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Modern societies thrive on an unprecedented level of energy
consumption, which places a tremendous amount of stress
on our environment. Indeed, energy renewability and envi-
ronmental sustainability stand to be some of the most
pressing challenges of our time. Continuous efforts have been
devoted to the development of renewable alternative energies,
particularly via environmentally friendly green synthesis
methods, in order to address these two critically important
and interconnected issues. This special issue to be published
in 2017 aims at reporting recent progresses in renewable
energies and green synthesis method.We have selected seven
papers, representing three different technical frontiers of this
topic: three on photovoltaics for solar energy conversion, two
on sensor materials, and two on rechargeable lithium-ion
batteries.

Solar Energy Conversion. V. Gâté et al. demonstrated a solar
cell module, which leverages nanostructuring and a sol-gel
process to improve the cost effectiveness of solar energy
conversion.

W. M. N. M. B. Wanninayake et al. synthesized SnO
2

semiconductor nanoparticles and constructed a dye-sensi-
tized solar cell prototype, achieving a conversion efficiency
of 5.04%.

S. R. Lee et al. designed five types of conjugated phenylene
polymer-modified photoanodes for quantum dot-sensitized
solar cells.

SensorMaterials. R. Galos et al. fabricated a nanosensormod-
ule with electrospun piezoelectric (PZT) nanofibers, capa-
ble of more accurate measurement on nanoscale.

H. Xuemei et al. achieved a dramatic enhancement of
the sensing characteristics of cubic In

2
O

3
, by fabricating p-n

heterojunction-like NiO/In
2
O

3
composite microparticles as

sensor material.

Rechargeable Lithium-Ion Batteries. M. V. Tran et al. synthe-
sized a spinel Li

4
Ti

5
O

12
with size of ∼100 nm, using LiOH

and Ti(OBu)
4
as precursor, and found excellent discharge

capacity and rate capabilities.
M. Liang et al. proposed an arc plasma evaporation-

oxidation method to synthesize Fe
2
O

3
-based nanocompos-

ites. As the anode material, this nanocomposite showed a
high capacity of more than 500mAh/g over 150 cycles.

Acknowledgments

We would like to extend our thanks to all authors who
responded to our call for papers.

Xiulin Fan
Xuezhang Xiao
Zheng Zhang

Hindawi
Journal of Nanomaterials
Volume 2017, Article ID 5602151, 1 page
http://dx.doi.org/10.1155/2017/5602151

http://dx.doi.org/10.1155/2017/5602151


Research Article
Dynamic Interferometry Lithography on a TiO2 Photoresist
Sol-Gel for Diffracting Deflector Module

V. Gâté,1,2,3 L. Berthod,1,2,3 M. Langlet,2,3 F. Vocanson,1 I. Verrier,1

C. Veillas,1 A. Kaminski,4 O. Parriaux,1 and Y. Jourlin1
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Copyright © 2017 V. Gâté 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.

Solar electricity is one of the most promising renewable energy resources. However, the ratio module’s cost/energy produced
remains a major issue for classical photovoltaic energy. Many technologies have been developed to solve this problem, by using
micro- or nanostructuring on the solar cell or on the module. These kinds of structuring are often used as antireflection and
light-trapping tools. In the meantime, other solar technologies are considered, such as concentration photovoltaic modules. This
article presents a module combining both approaches, that is, nanostructures and concentration, in order to increase the module’s
profitability. Sol-gel derived TiO2 diffraction gratings, made by dynamic interferometric lithography, are added on the top of the
glass cover to deflect unused light onto the solar cell, increasing the module efficiency.

1. Introduction

Micro- or nanostructuring for light-trapping and antireflect
coatings has been studied during the last decade in order to
increase solar cell and photovoltaic (PV)module efficiency. A
large part of these works is dedicated to decrease reflection at
themultiple interfaces of the PVmodule: most of these struc-
tures involve submicrometric patterns, such as diffraction
gratings [1–5]. Other structures have been placed under the
solar cell in order to reflect the light passing through the cell
[6, 7]. To increase the efficiency of solar cell, concentration
technologies have been studied and applied. They are able
to concentrate the light with a concentration factor up to
thousands suns onto a very efficient solar cell. Most of these
technologies use expensive optical systems such as Fresnel
lenses (Concentrix-Soitec, Amonix) or hyperbolic mirrors
(Solfocus, HeliosPV) as well as expensive heterojunction
solar cells. Recently, new types of concentrator have been
studied, which are able to concentrate the light moderately
with a concentration factor from 2 to 300 suns [8–13]. These

structures are mostly based on holographic concentrators
and diffraction gratings which trap and deflect the incom-
ing light onto the solar cells. This technology led Prism
Solar to industrially produce modules based on holographic
diffraction gratings trapped between the cover and the back
glass, combined with double faces crystalline solar cells.
These modules are said to be up to 50% more efficient
than regular monofacial crystalline solar cell modules. The
technology presented in this paper focuses on diffraction
gratings placed on the top of the glass cover to deflect the light
to the cell directly or by Total Intern Reflection (TIR). The
gratings are made by dynamic interferometric lithography
(DIL) onto a TiO2 xerogel thin film, with a technology
developed in our laboratories [14–18].This technology allows
fabricating long and large diffraction gratings directly on a
robust material with very interesting optical properties for
diffraction gratings. The aim of the module that we have
developed is to decrease the area of PV material for a given
efficiency or increase the efficiency for a given area of PV
material. This work will focus on the conception of a PV
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module demonstrator by (i) designing the best diffraction
gratings and their best refractive index/thickness couples, (ii)
fabricating large TiO2-based gratings on the top of the glass
cover, and (iii) finally testing them under a solar simulator.

2. Grating Fabrication and Experiments

To produce the diffraction gratings, we have used a sol-gel
procedure combined with DIL. These two processes enable
us to make large TiO2-based diffraction gratings. The whole
sol-gel process has been detailed in previous papers [14, 18], as
well as the DIL process [16, 17]. Both processes will be briefly
described hereafter.

2.1. Sol-Gel Process. The sol was prepared from titanium
alkoxide, titanium ispropoxide orthotitanate (TIPT, from
Flucka), complexed by benzoyl acetone (BzAc, from Sigma
Aldrich). The final sol was formed from two different sols.
The first one (S1) was fabricated by mixing TIPT with
BzAc in methanol (MeOH), with a TIPT/BzAc/MeOHmolar
composition of 1/0.75/20.4.The second sol (S2) was prepared
by mixing TIPT, deionized water, HCl, and butyl alcohol
(BuOH) as a solvent.The TIPT/H2O/HCl/BuOHmolar ratio
of this sol was 1/0.82/0.13/23.9. Before mixing with S1, S2
was aged for two days at room temperature. The final sol
obtained after mixing had a BzAc concentration of 0.5M and
a BzAc/TIPT molar ratio of 0.6.

In the present study, films were deposited on 9 cm ×
9 cm glass plates (from Saint Gobain) by spin-coating at
1200 rpm. After sol deposition, the samples were naturally
dried at room temperature for a few minutes before being
baked during 90minutes at 110∘C, which led to the formation
a TiO2 xerogel thin film. In this state, the film was highly
soluble in alcohols thanks to TIPT/BzAc complexation. BzAc
provides an interesting ability to the film: it makes it sensitive
to UVA light, from 340 nm to 380 nm. Insolation of the film
byUVA leads to photolysis of the complex, producing species
insoluble in alcohols. It yields a solubility contrast between
exposed and nonexposed areas, allowing patterning of the
film. To strengthen this contrast of solubility, the exposed film
was heat treated for 8 minutes at 110∘C.

Thin films obtained by this way show good optical
properties even after being heat treated for 2 hours at 500∘C,
as depicted in Figure 1. Figure 1(a) presents the UV-visible
transmission spectrum of the bare glass. Figure 1(b) depicts
the spectrum of the xerogel film, where one can notice the
absorption of BzAc complex around 360 nm. Figure 1(c)
shows the spectrum of an UVA exposed xerogel film, where
one can notice that the transmission level around 360 nm
is slightly higher than in Figure 1(b), since the complex
BzAc/TIPT has been partially photolysed. Figure 1((d) and
(e)) show the transmission spectra of a TiO2 film heat treated
at 500∘C for a one-layer film and a 3-layer film, respectively.
One can see that both spectramatch that of the glass substrate
but they appear to be red shifted due to the TiO2 UVA
absorption that increases when increasing the film thickness.
Optical losses that can be observed in the visible range are due
to interferences caused by the highly reflective TiO2-on-glass
layer.

(a)
(b)
(c)
(d)
(e)
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Figure 1: UV-visible spectra: bare glass (a); xerogel coated glass heat
treated at 110∘C (b); exposed xerogel film on glass (c); single layer
xerogel film on glass after heat treatment at 500∘C (d); three-layer
xerogel film on glass heat treated at 500∘C (e).

1.5

1.6

1.7

1.8

1.9

2

2.1

2.2

2.3

Re
fr

ac
tio

n 
in

de
x 

(6
3
3

nm
)

50

100

150

200

250

300

Th
ic

kn
es

s o
f t

he
 fi

lm
 (n

m
) 

200 300 400 500100
Temperature (∘C)

Figure 2: Film thickness and refractive index as a function of the
heat treatment from 110∘C to 500∘C.

The sol-gel film exhibits densification effects while being
heat treated. An initially 270 nm thick xerogel film undergoes
a thickness reduction down to 70 nm after thermal treat-
ment at 500∘C, while, thanks to the densification effects,
its refractive index at 633 nm increases from 1.65 to 2.25.
Densification of the film, that is, the increase of its refractive
index combined with the reduction of its thickness, allows
choosing a refractive index/grating depth couple and offers
more flexibilities to the xerogel than the TiO2 PVD process.
The behavior of the film during heat treatment is presented in
Figure 2.

With this process, it is possible to achieve submicrometric
patterns in a titanium dioxide substrate such those we need
to build the diffracting deflector.
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2.2. DIL Process. The DIL process was based on the use of
a phase mask, which was a diffraction grating of period Λ,
etched in a transparent substrate (fused silica in this case).
The grating was illuminated with a laser beam which was
hence diffracted, producing diffraction orders overlapping
underneath the mask. In the overlap zone, diffraction orders
should interfere together, producing an interferogram which
will be used to expose the photosensitive sol-gel layer.
When illuminating the grating in normal incidence, the
interferogram period should be half of the mask’s one (Λ/2),
as depicted in Figure 3. The best phase masks are achieved
when only two orders are transmitted through the diffraction
grating, resulting in a two beams interference pattern. How-
ever, such results are very hard to achieve in normal incidence
since the 0th order is still remaining, as well as other higher
orders such as the 3rd ones. The many orders of interference
should thus result in a pattern showing periodicity Λ as well
as periodicity Λ/2.

As it will be shown in Section 3, the grating’s period needs
to be 600 nm; hence a phasemask producing a 600 nmperiod
interferogram has been designed. Unfortunately, since it was
not possible to cancel 0th order, the interferogram pattern
does not have only a 600 nm period but also a 1200 nm
one, which is illustrated by the electric field modulus under
the mask in Figure 4(a). The double periodicity caused by
the many diffraction orders transmitted through the mask is
depicted in Figure 4(b).

The phase mask was illuminated by a line-shaped laser
beam to produce a large interference pattern. The substrate
was then moved underneath the mask in a direction parallel
to the diffraction grating’s lines, producing number limited
but endless lines of grating into the sol-gel layer.

The DIL system was set in a direct laser writing equip-
ment, Dilase 750 from Kloé [19]. This equipment displays
a two-dimensional translation bench, with position accu-
racy of 100 nm and translation speed ranging from a few
microns/second to several tens of millimeters/second. The
laser used for exposure was a Genesis series from Coherent
with 100mW power and 355 nm wavelength.

2.3. Characterizations. The diffraction gratings were charac-
terized by Atomic Force Microscopy (AFM, Agilent 5500 LS
in tapping mode) and Scanning Electron Microscopy (FEG-
SEM, FEI Novanano SEM 200). The films were characterized
by ellipsometry (Gaertner L116B ellipsometer) at a 633 nm
wavelength and UV/visible spectroscopy in transmission
(Perkin Elmer Lambda 900 UV/Vis/IR).

The module demonstrator has been tested with a solar
simulator from Sinton Instruments: FCT-400 Flash Cell
Tester. The glass cover equipped with the grating on its top
was deposited on a polysilicon solar cell with a glycerol layer
between them acting as an index matcher. Measurements
were done under AM 1.5. Two cases can be distinguished:
solar cell only, where the diffraction grating is obliterated by
a plate to prevent its actions, and solar cell with diffraction
grating where the grating is no longer obliterated and can
diffract the light. The diffraction grating was cumulatively
heat treated on the glass substrate at 110∘C, 200∘C, 300∘C,
400∘C, and 500∘C during 2 h at each temperature. Solar
simulator tests andAFMmeasurementswere carried out after
each heat treatment.

3. Module’s Design

This work is focused on the module level: the aim is to deflect
the nonused light on the solar cell, using a concentrating
effect induced by diffraction gratings put on top of the
glass cover and placed next to the solar cell, as depicted
in Figure 5. This extra flow of light should increase the
solar cell photo current and should produce extra electricity
while maintaining the same area of photovoltaic material.
The concentration effect is brought by the diffraction grating
which should angularly split the incoming light wavelengths
and bring wanted wavelength range to the solar cell either
directly or by TIR. To optimize the concentration, we need to
optimize the grating’s characteristic while keeping fixedmod-
ule parameters. Figure 5 represents the module’s principle
with the main parameters: the 9 cm large solar cell is placed
underneath the glass cover which is 3.2mm thick.The edge of
the glass is covered by a 20mm large diffraction grating. The
incoming light is diffracted with an angle 𝜃 for the −1st order.
These parameters will remain constant along the following
study.

The first part to achieve is to design the most efficient
diffraction grating. To do so, a range of wavelengths has been
set, from 600 nm to 800 nm, which may differ from a solar
cell technology to another. The grating needs to diffract the
whole wavelength range.

The first step is to design the diffraction grating in order
to bring the required properties. To do so, the grating’s period
is calculated through the grating equation:

Λ =
𝜆

𝑛 sin (𝜃𝑑)
, (1)

where Λ is the grating period, 𝜆 is the wavelength coming
through the diffraction grating, 𝑛 is the refractive index
of medium, and 𝜃𝑑 is the angle of the diffracted orders.
Since the optical wavelength range was set, the two limits,
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Figure 5: Module’s parameters. The 2 cm large diffraction grating
(red) is placed on the top of the 3.2mm thick glass cover and deflects
the light on a 9 cm large solar cell (blue).

that is, 600 nm and 800 nm, should be considered. The
grating is to be set on glass, so that the refractive index 𝑛 is
considered equal to 1.5. For a 800 nm wavelength, 𝜃𝑑 must
be inferior to 90∘ so that the rays can be diffracted. Using
(1), the grating’s period has thus to be superior to 533 nm.
Considering a 600 nmwavelength in (1), for the light coming
on the far edge of the grating to be deflected directly on the
solar cell, a period inferior to 414 nm is required, which is
obviously incompatible with the previous requirement. To
solve this issue, we used TIR to bring the “blue part” of the
wavelength range to the solar cell, the glass cover being used
as a waveguide for the rays. The TIR requirement brings an
angular condition to the diffracted angle. Using the Snell-
Descartes law, we can calculate 𝜃𝑑 compatible with TIR in the
glass.The calculation gives 𝜃𝑑 > 41.8

∘. Injecting this condition
in (1), with 𝜆 = 600 nm, a new requirement on the grating’s
period is set:Λ has to be inferior to 600 nm. Hence, the range
of period available for the light to be deflected was 533 nm
< Λ < 600 nm. The principle of the module is shown on
Figure 6: the module is represented on cross section and
illustrates a solar cell framed by two diffraction gratings on
both sides. The 800 nm wavelength (green arrows) is directly
deflected to the cell, while the 600 nm wavelength (blue
arrows) has to be guided by TIR.

These predictions of TIR to bring the “blue part” on the
solar cell are not completely true. Indeed, these wavelengths
guided in the glass will diffract due to the presence of the
diffraction grating on the surface (coupling/uncoupling).
However, these leaks, present at the grating interface, were
measured andmodeled (not presented here) and are very low.

To discriminate the best period, simulations have been
computed with a Rigorous Coupled Wave Analysis software,
named MC gratings [20]. The calculations were done for
the efficiency of ±1st diffraction orders for period Λ ranging
from 533 nm to 600 nm, incidence angles ranging from −15∘
to +15∘, and for transverse electric (TE) and transverse
magnetic (TM) polarization. Figure 7 represents the −1st
order’s efficiency as a function of the wavelength and the
grating period. The TiO2 xerogel grating considered here
has a depth of 300 nm and a refractive index of 1.65. The
wavelength ranges from 600 nm to 800 nm and the grating’s
period goes from 400 nm to 1000 nm. In this diagram, red
indicates a higher −1st-order efficiency. Hence simulations
confirm that the wavelength range is not entirely diffracted
by gratings whose period is between 533 nm and 600 nm.

As explained, simulation has been obtained for several
incidence angles ranging between −15∘ and +15∘ and for
transverse electric (TE) and transverse magnetic (TM) polar-
ization.The results were integrated over the wavelength range
to obtain a curve representing the grating’s efficiency as a
function of the grating’s period. Such curve is presented on
Figure 8. Figure 8(a) depicts the integrated value of the −1st
order’s efficiency, in arbitrary units, over the wavelength’s
range as a function of the diffraction grating’s period in TE
polarization. Figure 8 ((b) and (c)) depicts the TM polariza-
tion and the mean of (TE + TM)/2 polarization, respectively.
TE curve continuously increases to a maximum around
670 nm, TM curve has a maximum around 570 nm, and the
mean curve has the same maximum as TE. As we have seen
previously, the available range of period for the diffraction
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grating is from 533 nm to 600 nm. Hence, the grating’s period
has to be set in order to reach the maximum of intensity
possible in this range, which means that it will be set to
600 nm.

Figure 9 shows efficiency of ±1st diffraction orders in
TE polarization and that of the sum of the two orders as a
function of the angle of incidence in the case of a grating
period of 600 nm. Efficiency variations of +1st and−1st orders
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Figure 8: Efficiency (in arbitrary units) of the −1st order for 600 nm
period diffraction grating in normal incidence as a function of the
wavelength. Curve (a) is for TE polarization, curve (b) is for TM
polarization, and curve (c) is for TE + TM.

are symmetrical to each other with respect to the 0∘ angle
of incidence. For angles of incidence in the −15∘/15∘ range,
their efficiency lies between 24% and 44%, the maximal
value being obtained with an angle of −7∘ (7∘) for −1st (+1st)
order. In normal incidence, ±1st orders efficiency is 37%.
The sum of both orders shows a maximum efficiency of 74%
for an incidence of 0∘. This efficiency weakly varies in the
−10∘/10∘ range and then it decreases continuously when the
incidence goes away from the normal to reach a value of 51%
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Figure 10: Efficiency of the −1st order of 600 nm period diffraction
grating in normal incidence as a function of the grating’s depth for
several refractive indexes 𝑛: (a) 𝑛 = 1.6; (b) 𝑛 = 1.8; (c) 𝑛 = 2; (d)
𝑛 = 2.2.

at ±15∘. These data demonstrate a relatively high efficiency
and relatively good angular tolerance of the grating over the
entire range of angles studied.

Considering our TiO2 sol-gel material and the possible
grating depth reachable, we can investigate the best agree-
ment between the grating’s depth and the refractive index.
Figure 10 depicts the −1st order’s efficiency of a 700 nm beam
diffracted by a 600 nm period sinusoidal diffraction grating,
in normal incidence, for several refractive indexes ranging
from 1.6 to 2.2. We can see that the maximum arises in any
case for a depth lying between 250 nm and 350 nm. The best
efficiency is reached for 𝑛 = 2 and a 300 nm depth.

After calculations, considering the reachable thickness/
refractive index couples, ±1st orders are thus expected to
bring a gain of current of 70%. However, if the parameters
described above seem to be the best ones for the device’s
purpose, the experimentally reachable parameters are not
necessarily the same as it will be shown in the next section.

4. Experimental Results

4.1. Diffraction Gratings. Diffraction gratings were fabricated
on 9 cm × 9 cm glass substrate from Saint Gobain, which is

used to cover solar cells in PV modules. Diffraction gratings
of 9 cm × 2 cm size were produced through sol-gel and DIL
process. Xerogel TiO2 thin filmswere insolated by a 2 cm long
interferogram, presented in the previous paragraph, while
moving underneath at a speed of 0.01mm/s. The gratings
presented heterogeneities at the millimeter scale caused by
interferences due to multireflections between the incoming
laser beam, themask, and the highly reflective TiO2–on-glass
substrate. Grating lines also presented some reliefs in their
length as depicted in Figure 11.

Because of the presence of undesired diffraction orders,
such as 0th and ±3rd orders, the interferogram period was
double with Λ 1 = 1200 nm and Λ 2 = 600 nm as detailed
previously. This double period is then reproduced in the sol-
gel resist owing to its highly linear behavior, as illustrated in
Figure 11(a). Hence, the 1200 nmperiod brings unwanted±1st
diffraction orders which would not be present for a single
period of 600 nm.Thiswill reduce the efficiency of the grating
to deflect the light on the solar cell. However, despite this
double periodicity in the TiO2 xerogel grating, diffraction
effects are clearly visible in Figure 11(b).This grating is printed
on a glass substrate and has a 2 cm width and a 9 cm length
as the length of the solar cell.

The AFM profile’s evolution of gratings heat treated
cumulatively at 110∘C, 200∘C, 300∘C, 400∘C, and 500∘C for
two hours is illustrated in Figure 12. For the reasons discussed
previously, after a heat treatment at 110∘C, the diffraction
grating has a superposition of a primary period of 1200 nm
and a secondary period of 600 nm leading to a depth of
140 nm in the primary lines, which depicts the targeted
periodicity of 600 nm (Figure 12(a)). It may be noted that this
modulation is weaker and less regular than in the simulation
presented in Figure 4, which implies that, in the tests
presented here, the resin was probably slightly overirradiated.
Asmentioned previously, the cumulative heat treatments lead
to densification effects resulting in a reduction in the gratings
thickness.

These effects of densification also lead to changes in the
superstructure. After a treatment at 200∘C, the modulation
is reflected by a reduction in the depth of the primary lines
(Figure 12(b)). From 200∘C to 300∘C, the depth decreases
again (Figures 12(b) and 12(c)). In the same time, there is a
significant reduction in the width and thickness of the main
1200 nm periodicity relief, which probably depicts the effects
of lateral and vertical densification. These effects are again
amplified after heat treatment at 400∘C and 500∘C (Figures
12(d) and 12(e)).

4.2. Module Efficiency. Efficiency of the module endowed
with TiO2 gratings was assessed by tests performed in a
solar flux simulator after each cumulative heat treatment.
The demonstrator module was assembled by placing the
structured glass on a polycrystalline silicon solar cell, with a
glycerol layer at the interface that provided an indexmatching
between the glass and the cell. The module is shown on
Figure 13.

The module efficiency was measured under AM 1.5 and
two architectures were considered: the first one (A) was a
reference to measure the parameters obtained for the cell
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Figure 13: Module demonstrator. Solar cell with its diffraction grating structured cover glass (a) and the same cell inside the solar simulator
(b).
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Figure 14: The two types of setup for the solar tests: architecture A (a) shows a side view of the module with a black cover on the diffraction
grating in order to prevent the light from illuminating it; architecture B (b) is the same without the black cover to allow the grating to deflect
the light.

alone and the second one (B) was a measurement of the
parameters with the diffraction grating being enlightened.
Both architectures are illustrated in Figure 14. These mea-
surements were done after each heat treatment so that the
parameters could be analyzed in relation to the gratings
morphology derived by AFM.

The short-circuit current (𝐼sc), the open circuit tension
(𝑉oc), and the fill factor (FF) were measured as well as 𝐼(𝑉)
responses. The open circuit tension remained constant at
0.561 V along all the heat treatments and for both architec-
tures. However, 𝐼sc was always increased from architecture A
to architecture B.

In the case where the grating is not active (architecture
A), a short-circuit current of 2.85 ±0.02A was measured
after each heat treatment. The ±0.02A uncertainty is related
to sample conditioning (positioning, contacts, etc.) during
the measurements. However, this error does not affect the
comparison between measurements with or without grating
since; after each heat treatment, conditioning is not modified
from architecture A to architecture B. Figure 15 illustrates the
variations of Δ𝐽sc, that is, the evolution of the short-circuit
current density (Δ𝐼sc = 𝐼scA − 𝐼scB per surface unit) when the
grating becomes active, as a function of the heat treatment
temperature. For each temperature, we note that the pres-
ence of the grating increases the short-circuit current. This
increase is relatively weak for temperatures between 110∘C
and 300∘C, with Δ𝐽sc = 1.05 ± 0.15mA/cm2, and it increases
significantly at temperatures of 400∘C and 500∘C, with Δ𝐽sc
= 1.79 ± 0.1mA/cm2. These observations demonstrate that,
even with nonoptimized etching conditions, as illustrated in
Figure 12, it is possible to increase the short-circuit current
thanks to the presence of the grating. Figure 15 shows that
this effect results in a significant increase in the conversion
efficiency of the solar module, which ranges from 0.4 ± 0.1%
after treatment at 110–300∘Cup to 1.05±0.05%after treatment
at 400–500∘C.

In the concept proposed here, the grating is set on a solar
cell free zone, and therefore it aims to reduce the number of
cells. It is interesting to compare the power produced by a
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Figure 15: Influence of heat treatment on the short-circuit current
density (blue) and conversion efficiency (red) when passing from
architecture A (inactive grating) to architecture B (active grating).

solar cell that has received the light deflected by a grating of
surface 𝑆 to the power that would be produced by a solar cell,
with the same surface 𝑆, directly exposed to solar radiation.
Considering an incident power 𝑃𝑖 AM 1.5 of 1000W/m2,
a solar cell of surface 𝑆 and efficiency 𝜂 (10.2% for cells
considered here) can provide an electrical power Pf (in W):

𝑃𝑓 = 𝑆 × 𝑃𝑖 × 𝜂. (2)

By comparing the measured power when testing architecture
A (𝑃A) and B (𝑃B) and the power deflected by a grating of
surface 𝑆 (𝑃RD), we obtain

𝑃RD = 𝑃B − 𝑃A. (3)

One can thus calculate𝑅Cell ratio (in%) to compare the power
obtained using a grating of surface 𝑆 with the power directly
produced by a cell of the same size:

𝑅cell =
𝑃RD
𝑃𝑓
× 100. (4)

Figure 16 shows the variations of 𝑅Cell ratio as a function
of the heat treatment temperature. This figure depicts two
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Figure 16: Effect of heat treatment on 𝑅Cell ratio describing the
power gain obtained by a grating of surface 𝑆 compared to the power
produced by a cell of same surface directly illuminated by the solar
radiation.

types of behaviors that correlate very well those shown in
Figure 15. For a temperature between 110 and 300∘C, the
power gain provided by the ±1st orders diffracted by the
grating is around 4 to 6% compared to the power that would
be produced by a cell directly illuminated. For a treatment
at 400 or 500∘C, this power gain is multiplied by a factor of
around 2.5, corresponding to a value in the range of 12–14%.
This observation means that, for these latter heat treatments,
the amount of deflected photons is much larger, but this gain
is still low compared with the one produced by a cell directly
illuminated.

5. Discussion

It is necessary to discuss the effects of the postetching heat
treatments which do not necessarily go in the direction
predicted by the simulations. Indeed, these latter predict
an optimal diffractive power, that is, an optimum electrical
power gain, for gratings with a refractive index of about 2 and
a thickness of about 300 nm.But our best experimental results
are obtained for heat treatments at 400 or 500∘C, which yield
an index greater than or equal to 2 (Figure 2) and a grating
thickness of 200 nmor less (Figure 12).These phenomena can
be discussed in conjunction with the optical properties of the
studied gratings.

As noted above, heat treatment significantly alters the
dimensions and profile of photoetched gratings and the
annealing effects provide gratings closer to those modeled.
Particularly, they lead to the amplification of a submicro-
metric modulation grafted onto the initial micronic patterns.
It seems that the amplification of these modulations with
heat treatment temperature plays a role in the diffraction,
leading to a more efficient deflection of light toward the
solar cell power. The patterns obtained after different heat
treatments can be characterized by the ratio 𝑅 between the
modulation depth (𝑝) and the height (ℎ) of the main relief
(𝑅 = 𝑝/ℎ). The values of 𝑅 deduced from AFM data of
Figure 12 for each heat treatment are illustrated in Figure 17.
The 𝑅 ratio decreases significantly when the temperature
increases from 110∘C to 300∘C, and then it increases again
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Figure 17: Evolution with heat treatment temperature of the ratio
𝑅 = 𝑝/ℎ between the depth and height of the superstructure designs
(blue) and the refractive index of the grating (red).

up to relatively similar values after treatment at 400∘C and
500∘C. In addition, we also saw in Figure 2 that the effects of
thermoinduced densification result in a continuous increase
of the film refractive index, from a value of 1.65 (110∘C)
up to a value of 2.2 (500∘C). We can consider that, for an
equivalent annealing temperature, the refractive index of a
photopatterned grating is close to that of a nonetched film.

It is possible that the amplification of submicron mod-
ulations, characterized by an enhanced 𝑅 ratio, plays an
important role in the diffracting grating power. This param-
eter should act in conjunction with the refractive index for
which a higher value is expected to increase the diffraction
efficiency. These aspects may explain the data illustrated in
Figure 16. This figure shows that, for annealing temperatures
between 110∘C and 300∘C, the effect of gratings on the power
delivered by the module is relatively and comparably weak.
In this temperature range, it is likely that the increase in
refractive index with temperature is offset by the significant
drop in the𝑅 ratio. In contrast, Figure 16 shows that the effect
of gratings on the power supplied by the cell is more impor-
tant, and again very similar, for annealing temperatures of
400∘C and 500∘C. In this temperature range, it seems that the
diffracting efficiency is jointly promoted by the increased of
both the𝑅 ratio and the refractive index. At this stage, it is not
possible to provide a more detailed analysis of experimental
data, and it would be necessary to perform additional tests to
deepen understanding of the effects induced by submicron
superstructures on the power produced by the cell. However,
we can complete this discussion by focusing on the effect
induced by the micrometric periodicity of the main patterns
of our gratings.

This complementary discussion is supported by simu-
lations performed with “MC gratings” in TE polarization,
as illustrated in Figure 18 for an index of 2. Figure 18(a)
shows the −1st-order efficiency of an ideal grating with a
period of 600 nm. Efficiency is similarly high on the whole
range of investigated wavelengths (600–800 nm). However,
our samples are in fact characterized by a main periodicity of
1200 nm that provides additional unwanted diffracted orders,
the 0th one being the most intense, which result in a loss
of the incident energy deflected toward the solar cell. For
example, for a wavelength of 600 nm, the calculations show
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Figure 19: Grating used to simulate the real case with MC gratings
profile.

that the periodicity produces very intense ±1st orders, but
these orders are diffracted with an angle of 21∘ to the normal,
that is, a value weaker than that required to guide light by
TIR. These orders are thus mainly transmitted through the
glass without illuminating the cell.

To precisely know how the periodicity of 1200 nm
decreases the diffraction efficiency and thus the photovoltaic
module efficiency, a simulation with MC gratings was also
performed in the case of a dual period 600/1200 nm whose
profile is presented in Figure 19. Note that this concept of dual
period actually corresponds to an idealized case since here we
cannot strictly consider a periodicity of 600 nm. For this dual
periodicity, the curves (b) and (c) of Figure 18 illustrate the
efficiency of the −1st and −2nd orders, respectively. Indeed,
for a period of 1200 nm, the ±2nd orders are diffracted with
the same angle as the ±1st order produced in the case of
a 600 nm period grating. Figure 18 ((b) and (c)) leads to
several conclusions. For wavelengths near 600 and 800 nm,
the diffraction efficiency of the −1st order is still important in
the case of the dual period but, with the 1200 nmperiod being
mainly predominant in our samples, we have seen that the
diffraction angle is not consistent with light guiding by TIR.
Besides, the diffraction efficiency of the −2nd order arising
from the periodicity of 1200 nm, which may be favorable
for our application, is itself extremely small. Finally, the

diffraction efficiency of both−1st and−2nd orders is also very
low or even close to zero for wavelengths around 700 nm.

All these considerations can explain why, in the present
circumstances, only a small portion of the light is actually
used for photovoltaic conversion. But many potential opti-
mizations still remain open, leaving these considerations also
augur the potential to significantly increase the solar gain in
future studies.

6. Conclusion

It is obviously not yet possible to conclude on the economic
validity of the concept presented here but only on its feasibil-
ity. On the basis of these first demonstrators and preliminary
feasibility tests, many optimizations can be envisaged, which
especially rely (i) on optimization of the diffracting gratings,
which have not been burned by the best conditions (overex-
posure, predominant micrometer periodicity, etc.), and (ii)
on the fact that gratings have been arranged on only one side
of the cell but, in a real device, the energy input would be
greatly amplified by arranging gratings on all four sides.

Further studies should be performed in these directions.
At this stage, it will be possible to assess whether cost
criteria (additional cost related to the structure compared
to the intrinsic cell cost) justify reducing solar cell surfaces
and replacing them with diffraction gratings, even though
these gratings would not provide the same power increase as
obtained by illuminating a cell directly.
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Electrical impedance measurements of PZT nanofiber sensors were performed using a variety of methods over a frequency
spectrum ranging from DC to 1.8GHz. The nanofibers formed by electrospinning with diameters ranging from 10 to 150 nm were
collected and integrated into sensors using microfabrication techniques. Special matching circuits with ultrahigh input impedance
were fabricated to produce lownoise,measurable sensor outputs.Material properties including resistivity and dielectric constant are
derived from the impedancemeasurements.The resultingmaterial properties are also comparedwith those of individual nanofibers
being tested using conductive AFM and Scanning Conductive Microscopy.

1. Introduction

The essential structures of nanomaterials at the nanoscale
become altered to achieve desired properties, greatly extend-
ing their application and benefiting their usage. In our
case, we leverage the very high specific surface area and
high porosity of PZT nanofiber for enhanced piezoelectric
output. This is ideal for sensor applications since this pro-
vides increased ability to acquire constituents and increased
sensitivity to detect chemicals. Their smallness and lightness
also result in fast response times. To produce sensing ability
from nanofiber usually requires the embodiment of sensing
material into the fibers [1] or coating [2, 3] them.

For our sensors, we mix a PZT sol gel with a precursor
solution to impart piezoelectricity. Piezoelectric sensors are
highly desirable since they produce electricity from environ-
mental stimulus.They are used in awide range of applications
including momentary switches, impact and vibration sen-
sors, accelerometers, strain gages, and imaging transducers.
Although they are self-powered, they are typically integrated
with amplifier and signal conditioning circuitry, depend-
ing on their particular use. Generally, they output signals

(nanosensor) or harvest energy (nanogenerator). Either way,
their output needs to be delivered to a load.

In order to obtainmaximumpower transfer from a device
to a load, their impedance must be conjugately matched.
Figure 1 represents a generalized connection of our device,
having impedance𝑍

1
acting as a source and being connected

to a load with impedance 𝑍
2
. As shown, a voltage divider

circuit is formed between the source voltage, 𝑉source, and the
load voltage, 𝑉load.

The ratio of the delivered load power to the source power,
𝑃
2
/𝑃
1
, can be obtained by substituting each expression for

𝑉source and 𝑉load from Figure 1 into 𝑃 = 𝑉2/𝑍 and then
calculating this power ratio. Noting R as the DC impedance,
that is, imaginary parts vanish and complex Z becomes real
R @ DC, we obtain

𝑃load
𝑃source
=
𝑃
2

𝑃
1

=
𝑍
2

𝑍
1

→
𝑅
2

𝑅
1

@DC. (1)

Proper characterization of nanomaterials is important to
the device designer. By knowing the dielectric constant and
adjusting device geometry, the capacitance of a device can be
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Vsource = Vin − Vout = Vin

Z1

Z1 + Z2

Vload = Vout = Vin

Z2

Z1 + Z2

Vin

Vout

Z1

Z2

Figure 1: Voltage divider circuit representing generator with source
impedance 𝑍

1
and load impedance 𝑍

2
.

tailored to assist in impedance matching the device to inter-
face circuitry at desired operating frequencies. PZT being a
ceramic has inherently high electrical resistance. The resis-
tivity of conductive nanofibers [4] has also been measured.
Together with the tiny cross-sectional areas of nanodevices,
extremely high DC resistances are encountered when more
insulative materials are used like PZT, BaTiO

3
, and PVDF.

There is much research of piezoelectric nanofiber devices
reporting electrical outputs in many different ways. Gener-
ally, it is not always clear if the measured output is optimum
under the given conditions and how the device output will
vary over a range of different frequencies. For examples,
Chen et al. [5] reported a PZT nanofiber generator output
of 1.63V and 0.03 𝜇W. Wu et al. [6] reported a wearable
PZT nanowire generator that could generate 6V and 45 nA.
Chang et al. [7] reported a single PVDF nanofiber generator
that could generate 5–30mV and 0.5–3 nA. Hansen et al. [8]
used aligned PVDF nanofibers combined with a biofuel cell
to power a UV sensor. Gu et al. [9] built a PZT nanowire
array that produced an ultrahigh 209V output with a current
density of 23.5𝜇A/cm2 s.

The impedance behavior of Si nanofibers was also studied
by other researchers [10, 11] to understand electrochemi-
cal processes for use as anodes in lithium ion batteries.
Capacitance of nanofibers [1] is also vital for supercapacitor
applications.

2. Materials and Methods

2.1. DeviceDesign and Fabrication. Thenanogenerator device
used for our measurements was developed at Stevens and is
illustrated in Figure 2. Alternating pressure applied to the top
surface of the polymer creates longitudinal mode stress of the
PZT nanofibers resulting in charge generation. This induces
a voltage difference between the two extraction electrodes.

The PZT nanofibers were made by an electrospinning
process that used PZT sol gel in a precursor of ethanol and
PVP. 10 kV was applied between the tip of the syringe and
a high speed rotating grounded collector. Many layers of
nanofibers accumulated forming a mat on top of a Si wafer
attached to the collector. A sacrificial layer of MgO was
deposited on the wafer beforehand using e-beam PVD. The
wafers were then baked at 600∘C to transition the PZT to a
Perovskite phase. Interdigitated electrodes were added using

PDMS polymer

Interdigitated electrodes

Nanofiber mat

Extraction
electrodes

Figure 2: PZT nanogenerator developed at Stevens.

Table 1: Nanosensor used for ImpedanceMeasurements along with
Commercial reference.

Nanosensor Commercial∗

Material PZT nanofiber PVDF film

Thickness Avg 60 nm dia wire
mesh 28 𝜇m

Substrate PDMS encapsulated 0.125mm Polyester
Electrodes 50𝜇m dia Pt fine wire Screen-print Ag-ink
Size 35mmL × 20mmW 25mmL × 13mmW
∗see reference [12].

microfabrication techniques. Lastly, a PDMS polymer layer
was applied.

For comparison and experimental measurement verifica-
tion [13], a commercially available piezoelectric PVDF film
sensor was also used. Photos and specifications of the sensors
are shown in Table 1.

2.2. DC-IV Measurements. DC I-V characteristics of the
sensor devices were measured with a Keithley 4200 SCS
containing Source Measure Unit (SMU) modules equipped
with a preamp. With this instrument, we simultaneously
sourced the voltage and measured current. The additional
preamp brought the current sensitivity down to 10 fA, which
is similar performance to an electrometer picoammeter. All
connections were guarded to reduce leakage currents and the
devices were shielded within a metal enclosure to prevent
electrostatic interference. Two-wire connections were used to
connectwith theDUTs.Although this connection introduced
small lead resistance losses, they were negligible compared
to the high resistance of our DUTs. (They would be more
significant for low resistance DUTs.)

2.3. AC ImpedanceMeasurements. AC impedance of the sen-
sors was also measured with the same base SCS instrument
using a built-in Capacitance Voltage Unit (CVU) module.
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The coaxial leads were connected across the DUT inside a
metal enclosure with a short jumper wire connecting the
cable shields together. The frequency range spanned from
1 kHz to 10MHz.Matlab�was used to transform and operate
on the C-V data.

To further extend themeasurement frequency range from
1MHz to 1.8 GHz, an Agilent 4291B Impedance Analyzer was
used. The sample was mounted atop an adequate ground
plane on a fixture that was calibrated out beforehand. This
instrumentmeasures impedance at a single port as the ratio of
voltage to current. There are built-in impedance parameters
to transform the data.

2.4. Superposition Method. A superposition method was
conceived to estimate the PZT nanofiber dielectric constant
from these impedance measurements. Specifically, in the
process of fabricating a batch of sensors, we left some
blank. Blank means that they contain no nanofibers, just
the same electrode structure and PDMS encapsulation. We
measured the impedance of both the full nanofiber sensors
and the blank sensors (blank commercial sensors were not
available). To obtain data for the nanofibers themselves, we
subtracted the blank data from the full sensor data. Since the
impedance is complex, subtraction of the corresponding real
and imaginary components is carried out individually.

𝑍 = 𝑅 + 𝑗𝑋. (2)

Based on our interdigitated electrode arrangement, the whole
sensor was treated as a parallel combination of individual
“fingerlike” electrode pairs. For the real/resistive part, we
solve for the nanofiber resistance as follows:

𝑅nano =
𝑅eq𝑅blank

𝑅blank − 𝑅eq
. (3)

With the resistive component of the nanofiber, 𝑅nano, and
knowing the sensor geometry, we find resistivity, 𝜌, by solving
the following relation for 𝜌:

𝑅 =
𝜌𝐿

𝐴
. (4)

For our sensors, we used the electrode gap of 0.5 𝜇m for L
and the electrode length of 12mm times the 100 nm average
nanofiber diameter for the cross-sectional area, A.

Similarly, to find the dielectric constant of the PZT
nanofiber mesh from the sensor and blanks, we first subtract
the imaginary/capacitively reactive parts of the impedance:

𝑋 =
1

2𝜋𝑓𝐶
. (5)

The capacitance between individual electrodes is approxi-
mated based on the electrode geometry as illustrated in Fig-
ure 3. Our nanosensor configuration most closely resembles
Figure 3(b) and is modeled accordingly, whereas Figure 3(a)
is more representative of the commercial sensor.

Since capacitors in parallel add, 𝐶eq = 𝐶nano + 𝐶blank, we
solve for 𝐶nano and then use these approximations to find the
dielectric constant, 𝜀

𝑟
. Herewe use the electrode gap of 0.5 𝜇m

for a and eighteen times (for 9 electrode pairs) the 12mm
individual electrode length for the length, L.

𝜖0𝜖rLw

a

+ −

(a)

𝜖0𝜖r𝜋L

ln (a/r − 1)

+ −

(b)

+ −

2𝜖0𝜖rL

𝜋
ln [[(1 +

w

a
) + √(1 +

w

a
)2 − 1]]

(c)

Figure 3: Approximations of capacitance for various electrode
arrangements using a uniform dielectric material. Arrows indicate
E-field (a) parallel flat plates with sandwiched dielectric, (b) parallel
cylinders surrounded by dielectric, (c) coplanar with thick film
dielectric.

Table 2: Estimated fractional power delivered to load from a
generator having 50 TΩ DC source resistance.

Instrument DC input impedance,
𝑅
2
(MΩ)

Fractional power
delivered, 𝑃

2
/𝑃
1

Oscilloscope 1 0.0000002
Lab amp 100 0.00002
Fabricated amp 50 1

2.5. ImpedanceMatching. For our ultrahigh source resistance
nanosensors, (𝑅

1
∼ 50 TΩ) we calculate, using (1), the ex-

pected power delivery using various instruments whose input
impedance represents the load impedance and the results are
shown in Table 2. Notice that a negligible amount of power is
delivered when measuring with a typical oscilloscope having
1MΩ input impedance. This result indicates that previous
results [5] using a scope probe were questionable. In the
process of trying to duplicate the previous results, we found
that the measurements were highly susceptible to 60Hz
conducted emissions from AC power sources. It was at first
difficult to realize; however, we found that disrupting noise
could produce false signals. To remedy the 60Hz noise, we
utilized battery powered amplifiers and scopes.

In order to match our expected 50 TΩ impedance, we
looked at several other laboratory instrument manufacturers
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Figure 4: Unity gain voltage preamplifier built at Stevens from high
input impedance DiFETs.

making preamplifiers for piezo applications; however they
were all around a 100MΩ value. Finally, we realized that we
needed to build up our own preamplifiers starting from the
component level and searched for discrete chips tomatch our
targeted impedance value.

The latest technology from Texas Instruments high-
lighted a Dielectric FET (DiFET) that offered ultrahigh input
impedance. This was about 3 orders of magnitude higher
than other chips using Metal Oxide FETs (MOSFETs). The
idea is that the dielectric insulated the gate of the transistor
better than the metal oxide, requiring less field strength to
operate. Three different circuits were then built and tested in
our laboratory at Stevens using the sameDiFET chip package.
Figure 4 shows a voltage ampwith unity gain (buffer) that was
fabricated.We alsomade another ampwith a gain of 10 as well
as a charge amplifier.

Figure 5 shows a block diagram of the matched impe-
dancemeasurement setup. Note that the nanogenerator DUT
was shielded inside a metal enclosure to provide a Faraday
cage which prevents susceptibility from any undesirable
source of radiation that may be present in the environment.
The leads to the amplifiers’ input being guarded using a tri-
axial cable whose conductor adjacent to the signal contains
the guard signal. All ground leads were kept short and tied to
building ground to prevent ground loops.

We set up a test whereby a nanogenerator DUT was fixed
at one end and deflected by hand using a long mechanical
probe with a rounded tip. This is not exactly a DC excitation;
however the deflection was applied slowly and steadily
enough in an effort to produce piezoelectric charge at very
low frequency such that very high impedance close to ourDC
approximation would exist.

Lastly, we characterized the sensor using this same
matched impedance setup but with excitation from a mech-
anical shaker.We input certain frequencies away from known
fixture resonances. For this experiment, a plastic cantilever
beam was fixed rigidly at one end while the sensor was
attached to the other free end. The shaker was driven sinu-
soidally using a function generator and amplifier.

2.6. Nanofiber ResistanceMeasurement. AnAsylumResearch
MFP-3D Atomic Force Microscope (AFM) at Brookhaven
National Laboratory was used to gather resistive data from
individual nanofibers. The instruments’ ORCA� head with

built-in function generator and op-amp readout circuitry
provides a sample source voltage and produces a current map
of the surface while operating in contact mode. Using this
image, we pick certain “go to” measurement points that are
atop of various nanofibers as well as appropriate void loca-
tions to subtract out the background noise. We were also able
to obtain similar impedance data by applying an AC signal up
to 5 kHz into the tip.

The samples that we prepared for this measurement con-
sisted of individual nanofibers deposited on a Si wafer sub-
strate.The substrate had a 5 nmCr adhesion layer followed by
a 100 nm Au layer applied to it ahead of time using a thermal
deposition technique. Figure 6 illustrates the experimental
setup that was utilized.TheAuwas needed to avoid oxidation
during the baking of the nanofibers at 650∘C which is part of
the fabrication process. This provided adequate background
contrast for our high resistance nanofibers.

Using this conductive AFM technique, we derived the
impedance of our nanofiber samples by dividing the input
voltage by the output current measured across the nanofiber
diameter and into the conductive layer beneath our sample.
Based on the nanofibers’ diameter, the resistivity of the nano-
fibers was derived.

2.7. Nanofiber Capacitance Measurement. Our nanofiber ca-
pacitance measurement was also performed at Brookhaven
National Lab using the same AFM. A Scanned Conductance
Microscopy (SCM) technique was utilized that is able to
detect the phase shift caused by a changing resonant fre-
quency of the instruments’ tip cantilever while scanning the
sample. The cantilever tip encounters various tip to sample
capacitances which change the electrostatic force on the tip
that change the resonant frequency of the cantilever.

Samples of individual PZT nanofiber were deposited on
top of a highly doped P-type Si substrate onto which a 10 nm
layer of SiO

2
was thermally grown beforehand. Figure 7

illustrates the experimental setup that was utilized. A probe
was connected to the edge of the sample where the SiO

2
layer

was etched away with HF and coated with silver epoxy in
order to form a contact point with the conductive Si substrate.
Ground wires were connected from this contact point to
equipment ground.

Once the AFM was set up, the topography was first
learned in noncontact mode. This topographical surface
calibration datawas used to keep theAFM tip at constant scan
height, ℎ, above the sample (aka LiftMode). Scan heights of 2,
5, and 10 nm were used. A DC voltage of 5 volts was applied
from an internal source. Based on the nanofibers’ diameter,
the dielectric constant of the nanofibers was derived in a
method similar to that of Hansen et al. [8] by using equations
of motion of the cantilever beam system and the electrostatic
forces acting.

3. Results and Discussion

3.1. DC-IV Measurements. TheDC I-V characteristics of the
devices are shown in Figure 8. As shown, the nanosensor
resistances were between 50 and 100 TΩ, which is extremely
high. The commercial device resistance, although still high,
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Figure 6: Block diagram of the nanofiber resistance measurement
setup.

was almost four orders ofmagnitude lower than the nanosen-
sor.

3.2. AC Impedance Measurements. The resulting AC impe-
dance of both the nanosensor and commercial sensor from
1 kHz to 10MHz is shown in Figure 9. Notice how the impe-
dances of both sensor types roll-off linearly (log-log scale) as
a function of frequency. This is essentially a pure capacitive
effect per (5). When we extrapolate down to about 10Hz, we
approach the DC resistance values that we measured from
the previous DC I-V section. To get to 50Ω (a practical
impedance match), we need to extrapolate up to ∼3GHz for
the nanosensor and to ∼10MHz for the commercial sensor.

VTip

CFiber

P-type Si (conductive)

Z Piezo

Figure 7: Block diagram of the nanofiber capacitance measurement
setup.

Figure 10 shows a plot of the nanosensor impedance in
an extended frequency range. Note that the first resonance
peak (accompanied by a 90 degree phase shift) occurs just
below 1GHz. This is above the range of our previous SCS
measurements. The trend out to 1.8 GHz shows impedance
near 50Ω.

3.3. Superposition Method. Figure 11 shows the nanofiber
resistivity varying from about 105 down to 1Ω-cm across the
frequency band out to 10MHz. Compared with bulk PZT
[14] having a value of 1 GΩ-cm @ 100Hz, the resistivity of
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Figure 10: Nanosensor impedance measurement plotted over an
extended frequency range, showing resonances.

the nanofiber mesh measured about 3 orders of magnitude
lower and shows a similar but less dramatic decrease with
increasing frequency.

Figure 12 shows that the nanofiber relative dielectric
constant, 𝜀

𝑟
, is between 350 and 600 (or 500 and 800 when

extrapolated to 10Hz) which is considerably smaller than
bulk PZT whose 𝜀

𝑟
∼ 1300. Comparatively, Zhu et al. [15]

found the relative dielectric of ZnO nanofibers to shift down
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Figure 11: Nanofiber resistivity obtained by subtraction of real parts
of (Sensor – Blank) impedance.
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Figure 12: Nanofiber dielectric constant obtained by subtraction of
imaginary parts of (Sensor – Blank) impedance.

from the bulk value of∼8.6 to the range of 6.4–2.7 at the nano-
scale.

3.4. ImpedanceMatching. The 1MΩ oscilloscope probe could
not measure a discernible signal output signal from the
nanogenerator.This was still the case with the probe switched
to 10x for a 10MΩ input impedance. We also tried a Stanford
Research preamplifier having a 100MΩ input impedance and
a battery powered amplifier power feed. This lowered the
noise floor to around 300𝜇V; however the signal to noise ratio
was too low to identify a definite signal.

The resulting waveforms from our matched impedance
measurement setup using manual excitation for both the
nanogenerator and commercial sensor are shown in Figures
13(a) and 13(b), respectively. Notice that the noise floor was
reduced to less than 0.1mV and the signal to noise ratio is
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Figure 13: Output waveforms from matched impedance setup using manual excitation (a) nanosensor (b) and commercial reference sensor.
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Figure 14: Output waveforms from matched impedance setup utilizing sinusoidal input from a mechanical shaker (a) nanosensor (b) and
commercial reference sensor.

substantial. The commercial sensor output was expected to
be lower than the nanosensor due to the mismatch; however
it was slightly higher. We attribute this to the volume of
piezoelectric material being much lower in the nanosensor.

Figure 14 shows the resulting waveforms from our
matched impedance measurement setup using input from a
mechanical shaker. A clean 18mV pk-pk response @ 710Hz
with no fixture resonances was produced. Note that the nano-
generator did not produce a signal above the noise floor.This
is partly because the PDMS polymer encapsulation was too
thick. Our next generation of nanosensor presently being
fabricated will have a very thin polymer coating that will
reduce damping and provide improved adhesion between the
sensor and the cantilever.

3.5. Nanofiber Resistance Measurements. Conductive AFM
was performed on individual nanofibers as described and
the results are compared against the sensor superposition
method in Table 3.

3.6. Nanofiber Capacitance Measurements. The phase chan-
ges across many different size nanofibers were measured
using the SCM method described and the resulting relative
dielectric constants (𝜀

𝑟
) are plotted and fitted with a line as

shown in Figure 15. To show how these results compare with

Table 3: Comparison of resistivity results between measurements.

Measurement Resistivity (GΩ-cm) Frequency (Hz)
Bulk 1 100
Sensor 105 to 1 1 k to 10M
Conductive AFM 700 to 20 10 to 5 k

the sensor superposition (impedance) method, data points in
blue were added to the plot. Xu’s previous results using the
AAO template [16] is an additional point included in this fig-
ure. Additionally, the dotted line at the top of the figure shows
the bulk value of 1300 for reference. As shown, the data from
all 3 methods are reasonably close and the relative dielec-
tric constant is a bit less than half the bulk value at 100 nm and
varies approximately linearly down to about 180 @ 20 nm.

4. Conclusions

The higher output derived from using a nanomaterial like
PZT nanofiber for sensors was further enhanced bymatching
the output of a nanosensor fabricated from nanofibers to its
load. Additionally, our measurements of the resistivity and
dielectric constant of PZT nanofiber at the nanoscale provide
more accurate data formodeling of nanodevices that use PZT
nanofiber.
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comparison with bulk value.

PZT being a ceramic has inherently high electrical resis-
tance. Together with the tiny cross-sectional areas of the
PZT nanofiber mats in our nanosensors, extremely high DC
resistances on the order of 100 TΩ resulted from our DC
I-V measurements. Our AC impedance measurements that
swept out to 1.8 GHz found that the sensors exhibited linearly
decreasing impedance with frequency until resonances are
encountered. To reach a common 50Ω impedance match,
it was extrapolated that our sensors would need to operate
around 3GHz. Overall, this shows the use of nanodevices to
be more practical for power transfer at high frequency and
how their capacitive reactance is relied upon to reduce their
impedance for matching with practical circuits.

Improved sensor voltage output results were produced
with lower noise than previously published measurements.
This was accomplished by greatly reducing measurement
noise and building ultrahigh input impedance amplifiers to
match the device impedance for maximum power transfer.

A complex separation method was used to derive the
resistivity and dielectric constant of PZT nanofiber with
diameters ranging from 10 to 150 nm from sensor impedance
measurements. From the results of these measurements, we
estimate the resistivity of PZT nanofiber to be roughly three
orders of magnitude less than the bulk value of ∼1 GΩ-cm
@100Hz. Compared with bulk PZT the resistivity of the PZT
nanosheet was 3 orders of magnitude lower and the dielectric
constant was more than two times smaller at nanoscale.

Comparisons of the sensor impedance measurements
with results from individual nanofiber measurements using
an AFM were made. The resulting resistivity was within one
order of magnitude to conductive AFM measurements of
individual nanofibers. Likewise, the resulting dielectric con-
stant was reasonably close to other individual fiber measure-
ments using Scanning Conductance Microscopy.
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Five types of conjugated phenylene polymer-modified photoanodes for quantumdot-sensitized solar cells (QDSSCs) were prepared
by immobilization of CdSe QDs after electrochemical polymerization of functionalized phenyldiazonium salts onto ITO glass
electrodes. The successful preparation of the conjugated phenylene polymer-modified photoanodes for QDSSCs was confirmed
by scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), FT-IR spectroscopy, UV-visible spectroscopy,
contact angles, and electrochemical impedance spectroscopy.Theopen-circuit voltage and fill factor inQDSSCswith the conjugated
phenylene polymerwith -COOHphotoanodeswere achieved at 0.52 V and 76.8%, respectively, and the energy conversion efficiency
was improved to 2.73% using the conjugated phenylene polymer with -COOH photoanodes.

1. Introduction

Quantum dot-sensitized solar cells (QDSSCs) have attracted
considerable attention over the past few years as a promising
candidate for the development of next generation solar cells
because of the superior intrinsic properties of quantum dots
(QDs), which include high molar extinction coefficients,
easily tunable band gaps, large intrinsic dipole moments,
and possible multiple carrier generation [1–3]. However, the
power conversion efficiency ofQDSSCs is not yet competitive
with that of dye-sensitized solar cells (DSSCs). The poor
performance of QDSSCs is mainly due to weak electron
collection by the TiO2 from the QDs and charge recombina-
tion at the QD–electrolyte interface. Therefore, an effective
way to improve the efficiency of QDSSCs would be to
prevent back electron transfer or recombination processes
and accelerate the transportation of separated charges to the
contact electrode.

In order to increase the efficiency of QDSSCs, there is a
need to search for novel electron transfer materials for their
working electrodes. To improve the power conversion effi-
ciency of QDSSCs, various structures have been employed to
fabricate the photoanodes, such as metal complexes [4], con-
jugated polymer [5], mesoporous films, hierarchical spheres,
nanoflowers [6], nanowires (NWs) [7–9], nanorods (NRs)

[10–13], and nanotube (NT) arrays [14–16]. Recently, many
new strategies, especially surface and interface treatments,
have been also employed to modify the conjugated polymer
of the photoanodes with the aim of reducing recombination
and improving the transport of photoexcited carriers at the
interface. The introduction of a phenylene polymer on the
electrode surface by radical polymerization [17–20] could
provide an electron transfer mediator because the phenylene
site has a conjugated bond, whichmeans there are alternating
double and single bonds, and it has a low band gap of about
2.9–3.9 eV. Among various conductive polymers, polythio-
phene is of great interest because of a simple preparatory
process, ease of mass production, and low cost. Nevertheless,
its relatively high charge transfer resistance is themain barrier
toward its practical application.

In this work, we synthesized conjugated phenylene
polymer-modified photoanodes by immobilization of L-
cysteine-stabilizedQDs after electrochemical polymerization
of functionalized phenyldiazonium salts onto ITO glass
electrodes. The prepared conjugated phenylene polymer-
modified photoanodes were characterized by FT-IR spec-
troscopy (FT-IR), X-ray photoelectron spectroscopy (XPS),
scanning electron microscopy (SEM), contact angle, and
electrochemical impedance in order to confirm whether
or not the preparation was successful. Furthermore, the
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performance of solar cells assembled with the conjugated
phenylene polymer-modified photoanodes was determined
with a solar simulator.

2. Experimental

2.1. Materials. The 4-aminobenzoic acid, 4-aminothiophe-
nol, sodium nitrite (NaNO2), 3-thiopheneethanol, and L-
cysteine (L-cys) were purchased from Sigma-Aldrich (USA),
while 1,4-phenylenediamine and 4-aminophenol were pur-
chased from Tokyo Chemical Industry Co., Ltd. (Japan).
Cadmium chloride was obtained from Junsei Chemical Co.,
Ltd. (Japan). Selenium was supplied from Acros Organics
(Belgium). Sodiumborohydridewas provided fromSamchun
Pure Chemical Co., Ltd. (Korea). All other chemicals were
of analytical grade. Water was purified using a Millipore
purification system (Millipore Co., Ltd., MA, USA).

2.2. Synthesis of L-Cysteine-Capped CdSe QDs. Synthesis of
L-cys-capped CdSe QDs was carried out in aqueous solution
by a chemical reduction method [21]. In detail, in a round
flask CdCl2 (0.24mmol, 0.048 g) and L-cysteine (0.24mmol,
0.029 g) were dissolved in distilled water (80mL), and 0.1M
NaOH solution was added until the L-cysteine was com-
pletely dissolved. This solution was stirred and kept at 100∘C.
In another roundflask, Se powder (0.02 g) andNaBH4 (0.10 g)
were dissolved in anhydrous ethanol (15mL) under stirring
andN2 gas. After this solution had been completely dissolved,
H2SO4 (0.1M, 20mL) was dropped into the flask. H2Se gas
was generated by the reaction of H2SO4 with Se and NaBH4
and carried to another flask via a glass tube, which was
connected between the round reaction flasks. Finally, CdSe
QDs could be synthesized by this reaction.

2.3. Preparation of CdSe QDs-Sensitized Solar Cells. The
precursors for preparation of the conjugated phenylene
polymer-modified photoanodes are shown in Figure 1. For
synthesis of 4-carboxybenzenediazonium salt, 0.01mol of 4-
aminobenzoic acid was dissolved in 20mL of warm aque-
ous hydrochloride solution (0.22M). After cooling to 0∘C,
20mL of aqueous NaNO2 (0.011M) was added slowly to
the reaction mixture with stirring. A solid powder of 4-
carboxybenzenediazonium salt was obtained by filtration,
and then the synthesized 4-carboxyphenyldiazonium salt was
stored at 4∘Cuntil using electrochemical polymerization onto
an ITO glass electrode was performed in phosphate buffer
solution (PBS, pH = 7.0) in the presence of the synthesized 4-
carboxyphenyldiazonium salt. Other conjugated phenylene
polymer-modified ITO electrodes were also prepared by a
similar method as that described above except that modifica-
tion of the electrode was done by electrochemical polymer-
ization of the 3 precursor in acetonitrile electrolyte contain-
ing tetrabutylammonium tetrafluoroborate. QDSSCs were
assembled into a sandwich structure using a QD-anchored
electrode as the working electrode, an ITO electrode as the
counter electrode, and a 0.5M Na2S, 2M S, and 0.2M KCl
in water/methanol (3 : 7 in volume) mixed solution as the
electrolyte.

2.4. Instruments. Cyclic voltammetry (CV) was performed
using a VersaSTAT 3 potentiostat/galvanostat (Ametek PAR,
USA) and a conventional three-electrode system comprising
an ITO glass substrate (In-doped SnO2, resistance: 10Ω sq−1,
and thickness: 0.7mm) as the working electrode, a platinum
wire as the counter electrode, and Ag/AgCl (saturated KCl)
as the reference electrode. Electrochemical impedance spec-
troscopy (EIS) was performed using a PP240 and IM6ex
(ZAHNER-elektrik GmbH & Co. KG, Germany). EIS mea-
surements were performed in the presence of PBS (pH = 7.0)
containing a 1.0mMK3Fe(CN)6/K4Fe(CN)6 (1 : 1) mixture as
a redox probe in the frequency range between 100mHz and
10 kHz at the amplitude of +10mV.

The morphology of the composites was observed using
a field emission transmission electron microscope (FE-TEM,
Tecnai G2 F30 S-Twin, FEI, USA) at 200 kV. The absorption
spectrum of L-cys-capped CdSe QDs was obtained using a
UV-VIS spectrometer (UV-3101PC, Shimadzu Corp., Japan).
The photoluminescence (PL) measurement was carried out
by a fluorescence spectrometer (FluoroMate FS-2, ScincoCo.,
Ltd., Korea). DLS analysis was performed using a DynaPro
NanoStar (Wyatt Technology Corp., USA). FT-IR spectrum
of the prepared photoanodes was obtained using a Nicolet
iS10 (Thermo Fisher Scientific Inc., USA). Surface properties
were characterized by a scanning electron microscopy (SEM,
S-4800, Hitachi Co., Ltd., Japan), contact angle (Phoenix
300, Surface Electro Optics Co., Ltd., Korea), and X-ray
photoelectron spectroscopy (MultiLab. ESCA 2000, Thermo
Fisher Scientific Inc., USA).

Photovoltaic measurements of the QDSSCs were per-
formed at an illumination of 100mWcm−2 (AM 1.5G)
generating from a solar simulator (Polaronix K201/LAB50,
McScience, Korea) equipped with a 200W Xenon lamp.
Current-voltage curveswere obtained by applying an external
bias to the cell and measuring the generated photocurrent
with a photovoltaic power meter (Polaronix K101/LAB20,
McScience, Korea).

3. Results and Discussion

3.1. Characterization of the L-Cysteine-Capped CdSe QDs.
Quantum dots are widely used not only in the photoelec-
trochemical field but also in biosensors, biological imaging,
and bioconjugates because of their remarkable electronic
and optic properties. In order to apply photoelectrochemical
fields, we synthesized L-cysteine-capped CdSe QDs using a
chemical reduction method as in the following process.

NaBH4 + Se + 3C2H5OH →

NaHSe + B (OC2H5)3 + 3H2
(1)

NaHSe +H2SO4 → H2Se (g) + NaSO4 (2)

HOOCNH2C2H3SH +NaOH + CdCl2 →

HOOCNH2C2H3S
−Cd+

(3)

H2Se (g) + NaCl +HOOCNH2C2H3S
−Cd+ →

L-cys-capped CdSe
(4)
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Figure 2: HR-TEM images and DLS data of the synthesized L-cys-stabilized CdSe QDs.

Morphology and particle size of the synthesized L-cys-
capped CdSe QDs are shown in Figure 2. In general, the L-
cys-capped CdSe QDs were spherical with an aggregation of
small particles of∼3 nm. In theDLS data, it was observed that
there was a distribution of L-cys-capped CdSe QDs of two
sizes of 2.3 and 3 nm because of the aggregation of small QDs
with each other, and the results show that the L-cys-capped
CdSe QDs in aqueous solution were aggregated at room
temperature. The UV-vis spectrum, photoluminescence (PL)
spectrum, and DLS data of L-cys-capped CdSe QDs are also
shown in Figure 3. The absorbance spectrum displays an
excitation peak at 472 nm. The luminescence spectrum at
581 nm is confirmed. The band gap and the size of the L-cys-
capped CdSe QDs were calculated as 2.25 eV and 10.7 nm,

respectively, via UV spectrum data in accordance with the
following equation:

Band gap (eV) = 1240
𝑥
(2.24 eV) (5)

Size (nm) = (−6.6521 × 10−8) 𝜆uv
3

+ (1.9557 × 10−4) 𝜆uv
2

− (9.2352 × 10−2) 𝜆uv

+ 13.29 (10.8 nm) .

(6)
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Figure 3: Photoluminescence and UV-vis spectrum of the synthesized L-cys-stabilized CdSe QDs.
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Figure 4: Cyclic voltammograms during electrochemical polymerization of precursors in PBS electrolyte with scan rate 100mV/s. 3 was
performed in 0.1M tetrabutylammonium tetrafluoroborate acetonitrile electrolyte.

3.2. Characterization of the Conjugated Phenylene Polymer-
Modified Photoanodes. In order for electron transfer to be
made easily onto the photoelectrode, the conjugated pheny-
lene polymers were grafted onto the ITO glass surface by
electrochemical polymerization in accordance with a similar
method to that described previously [21]. Consecutive CVs
(Figure 4) were obtained with a scan rate of 100mV/s
during electrochemical polymerization of the precursors in
PBS electrolyte (pH = 7.0), except for the CV of 3, which
was obtained by electrochemical polymerization of the 3

precursor in acetonitrile electrolyte with 0.1M tetrabutylam-
monium tetrafluoroborate because of insoluble properties in
PBS buffer solution. In the 1 CV of Figure 4, the oxidation
peak observed at around −0.50V corresponds to a reduc-
tion of 4-carboxyphenyl diazonium salts to 4-carboxyphenyl
radicals at the respective electrode on the 1st cycles (see, 1
in Figure 5). In the 5th cycles, the intensity of the −0.50V
oxidation peak was increased because of the formation
of many 4-carboxyphenyl radicals. In the 10th cycles, the
characteristic oxidation peak observed at 0.57V is because of
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Figure 5: Electrochemical polymerization mechanism onto the surface of ITO electrode.

electrochemical polymerization (see structure 1 in Figure 5).
Earlier reports suggested that electrochemical reduction of
diazonium salts on ITO surfaces could result in the formation
of thin film by heterogeneous one-electron reduction in
aprotic solvents [12]. In the 2 CV of Figure 4, the oxidation
peaks exhibited at −0.50V appear in similar patterns to those
in the 1 CV because of 4-hydroxyphenyl radicals (2 CV in
Figure 5). With increasing redox cycles, the oxidation peaks
at−0.50Vwere increased because of the formation of hydrox-
yphenyl radicals, namely, electrochemical polymerization.
The oxidation peaks with the acetonitrile electrolyte were
displayed around −0.25V in the 3 CV of Figure 4 because of
4- thiophenyl radicals (see 3 in Figure 5). On the other hand,
the reduction peaks appeared around−0.5 V on the CV of the
4-aminophenyl diazonium chloride (4 in Figure 4) as shown
in 4 in Figure 5. With increasing redox cycles, current values
were decreased because the electron was not transferred
onto the 4-aminophenyl polymer grafted ITO glass electrode,
which indicates that the electrons were not transferred onto
the grafted polymer-modified ITO glass electrode. From
these results, the structure of the grafted polymers onto the
surface of the ITOglass electrode is considered to be as shown
in Figure 5-4. With 3-thiopheneethanol (5 of Figure 4),
the first reduction peak was at −0.5 V, and the reduction

peaks moved to −0.25V with increasing CV cycles while the
current values were also increased. These results show that
the conjugated phenylene polymers were successfully grafted
onto the surface of the ITO glass electrode (Figure 5-5).

FT-IR spectra of the conjugated phenylene polymer-
modified ITO glass electrode prepared by electrochemical
polymerization were obtained (Figure 6). In the 1 electrode,
the characteristic peak at 1720 cm−1 corresponding to car-
boxylic acid and the C6H5-C vibration peak at 1200 cm−1
indicating the aromatic ring appear. In the 2 electrode, a
broad peak at 3400 cm−1 attributed to the O-H vibration was
observed. The characteristic peak at 2950 cm−1 due to the-S-
H bond was detected in the 3 electrode. In the 4 electrode,
a sharp peak around 3300 cm−1 due to the N-H bond was
observed. In the 5 electrode, a broad peak at 3400 cm−1
attributed to the O-H bond appeared. These results show
that the conjugated phenylene polymer-modified ITO glass
electrodes were successfully prepared by electrochemical
polymerization.

The C 1s high-resolution XPS spectra of the conjugated
phenylene polymer-modified ITO glass electrode prepared
by electrochemical polymerization are shown in Figure 7. In
the high-resolution XPS spectra of the 1 electrode, the C=O
group appears at 288 eV and C-O group appears at 286.5 eV
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Figure 6: FT-IR spectra of the conjugated phenylene polymer-
modified ITO electrodes.

because of the carboxyl group. In the 2 electrode, a small
amount of the C-O group appears because of C-O-H. In the
3 electrode, a small C-S peak was observed because of the
thiol group as a functional group. In the 4 electrode, a C-
N peak at 285.2 eV corresponding to the amine group was
also observed. After electrochemical polymerization of the
thiopheneethanol, a characteristic C-O peak at 286.5 eV due
to a hydroxy group and C-S peaks were also observed. From
these results, we confirmed that the conjugated phenylene
polymer-modified ITO glass electrode could be successfully
prepared by electrochemical polymerization onto an ITO
glass electrode.

The cross-section SEM images of the conjugated pheny-
lene polymer-modified ITO electrodes prepared by elec-
trochemical polymerization are displayed in Figure 8. In
the 1 electrode, the morphology of the conjugated pheny-
lene polymer was a fiber structure, and the thickness of
the conjugated phenylene polymer was 723 nm. It is consid-
ered that the electron could be expected to transfer to an
ITO glass electrode. The morphology and the thickness of
the conjugated phenylene polymer were dense and 364 nm,
respectively, in the 2 electrode. In the 3 electrodes, the
morphology of the conjugated phenylene polymer was a
similar pattern to that of the 2 electrode and the thickness
was 225 nm. Thicknesses of these magnitudes for conjugated
polymers are expected to be effective for electron transfer
to ITO glass electrodes. In the 4 electrode, the morphology
of the conjugated polymers was a rigid fiber structure that
looked like a polyaniline structure, and the thickness of
the conjugated polymer was 75.5𝜇m. It is considered that a
conjugated phenylene polymer layer of such thickness would
not be effective for electron transfer. In the 5 electrode, the
morphology appeared dense and the thickness was 235 nm.
These results strongly indicate that the conjugated phenylene
polymer-modified ITO electrodes were successfully prepared
by electrochemical polymerization.

Table 1: Band gap of the conjugated phenylene polymer-modified
ITO electrodes determined by UV spectroscopy1.

Electron carriers Band gap (eV)
1 3.91
2 3.73
3 2.90
4 3.90
5 3.95
1Band gap (eV) = 1240/𝑥 (2.24 eV).

The electrochemical impedance spectra of the conjugated
phenylene polymer-modified ITO electrodes on a frequency
range of 10−2∼104Hzwith an amplitude of 10mV in 0.1MPBS
buffer (pH = 7.0) containing 1.0mM K3Fe(CN)6/K4Fe(CN)6
are shown in Figure 9. The Ret value of the bare ITO was
observed at about 130Ω; however, a relatively small Ret of
59Ω was observed in the 2 electrode, which indicates that it
is an excellent conductor because of acceleration of electron
transfer. The Ret values of the 1, 3, and 5 electrodes were
about 114Ω, 165Ω, and 142Ω, respectively, and the extremely
large Ret value of the 4 electrode was obtained because of the
thickness of the conjugated phenylene polymer or presence
of a mixture of polymers (see structure in Figure 5). From
these results, it was concluded that the conjugated phenylene
polymer-modified ITO glass electrode is suitable for use as a
photoanode in a solar cell.

In order to determine the band gap of the conjugated
phenylene polymer, we analyzed the conjugated phenylene
polymers prepared by electrochemical polymerization in
accordance with the above described equation (5), and the
band gap was between 2.90 eV and 3.95 eV (Table 1). From
these results, it was concluded that the prepared conjugated
phenylene polymer-modified ITO glass electrode is suitable
for use as a photoanode in a solar cell.

Changes in the contact angles (Figure 10) of the bare
ITO electrode (top) after electrochemical polymerization
(middle) and immobilization of CdSe QDs (bottom) were
examined. The contact angle of the bare ITO electrode
surfaces was shown as 77.7∘, while the contact angle values
for the conjugated phenylene polymer-modified ITO elec-
trodes 1, 2, 3, 4, and 5 were 55.5∘, 50.6∘, 48.3∘, 58.3∘, and
85.7∘, respectively. The contact angles after electrochemical
polymerization show a dramatic decrease of about 20∘∼30∘
compared with that of the bare ITO electrode because of the
hydrophilic properties of the conjugated phenylene polymers
with functional group, except for the contact angle of the
surface of the 5 electrode, which was increased because of the
hydrophobic properties of the grafted thiophene polymers.

After immobilization of L-cys-capped CdSe QDs on the
surface of the conjugated phenylene polymer-modified ITO
electrodes, the contact angle values for the conjugated pheny-
lene polymer-modified photoanodes 1, 2, 3, 4, and 5 showed
significant decreases of 36.4∘, 44.1∘, 15.3∘, 44.7∘, and 22.2∘,
respectively. From these results, it was concluded that the
conjugated phenylene polymer-modified photoanodes were
successfully prepared by immobilization of L-cys-capped
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Figure 7: XPS spectra of the C 1s on the conjugated phenylene polymer-modified ITO electrodes.
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Figure 8: Cross-section SEM images of the conjugated phenylene polymer-modified ITO electrodes.

CdSe QDs onto the surface of the conjugated phenylene
polymer-modified ITO electrodes.

In order to confirm the successful introduction of CdSe
QDs on the photoanode, we carried out an analysis by high-
resolution XPS spectroscopy and obtained high-resolution
XPS spectra of the Se 3d and Cd 3d of the conjugated
phenylene polymer-modified photoanodes (Figures 11(a) and
11(b)). The Se 3d peak at 55 eV, Cd 3d5/2 peak at 404 eV,
and Cd 3d3/2 peak at 411 eV appeared for all of the prepared
conjugated phenylene polymer-modified photoanodes. From

these results, we confirmed that the conjugated phenylene
polymer-modified photoanodes were successfully prepared
by immobilization of QDs after electrochemical polymeriza-
tion.

For confirmation of CdSe QDs on the surface of the
conjugated phenylene polymer-modified photoanodes, we
observed the morphology of the prepared photoanodes
(Figure 12).The surfacemorphology of the conjugated pheny-
lene polymer-modified photoanode was an amorphous-like
structure. Element mapping showed that the Cd and Se
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Figure 9: Electrochemical impedance spectra of the conjugated phenylene polymer-modified ITO electrodes on the frequency range of
10−2∼104Hz with the amplitude of 10mV in 0.1M PBS buffer (pH = 7.0) containing 1.0mM K3Fe(CN)6/K4Fe(CN)6.
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Figure 11: (a) XPS spectra of the Se 3d on the conjugated phenylene polymer-modified ITO electrodes. (b) XPS spectra of the Se 3d and the
Cd 3d on the conjugated phenylene polymer-modified ITO electrodes.
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Figure 13: 𝐽-𝑉 curves of the QDSSCs prepared by the conjugated
phenylene polymer-modified ITO electrodes.

elements were dramatically dispersed onto the surface of the
conjugated phenylene polymer-modified photoanodes. From
the SEM results, we confirmed the successful preparation
of the conjugated phenylene polymer-modified photoanodes
by immobilization of the CdSe QDs after electrochemical
polymerization.

Evaluation of QDSSCs prepared by the conjugated
phenylene polymer-modified photoanodes 𝐽-𝑉 curves of the
QDSSCs prepared by the conjugated phenylene polymer-
modified photoanodes (Figure 13) clearly demonstrates that
the deposition of the various electron transfer carrier mod-
ified CdSe thin layers significantly improved the cell per-
formance. Power conversion efficiency (𝜂), fill factor (FF),
open-circuit voltage (𝑉oc), and short circuit current (𝐽sc) to

Table 2: Power conversion efficiency (𝜂), fill factor (FF), open circuit
voltage (𝑉oc), and short circuit current (𝐽sc) to QDSSCs prepared by
photoanodes.

QDSSCs 𝑉oc (V) 𝐽sc (mA cm−2) FF (%) 𝜂 (%)
1 0.52 6.83 76.8 2.73
2 0.49 6.81 77.5 2.60
3 0.49 6.79 75.8 2.54
4 0.52 5.16 41.7 1.12
5 0.49 6.81 74.7 2.50

the QDSSCs prepared by photoanodes are shown in Table 2.
Under one sun illumination (AM 1.5G, 100mWcm−2), the
maximum conversion efficiency (𝜂) of the cell was between
2.50 and 2.73% except for QDSSCs prepared by the 4
photoanode. Efficiency improved because of the prevention
of recombination between the photoanode and the quantum
dot sensitizer. As shown by these results, the conjugated
phenylene-modified photoanodes were effective photoan-
odes in QDSSCs.

4. Conclusions

In this study, conjugated phenylene polymer-modified pho-
toanodes for QDSSCs were prepared by immobilization of
L-cys-capped QDs after electrochemical polymerization, and
the prepared photoanodes were characterized. The size of
the L-cysteine-capped CdSe QDs prepared by an aque-
ous solution method was below 5 nm and they were well
dispersed. The preparation mechanism of the conjugated
phenylene polymer-modified ITO electrodeswas determined
via cyclic voltammetry, FT-IR, XPS, SEM, contact angle,
and impedance analysis.Themaximum conversion efficiency
(𝜂) of the cell was between 2.50 and 2.73% except for
QDSSCs prepared by the 4 photoanode (see the structure in
Figure 5). The conjugated phenylene-modified photoanodes
were effective photoanodes in QDSSCs.
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In the present work, a method combining arc plasma evaporation of a metal followed by oxidation in air was developed to produce
nanosized metal oxide based composites in large scale. As an example, Fe2O3 based nanocomposites were prepared through such a
method.With increasing the oxidation temperature, 𝛼-Fe2O3 content in the composites increases, while 𝛾-Fe2O3 and residual 𝛼-Fe
contents decrease. As anode materials for lithium batteries, the electrochemical properties of nanosized Fe2O3 composites were
tested. It was found that the anodematerials changed to tiny crystallites and then followed by grain growth during the galvanostatic
charge/discharge cycles. A capacity risingwas observed for the composites obtained at 400∘Cand 450∘C,whichwasmore prominent
with increasing the oxidation temperature. Among these composites, the one obtained at 450∘C showed the best performance: a
specific capacity of 507.6mAh/g remained after 150 cycles at a current density of 200mA/g,much higher than that of the commercial
nano-Fe2O3 powder (∼180mAh/g after 30 cycles).

1. Introduction

Nowadays, along with the rapid growing consumption of
energy, efficient and advanced electrochemical energy con-
version and storage devices become more and more impor-
tant in our daily life. Lithium-ion battery, as a kind of
rechargeable battery with many outstanding features, is
essential for the development of modern products, such as
portable electronic devices and electric vehicles. Current
commercial lithium-ion batteries (LIBs) use graphite as
anode material, which has a theoretical capacity of only
372mAh/g. Such a capacity is insufficient for many appli-
cations. To improve the storage capacity, alternative anode
materials are highly desired [1–6].

In the past decades, enormous efforts have been taken
to develop new anode materials other than graphite, such as
carbon based materials, Si based materials, and metal oxides.
Iron oxide, as one of the transitionmetal oxides, has attracted
much attention due to its high theoretical capacity up to

1007mAh/g, nontoxicity, and good corrosion resistance in
electrolyte [7–9]. However, despite these appealing features,
iron oxides often suffer from poor capacity retention and
cycling stability due to their intrinsical hysteresis, drastic vol-
ume change (∼96%), and low electrical conductivity during
the charge/discharge process. To solve these problems, iron
oxide based composites with different nanostructures and
additives were developed and tested in Li-ion batteries [3].
In recent years, it is observed that iron oxide composites con-
taining either carbon based or other metal oxides based addi-
tives have outstanding charge/discharge performances. For
instance, Cho et al. [10] synthesized nanostructured Fe2O3-
carbon nanofibers by combining the Kirkendall effect with
the electrospinning method that exhibited enhanced struc-
tural stability during long-term cycling. Following an unusual
route, Zhu and coworkers [11] prepared a kind of reduced
graphene oxide/Fe2O3 composite, which showed good
cycling performance and rate capability as anode material
in the lithium-ion battery. Similar iron oxide composites
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Figure 1: Schematic illustration of the preparation of Fe2O3 based nanocomposites.

containing carbon basedmaterials had also been reported, for
example, carbon-coated 𝛼-Fe2O3 [12], carbon-encapsulated
Fe3O4 [13], graphene-wrapped Fe3O4 [14], and 𝛼-Fe2O3
nanoparticle-loaded carbon nanofiber composites [9]. The
metal oxide based Fe2O3 composites have also been used as
high-performance anode materials including Fe2O3/Co3O4
[15], Fe2O3/𝛽-MnO2 [8], Fe2O3/SnO2 [16], and Fe2O3/TiO2
[17–19]. Although Fe2O3 itself as anode material has some
intrinsic disadvantages relative to the composites of Fe2O3,
pure Fe2O3 having special nanostructures, such as hollow
spheres [20], nanofibers [21], nanoflakes [22], nanorods [23–
26], andmesoporous structures [7, 27–29], show outstanding
performances. These nanostructures help to improve the
thermodynamics and kinetics properties of Fe2O3 based
materials as anode of LIBs. Nevertheless, it is still a challenge
for material scientists to produce such qualified anodic
materials in large scale and low cost.Therefore, it is necessary
to develop efficient approaches for preparing Fe oxides based
anode materials.

In contrast to conventional method to obtain Fe2O3
through the precursors of FeOOH or Fe(OH)3 (FeOOH/
Fe(OH)3 → Fe2O3 + H2O), the present work focused on
a new processing route through direct oxidation of the
nanosized iron powders (Fe + O2 → Fe2O3). Such a method
can also be employed to produce other kinds of metal/
alloy oxides in large scale. Another goal of this study is
to understand the structural changes and electrochemical
properties of Fe2O3 as the anode material of LIBs during
charge/discharge processes.

2. Materials and Methods

2.1. Materials. Reduced iron powders and sodium alginate
were purchased from Aladdin. Button-type cell (2032),
lithium foil, separator, and the electrolyte (1M LiPF6 dis-
solved in a mixture solvent of ethylene carbonate (EC),
dimethyl carbonate (DMC), and diethyl carbonate (DEC) in a
volume ratio of 1 : 1 : 1) were purchased from Shenzhen Kejing
Co. (China).

2.2. Preparation of Fe2O3 Based Nanocomposites. The proce-
dure of producing Fe2O3 based nanocomposites is schemati-
cally shown in Figure 1.

2.2.1.The Preparation of IronNanopowders via DCArc Plasma
Evaporation Method [30, 31]. The starting materials were
reduced iron powders with a particle size of about 150𝜇m.
These powderswere compressed at room temperature to form
cylinders with 10mm in diameter and 15mm in height by a

uniaxial compressor under a pressure of 12MPa for 2minutes.
Then the bulk specimens were put into the reaction chamber
under a mixture of 55 kPa Ar and 35 kPa H2 gas after the
chamber was evacuated to below 5 × 10−2 Pa. The current
was set as 150A for the arc evaporation process. After the
evaporation, the reaction chamber was cooled down to room
temperature followed by the addition of more air until the
pressurewent up to 100 kPa.Then the nanosized iron powders
were passivated for 6 h to form a thin oxide layer on the
nanoparticles and prevent spontaneous burning in air.

2.2.2. The Oxidation of Iron Nanopowders. The nanosized
Fe2O3 based composites were prepared by heating the iron
nanopowders in a Muffle furnace at 250∘C, 350∘C, 400∘C,
and 450∘C in air for 2 h. These composite samples are named
as sample Fe2O3-250, sample Fe2O3-350, sample Fe2O3-
400, and sample Fe2O3-450 according to their oxidation
temperatures.

2.3. Characterizations. X-ray diffraction (XRD) measure-
ments were performed on an apparatus (Rigaku, D/max
2550 VL/PCX) equipped with a Cu-K𝛼 radiation source in
the 2𝜃 range from 10∘ to 90∘. A field-emission transmission
electron microscope (TEM, JEM 2100F) was used to acquire
the microstructures and the details about crystal lattice of
different phases in samples.

2.4. Cell Preparation and Electrochemical Measurements. The
electrochemical properties of the Fe2O3 based composites
were studied by assembling a button-type cell (2032) in an
argon-filled glove boxwith bothwater and oxygen concentra-
tion less than 1.7 ppm.The working electrodes were prepared
by mixing the active materials, acetylene black and binder
(sodium alginate) [32], in a weight ratio of 8 : 1 : 1, which
were then coated on copper foils followed by drying under
vacuum at 60∘C for 6 hours to remove the solvent (water).
The density of active material was around 1.3–1.6 g/cm2. The
lithium foil was used as both counter electrode and refer-
ence electrode, and the separator was Celgard 2400.The elec-
trolyte was 1M LiPF6 dissolved in a mixture solvent of ethy-
lene carbonate (EC), dimethyl carbonate (DMC), and diethyl
carbonate (DEC) in a volume ratio of 1 : 1 : 1. The properties
of cyclic voltammetry (CV) and galvanostatic charge/dis-
charge cycling were tested. The CV curves were acquired
using an electrochemical workstation (CHI 660E) at the
scanning rate of 0.1mV/s with a potential range of 0.01–
3V. The galvanostatic charge/discharge measurements were
carried out using a lithium battery cycler (LAND CT-2001A)
at the current density of 200mA/g with a cut-off potential
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Figure 2: XRD patterns of Fe2O3 based nanocomposites obtained
at different temperatures.

window of 0.01–3V. All these electrochemical measurements
were conducted at ambient temperature.

3. Results and Discussions

3.1. Structural and Morphological Analyses of Fe2O3 Based
Nanocomposites. The XRD patterns of Fe2O3 based nano-
composites are shown in Figure 2. At 250∘C, the composites
contain 𝛼-Fe, 𝛼-Fe2O3, and 𝛾-Fe2O3. The strongest peak
belongs to 𝛼-Fe, indicating that the main phase in this
composite is iron. With increasing the temperature, the
intensity of 𝛼-Fe and 𝛾-Fe2O3 peaks decreases while intensity
of peaks corresponding to 𝛼-Fe2O3 increases, indicating
an increasing content of 𝛼-Fe2O3 phase in the composite
with the increasing temperature. When temperature reaches
450∘C, 𝛼-Fe and 𝛾-Fe2O3 almost disappear, as displayed in
Figure 2. The PDF cards used above are JCPDS number 33-
0664 for 𝛼-Fe2O3 (hematite), JCPDS number 39-1346 for 𝛾-
Fe2O3 (maghemite), and JCPDS number 65-4899 for 𝛼-Fe.

The typical microstructure of the iron nanopowders
prepared byDCArc plasmamethod is shown in Figure 3(a). It
can be seen that the iron nanoparticles with their size ranging
from 20 nm to 300 nm form “nanochains.” After heating
in air, the iron nanopowders were oxidized and aggregated
together. The morphology has changed somehow greatly due
to the oxidation induced structure and volume changes. This
can be confirmed by TEM images of Figures 3(b), 3(d), 3(f),
and 3(h), which show the powders oxidized at 250∘C, 350∘C,
400∘C, and 450∘C, respectively. As seen in the high resolution
TEM images of different samples, such as sample Fe2O3-250
(Figure 3(c)), sample Fe2O3-350 (Figure 3(e)), sample Fe2O3-
400 (Figure 3(g)), and sample Fe2O3-450 (Figure 3(i)), the
interplanar spacings of 0.27 nm and 0.23 nm correspond well
to the (104) and (006) planes of 𝛼-Fe2O3, respectively.

3.2. Electrochemical Analyses. Figure 4(b) displays the first
five cyclic voltammetry (CV) curves of sample Fe2O3-350.

In the first cathodic scan, a sharp reduction peak appears at
∼0.51 V, which can be attributed to the reduction of Fe2O3
to Fe, the formation of a solid electrolyte interphase film
(SEI), and some irreversible reactions [10, 22]. For the anodic
process, one broad peak is observed at ∼1.64V, which can be
ascribed to the oxidation of Fe to Fe2+ and then to Fe3+ [33–
35]. The reduction peaks of the later cycles shift to higher
voltage at about 0.94V, while the oxidation peaks do not
change their positions and shapes. However, a sloped plateau
exists at the right of the peak in the second reduction process,
and the same situation also appears on other samples except
the sample Fe2O3-450, as shown in Figure 4. Moreover,
the sloped plateau disappears in the subsequent cycles,
inferring a direct correlation with the irreversible structural
changes of 𝛾-Fe2O3. The structural changes of 𝛼-Fe2O3 and
𝛾-Fe2O3 are particularly noteworthy since there is only one
distinct peak observed during these cathodic/anodic scans.
The appearance of the single peak can be attributed to the
fact that there are continuous structural changes between 𝛼-
Fe (cubic), 𝛼-Fe2O3 (rhombohedral), and 𝛾-Fe2O3 (cubic)
phases. It shows that no distinct boundary exists between 𝛼-
Fe (cubic), 𝛾-Fe2O3 (cubic or part of tetragonal), and𝛼-Fe2O3
(rhombohedral) phases aligned from inside to outside of the
Fe2O3 based composites. Indeed, during the first three cycles,
in order to adjust the expansion/compression during lithi-
ation/delithiation, some reversible or irreversible structure
changesmust occur on the Fe2O3 based composites. After the
third cycle, only one peak is observed in the cathodic/anodic
scans, suggesting that a one-step redox reaction is caused
by a stable structural change of the Fe2O3 based compos-
ites.

To understand the one-step redox reaction in detail, XRD
measurements were carried out for the sample Fe2O3-350
which stopped at 0.01 V and 3V during the 3rd cycle, as
depicted in Figure 5(a). Surprisingly, the XRD patterns at 3V
show identified peaks from 𝛼-Fe and several unnoticeable
broad peaks from 𝛾-Fe2O3, suggesting that the activematerial
has changed to tiny crystallites. To further study the reaction
mechanism, XRD analysis is carried out on the sample
charged at 3V for the 25th cycle (Figure 5(a)), which reveals
complementary information about the status of the anode
material. Comparing the curve 25-3V and the curve 3-
0.01 V, it can be found that they have some common peaks,
which can be attributed to the formation of some irreversible
products, such as Li2O and Li𝑥Fe2O3 [27]. On the other
hand, the curve 25-3V contains some unique peaks which
can be ascribed to the phase of 𝛾-Fe2O3. Although both of the
curves, 3-0.01 V and 25-3V, contain the same peaks from 𝛾-
Fe2O3 phase, there are inconspicuous peaks at 30.1

∘ and 43.2∘
in the curve 3-3V. There are also some peaks from several
byproducts generated during irreversible reactions which
are quite close to 30.1∘ and 43.2∘. Moreover, the differences
between the curves 3-3V and 25-3V, that is, more diffraction
peaks and their higher intensity, indicate a grain growth of
𝛾-Fe2O3 and some phases after charging/discharging cycles.
It can be observed from Figure 4(e) that there is only one
distinct peak during cathodic/anodic scans at the 25th cycle,
inferring that themain active material is 𝛾-Fe2O3 for the 25th
cycle.
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Figure 3: TEM images showing nanoparticles in iron nanopowder (a), samples Fe2O3—250 (b), Fe2O3-350 (d), Fe2O3-400 (f), and Fe2O3-450
(h) and their corresponding HRTEM images of samples: (c) Fe2O3-250, (e) Fe2O3-350, (g) Fe2O3-400, and (i) Fe2O3-450.

Figure 6(a) shows the cycling performance of Fe2O3
based nanocomposites at different oxidation temperatures
(i.e., 250∘C, 350∘C, 400∘C, and 450∘C). As depicted in
Figure 6(a), in terms of specific capacity and the stability
of charging/discharging curves, the sample Fe2O3-350 shows
a superior performance as compared to other composites
during the first 74 cycles, but for the last 76 cycles, the sample
Fe2O3-450 shows the best performance, with a reversible
specific capacity of 507.6mAh/g after 150 cycles. Although the
sample Fe2O3-350 in general exhibits a higher specific capac-
ity than the sample Fe2O3-250, its specific capacity undergoes
a severe loss after 150 cycles, with 51.4% capacity retention for
the sample Fe2O3-350 and 59.3% capacity retention for the
sample Fe2O3-250 as compared to the 2nd cycle. The cycling
performances of all of the simples are much better than the
commercial nano-Fe2O3 powder which has a capacity of
about 180mAh/g that remained after only 30 cycles tested
by Liu et al. [25] at a lower current density (100mA/g).

These results indicate that a higher Fe2O3 contents in the
composite may lead to a higher initial specific capacity but
lower cycling stability. This can be attributed to the large
volume changes in Fe2O3 during lithium insertion/extraction
process. Such a volume change causes a pulverization of
electrodes and thereby leads to a poor cycling performance.
The results clearly show that the degree of oxidation for a
metal is crucial for its performance as the anode material of
LIBs. On a closer examination of Figure 6(a), an interesting
phenomenon can be observed for the sample Fe2O3-450 that
the specific capacity drops drastically for the first 25 cycles
with a noticeable fluctuation from the 10th to 25th cycle,
and then the capacity increases constantly from the 25th
cycle. Similar capacity rising phenomenon also exists for the
sample Fe2O3-400, as shown in Figure 6(a). The discharge
specific capacity of the sample Fe2O3-400 is increased from
383mAh/g at the 25th cycle to 431mAh/g at the 150th
cycle. At the same time, the specific capacity of the sample
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Figure 4: CV curves at a scan rate of 0.1mV/s of samples Fe2O3-250 (a), Fe2O3-350 (b), Fe2O3-400 (c), and Fe2O3-450 (d) in a voltage range
of 0.01–3V (versus Li+/Li).

Fe2O3-450 increases from 319.9mAh/g at the 25th cycle to
507.6mAh/g at the 150th cycle, which is much higher than
that of sample Fe2O3-400. However, such a capacity rising
phenomenon is not observed for sample Fe2O3-250 or sample
Fe2O3-350. To further study this phenomenon, the voltage
profiles of samples at their 1st, 2nd, 3rd, 25th, and 150th cycles
are displayed in Figures 6(b), 6(c), 6(d), and 6(e).

Figure 6(b) shows the voltage profiles of the sample
Fe2O3-250, for which the first discharge curve displays a long
and flat plateau at ∼0.76V, while for the second discharge
process, the curve shows a slope line with an average
plateau voltage of ∼0.98V. During the subsequent discharg-
ing process, the plateau is steeper and the plateau voltage
monotonically decreases to ∼0.88V at the 150th cycle, which
may be attributed to the gradual irreversible changes of Fe2O3

during repeated lithium insertion and extraction [29]. Except
the width of the plateau and the magnitude of the specific
capacity, there are no other dissimilarities for the 1st, 2nd, 3rd,
and 25th voltage profiles of all composite samples (Figures
6(b), 6(c), 6(d), and 6(e)). However, it is worth noting that
the voltage profiles of the sample Fe2O3-250, sample Fe2O3-
350, sample Fe2O3-400, and sample Fe2O3-450 at 150th cycle
are quite different. For the sample Fe2O3-250 and the sample
Fe2O3-350, the discharge curves of the 25th cycle and the
150th cycle almost overlap in the voltage range of 3–1.5 V,
while the curves of the 150th cycle of the sample Fe2O3-400
and the sample Fe2O3-450 aremore flat than that of 25th cycle
at the same voltage range. Furthermore, in the voltage range
of 0.01–1 V, the charge curves of the 150th cycle of the sample
Fe2O3-400 and the sample Fe2O3-450 are also more flat than
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Figure 5: (a) XRD patterns of sample Fe2O3-350 during the 3rd and 25th galvanostatic charge/discharge cycles at 0.01 V and 3V. (b) CV curve
at a scan rate of 0.1mV/s of sample Fe2O3-350 after 25 galvanostatic charge/discharge cycles.

that of the 25th cycle of the sample Fe2O3-250 and the sample
Fe2O3-350, as shown in Figures 6(b), 6(c), 6(d), and 6(e).
These results reveal that the processes occurring in the voltage
range of 0.01–1 V and 1.5–3V may partially contribute to the
capacity rising phenomenon, similar to the results shown by
Laruelle et al. [36]. As reported in the literature [37, 38], the
choice of binder does not have any effect on the capacity
rising phenomenon. However, such a phenomenon is not
only seen in nanosized Fe2O3 composites, but also in other
kinds of 3d transition metal oxides, which are also working
through conversion reaction [3, 36], such as cobalt oxides [39]
andmanganese oxides [40, 41].The phenomenonwas usually
attributed to the reversible growth of a gel-like layer catalyzed
by 3d transitionmetals, as proposed by Laruelle et al. [36, 40],
or the reversible interfacial reactions, as proposed by Jamnik
et al. [37, 42]. The exact mechanism is not known yet, but it
is possible that the active materials (i.e., Fe𝑥O𝑦, Fe +2 or +3)
promote the capacity rising, no matter whether they acceler-
ate the formation of gel-like layer or the reversible interfacial
reactions. Indeed, the capacity rising starts from the 25th
cycle, and the main active material is iron oxides. Moreover,
comparing to the sample Fe2O3-450 with more obvious
capacity rising, the sample Fe2O3-400 has a less amount of
Fe2O3 (𝛼 and 𝛾). Therefore, one can draw a conclusion that
the more active materials the electrode contains, the more
obvious the capacity rising phenomenon will be. Further
work is undergoing to elucidate the exact mechanisms asso-
ciated with such capacity rising involved in the present work.

4. Conclusions

For the first time, Fe2O3 based nanocomposites were pre-
pared by oxidation of arc plasma evaporated nanoiron

powders at different temperatures. Along with the increasing
oxidation temperature, Fe2O3 based composites showed an
increasing content of 𝛼-Fe2O3 and decreasing contents of 𝛼-
Fe and 𝛾-Fe2O3. When the composites were used as anode
materials in lithium-ion battery, it was found that the active
material (Fe2O3) showed a change into tiny crystallites at the
first several galvanostatic charge/discharge cycles and then
followed by crystallization and grain growth (𝛾-Fe2O3). A
severe capacity loss occurred at the first several cycles for
all the Fe2O3 based nanocomposites. However, a capacity
rising was observed for the composites obtained at 400∘C
and 450∘C, which was more obvious when the content of
active material, Fe2O3, increased. For different Fe2O3 based
nanocomposites as anode materials for lithium-ion batteries,
the one obtained at 450∘C exhibited the highest capacity of
507.6mAh/g after 150 cycles, much higher than that of the
commercial one (∼180mAh/g after 30 cycles). The method
developed in this work can be also used to prepare other
kinds of nanosized metal oxide powders as anode materials
for lithium-ion batteries in large scale.
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Figure 6: (a) Evolution of capacity with cycle numbers for Fe2O3 based nanocomposites measured at a current density of 200mA/g and
charge-discharge curves of samples Fe2O3-250 (b), Fe2O3-350 (c), Fe2O3-400 (d), and Fe2O3-450 (e).
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High rate Li-ion batteries have been given great attention during the last decade as a power source for hybrid electric vehicles
(HEVs, EVs, etc.) due to the highest energy and power density. These lithium batteries required a new design of material structure
as well as innovative electrodematerials. Among the promising candidates, spinel Li4Ti5O12 has been proposed as a high rate anode
to replace graphite anode because of high capacity and a negligible structure change during intercalation of lithium. In this work,
we synthesized a spinel Li4Ti5O12 in nanosize by a solution route using LiOH and Ti(OBu)4 as precursor. An evaluation of structure
and morphology by XRD and SEM exhibited pure spinel phase Li4Ti5O12 and homogenous nanoparticles around 100 nm. In the
charge-discharge test, nanospinel Li4Ti5O12 presents excellent discharge capacity 160mAh/g at rate C/10, as well as good specific
capacities of 120, 110, and 100mAh/g at high rates C, 5C and 10C, respectively.

1. Introduction

Since the first investigation of lithium’s intercalation by
Colbow et al. in 1989 [1], spinel Li4Ti5O12 has become
one of attractive anode materials for Li-ion battery appli-
cation because of nontoxic, inexpensive, thermal stability
and negligible changed volume cell during charge-discharge
cycling with a specific capacity of approximately 175mAh/g
[2, 3]. The process of reversible intercalation occurs around
1.55V (versus Li+/Li), which is higher than its of lithiated
graphite (below 1V) to avoid the formation of unstable
solid electrolyte interface (SEI) [1, 4, 5]. Despite these
advantages, the inconveniences still exist in spinel phase
Li4Ti5O12 such as a low electronic conductivity and a poor
lithium diffusion rate which limited its application in high
rate Li-ion batteries [6, 7]. To overcome these problems,
nanoscale particles size or 1D–3D nanostructure of Li4Ti5O12
(nanowires, nanosheets, nanoparticles, nanotubes, nanorods,
and microspheres) has been proposed to improve the elec-
trochemical performances (higher specific capacity, high rate

capability, and good charge-discharge cycling stability) due to
shortening the diffusion way of lithium [8–14]. Table 1 sum-
marized the highlighted results of Li4Ti5O12 reported in the
literature.

The remarkable results are mostly reported for using
hydrothermal synthesis pathway with strictly controlled
parameters such as temperature and pressure. However, these
conditions are quite difficult for large scale application in the
industry.

In this work, we report a facile solution way to synthesize
nanospinel Li4Ti5O12 through the formation of interme-
diate C-base centered orthorhombic Li1.81H0.19Ti2O5⋅2H2O
(LTH). The presence of LTH seems to be easily converted
in Li4Ti5O12 phase at low temperature range (<700∘C)
compared to the same layered structure 𝛼/𝛽-Li2TiO3, usually
obtained in solid state reaction or hydrothermal process [15].
Nanospinel Li4Ti5O12 synthesized is investigated by charge-
discharge test at high rate 1C to 10C.The diffusion coefficient
of lithium ions (𝐷Li) in the host Li4Ti5O12 can be also
determined by cyclic voltammetry.
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Table 1: Summarizing different synthetic methods of nanoscale/nanostructure Li4Ti5O12 reported in the literature.

Methods Temperature Scale Morphology Specific capacity Ref

Sol-gel + pyrolysis step 25∘C; 800∘C Nanoparticles,
5–400 nm

Versatile
morphologies

142mAh/g (C/10)
126mAh/g (0.2C) [14]

Hydrothermal/
+ pyrolysis

400∘C (300 bar)
700∘C (24 h)

Nanoparticles,
150–200 nm

Versatile
morphologies 140mAh/g (10C) [16]

Solvothermal + pyrolysis 235∘C (16 h)
500∘C (3 h)

Nanoparticles,
10–20 nm

Versatile
morphologies 154mAh/g (C/10) [17]

Two-step process
in solution

120∘C (2 h)
120∘C in 10M NaOH

1D structure, tube,
6–11 nm Nanotube 156mAh/g (C/10)

145mAh/g (2C) [18]

Hydrothermal in 10M NaOH 180∘C
500–800∘C

1D structure, tube,
6–11 nm Nanorod 147.5mAh/g (2.5C) [29]

Solvothermal in Li(OH)⋅H2O
180∘C

500–800∘C
1D structure, tube,
130 nm in diameter Nanowire 128mAh/g (10C) [30]

2. Experimental

For the preparation of nanostructured Li4Ti5O12, 7mL solu-
tion of Ti(OBu)4 (𝑑 = 1.491 g/mL at 20∘C,𝑀 = 340,39 g/mole)
was added dropwise into 25mL solution of LiOH 1Msolution
under vigorous stirring at 4–6∘C and the ratio of Li : Ti
was 1 : 1.33. The low temperature is required to keep the
hydrolyze process of Ti(OBu)4 occurring slowly for limitation
of TiO2 rutile. Thus, the expected intermediate is certainly
pure without emerging TiO2 rutile, the as-prepared powder
was collected through a centrifuge and washed many times
with deionizedwater to neutral pH.The as-prepared powders
were aged in the air by two steps: at 100∘C for 36 hours to
form C-base centered orthorhombic Li1.81H0.19Ti2O5⋅2H2O
(LTH). The intermediate phase was calcined at 600∘C for 6
hours in the air to transfer to the spinel phase of Li4Ti5O12.

The sample was identified by X-Ray Diffraction (XRD)
performed with a D8-Advance (Bruker) diffractometer using
CuK𝛼 radiation (𝜆K𝛼 = 1.5408 Å). XRD pattern was col-
lected in the range 10–70∘ (0.029∘/s). Lattice parameters
were calculated by software Celref. The Raman spectra were
measured with a LaBRAM HR 800 (Jobin-Yvon-Horiba)
Ramanmicrospectrometer, using a He:Ne laser (632.8 nm) as
the excitation source. The morphology and the distribution
of grain size were determined by using Scanning Electron
Microscope (FE-SEM S4800 Hitachi, Japan).

The electrode paste was prepared by mixing of Li4Ti5O12
with acetylene black and polytetrafluoroethylene (PTFE) at a
weight ratio of 80 : 15 : 5. The paste was laminated to 0.1mm
thickness, cut into pellets with a diameter of 10mm, and dried
at 130∘C under a vacuum in 24 hours. The electrochemical
properties of nanocrystalline Li4Ti5O12 were evaluated by the
cyclic voltammetry (CV) and the charge-discharge test at a
various rate (from C/10 to 10C) in Swagelok cells. The cyclic
voltammetry (CV) of nanospinel Li4Ti5O12 has been per-
formed in potential range of 1–2.5V (versus Li+/Li) in the var-
ious rates from 10 𝜇V/s to 100 𝜇V/s. An electrode Li4Ti5O12
and Li foil were used as the positive and negative materials
in the half-cell and a solution of 1M LiPF6 in a mixture of
ethylene carbonate (EC) and dimethyl carbonate (DMC) at a
ratio of EC :DCM = 2 : 1 was used as the electrolyte.
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Figure 1: XRDpattern of intermediate phase Li1.81H0.19Ti2O5⋅2H2O.

3. Results and Discussion

3.1. Structure andMorphology. Theformation of intermediate
C-base centered orthorhombic Li1.81H0.19Ti2O5⋅2H2O was
determined by XRD patterns as shown in Figure 1. According
to previous studies [1, 2, 12], structure of Li4Ti5O12 is a cubic
spinel (unit cell parameter around 8.36 Å) with space group
of F3dm and can be represented as [Li3]

8a[Li1Ti5]
16d[O12]

32e.
Most of ions Li+ are situated at the tetrahedral 8a site,
while the rest of ion Li+ and ions Ti4+ occupy randomly the
octahedral 16d sites with a ratio of 1 : 5; and the oxygen atoms
totally are located at the 32e site. As shown in Figure 2, the
XRD patterns of sample could be identified to a pure phase
of spinel Li4Ti5O12 (JCPDS: 49-0207) [2, 13].The broadening
of diffraction peaks was related to the nanoparticles size. The
lattice parameter of Li4Ti5O12 was evaluated by seven diffrac-
tion peaks and calculated to be 𝑎 = 8.3564 Å (±0.0172 Å).
This value was in good agreement with the published results
[2, 14, 16–18].
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Figure 2: XRD pattern of nanospinel Li4Ti5O12 with JCPDF 49-
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Figure 3: Raman scattering spectra of Li4Ti5O12.

Despite a heat treatment at 600∘C in the last step, the
peaks of XRD pattern were still quite large. It is considered
that the sample was crystallized in small particle sizes.
According to the Debye-Scherrer formula (1), the average
size of particles was calculated from the full width of half
maximum (FWHM) of diffraction peaks.

𝑑hkl =
𝑘𝜆

𝛽 cos 𝜃
, (1)

where 𝑑hkl is the average size, 𝑘 is the constant depending
on the crystallite shape (0.9), 𝜆 is the wavelength of copper
K𝛼 X-ray radiation (1.5406 Å), 𝛽 is the FWHM of the most
intense peak, and 𝜃 is the diffraction angle. The size reached
around 40 nm. The nanosize of particles will suggest a fast
kinetic of intercalation of lithium ion due to shortening the
way diffusion [6, 7].

Following the theoretical calculation of A[B2]O4 spinel-
type compound, spinel phase Li4Ti5O12 consists of a symmet-
ric groupO7h with the five expected F2g, Eg, A1g Raman active
vibration [19–22].TheRaman spectrumof nanostructure was
shown in Figure 3 in the region of wave number between
150 and 900 cm−1. In the high frequency, two modes at
671 cm−1 and 740 cm−1 (vibration mode A1g) were assigned

to the vibrations of Ti–O bonds in [TiO6] octahedra, while
the stretching vibrations of the Li–O bonds in [LiO4] and
[LiO6] polyhedra were characterized by two modes in region
medium frequency 430 cm−1 and 374 cm−1, respectively. Two
last modes in low frequency were attributed to the bending
vibrations of O–Ti–O bonds (235 cm−1) and O–Li–O bonds
(160 cm−1). These Raman spectra features were similar to
those reported by Julien et al. [19].

The SEM and TEM images of nanostructure Li4Ti5O12 in
Figure 4 indicated particles shape mostly like a rod and its
size fell into the nanometric scale around 100 nm. A good
distribution and nanoparticle size were in good coherence
with large XRD peaks.

3.2. Electrochemical Properties. The spinel phase Li4Ti5O12
can insert/extract electrochemically 3 Li+ ions per mole
reversibility in the potential 1.55 V (versus Li+/Li) causing the
reduction of couple redox Ti4+/Ti3+ within a specific capacity
theoretical of 175mAh/g [1]. The process of intercalation of
lithium ions seems to be a two-phase mechanism, similar to
the olivine LiFePO4 [23, 24]. All intercalating lithium ions
inserted into the 16c octahedral site and the lithium ions
initial in the tetrahedral 8a site moved simultaneously to
the 16c octahedral site. Hence, the route diffusion of lithium
ions into spinel Li4Ti5O12 can be represented following the
pathway 16c–8a–16c. The fully discharged compound can be
described as [Li6]

16c[LiTi5]
16d[O12]

32e [25, 26]. In particular,
the lithiation/delithiation of this spinel accompanies a “zero
strain” characteristic; it means that lattice parameter of
Li4Ti5O12 remained constant between the initial state of
Li4Ti5O12 and the final state of Li7Ti5O12 [2, 3, 14].

The electrochemical performance of nanospinel
Li4Ti5O12 synthesized has been investigated by cyclic
voltammetry (CV) within 1–2.5 V (versus Li+/Li) and
galvanostatic cycling within 1–2.5 V (versus Li+/Li). As
shown in Figure 5(a), a symmetric couple redox peak was
observed in 1.50V (peak cathode) and 1.60V (peak anode),
corresponding to a reaction of couple redox Ti4+/Ti3+ at
lowest rate 10 𝜇V/s. A sharp form of two peaks characterized
a two-phase mechanism of lithium insertion and related to a
large plateau voltage (∼1.55V versus Li+/Li) in galvanostatic
curves charge-discharge [24, 26]. Figure 5(a) also exhibited
the evolution of CV curves of nanospinel Li4Ti5O12 in the
various rate from 10 𝜇V/s to 100 𝜇V/s. Following the increase
of scan rate, it could be noticed that peak’s position shifted
around 300mV in highest rate 100 𝜇V/s and the redox peaks
broadened gradually. The diffusion coefficient of lithium
ions (𝐷Li) in the host Li4Ti5O12 electrode can be determined
from a linear relationship between peak currents (𝐼p) and
the square root of the scan rate (V1/2) from the CV curves,
according to the following Randles-Sevcik equation (2) [27]:

𝐼p = 2.60 × 10
5𝑛3/2𝐴𝐷1/2Li 𝐶LiV

1/2, (2)

where 𝐼p is the peak current, 𝐴 is the surface area of
electrode (0.785 cm2), 𝑛 is the number of electrons transfer
per molecule (𝑛 = 1), 𝐶Li is the concentration of lithium ion



4 Journal of Nanomaterials

(a) (b)

Figure 4: SEM image (a) and TEM image (b) of nanoscale Li4Ti5O12 powder.
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Figure 5: (a) Evolution of CV curves in the various rate from 10 𝜇V/s to 200𝜇V/s and (b) 𝐼pc as a function of the square root of the scan rate
V1/2.

in Li4Ti5O12 electrode, V is scan rate, and𝐷Li is the diffusion
coefficient of lithium ions.

It can be seen from Figure 5(b) in the plots of 𝐼p as a func-
tion of the square root of the scan rate (V1/2) that a good linear
relation 𝐼p between 𝐼p and V1/2 was observed. The diffusion
coefficient of lithium ions was found to be 3.8 × 10−12 cm2/s,
which was in accord with other authors’ results [6, 7].

Discharge-charge profiles of spinel Li4Ti5O12 could be
described by three regions: a quick drop of voltage corre-
sponding to a region of solid solution with a content of
lithium below 0.2, a main region of two-phase mechanism
displayed by a plateau voltage in 1.55V, and other solid
solution region after plateau voltage [2, 14, 23].The discharge-
charge profiles in 1st cycle of nanospinel Li4Ti5O12 at rate
C/10, 1C, and 10C were shown in Figure 6(a). The curve in
rate 1C seems to quasi-superimpose onto its rate C/10 without
polarization, while huge polarization around 150mV was

observed in the curve in rate 10C. The polarization brought
about shortening of plateau voltage in 1.4 V and decreased a
content of lithium ion inserted. In the first cycle, nanospinel
Li4Ti5O12 could insert 3 Li+ ions at C/10, 2.6 at 1C, and 2.3
at 10C corresponding to a specific capacity of 175mAh/g,
150mAh/g, and 110mAh/g, respectively [28]. Figures 6(b)
and 6(c) presented the typical curves of discharge-charge at
1C and 10C. At the high rate, an excellent performance of
nanospinel Li4Ti5O12 was observed, in spite of the gradual
decrease of lithium ion amount intercalated after some
decade cycles. After 100 cycles (Figure 6(d)), the remaining
capacities were 86% (rate C/10), 74% (rate 1C), and 75% (rate
10C) of capacity initial that were registered, corresponding to
a specific capacity of 150mAh/g, 111mAh/g, and 100mAh/g,
respectively. We believe that the particles in nanosize shorten
the pathway diffusion of lithium ions and encourage the
performance of spinel Li4Ti5O12 synthesized during the
high rate capability test. These results are comparable with
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Figure 6: Charge-discharge of nano-Li4Ti5O12 in the potential range 1–2.5 V (versus Li+/Li) (a) cycle 1 at rate C/10, C, and 10C; (b) typical
curves at rate 1C; (c) typical curves at rate 10C; and (d) specific capacity versus number of cycles.
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Figure 7: (a) Charge-discharge curves of nano-Li4Ti5O12 in the potential range 1–2.5 V (versus Li+/Li) in high rate 1C to 10C and (b) evolution
specific capacity as a function of cycles and charge-discharge rates.

the previous studies which showed a specific capacity of
150mAh/g in rate 1C and 100mAh/g in rate 10C [9, 11, 15].

The rate capability of charge-discharge test from 1C to 10C
was shown in Figure 7.Whatever the rate, a remarkable stabil-
ity is obtained and the discharge-charge curves show clearly
the effect of polarization to a decrease of specific capacity.
The capacity obtained was 150mAh/g at 1C, 130mAh/g at 2C,
120mAh/g at 5C, and 98mAh/g at 10C. The specific capacity

and cycling stability are comparably equal to these values
obtained for 1D–3D nanostructure Li4Ti5O12 synthesized by
hydrothermal, solvothermal, electrospinning, and so forth
[17, 18, 29, 30]. In the high rate performance, the electrode
polarization was absolutely controlled by the limitation of
internal resistance (ohmic drop), charge transfer, and mass
transfer. Hence, the performance at high rate of nanospinel
Li4Ti5O12 would require an optimization of the electrode
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formation process, typically using a composite of spinel and
high conductivities matrix carbon like CNTs or graphene
[28, 31, 32].

4. Conclusions

This study has showed a facilitated route to synthesize
nanospinel Li4Ti5O12 through intermediate phase. The
nanospinel had good distribution grains and the average
of particles was around 100 nm. The diffusion coefficients
of lithium ions determined from CV curves reached 3.8 ×
10−12 cm2/s. In a high rate of charge-discharge, an excellent
electrochemical performance of nanospinel was observed
and the specific capacities of 110mAh/g and 100mAh/g
were achieved at 1C and 10C rate, respectively. The rate
capability test showed a relation between a specific capacity
and electrode polarization. Further studies regarding the role
of CNTs or graphene could increase electronic conductivities
electronic of electrode to improve the performance of this
spinel phase.
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In this study, SnO2 semiconductor nanoparticles were synthesized for DSC applications via acid route using tin(ii) chloride as a
starting material and hydrothermal method through the use of tin(iv) chloride. Powder X-ray diffraction studies confirmed the
formation of the rutile phase of SnO2 with nanoranged particle sizes. A quasi-solid-state electrolyte was employed instead of a
conventional liquid electrolyte in order to overcome the practical limitations such as electrolyte leakage, solvent evaporation, and
sealing imperfections associated with liquid electrolytes. The gel electrolytes were prepared incorporating lithium iodide (LiI) and
tetrapropylammonium iodide (Pr4N

+I−) salts, separately, into themixture which contains polyacrylonitrile as a polymer, propylene
carbonate and ethylene carbonate as plasticizers, iodide/triiodide as the redox couple, acetonitrile as the solvent, and 4-tertiary
butylpyridine as an electrolyte additive. In order to overcome the recombination problem associated with the SnO2 due to its
higher electronmobility, ultrathin layer of CaCO3 coating was used to cover the surface recombination sites of SnO2 nanoparticles.
Maximum energy conversion efficiency of 5.04% is obtained for the device containing gel electrolyte incorporating LiI as the salt.
For the same gel electrolyte, the ionic conductivity and the diffusion coefficient of the triiodide ions are 4.70 × 10−3 S cm−1 and 4.31× 10−7 cm2 s−1, respectively.

1. Introduction

Dye-sensitized solar cells (DSCs) have been investigated as
the next generation of solar cells, due to their low production
cost and easy fabrication procedures compared to those
of conventional silicon solar cells. In 1991, Grätzel and his
coworker invented a solar cell based on the ruthenium
sensitizer adsorbed on nanoporous TiO2 semiconductor film
[1].However, the charge separation ability of TiO2-basedDSC
is suppressed by its low electron mobility (<1 cm2 V−1 s−1)
resulting in a higher dark current [2]. Moreover, TiO2 shows
a high photocatalytic effect and, as a result, sensitizer which
is attached onto the nanoporous TiO2 network, prone to
degrade rapidly. Therefore, in order to overcome these prob-
lems regarding TiO2-based DSCs, other high band gap semi-
conductors such as ZnO, SnO2, and CdS were investigated

as possible alternative semiconductormaterials. Among these
semiconductormaterials, SnO2 shows relatively high electron
mobility (∼250 cm2V−1s−1), high electron-hole separation
ability, and high transport properties [3, 4]. Other than its
attractive properties, SnO2 nanoparticles can be synthesized
using various techniques such as the hydrothermal method,
sol-gel, and acid route. Here, we mainly aim to fabricate
DSCs-based on the as-prepared SnO2 nanoparticles using
acid route method and the hydrothermal method. Although
SnO2 has promising electronic properties such as higher elec-
tron mobility, it shows inferior performance due to recombi-
nation of injected electrons with excited dye molecules and
redox species of electrolyte. The recombination flux can be
naturally divided into three elements as follows:

(1) Electron reaching recombination sites in the semi-
conductor surface.
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(2) Ions or hole reaching the surface from the electrolyte
or hole-conductor side.

(3) Interfacial events.

Somehow, recombination occurs from the conduction band
energy levels, 𝑅cb

𝑟 , and surface trap levels, 𝑅ss
𝑟 , can be

expressed as follows:

𝑅cb
𝑟 = 𝑅𝑟,0 exp [−𝑞𝑉𝑘𝐵𝑇 ]

𝑅ss
𝑟 (𝐸𝐹𝑛) = 𝑅0 exp[− [12 + 𝛼 (𝑇)]

(𝐸𝐹𝑛 − 𝐸redox)𝑘𝐵𝑇 ] ,
(1)

where the terms have their usual meanings.
Generally, recombination rate is mainly affected by two

factors: the position of the semiconductor energy level with
respect to the redox levels and treatment of surface which
intercept charge transfer from the semiconductor.

In this study, we focus on the blocking the semiconductor
surface trap levels through the use of very thin layer of
high band gap insulating material. Since the efficient electron
tunnelling should be on the order of less than 10 nm, study
is focused on employing an ultrathin layer of coating layer
on SnO2-based DSCs without greatly reducing the rate of
photoinjection from excited dye molecules, that is, forward
tunnelling of electrons. In order to verify the probability
of forward tunnelling and back tunnelling of injected elec-
trons, tunnelling transmission coefficient, 𝑇, equation was
employed.

𝑇 = 16𝐸𝑉𝑜 (1 −
𝐸
𝑉0) exp

−(√2𝑚(𝑉0−𝐸)/ℏ)𝑎, (2)

where𝑉0 is the barrier height,𝑚 is the effective electronmass,
and 𝑎 is the barrier width.

Photoexcited dyemolecules cannot inject the electrons to
the higher energy level of conduction band of the insulating
material (band gap 6.00 eV–9.00 eV) which is greater than
2.5 eV with respect to the Lowest Unoccupied Molecular
Orbital (LUMO) level of the dye molecules.The only possible
way of reaching excited electron to conduction band of the
semiconductor is by tunnelling. After the electrons tunnel
into the conduction band, they relax towards the bottom
of the conduction band acquiring lower energy state. These
electrons will see the energy difference between the conduc-
tion band of the semiconductor and conduction band of the
insulating material as a barrier height, 𝑉0 (>4.3 eV). Then
back tunnelling of electrons will be greatly reduced compared
to forward tunnelling thus keeping the Fermi level of SnO2 in
equilibrium.

Therefore, in order to suppress the recombination which
occurs at the electrolyte/semiconductor interfaces of the
SnO2 semiconductor network, CaCO3 coating layer is intro-
duced to the system [5].This CaCO3 layer would increase the
photovoltaic performances of the composite SnO2/CaCO3-
based DSCs as it acts as a barrier to the electrons which are
in the conduction band of the SnO2 semiconductor network,
by suppressing the back tunnelling of electrons.

Moreover, the conventional DSCs which consist of liquid
electrolytes suffer from practical limitations, such as elec-
trolyte leakage, solvent evaporation, and sealing imperfec-
tions. The use of gel electrolytes instead of liquid electrolytes
would help to circumvent the above-mentioned drawbacks to
a certain extent as gel electrolytes have promising properties,
such as thermal stability, nonflammability, and nonvolatility.
In this study the quasi-solid-state dye-sensitized solar cells
(QSDSCs) were fabricated using as-prepared SnO2/CaCO3
composite working electrode and the gel electrolyte consists
of propylene carbonate and ethylene carbonate as plasticizers,
polyacrylonitrile as a polymer, acetonitrile as the solvent, 4-
tertiary butylpyridine as an electrolyte additive, and lithium
iodide and tetrapropylammonium iodide as salts [6]. Addi-
tionally, this study was carried out with a metal-free organic
dye, namely, indoline D358 dye, which has a high chelating
ability (𝜖 = 13000).

In order to study the size effects of the nanoparticles
used in DSC fabrication, SnO2 nanoparticles of different size
were synthesized in our laboratory. Particle size could affect
the device performance in two different ways. When the
particle size is reduced to nanoscale, the effective surface
area increases about 1000 times, hence increasing the dye
adsorption by the same factor.

The effective surface area of a particle is increased when
the particle size is decreased. For a given volume the relation-
ship between the effective surface area (𝑆) and the particle size
(𝑑) can be expressed as follows [7]:

𝑆 = 𝑘
𝜌𝑑 . (3)

Here 𝜌 is the density of thematerial and 𝑘 is a constant for the
material of interest. The effective surface area of the material
increases intensely for smaller particles resulting in higher
dye adsorption.

This is a very positive contribution to enhance device per-
formance.On the other hand, the lower particle size also leads
to increased leaking of electrons from the semiconductor to
recombine either with the redox species or with the oxidized
dye molecules. It is explained as follows. Electron transport
from the semiconductor network to FTO depends on these
trapping and detrapping processes [8–10].The followingwave
function describes the electrons in shallow traps [5]:

𝑈 (𝑟) = 𝐴𝑒−𝑟/𝑎, (4)

where 𝑟 is the radial coordinate measured from the trapped
site and 𝑎 is the parameter which has dimensions of length
and it can be given as follows:

𝑎 = ℏ
(2𝑚∗𝐸)1/2 , (5)

where𝑚∗ is the effective electronmass. At room temperature,
the parameter 𝑎 is ∼4 nm which is in the same order of
magnitude as the crystallite radius of SnO2. That means
electrons that are in the trapped levels could easily leak into
the electrolyte.
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The electrons leakage and the amount of dye absorption
are competing effects on the performance ofDSCs.Therefore,
we try to minimize the electron leakage though the use of
SnO2/CaCO3 composite systemby sacrificing the dye loading
to some extent.

2. Material and Methods

2.1. Preparation of SnO2 Nanoparticle

Acid Route. First, tin(ii) chloride (1.71 × 10−2mol, Aldrich,
98%) and citric acid (4.16× 10−2mol)were dissolved in deion-
ized water until a saturated aqueous solutionwas formed.The
resultant solution was heated slowly on a hot plate at 80∘C
to evaporate the solvent. Here, an amorphous glassy material
was formed after the complete removal of water. Next, the
amorphous material was calcined in a furnace in air for 30
minutes by varying temperature from 500∘C to 750∘C.

Hydrothermal Method. The initial solution was prepared
using the SnCl4⋅2H2O (3.4 g, Aldrich, 98%), conc. HCl
(8.00 cm3, Aldrich, 98%), and ethanol (40.00 cm3, Aldrich,
98%). This ratio gives the maximum yield as found by the
preliminary study.The solutionwas poured into a Teflon flask
and autoclaved at different temperatures from 180∘C to 250∘C
for 15 hours. The above temperature range was selected since
it was found that, at temperatures below 150∘C, the required
material is not formed and temperatures between 150∘C and
180∘C do not give a considerable yield. Next, the greenish
white precipitate was washed several times with deionized
water (to remove excess ions in the medium), followed by
ethanol. Then the precipitate was dried in a vacuum oven at
60∘C for 24 hours.

2.2. Fabrication of Dye-Sensitized Solar Cells. As-prepared
SnO2 (0.60 g), acetic acid (Aldrich, 98%, 10 drops), Tri-
ton X-100 (Aldrich, 98%, 3 drops), ethanol (Aldrich, 98%,
40.0 cm3), and CaCO3 (0.040 g, Aldrich, 98%) were mixed
thoroughly and the resulting SnO2/CaCO3 suspension was
used to make devices after undergoing ultrasonic treatment.
The SnO2/CaCO3 suspension was sprayed onto well-cleaned
FTO glass (10Ω cm−2) plates heated to 150∘C on a hot plate.
Then, the samples were sintered at 500∘C for 30 minutes
and were allowed to cool down to 80∘C. The samples were
then immersed in an indoline D358 dye solution for 12
hours, and the dye coated-SnO2/CaCO3 films were rinsed
with acetonitrile to remove any physically adsorbed dye
molecules. Next, the electrolyte was sandwiched between the
FTO/SnO2/CaCO3 working electrode and a lightly platinized
FTO counter electrode (∼7Ω/sq, Aldrich) to assemble the
solar cell device. Same procedure was followed to prepare the
SnO2-based DSCs.

2.3. Preparation of Gel Polymer Electrolyte. In this experi-
ment, 0.225 g of polyacrylonitrile (Aldrich), 0.525 g of ethy-
lene carbonate (Aldrich, 98%), 0.750 g of propylene carbonate
(Aldrich, 99%), and 0.020 g of iodine (Aldrich, 98%) were
mixed and stirred well in a magnetic stirrer for 12 hours.

0.150 g of LiI (Aldrich, 99%) (electrolyte Y) and 0.150 g of
Pr4N
+I− (Aldrich, 98%) (electrolyte X) were used separately

to prepare the gel electrolyte. Each time, the electrolytes
were stirred at 80∘C until the mixture turned into a clear,
homogeneous, viscous gel. In each case, the gel electrolytes
were subsequently pressed by sandwiching thembetween two
clean glass plates to obtain a free-standing polymer film.They
were subsequently dried in a vacuum desiccator overnight, at
room temperature, to remove any absorbed moisture.

2.4. Preparation of Liquid Electrolyte. 1.55 g of dimethyl pro-
pyl imidazolium iodide, 0.65 g of 4-tertiary butylpyridine
(Aldrich, 98%), 0.13 g of LiI (Aldrich, 99%), 0.12 g of iodine
(Aldrich, 98%), and 7.59 g of acetonitrile (Aldrich, 97%) were
mixed well in an environment of nitrogen and purged with
nitrogen for 14 hours.

2.5. Characterization. In order to study the filmmorphology
and the performance of the solar cell device, the following
characteristic techniques were conducted. Crystallographic
characterization of the SnO2 powder and composite SnO2-
based films were done by means of powder X-ray diffrac-
tion (XRD) using a Siemens D5000 X-ray diffractometer
with the Cu K𝛼 radiation (𝜆 = 0.1540562 nm) at a scan
rate of 1∘min−1. The scanning electron microscopic (SEM)
images were obtained using a Joel 6320 F scanning electron
microscope. UV-Visible spectroscopy studies were carried
out using a UV-spectrophotometer (UV-1800, SHIMADZU).
The photovoltaic performance of the DSCs was measured
by a solar simulator (PECCELL PEC-L01) with a source
meter (Keithley 2400) at 25∘C under AM 1.5 (100mWcm−2)
illumination. The total irradiated area of the DSCs was
0.25 cm2. In order to determine the particle size of the newly
prepared SnO2 powder, a particle size analyzing experiment
was carried out using a particle size analyzer Cilas Nano DS.
The Electrochemical Impedance Spectroscopy (EIS) studies
were carried out with a potentiostat (PGSTAT12) with a
forward bias of−0.58V under dark conditions.TheAC signal
was ±10mV in the frequency range of 0.01Hz to 10 kHz.

3. Results and Discussion

First, newly prepared SnO2, using the acid route, was charac-
terized and then moved onto the hydrothermal route which
is rather of low cost. Initially, we attempted to find the better
mediator for the synthesis of SnO2. Here, malonic acid, malic
acid, and citric acid were employed to prepare SnO2 powder
at 500∘C and 600∘C. Then the resultant SnO2 powder was
used to fabricate the DSCs. Results obtained are tabulated in
Tables 1 and 2.

Results in Tables 1 and 2 showed that the nanoparticles
prepared with citric acid gave the best performance. This is
possibly due to citric acid acting as the fuel itself giving out a
large amount of heat during combustion. Combustion of the
metal-acid complex is highly exothermic and releases a large
amount of heat for quick conversion of the complex into its
metal oxides. When citric acid is employed, there is no need
to supply extra fuel into the system.The other possible reason
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Table 1: 𝐼𝑉 parameters of the devices fabricated with as-prepared
SnO2 synthesized at 500∘C.

Material 𝐽SC (mA cm−2) 𝑉OC FF Efficiency %
Malic acid 12.26 0.386 0.389 1.85
Malonic acid 9.38 0.373 0.374 1.30
Citric acid 13.75 0.420 0.458 2.65

Table 2: 𝐼𝑉 parameters of the devices fabricated with as-prepared
SnO2 synthesized at 600∘C.

Material 𝐽SC (mA cm−2) 𝑉OC FF Efficiency %
Malic acid 11.65 0.457 0.439 2.34
Malonic acid 11.44 0.403 0.406 1.87
Citric acid 14.95 0.422 0.457 2.88

is the formation of bigger particles when we employ malic
acid and malonic acid in place of citric acid. The possible
complex of a divalent metal cation (Sn2+) and citric acid can
be depicted as shown in Figure 1 [11, 12].

If we consider the steric properties of malic and malonic
acid, there is a higher possibility of aggregating more Sn2+
cations when malic and malonic acids are used as a mediator
compared to the bulky structure of citric acid as shown
in Figure 1. This hypothesis supports the argument that
preparation of SnO2 nanoparticles using citric acid route is
more efficient.

In order to find the average particle size of SnO2, initially
we conducted the XRD studies and further confirmation was
carried out using the particle size analyzer.

The XRD pattern of SnO2, sintered at 700∘C for 30 min-
utes, is depicted in Figure 2. Samples were in polycrystalline
form and they exhibited monoclinic crystal structure and
their peak positions were identified and they are indexed
corresponding to the (110), (101), (200), (111), (210) (211),
(220), (002), (310), (112), (202), and (321) of the SnO2 (ICDD,
4-0477).The average particle size was estimated using the full
width at half maximum (FWHM) of the XRD major peak by
means of the Debye Scherrer formula.

Next, the particles were dispersed in deionized water by
a magnetic stirrer and sonicated several times until a trans-
parent colloidal solution is formed. Then the measurements
were carried out using a particle size analyzer and the results
obtained are shown in Figure 3.

According to the above plot, the sizes are much larger
than expected as to the total diameter measured with the
hydronium ions which were surrounded by SnO2 nanoparti-
cles. As the isoelectric point is very low (∼5 pH) in SnO2, it is
easy to attach many hydronium layers on the SnO2 nanopar-
ticles. It might be the reason for the higher hydrodynamic
diameter compared to the particle size calculated by the XRD
data as shown in Table 3. According to the results given in
Table 3, particle sizes increase with the temperature. This
might be due to the fact that the higher temperature will help
to sinter with neighbour SnO2 nanoparticles thus making
bigger particles.

Table 4 gives the variation of solar cell parameters with
the particle size. Out of the six temperature values, SnO2

Table 3: Particle sizes calculated usingXRDpattern and particle size
analyzer.

Temperature (∘C) Crystalline size (nm) Hydrodynamic
radius (nm)

500 25 51
550 29 61
600 33 63
650 37 79
700 45 81
750 53 84

Table 4: 𝐼𝑉 parameters of the device fabricated with as-prepared
SnO2 and with the Li-based gel electrolyte.

Temperature (∘C) 𝐽SC (mA cm−2) 𝑉OC (V) FF Efficiency %
500 13.75 0.420 0.458 2.65
550 14.02 0.420 0.455 2.70
600 14.95 0.422 0.457 2.88
650 15.73 0.434 0.444 3.00
700 12.26 0.386 0.389 1.85
750 9.38 0.373 0.374 1.30

nanoparticles synthesized at 650∘C gave the best perfor-
mance. According to the results shown in Table 3, SnO2
prepared in 650∘C gave 37 nm which is the middle of the
particle sizes in between 25 nm and 53 nm. DSCs prepared
in 550∘C to 650∘C showed similar 𝐽SC values. This might
be due to the fact that the particle size of about 30 nm is
sensitive to both negative and positive effects occurring due
to recombination and dye attachment. 𝑉OC obtained for the
DSCs fabricated at higher temperature is quite law. Even
though we expected higher 𝑉OC values from those DSCs
due to reduction of the recombination as the bigger particle
reduces recombination, it seems that bigger particle size
greatly reduces the absorbed dye amount compared to the
reduction of recombination.

In order to analyze the reasons for the variation of solar
cell parameters with the particle size, our next attempt was to
investigate the variation of the amount of dye loadingwith the
particle size distribution as shown in Table 3. As previously
discussed, samples were prepared in 1 cm2 area for desorption
of the dye and the results obtained are plotted in Figure 4.

It is obvious that the highest dye amount can be observed
for the particles with the lowest size. But the lowest particle
size did not give the maximum efficiency. If it shows the
highest dye loading, then it would be rich in electrons which
are received from photoexcited dye molecules. The same fact
will lead to increase in recombination as higher electron
density increases the driving force of electrons.

But, again, lower particle sizemeans that it is easier for the
electrons to come out to the surface of SnO2 nanoparticles
and recombine with triiodide or excited dye molecules as
discussed in the Introduction. That would be the possible
reason for lower performance of the lowest particles size.
In order to confirm these explanations, EIS studies were
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Figure 2: XRD pattern of SnO2.

Table 5: EIS parameters of the device fabricated with as-prepared
SnO2 which is synthesized by varying the temperature.

Temperature (∘C) 𝑅𝑟 (Ω) 𝐶𝜇 (𝜇F) 𝜏𝑒 (×10−6 s)
500 12 2.5 30.0
550 14 2.6 36.4
600 15 2.7 40.5
650 25 2.7 67.5
700 17 2.5 42.5
750 13 2.4 31.2

conducted and calculated effective diffusion length together
with the electron lifetime is given in Table 5.

The equivalent circuit was used to obtain the resistance
and capacitance values which are presented in Table 5.
Smaller observed 𝑅𝑟 value means that the conduction band
electrons could easily recombine with the triiodide ions in
the electrolyte, thus lowering 𝑉OC. 𝑅𝑟 values obtained for
the device fabricated with particles synthesized at 500∘C
are much smaller compared to the device fabricated with
particles synthesized at 650∘C. The electron recombination
occurring in particles sensitized at 500∘C and 750∘C could
be much faster compared to the particles sensitized at 650∘C.
This can be further confirmed by using the electron lifetimes
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Table 6: Variation of particle size with the autoclave temperatures.

Temperature (∘C) Average particle size (nm)
150 19
180 23
190 25
200 27
220 33
240 37
250 43

Table 7: 𝐼𝑉 parameters of devices fabricated with as-prepared SnO2
and with the liquid electrolyte.

Temperature
(∘C)

𝐽SC
(mA cm−2) 𝑉OC (V) FF Efficiency %

150 12.26 0.386 0.489 2.31
180 14.60 0.430 0.490 3.51
190 18.98 0.496 0.503 4.48
200 19.30 0.490 0.530 5.00
220 17.55 0.466 0.515 4.22
240 13.10 0.511 0.585 3.90
250 11.28 0.537 0.553 3.34

which were obtained from EIS by fitting the experimen-
tal data through an appropriate equivalent circuit. Device
fabricated using SnO2 nanopowder synthesized at 650∘C
showed 125% of increase when compared to device made by
employing nanoparticles synthesized at 500∘C.

Thenext attempt was to systemize the SnO2 nanoparticles
using the hydrothermal method. As discussed earlier, this is
a very simple and cheap method. SnCl4, HCl, and ammonia
were used in a precursor solution and it was autoclaved under
relatively low temperature. The resultant greenish powder
was separated and the precipitate was washed several times
with deionizedwater and vacuumdried for 12 hours.Thus the
powder samples obtained underwent XRD characterization
and results are tabulated in Table 6. Samples were also used
to fabricate DSCs and results are given in Table 7. Table 6 also
shows the same trend of Table 3. This might be due to the
same reason described in earlier section.

In the hydrothermal method, formation of SnO2
nanoparticles can be explained as follows. The behavior of
NH3 may correlate to a process named molecule recognition
that could have taken place at the inorganic/organic interface
due to charge and stereochemistry complementarity [13, 14].
In an aqueous medium, NH3 would ionize completely and
result in a tetrahedral orientation with the electron lone-pair
and it would be incorporated with Sn4+ cation as depicted
on the left side of Figure 5. A possible mechanism for
the tinplating process is forming micelles that contained
many tin cations (H3N-Sn

4+ complexes) on the surface.
The micelles act as nucleating points for the growth of
SnO2 crystals. During the hydrothermal process, H3N-SnO2
complexes could be formed. And they coalesce to form a
large particle. Since the crystallization process was under the
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Figure 5: Formation of nucleation and crystal growth mechanism.
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Figure 6: 𝐼-𝑉 curves obtained for SnO2/CaCO3 DSCs fabricated
with electrolytes𝑋 and 𝑌.

critical control of NH3, resulting particles were invariably
spherical [15, 16]. Generally, coagulation of the submicron
sized particles only occurred in the sample prepared at
higher precursor concentrations as NH3 molecules were
unable to fully envelop the particles while crystal growth
took place. Therefore, low precursor concentrations were
used here in order to control the aggregation of particles.

Cells prepared with only SnO2 showed relatively low
performance due to lower 𝑉OC and fill factor as shown in
Table 8. In order to enhance 𝑉OC of the solar cell devices,
CaCO3 coated SnO2 dye-sensitized solar cells were employed.
As one of the prime aims of this study is to find the practical
suitability of a gel polymer electrolyte in DSCs, here we
employed a gel polymer electrolyte. As expected, 𝑉OC is
enhanced while sacrificing the short-circuit current density
to a certain extent as depicted in Figure 6.

In order to examine the composite nature of the fabricated
films, XRD studies were conducted. Figure 7 shows XRD
spectra obtained for all three composite materials and the
composition is verified using standard ICCDdata.The planes
responsible for these diffractions due to each compound are
shown within the XRD spectra.
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Table 8: 𝐼𝑉 parameters of the devices fabricated using different synthesization techniques.

Method Temperature (∘C) Crystalline size (nm) 𝐽SC (mA cm−2) 𝑉OC (V) FF Efficiency %
Hydrothermal 200 27 14.40 0.455 0.494 3.24
Acid route 650 37 11.65 0.457 0.439 2.34

Table 9: Photovoltaic values of SnO2/CaCO3 DSCs fabricated using
electrolytes𝑋 and 𝑌.
Electrolyte 𝐽SC

(mA cm−2) 𝑉OC (V) Fill factor Efficiency %

𝑋 13.0 0.592 0.487 3.75
𝑌 17.7 0.573 0.496 5.04
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Figure 7: XRD patterns of the composite systems of SnO2/CaCO3.

The scanning electron microscopic (SEM) graphs were
examined in order to study the film morphology. According
to Figure 8, they show interconnected porous structures in
composite systems which are favorable for enhanced dye
adsorption due to increase in the surface area and for suffi-
cient electrolyte penetration due to nanoporous structures.

Table 9 shows the performance of the solar cell devices
fabricated using hydrothermal method. According to the
results shown in Tables 8 and 9, CaCO3 coated SnO2 device
shows 55% increase of efficiency compared to the bare SnO2-
based device. It is considerable amount increase. This can be
considered to be due to reduction of the recombination as
coating layer suppresses the back tunnelling of the injected
electron. This phenomenon will be proved by the 30%
increase of 𝑉OC due to CaCO3 coating on top of the SnO2
nanoparticles. As shown in Table 9, the best 𝐼-𝑉 perfor-
mances were obtained for the electrolyte 𝑌 due to the higher
short-circuit current density compared with that of 𝑋. This
might be due to the lowering of conduction band edges by
shifting towards a more positive potential via adsorbing Li+
ions onto the semiconductor surface. Therefore, a favorable
energy gap will be formed for the electron injection from the

(a)

(b)

Figure 8: SEM images of SnO2 coatedwith (a) CaCO3 and (b) SnO2.

sensitizer molecules to the conduction band of the SnO2 and
thereby 𝐽SC of the device is increased while lowering 𝑉OC of
the device compared to the electrolyte𝑋 based DSCs.

Another possibility for the higher 𝐽SC value of the device
fabricated with the electrolyte 𝑌 is the formation of a more
amorphous polymer network which helps transport triiodide
ions. Coordination interaction in betweenCN groups of PAN
and Li+ ions will help formation of cross-linking site thus
increasing amorphousness of gel polymer electrolyte [6].

4. Conclusion

The SnO2 nanoparticles were synthesized using tin(iv) chlo-
ride and tin(ii) chloride as the starting materials. The best
particle size for DSCs applications is of about 30 nm. Even
though SnO2-based DSCs show higher current density they
show a low open circuit voltage. One possible method of
improving 𝑉OC is the introduction of CaCO3 coating layer
sacrificing the current density to a certain extent. Com-
parably the best photovoltaic performances were obtained
with the gel electrolyte consisting of LiI for the composite
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SnO2/CaCO3 system. The highest values of 𝐽SC, 𝑉OC, fill
factor, energy conversion efficiency, ionic conductivity, and
diffusion coefficient of triiodide ions with LiI-based gel elec-
trolyte, were 17.7mA cm−2, 0.573V, 0.496, 5.04%, 4.70 S cm−1,
and 4.31 × 10−7 cm2 s−1, respectively. These results could be
attributed to the higher degree of amorphous nature of the
gel electrolyte, due to formation of cross-linking sites with Li+
ions and due to the suppression of the recombination by TBP
and the CaCO3 coating layer.
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Oxide semiconductor In2O3 has been extensively used as a gas sensingmaterial for the detection of various toxic gases. However, the
pure In2O3 sensor is always suffering from its low sensitivity. In the present study, a dramatic enhancement of sensing characteristic
of cubic In2O3 was achieved by deliberately fabricating p-n heterojunction-like NiO/In2O3 composite microparticles as sensor
material. The NiO-decorated In2O3 p-n heterojunction-like sensors were prepared through the hydrothermal transformation
method. The as-synthesized products were characterized using SEM-EDS, XRD, and FT-IR, and their gas sensing characteristics
were investigated by detecting the gas response. The experimental results showed that the response of the NiO/In2O3 sensors to
600 ppm methanal was 85.5 at 260∘C, revealing a dramatic enhancement over the pure In2O3 cubes (21.1 at 260

∘C). Further, a
selective detection of methanol with inappreciable cross-response to other gases, like formaldehyde, benzene, methylbenzene,
trichloromethane, ethanol, and ammonia, was achieved. The cause for the enhanced gas response was discussed in detailed. In
view of the facile method of fabrication of such composite sensors and the superior gas response performance of samples, the cubic
p-n heterojunction-like NiO/In2O3 sensors present to be a promising and viable strategy for the detection of indoor air pollution.

1. Introduction

In the past years, indoor air pollution has been realized
by many people with respect to public health. Methanal, as
typical air pollution indoor, is seriously toxic to human beings
and animals even at very low concentration [1]. As a result, the
strategies to effectively detect low concentrationmethanol are
of great significance and in huge demand in practical appli-
cations. Currently the most commonly used technologies
for detecting the low concentration methanal in air include
fluorimetry [2], colorimetry [3], high-performance liquid
chromatography (HPLC) [4], gas chromatography (GC) [5],
and infrared detection [6]. In contrast to such traditionally
available approaches for detectingmethanal, another alterna-
tive monitor using oxide semiconductor as sensor has been
recently applied due to its various superiorities, such as low

cost, good stability, and short response time [7–10]. Typically,
a series of oxide semiconductor-based gas sensors, like SnO2
[11], TiO2 [12], In2O3 [13], and Fe2O3 [14], have been reported
to act as gas sensors for detecting methanal.

Presence of space charge layers in semiconductors is
a common phenomenon within a heterojunction structure
once two semiconductor materials with different band gaps
are intimately contacted [15]. In such formed heterojunction
layer, free electrons in one material with higher Fermi energy
couldmigrate into the adjacentmaterial spontaneously due to
the demand of band alignment until their Fermi levels allied
at the same energy, resulting in the opposite charges at two
sides of heterostructure interface. In a word, a unique space
charge layer, which contains opposite charges within the
different semiconductor component, is apt to be generated
[16]. More specifically, in n-type oxide semiconductors, the
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adsorption of electronegative oxygen generates an electron
depletion layer near the semiconductors surface. Thereby,
sensor resistance is rest with the close-knit connection
between the resistive electron depletion layer and semicon-
ducting cores. In p-type oxide semiconductors, the ionized
adsorption of oxygen can create the hole accumulation layer
through electrostatic interaction between positively charged
holes and negatively charged oxygen. In such interaction
circumstances, the sensor resistance strongly depends on the
competition of conduction along the cabined cross-sectional
area of hole accumulation layer near-surface and that across
resistive cores with awide cross-sectional area [17, 18]. In con-
trast, the gas response of n-type oxide semiconductors is often
relatively higher than that of p-type oxide semiconductors
because of the imparity in their gas sensing mechanisms [19].
However, p-type oxide semiconductors are ideally suitable for
the designing of novel functionality in high-performance gas
sensors, since they own a distinctive catalytic activity with
multifarious volatile organic compounds [20]. By this token,
the combination of n-type oxide semiconductors with p-type
oxide semiconductors to design a novel hybrid or composite
semiconductor material is attracting increasing attention as
it enables new functional properties, which are not possible
in their own starting components. Typically, some admirable
candidates have been offered currently by the heterostruc-
tured formation of oxide-oxide p-n junctions, improving
functional properties in comparison with the pure parent
substrate. For instance, p-n heterojunction-like ZnO/TiO2
[21], WO3/TiO2 [22], NiO/TiO2 [23], CuBi2O4/TiO2 [24],
and In2O3/ZnO [25] have been synthesized triumphantly.

In2O3, a classical n-type III–V semiconductor with a
wide band gap (3.6 eV), displays a predominant sensing
performance towards a broad category of gases, such as
H2S [26], CO [27], C3H6O [28], and C2H5OH [29]. Hence,
In2O3-based sensors show an efficient sensing performance
in different conditions. For example, Sun et al. pointed out
that In2O3 was a highly sensing material for the detection
of various gases, and the adding of palladium and platinum
was proved to be a simple and efficient route to enhance
the sensing properties [30]. Wang and coworkers reported
the Er-doped In2O3 nanotube, and the response of the Er-
doped In2O3 nanotube sensors to 20 ppm methanal was 12
at 260∘C in the subsequent gas sensing investigation, which
was very promising for the detection of dilute methanal
gas in practice [31]. NiO has been widely used in sensors
[32], antiferromagnetic devices [33], fuel cells [34], and dye-
sensitized photocathodes [35] due to its simple structure,
electrochemical stability, high durability, and low cost. As a
typical p-type semiconductor, NiO is also a benign candidate
to design the new functionality in high-performance gas sen-
sors. For instance, Ju et al. reported NiO/SnO2 p–n junction
which was formed by depositing NiO nanoparticles onto the
surface of SnO2 hollow sphere sensors, and the response
of NiO/SnO2 sensor was much higher than that of pristine
SnO2 hollow spheres [36]. Li and coworkers have synthesized
the p-NiO/n-ZnO nanowire heterojunction structure for the
applications in UV sensors [37]. In comparison with the great
success above-mentioned, the design of high-performance
NiO/In2O3 oxide-oxide semiconductor gas sensors with

p-n heterojunction-like structure is still very much in the
early stages of investigation. Particularly, no one has reported
the synthesis and gas sensing performance of cubic NiO/
In2O3 composites with NiO as loaded material.

Based on the above background, in the present study p-
n heterojunction-like NiO/In2O3 microparticles were pre-
pared through a hydrothermal synthesis method. The as-
synthesized product was characterized using SEM-EDS,
XRD, and FT-IR. Then, a comparative gas sensing study was
performed to illuminate the conspicuous sensing properties
of the NiO/In2O3 sensors. The experimental results demon-
strated that a dramatic enhancement of sensing characteristic
of cubic In2O3 has been achieved in comparison with the
single In2O3 materials, and the cause for the improvement
of gas sensing property to methanal can be assigned to
the deliberate surface ornament of cubic In2O3 substrate
with petal-shaped NiO nanoparticles. In view of the facile
method of fabrication of the composite sensors and the
superior gas response performance, we believed that the p-
n heterojunction-like NiO/In2O3 sensors present to be a
promising and viable strategy for the detection of indoor
methanal pollution.

2. Experimental

2.1. Synthesis of NiO/In2O3. Originally, the In(OH)3 and
Ni(OH)2 were prepared by a hydrothermal reaction process.
In detail, a spot of InCl3 was firstly dissolved in 100mL
distilled water under vigorous stirring at room tempera-
ture. Then, the moderate sodium dodecyl benzene sulfonate
(SDBS) was added to the solution. Next, the mixture was
transferred to a teflon-lined stainless steel autoclave, sealed,
and maintained at 473.15 K for 24.0 h. The autoclave was
allowed to cool down to room temperature naturally. The
resulting white precipitate (In(OH)3) was filtered andwashed
with distilled water. For the Ni(OH)2, solid NiCl2 was firstly
dissolved in 160mL distilled water, and the urea was added
to the solution under vigorous stirring. The mixture was
transferred to the stainless steel autoclave, sealed, and main-
tained at 473.15 K for 24.0 h.The green precipitate (Ni(OH)2)
was obtained. Secondly, the preparation ofNi(OH)2/In(OH)3
compound was conducted in the stainless steel autoclave.
The as-prepared In(OH)3 was added to the saturated NiCl2
solution, followed by the 5.0 h hydrothermal reaction at
473.15 K. The laurel-green compound Ni(OH)2/In(OH)3
was filtered and washed with distilled water. Ultimately,
Ni(OH)2/In(OH)3 composites were placed in crucible and
heat-treated for 1.0 h at 873.15 K to yield yellow-green solid
NiO/In2O3 products.

2.2. Characterization of the Samples. Thep-n heterojunction-
like NiO/In2O3 microparticles were characterized by scan-
ning electron microscopy (SEM, Hitachi S-4800) and X-
ray diffraction (XRD, Rigaku D/MAX-3C diffract meter).
Fourier-transform infrared (FT-IR) spectra of materials were
performed on a Bio-Rad FTS135 spectrometer using a KBr
wafer technique.

2.3. Gas Sensor Fabrication and Response Test. Firstly, In2O3
and NiO/In2O3 slurries were formed by dispersing them in
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Figure 1: SEM images of (a) In(OH)3, (b) Ni(OH)2, (c) Ni(OH)2/In(OH)3, and (d) p-NiO/n-In2O3.

deionizedwater.Then, the as-prepared In2O3 andNiO/In2O3
slurries were directly drop-coated on the outer surface of
alumina substrates with two Au electrodes. After drying
for approximately 3.0 h at 60∘C, the sensors were annealed
subsequently at 600∘C for another 3.0 h. To guarantee the
long-term stability, aging test for 2 days was carried out to
the sensors.

For the measurement system (WS-30A), the gas response
𝑅 of the sensor can be calculated by the equation: 𝑅 =
𝑅𝑔/𝑅𝑎 (where 𝑅𝑔 is resistance in gas and 𝑅𝑎 is resistance
in air). The gas responses to formaldehyde (HCHO), ben-
zene (C6H6), methylbenzene (C6H5CH3), trichloromethane
(CHCl3), ethanol (C2H5OH), and ammonia (NH3) were
measured. In addition, the gas concentrations were also
studied. The substrate temperature was adjusted between
220∘C and 320∘C by controlling the heater powers.

3. Results and Discussion

3.1. Structure and Morphology. Figure 1 shows the SEM pic-
tures of the (a) In(OH)3, (b) Ni(OH)2, (c) Ni(OH)2/In(OH)3,
and (d) p-NiO/n-In2O3. As can be seen in Figure 1(a), the
In(OH)3 precursors have an ordered cubic structure with
size of ∼10 𝜇m, and the In(OH)3 microparticles also have a
relative smooth surface. In Figure 1(b), the parallel samples
of Ni(OH)2 nanoparticles possessed a uniform petal-shaped
morphology with very good dispersibility. After decorating
the cubic In(OH)3 precursors with Ni(OH)2 nanoparticles,
it can be seen in Figure 1(c) that almost each of cubic
In(OH)3 microparticles was surrounded by petal-shaped

Ni(OH)2 nanoparticles, forming the precast complex struc-
ture. After the calcination of Ni(OH)2/In(OH)3 for 24.0 h,
the p-n heterojunction-like NiO/In2O3 microparticles were
prepared. As seen in Figure 1(d), calcining process did not
influence seriously the morphology of Ni(OH)2/In(OH)3;
therefore, the cubic In2O3 and petal-shaped NiO were
observed. Compared to the smooth surface of original
In(OH)3 precursors, the synthetic p-NiO/n-In2O3 have been
altered to the rough surface structure (inset in Figure 1(d)). In
structure, the gas sensing properties always strongly relied on
their surface properties and shapes of the composites, and the
p-NiO/n-In2O3 oxide semiconductor microparticles met the
requirement of great surface-to-volume ratios. Moreover, in
favor of the gas sensing characteristics, NiO maintained the
excellent dispersibility, other than agglomerating together.

XRD spectra of the as-prepared (a) In(OH)3, (b)
Ni(OH)2, (c) Ni(OH)2/In(OH)3, and (d) p-NiO/n-In2O3
composite particles are exhibited in Figure 2. In Figure 2(a),
the In(OH)3 cubes were well crystallized, which could be
corroborated by the JCPDS 16-161. Namely, all the peaks of
Figure 2(a) could be indexed to a pure body centered cubic
phase of In(OH)3. In Figure 2(b), almost all the reflections of
the Ni(OH)2 could be readily indexed to a hexagonal phase
(JCPDS number 14-0117), and no other characteristic peaks
were detected for impurities. After the loading of Ni(OH)2,
the precursor compounds Ni(OH)2/In(OH)3 demonstrated
the XRD patterns both of Ni(OH)2 and In(OH)3, which
in turn offered the evidence of the resultant compounds
Ni(OH)2/In(OH)3. The resultant Ni(OH)2/In(OH)3 com-
pounds contain the typical peaks of Ni(OH)2 and In(OH)3,
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implying the presence of both Ni(OH)2 and In(OH)3. The
final products p-NiO/n-In2O3 are displayed in Figure 2(d).
It should be noted that not only the patterns of NiO (JCPDS
number 44-1159) but also the peaks of In2O3 (JCPDS number
06-0416) appeared, suggesting the successful synthesis of the
final NiO/In2O3 products.

To confirm the interaction between p-NiO and n-In2O3
during the formation of gas sensors composites, FT-IR spec-
troscopy was employed to monitor the chemical bond trans-
formation of parallel precursor and p-n heterojunction-like
NiO/In2O3materials. Figure 3(a) depicts the FT-IR spectrum
of In(OH)3. The strong and broad bands at 3425 cm−1 (O-
H stretching vibrations), 827 cm−1 (O-H bending vibration),
1161 cm−1, and 1107 cm−1 and 505 cm−1 (In-OH absorption
bands) were the characteristic absorption peaks of the native
In(OH)3. In Figure 3(b) of Ni(OH)2, the peak at 3642-3424
(O-H stretching vibrations), a broad band at 1637 cm−1 which
belongs to the bending vibration of absorbed water, and the
peak at 530 cm−1 (Ni-OH bending vibration) were presented
[38–40]. In the spectrum ofNi(OH)2/In(OH)3 in Figure 3(c),
the bands at 530-505 cm−1 (Ni-OH) and 1161 cm−1 and
1107 cm−1 (In-OH) appeared simultaneously, implying that
Ni(OH)2 has been attached to the surface of In(OH)3. After
the thermal transition from Ni(OH)2/In(OH)3 to p-NiO/n-
In2O3, p-NiO/n-In2O3 spectrum is shown in Figure 3(d). As
we can see, the characteristic peaks at 482 cm−1 and 545,
488 cm−1 belong to the stretching vibrations of Ni-O and In-
O-In, respectively. In combination with the analysis of above-
mentioned SEM and XRD, we can confirm that NiO was
firmly assembled onto the surface of the In2O3.

On the basis of SEM, XRD, and FT-IR, a possible forma-
tion mechanism of NiO/In2O3 microparticles was proposed:
the In(OH)3 solid powder was put in the saturated NiCl2
solution in advance.Then, the OH− from In(OH)3 react with
Ni2+ in the solution, generating the insoluble Ni(OH)2 and
replacing segmental indium ion. During this process, the
Oswald ripening in the initial formation ofNi(OH)2 occurred
due to the rapid spread of nickel ion. As to a certain size
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Figure 3: FT-IR spectra of (a) In(OH)3, (b) Ni(OH)2, (c)
Ni(OH)2/In(OH)3, and (d) p-NiO/n-In2O3.

of Ni(OH)2, the Oswald ripening was ceased because the
atomic exchange of Ni+ cannot reduce the total interfacial
energy.Therefore, Ni(OH)2 could germinate on the surface of
In(OH)3, forming the Ni(OH)2/In(OH)3 composites. Along
with the increase of reaction time, the loading of Ni(OH)2
increased on the surface of In(OH)3. Obviously, the rich
surface hydroxyl of In(OH)3 has served as active site for
the surface modification process through a condensation
reaction with the hydroxyl of Ni(OH)2. In the meantime, the
thus-treated particles were also coated by the SDBSmolecule,
which has an appropriate alkyl chains to stabilize these tiny
nanocrystals and keep the particles from agglomerating. In
another word, the spontaneous agglomerations in the reactor
have been avoided by the use of SDBSmolecule to reduce the
surface activity of nanoparticles through the surface modifi-
cation process. Thus, Ni(OH)2/In(OH)3 composite particles
with a comparatively smaller diameter and a narrower size
distribution could be generated. After calcination, the final
product of NiO/In2O3 compound was obtained.

3.2. Gas Sensing Properties of the p-n Heterojunction-Like
NiO/In2O3 Microparticles. Thedynamic sensing transients of
sensors (pure In2O3, NiO/In2O3 by hydrothermal reaction
for 3.0 h andNiO/In2O3 by hydrothermal reaction for 24.0 h)
to 600 ppm methanal gas were measured at 260∘C (in
Figure 4). As we can see in Figure 4, a pure In2O3 sensor
displayed the lowest response. However, such low response
could be slightly increased by NiO/In2O3 for hydrothermal
reaction of 3.0 h. Further, the gas response value of the
NiO/In2O3 sensors by hydrothermal reaction for 24.0 h
was 85.55, which was almost four times more than pure
In2O3.The gas response of the 24.0 h-NiO/In2O3 sensors was
significantly higher than the other two sensors, implying that
the gas response of In2O3 sensors was tightly dependent upon
the configuration of the NiO component. Longer reaction
time of hydrothermal reaction generated more NiO content.
The enrichment of NiO nanoparticles on the surface of In2O3
displayed a better response.
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There were several probable reasons which might be
responsible for the preferable gas sensing performance of
the p-n heterojunction-like NiO/In2O3. (1) The NiO/In2O3
with higher specific surface area than In2O3 substrate could
afford more active sites to react with methanal gas molecules
[41]. (2) The p-n heterojunction-like NiO/In2O3 structure
was favorable for preventing the undesirable aggregation and
ensured the stability of the sensors. (3) It is deemed to be a
hetero-p-n-junction between NiO and In2O3 that increased
the sensor resistance. Therefore, NiO/In2O3 samples showed
superior methanal sensor performance.

For the NiO/In2O3 sensors, working temperature is
also an important factor. Figure 5 presents the relationship
between the working temperature and the sensor response.
In the range of 220–320∘C, the sensor response to methanol
was enhanced with increasing working temperature and up
to 85.5 at 260∘C. Later, the sensor response of NiO/In2O3
was decreased at higher working temperature. The optimum
working temperature of NiO/In2O3 sensor device was deter-
mined at 260∘C.As is well known, the increase of temperature
would facilitate the chemical reaction and then promote the
gas response. But further increase in temperature leads to
the decrease of response. The reason is put down to the
low utilization rate of the sensing layer because the gas
is consumed at the surface of the sensing layer, leading
to reduction of the penetration depth of the target gas
[42]. Lower temperature might not excite the adsorbed
methanal and free electrons in NiO/In2O3 effectively, while,
at higher temperature, methanal gas molecules were hard to
be adsorbed, and oxygen molecules might be also desorbed,
causing less influence on the resistance of the film [43]. In
the samemeasurement system, the response of pure In2O3 to
600 ppmmethanal was 28.5 at 280∘C, which was much lower
than that of the p-n heterojunction-like NiO/In2O3. These
findings showed that the p-n heterojunction-like gas sensor
had achieved more superior sensing properties than that of
bare In2O3 materials.

The response and recovery time, which were also impor-
tant parameters for a gas sensor, were generally defined as
the times to reach 90% variation in resistance upon exposure
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Figure 5: The sensitivity of pure In2O3 and NiO/In2O3 materials to
600 ppm methanal at different temperatures.

to methanal and air were defined as the 90% response
time and 90% recovery time, respectively. And the faster
the gas diffusion speed is, the less the response/recovery
time is needed [44, 45]. In Figure 6, for 600 ppm methanal
gas, NiO/In2O3 sensors exhibited rapid gas sensing behavior
when the target gases were injected or released. These
results could be attributed to the nanogaps between NiO
and In2O3. Benefiting from the nanogaps between NiO and
In2O3, which could improve the gas diffusion speed, the
p-n heterojunction-like NiO/In2O3 sensors perform higher
rates of gas adsorption and desorption than solo In2O3.
For the response time, the NiO/In2O3 sensors exhibited a
shorter response time for all the heating temperatures. After
injection of methanal gas, a higher concentration of the
adsorbed oxygen species on the surface of the composite
microparticle sensor reacted with methanal, resulting in a
short response time. Even though the recovery time of the
composite microparticle sensor was shorter than that of
the pristine In2O3 sensor, no significant optimizing effect
was observed for the composites. The recovery reaction
consists of the following serial steps: (1) gas-phase diffusion
of oxygen to the sensor material surface, (2) adsorption
of the oxygen molecules at the surface, (3) dissociation of
oxygen molecules into oxygen atoms, and (4) ionization of
the atomic oxygen. The slower recovery time might be due
to the sluggish surface reactions, including the adsorption,
dissociation, and ionization of oxygen, compared with the
fast gas-phase diffusion in the present sensor [46].

Figure 7 shows the sensor responses of the sensor device
upon exposure to various concentrations of methanal at a
working temperature of 260∘C. The sensitivities of pristine
In2O3 and NiO/In2O3 materials were studied. The values
of NiO/In2O3 sensitivity were observed to range from 31.78
to 213.18, whereas the sensitivity of pure In2O3 ranged
from 26.58 to 73.78. The higher sensitivity of NiO/In2O3
towards themethanal samples compared to the parallel In2O3
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Figure 7: The sensitivity of pure In2O3 and NiO/In2O3 materials to
different concentrations of methanal at 260∘C.

substrate can be attributed to the improved surface area.
The higher surface area of NiO/In2O3, arising after the NiO
treatment of In2O3 (previously observed in the SEM images
in Figure 1), provided a larger surface for the sorption process.
Thereby, the response to methanal of p-n heterojunction-
like NiO/In2O3 was better than that of the as-prepared pure
In2O3 samples. Moreover, at a low concentration of 600 ppm
of methanal, the relative response of NiO/In2O3 is about
31.8. When increasing the concentration of methanal, the
response of the NiO/In2O3 also sharply increased. For the
NiO/In2O3, the response to 1200 ppmmethanal is up to 213.2,
representing an almost threefold difference of sensitivity

when compared to the pure In2O3 at the concentration of
1200 ppmofmethanal. Simply, better sensitivity was expected
to higher methanal concentration, which might be a result
of fast diffusion and reaction rate of methanol with high
concentration [47].

In an attempt to investigate the selective detection behav-
ior of NiO/In2O3 sensors, the selectivity of samples against
other interference gases was also discussed by measuring the
response to 600 ppm methanal, ethanol, ammonia, benzene,
toluene, and chloroform at 260∘C (Figure 8). It can be seen
that the NiO/In2O3 exceeded In2O3 responses for methanol
and ethanol onlywhile other gases are comparable and almost
negligible. Such phenomenon demonstrated that methanal
could be sensitively and selectively detected by employing
NiO/In2O3 sensor.

In theory, the negatively charged oxygen has inherent
ability to oxidize the reducing gas, generating electrons which
decrease the hole concentration in the surface layer through
the electron-hole recombination [48]. Therefore, the resis-
tance of gas sensor is added upon exposure to a reducing gas.
In the current work, the chemical mechanisms of NiO/In2O3
sensors to methanal can be shown in the following reactions.
Ion-sorbed oxygen behaved as the electron extractor from the
bulk NiO/In2O3 sensors, and the methanal molecules were
postulated to be oxidized by the ion-sorbed oxygen (where
O2 was the oxygen in gas and O− was ion-sorbed oxygen):

O2 + e
− → 2O− (1)

HCHO + 2O− → CO2 +H2O + e
− (2)

Therefore, the electron extracted by oxygen came back
to the bulk, and the resistance of the NiO/In2O3 sensors
changed to generate a sensor signal. The proposed process of
NiO/In2O3 and reactionmechanism ofNiO/In2O3 sensors to
methanal gas is shown in Figure 9.
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Figure 8: The sensitivity of pure In2O3 and NiO/In2O3 materials to
600 ppm different gases at 260∘C.

Note that when the background hole concentration was
lower, the change of hole concentration had an increasing
trend since the gas sensing reaction would result in a higher
variation in sensor resistance. Similar results have been
reported previously that both the gas response and sensor
resistance of In2O3 were enhanced by doping with ZnO
[49, 50]. Accordingly, in the case of p-n heterojunction-like
NiO/In2O3 sensors, the enhancement of sensor resistance
and gas response could be attributed to the lessened hole
concentration due to NiO doping.

The prominent increasing of methanal gas response
effectuated by decorating p-type NiO petals with n-type
In2O3 could be explained by the formation of abundant p-
n junctions. The hole accumulation layer for conduction
would be narrowed by the hole depletion layer formation
of the n-type In2O3 cubes, which offered an explanation
for the superior resistance of the NiO/In2O3 sensors. It
should be noted that 𝑊n and 𝑊p (the widths of the space
charge layer of the n-oxide and p-oxide semiconductor sides,
resp.) also relied on 𝑁d/𝑁a (relative ratio of the charge
carrier concentration, and 𝑁d is donor density; 𝑁a stands
for acceptor density). The 𝑊n ⋅ 𝑁d = 𝑊p ⋅ 𝑁a equation
(given that the 𝑊p value will go up as 𝑁a reduces) meant
that NiO/In2O3 not only declined the hole concentration
within the hole accumulation layer but also gave rise to the
hole depletion layer to be thicker. In turn, the p-conducting
channel became narrow. Hereby, a small variation in charge
carrier concentration could bring about higher change in
sensor resistance.

4. Conclusions

In summary, a highly sensitive and selective methanal sensor
was designed via coating the petal-shaped p-type NiO onto
the surface of n-In2O3 cubes. The as-synthesized product

HCHO

+

Heat-treated

CO2 + H2O

473K

5h

NiCl2

473K

24h

873K1h

NiO/In2O3 sensors

In(OH)3
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Figure 9: Schematic of the reaction mechanism of NiO/In2O3
sensors to methanal gas.

was characterized using SEM-EDS, XRD, and FT-IR. The
experimental results of detecting the gas response verified
that the gas sensing characteristic of NiO/In2O3 sensors was
significantly different from the pure In2O3 cubes. The gas
response value of NiO/In2O3 sensors was 85.55 to 600 ppm
methanal gas at 260∘C, and this value was almost four times
more than pure In2O3 substrate.The prominent increasing of
methanal gas response effectuated by decorating p-type NiO
petals with n-type In2O3 could be explained by the formation
of abundant p-n junctions. The gas responses of NiO/In2O3
sensors to ammonia, benzene, toluene, and chloroform were
extremely weak at the similar circumstance. Thus, a supe-
rior response, quick recovery, and higher selectivity of gas
response to 600 ppm methanal were achieved by decorating
In2O3 cubic particles with petal-shaped NiO nanoclusters.
Such dual-role nature of decorating the NiO microparticles
onto In2O3 cubes therefore provides a novel approach to
designing highly sensitive, selective, and rapidly recovering
gas sensors based on n-type oxide semiconductors.
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[19] M. Hübner, C. E. Simion, A. Tomescu-Stănoiu, S. Pokhrel, N.
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