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ABSTRACT: Ultralong one-dimensional (1D) nanostructures including
nanowires or nanotubes have been extensively studied because of their
widespread applications in many fields. Although a lot of methods have been
reported to prepare In2S3 nanotubes, approaching these nanotubes through
one-pot solution synthesis is still extremely difficult, probably because of the
intrinsic isotropic crystal growth characteristic of In2S3. In this article, we
demonstrated a self-assembly approach for hydrothermal synthesis of In2S3
nanotubes/graphene composites, which contain ultralong (up to 10 μm) In2S3
nanotubes on graphene substrate. The influence of several important synthetic
parameters on the final products has been systematically investigated.
Importantly, the as-prepared In2S3 nanotubes/graphene composites can be
easily cast on FTO to form a film, which can be used as a counter electrode.
Our research indicates that the as-fabricated counter electrode exhibits
excellent electrocatalytic activity toward the iodide species (I−/I3

−) reduction
reaction and very high energy conversion efficiency (8.01%) in dye-sensitized solar cells.
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■ INTRODUCTION

Indium sulfide (In2S3) is a fascinating material and has attracted
intensive research enthusiasm for its excellent chemical stability
and high photoconductivity.1−3 Compared with bulky In2S3,
nanoscale or low-dimensional In2S3 materials are more
promising as effective REDOX catalysts not only because of
their superior electron transport and slow charge recombina-
tion of electrons, which is important to facilitate charge
collection, but also because of their high surface-to-volume ratio
and could be effectively made into flexible substrates. Especially,
nanotube (NT) structures, which are easier to be handled in
device fabrication, can act as excellent channels for electron
transport. Unfortunately, directly growing single-crystal In2S3
NT with high aspect ratio and large void space is extremely
difficult because of the intrinsic isotropic crystal growth
characteristic of In2S3. So far, although several groups have
reported a variety of In2S3 nanocrystals with different
morphologies,4−9 research on the direct synthesis of In2S3
NTs is rare.10,11

On the other hand, many NT structures do not have enough
specific surface area to capture electrons from the redox
couples; thus, redox couples are very difficult to be reduced.12

To address this issue, realizing larger specific surface areas in

the In2S3-catalystic system is highly desirable because a large
specific surface area normally provides more catalytic activity
sites.13 Considering these facts, one of the perfect models for
In2S3 catalysts is to integrate large surface area and NT
structure factor into a single unit. Over the past few years,
constructing graphene/semiconductor composite has been
proved to be a feasible method to increase specific surface
area and conductivity because graphene has unique physical
properties including large specific surface area, high Fermi
velocity, and structural flexibility, which make it an ideal
auxiliary substrate material.14−17 Meanwhile, compared to a
single component, composite components such as transition
metal compound/graphene have shown improved physical and
chemical properties due to the synergistic effects.18−21 In 2012,
the Jiang group found that freshly prepared RGO−In2S3
composite as an anode material could exhibit the enhanced
cycle ability and specific capacity for lithium storage.22 Soon
after, the Xu group reported another In2S3−graphene nano-
composite, which exhibits better photocatalytic activity toward
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selective reduction of nitroaromatic compounds in water than
bare In2S3 nanoparticles.

23 Recently, the Lee group synthesized
graphene/In2S3 nanoparticle composites, which also show high
performance when it used as anode materials for lithium ion
battery.24 To date, although a variety of In2S3/graphene
composites have been realized, the composites of NT-like
In2S3/graphene have not been reported.
Herein, we report a novel self-assembly approach to fabricate

a novel composite with ultralong In2S3 NTs on reduced
graphene oxide (In2S3/rGO NT) under hydrothermal con-
ditions. The influence of several important synthetic parameters
on the final products is systematically investigated. Further-
more, their attractive electrocatalytic activity toward the iodide
species (I−/I3

−) reduction reaction is strongly studied. More
importantly, a counter electrode (CE) fabricated through the
assembly of these NT composite exhibits excellent energy
conversion efficiency (η) (8.01%) in dye-sensitized solar cells
(DSCs), significantly higher than that of commercial Pt-CE
(7.18%).

■ EXPERIMENTAL SECTION
Synthesis of Graphene Oxide (GO). All reagents were purchased

commercially (analytic grade) and were used without further
purification. GO was prepared through modified Hummers method.25

Details of the process are as follows. 2.0 g of graphite powder was
dispersed into 100 mL of H2SO4 (98%) at 0 °C. Then 6.0 g of KMnO4
powder was added into H2SO4 slowly, and the mixtre was
continuously agitated at 35 °C for 3 days. Afterward, 200 mL of
distilled water was added into the solution, and the mixture was kept at
98 °C for 2 h. When the solution was cooled to 60 °C, 10 mL of 30%
H2O2 was injected into it to completely react with the excess KMnO4.
Bright yellow flocculent suspended solids were obtained. The
suspended solids were centrifuged and washed with 30% HCl and
distilled water several times, until the pH value was close to 7. The as-
prepared GO was collected and kept in distilled water.
Synthesis of In2S3/rGO NT Composites. The In2S3/rGO NT

composites were synthesized by one step of hydrothermal treatments.
0.007 g of as-prepared GO, 0.05 g of thioacetamide, 0.2 g of InCl3, and
0.05 g of polyvinyl alcohol (PVA) were dispersed or dissolved in 25
mL of distilled water under continuous stirring for 30 min. The
mixture was sealed in a 30 mL Teflon reactor and maintained at 180
°C for 24 h. The deep yellow power was then collected from solution,
washed with ethanol, and distilled water several times and dried in air
at 50 °C for 1 h.
Preparation of Pure In2S3. The pure In2S3 was prepared in the

same way as that for In2S3/rGO NT composites but without adding
any GO.
Characterization. The X-ray diffraction (XRD) patterns of the

samples were recorded with Rigaku D/max2500 diffraction system
with Cu Kα source (λ = 1.540 56 Å). The scanning electron
microscopy (SEM) images were characterized by a Nova Nano SEM
230 field emission scanning electron microscope. The transmission
electron microscopy (TEM) images were taken with a Tecnai G2F20
TEM. The X-ray photoelectron spectroscopy was implemented by
Kratos Axis Ultra DLD XPS. Fourier transform infrared spectroscopy
(FT-IR) was carried out with American Nicolet Instrument Co.
NEXUS-870 FT-IR instrument. Atomic force microscopy (AFM) was
carried with Multimode8, Bruker. The mass of the electrode was
recorded using a Mettler-Toledo XS105 DualRange instrument. Cyclic
voltammetry (CV) was recorded with a three-electrode system on a
ZAHNER ZENNIUM CIMPS-1 electrochemical workstation at a scan
rate of 25 mV s−1 (Pt was used as the counter electrode, and Ag/Ag+

was used as the reference electrode). An argon-purged solution of 0.1
M LiClO4, 10 mM LiI, and 1.0 mM I2 in acetonitrile served as the
electrolyte. Electrochemical impedance spectroscopy (EIS) of the CEs
was also recorded by ZAHNER ZENNIUM CIMPS-1 electrochemical
workstation, executed on dummy cells with a symmetric sandwich-like

structure, CE/electrolyte/CE. The frequency range was varied from
0.1 to 106 Hz. The photocurrent−voltage (J−V) curves were measured
on a Keithley 2410 digital source meter under solar simulator (AM 1.5
illumination, 100 mW cm−2), which was calibrated by a Si reference
cell beforehand. All the tests were measured at room temperature.

Cell Assembly. 0.1 g In2S3-based powder was dispersed in 1 mL of
2.5% PEG20000 solution, stirred 30 min to obtain In2S3-based paste.
The paste was sprayed onto the FTO glass substrate (LOF, TEC-15,
15 W per square) according to the doctor-blade method.26 Then
calcination was performed at 400 °C for 1 h under argon to get In2S3-
based CEs. To obtain photoanode, a commercial TiO2 sol (Solaronix,
Ti-Nanoxide T/SP) was used to print the TiO2 film on FTO. The film
was immersed in an N-719 dye in ethanol for 24 h. DSCs cells were
assembled by clipping two electrodes together with a spacer between
the dye-sensitized TiO2 electrode and the CE. The active area of cell
was 0.25 cm2. The liquid electrolyte was composed of 0.05 M I2, 0.1 M
LiI, 0.6 M 1,2-dimethyl-3-propylimidazolium iodide (DMPII), and 0.5
M 4-tert-butylpyridine with acetonitrile as the solvent27 and injected
into the spacer between two electrodes. Note: In the whole process of
the photovoltaic tests, the use of mask or sunglasses is essential.

■ RESULTS AND DISCUSSION
In the synthesis of In2S3/rGO NT hybrid nanocomposites,
indium chloride (InCl3), thioacetamide (TAA), polyvinyl
alcohol (PVA), and graphene oxide were dispersed or dissolved
in deionized water to form a homogeneous solution. After that,
the mixture was transferred to a Teflon reactor and heated to
180 °C for 24 h. GO was synthesized by a modified Hummers
method first. The AFM images reveal the thickness of the GO
sheets to be 0.35−1 nm (Figure S1 in Supporting Information),
which suggests that the GO sheets are either single or double
layer. The chemical composition of the as-obtained composites
was characterized by XRD, and the result is shown in Figure 1.

XRD analysis confirmed the presence of tetragonal In2S3 with
space group I41/amd (a = b = 7.619 Å, c = 32.329 Å, JCPDS
25-390). The detailed information on the as-prepared In2S3
sample can be further obtained from XPS analysis (Figure S2a).
In Figure S2b, two peaks located at 444.8 and 452.6 eV are
attributed to the 3d region of In atoms. The S 2p peak appeared
at 162.2 eV, which can be split into two peaks at 161.7 eV for S
2p3/2 and 164.2 eV for S 2p transition, respectively (Figure
S2c). This suggests that at least two kinds of sulfur species are
present near the surface of the In2S3. The observed binding
energies for In 3d and S 2p are similar to those reported data in
other In2S3.

22,28 Moreover, the ratio of In to S is approximately
1:1.49, indicating the high purity of the product.
A panoramic view reveals that the as-prepared sample

consists entirely of uniform one-dimensional (1D) structures

Figure 1. XRD pattern of the synthetic of In2S3/rGO NT sample.
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(Figure 2a and Figure S3) and the diameter of each 1D
structure is around 10−15 nm, growing directly on graphene

sheet. Further examination by TEM reveals that these 1D
structures possess an obvious hollow structure (Figure 2b and
Figure 2c). Similar to the SEM images, a high uniformity of the
nanotubes (the length up to 10 μm and the wall about 1−3
nm) can be seen from the TEM images. The crystalline lattice
distances in the white frame are 3.25 Å, corresponding to the
(0019) plane of In2S3.
The FT-IR spectra of GO and In2S3/rGO NT composites

were shown in Figure S4. In GO, three strong absorption peaks
at 1050, 1740, and 3410 cm−1 can be assigned to the C−O
epoxide, carboxyl functional moieties, and O−H stretching
vibration, respectively.29,30 Moreover, the absorption peak at
1220 cm−1 contributes from the C−O stretching vibrations of
phenolic C−OH, while the absorption peak at 1620 cm−1

might come from the skeletal vibrations of unoxidized C−C
bonding or the H−O−H bending band of adsorbed H2O
molecules.31 In contrast, there were almost no C−O and O−H
absorption bands in In2S3/rGO NT spectra, which implies that
most of the oxygen containing groups were reduced.
To reveal the growth process of the In2S3/rGO NT, we

investigated the relationship between sample phase, morphol-
ogy, and synthetic time. From XRD patterns (Figure 3f), one
can clearly find that 1 h is long enough for the formation of
In2S3. However, note that no regular morphology at the initial
stage (Figure 3a and Figure 3b) was found. By increase of the
reaction time to 4 h, some particles with sizes around tens of
nanometers were observed (Figure 3c). With continuing to
prolong the reaction time to 10 h, some nanotubes started to
appear; however, some nanoparticles still remained (Figure 3d
and Figure 3e). With further prolonging of the reaction time to
24 h, all nanoparticles disappeared and all monodispersed and
regular In2S3 NT structures could be clearly seen. Here, we
believed that the reaction time is a deciding factor in the
formation of In2S3/rGO NT. Meanwhile, through summarizing
the experimental phenomena, we believed that the nanotube
structures were formed by a rearrangement of the particles

aligned in the parallel direction and grew in a single direction in
1D growth by self-assembly.10

Additionally, several other experiments were measured to
analyze the roles of the organic additives and templates in the
formation of In2S3/rGO NT. No regular product was observed
if TAA was replaced by thiourea or Na2S while the other
experimental conditions remained unchanged (Figure S5a and
Figure S5b). Furthermore, when no TAA was added to the
reaction system, we obtained bulk In2S3/rGO (its SEM images,
XPS and XRD patterns are shown in Figure S6 and Figure S7 in
the Supporting Information, respectively). Meanwhile, if PVA
was replaced by polyethylene glycol (PEG 400), irregular
product was also produced (Figure S8). These phenomena
mean that the sulfur source and templates are irreplaceable in
forming the morphology of precursor NT during the
calcination process.
CV was performed to investigate the catalytic activity of the

as-prepared In2S3/rGO NT composite toward the reduction of
I3
− (Figure 4). For Pt, two pairs of oxidation and reduction

peaks were predominantly observed in two curves.

→ +− −3I I 2e3 (1)

→ +−2I 3I 2e3 2 (2)

+ → −3I 2e 2I2 3 (3)

+ →− −I 2e 3I3 (4)

According to the previous report, the relative positive pair is
attributed to the process of oxidizing I− to I3

− (eq 1) and then
to I2 (eq 2). In the reverse process, I2 is first reduced to I3

− (eq
3) and then to I− (eq 4).32,33 Likewise, two pairs of oxidation
and reduction peaks were appeared in In2S3/rGO NT, and the
voltammogram had a perfect appearance, demonstrating that
In2S3/rGO NT is also a satisfactory electrochemical catalyst.
Note that, the Epp (peak-to-peak splitting) for In2S3/rGO NT
(308 mV) was significantly smaller than Pt (502 mV). In
theory, Epp varies inversely with the charge transfer rate and
reversibility.34,35 Thus, we can deduce that the charge transfer
rate and reversibility for In2S3/rGO NT were better than Pt.
Subsequently, we introduced the In2S3-based samples into

the DSCs system using the traditional I−/I3
− electrolyte. Figure

5a shows the J−V curves for DSCs using Pt, In2S3/rGO NT,
bulk In2S3/rGO, and pure In2S3 (its SEM images, XPS and
XRD patterns are shown in Figure S9 and Figure S10 in the
Supporting Information, respectively) as CEs. As shown in

Figure 2. (a) FESEM image of In2S3/rGO NT sample. (b, c) TEM
images of In2S3/rGO NT sample. (d) HRTEM image of In2S3/rGO
NT sample.

Figure 3. SEM images of the In2S3/rGO NT samples synthesized at
180 °C for (a) 1 h, (b) 2 h, (c) 4 h, (d) 10 h. (e) TEM image of In2S3/
rGO NT sample synthesized at 180 °C for 10 h. (f) XRD patterns of
the as-prepared sample.
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Table 1, the DSCs with pure In2S3 and bulk In2S3/rGO as CEs
showed η of 3.86% and 6.62%, respectively. This means that the

pure In2S3 and bulk In2S3/rGO CEs might not be efficient
catalysts for DSCs. In contrast, when the In2S3/rGO NT CE
was used, η can go as high as 8.01%, which is significantly
higher than that of the commercial Pt CE (7.18%). Besides η,
the open-circuit voltage (Voc) values, short-circuit current
density (Jsc) values, and fill factor (FF) values are all improved
significantly (Table 1). Thus, we believed that combining
graphene and In2S3 NT structure configuration into a single
unit can boost up η in DSCs. To the best of our knowledge, this
In2S3/rGO NT system has the best performance ever reported
for In2S3-based CEs in the DSCs system.
Furthermore, the catalytic activity of In2S3/rGO NT was

reconfirmed by EIS. Figure 5b shows the Nyquist plots of the
symmetric cells (CE/electrolyte/CE) based on four kinds of
CEs. In a Nyquist plot, the high-frequency (∼100 MHz)
intercept on the real axis represents series resistance (Rs). Two
semicircles in the middle- and low-frequency regions can offer
information on the charge-transfer resistance (Rct) and the
constant phase element of capacitance corresponding to Rct
(CPE), and the diffusion resistance (ZN) of the triiodide/iodide
couple in the electrolyte, respectively.36,37 Compared with pure
In2S3 CE, bulk In2S3/rGO CE shows a much smaller Rct (3.55
Ω), which reveals that bulk In2S3/rGO materials can have
better catalytic triiodide reduction behavior than pure In2S3.

38

We analyzed that the better catalytic ability to triiodide
reduction and high diffusion velocity of triiodide may be due to
introduction of graphene. Large surface area of graphene could
capture electrons effectively. This will lead to redox couples
(I−/ I3

−) being easily reduced in the electrolyte.39 Meanwhile,
smooth surface of graphene is helpful to the diffusion of
triiodide.
When we changed In2S3 morphology from bulk to NT, we

found that the catalytic performance of In2S3/rGO NT is
significantly improved. It was worth noting that the perform-
ance trend does not track with the amount of In2S3/rGO
catalyst present, as the typical mass loading of the pure bulk
In2S3/rGO sample (25 ± 3 mg cm−2) is higher than that of the
In2S3/rGO NT sample (20 ± 2 mg cm−2), which suggests that
great electrocatalytic activity of In2S3/rGO NT should be due
to its unique morphology structure. We observed that In2S3/
rGO NT has a small Rs value, indicating that the In2S3/rGO
materials are firmly bonded to the substrate.38 Flexible In2S3
NT structure could be very helpful to fill tubes in graphene
wrinkles, making the whole material possess a smooth surface,
which could further improve the bonding of the In2S3/rGO NT
to the conductive substrate. This configuration is conducive to
improving the capacity of electron transmission across the CE/
substrate interface, with undoubted benefit to the improvement
of catalytic performance. The Rct value of In2S3/rGO NT is
2.32 Ω, similar to the value of Pt (2.21 Ω). The most obvious
difference between the In2S3/rGO NT and Pt is the ZN value.
According to eq 5, ZN varies inversely with the diffusion
coefficient of triiodide (D). Thus, small ZN of In2S3/rGO NT

Figure 4. CV curves of the I3
− and I− redox couple for In2S3/rGO NT

and Pt electrodes.

Figure 5. (a) Photocurrent−voltage curves of DSCs with four different
CEs. (b) Impedance data of four different CEs and equivalent circuit
diagram of the symmetrical cell.

Table 1. Photovoltaic Parameters of the DSCs Using Four Kinds of CEs and EIS Parameters of the Dummy Cells Based on Four
Electrodes

CE Voc (V) Jsc (mA cm−2) FF η (%) Rs (Ω) Rct (Ω) CPE ZN (Ω)

Pt 0.80 12.98 0.69 7.18 8.00 2.21 0.80 1.85
In2S3/rGO NT 0.78 15.48 0.66 8.01 6.22 2.32 0.76 1.27
bulk In2S3/rGO 0.79 12.95 0.65 6.62 8.95 3.55 0.63 1.46
pure In2S3 0.79 12.50 0.39 3.86 9.78 38.26 0.90 2.01
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means a high diffusion velocity of triiodide. This factor is
obviously beneficial to regeneration of I−, which then continues
to promote the regeneration of the sensitizer.40 In this system,
although In2S3/rGO NT and Pt exhibited closed Rct values, the
small ZN of In2S3/rGO NT was a main factor in obtaining an
excellent catalytic performance.41 Of course, smaller ZN value
leads to Jsc for the corresponding DSCs. In short, the combined
actions of Rct and ZN were responsible for the high η of In2S3/
rGO NT.

ω
ω=

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟Z

W
Ki

tanh
i

N
N (5)

where W = kT/(n2e2CAD1/2), KN = D/δ2, k is the Boltzmann
constant, n is the number of electrons transferred in the
reaction, e is the elementary charge, C is the concentration of
triiodide, D is the diffusion coefficient of triiodide, and δ is the
thickness of the diffusion layer.
In fact, the catalyst superiority of the In2S3/rGO NT over the

bulk In2S3/rGO is easily understood. On irregular bulk surfaces,
the electrons or holes must move through many interfaces
before they can recombine with each other. This will lead to a
decline in electrocatalytic activity of bulk In2S3/rGO.

42,43 In
contrast, circular arc surface structure of NT greatly reduces the
electronic mobile obstacles, which is helpful to reduce the waste
of catalytic ability. On the other hand, because of the hollow
framework, 1D NT possesses great flexibility, and this feature
would effectively prevent aggregation and therefore maintain a
large active surface area.

■ CONCLUSIONS

In summary, a novel In2S3/rGO NT composite has been
successfully synthesized through hydrothermal conditions by
employing InCl3 and thioacetamide as In and S sources and
PVA as a template. During synthesis, we found that the sulfur
source and templates play key roles in determining the
morphology and structure of the final products. The as-
fabricated In2S3/rGO NT composite showed a remarkable
electrocatalytic activity toward the iodide species reduction
reaction. Importantly, when evaluated as potential CE materials
for DSCs, the In2S3/rGO composite with unique NT structure
exhibited high energy conversion efficiency.
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