surface of the Cu2O film may have contributed to the
appearance of the Cu peaks and the shift of the Cu2O peaks.
Figure 2(b) presents the mechanism of formation of the Cu-
Cu2O bilayer.

Figure 3 plots both the resistivity and the mobility as
functions of thermal annealing temperature for annealing
periods of 10 and 20 min. The sample that was annealed
for 10 min had superior electrical characteristics than the
sample that had been annealed for 20 min. As the thermal
annealing temperature increased, the resistivity of Cu2O films

linearly fell while the mobility declined to ∼2–4 cm2/Vs. The
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Figure 3: Carrier concentration and mobility as functions of
annealing temperature.

reduction of resistivity of the Cu2O films after annealing may
be attributed to the segregation of the Cu-rich nanoclusters
from the Cu2O film, which is shown in Figure 1(e). Also,
unlike other studies, a film with relatively low mobility was
obtained by postthermal annealing [22–24]. The reduction
of mobility in Figure 3 is attributable to the transportation
of carriers from one nanocolumn to another nanocolumn.
However, as the annealing temperature increased to 500∘C,
the mobility in the sample that had been annealed for 10 min

increased by ∼5 cm2/Vs owing to the increase in the size
of the grains in the Cu2O nanocolumns and the Cu-rich
nanoclusters.

Figure 4(a) presents the absorption measurements for the
Cu2O layers following postannealing treatment at various
temperatures for 10 min. The layers absorb very strongly
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Figure 4: Absorbance spectra of (a) Cu2O films with thermal oxidation at various temperatures and (b) absorption squared as a function of
photon energy.
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Figure 5: (a) Cross-section of completed structure and (b) FESEM image of completed structure.

in the visible region, and so they are favorable materials
for use in solar energy devices. According to this figure,
the absorption increased continuously with the annealing
temperature from 300 to 500∘C owing to a drop in Cu
content. Figure 4(b) plots absorption squared as a function
of photon energy as determined from the transmittance in
Figure 4(a). The as-deposited sample and the sample that
was postannealed at 300∘C had an absorption edge at ∼2.1 eV.
This value is consistent with other results for the band-gap
energy of Cu2O that can be found in the literature [25–
27]. The extrapolation of the linear region of the curves
to the horizontal axis gives the band-gap energies of Cu2O
following postannealing at 400 and 500∘C, which are ∼2.45
and ∼2.55 eV, respectively. This result may be attributed
to the incorporation of a larger amount of oxygen in the
film, making it nonstoichiometric following postannealing.

A nonstoichiometric Cu2O film with higher oxygen content
has a smaller lattice constant, a larger band gap, and a higher
resistivity.

Figure 5(a) displays the cross-section of the completed
structure and Figure 5(b) shows the FESEM image of the
structure. The Cu2O nanocolumns collapse in the image fol-
lowing the preparation of the sample for FESEM observation.
Figure 6 plots the J-V characteristics of the ZnO/Cu2O het-
erostructure with and without illumination. The cell perfor-
mance was measured under AM 1.5 illumination with a solar
intensity of 100 mW/cm2 at 25∘C. The cell had an active area

of 0.3× 0.3 cm2 and no antireflective coating. ZnO/Cu2O
solar cells exhibited the following static parameters; 𝐽sc of

0.0325 mA/cm2, 𝑉oc of 0.1 V, FF of 0.283, and a conversion
efficiency (𝜂) of 0.092%. The low FF value and poor conver-
sion efficiency are caused by the high series resistance and low
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Figure 6: J-V curves of IZO/Cu2O heterostructure solar cells in
dark and under illumination.

shunt resistance. The series resistance is caused mainly by the
Cu2O structure that is formed from the nanocolumns, which
degrades carrier transport. The shunt resistance is produced
by charge leakage from the edges of the Cu2O nanocolumns.

4. Conclusions

Cuprous oxide (Cu2O) films were prepared on an indium tin
oxide glass substrate by radiofrequency magnetron sputtering
using a highly pure Cu target. The bilayer structure comprised
Cu nanoclusters on the surface of Cu2O nanocolumns film
following annealing at 500∘C. The measured parameters of
the cells were the short-circuit current density (𝐽sc), the open-
circuit voltage (𝑉oc), and the efficiency (𝜂), with values of

0.0325 mA/cm2, 0.1 V, and 0.092%, respectively. The Cu2O
solar cell with the bilayer structure had a poor power
conversion efficiency because of the nanocolumn structure.
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Most primary cells use Zn or Li as the anode, a metallic oxide as the cathode, and an acidic or alkaline solution or moist past
as the electrolytic solution. In this paper, highly ordered polypyrrole (PPy) inverse opals have been successfully synthesized
in the acetonitrile solution containing [bmim]PF6. PPy films were prepared under the same experimental conditions. Cyclic
voltammograms of the PPy film and the PPy inverse opal in neutral phosphate buffer solution (PBS) were recorded. X-ray
photoelectron spectroscopy technique was used to investigate the structural surface of the PPy films and the PPy inverse opals. It is
found that the PF6

− anions kept dedoping from the PPy films during the potential scanning process, resulting in the electrochemical
inactivity. Although PF6

− anions also kept dedoping from the PPy inverse opals, the PO4
3− anions from PBS could dope into the

inverse opal, explaining why the PPy inverse opals kept their electrochemical activity. An environmental friendly cell prototype
was constructed, using the PPy inverse opal as the anode. The electrolytes in both the cathodic and anodic half-cells were neutral
PBSs. The open-circuit potential of the cell prototype reached 0.487 V and showed a stable output over several hundred hours.

1. Introduction

Polypyrrole (PPy) was first reported by an Italian group,
Dall’Olio et al. in 1961. Since then, PPy has generated
significant interest for the last four decades, because of its
high conductivity and environmental stability. PPy has found
use in a wide range of applications, including chemical and
biological sensors, light emitting diodes, electromagnetic
interference shielding, and advanced battery systems [1, 2].
There are many methods of preparing electroconducting
polymers from monomer solutions. Among them, elec-
tropolymerization is the preferred general method because
of its simplicity and reproducibility. Moreover, electropoly-
merization has merits that new properties can be easily
obtained by use of various supporting electrolytes, and the
film thickness also can be easily controlled by regulating the
amount of charge passed [2]. Room temperature ionic liquids
(ILs), which are composed of unsymmetrically substituted
nitrogen-containing cations (imidazole, pyrrolidine, pyri-
dine, etc.) with inorganic anions (Cl−, PF6

−, BF4
−, etc.), have

many unique physicochemical properties, such as high ther-
mal stability, negligible vapor pressure, good electrochemical
stability and conductivity at room temperature [3]. ILs have
now been used as new types of dopants in electroconducting
polymer synthesis. Several groups have prepared PPy films
doped with different ILs via electropolymerization method
[4–8]. Though the properties of ILs-doped PPy films depend
on the polymerization conditions and the nature of ILs [6],
the electrochemical stability and conductivity of PPy films
were reported to have been greatly improved by ILs.

Recently, three-dimensional ordered macroporous
(3DOM) materials, with interconnected macropores (the
so-called “inverse opals”), have attracted increasing attention
due to their well-designed structures, huge surface area,
and unique properties [9–13]. Now, several methods, such
as nanomachining, photolithography, and three-dimension
(3D) holography, have been developed for the synthesis
of 3D periodically modulated dielectric materials. Among
them, self-assembly has been demonstrated as a facile and
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inexpensive way to produce 3D photonic crystals. Several
methods concerning the synthesis of inverse opals have been
developed, and, among them, using self-assembled colloid
crystals as the templates has stood out in the inverse opal
synthesis [14–18]. The void spaces of colloid crystals templates
can be filled with other materials and the spheres can be
subsequently removed. Among these templates, silica spheres
are ideal candidate templates since they can be obtained
conveniently in desired sizes. Furthermore, commercial
silica spheres are available now and can be simply removed
by dissolution with an aqueous hydrofluoric acid solution.
We have used SiO2 colloid crystals for the fabrication of gold
inverse opals and found that it showed excellent performance
in the antibody and antigen detection [19].

Inverse opals based on different conducting pol-
ymers, such as PPy [10, 20], polyaniline (PAni) [21],
polyphenylenevinylene (PPV), and polythiophene (PTh)
[9] have been prepared by electrochemical polymerizing
the corresponding monomer in the interstitial voids of the
colloid crystal template. PPy is desirable as inverse opal due
to its ease of synthesis, inexpensive monomer, stability in
ambient conditions, and relatively high levels of electrical
conductivity. The original interest for preparing inverse opals
with conducting polymers originated from the motivation to
obtain photonic band gap crystals of conjugated polymers,
whose refractive index can be easily tuned [22–24]. Now,
considerable research interest is focused on the potential
applications of electroconducting polymer inverse opals for
other purposes, by exploiting the advantages provided by
the highly ordered porous structure of electroconducting
polymer inverse opal [22].

Herein, a kind of PPy inverse opal was synthesized
through electropolymerization in the acetonitrile solution. A
self-assembled SiO2 colloid crystal was used as the sacrificial
template. The viscosity of [bmim]PF6 is so high that it could
not go into the voids of the colloid crystal template. The
electropolymerization had to be carried out in a acetonitrile
solution containing both [bmim]PF6 and pyrrole monomer.
During the electropolymerization, no typical doping and
dedoping peaks were observed, resulting from the acidic
nature of [bmim]+.

Electrodeposition was usually used to prepare electrocon-
ducting polymer inverse opals, applying a constant current
or potential for an appropriate time. However, we found
that highly ordered PPy inverse opals could also be obtained
by cyclic voltammetric method. As the counterpart, PPy
films were prepared under the same experimental conditions.
Cyclic voltammograms of PPy film and PPy inverse opal
in neutral phosphate buffer solution (PBS) were recorded.
After hundreds of potential scanning cycles, the PPy film
totally lost its electrochemical activity, while the redox peaks
could still be observed on the cyclic voltammgram of the
PPy inverse opal. X-ray photoelectron spectroscopy (XPS)
technique was used to investigate the structure change of the
PPy film and the PPy inverse opal before and after the cyclic
voltammetry. It is found that during the potential scanning,
the PF6

− anions kept dedoping from the PPy film, that is the
reason why the PPy film lost its electrochemical activity after
hundreds of potential scanning cycles. Although the PF6

−

anions also kept dedoping from the PPy inverse opal, the

PO4
3− anions from the buffer solution would insert into the

PPy backbone during the potential scanning, explaining why
the redox peaks could be observed.

A cell prototype which can operate in a physiological
buffer was constructed. The open-circuit potential (OCP) of
the cell reached 0.487 V. The cell prototype showed stable
output over several hundred hours.

2. Experimental

2.1. Preparation of SiO2 Colloid Crystal Template. The mon-
odisperse silica spheres with the diameters of 0.50 mm were
obtained from Alfa Aesar. The gold substrates, supplied by
the 55th institute of China electronic group, were prepared
by sputtering a 200 nm thick gold top layer onto the quartz
wafers. Before use, the substrates were thoroughly rinsed with
acetone, ethanol, and water and then vertically immersed into
an ethanol suspension containing 0.09 g/mL monodispersed
SiO2 spheres. This apparatus was covered with a 1000 mL
beaker and kept in a temperature-controlled oven at 40∘C for
48 hours for the self-assembling of SiO2 spheres.

2.2. Preparations of the PPy Films and the PPy Inverse Opals.
[bmim]PF6 was commercial obtained. Pyrrole monomer was
distilled under reduced pressure before use. Electropoly-
merization was carried out with a cyclic potential scan-
ning sweep method in a three-electrode configuration on
a CHI660C electrochemical workstation (Chenhua, China).
A platinum wire served as the counterelectrode, and the
reference electrode was made according to [25], immersing
a Ag/AgCl wire into a 1 M solution of AgNO3 in acetonitrile
into 450𝜇L [bmim]PF6. Due to volatility of acetonitrile, the
three-electrode configuration was airtight. The potential was
swept between −0.5 and 0.65 V versus Ag/AgCl reference
electrode at a sweep rate of 0.1 V/s. A gold substrate was used
as the working electrode for the synthesis of the PPy film, and
a gold substrate covered by a SiO2 colloid crystal template
was used as the working electrode for the preparation of
the PPy inverse opal. After 250 potential scanning cycles, a
black film was formed on the gold substrate. The PPy inverse
opal was obtained after the SiO2 template was removed by
10% HF solution. The morphology of the SiO2 colloid crystal
template and the PPy inverse opal were verified by field-
emission scanning electron microscope (FESEM, JEOL JEM-
2010F).

2.3. XPS Analysis. The XPS spectra were acquired by using
Al K𝛼 radiation (1486.6 eV) through a Perkin-Elmer PHI

5000C ESCA system at a base pressure of 1 × 10−9 Torr
equipped an electronic neutralization gun to eliminate the
charge effect on the sample surface. The sample was firstly
pressed to a 1 × 13 mm disc and fixed to the sample holder,
it was then degassed in the pretreatment chamber for 2 h.
After that, it was removed to the test chamber for XPS study.
All binding energy values were calibrated by using the value
of contaminant carbon (C1s = 284.6 eV) as a reference.
The surface composition of doped polypyrrole samples was
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Figure 1: The SEM image of the SiO2 colloid crystal template prepared by vertical deposition (a); the SEM image of a PPy inverse opal (b).

calculated from the areas of the Cls, Ols, Nls, F1s, P2p3, Si2p3,
and Na1s photoelectron peaks.

Eight samples were prepared for the XPS analysis. Sample
I is the prepared PPy film, sample II was prepared by soaking
sample I into a 10% HF solution for about 30 s. Sample III is
the prepared PPy inverse opal, and sample IV was obtained
before the SiO2 template of sample III was removed.

Cyclic voltammetry were conducted in PBS of pH 7.0
using a three-electrode configuration. The samples served
as the working electrode. A Pt wire and a SCE were used
as the counterelectrode and reference electrode, separately.
The potential scanned from −1.0 to 0.70 V (versus SCE)
with the scanning rate of 0.1 V/s until the current did not
change anymore. The samples were then taken out of the
PBS solution, washed with deionized water and dried in air.
The new samples after the cyclic voltammetry were the other
four samples for XPS analysis, which denoted as sample I/CV,
sample II/CV, sample III/CV, and sample IV/CV, separately.

2.4. Construction of the Cell Prototype. A cell prototype was
constructed. The anode of the cell was a PPy inverse opal
modified gold substrate. The geometric area of the PPy
inverse opaline film on the gold substrate was controlled

by insulating tape, and was determined to be 0.35 cm2. The
cathode was a platinum plate (2 mm×6mm). The electrolytes
in both the cathodic and anodic half-cells were PBS of pH 7.0.
A KCl salt bridge was used to connect the two half-cells. The
performance of the cell was evaluated at room temperature.

3. Results and Discussion

3.1. Characterization Results of the SiO2 Colloid Crystal Tem-
plate and the PPy Inverse Opal. A number of self-assembly
techniques, including gravitational sedimentation, vertical
deposition, membrane filtration, emulsion crystallization,
and Langmuir-Blogett (LB) method, have been involved
in the fabrications of photonic crystals [26, 27]. Vertical
deposition, which takes use of the evaporation-induced self-
assembly driven by capillary forces, can produce superior
quality colloid crystals. The efficiency of vertical deposition
relies on the balance between solvent evaporation and particle

sedimentation. Thus, temperature and particle concentration
played very important roles in the self-assembly of well-
ordered optical crystals via vertical deposition [28].

Figure 1(a) shows the SEM image of the SiO2 colloid
crystal template on a gold substrate. It can be seen that
the template consisted of well-ordered 3D arrays of SiO2
spheres and exhibited a face-centered-cubic structure with
(111) planes parallel to the substrate. Electropolymerization
was carried out with a cyclic voltammetric method in a three-
electrode configuration.

Though cyclic voltammetry technique is normally used
in electropolymerization of electroconducting polymers, the
syntheses of electroconducting film inverse opals were usu-
ally carried out by electrodeposition in monomer-containing
aqueous solutions, applying a constant current or potential
for an appropriate time [29]. There has been no report
on preparing electroconducting film inverse opals through
cyclic voltammetry method, and here we tried to prepare
PPy inverse opals via cyclic voltammetry technique. Though
[bmim]PF6 has already shown to be excellent media for the
electrochemical synthesis of PPy films [1], the viscosity of
[bmim]PF6 is so high that it could not penetrate into the
voids of SiO2 template. Finally, the electropolymerization
was carried out in an acetonitrile solution containing 0.1 M
pyrrole monomer and 0.1 M [bmim]PF6. After the SiO2
template was removed, highly ordered PPy inverse opal was
obtained on the gold substrate.

Figure 1(b) displays the SEM image of the PPy inverse
opal on a gold substrate. We found that a highly regular
PPy inverse opal had been obtained by cyclic voltammetric
technique. It can be seen from the enlarged image (the insert
of Figure 2(b)) that the inverse opal is of one layer thickness.

3.2. Electropolymerization Processes of the PPy Film and the
PPy Inverse Opal. Figure 2(a) shows the cyclic voltammo-
gram of the first twenty cycles in the course of electropoly-
merization of pyrrole on a gold substrate in the acetonitrile
solution containing 0.1 M pyrrole and 0.1 M [bmim]PF6. The
potential was scanned from −0.5 V to 0.65 V with a scanning
rate of 0.1 V/s. With each successive scan, the cathodic and
anodic wave currents increased, suggesting the continuous
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Figure 2: Cyclic voltammogram of the first twenty cycles in the course of electropolymerization of pyrrole in acetonitrile containing 0.1 M
pyrrole and 0.1 M [bmim]PF6 at 0.1 V/s between −0.5 and 0.65 V versus the homemade Ag/AgCl reference electrode on a gold substrate (a)
and on a gold substrate covered by SiO2 colloid crystal template (b).

deposition of PPy films on the gold substrate. Figure 2(b)
shows the cyclic voltammogram of the first twenty cycles
in the course of electropolymerization of pyrrole on a gold
substrate covered by a SiO2 colloid crystal template. Both the
cathodic the anodic wave currents increased cycle by cycle,
indicating the continuous deposition of PPy films on the SiO2
colloid crystal template.

Normally, a pair of sharp redox peaks could be observed
during the cyclic voltammetric electropolymerization pro-
cess of pyrrole. In both Figures 2(a) and 2(b), however, no
peaks but broad waves emerged in the potential scanning
range. Zhou et al. have done a series of researches on the
electropolymerization of pyrrole in acetonitrile solutions [27,
30–33] and gave a detailed statement on the electropoly-
merization of pyrrole monomer in acetonitrile solutions
[31]. In the electropolymerization process, there exists an
intermediate, which was structurally confirmed as 2,2-(2,5-
pyrrolidinediyl)dipyrrole (IV). If the concentration of IVs is

too high, the coupling mainly takes place between IV(2).+,
producing nonconducting polymer and passivating the elec-
trode. Zhou et al. found that the concentration of IV depends
on the switching potential during the scan as well as the
acidity of the solution. More IVs would be produced at higher
potential and higher acidity. The pKa value of the [bmim]+

was found to be in the range of 21–24 in dimethyl sulfoxide
(DMSO) and H2O [34], which reveals the acidic nature of
[bmim]+. There is always some water in acetonitrile, and the
addition of [bmim]PF6 into the water-containing acetonitrile
had increased the acidity of the acetonitrile solution. During
our experiment, the potentiodynamic growth of PPy could
be observed when the potential was scanned from −0.5 to
0.65 V. If the positive switching potential increased to 0.75 V,
passivation would happen, suggesting that there were too
much IVs generated. Zhou et al. also found that when the
positive switching potential was low, passivation of electrode
could also be observed. The concentration of Py+ was very

low at low potential, and the reactions involving IV(2).+,
were still determinative, resulting in the passivaton of either
electrode. During our experiment, we also found that if
the positive switching potential was lower than 0.58 V, the
growth of PPy film could not be observed due to the low
concentration of Py+.

The PPy film could not grow when the positive switching
potential was higher than 0.75 V or lower than 0.58V, indi-
cating that the coupling reaction mainly took place between

IV(2).+, and Py+. Zhou et al. found that no sharp redox peaks
but wide waves were observed during the electropolymeriza-
tion of PPy when the coupling reaction took place between

IV(2).+, and Py+. In our experiments, also only wide waves
were observed (Figures 2(a) and 2(b)). In both Figures 2(a)
and 2(b), a large anodic peak could be observed on the
first cycle during the electropolymerization. This anodic peak
points out the anodic oxidation of pyrrole monomer on the
substrate and the formation of PPy film. The anodic peak on
the gold substrate (Figure 2(a)) is much larger than that on
the gold substrate covered with a SiO2 colloid crystal template
(Figure 2(b)), which might be attributed to the fact that the
real area of gold substrate is larger than that of the gold
substrate covered with a SiO2 colloid crystal template.

3.3. Cyclic Voltammograms of the PPy Film and the PPy
Inverse Opal in 0.1M PBS of pH 7.0. The electrochemical
properties of the PPy film and the PPy inverse opal were
characterized by cyclic voltammetry. Figure 3(a) shows the
cyclic voltammogram of the first ten circles obtained at the
PPy film modified gold substrate (PPy film/Au) in 0.1 M PBS
of pH 7.0 scanning from −1.0 to 0.7 V. A pair of redox peaks
was observed. The redox peaks correspond to the doping
and dedoping of counteranions. With each successive scan,
the currents of the redox peaks decreased. Eventually, all the
reduction and oxidation peaks disappeared after hundreds of
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Figure 3: (a) Cyclic voltammogram of the first ten cycles obtained at the PPy film/Au in 0.1 M PBS of pH 7.0 scanning from −1.0 to 0.7 V at
the scanning rate of 0.1 V/s; (b) cyclic voltammogram of the first ten cycles obtained at PPy inverse opal/Au in 0.1 M PBS of pH 7.0 scanning
from −1.0 to 0.7 V at the scanning rate of 0.1 V/s (insert is the cyclic voltammogram obtained at the PPy inverse opal/Au scanning from −1.0
to 0.7 V after equilibrium was reached).

potential scanning cycles (not shown), indicating that there
were almost no counteranions in the PPy film any more.

Figure 3(b) shows the cyclic voltammogram of the first
ten circles obtained at the PPy inverse opal modified gold
substrate (PPy inverse opal/Au) in 0.1 M PBS of pH 7.0
scanning from−1.0 to 0.7 V. An oxidation peak at −0.12 V and
a reduction peak at −0.84 V were observed on the line. The
oxidation peak corresponds to the doping of counteranions,
and the reduction peak corresponds to the dedoping of coun-
teranions. Although the redox peak currents decreased with
each successive scan, the redox peaks could still be observed
after thousands of scanning cycles when equilibrium was
reached (insert of Figure 3(b)). The potential of oxidation
peak shifted from −0.12 V to 0.12 V, and the potential of the
reduction peak shifted from −0.80 V to −0.45 V.

3.4. XPS Analysis. To elucidate the structural change of
PPy film and PPy inverse opal before and after cyclic
voltammetry in neutral PBS solution, XPS was used to
determine the surface composition of the electroconducting
polymer. The XPS spectra were acquired by using Al K𝛼
radiation (1486.6 eV) through a Perkin-Elmer PHI 5000C
ESCA system. All binding energy values were calibrated by
using the value of contaminant carbon (C1S = 284.6 eV) as a
reference [35]. In the XPS spectra of all the eight samples, the
main C1s, N1s, O1s, F1s, P2p3, and Si2p3 peak were located at
ca. 290 eV, 406 eV, 537 ev, 692 eV, 142 eV, and 96 eV, separately.
Figure 4 shows the element atomic concentration percentages
of C1s, N1s, O1s, F1s, P2p3, and Si2p3 on the samples surface.
The element atomic concentration percentages were obtained
from the integrated area under the principal peaks. The
inserts in the Figure 4 display the N1s XPS core level spectra
of the samples. The N1s signal originates from the nitrogen of

the pyrrole rings of the polymer backbone because of lack of
nitrogen in the dopants used.

Figure 4(a) presents the element atomic concentration
percentages of C1s, N1s, O1s, F1s, P2p3, and Si2p3 at the
surface of sample I (the PPy film). The atomic concentration
ratio of P2p3 : N1s and F1s : N1s was 0.27 and 1.45, separately.
Figure 4(b) shows atomic concentration percentages of the
elements contributing to the sample I/CV. The atomic con-
centration ratio value of P2p3 : N1s at the surface of sample I
decreased from 0.27 to 0.04 after the cyclic voltammetry, and
the value of F1s : N1s decreased from 1.45 to 0.05. The values of
P2p3 : N1s and F1s : N1s both decreased greatly after the cyclic
voltammetry, indicating that the PF6

− anions kept dedoping
from the PPy film during the potential scanning process.

The insert in Figures 4(a) and 4(b) shows the N1s XPS
core level spectrum of the sample I and the sample I/CV,
respectively. The N1s spectra clearly indicate the existence of
three inequivalent nitrogen heteroatoms either in the sample
I or in the sample I/CV. In the insert of Figure 4(a), the peak I
is attributed to nitrogen that is not influenced by the presence
of any anions. The ratio of peak I to the total N1s peak area is
56.8%. The peak II shifting by 1.8 eV with respect to the main
nitrogen feature is attributed to nitrogen interacting with the
PF6
− anions. The ratio of peak II to the total N1s peak area

is 26.7%, indicating that the PPy film was consisted of the
normally accepted structure containing about one PF6

− anion
per four pyrrole monomers. The ratio of peak III to the total
N1s peak area is 8.3%. It should be noted oxygen was detected
in all the eight samples by XPS. The peak III may be assigned
to the interaction of nitrogen with some oxygen containing
anions, such as hydroxyl groups. In the insert of Figure 4(b),
the ratio of peak II to the total N1s peak area decreased from
26.7% to 4.7% after the cyclic voltammetry for the dedoping
of PF6

− anions. The ratio of peak I, however, increased from
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56.8% to 86.6%. The ratio of the peak III did not change
much after the cyclic voltammetry. From the analysis of the
XPS spectra of the sample I and sample I/CV, it is found that
the PPy film almost lost all its PF6

− anions after the cyclic
voltammetry. That is the reason why the redox peaks of the
PPy film disappeared after hundreds of potential scanning
cycles in PBS of pH 7.0.

Figure 4(c) presents the element atomic concentration
percentages of the elements at the surface of sample II (the
PPy film immersed into 10% HF solution for 30 s). The atomic
concentration ratio of P2p3 : N1s and F1s : N1s of sample II
was 0.18 and 0.51, respectively. As the doped PF6

− anions
might decompose during the incubation in the 10% HF solu-
tion, the atomic ratios of P2p3 : N1s and F1s : N1s of sample II
are much smaller than that of sample I. Figure 4(d) displays
element atomic concentration percentages of the elements at
the surface of sample II/CV. The atomic concentration ratio
of P2p3 : N1s and F1s : N1s of sample II was 0.023 and 0.4,
respectively. The reduction of the atomic concentration ratios
of P2p3 : N1s and F1s : N1s can be ascribed to the dedoping of
PF6
− anions from the sample II during the potential scanning

process.
The insert in Figures 4(c) and 4(d) shows the N1s XPS

core level spectrum of the sample II and sample II/CV,
respectively. The N1s spectra indicate clearly the existence
of two inequivalent nitrogen heteroatoms in both sample II
and sample II/CV. In the insert of Figure 4(c), the peak I is
attributed to nitrogen that is not influenced by the presence
of any anions. The ratio of peak I to the total N1s peak area is
81.6%. The peak II shifting by 1.8 eV with respect to the main
nitrogen feature is attributed to the electrostatic interaction
with the PF6

− anions. The ratio of peak II to the total N1s
peak area is 18.4%. As the doped PF6

− anions decomposed
during the incubation in 10% HF solution, the ratio of peak
II of sample II is lower than that of sample I, while the ratio
of peak I is higher. In the N1s XPS core level spectrums
of the sample II and sample II/CV, peak III, which can be
assigned to the interaction of nitrogen with hydroxyl groups,
is not observed. The hydroxyl groups at the surface of the
samples might have been removed by 10% HF solution. In the
insert of Figure 4(b), the ratio of peak II to the total N1s peak
area decreases from 18.4% to 2.4% for the dedoping of PF6

−

anions. The ratio of peak I, however, increases from 81.6% to
97.6%. From the analysis of the XPS spectra of the sample II
and sample II/CV, it is found that almost all the PF6

− anions
have dedoped from the sample II after hundreds of potential
scanning cycles.

Figure 4(e) presents the element atomic concentration
percentages of the elements at the surface of sample III (the
PPy inverse opal). As the decomposition of PF6

− anions
resulting from the 10% HF solution, the atomic concentration
ratios of P2p3 : N1s and F1s : N1s of sample III were only
0.12 and 0.16, separately. Figure 4(f) displays element atomic
concentration percentages of the elements at the surface of
sample III/CV. The atomic concentration ratio of P2p3 : N1s
and F1s : N1s of sample III/CV was 0.12 and 0.04, respectively.
Same with the sample I and sample II, the PF6

− anions kept
dedoping from the electroconducting polymer, explaining
the reason why the value of F1s : N1s was close to zero

after thousands of scanning cycles. The value of P2p3 : N1s,
however, almost did not change, indicating that there were
still many phosphorous containing groups in the PPy inverse
opal when the equilibrium reached. As the PF6

− anions had
dedoped from the PPy inverse opal, we think that it is the

PO4
3− anions from the PBS that doped into the PPy inverse

opal during the potential scanning process, leading to the
constant ratio value of P2p3 : N1s.

As PPy was electropolymerized on the gold substrate
covered with a SiO2 colloid crystal template during the
synthesis of PPy inverse opals, it is very hard to know
how many inequivalent nitrogen heteroatoms existed in the
samples through the N1s XPS core level spectra. However,
the variations of the atomic concentration ratios of P2p3 : N1s
and F1s : N1s suggested the dedoping of PF6

− anions and

the doping of PO4
3− anions during the cyclic voltammetry

process. The substitution of PF6
− anions by PO4

3− anions
explains well why redox peaks were still observed on the
cyclic voltammetric curves of the PPy inverse opal after
thousands of potential scanning cycles. As the PF6

− anions

in the PPy inverse opal have been replaced by PO4
3− anions,

the redox peak potentials both shifted after the equilibrium
reached.

Figure 4(g) presents the element atomic concentration
percentages of the elements at the surface of the sample IV
(PPy inverse opal before the SiO2 was removed). As there was
no decomposition of PF6

− anions, the atomic concentration
ratios of P2p3 : N1s (0.18) and F1s : N1s (1.35) of the sample
IV were higher than that of the sample III. From value of
P2p3 : N1s, it can be seen that the electroconducting polymer
was consisted of the structure containing about one PF6

−

anion per five pyrrole monomers when the electropolymer-
ization took place on the gold substrate covered with a SiO2
colloid crystal template. Figure 4(f) displays element atomic
concentration percentages of the elements at the surface
of the sample IV/CV. The atomic concentration ratio of
P2p3 : N1s and F1s : N1s of the sample IV/CV was 0.21 and
0.98, respectively. The dedoping of PF6

− anions led to the
reduction in the F1s : N1s value after the cyclic voltammetry.
The ratio of P2p3 : N1s, however, increased from 0.18 to 0.21,
indicating that a great number of PO4

3− anions from the
electrolyte have doped into the sample IV during the potential
scanning process.

From the analysis of Figures 4(a), 4(b), 4(c), and 4(d),
it can be seen that the incubation of the film in 10% HF
solution would lead to the decomposition of PF6

− anions. The
decomposition of the PF6

− anions, however, did not change
the electrochemical behavior of PPy films in neutral PBS. The
doped PF6

− anions in the PPy films kept dedoping, resulting
in the electrochemical inactivity after hundreds of potential
scanning cycles.

From the analysis of Figures 4(d), 4(e), 4(g), and 4(f), it
can be seen that no matter the SiO2 template was removed
or not, the electrochemical behavior of PPy film inverse
opals was different with that of the PPy films. Although PF6

−

anions also kept dedoping from the PPy inverse opals, the

PO4
3− anions from PBS could dope into the inverse opal.

When the SiO2 template was removed, the PPy inverse opal
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Figure 4: Element atomic concentration percentages of C1s, N1s, O1s, F1s, P2p3, and Si2p3 at the surface of (a) sample I, (b) sample I/CV, (c)
sample II, (d) sample II/CV, (e) sample III, (f) sample III/CV, (g) sample IV, and (h) sample IV/CV (insert is N1s XPS core level spectrum of
the corresponding sample).
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did not have the macroporous structure. The observations
indicated that it was not the macroporous structure that
resulted in the different electrochemical behavior of PPy
film and PPy inverse opal in neutral PBS. The different
electrochemical behavior might be ascribed to the different
backbone structure of PPy film and PPy inverse opal.

3.5. Construction of a Cell Prototype Operating in a Physio-
logical Buffer Based on PPy Inverse Opals. A cell prototype
which can operate in a physiological buffer was developed as
Figure 5. The anode of the cell is the PPy inverse opal/Au,
and the cathode is a platinum plate (2 mm × 6mm). The
electrolytes in both the cathodic and anodic half-cells were
PBS of pH 7.0. A KCl salt bridge was used to connect the two
half-cells. This cell prototype holds tremendous potential for
development into wide use. Conducting polymers are often
used as cathodes coupled with metal anodes in batteries with
nonaqueous electrolytes. Here, the PPy inverse opal was used
as the anode coupled with a Pt cathode with neutral aqueous
electrolyte, which holds the potential development into use in
biocell in the future.

The OCP of the cathodic and anodic electrodes were
investigated with three-electrode system, where SCE and Pt
wire served as the reference and counterelectrode respec-
tively. It can be observed from Figure 6(a) that the OCP of the
Pt plate electrode in 0.1 M PBS of pH 7.0 kept at c.a. 0.29 V
in the air (curve b). The OCP of the PPy inverse opal/Au
maintained at −0.32 V in 0.1 M PBS of pH 7.0 when the buffer
solution was saturated with N2 (curve a). The OCP of the cell
was about 0.487 V when the air in the anodic half-cell was
thoroughly removed by bubbling nitrogen.

Beck and Michaelis in an earlier study indicated that
electrochemically obtained films of PPy prepared in the
absence of air or H2O are reactive to O2 [36]. In our research,
we found that the PPy inverse opal/Au should be immediately
immersed into PBS and used as the anode of the cell prototype
after it was prepared. If the PPy inverse opal/Au was left in

air more than 1 hour before it was used to construct the cell
prototype, the OCP of the cell would be close to zero.

Beck et al. have done a research on the stability of PPy
films in aqueous buffer solution [36, 37]. He found that the
PPy films prepared in acetonitrile solution still remained rad-
ical cationic centers after electropolymerization. The radical
cationic centers could be attacked by the nucleophilic reagent
(i.e., OH−) in aqueous solution, leading to the formation of a
quinoid structure and release of electrons [37] (see Scheme 1).

The cathode and anode reactions of the cell prototype are
separately

A plot of the stability of the cell output, evaluated by
measuring the power density with 200 KΩ load, is presented
in Figure 6(b). The power density was normalized by the
geometry surface area of the anode. The power density

decreased to ca. 25% (0.41 𝜇W/cm2) of the initial value over
130 hours, and maintained this output even after 800 hours.
Then the power density-voltage relationship of the cell was
measured by changing inserted variable resistance from 1 KΩ
to 2.2 MΩ, which is showed in Figure 6(c). The maximum

power density was 0.29𝜇W/cm2 (1.52 uA/cm2) at 0.19 V. The
cell prototype showed stable output over several hundred
hours.

We have also tried to use the PPy film/Au as the anode of
the cell prototype. However, the cell output decreased quickly
with the time, and reached zero within 10 hours. The poor
performance of the cell prototype might be ascribed to the
structure of PPy film. More research is needed to investigate
the difference in the structure between PPy inverse opal and
PPy film. In addition, the research will also focus on the
improvement of the performance of the cell, developing PPy
anode-based cell for practical use.

4. Conclusion

In this paper, we developed a cell prototype which can
operate in a physiological buffer. The anode of the cell is
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Figure 5: Schematic view of the cell prototype with PPy inverse opal/Au anode and Pt plate cathode. (1) 0.1 M PBS of pH 7.0; (2) Pt plate
cathode with the area of 12 mm2; (3) PPy inverse opal/Au; (4) insulating tape covered on the gold substrate; (5) KCl salt bridge; (6) gas supply
pipe; and (7) conducting wire.
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Figure 6: (A) The OCP-time curve of Pt plate electrode in 0.1 M PBS of pH 7.0 in the air (a), and the OCP-time curve of PPy inverse opal/Au
in N2-saturated PBS of pH 7.0 (b); (B) performance evaluation of the cell: Time evolutions of the cell output measured with 200 KΩ load; (C)
power density versus voltage measured by changing the load from 1 KΩ to 2.2 MΩ.



10 Journal of Nanomaterials

a gold substrate modified with a PPy inverse opaline film,
which was fabricated by electropolymerization of pyrrole
in an acetonitrile solution containing both [bmim]PF6 and
pyrrole monomer through cyclic voltammetry technique. The
electrical energy of the PPy inverse opal/Au came from the
attack of radical cationic centers the PPy inverse opal by OH−

groups. Although the performance evaluation suggested that
the cell show stable output over several hundred hours, the
power density need to be improved further for practical
application, which will be our next research.
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Microfluidic chip is mainly driven electrically by external electrode and array electrode, but there are certain disadvantages in
both of ways, which affect the promotion and application of microfluidic technology. This paper discusses a scheme that uses
the conductive solution in a microchannel made by PDMS, replacing electrodes and the way of dielectric breakdown to achieve
microfluidic chip driver. It could reduce the driving voltage and simplify the chip production process. To prove the feasibility of this
method, we produced a microfluidic chip used in PDMS material with the lithography technology and experimented it. The results
showed that using the dielectric breakdown to achieve microfluidic chip driver is feasible, and it has certain application prospect.

1. Introduction

Microfluidic chip analysis system is mainly using the manip-
ulation of the fluid to finish the functions including sampling,
dilution, plus sampling, reaction, separation, analysis, and
detection in microchannel chip system [1]. Microfluidics
have many types of driving and controlling technologies; the
principle and form are different, which can be divided into
pressure-driven, electrically driven, heat-driven, the surface
tension-driven, centrifugal force drivers, and so forth [2, 3].

Electric driver is still one of the most commonly used and
most effective drivers in microfluidic chip analysis systems. It
usually places the outer electrode at both ends of the sump; by
applying a voltage on the electrode, the driving electric field
was formed in the solution to achieve the driving of the liquid
in the microchannel. Currently, this is the mainstream drive
mode of the chip electrophoresis analysis system.

Usually, electrically driven driver has two ways. One is
the chip external electrode way, such as those chips which
designed by Harrison et al. [4], Schasfoort et al. [5], Bianchi
et al. [6], Locascio et al. [7], Pittman et al. [8], and Sun et
al. [9]. The other way is arraying electrode on chip, such as
those designed by Lin and Wu [10, 11] and Fu and Yang [12].
Both ways, however, have some defects. The former requires
a high-voltage power supply; there are security and large vol-
ume problems; the latter requires specialized microelectrodes
on the chip design and high processing requirements. Also it
is too difficult and complex to implement.

Recently, using the conductive solution in microchannel
to replace the function of electrode has become a hot. Using
the conductive solution in microchannel to replace the func-
tion of electrode and the electric field generated by the applied
voltage through the ends of the microchannel can emerge
the reversible electrical breakdown on the interval between
the channels and form electroosmotic flow to drive liquid
injector and flow. This can simplify the design process and
increase the security. Lee et al. [13, 14] designed a liquid
electrode microfluidic chip drives by liquid glass electrode
for nanofluidics (NLGE). Dielectric breakdown injection
microfluidic chip design and experiment are discussed in this
paper, which is designed and formed by PDMS material. In
order to achieve the dielectric breakdown to drive the elec-
troosmotic flow, we designed a microfluidic channel within
the conductive liquid to replace the electrodes to simplify
the electrode process of integration, reduce the voltage, and
improve the speed of electroosmotic flow. Fluid electrode
effect through the dielectric breakdown of the dam between
the microchannel could achieve it.

2. Chip Structure Design

We simplified the chip structure in order to inject the conduc-
tive solution into microchannel conveniently. So, we designed
the dam barrier of interlaced microfluidic channel structure
(the interval between the two channels was 10𝜇m, and
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Figure 1: The structural and experimental principle chart of elec-
troosmotic flow chip.
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Figure 2: The picture of mask.

the two channels being injected the conductive solution
represent the dielectric breakdown electrode). The dielectric
breakdown injection microfluidic chip electroosmotic flow
driven experiment is shown in Figure 1. The labeled 1, 2, 3, and
4 represent the square sump; the length is 4 mm; the width of
the microchannel is about 100 𝜇m; and the depth is 10 𝜇m.
The distance between the 1, 3 or 2, 4 sumps is 1 cm.

3. The Manufacture of Chip

3.1.The Fabrication ofMask. We draw the mask by Coreldraw
software. The front projection of mask version is shown in
Figure 2.

3.2. Machining of Chip. Dielectric breakdown microfluidic
sample chip is composed of substrate and cover plate bond-
ing, and we all choose the PDMS material in consideration of
the needs of the experiment; silicon is selected into substrate’s
mould made by PDMS.

3.2.1. Mould Making. The mould makes use of lithography
and etching processes in silicon in production. The manufac-
turing steps and process parameters are as follows. Figure 3
is the illustration. Figure 4 is the silicon wafer’s lithography
graphics.

Substrate

Photoresist

Ultraviolet light

Mask plate

On photoresist

Exposure

ICP dry etching

Lift-off

Figure 3: Photolithography, the etching process of the silicon wafer.

Figure 4: The silicon wafer’s lithography graphics photo.

(1) Cleaning: successively use acetone, alcohol, and dem-
onized water ultrasonic cleaning silicon wafers each
for 5 minutes, then place it on a hot plate at a temper-
ature of 150∘C to bake for 1∼3 minutes after it is dried
by nitrogen.

(2) Spin glue: there are two steps to do it. The first step
is 500 r/min rotational 15 s, and second is 4000 r/min
30 s rotation.

(3) Preexposure: exposed to ultraviolet for 90 s.

(4) After baking: baked on a hot plate in 112∘C for 120 s.

(5) Postexposure: exposed to ultraviolet for 160 s.

(6) Displaying picture: development for 40∼45 s in the
liquid.

(7) Inductively coupled plasma (ICP) etching.

Inductively coupled plasma etching method has several
superiorities followed as high selectivity, good etching aniso-
tropy, and the ability of getting the plank wall easily; partic-
ularly, it has a giant superiority in the deep groove etching
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Table 1: Coupling parameters of ICP.

ICP P/W 700

RF RP/W
Passivation: 10

Etching: 25

Gas flow/sccm
Passivation: C4F8 = 100

Etching: SF6 = 100

Time/s
Passivation: 10

Etching: 10

Cycle number 30

Helium pressure/Torr 10

Total gas pressure/mTorr 40

Substrate temperature/∘C 10

Figure 5: Photos with ICP etching on the silicon substrate.

PDMS cover plate

Bonding

PDMS substrate

Figure 6: Manufacture process of the chip.

silicon. Inductively coupled plasma ICP etching is one of the
technologies about ion.

Etching and its process parameters are showed in Table 1
[15–17]. Figure 5 is the photo of ICP etching.

3.2.2. The Facture of Substrate and Cover Plate. The whole
structure and design process of the chip is shown in Figure 6.

(1)PDMSMaterial Preparation. Firstly, weigh PDMS prepoly-
mer and a curing agent according to the proportion of 10 : 1
by Libra. Secondly, stir for 14 minutes and make them mixed
uniformly, then it keep for 30 minutes to eliminate bubbles on

Mold

PDMS pouring

Lift-off

Bonding

Figure 7: The flowchart of PDMS chip.

the process of stirring, and exhaust it for 1 hour in the vacuum
pump to further eliminate bubbles.

(2) Mould Container. Use double-sided adhesive to the
surround slide side forming a container, then the silicon is
placed in the bottom of the container used as substrate mould.
Then, pour the PDMS liquid in the mould, and put the mould
at a temperature of 75∘C for 1 hour [18]. Cut PDMS into the
required shape and size with a scalpel.

(3) Making the Cover Plate. Produce the cover plate according
to Figure 6. The mould of liquid storage pool is made by rule
model with the height 3 mm and with length and width about
4 mm. The process of making the cover plate is the same as
that of substrate. Production flowchart is shown in Figure 7.

3.2.3. The Bonding between the Substrate and the Cover Plate.
Place the substrate with a channel structure and the cover
plate with the liquid storage pool structure at a distance of
3 cm away from the 6 W (the more bigger the power is, the
more better the effect is) low pressure mercury lamp [19, 20].
After exposing for 3 hours, drop the ionized water on cover
plate and substrate, then fold it for one minute and place it
in the drying box at 65∘C preserving temperature for 2 hours.
Lastly take it and place it for 24 hours to use [18].

4. Experimental and Discussion of
Microfluidic Dielectric Breakdown
Sampling Chip

4.1. Conductive Liquid Filling. Liquid storage pool and micro-
channel are filled by microsyringe pump whose needle exter-
nal diameter is 0.9 mm and internal diameter is 0.46 mm.
The picture of operating of microsyringe pump was shown
in Figure 8 [13, 14].
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Figure 8: The operating system schematic of microsyringe pump.
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Figure 9: Pressure distribution of micropump injection sampling at
a speed of 540 uL/h.

The steps of operating the syringe pump are as follows.

(1) Choose the right injector (20, 30, and 50 mL), and link
the pumped liquid with pipe line. Then, exhaust air,
and install the injector on the syringe pump.

(2) Release the press block, fix the injector in a groove,
and screw the press block.

(3) Release the push piece, move it to the bottom of
injector’s pusher, and then fix the pushing piece.

(4) Turn on the switch of the syringe pump, set the
pushing speed of the pump as 540 uL/h, open the
injection pump, and start sampling. In addition, in
order to observe the liquid flow conveniently, the
injector should be filled with red ink.

It was found that there is an internal leakage phenomenon
of the chip in the sample process, and it is speculated to have
these following reasons: one was that the bond was not strong
enough and the chip was not fully sealed; another was that
the rough surface of the silicon wafer, PDMS, and mould
had a little gap through which the liquid could inflow. To
solve them, we could test the liquid speed or do its pressure
simulation to inspect and confirm the failure of the sample
process. The simulation picture was shown in Figure 9.

Through the simulation, we could come to the conclusion
that the pressure of microchannel was 26 × 105 Pa, which was
over bonding tolerance pressure of the PDMS (3.45 × 104 Pa),
and we needed to adjust the injection velocity to prevent
leakage.

In order to let the pressure be under 3.45 × 104 Pa, we
should adjust the liquid sampling rate. The results (Figure 10)
showed that the injection speed rate of 83.7 uL/h was safe.
After resetting the microsyringe injection speed, micropump
channel samples successfully and does not leak aging. The
color of liquid is red as shown in Figure 11.
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×10−4
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Figure 10: The distribution simulation of microinjection pump’s
speed.

Figure 11: The photo under microscope after microchannel samples
successfully.

4.2. Dielectric Breakdown Electroosmotic Flow Test. After the
success of injecting test liquid, we used DC power to test elec-
troosmotic flow in the chip by measuring the channel current.
The schematic diagram of test circuit is shown in Figure 1.
When putting the DC voltage on the 2, 4 store pool of the chip,
respectively, we could meter the microampere level currents.
It could be illustrated that the dam barrier in the chip had
dielectric breakdown. Because it had formed a microampere
level currents and the current characteristics were consistent
with the phenomenon of forming electroosmotic flow it could
certify the electroosmotic flow was founded, the flow speed
could be determined by the current monitoring method [21].
Thus the project can realize the liquid sampling.

5. Conclusions

Using the conductive solution in microchannel to replace the
function of electrode and the electric field generated by the
applied voltage through the ends of the microchannel can
emerge the reversible electrical breakdown on the interval
between the channels and form electroosmotic flow to drive
liquid injector and flow. This can simplify the design process
and increase the security.

We designed dam structure dielectric breakdown chip
produced by PDMS to verify the feasibility of dielectric
breakdown drive electroosmotic flow in microfluidic chips.
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The experiment proved that using the dielectric breakdown
for the liquid sample flow is feasible. This technique can be
used to design micropump, microfluidic chip, and so on.

Currently, the theory of the reversibility dielectric break-
down need to a deep research, and the influence on joule heat-
ing for reversible breakdown of the chip and the experiment
success rate and pressure must be considered. All of these will
be worth studying in the future.
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To understand the swelling behavior of cellulose nanofibril (CNF) films, the dimensional variation of untreated and phenol
formaldehyde modified CNF (CNF/PF) films soaked in distilled water was examined in situ with microscopic image recording
combined with pixel calculation. Results showed that a dramatic thickness increase exhibited in both CNF and CNF/PF films,
despite being at different swelling levels. Compared to thickness swelling, however, the width expansion for these films is negligible.
Such significant difference in dimensional swelling for CNF and PF modified films is mainly caused by nanofibril deposition and
their mesostructure. However, addition of PF modifier has a positive effect on the constraint of water absorption and thickness
swelling, which is strongly dependent on PF loadings.

1. Introduction

Due to global concerns of environmental protection, interest
in bio-based materials is growing. As one of these subjects,
cellulose nanofibril (CNF), which was created by subjecting
bleached plant pulp fibers to mechanical homogenization or
chemical oxidization, has attracted extensive investigation
[1, 2]. The nanofibers generated are composed primarily
of microfibrils and microfibril aggregations and maintain
a gel-like state even with low solid concentration in sus-
pension. When removing excess water from CNF solution,
the entangled individual nanofibrils are initially attracted
by capillary force and then formed into stiff and transpar-
ent films connected via hydrogen bonds between adjacent
nanofibrils [3]. The resultant films exhibit a broad range
of advantages, including excellent mechanical strength, low
thermal expansion [4, 5], high visible light transmittance, and
desirable O2 and CO2 barrier capabilities [6]. These films are
considered as potential candidates in various applications of
packaging, medical carriers, flexible display substrates, and
battery membranes [7]. However, the natural hydrophilicity
and thickness swelling due to moisture and humidity have
restricted CNF films from wide commercialization. For
tailoring and functionally modifying CNF films aimed at

a widespread utilization, the understanding of their swelling
behavior and interaction with solvents and modified agents is
of great importance.

However, measurements using conventional devices to
directly estimate the dimensional change caused by sol-
vent swelling are recently difficult. This is largely because
of the soft characteristics of wet/swelled CNF film. Until
now, quartz crystal microbalance with dissipation (QCM-
D) or ellipsometry (QCM-E), usually in combination with
atomic force microscopy, is the most used instrument [8–
10]. Frequently, sample films with cellulose nanofibrils are
deposited or spin-coated on silica substrates prior to testing
[9, 10]. The QCM-D (E) measurement provides information
such as quantity of solvent absorbed, thickness swelling, and
dynamic modulus dissipation [11]. However, this technique
requires that the starting materials are rigidly attached on
the silicon substrate to undergo crystal oscillation in various
frequencies. In order to ensure that the model films are
tightly attached to their substrates, it is necessary to introduce
anchoring substances to improve the adhesion between dis-
similar materials [9–11]. Though highly accurate and precise,
preparation of model samples is time consuming and com-
plicated. The anchoring substance and excessive preparation
time have serious negative influences on evaluating the nature
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Figure 1: Typical TEM image for the TEMPO-oxidized cellulose
nanofibrils.

of instantaneous swelling. Except that, QCM-D measurement
hardly provides any swelling characteristic of model films
in the plane orientation. However, dimensional swellings
in different orientations for nanofibril films are observed
significantly different in the present study. To the best of
our knowledge, there are scant literature reports using other
methods to monitor the instantaneous dimensional changes
of CNF materials.

As a highly popular apparatus, optical microscope is
efficient in measuring the dimensional change of lignincellu-
losic materials at high humidity or is directly impregnated
into water. For instance, Perré and Huber [12] successfully
measured the free shrinkage of Douglas fir and spruce wood
soaked in water using an optical microscope. Taguchi et al.
[13] used a similar method to investigate deformation of wood
tracheid cells subjected to various moisture contents. Our
cooperators have recently proposed a feasible method using
the metallographic microscope at a magnification of 100x to
measure the swelling rate of CNF films soaked in bio-based
epoxy [14]. Based on this approach, a fast and easy method to
instantly monitor the swelling behavior of CNF films in water
was developed by using optical microscope. Dimensional
changes including instantaneous thickness swelling and
width expansion are recorded and calculated. Additionally,
the swelling capacity of CNF composite films modified with
phenol formaldehyde (PF) was estimated. It was confirmed
that such information collected by microscopic images is
effective and valuable for in situ measurement of swelling
characteristics of CNF film in different liquids.

2. Materials and Methods

2.1. Preparation of TEMPO-Oxidized Cellulose Nanofibril.
Cellulose nanofibrils used in this work were tetrameth-
ylpiperidine-1-oxyl (TEMPO) oxidized wood pulp fibers,
which were prepared according to the method reported by
Saito et al. [15] and described as follows. Commercially
supplied bleached kraft eucalyptus pulps were oxidized in
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Figure 2: The comparison of thickness measured via digital thick-
ness gauge and microscope.

TEMPO, sodium hypochlorite, and sodium bromide system
under neutral condition. The oxidation was carried out
at 60∘C for 48 h. Oxidized fibers were thoroughly washed
in distilled water and refined in a disk refiner to break
apart the residual fiber bundles. The refined nanofibers were
then separated by centrifuging at 12 000 g to remove the
supernatant fraction and concentrated to 1 wt% using ultra-
filtration. Ultimately, nanofiber suspension was subjected
to high mechanical homogenization performed on an M-
110EH-30 Microfluidizer (Microfluidics, Newton, MA, USA)
with a series of 200𝜇m and 87𝜇m chambers via a single pass
through. The nanofibrils were stocked at 4∘C without any
drying for the subsequent utilization. A typical transmission
electron microscopy (TEM) image of TEMPO-oxidized cel-
lulose nanofibril is shown in Figure 1. Such nanofibers have a
diameter of approximately 4–10 nm, and a length up to several
micrometers.

2.2. Fabrication of CNF and CNF/PF Films. The CNF films
were prepared by filtrating CNF suspensions, followed by
air-drying and oven-drying. The nanofiber solution, diluted
into 0.2% solids concentration, was filtrated using a 142 mm
Millipore Ultrafiltration System (Millipore, Millipore Corpo-
ration, USA) under 0.55 MPa air pressure. Omnipore filter
membrane with micropore size of 0.1 𝜇m (JVWP14225, JV,
Millipore Corporation, USA) was used in the apparatus
which was supported by filter paper. The wet films were
peeled from the membrane and stacked first between waxed
paper and then filter paper, while maintained between two
metal plates. The package was air dried at room temperature
for 2 days and then oven dried at 60∘C for 8 h under
a load of 250 N. For preparing CNF/PF composite films,
commercially supplied PF resin with 50.5% solid content
(Georgia-Pacific Chemicals LLC, USA) was mechanically
mixed with CNF slurries for 1 h, followed by filtration and
drying as preparation of CNF films. In this study, the dried
composite films with 5 wt% and 10 wt% PF were obtained
and named as CNF/5% PF and CNF/10% PF, respectively.
Both the oven-dried CNF and CNF/PF films were hot pressed
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Figure 3: Microscopic cross-section images of CNF (top) and CNF/10% PF (bottom) films before (left) and after (right) being soaked in water
for 5 min. The scale bars represent 200 𝜇m.

at 130∘C for 1 min at 30 MPa of pressure. The films were
then conditioned in a 50% relative humidity chamber at a
temperature of 23∘C until test.

2.3. Dimensional Expansion Measurement. Rectangular
specimens (30 mm length × 1.5–2 mm width) of CNF and
CNF/PF films were cut and their initial thicknesses were
measured using a digital thickness gauge (Mitutoyo,
Mitutoyo Corporation, Japan). The film specimens were then
immersed in distilled water and their thickness swelling and
width expansion were periodically recorded by taking photos
using an optical microscope (SMZ-168T-LED, Motic, USA)
equipped with a digital camera (MT3i, Canon, Japan). The
magnifications of the ocular and objective lenses were 10x

and 5x, respectively. For the purpose of estimating the
actual dimensions of CNF and CNF/PF films, a Bright Line
Counting Chamber with exact scales was selected as the
reference when pictures were taken. A pair of special holders
that was used to assure the observed area was perpendicular
to the camera. The exact length of the scale bar illustrated
in the referenced image is 200𝜇m and is equivalent to
216 pixels. The microscopic images of all specimens with
different dimensions were analyzed with GNU Image
Manipulation Program (GIMP, free downloaded from
http://www.gimp.org/) software, and thickness or width
of each specimen was determined by proportional pixel
alignment. Five different locations were measured, and the
average value was used to determine the thickness or width.



4 Journal of Nanomaterials

0

1

1

2

2

3

3

4

4

5

5

6

7

8

9

10

11

R
el

at
iv

e 
th

ic
k

n
es

s

 Time (min)

 CNF

 CNF/10% PF
 CNF/5% PF

Figure 4: Relative thickness variation of CNF and modified CNF
films.

3. Results and Discussion

3.1. Measurement Value Confirmation. To validate this
method, both microscopy image pixel calculation and a
standard digital thickness gauge were used to measure
several CNF and CNF/PF films of different thickness before
being soaked in water. Statistical analysis offers a comparison
of the average values produced by such two methods. It can
be seen in Figure 2 that the plotted data are highly correlated,
approximating a correlation coefficient of 0.95. The high
correlation coefficient indicates that using microscope to
measure the dimension of CNF films in water swelling
is accurate and reliable. Thus, the method reported here
provides a quick and effective measurement of wet/swelled
CNF materials.

3.2. Thickness Swelling of CNF and Modified CNF Films.
Figure 3 illustrates microscopic images on cross-section for
CNF and CNF/PF films soaked in water. The relative thick-
ness as a function of time is shown in Figure 4. Here, relative
thickness defined as the ratio of current thickness over initial
thickness is used to monitor the dimensional variation. Inter-
estingly, both CNF and CNF/PF films exhibited dramatic
thickness increase when first exposed to water, despite at
different swelling rates. However, their swelling capabilities
suddenly decreased in the latter testing interval. After 5 min
immersion, the relative thicknesses for CNF, CNF/5% PF, and
CNF/10% PF films swelled approximately to 10.00, 6.10, and
4.00 times, respectively. It should be noted that CNF and
CNF/PF films have different capacities in absorbing water
molecules. Further observation indicates that PF resin has a
significantly positive effect on reducing water adsorption in
CNF films. These results match well with our previous work
in gravimetrically evaluating water absorption of neat and
PF modified CNF films [16]. Compared to untreated films,
a dramatic reduction of water absorption was observed in PF
modified CNF films.

As expected, the relative thickness for CNF/5% PF is 1.5
times greater than CNF/10% PF after 5 min swelling. This
convinces that higher resin loadings in composite films will
lead to more significant reduction of thickness swelling, as
well as water absorption. When examining water absorption
of CNF/PF composite films, it was noted that water tended to
form small droplets on the surface as PF content approached
30% [17]. The desirable constraint of water absorption
capability resulted majorly from hydrophobic nature of the
cured PF resin, and a detailed interpretation is given in
the following section. Additionally, each error bar shown in
Figure 3 represents 95% confidence intervals for averaging
5 replicate measurements, indicating the plotted data are in
good agreement and of great reproducibility.

3.3. Width Expansion of CNF and Modified CNF Films.
Microscopic images of the specimen surface are shown in
Figure 5. Due to the moistening effect of water, surfaces for
both CNF and modified CNF films after water impregnation
appear to be smoother than those without any treatment.
Relative width calculated from the ratio of current width
over initial width is displayed in Figure 6. It can be seen
that relative width for CNF, CNF/5% PF, and CNF/10% PF
films after being soaked in water for 5 min are 1.11, 1.09, and
1.06 times, respectively. Compared to significant thickness
swelling, width expansions for both CNF and CNF/PF
films are negligible, suggesting the interconnected nanofibrils
random-in-the-plane are difficult to swell and separate by the
permeation of water molecules.

The swelling difference in thickness and width origi-
nates naturally from the deposition of individual nanofibrils
during CNF suspension filtration. As illustrated in Figure 1,
TEMPO-oxidized nanofibrils in this study are of extremely
high aspect ratio. When draining water from the nanofibrils
solution, these long nanofibers are most likely to reorganize
in a flatwise orientation, owing to the forces of gravity. This
phenomenon is evidenced by the microstructure shown in
high-resolution scanning electron microscopy (SEM) images.
When observed in cross-(or fracture surface) surface, the
CNF films were exhibited as a composition of numerous
thin layers of nanofilm [5, 17]. Furthermore, surface plane
of CNF films is likely produced by tangling and interlocked
individual nanofibrils. The tangling strength and intensity
on the plane is much greater than that which is in the
spaces. These mechanical interlock effects and structural
characteristics cause significant difference of dimensional
expansion in plane and space orientation while impregnated
in water. Similar findings were also proposed by Svagan
et al., who convinced that the intralaminar (on the plane)
nanofibrils interactions were stronger than the interlaminars
(in space) [18]. In addition, residual growth stress generated
in the process of water removal including filtration and oven
drying probably contributes to the difference.

3.4. Effect of Modifier on Water Swelling Characteristics. Due
to abundant hydrophilic hydroxyls on the nanofibrils, both
neat and composite CNF films are sensitive to moisture
absorption in high humidity condition [6, 19]. When exposed
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Figure 5: Microscopic surface images of CNF (top) and CNF/5% PF (bottom) films before (left) and after (right) being soaked in water for
5 min. The scale bars represent 200 𝜇m.
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films.

to water, the hydrogen (H) bonds between adjacent nanofib-
rils become partially replaced by CNF-water bonding [19]. As
a consequence, the thickness of the film swells dramatically
and is accelerated by permeation of water molecule. In the

H bonds, 

High humidity or water 

H bonds, substitution by 
water and hydroxyls

Ether bonds, 

Neat CNF CNF modified with PF

Water

PF

Improved water 
resistance

between hydroxyls PF and hydroxyls

Figure 7: Schematic model of H bonds from adjacent nanofibrils
in neat CNF films and ether bonds generated between CNF and
modifier PF, and their reaction with water.

PF modified films, however, water resistant bonds like ethers
are generated from the reaction between nanofibrils and
polymers [4, 20]. These bonds are resistant to deterioration
through exposure to water molecules, resulting in major
limitation to water absorption and dimensional swelling.
Schematic models of different bonds and their possible
reactions with water are summarized in Figure 7.

In addition, the hydrophobic nature and cross-linked
structure of cured PF resin plays an important role in cons-
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triction of water swelling [16, 17]. On one hand, PF polymer
attaches to the surface of individual nanofibrils. The possibil-
ity of hydrophilic hydroxyls being exposed to water molecules
is largely reduced. On the other hand, the cross-linked
structure of cured PF resin, which serves as a barrier, prevents
CNF films from further water swelling. Therefore, the integral
effects generated by a water-resistant interface, reduction of
feasible hydroxyls, and stability of initial structure contribute
to the limitation of thickness swelling for PF modified films.

4. Conclusions

Microscope imaging successfully provides a fast and effective
way to monitor the instant dimensional changes of CNF and
CNF/PF films under water immersion. The results showed
that the thickness of the films swelled quickly in the first
minute and tended to remain stable 5 minutes later. Ultimate
relative thickness of CNF, CNF/5 wt% PF, and CNF/10 wt%
PF films after 5 min immersion increased up to 10.00, 6.10,
and 4.00 times, respectively. Nevertheless, width expansions
by water for both neat and modified CNF films were negligi-
ble. The integral effects of mechanical interlock and residual
stress in filtration and drying contribute greatly to the
different swelling rates. Addition of water-resistant modifier
significantly constrained the thickness swelling, depending
on the resin loadings. The water-resistant cured PF resin and
the ether bonds formed between hydrophilic hydroxyl groups
and PF resin improved the water resistance of modified CNF
films. These films are considered as potential applications in
package materials and flexible electronic substrates.
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High intensive microwave pretreatment is a new method to modify wood for the fabrication of wood-based nanocomposites.
Based on the physical law on heat transfer, a mathematical model to describe the temperature profiles within wood heated by high
intensive microwave was established and simulated in this research. The results showed that the temperature profiles within wood
were related to microwave heating methods; The temperature inside wood firstly increased and then gradually decreased along the
direction of microwave transmission when the unilateral microwave heating was applied, and the temperature difference along the
thickness direction of wood was very significant; The temperature with wood firstly increased and then gradually decreased from
the wood surface to interior when the bilateral microwave heating was applied. Compared with the unilateral microwave heating,
bilateral microwave heating is a better microwave heating method for the more uniform wood microwave pretreatment.

1. Introduction

Microwave pretreatment is a technique in the forest product
industry to improve process efficiency and product perfor-
mance. Intensive microwave energy usually generates high
internal steam pressure that could rupture weaker elements
of wood structure and create the microvoids in the radial-
longitudinal planes of wood [1, 2]. As a result, wood perme-
ability is increased and the fluid movement during drying
is considerably facilitated. This type of modification is a
new technology that has been evaluated in recent years for
different purposes. Some studies reported that the several
properties of wood were improved after pretreatment. For
example, the preservative absorption of wood could be
elevated by factors of 10–14, and the drying rate was 5–
10 times higher, even that the microwave pretreated wood
could be used for fabrication of the new functional materials
or wood-based nano-composites [3–13]. During microwave
pretreatment, the temperature distribution within wood is
a very important factor to impact the effect of microwave

pretreatment of wood. The more even temperature profiles,
the more even micro-voids within wood, and the better modi-
fication effect for wood. Compared with conventional heating
method, microwave heating is a different heating method
[14–17]. As conventional heating method was applied, the
temperature within wood was usually lower than that of
the wood surface. There are some different results of the
temperature profile of wood during microwave heating. Some
scholars believe that the internal temperature of wood was
higher than the outside temperature in microwave heating
process [18, 19], while other scholars reported that the highest
temperature appeared inside wood and a few millimeters
away from the surface rather than in the wood surface or
the internal wood [20, 21]. Which one is the fact? Based
on Lambert’s law, a mathematical model to describe the
temperature profiles of wood microwave heated with the
unilateral and bilateral microwave source was established and
simulated in order to provide references for reasonable
design of microwave heating device and effective control of
microwave pretreatment process.
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(a) Unilateral microwave heating (b) Bilateral microwave heating

Figure 1: The microwave heating method during wood pretreatment.

2. Model Development

The heat within wood during microwave heating can result
from two aspects. One part is the absorption of microwave
by wood, which can be described by absorption power of
microwave, and the other is the heat transfer through wood.
Thus, the temperature profile of wood during microwave
heating can be simulated if the heat transfer model of micro-
wave heating and its corresponding initial and boundary
conditions were established within wood. Wood is regarded
as a homogeneous material in this study in order to make
analysis and simulate more effectively.

2.1. Heat Transfer Model. When wood was vertically and
evenly radiated by the unilateral and bilateral microwave
source (Figure 1), the absorbed power of wood in microwave
electromagnetic field can be written as follows [22]:

𝑝 = 5.56𝑓𝐸2𝜀 tan 𝛿 ⋅ 10−11, (1)

where 𝑝 is the power absorbed by per unit of volume wood,

w/m3; 𝑓 is microwave frequency, Hz; 𝐸 is electric field
intensity in microwave electromagnetic field, V/m; 𝜀 is the
dielectric constants of wood; tan 𝛿 is loss angle tangent.
Based on the above equation, the stronger the electric field
intensity and the higher the microwave frequency, the greater
microwave power the absorbed by wood.

When microwave got into the wood, the energy on wood
surface was the most intensive. With the microwave pene-
trating inside the wood, energy attenuated in an exponential
form, while microwave field released energy to the wood. As
the energy of microwave field weakened with increased depth
of microwave getting into the wood, the wood thickness
was limited when microwave heating was applied for wood
drying. During microwave heating, the depth of microwave
penetrating the wood can be described by Lambert’s law. For
one-dimensional unilateral microwave source radiation, if
the direction of the microwave transmission is 𝑥-direction
and microwave field distributes in the interval [0, 𝑑], the
following relation can be obtained [22]:

𝐼(𝑥) = 𝐼0 exp (−𝑏𝑥) . (2)

Here, 𝐼0, 𝐼(𝑥) are microwave intensity on wood surface
and within wood with a depth of𝑥 from wood surface, respec-
tively, and 𝑏 is absorption coefficient of microwave by wood,
which can be regarded as a constant. In microwave field, the
square of microwave electric field intensity is proportional to

microwave intensity (𝐸2∞𝐼), the equation is as follows:

𝐸2 = 𝐸20 exp (−𝑏𝑥) , (3)

where 𝐸0 is electric field intensity of microwave on wood sur-
face.

If the temperature of wood distribution is 𝑇[𝑥, 𝑡], 𝑡 is
time. One-dimensional heat conduction equation is available
based on Fourier’s law [23]:

𝑞 (𝑥) = −𝜆𝑑𝑇𝑑𝑥 , (4)

where 𝑞 is the heat flux density, namely, the heat flowing
through per unit of area in per unit of time along 𝑥-direction;
𝜆 is thermal conductivity of wood, which usually is a constant.
The absorbed heat through heat transfer in a slice with an area
of𝐴 and a thickness of 𝑑𝑥 during 𝑑𝑡 can be written as follows:

𝑄2 = 𝑞𝐴𝑑𝑡 − (𝑞 + 𝑑𝑞)𝐴𝑑𝑡 = −𝐴𝑑𝑞 𝑑𝑡. (5)

While the heat obtained by absorbing the microwave
directly is

𝑄1 = 𝑝𝐴𝑑𝑥𝑑𝑡 = 5.56𝑓𝐸2𝜀 tan 𝛿 ⋅ 10−11𝐴 ⋅ 𝑑𝑥 𝑑𝑡. (6)

Based on the heat balance principle:

𝐶𝐴𝑑𝑥𝑑𝑇 = 𝑄1 + 𝑄2, (7)

where 𝐶 is the heat capacity of per unit of volume wood,

J/m3 ∘C.
Based on (1), (3), (4), (5), (6), and (7), the following

equation can be simplified:

𝐶𝜌𝜕𝑇𝜕𝑡 = 5.56𝑓𝐸20𝜀 tan 𝛿 ⋅ 10−11 ⋅ exp (−𝑏𝑥) + 𝜆𝜕2𝑇𝜕𝑥2 . (8)

Equation (8) is the heat conduction equation for wood micro-
wave heating. Because 𝑞0 = 5.56𝑓𝐸2𝜀 tan 𝛿 × 10−11, which
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can be regulated by the changed parameters of microwave
generating device (such as power and frequency), then (8) can
be simplified as follows:

𝐶𝜌
𝜆
𝜕𝑇
𝜕𝑡 = 𝜕2𝑇

𝜕𝑥2 +
𝑞0
𝜆 exp (−𝑏𝑥) . (9)

When using bilateral microwave sources for wood modifica-
tion pretreatment (Figure 1(b)), the heat conduction equation
can be obtained by using the same method as mentioned
above:

𝐶𝜌
𝜆
𝜕𝑇
𝜕𝑡 = 𝜕2𝑇

𝜕𝑥2 +
𝑞0
𝜆

× [exp(−𝑏(𝑑2 + 𝑥)) + exp(−𝑏(𝑑2 − 𝑥))] .
(10)

Partial differential equations (9), (10) described the tem-
perature profiles within wood when the unilateral microwave
source and bilateral microwave sources were applied, respec-
tively, and the temperature profiles can be simulated based on
the equations and the initial and boundary conditions.

2.2. Initial Condition. The initial condition of heat transfer
model is relatively simple, because a heat balance existed
between the wood and the surrounding environment before
heating, so the wood temperature is the same as the ambient
temperature, when the room temperature is 𝑇0; therefore,
the initial condition for unilateral microwave heating is as
follows:

𝑇 (𝑥, 0) = 𝑇0, 𝑥 ∈ [0, 𝑑] . (11)

The initial condition for bilateral microwave source heat-
ing is

𝑇 (𝑥, 0) = 𝑇0, 𝑥 ∈ [−𝑑2 ,
𝑑
2 ] . (12)

2.3. Boundary Conditions. In order to solve the mathematical
model, the boundary equations of heat transfer within wood
during microwave heating should be developed.

When the unilateral microwave source was applied for
heating, the boundary equations for heat transfer on 𝑥 = 0
and 𝑥 = 𝑑 (wood surface) are as follows:

𝛼 (𝑇 (0, 𝑡) − 𝑇0) = 𝜆𝜕𝑇𝜕𝑥
 𝑥=0,

𝛼 (𝑇 (𝑑, 𝑡) − 𝑇0) = −𝜆𝜕𝑇𝜕𝑥
 𝑥=𝑑.

(13)

When the bilateral microwave source was applied for heating,
the boundary equations for heat transfer on 𝑥 = −𝑑/2 and
𝑥 = 𝑑/2 (wood surface) are as follows:

𝛼 [𝑇(−𝑑2 , 𝑡) − 𝑇0] = 𝜆𝜕𝑇𝜕𝑥
 𝑥=−𝑑/2,

𝛼 [𝑇(𝑑2 , 𝑡) − 𝑇0] = −𝜆𝜕𝑇𝜕𝑥
 𝑥=−𝑑/2,

(14)

where 𝛼 is the convective heat transfer coefficient of air,
w/(m2 ∘C).

2.4. Heat Conduction Model. In summary, a heat conduction
model to describe the temperature distribution within wood
was established as follows:

Unilateral microwave heating:

𝐶𝜌
𝜆
𝜕𝑇
𝜕𝑡 = 𝜕2𝑇

𝜕𝑥2 +
𝑞0
𝜆 exp (−𝑏𝑥) ,

𝑇 (𝑥, 0) = 𝑇0, 𝑥 ∈ [0, 𝑑] ,
𝜆𝜕𝑇𝜕𝑥

 𝑥=0 = 𝛼 [𝑇 (0, 𝑡) − 𝑇0] ,

𝜆𝜕𝑇𝜕𝑥
 𝑥=𝑑 = −𝛼 [𝑇 (𝑑, 𝑡) − 𝑇0] .

Bilateral microwave heating:

𝐶𝜌
𝜆
𝜕𝑇
𝜕𝑡 = 𝜕2𝑇

𝜕𝑥2 +
𝑞0
𝜆 [exp(−𝑏(𝑑2 + 𝑥))

+ exp(−𝑏(𝑑2 − 𝑥))] ,

𝑇 (𝑥, 0) = 𝑇0, 𝑥 ∈ [−𝑑2 ,
𝑑
2 ] ,

𝜆𝜕𝑇𝜕𝑥
 𝑥=−𝑑/2 = 𝛼 [𝑇(−𝑑2 , 𝑡) − 𝑇0] ,

𝜆𝜕𝑇𝜕𝑥
 𝑥=𝑑/2 = −𝛼 [𝑇(𝑑2 , 𝑡) − 𝑇0] .

(15)

3. Simulation and Discussion

Based on the mathematical model of heat conduction and
the given parameters mentioned above, using the MATLAB
Software, the temperature profile of wood during microwave
heating can be simulated. In the mathematical simulation, the
thickness of sawn timber was 𝑑 = 0.02m, ambient tempera-
ture was 𝑇 = 25∘C, and microwave radiation power per unit
of area was 𝑞0 = 107W/m2 (unilateral microwave source).
When using bilateral microwave sources, the radiation power

of each microwave source was 𝑞0 = 5 × 106W/m2, which
means the total microwave radiation intensity of bilateral
microwave sources is the same as that of the unilateral micro-
wave source. According to the references [24, 25], the values
of thermal conductivity of wood, heat capacity per unit
of volume, and the heat transfer coefficient between the
surface of wood and environment are selected as follows,
respectively:

𝜆 = 0.16W/ (m ⋅ ∘C) ,
𝐶 = 1.354 × 106 J/ (m3 ⋅ ∘C) ,

𝛼 = 20W/ (m
2 ⋅ ∘C) .

(16)
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Figure 2: Temperature profile of wood microwave heating (unilat-
eral microwave heating; 3D).

Figures 2 and 3 show temperature profiles within wood
when the unilateral microwave source was applied for heat-
ing. It appears that the temperature distribution through
wood is more uniform at the first stage of microwave heating.
However, the temperature difference within wood increased
dramatically with the increased microwave heating time;
The temperature of wood surface facing the microwave
source was higher than that of wood core layers; the lowest
temperature appeared on the surface which was away from
the side of microwave source; Due to the heat dissipated
from wood surface to the surrounding environment, the
highest temperature did not appear on the wood surface
facing the microwave source, but occurred at a distance of
several millimeters from the surface exposed to microwave
source (in the region of approximately 1 to 2 mm away from
the wood surface). This simulation result was consistent
with the experimental results of Piotr et al. [20, 21] and the
others [25]. Therefore, without considering the differences
in microwave absorption within wood, a temperature field
with a higher temperature in wood interior and a lower
one on wood surface cannot be established if the unilateral
microwave source was applied for modification pretreatment.
The temperature distribution within wood increased and
then gradually decreased along the direction of microwave
transmission, and there is a temperature gradient within
wood, which is not good for the even modification pretreat-
ment of wood.

The temperature profiles within wood heated by the
bilateral microwave source were shown in Figures 4 and 5.
From the figure, it can be found that the temperature curves
on both sides of wood showed a symmetrical shape along
the central symmetry layer of wood and the temperature
of wood interior was lower than that of the wood surface.
Moreover, the temperature within wood firstly increased and
then decreased from the wood surface to interior. Similar
to the unilateral microwave heating, the peak temperature
neither appeared on wood surface facing the microwave
source nor on the wood interior but occured at a distance of
several millimeters from the wood surface. Compared with
the unilateral microwave source heating, the temperature
distribution is more uniform for the bilateral microwave
source heating.
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Figure 3: Temperature profile of wood microwave heating (unilat-
eral microwave heating; gray).
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Figure 4: Temperature profile of wood microwave heating (bilateral
microwave heating, 3D).

Based on the simulation results above, without consider-
ing the differences in microwave absorption within wood, the
temperature profiles within wood were related to the methods
of microwave heating directly. Compared with the unilateral
microwave source heating, the temperature distribution is
more uniform for the bilateral microwave source heating.
Here, It must be stressed that wood is the nonhomogeneous
material, and the difference of dielectric properties of wood
are significant within the different areas of wood, which
results in a difference on the microwave absorption ability.
Therefore, the temperature distribution within wood heated
by microwave may be in fact more complex.

4. Conclusions

Based on the physical law on heat transfer, a mathematical
model to describe the temperature profiles within wood
microwave heated with deferent methods was established
and simulated in this research. The results showed that the
temperature profiles inside wood were related to the methods
of microwave heating during modification pretreatment. the
temperature within wood firstly increased and then gradually
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Figure 5: Temperature profile of wood microwave heating (bilateral
microwave heating, gray).

decreased along the direction of microwave transmission
when the unilateral microwave source was applied for wood
microwave pretreatment. The temperature inside wood firstly
increased and then gradually decreased from wood surface to
interior when the bilateral microwave source were applied for
wood microwave pretreatment. Compared with the unilateral
microwave source heating, the temperature distribution is
more uniform for the bilateral microwave sources heating.
Therefore, the effects of the number of microwave source
and microwave transmission direction on uniformity of
microwave heating should be taken into account during the
design of wood microwave heating device.
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In recent years, flexible electronic devices pursued for potential applications. The design and the fabrication of a novel flexible
nanoarchitecture by coating electrical conductive MWCNT fiber with ultrathin films of MnO2 to achieve high specific capacitance,
for micro-supercapacitors electrode applications, are demonstrated here. The MWCNT/MnO2 composite fiber electrode was
prepared by the electrochemical deposition which was carried out through using two different methods: cyclic voltammetry and
potentiostatic methods. The cyclic voltammetry method can get “crumpled paper ball” morphology MnO2 which has bigger specific
capacitances than that achieved by potentiostatic method. The flexible micro-supercapacitor was fabricated by twisting two aligned
MWCNT fibers and showed an area specific capacitance of 2.43 mF/cm2. The flexible micro-supercapacitors also enable promising
applications in various fields.

1. Introduction

In the past several years, rapid progress in flexible technology
applied a large number of innovative products such as skin
sensors, wearable displays, electronic paper, organic light-
emitting diode (OLED) [1–3]. The flexible and transparent
electrode is becoming one of the most interesting research
topics in the field of materials science and technology. The
conventional rigid electronics are difficult to satisfy these
applications. Most of flexible electrodes use both polymers
and thin films of inorganic oxides as the conducting lay-
ers. The electrical properties of these oxides can be good;
nevertheless, there was a significant deficiency for the low
tensile fracture strains of mechanical characteristics which
were not optimally suitable for use in flexible devices. At
the same time, this kind of flexible electrode is not easily
manufactured. In order to play the features of flexible devices
in a better way, which includes shapes from foldable or
deformable to complex curvilinear, their energy management
(such as batteries and supercapacitors) should be flexible
at best [4, 5]. Therefore, the development of the energy
storage devices with the superiority of lightweight, flexibility,

and environmental protection becomes a strong demand.
In the past several years, because of their unique structures
which provide them with intriguing chemical and physical
performances, for example, excellent electronic properties,
carbon nanotubes have been vastly researched for broad types
of applications [6–10].

Here, we demonstrate the design and the fabrication of a
novel flexible nanoarchitecture by coating the electrical con-
ductive multiwalled carbon nanotubes (MWCNTs) fiber with
ultrathin films of MnO2 to achieve high specific capacitance
for micro-supercapacitors electrode applications.

2. Experimental Section

2.1. Growth of Spinnable MWCNT Arrays and Spin of Fiber.
Carbon nanotube arrays were synthesized by a chemi-
cal vapor deposition in a quartz tube furnace using Fe
(1 nm)/Al2O3 (10 nm) on silicon wafer as the catalyst, ethy-
lene (40 sccm) as carbon sources, and a mixture of Ar
(560 sccm) and H2 (40 sccm) gases as carrying gas. The reac-
tion was typically performed at 750∘C for 20 min. MWCNT
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Figure 1: Characterizations of a CNT array. (a) SEM image by side view at low magnification. (b) High resolution TEM image. (c) Photograph
of spinning carbon nanotube fiber. (d) SEM image of carbon nanotube fiber.

fibers were spun from MWCNT arrays with a spindle rotating

at 2000 rpm and drawing at 10 cm/min−1.

2.2. Composite Electrode Production. The MnO2/MWCNT
fiber composite electrode was prepared by the electro-
chemical deposition which was carried out through using
two different methods: cyclic voltammetry and potentio-
static method. With the method of cyclic voltammetry, the
MnO2 nanoparticles were electrochemically deposited on
MWCNT fibers in an aqueous solution including 0.05 M
Mn(CH3COO)2 and 0.10 M Na2SO4 at a potential range from
−0.2 to 0.8 V (versus Ag/AgCl) through an electrochemical
analyzer system (CHI 660D). The potentiostatic deposition
performed at the optimum conditions obtained in this work
was 0.6 V applied potential and 200 seconds of deposition
time.

2.3. Fabrication of Supercapacitor Cells and Electrochemical
Measurement. Two MnO2/MWCNT nanocomposite fibers
were immersed in the H2SO4-PVA (either content 10 wt %)
aqueous solution for 10 min and picked out. For two bare
MWCNT or MWCNT/MnO2 composite fibers, one end of
each fiber was firstly fixed and combined to a copper wire
by silver paint. After twisting the two fibers, a supercapacitor
wire was produced. One was functioned as the working elec-
trode and the other as both counter and reference electrodes.

2.4. Characterization. The structures of nanotubes were char-
acterized by scanning electron microscopy (SEM, Hitachi
FE-SEM S-4800 operated at 1 kV) and transmission electron
microscopy (TEM, JEOL JEM-2100F operated at 200 kV).
TEM samples were prepared by drop casting N,N-dimethyl
formamide solutions of nanotubes onto copper grids in the
open air. Raman spectra were shown in Figure 2 analysis
by Raman spectroscopy (Dilor LabRam-1B, He-Ne laser of
4 mW, excitation wavelength of 632.8 nm).

3. Results and Discussion

Figure 1(a) shows SEM images of vertically aligned CNTs
obtained under CVD conditions by side way. The array
thickness ranged from tens of micrometers to millimeters
mainly through the control of the growth time. The optimum
CVD conditions were ethylene (40 sccm), Ar (560 sccm), and
H2 (40 sccm). The reaction was typically performed at 750∘C
for 20 min. Figure 1(b) shows high resolution transmission
electron microscopy (TEM) image of a typical multiwalled
CNT with diameter of about 8–10 nm. The CNTs synthesized
by this approach are all multi-walled with the interlamellar
distance of 0.34 nm. The well-defined lattice fringes in TEM
images of the MWNTs indicate that the as-grown nanotubes
have a high degree of local crystalline order. Figure 1(c) was
a photograph of spanning carbon nanotube fiber. The fiber
diameter can be controlled from 3 to 30 mm and lengths up to
200 m, mainly depending on the initial ribbon width during
the spinning. Figure 1(d) shows a typical SEM image of a
CNT fiber with a uniform diameter along the axial direction.
Under higher magnifications, many CNT strands would wind
together to form the fiber. These strands consist of highly
aligned individual CNTs assembled from the arrays [11, 12].

Figure 2(a) shows the Raman spectra of the CNT fiber.
Raman spectroscopy of the CNT fiber is beneficial to evaluate
the structure integrity of carbon-based nanotubes. It is
popular that two characteristic peaks of D-band and G-band
arise from defects or disorder of graphene sheets and C–C
stretching (E2 g) model of graphite, respectively, and intensity
ratio of D-band to G-band reflects crystallinity degree. Here,

D-band and G-band were observed at 1355 and 1580 cm−1,
respectively [13]. The intensity ratios of D-band to G-band are
gradually calculated to be 0.72. This result agrees with TEM
and SEM observations. Figure 2(b) displays the typical stress-
strain curve of a CNT fiber with a tensile strength of 0.39 GPa.
Note that the mechanical strength of the fiber greatly relies on
and increases with the CNT length. This is logical considering
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Figure 2: (a) Raman spectra of the CNT fiber. (b) A typical stress-strain curve.
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Figure 3: (a), (b), and (c) SEM image of a typical CNT fiber with conformal coating of MnO2 nanostructures by cyclic voltammetry method
and (d), (e), and (f) by potentiostatic method.

that CNTs are connected at the ends in a fiber. Due to the
flexibility of the nanotube, it will not break after being bent,
folded, or even tied many times [3, 14].

The MnO2 loading on the CNT fiber can be controlled by
tuning the electrochemical deposition methods and deposi-
tion time. Figures 3(a), 3(b), and 3(c) show the morphology
and microstructure of a representative composite by cyclic
voltammetry and Figures 3(d), 3(e), and 3(f) by potentiostatic
method. As can be seen in Figures 3(a), 3(b), and 3(c), a
unique hierarchical MnO2 architecture has been successfully
grown on CNT fiber. Figures 3(b), and 3(c) show no aggre-
gations of MnO2 nanoparticles, and the MnO2 exhibited an
architecture with uniform “crumpled paper ball” morphology

[15]. Remarkably, the architecture provides huge surface areas
with effective electrolyte transport and active-site accessibil-
ity. Evidently, Figures 3(d), 3(e), and 3(f) indicate that MnO2
nanosphere shows a tendency to aggregation. Although, by
this way, the MnO2 nanosphere can provide active site, the
efficiency is lower than that of the cyclic voltammetry way
for the surface areas which cannot achieve the degree of cyclic
voltammetry way.

Two bare MWCNT fibers or two MWCNT/MnO2
composite fibers were then adopted as parallel electrodes
to prepare wire-shaped micro-supercapacitors. Figure 4
presents CV curves at different scan rates of micro-
supercapacitors fabricated by bare MWCNT fiber
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Figure 4: (a) CV curves at different scan rates of micro-supercapacitors fabricated by bare MWCNT fiber and (b) MWCNT/MnO2 composite
fiber by cyclic voltammetry method. (c) Schematic illustration of fabrication processes of the wire-shaped micro-supercapacitors. (d)
Dependence of specific capacitance in the supercapacitor wire on the current. (a) Twisting two bare MWCNT fibers. (b) Twisting two
MWCNT/MnO2 composite fibers by potentiostatic method and (c) by cyclic voltammetry method.

(Figure 4(a)) and MWCNT/MnO2 composite fiber
(Figure 4(b)). Figure 4(c) shows the illustration of fabrication
processes of the wire-shaped micro-supercapacitors. Two
MnO2/CNT nanocomposite fibers were immersed in the
H2SO4-PVA aqueous solution for 10 min and picked out. The
surface covered by H2SO4-PVA gel electrolyte can separate
the two electrodes when fibers were twisted. Then, the twisted
two fibers were packaged by polydimethylsiloxane (PDMS)
to fabricate the flexible micro-supercapacitors. The average
specific capacitance of supercapacitor was calculated by the
following equation: 𝐶 = 2𝑖0/[𝑚(Δ𝑉/Δ𝑡)], where 𝑖0, Δ𝑉/Δ𝑡,

and 𝑚 correspond to the discharge current, average slope of
the discharge curve, and mass of the active material in the
electrode, respectively. The galvanostatic charge-discharge
potential range is during 0–1.0 V. Figure 4(d) has compared
the dependence of specific capacitances on current between
5× 10−4 and 3× 10−3mA for the bare and the composite fibers.
The specific capacitances were reduced with the increasing

current in the three cases, that is,𝐶 from 2.43 to 2.06 mF/cm2

and 𝐵 from 2.39 to 2.01 mF/cm2. Due to the potentiostatic
method, the MnO2 can have a bigger specific surface area
than that obtained by cyclic voltammetry method. And
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the bare fiber was from 2.27 to 1.95 mF/cm2. However, the
reduced degrees for the composite fibers were lower than
those for the bare fiber. It is rational considering that MnO2
nanoparticles have performed higher pseudocapacitances
than MWCNTs [16, 17]. The charging mechanism of MnO2
is described by the following reaction:

MnO2 + B+ + e− ←→ MnO2B (1)

where B+ = Li+, Na+, K+, H+. Equation (1) displays that the
large surface area and high ionic and electronic conductivity
of the electrode material are essential in order to utilize
the high theoretical specific capacitance (SC) (1380 F g−1) of
MnO2 [18].

4. Conclusion

In conclusion, we have successfully prepared MWCNT fibers
and MWCNT/MnO2 composite fibers. By comparing the two
ways of preparing the MWCNT/MnO2 composite fibers, the
cyclic voltammetry method can get “crumpled paper ball”
morphology MnO2 which has bigger specific capacitances
than those obtained by potentiostatic method. The flexible
micro-supercapacitors also enable promising applications in
various fields.
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To open the end of carbon nanotubes and make these ends connect with functional carboxyl group, aligned carbon nanotubes
(CNTs) arrays was etched by DC glow oxygen-argon plasma. With these open-ended carbon nanotubes array as electrode materials
to build supercapacitor, we found that the capacity (32.2 F/g) increased significantly than that of pure carbon nanotubes (6.7 F/g).

1. Introduction

Carbon nanotubes (CNTs) have been extensively studied
recently due to their unique structures and excellent mechan-
ical [1–7], electrical [8–16], and chemical properties [14–
22]. Recent studies have been focused on the improvement
of the structural modification of CNTs to enable the mass
fabrication. The open-ended CNTs were studied during the
oxidation process to be connected with functional group
[23, 24]. The plasma treatment improved the structural
rigorousness and the stability of the emitted beam [25–28].
In the plasma treatment, especially, the formation of the
amorphous carbon and the shaping of the self-organization
of the carbon nanostructures could be achieved under the
ion bombardment so that the plasma-assisted CNTs tip
formation is a promising method for mass production with
an excellent controllability as well as a good expandability
during the tip fabrication process [29, 30]. Kim et al. utilized
a direct current (DC) plasma source with xenon and neon
gases in order to modify the structure of the open-ended
CNT [27]. In the study, the uniformity of the height of CNT
during the fabrication process was controlled by varying the
voltage between the cathode and the anode electrodes and
the treatment time. Huang and Dai produced the open-ended
CNTs by using steam plasma [28]. Electrical energy storage

is required in many applications demanding local storage
or local generation of electric energy. Supercapacitors fill
in the gap between batteries and conventional capacitors,
covering several orders of magnitude both in energy and
in power densities. In 1997, Niu et al. first suggested that
CNTs could be used in supercapacitors [31]. The MWCNTs
were functionalized in nitric acid with functional groups
introduced on the surface. These functionalized MWCNTs
had a specific area of 430 m2/g. The redox response observed
on the cyclic voltammetric (CV) plot of the SWCNT-based
electrodes also indicated that the pseudocapacitance really
occurred to the CNT-based capacitor due to the functional
groups and impurities [32]. In this paper, we used the open-
ended carbon nanotubes array as electrode materials to build
supercapacitor and found that this supercapacitor capacity
(32.2 F/g) increased significantly than pure carbon nanotubes
as electrode material of capacity (6.7 F/g).

2. Experimental

2.1. Preparation of Aligned Carbon Nanotube Array. The
aligned CNTs were synthesized through using a conventional
CVD technique in an atmospheric pressure quartz tube
furnace having the inner diameter of 2 inches. Ar (99.999%)
with 6% H2 (99.999%) was used as a carrier gas, and pure
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Figure 1: Schematic of plasma treatment to the aligned carbon
nanotubes array.

ethylene served as the carbon source. Typical CVD growth
was carried out at 750∘C. Si wafers (5 mm × 5 mm) with
1 𝜇m thickness SiO2 layer were used as the substrate for the
growth of long CNTs. The Al2O3 layer of thicknesses (10 nm)
was used as a buffer layer between the Si/SiO2 substrate and
the catalyst. The Al2O3 layer was deposited on the substrate
and on which thicknesses (1.0 nm) of Fe catalyst layer were
deposited to grow CNTs. Both the catalyst and buffer layers
were deposited by an e-beam evaporation technique.

2.2. Plasma Etching for Opening the Ends of Carbon Nanotube.
Plasma etching treatment for the aligned CNT arrays was
performed in a home-made cube vacuum chamber with
a side length of 12 cm (Figure 1). Electrode distance from
cathode to anode was 2 cm. A DC power supply was used to
generate plasma. Ar and O2 (high purity, 1 : 1) were employed
as feed gas. Background vacuum of the equipment was 1 ×
10−3 Pa and pressure levels (10 Pa) during plasma treatment
were employed. Three plasma power levels (2, 10, and 50 W)
were utilized for treatment. For all samples, the plasma
treatment was performed for 1 min.

2.3. Fabrication of Supercapacitor. The supercapacitor (see
Figure 2) was fabricated with the two-electrode configu-
ration. The electrodes were made of aligned CNTs film,
and the aligned CNTs film was made from aligned CNTs
arrays pressed onto a glass slide. The two electrodes were
separated by a thin gel polyvinyl alcohol-phosphoric acid
(PVA-H3PO4) electrolyte. Here the gel PVA-H3PO4 elec-
trolyte was prepared by dissolving PVA powder (0.5 g) into
deionized water (5 mL) and H3PO4 (1 mL). The two-electrode
configuration was finally sealed by use of a surlyn frame
(thickness of 60𝜇m) as the spacer at a pressure of 0.2 MPa
at 125∘C.

3. Results and Discussion

In the etching process, oxygen pressure was set at 5 Pa and
argon pressure was 5 Pa. Etching voltage at 500 V. Etching
time was 1 minute. Etching power was set at different powers
of 2, 10, and 50 W. Figure 3 shows that the SEM images of
the top morphologies of CNTs array after plasma etching.
Figures 3(a) and 3(b) show etching results of CNTs are not

Glass

Aligned CNTs film

Gel PVA-H3PO4 electrolyte

Figure 2: Structure diagram of electrical double-layer capacitor
consisting of the carbon nanotube films.

obvious, so 2 W etching power was too low. Figures 3(c) and
3(d) show the results for applying 10 W etching power. They
show that the top of carbon nanotube array was tidily cut. This
kind of structure has a lot of applications, such as biological
load medicine, graft functional polymer. Figures 3(e) and 3(f)
show the results after 50 W power etching, because etching
power was too high and the plasma was uneven distribution.
The top of CNTs array was cut and we found that the end
of carbon nanotube deposits a small amount of amorphous
carbon, so the etching power is too high, and the plasma ion
energy is higher. The CNTs cause greater impact damage, and
the plasma is not stable. The distribution is uneven.

Some areas of the top CNTs array were etched excessively
and some areas were not etched enough. Low power will lead
to insufficient etching and cannot open the end of CNTs. So
the etching power needs a right value. In the plasma etching
process, the key parameters are etching power and etching
time.

In order to clearly observe morphology of CNTs after
plasma treatment, we used transmission electron microscope
(TEM) as shown in Figure 4. Figure 4(a) shows TEM images
after oxygen plasma etching; the end of carbon nanotube
was opened; and the wall of carbon nanotube is clean. This
is a further proof that oxygen ion etching in high-speed
impact CNTs can open the end; at the same time it not only
can oxidate off redundant amorphous carbon, but also can
oxidate off CNTs. Figure 4(b) shows TEM images of CNTs
after being etched by DC glow argon plasma. The end of
CNTs has also been opened, but the wall of CNTs is not very
clean: some black materials adhere to the wall. These black
materials are amorphous carbon which, left after argon ion
bombardment. That destroyed the structure of CNTs, and
the amorphous carbon impurity increased and limited its
application.

Figure 4(c) shows TEM image for CNTs treated by DC
glow oxygen-argon hybrid plasma etching; we found a lot of
opened ends of CNTs; the whole CNTs are clean and free of
impurities. Figure 4(d) shows high magnification TEM image
of the opened carbon nanotube, it was neatly cut open, and
the wall was very clean. So this method made full use of the
advantage of pure oxygen and argon ion plasma etching and
effectively avoided shortcomings of the two etching methods.
So we successfully used low-cost DC glow plasma to perfectly
open the end of the CNTs.

Supercapacitors are generally classified into two types:
pseudocapacitor and double-electric-layer capacitor. For the
double-electric-layer capacitor, positive and negative ions are
moving in the electric field under the bipolar; the positive
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Figure 3: Transmission electron microscopy (TEM) images of etching effect with different powers: (a) and (b) corresponding to 2 watts, (c)
and (d) corresponding to 10 watts, and (e) and (f) corresponding to 50 watts.

electrode attracts negative ions in the electrolyte; the negative
electrode attracts positive ions; the two capacitive storage
layers are separated from the positive ions in the vicinity of
the negative electrode plate; the negative ions in the vicinity
positive electrode plate are, respectively, formed close to
electric double layer. For the pseudocapacitive, also called
faraday quasicapacitance, the storage charge process includes
not only the electric double layer of storage, but also through

the electrode surface or body phase electric active substance
to owe potential deposition, produce highly reversible chem-
ical adsorption, stripping or oxidation, reduction reaction,
produce and electrode charging potential the capacitance.

The CNTs have excellent electric conductivity and high
specific surface area. After oxygen-argon plasma etching,
CNTs active point increases and the CNTs film has cat-
alytic activity as the electrical double layer supercapacitor.
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Figure 4: TEM images after etching by DC glow plasma, (a) by oxygen plasma, (b) by argon plasma, (c) low magnification by oxygen-argon
plasma, and (d) high magnification by oxygen-argon plasma.

Electrode materials can reduce capacitor quality and improve
the capacity of the capacitor. In the supercapacitor, we explore
the comprehensive performance of etched CNTs array and
pure CNTs array, because pure CNTs array shows favorable
balance of trade hydrophobic properties, and etched CNTs
array has a lot of carboxyl and shows favorable balance
of hydrophilic, as shown in Figure 5. CNTs carboxyl and
hydrophie can improve contact between the CNTs and
polyvinyl alcohol-phosphate gel electrolyte. Test results show
that etched carbon nanotube film significantly increased the
capacity of the super capacitor.

The electrochemical characteristics of the capacitor and
the specific capacity were tested by cyclic voltammetry and
constant current charge and discharge. Figures 5(a) and 5(c)
show circulation volt-ampere scanning volt-ampere curve
from 0 to 0.8 V respectively, before and after plasma treat-
ment with different sweep speeds (10 mV/s, 50 mV/s, and
100 mV/s). Pseudocapacitor can obtain higher energy density
and capacity than the electric double-layer capacitor. The
electric capacity of pseudocapacitive may be 10–100 times
of the double electric layer capacitor’s. The capacitors made
from pure carbon nanotube arrays and etched the carbon
nanotube array of IV curve have a rectangular shape without
redox peak, the emergence of electric double-layer capacitor
in the nature. Figures 5(b) and 5(d) were constant current

charge and discharge curves. Supercapacitor performance of
the capacity calculation formula is as follows:

𝐶 = 2 (𝐼 × Δ𝑡)
𝑚 × Δ𝑉 , (1)

𝐶 is the specific capacity. 𝐼 is the discharge current. 𝑚 is a
single electrode mass. Δ𝑉 is the potential difference. Δ𝑡 is the
discharge time. According to Formula (1), the results show
pure CNTs for control of the supercapacitor of the specific
capacity 6.7 F/g and plasma etching CNTs for control of the
capacitor-specific capacity 32.2 F/g. The capacitor improved
performance.

4. Conclusion

In order to ensure the functional processing of carbon
nanotube array body material morphology, we used DC glow
plasma etching process to open the end of the CNTs array
so that the opened carbon nanotube could connect with the
carboxyl group of the functional group. We systematically
studied oxygen, argon, and oxygen-argon mixed gas plasma
etching. The results showed that oxygen-argon mixed gas
plasma etching had the best effect. The end of CNTs was
clearly opened in TEM images. Infrared characterization of
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Figure 5: CNTs circulation current-voltage and constant current charge and discharge: (a) and (b) for the pure CNTs and (c) and (d) for the
etched CNTs.

the etched carbon nanotube array was successfully carboxy-
lated as an electrode material to construct a supercapacitor.
It was found that this supercapacitor capacity (32.2 F/g)
increased significantly than pure CNTs as electrode material
of capacity (6.7 F/g).
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Superhydrophobic hydroxide zinc carbonate (HZC) films were fabricated on aluminum substrate through a convenient in situ
deposition process. Firstly, HZC films with different morphologies were deposited on aluminum substrates through immersing
the aluminum substrates perpendicularly into aqueous solution containing zinc nitrate hexahydrate and urea. Secondly, the
films were then modified with fluoroalkylsilane (FAS: CH3(CF2)6(CH2)3Si(OCH3)3) molecules by immersing in absolute ethanol
solution containing FAS. The morphologies, hydrophobicity, chemical compositions, and bonding states of the films were analyzed
by scanning electron microscopy (SEM), water contact angle measurement (CA), Fourier transform infrared spectrometer
(FTIR), and X-ray photoelectron spectroscopy (XPS), respectively. It was shown by surface morphological observation that HZC
films displayed different microstructures such as microporous structure, rose petal-like structure, block-shaped structure, and
pinecone-like structure by altering the deposition condition. A highest water contact angle of 156.2∘ was obtained after FAS
modification. Moreover, the corrosion resistance of the superhydrophobic surface on aluminum substrate was investigated using
electrochemical impedance spectroscopy (EIS) measurements. The EIS measurements’ results revealed that the superhydrophobic
surface considerably improved the corrosion resistance of aluminum.

1. Introduction

Aluminum and aluminum alloys have been widely used in
household and industrial fields such as marine, autoaviation,
and aerospace industries, owing to their significant advan-
tages, including high-specific strength, excellent heat and
electric conductivities, and low-specific weight [1, 2]. Also,
aluminum has high resistance to corrosion due to the pres-
ence of a thin, compact oxide film that spontaneously formed
on the metal surface. However, aluminum is active and prone
to corrosion in contact with water, especially in corrosive
environment such as in aqueous solution containing Cl− ions
[3], then it limits the scope of application of aluminum and
aluminum alloy. So, it is necessary to enhance the corrosion
resistance property of aluminum in corrosive environment
which will greatly extend their applications as engineering
materials.

In recent years, inspired by the nature, superhydrophobic
surfaces with water contact angle of larger than 150∘ have
attracted much attention due to their self-cleaning and water-
repelling properties [4–6]. Investigation on the representative
example of the natural superhydrophobic surface, lotus leaf,
revealed that the superhydrophobicity stemmed from the
cooperation of wax-like component on leaf surface and sur-
face roughness at micro- and nanoscales [7]. In this way,
people developed two strategies to fabricate artificial super-
hydrophobic surfaces: roughen the surface of hydrophobic
materials or chemically modify a rough surface with low sur-
face energy material [8–10]. Traditionally, superhydrophobic
metallic surfaces were produced by introducing microstruc-
tured compounds modified with low surface energy material
onto substrates [11]. Till now, various techniques have been
employed to create rough surfaces with different microstruc-
tures, such as electrochemical deposition [12], anodization
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[13], phase separation [14], sol-gel process [15], layer-by-layer
assembly [16, 17], chemical etching method [9].

Taking advantage of the characteristics of water repel-
lency and low adhesion, superhydrophobic treatments have
been applied on various engineering material surfaces such
as steel, copper, zinc, titanium, and magnesium to improve
their anticorrosion performances by providing an effective
barrier to keep water, moisture, and corrosive medium away
from contacting and reacting with the metal [18–24]. For
instance, Ishizaki et al. [20, 21] promoted rapid formation of
superhydrophobic surfaces on magnesium alloy by modified
microstructured cerium oxide film with fluoroalkylsilane and
the anticorrosion resistance of magnesium was significantly
improved by the superhydrophobic treatment. Hu et al. [22]
fabricated a superhydrophobic TiO2 film with water contact
angle greater than 170∘ on the Hastelloy substrate after mod-
ification with fluoroalkylsilane molecules. Zhang et al. [23]
prepared superhydrophobic films on titanium as effective
corrosion barriers via the combination of electrochemical
oxidation and modification of perfluorooctyltriethoxysilane.
Su et al. [24] discussed the tunable wettability of hydroxide
zinc carbonate (HZC) film on zinc plates from superhy-
drophilic to superhydrophobic by altering the type of sol-
vent, but no further study on anticorrosion properties was
reported.

In this paper, we attempt to present a facile method for
fabricating superhydrophobic surfaces through modulating
different morphologies of hydroxide zinc carbonate (HZC)
films deposited on aluminum substrate by altering deposition
conditions. The transformation of morphologies and wetta-
bility of the sample after FAS modification were analyzed.
The corrosion resistance property of the superhydrophobic
sample was also investigated.

2. Experimental Section

2.1. Deposition of HZC Film on Aluminum Substrate. All
chemicals were of analytical grade and used without further
purification. The HZC films were fabricated through an in

situ deposition process; 2 × 2 cm2 aluminum plates (99.5%)
with a thickness of 1.5 mm were used as the substrates for the
deposition. The substrates were immersed perpendicularly
in 0.5 M zinc nitrate aqueous solution containing different
molar ratios of urea in a 3-neck, round bottom flask equipped
with a Teflon-coated magnetic stir bar and reflux condenser
and stirred at 95∘C for 1.5 h. Then the aluminum substrates
were washed several times with deionized water, were blown
dry, finally were placed in an oven at 80∘C for 1 h.

2.2. Modification of the Surfaces. The coated aluminum sub-
strates were immersed in 50 mL of absolute ethanol solution
containing 1 mL of FAS (CH3(CF2)6(CH2)3Si(OCH3)3) for
24 h at room temperature. The samples were then thoroughly
washed with absolute ethanol several times, were blown dry,
finally were placed in an oven at 60∘C for 1 h.

2.3. Characterization. The surface morphologies of the
obtained samples were investigated using a scanning electron
microscopy (NOVATM NanoSEM 230) at 5 kV. The samples

were coated with a thin layer of gold before measurement.
The sessile drop method was used for water contact angle
(WCA) measurements of the as-prepared surfaces using a
data-physics OCA20 contact angle system at ambient tem-
perature. The water droplet size used for measurements was
5.0 𝜇L. The average WCA value was obtained by measuring
more than five different positions for the same sample. The
crystal structure of the samples was characterized by X-ray
diffraction (XRD) on PANalytical X’Pert Pro. MPD X-ray
diffractometer with Ni filtered Cu K𝛼 radiation of 1.542 Å
at the scan rate of 0.08∘ s−1. The chemical bonding mode
of the films fabricated on aluminum substrate was inves-
tigated by Fourier transform infrared spectrometer (FTIR)
spectroscopy (Shimadzu IRAffinity-1), and the films were
scratched from aluminum substrate and pressed into tablets
with KBr. The chemical composition of the sample’s surface
was characterized using X-ray photoelectron spectra (XPS) in
a Kratos Axis Ultra DLD system, using Al K𝛼 radiation as the
exciting source. All binding energies in the spectra were cor-
rected using standard binding energy of C 1s peak (284.6 eV)
as reference. Electrochemical impedance spectroscopy (EIS)
was performed on a CHI 604C electrochemical analyzer
(Shanghai ChenHua Instrument, China) in 3.5 wt% NaCl
aqueous solution at room temperature with a three-electrode
system. An untreated or superhydrophobic aluminum plate
was used as the working electrode, a platinum plate, and a
saturated calomel electrode (SCE) were used as the counter
and reference electrodes, respectively. The potentiodynamic
polarization curves were subsequently measured with respect
to the open circuit potential (OCP) at a scanning rate of
10 mV/s from −1100 to + 400 mV.

3. Results and Discussion

3.1. Morphology and Wettability of Sample. Figure 1 shows
typical SEM images of (a) the untreated aluminum substrate
and the sample surfaces after in situ deposition in zinc
nitrate aqueous solution under different molar ratios between
Zn(NO3)2⋅6H2O and CO(NH2)2: (b) 10 : 1; (c) 5 : 1; (d) 2 : 1;
(e) 1 : 2; (f) 1 : 5. The wetting properties of the sample surfaces
fabricated by in situ deposition in a zinc nitrate aqueous
solution for 1.5 h followed by modification with FAS were
evaluated by water contact angle measurements. It can be
found from Figure 1(a) that the aluminum substrate was
smooth and its water contact angle (WCA) was 88.1∘, that
is, the hydrophilic nature of aluminum substrate. There were
different morphologies and WCAs after in situ immersion
in the solution containing different molar ratios between
Zn(NO3)2⋅6H2O and CO(NH2)2. When the molar ratio
between Zn(NO3)2⋅6H2O and CO(NH2)2 was 10 : 1, the
microstructure of the deposited film was microporous and
the pore size ranged from 1 𝜇m to 3 𝜇m, and the WCA was
128.7∘ after modification, as shown in Figure 1(b). When the
molar ratio was 5 : 1, the surface displayed rose petal-like
microstructure composed of about 1 𝜇m sized petals, and
WCA was 137.3∘ after modification (Figure 1(c)). While when
the molar ratio was 2 : 1, the surface displayed block-shaped
microstructure with the size of each block ranging 200–
300 nm, and WCA was 156.2∘ after modification (Figure 1(d)).
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Figure 1: SEM images of (a) untreated aluminum and sample surfaces after immersion in zinc nitrate aqueous solution under the molar ratio
between Zn(NO3)2⋅6H2O and CO(NH2)2 which was (b) 10 : 1; (c) 5 : 1; (d) 2 : 1; (e) 1 : 2; (f) 1 : 5.

When the molar ratios between Zn(NO3)2⋅6H2O and
CO(NH2)2 were 1 : 2 and 1 : 5, the surface displayed pinecone-
like microstructure with the size of each pinecone of around
2 𝜇m and 5 𝜇m, respectively, and the corresponding WCA
was 151.1∘ and 139.2∘ (Figures 1(e) and 1(f)). Obviously, the
molar ratio between Zn(NO3)2⋅6H2O and CO(NH2)2 had
a great influence on the morphology and wettability of the
sample surfaces.

It is well known that low surface energy combined with
surface roughness contribute to the superhydrophobic prop-
erty of the surface [25]. Cassie and Baxter [26] proposed an
equation to describe the relationship between the WCA on
a flat surface (𝜃) and a rough heterogeneous surface (𝜃𝑟)
composed of solid and air:

cos 𝜃𝑟 = 𝑓1 cos 𝜃 − 𝑓2. (1)

In this equation,𝑓1 and𝑓2 are the fraction of solid surface
and trapped air in the composite surface, respectively (i.e.,
𝑓1 + 𝑓2 = 1). This equation predicts that the solid sur-
face fraction 𝑓1 is definitely important in determining the
hydrophobicity of the heterogeneous surface; when the solid
surface fraction 𝑓1 is decreased, the WCA of rough surface
can be increased, and at the limit when 𝑓1 approaches zero,
the surface contact angle approaches 180∘. Substituting the
WCA values on flat aluminum surface (88.1∘) and super-
hydrophobic surface (156.2∘) into (1), the value 𝑓1 and 𝑓2
of the heterogeneous aluminum surface can be calculated
to be 0.082 and 0.918, respectively. This means that air
occupies about 91.8% of the contact areas; when the hetero-
geneous aluminum surface contacts with the water droplet,
air pockets trap between the solid and liquid (the composite
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Figure 2: XRD pattern of the powder obtained under the molar ratio
of 2 : 1.

solid-liquid-air interface) and the droplet will be suspended
upon the asperity, thus leading to a significant increase of
WCA [27]. In summary, the molar ratio of 2 : 1 between
Zn(NO3)2⋅6H2O and CO(NH2)2 was the best condition
to create appropriate microstructure and roughness on the
surface, and thus lay the morphological foundation for the
excellent superhydrophobicity.

3.2. Sample Structure and Chemical Composition of the
Superhydrophobic Surface. XRD was employed to analyze the
chemical structure of the sample. The XRD pattern of powder
deposited under the molar ratio of 2 : 1 was shown in Figure 2.
All of the reflection peaks can be indexed to hydroxide
zinc carbonate (HZC), Zn5(OH)6(CO3)2 (in Joint Committee
on Powder Diffraction Standards, JCPDS card no. 19-1458).
The formation of HZC crystals was initiated by the slow
reaction between urea and water. With the hydrolysis of urea,
carbonate and hydroxyl being slowly released, Zn ions in the
aqueous solution undergo a homogeneous coprecipitation
with released carbonate and hydroxyl and finally lead to the
formation of HZC [28, 29].

The chemical composition and bonding states of the
superhydrophobic films were investigated by FTIR and XPS
analysis. The FTIR spectrum of Figure 1(d) sample was shown
in Figure 3. A broad absorption band coming from –OH

groups appears at around 3421 cm−1. The absorption bands

corresponding to the CO3
2− group can also be observed: the

absorption bands at 1552 cm−1 and 1382 cm−1 can be assigned

to the asymmetric stretching modes and the band at 829 cm−1

should be attributed to the out-of-plane deformation mode
[24]. The presence of the “Zn–OH” bonding can also be

observed at 941 cm−1 [30]. The bands at 2926 and 2854 cm−1

should be attributed to asymmetric and symmetric stretching
vibrations of C–H groups, respectively [31], while the band at

1041 cm−1 can be assigned to C–F stretching of –CF2 group
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Figure 3: FTIR spectrum of the superhydrophobic film.
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Figure 4: XPS spectra of the superhydrophobic film on aluminum
substrate.

[32], which, implying the long-chain alkyl group from FAS, is
chemically absorbed on the surface.

The XPS spectrum of the superhydrophobic surface was
shown in Figure 4. Peaks due to C 1s (284 eV), O 1s (530 eV),
and F 1s (686 eV) were observed. The presence of the F
1s peak and C 1s peak (due to C–F) confirms that FAS
molecules has been successfully self-assembled onto the HZC
surface [33]. This is in good accordance with the results of
FTIR. The analysis of FTIR and XPS reflects that the HZC
film was covered with fluorine containing long-chain alkyl
chemical species, inducing the low surface energy surface,
which combined with rough microstructure of HZC film, to
obtain excellent superhydrophobicity of the sample.

3.3. Electrochemical Impedance Analysis. Figure 5 shows the
potentiodynamic polarization curves of (a) untreated alu-
minum and (b) superhydrophobic aluminum. As can be
clearly seen in Figure 5, the corrosion potential, 𝐸corr, of
the superhydrophobic surface was positive than that of the
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Figure 5: Potentiodynamic polarization curves of (a) untreated
aluminum and (b) superhydrophobic aluminum in 3.5 wt% NaCl
solution.

untreated aluminum. The shift of the 𝐸corr towards the
positive direction could be linked to an improvement of the
protective properties of the superhydrophobic film formed on
aluminum substrate. The corrosion current density, 𝑗corr, of
the superhydrophobic surface on aluminum substrate (7.53×
10−3 A/m2) decreased by more than 1 order of magnitude as

compared to that of the untreated one (2.92 × 10−2 A/m2).
These results indicate that the superhydrophobic film has
good corrosion resistance.

4. Conclusions

In conclusion, superhydrophobic surfaces were successfully
fabricated on aluminum by a two-step method. In the
initial step, HZC films with different microstructures were
fabricated on aluminum via a convenient in situ immersion
in zinc nitrate aqueous solution by adjusting the molar ratios
between Zn(NO3)2⋅6H2O and CO(NH2)2. In the second step,
the HZC surfaces were modified with FAS molecules. All
FAS-modified HZC surfaces enhanced the water repellent
property of the aluminum and obtained a greatest static con-
tact angle of 156.2∘, indicating excellent superhydrophobicity.
Moreover, it is significant that the electrochemical measure-
ments’ results revealed that the superhydrophobic aluminum
has good corrosion resistance in corrosive medium.
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The magnetic Fe3O4@SiO2 nanoparticles (NPs) functionalized with 8-chloroacetylaminoquinoline as a fluorescent sensor for
detection and removal of Zn2+ have been synthesized. The core-shell structures of the nanoparticles and chemical composition have
been confirmed by TEM, XRD, FTIR, and XPS techniques. The addition of functionalized Fe3O4@SiO2 NPs into the acetonitrile
solution of Zn2+ had an effect of visual color change as well as significant fluorescent enhancement. High-saturated magnetizations
(24.7 emu/g) of functionalized Fe3O4@SiO2 NPs could help to separate the metal ions from the aqueous solution. The magnetic
sensor exhibited high removal efficiency towards Zn2+ (92.37%). In this work, we provided an easy and efficient route to detect Zn2+

and simultaneously remove Zn2+.

1. Introduction

Zinc ion, as biologically important metal ions, plays a vital
biological role in various pathophysiologic processes, such
as gene expression, cell apoptosis, enzymatic adjustment,
and neurotransmission, because of its structural properties
[1–3]. Toxic in excess or absence, the break-up of zinc ion
homeostasis may cause pathology of intellectual develop-
ment and other neurological problems such as Alzheimer’s
and Parkinson’s diseases [4, 5]. Therefore, the analytical

approaches to detect Zn2+ have been studied intensively.
So far, many selective smart-molecular fluorescent probes

targeting Zn2+ have been reported, that are mostly based on
quinoline, fluorescein, benzazole, or fluorophores [6–10]. For
example, Li et al. [11] reported a “switching on” fluorescent

chemodosimeter of selectivity to Zn2+ and its application
to MCF-7 cells. Lee et al. [12] also synthesized and eval-
uated two new ratiometric chemosensors for the quan-
tification of potentially toxic free Zn2+ ions in aqueous
solutions. Recently, Chen and Li et al. [13] synthesized a
new fluorescent chemosensor based on a helical imide as
fluorophore and a cyclen moiety as ionophore, which not
only showed enhanced fluorescent responses in the presence

of Zn2+, Cd2+, and Hg2+, but also could simultaneously
and selectively distinguish the three cations in a simulated
physiological condition with the help of cysteine as an
auxiliary reagent. Moreover, Ding et al. [14] investigated

selective and sensitive “turn-on” fluorescent Zn2+ sensors
based on di- and tripyrrins with readily modulated emission
wavelengths. However, their chemosensors were unsuitable
or inconvenient for the separation, removal, and enrichment
of target species or in rapid screening applications.

Over the past decade, the modification of small molecular
fluorescent probes on the surface of nanostructured materials
has been attracting significant attention [15–18]. Among
these nanostructured materials, core-shell Fe3O4@SiO2 NPs
have been widely favored in biological and environmental
applications [19–21]. First of all, the magnetic Fe3O4 NPs
as core in the Fe3O4@SiO2 NPs would facilitate the mag-
netic separation and recuperation from the detection system
within the magnetic field. Moreover, the coating of silica
would not only stabilize the magnetic nanocore completely,
but also provide sites greatly for surface modification [22–24].
In addition, due to more advantages of silica, such as nontox-
icity, biocompatibility chemical inertness, no swelling, and
transparency, it is a possible option to develop the nontoxic,
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biocompatible, and recoverable Zn2+-selective fluorescent
sensors on Fe3O4@SiO2 NPs surface.

In this work, 8-chloroacetylaminoquinoline (CAAQ)
was synthesized and covalently linked to Fe3O4@SiO2 NPs
surface to establish an efficient system for the detection

and removal of Zn2+ (labeled as Fe3O4@SiO2-CAAQ). The
general synthetic strategies and the functionalization of
Fe3O4@SiO2 NPs are shown in Scheme 1.

2. Experimental Section

2.1. Materials. Ferric chloride hexahydrate (FeCl3⋅6H2O,
>98%), ferrous chloride tetrahydrate (FeCl2⋅4H2O, >99%),
dichloromethane (DCM), ammonium hydroxide (28 wt%),
tetraethyl orthosilicate (TEOS), and potassium carbonate
were obtained from Sinopharm Chemical Reagent Tianjin
Co. Ltd. 8-Aminoquinoline, chloroacetyl chloride, triethy-
lamine (TEA), and 3-aminopropyltriethoxysilane (APTES)
were purchased from Alfa Aesar and Aladdin Co. Ltd.

2.2. Synthesis. The synthesis of 8-chloroacetylaminoquino-
line (CAAQ) was based on the pervious report [25]. 8-
Aminoquinoline (0.95 g, 6.6 mmol) and 1 mL TEA were
mixed in 50 mL DCM in an ice bath for 30 min. Then,
chloroacetyl chloride (0.6 mL, 7.5 mmol) was added drop-
wise. The mixture was kept in darkness with continuous
magnetic stirring for 48 h at room temperature. After that,
the solvent was evaporated and the crude products were
purified by silica gel column chromatography (petroleum

ether/ethylacetate = 3 : 1). 1HNMR (CDCl3, 400 MHz): 𝛿10.7
(s, 1H,), 8.4 (m, 1H), 8.6 (m, 1H), 8.9 (m, 1H), 7.7 (m, 1H), 4.5
(s, 2H).

2.3. Preparation and Surface Modification of Fe3O4@SiO2
NPs. Fe3O4 NPs were prepared according to our previous
report [26]. FeCl2⋅4H2O (2 g, 0.01 mol) and FeCl3⋅6H2O
(5.4 g, 0.02 mol) were dissolved in 120 mL of deionized
water. NH3⋅H2O (60 mL, 28 wt%) was added under vigorous
mechanical stirring. The color of the suspension turned black
immediately. Afterward, the mixture was kept at 70∘C for
30 min. The mechanical stirring and nitrogen atmosphere
were carried out throughout the reaction. After cooling

down, the precipitated powders were collected by magnetic
separation and washed with deionized water. Subsequently,
trisodium citrate (150 mL, 20 mmol/L) was acceded to Fe3O4
NPs under vigorous mechanical stirring for 12 h under nitro-
gen atmosphere at room temperature. Finally, the citrate-
functionalized Fe3O4 NPs were washed with deionized water.

The core-shell Fe3O4@SiO2 NPs were synthesized by
a sol-gel process though the hydrolysis and condensation
of TEOS in ethanol and ammonia mixture. Briefly, 0.56 g
citrate-functionalized Fe3O4 NPs and NH3⋅H2O (5.0 mL,
28 wt%) were stirred in a flask charged with 120 mL ethanol.
Afterward, 4.0 mL TEOS was added dropwise. The mixture
was kept at room temperature for 8 h under N2 with violent
mechanical stirring. The products were collected with a
magnet and washed with ethanol and toluene.

The amino-functionalized Fe3O4@SiO2NPs were synthe-
sized by a silanization reaction. Namely, 0.8 g Fe3O4@SiO2
NPs and 80 mL toluene were stirred to form a homoge-
neous suspension, to which APTES (3.46 mL, 15 mmol) was
added using a syringe. The reaction mixture was kept at
90∘C for 24 h under N2 with vigorous mechanical stirring.
The obtained amino-group immobilized Fe3O4@SiO2 NPs
(labeled as Fe3O4@SiO2-APTES) were collected by magnetic
separation and washed with ethanol and CH3CN (2×50mL).

The as-prepared Fe3O4@SiO2-APTES NPs, 0.6 g CAAQ
and 0.08 g K2CO3 as catalyst were mixed into 80 mL CH3CN.
The mixture was stirred at 60∘C for 24 h under nitrogen
atmosphere. After reaction and cooling down to room tem-
perature, the obtained 8-chloroacetylaminoquinoline func-
tionalized Fe3O4@SiO2NPs (labeled as Fe3O4@SiO2-CAAQ)
were magnetically separated and washed with CH3CN and
ethanol (2 × 50mL) in turn.

2.4.Characterization. The morphology and size of Fe3O4@
SiO2 NPs were studied by transmission electron microscopy
(TEM, JEM-2100). The structural properties of Fe3O4@SiO2
NPs were studied by X-ray diffraction (XRD, RIGAKU
D/MAX-2400). The variation of function groups on
Fe3O4@SiO2 NPs was obtained with Fourier transform
infrared spectra (FT-IR, EQUINOX55). Proton nuclear
magnetic resonance (1H-NMR) spectra were recorded
using a Bruker AV 400 spectrometer. The C1s and N1s
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Figure 1: TEM images (a) and XRD pattern (b) of Fe3O4@SiO2 NPs.

curve fitting of Fe3O4@SiO2-CAAQ NPs were performed
by X-ray photoelectron spectroscopy (XPS, ESCALab220i-
XL). The magnetic properties of Fe3O4@SiO2-CAAQ were
obtained by using a vibrating sample magnetometer (VSM,
Lakeshore 7307). Atomic absorption spectrum (AAS) was
implemented by Shimadzu AA-6800 atomic absorption
spectrophotometer. UV-vis spectra were recorded on a
TU-1901 spectrophotometer.

3. Results and Discussion

The TEM images and XRD pattern of Fe3O4@SiO2 NPs were
shown in Figure 1. The average diameter of magnetic silica
NPs was about 22 nm (Figure 1(a)). And from Figure 1(a), we
can see clearly that the Fe3O4@SiO2 NPs have uniform spher-
ical morphology. The inset in Figure 1(a) was the HRTEM
image of Fe3O4@SiO2NPs, which demonstrated the obvious
core-shell structure of magnetic silica NPs. In Figure 1(b), the
sharp peaks at 2𝜃 = 30–80∘ can be assigned to the (220),
(311), (400), (422), (511), (440), and (533), which agreed well
with the crystallographic planes of Fe3O4. Meanwhile, the
broad featureless peak at 2𝜃 = 20–30∘ was consistent with the
amorphous state of the SiO2 shells, which proved the coating
of silica on magnetite nanoparticles.

The variation of functional groups on Fe3O4@SiO2 NPs
was characterized by FT-IR (Figure 2). The peaks for all sam-

ples at 3439, 1083, and 586 cm−1 were corresponded to the O–
H, Si–O, and Fe–O. For Fe3O4@SiO2-APTES, the –(CH2)𝑛–
group was confirmed by C–H stretching at 2933 cm−1 and

the C–H scissoring vibration at 1393 cm−1 (Figure 2(b)).
For Fe3O4@SiO2-CAAQ (Figure 2(c)), new absorption peaks

appeared at 1682 cm−1 (C=O bond), 1618 cm−1 (C=N bond),
and 1487 cm−1 (N–H bond), which implied that the CAAQ
was successfully bonded on the surface of Fe3O4@SiO2-
APTES NPs through amino group.

XPS spectra of Fe3O4@SiO2 and Fe3O4@SiO2-CAAQ
were shown in Figure 3. The wide-scan spectrum of

Fe3O4@SiO2NPs (Figure 3(a)) was dominated by the signals
of Fe, O, C, and Si element. Compared with the wide-
scan spectrum of Fe3O4@SiO2NPs, Fe3O4@SiO2-CAAQ NPs
(Figure 3(b)) revealed the new obvious peak of N element.
In Figure 3(c), the C1s core-level spectrum of Fe3O4@SiO2-
CAAQ can be curve-fitted into three peak components
with binding energies at about 288.2, 285.5, and 284.4 eV,
attributable to the N–C=O, C–N, and C–H species, respec-
tively. In Figure 3(d), the N1s core-level spectrum can be
curve-fitted into two peak components with binding energies
at about 399.8 and 399.1 eV, which were ascribed to the N–
C=O and C–N species, respectively.

Figure 4 showed the magnetic properties of Fe3O4@SiO2
and Fe3O4@SiO2-CAAQ NPs. From Figure 4, we can
see that the saturated magnetizations of Fe3O4@SiO2 and
Fe3O4@SiO2-CAAQ NPs were 38.1 and 24.7 emu/g at 25∘C,
and neither remanence nor coercivity was observed, which
indicated that the Fe3O4@SiO2 and Fe3O4@SiO2-CAAQ
were superparamagnetic nanoparticles. Thus, it provided
an easy and efficient route to separate particles from a
suspension system under an external magnetic field. The
decrease of the saturated magnetization for functionalized
magnetic silica nanoparticles was mainly attributed to the
contribution of the volume of the nonmagnetic coating layer
to the total sample volume. The strong magnetic sensitivity
of the magnetic nanohybrid was confirmed by the inset in
Figure 4, which showed the complete magnetic separation by
supplying an external magnetic field near the Fe3O4@SiO2-
CAAQ NPs suspension system. The Fe3O4@SiO2-CAAQ NPs
are magnetic, so they can easily be removed by applying an
external magnetic field after binding with Zn ions in aqueous
solution, which makes them recyclable. Actually this is an
important property for decontaminating agent.

The atomic absorption spectrum (AAS) was employed
to monitor the variation of zinc ions before and after
Fe3O4@SiO2-CAAQ treatment. Figure 5 showed the effective

removal of Fe3O4@SiO2-CAAQ NPs for Zn2+ in aqueous
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Figure 5: Removal-efficiency histograms of Zn2+ on Fe3O4@SiO2-
CAAQ surface: concentration of Zn2+ (1) before and (2) after
Fe3O4@SiO2-CAAQ treatment. The initial concentration of Zn2+ is
100 ppm, the volume of Zn2+ is 10 mL, the weight of nanoparticles is
20 mg, the adsorption time is 12 h, and the temperature is 25∘C.

sample solution. The accurate removal response was observed
from 100 ppm to as low as 7.63 ppm at room temperature
and the removal efficiency could reach 92.37%. The effective
adsorption capacity implied that the proposed method for

Zn2+ removal at room temperature was a successful attempt.
The sensitivity of the Fe3O4@SiO2-CAAQ NPs to Zn2+ in

C2H3N was investigated by UV-vis spectra (Figure 6). With

Zn2+ attachment, the Fe3O4@SiO2-CAAQ NPs exhibited
two evident absorption peaks at about 374 and 301 nm,
and the intensity of absorption gradually enhanced upon

binding with increasing the concentration of Zn2+, which was

attributed to the formation of a Fe3O4@SiO2-CAAQ + Zn2+

complex.
Figure 7 depicted the Zn2+-selective sensing mecha-

nism and fluorescent change of Fe3O4@SiO2-CAAQ with

700 600 500 400 300 200

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0

A
b

s

Wave length (nm)

Zn2+  increasing

10 m

Figure 6: UV-vis curves of the Fe3O4@SiO2-CAAQ NPs (0.3 g/L)
in C2H3N with various amounts of Zn2+(0–10𝜇M).
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Zn2+. The considerable blue-yellow emission of the ace-
tonitrile solution can easily be observed by naked eye for

Fe3O4@SiO2-CAAQ upon binding Zn2+ by comparison with
that of only Fe3O4@SiO2-CAAQ. The fluorescence enhance-

ment of Fe3O4@SiO2-CAAQ + Zn2+ could be attributed
to the induction from Zn2+ attachment. Namely, when the
Fe3O4@SiO2-CAAQ was selectively coordinated with metal
ions, the fluorescence from Fe3O4@SiO2-CAAQ was mod-
ified appropriately by the metal ions. Our previous efforts

in our group were made to demonstrate that Cu2+ with
Fe3O4@SiO2-CAAQ treatment could result in fluorescence
quenching when other metal ions (Ag+, Hg2+, Ni2+, Co2+,

Mn2+, Pb2+, Cr3+, and Fe3+) caused no observable fluorescent
changes.
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4. Conclusions

The Fe3O4 NPs coated with silica nanoparticles were pre-
pared, and an attempt had been made that the Fe3O4@SiO2
NPs were modified by 8-chloroacetylaminoquinoline. The
functionalized Fe3O4@SiO2 NPs as a fluorescent sensor for
detection of Zn2+ were available. Meanwhile, the hybrid

fluorescent material showed an efficient removal of Zn2+

(92.37%) and exhibited excellent magnetic properties for
further biological and environmental applications. Aside

from the applications for the detection of Zn2+, owing
to the require of the diversity and controllable ability of
functional molecules on surface of nanoparticles, our efforts
are concentrated to extend current work to applications in
selective detection and removal of heavy-metal ions such as
Hg (II), Pb (II), Cu (II), and Cd (II).
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Wurtzite structure InN films were prepared on Si(100) substrates using radio-frequency metal-organic molecular beam epitaxy
(RF-MOMBE) system. Ga-doped ZnO (GZO) and Amorphous AlN (a-AlN) film were used as buffer layers for InN films growth.
Structural, surface morphology and optical properties of InN films were investigated by X-ray diffraction (XRD), field emission
scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM), and photoluminescence (PL). XRD results
indicated that all InN films exhibited preferred growth orientation along the c-axis with different intermediate buffers. TEM
images exhibit the InN/GZO growth by two-dimensional mode and thickness about 900 nm. Also, the InN films can be obtained
by growth rate about∼1.8 μm/h. Optical properties indicated that the band gap of InN/GZO is about 0.79 eV. These results indicate
that the control of buffer layer is essential for engineering the growth of InN on silicon wafer.

1. Introduction

Indium nitride (InN) is a potentially important material for
optoelectronic and high speed electronic devices, due to its
narrow band gap (<0.7 eV) [1] and superior properties [2],
such as high electron mobility [3], small electron effective
mass [4], and low carrier concentration [5, 6]. The theo-
retical maximum mobility calculated for wurtzite (2H) InN
at 300 K is ∼14000 cm2/V-s [7], while at 77 K the limits are
beyond 30000 cm2/V-s. InN is expected to be used for fabri-
cation of high performance high electron mobility transistors
(HEMTS), light-emitting diodes (LEDs) and high efficiency
solar cells [8]. The early studies reporting the InN band gap
to be∼2 eV were limited by material grown by RF-sputtering
[9]. Recent experiments performed on high-quality InN InN
films grown by molecular-beam epitaxy MBE have shown
unambiguously that the fundamental band gap of InN is
about 0.7 eV [10]. The discrepancy in band-gap could be
attributed to the crystallinity, carrier concentration, defects,
and impurities present in the InN material (such as O, H, C)
[11, 12]. Although explanations including the incorporation

of oxygen and the Burstein-Moss shift have been proposed,
the actual roles of these effects have not been clarified. With
the improvement of growth techniques in the past few years,
as such as high-quality InN epilayers grown by molecular
beam epitaxy (MBE) [13], radio-frequency metal-organic
molecular beam epitaxy (RF-MOMBE) [14], sputtering [15],
and metal organic chemical vapor deposition (MOCVD)
[16] are now readily available. However, the growth of high
quality InN films is known to be difficult due to a lack of
suitable substrates materials that are matched with InN
in terms of both lattice constant and thermal expansion
coefficient. Also, the main problems of producing InN thin
films are low dissociation temperature of InN [17], and
the high equilibrium vapor pressure of nitrogen and lattice
mismatch between film and substrate. A variety of templates,
namely, GaN and AlN buffer layers on Si and sapphire
substrates have been employed for the growth of InN
continuous film [18]. However, the lattice mismatch between
InN and ZnO, AlN are about 8.9% and 13%, respectively.
Compared with InN and sapphire is far below the mismatch
of 25.4%. As the result of large lattice mismatch, these



2 Journal of Nanomaterials

structures contain a very high density of various defects.
The effect of growth parameters of InN films such as the
substrate temperature, RF power, and In/N flow ratio has
been investigated to optimize sample quality [19]. Previous
studies of InN deposition on oxide layer show that InN has
the highly oriented in the c-axis direction [20]. The oxide
buffer layer could be a suitable buffer layer for the growth
of high-quality InN films. Therefore, low lattice mismatch
layer improved the InN nucleation with a high quality [21].
Also, silicon is a very promising material for the growth of
III-V materials. With its good thermal conductivity which is
especially interesting for electronic applications [22] but also
for low-cost high brightness light emitting diodes (LEDs)
applications [23]. However, few studies report indicated
that InN thin films growth on Si(100) substrate using
radio-frequency metal-organic molecular-beam epitaxy (RF-
MOMBE).

In this work, we studied the effect of different buffer
layers on the growth of InN by radio-frequency metal-
organic molecular-beam epitaxy (RF-MOMBE). As a result
of these investigations, we found that the high quality InN
layers on a Si(100) substrate is obtained using the GZO buffer
layer. Characterization of crystallinity, surface morphology,
and emission property was investigated by X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and photoluminescence (PL)
measurement. Also, the influence of growth parameters on
the InN samples was discussed in detail.

2. Experiment

InN films were grown by radio-frequency metal-organic
molecular beam epitaxy (RF-MOMBE) with Ga-doped ZnO
(GZO) layer, amorphous AlN (a-AlN) layer, and direct
growth on Si(100) substrate. The growth chamber of RF-
MOMBE system was vacuumed to a base pressure of 10−7 Pa
by a turbo molecular pump. Trimethylaluminum (TMA),
trimethylindium (TMI) were used as the group-III precur-
sors without any carrier gas. The temperatures of precursors
were kept at 65◦C for TMI and 20◦C for TMAl. Atomic nitro-
gen generated by radio-frequency (RF) plasma was used as
the group-V source. The 240 nm-GZO film was deposited on
Si(100) using RF-sputtering at 300◦C with working pressure
∼10−1 Pa. Before loading substrate into the chamber, the
Si(100) substrates were cleaned in an ultrasonic bath with
acetone and ethanol, and the Si(100) substrates were also
etched in a 5% HF solution for 3 min to remove the oxide
on the surface.

Before the a-AlN growth, silicon substrate was thermally
cleaned at 900◦C for 30 min in vacuum chamber with
10−7 Pa. Then, the substrate temperature was decreased to
850◦C at 5 min for nitridation, followed by the growth of
a-AlN layer at 750◦C. Finally, the InN films were deposited
on GZO, a-AlN buffer layers and Si(100) substrate at 500◦C
for 30 min. During the deposition, the substrate temperature
was monitored by a thermocouple.

X-ray diffraction (XRD) including θ-2θ scan was carried
out on a Bede D1 X-ray diffractometer with a CuKα radiation

source. The surface morphologies and cross-section of InN
films were obtained by field-emission scanning electron
microscopy (FE-SEM) (Hitachi S4300). The microstructures
of the InN films were investigated in detail by transmission
electron microscopy (TEM) in cross-sectional configuration
(TEM, Philips Tecnai 20). The optical property was per-
formed by photoluminescence (PL) measurements. A diode
laser operating at a wavelength of 976 nm was used as the
excitation source.

3. Results

Figure 1(a) shows that the XRD pattern of high preferred
orientation GZO thin film grown on Si(100) substrate by RF-
sputtering which narrow full-width half maximum (FWHM)
of (0002) diffraction peak is about 400 arcsec. Also, selected-
area diffraction pattern (SAD) observed the nearly-single
crystal structure. Figure 1(b) shows the θ-2θ XRD pattern of
the InN films growth on GZO, a-AlN, and direct deposition
on Si(100) substrate, respectively. The observed diffraction
peak exhibited dominant InN (0002) peak at ∼31.3◦ for all
samples, revealing that the InN films mainly consisted of the
hexagonal InN phase. Diffraction peaks corresponding to the
(0002) and (0004) from InN film, (0002) form GZO film,
and the (400) diffraction peak from Si(100) are observed
for InN/GZO sample. Compared with direct deposition
on Si(100) substrate, the InN/GZO exhibited highly c-axis
preferred orientation indicating that it have relative narrow
peak with good crystalline quality. In addition, InN grown
on a-AlN and Si(100) exhibited polycrystalline structure
and random growth. Also, a smaller peak corresponding
to the indium metal detected in the XRD pattern for InN/
AlN and InN/Si(100) samples, which is probably due to
the slightly In-rich conditions. Also, three prominent XRD
peaks, corresponding to InN (100), (0002), (101), and
In(101) were observed for InN film grown directly on the
Si(100) substrate, while there is no indium oxide peak in the
XRD spectra. According to these results, the GZO buffer layer
can be provided InN nucleation and improvement quality
due to smaller lattice mismatch (∼8.9 %). From the observed
(0002) diffraction the lattice parameter c can be obtained.
InN/GZO shows the large than the value of the bulk crystal
[24] attributed to the residual strain in the InN film.

Figure 2 shows the 30◦ Plan-view and cross-sectional
SEM images of InN films grown on various buffer layers.
Cross-section image of InN/GZO film indicated that thick-
ness of GZO film is about 240 nm. The image reveals that the
InN/GZO film exhibits a pronounced columnar-structure
at 500◦C. Also, surface morphology of InN film shows the
needle-like nanocrystals. In addition, an InN/a-AlN film
reveals the granular structure of surface morphology. Also,
surface roughness is larger than InN growth on GZO layer
due to high density grain boundaries and island growth. The
InN film directly grown on Si(100) exhibits surface morphol-
ogy of noncontinuous and rough features. The result is due
to a stress induced 3D-growth mechanism caused by a lattice
strain and/or higher desorption rate (>1.5 μm/hr). Also, the
formation of metallic In on the surface was observed which
corresponding to XRD result.
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Figure 1: (a) XRD pattern of a sputtered GZO film and (b) θ-2θ XRD patterns of InN film deposited on various buffer layers.
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Figure 2: SEM cross-sectional and surface morphologies images of InN film were grown on various buffer layers.

Figure 3 shows a cross-sectional bright-field TEM images
for the InN films growth on GZO and a-AlN buffer
layers. Figure 3(a) shows that 900 nm-thick InN film grown
on GZO buffer layer clearly observed that the threading
dislocations (TDs) and stacking faults are near the interface.
Also, no obvious indium metal precipitates are seen in
image. Besides, cross-sectional bright-field TEM image of
InN/GZO film observed along the [1010] direction. The
lattice fringes reveal that the c-axis lattice parameter of
the InN/GZO is about 0.588 nm, which is larger than bulk
InN [25], suggesting that the lattice strain of InN is not
significantly relaxed after the growth may be due to oxygen
content in the films, toward the formation of In2O3 [26].

Figure 3(b) shows InN film grown on Si(100) with a-AlN
buffer layer. The c-axis lattice parameter of InN/AlN film was
measured to be about 0.57 nm which is matched to the value
of bulk InN, suggesting that the InN is near fully-relaxed
at after growth. This result is in good agreement with the
theoretical calculated values from XRD measurement. Also,
selected-area electron diffraction pattern (SAED) of all InN
films reveals a hexagonal wurtzite structure with an incident
beam direction of <0001> is clearly observed. No additional
diffraction spots were observed in the pattern. On the other
hand, the SAED of InN/AlN shows a typical characteristic of
a nearly-single crystalline. Also, it can be seen clearly that the
film was 3D growth mode.
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Figure 4: Room temperature PL spectra of InN films grown on Si(100) with different buffer layers.

Figure 4 shows the PL spectra measurement at room
temperature from an InN film deposited on GZO and AlN
layer at 500◦C. The PL result indicated sample fundamental
band gap was located at InN/GZO about 0.79 eV and
InN/AlN about 0.65 eV. In contrast with our previous studies
[27], InN grown on oxide layer exhibited large band gap due
to high carrier density and oxygen incorporation [28]. Also,
the origin of the higher measured band gaps in these films

can be attributed to the presence of In2O3 (Eg = 3.75 eV)
[29] inclusions and, perhaps, to a blue-shift of the absorption
edge from quantum-size effects caused by the needle-like
[30]. In addition, the intrinsic defects such as N vacancies
and/or dislocations could be important additional sources
for free electrons in these samples. The Hall measurements of
the InN/GZO exhibited a high carrier concentration of 2.6×
1020 cm−3 and electron mobility of 78 cm2/V-s. Therefore,
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we infer that fewer defects and the low background carrier
concentration were cause of influence high quality InN.

4. Conclusion

In summary, the high quality InN grown on Si(100) substrate
with the GZO buffer layer is critical to achieve nucleation
and duplicate orientation. The XRD measurement indi-
cates that the InN films are highly oriented in the c-axis
direction. According to XRD and TEM results, the GZO
buffer layer improved the crystal quality effectively which
was smaller surface roughness. The PL results reveal that
band gap was located at InN/GZO about 0.79 eV. Also, the
high background-carrier concentration may be caused by a
structural defect and/or oxygen incorporation.
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