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ABSTRACT: A nanocomposite of SnS2 nanoparticles with
reduced graphene oxide (SnS2@RGO) had been successfully
synthesized as a substitute conventional Pt counter electrode
(CE) in a dye-sensitized solar cell (DSSC) system. The SnS2
nanoparticles were uniformly dispersed onto graphene sheets,
which formed a nanosized composite system. The effectiveness
of this nanocomposite exhibited remarkable electrocatalytic
properties upon reducing the triiodide, owning to synergistic
effects of SnS2 nanoparticles dispersed on graphene sheet and
improved conductivity. Consequently, the DSSC equipped
with SnS2@RGO nanocomposite CE achieved power conversion efficiency (PCE) of 7.12%, which was higher than those of SnS2
nanoparticles (5.58%) or graphene sheet alone (3.73%) as CEs and also comparable to the value (6.79%) obtained with pure Pt
CE as a reference.
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1. INTRODUCTION

Since the inception of the new century, energy situations have
undergone severe challenges. People are looking for some
renewable energy sources. As a future energy source, solar
energy is endowed with high expectations.1 Dye-sensitized solar
cells (DSSCs) have attracted tremendous interest and large-
scale research in numerous academic laboratories because of
their high efficiency, simple fabrication process, pollution-free
nature, and low consumption.2 A typical DSSC structure
included transparent conducting optical glass, photoanode,
dyes, electrolyte, and counter electrode (CE).3,4 As a crucial
component, an ideal CE for DSSC should possess high
conductivity and superior catalytic properties. After a decade of
development, the types of CE materials are particularly
abundant, including noble metals (such as Pt), carbon
materials, metal oxides, and sulfides.5−8 Furthermore, compo-
sites (supported catalysts) are widely used for CEs.9,10

Composite materials are composed of two or more kinds of
materials joined by physical or chemical methods, which can
exhibit new performance characteristics.11 Graphene is a new
member of the carbon crystal family that has a unique one-
atom-thick two-dimensional layer of sp2-bonded crystal
structure and has a variety of excellent properties such as
high carrier mobility, electric conductivity, thermal conductiv-
ity, and transparency.12 It also has been used as a CE in
DSSCs.13 SnS2 is a crucial mid-band-gap (Eg = 2.2 eV)

semiconductor,14 whose high electrical conductivity and
appealing catalytic activity has been demonstrated in lithium
batteries and DSSCs.6,15,16 However, neither pure reduced
graphene oxide (RGO) nor bare SnS2 can achieve excellent
conversion efficiency as a CE in DSSCs. To solve this
disadvantage, a composite of SnS2 with RGO may be a great
choice. This material has been applied in lithium battery as a
perfect strategy to improve the performance.17,18 Particularly
worth mentioning is that we have successfully loaded Bi2S3
onto graphene in our previous work and achieved power
conversion efficiency (PCE) of 5.5%, nearly triple the best
conversion efficiency value of the DSSC with Bi2S3 but without
graphene.19

In this paper, we focus our investigations on the synthesis of
SnS2@RGO nanocomposite by a modification of the two-step
strategy we have used for compounding Bi2S3/graphene
nanocomposite.19,20 Fortunately, SnS2 was uniformly dispersed
on the graphene sheet. Meanwhile, our main attention was
centered on exploring a synergy mechanism of SnS2 on
graphene and studying its catalytic ability used as the counter
electrode of a DSSC. This is the first time that we have used
SnS2@RGO nanocomposite for application as CE in DSSC. On
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account of the introduction of RGO into system, our materials
achieve a PCE value of 7.12%, which is comparable to the
6.79% obtained with pure Pt CE as a reference.

2. EXPERIMENTAL SECTION
All reagents were of analytical grade and were purchased and used as
received without further purification.
2.1. Synthesis of Graphene Oxide. Graphene oxide (GO)

nanosheets were prepared by a modified Hummers method.21 In
detail, concentrated H2SO4 and concentrated H3PO4 were mixed in a
500 mL beaker, followed by addition of graphite powder. The beaker
was put in a preheated 50 °C water bath with magnetic stirring,
followed by slow addition of KMnO4 to ensure that the temperature
was maintained at about 50 °C. After the addition of KMnO4, stirring
was continued for another 6 h at 50 °C. Then diluted H2O2 was added
into the solution without interruption until no bubbles were produced,
while the color of the solution changed from black to purple and
finally became bright yellow. The mixture was stirred for another 3 h.
The final solid product was cooled to room temperature and separated
by centrifugal separation, and then washed with HCl (5%), alcohol,
and deionized water in turn until the supernatant was close to neutral,
and graphene oxide was obtained. The collected sediment was
dispersed in alcohol and was followed by an ultrasonic treatment.
Subsequently, the concentration of the graphene oxide suspension
solution was calculated by weighing the mass of the sample after
drying at 90 °C for 24 h. Reduced graphene oxide was prepared by a
solvothermal method with L-ascorbic acid as reductant.
2.2. Preparation of SnS2@RGO Nanocomposite and Pure

SnS2 Nanoparticles. Synthesis of SnS2@RGO is shown in Scheme 1.

GO was selected as the raw material for this work. The concentration
of the final GO alcohol suspension was 1.3 mg/mL. A two-step
method to synthesize the compound was utilized for this process. In
the first step, 80 mL of GO alcohol suspension was added into a 250
mL beaker, 2.5 mmol of SnCl4·5H2O was added with magnetic stirred
to form a uniform solution, and then 5 mmol of L-cysteine
hydrochloride monohydrate was added. Then the compound was
transferred into the autoclave for solvothermal treatment at 150 °C for
15 h. In the second step, after the autoclave was cooled to room
temperature, 3 mmol of L-ascorbic acid was added to the mixture,
which was stirred with a magnetic stirrer. The mixture was then sealed
into an autoclave for reaction at 150 °C for 9 h. The final sediment was
washed with alcohol and deionized water and separated by
centrifugation,19 and then the SnS2@RGO hybrid was obtained.
Pure SnS2 nanoparticles were obtained under the same reaction
conditions.
2.3. Characterization. The as-synthesized samples were charac-

terized by X-ray powder diffraction (XRD) with monochromatized Cu
Kα radiation (λ = 1.5406 Å) at 36 kV and 25 mA. Transmission
electron microscopy (TEM) images were acquired on a JEOL JEM-

100SX transmission electron microscope at an acceleration voltage of
200 kV. Raman spectroscopy was performed on a Renishaw Via-Reflex
Raman spectrometer with a laser of 532 nm. Fourier transform
infrared spectroscopy (FT-IR) was carried on a American Nicolet
Instrument Co. Nexus-870 FT-IR instrument with wavelength range
from 2000 to 100 cm−1. UV−vis spectra were acquired on a liquid
Hitachi U-4100 spectrophotometer. All measurements were performed
at room temperature.

2.4. Fabrication of Counter Electrodes. CEs were typically
prepared by dispersing SnS2@RGO (SnS2@RGO, SnS2, and RGO
powders were used as raw material to prepare CEs, respectively)
powder (0.12 g) and poly(ethylene glycol) powder (0.04 g) in 1 mL of
absolute ethanol and then grinding with a mortar to form a gelatin.
Subsequently, the gelatin was coated on fluorine-doped tin oxide
(FTO) conductive glass followed by natural drying and annealing at
400 °C (the optimal annealing temperature; see Figure S1 in
Supporting Information) for 60 min under the protection of argon.
After natural cooling to room temperature, the CEs were formed.
Figure S3 (Supporting Information) shows the SEM image of SnS2@
RGO nanocomposites CE.

2.5. Assembly of Dye-Sensitive Solar Cells. A DSSC device was
combined by sandwiching electrolyte between a dye-sensitized TiO2
anode and an as-prepared FTO-supported SnS2@RGO (CEs were
prepared by dispersing SnS2@RGO, SnS2, and RGO nanoparticle,
respectively) nanoparticle CE. The purchased TiO2 anode, whose
colloid film had a thickness of 10 μm and area of 0.25 cm2, was
sensitized by steeping in a 0.50 mM ethanol solution of N719 dye for
24 h. The electrolyte consisted of 0.1 M LiI, 0.12 M I2, 1.0 M 1,2-
dimethyl-3-propylimidazolium iodide (DMPII), 0.5 M of 4-tert-
buylpyridine, and 10 mL of 3-methylpropionitrile.22

2.6. Electrochemical Characterization. Electrochemical per-
formance was tested by use of a Zennium electrochemical analyzer
workstation (Zahner Co.), which was composed of an Ag/AgCl
reference electrode, a working electrode of FTO glass-supported SnS2
and a CE of platinum sheet. Cyclic voltammetry (CV) curves were
recorded in a supporting electrolyte consisting of 10 mM LiI, 1 mM I2,
and 100 mM LiClO4 in acetonitrile at a scan rate of 50 mV·s−1.
Electrochemical impedance spectroscopy (EIS) measurements were
recorded in a frequency range of 0.01∼106 kHz and at alternating
current amplitude of 10 mV. Tafel polarization curves were recorded
by assembling symmetric cells fabricated with FTO/SnS2@RGO,
redox electrolyte, and FTO/SnS2@RGO, and the test of pure SnS2
and RGO were assembled into the same device, respectively.

2.7. Photovoltaic Measurements. Photocurrent density−voltage
(J−V) curves were recorded by use of a xenon lamp solar simulator
under AM 1.5 illumination and gauged under 100 mW·cm−2, which
was calibrated beforehand by an optical power meter.

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of SnS2@RGO, SnS2, GO,
and RGO samples. GO presented a typical peak at 10.5°, which
corresponds to an interplanar spacing of 0.84 nm.10 Upon
reduction of GO via a solvothermal method with L-(+)-ascorbic
acid,19the typical peak shifted to 25.8° and became broadened,
which corresponds to the characteristic peak of graphene.10

Meanwhile, all the XRD peaks of as-synthesized SnS2 sample
could be well indexed by referring to JCPDS 23-0677. No
characteristic peaks were observed for other impurities such as
S, SnS, and SnO2. This indicated that pure SnS2 was prepared.
The nanocomposites also showed diffraction peaks for SnS2
and a slight signal for RGO at nearly 26°. Here we put forward
a speculation: when the nanocomposites were prepared, SnS2
nanoparticles were attached to the RGO layer during the
reaction process. Hence, we could speculate that the SnS2
nanoparticles aggregate and restack onto the RGO sheet. This
speculation could be evidenced by further demonstrations in
the following discussion.

Scheme 1. Illustration of Synthesis of SnS2@RGO
Nanocomposites
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The Raman spectra of as-prepared SnS2@RGO, SnS2, GO,
and RGO are given in Figure 2. Two characteristic peaks in

accordance with the D and G bands of GO (at 1352 and 1601
cm−1, respectively) were clearly observed. The D band is the
structure defect of graphene, while the G band belongs to the
E2g phonon of C sp2 atoms.23,24 The Raman spectrum of RGO
also comprised both D and G bands (at 1352 and 1596 cm−1,
respectively). Interestingly, the D band did not change when
GO was reduced to RGO, demonstrating that the number of
layers was unchanged.25 For GO, the intensity ratio of D band
to G band (ID/IG) was 0.843, which increased to 1.017 for
RGO, corroborating the reduction of GO.26 The ID/IG ratio of
SnS2@RGO was 1.005, very close to that of RGO. This
suggested that SnS2 nanoparticles were absorbed into RGO
layers, not doped onto graphene. The Raman spectrum of pure
SnS2 showed a stretching vibration peak at 311 cm−1 relative to
the A1g mode of SnS2, and this evidenced the formation of
SnS2@RGO nanocomposite.17 On the basis of the analysis
above, we could confirm that our previous speculation was
correct: the graphene-based SnS2 sandwich nanocomposite was
successfully prepared.
The FT-IR spectra of SnS2@RGO and GO are shown in

Figure 3. In GO, a strong and broad absorption at 3408 cm−1

was observed, which was due to O−H stretching vibration. We
observed the CO stretching of -COOH groups located at the
edges of GO sheets at 1735 cm−1. As a result of the O−H
bending vibration, skeletal ring vibrations, and epoxide groups,
absorptions were observed around 1624 cm−1. The spectrum of

GO also demonstrated the existence of C−O−C at 1218 cm−1.
The CO2 molecules were adsorbed by bands of GO around
1044 cm−1 for C−O [ν(alkoxy and epoxy)].27−29Both C−O
and O−H absorption bands were considerably decreased after
reduction. The results implied that a majority of the oxygen-
containing groups were reduced,30 which was consistent with
the XRD results (Figure 1). A TEM image of pure RGO is
shown in Figure 4a.

A demonstration of the synthesis of SnS2@RGO nano-
composite is shown in Scheme 1. In the presence of GO
substrate, SnS2 nanoparticles were dispersed uniformly on the
surface of RGO nanosheet with a sheet-on-sheet modalism. For
one thing, SnS2 nanoparticles were absorbed and restricted by
RGO, and their self-assembly also been restrained. For another,
the restacking of few-layer graphene layers was prevented due
to the existence of SnS2 nanoparticles between RGO
nanosheets. Their few-layer structure may preserve their
intriguing properties. Consequently, the catalytic efficiency
may be enhanced due to the increased reaction sites of
composite. Additionally, the photocatalyzed reaction could
facilitate the absorption and transportation of photoelectrons.
Because of the complementary effect of composite of RGO and
SnS2 nanoparticles, excellent photocatalytic performances and
electrochemical properties should be exhibited.18,31,32

Figure 1. XRD patterns of SnS2@RGO, SnS2, GO, and RGO.

Figure 2. Raman spectra of SnS2@RGO, SnS2, GO, and RGO.

Figure 3. FT-IR spectra of as-synthesized SnS2@RGO nanocomposite
and GO.

Figure 4. TEM images of as-synthesized (a) RGO and (b, c) SnS2@
RGO nanocomposite. (d) HRTEM image of SnS2@RGO nano-
composite.
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The morphologies of SnS2@RGOand RGO were charac-
terized by TEM, as shown in Figure 4. SnS2 nanoparticles were
commendably spread onto the RGO nanosheet with a uniform
grain size of about 10−20 nm (Figure 4b,c). The high-
resolution transmission electron microscopy (HRTEM) image
with clear lattice fringes (Figure 4d) for SnS2 nanoparticles
demonstrated that as-synthesized SnS2@RGO had perfect
crystallinity. The lattice spacing of 0.253 nm corresponded to
the d-spacing between neighbor (101) crystallographic planes
of SnS2 nanoparticles (d200 = 0.278 nm for SnS2). SnS2
nanoparticles aggregated before the reduction of GO. The
substrates for nucleation of nanomaterials were oxygen
functional groups of GO, and the well-dispersed nano-
composites resulted from reciprocity between functional groups
and SnS2 nanoparticles during nucleation and growth.10,33

Electron conductivity and mass diffusion of materials could
be effectively estimated from EIS. The Nyquist plot in Figure 5

clarifies impedance characteristics of various CEs. The intercept
on the horizontal axis represents the series resistance (Rs),
which is mainly referred to as conductive substrate resistance
and lead resistance. The first semicircle represents charge-
transfer resistance (Rct) at the CE/electrolyte interface and the
corresponding constant phase-angle element (CPE) at the
electrode−electrolyte interface. The second arc corresponds to
the Nernst diffusion impedance (ZN) between the triiodide/
iodide redox couple in the electrolyte. The equivalent circuit is
given in the inset of Figure 5 (detailed simulation value of
equivalent circuit is listed in Table S2 in Supporting
Information), which was constituted of several parts: series
resistance, Rct at CE/FTO layers, ZN between the triiodide/
iodide redox couple in the electrolyte, and CPE of capacitance
in agreement with Rct. The electron-transport mechanism was
affected directly by internal impedances in DSSCs.10 As shown
in Table 1, Rct values for Pt, RGO, SnS2, and SnS2@RGO are

24.21, 34.20, 39.73, and 17.96 Ω, respectively. The larger Rct
values for RGO and SnS2 CEs manifested their lower catalytic
competence among these CEs. Relative to RGO and SnS2,
SnS2@RGO composite gave a much lower Rct value, which
reflected that the nanocomposite exhibited much higher
catalytic activity than that of either component. This were
because of the existence of RGO sheets, which served as the
conduction pathway, and the synergistic effect between RGO
and SnS2.

10,31

Tafel polarization curves were measured by recording, in
symmetrical cells similar to those used in EIS measurements,
the natural logarithmic current density (log J) as a function of
the potential (Figure 6). The exchange current density (J0) on

the electrode and catalytic activity toward triiodide reduction
were in proportion to the slope of the anodic or cathodic
branch. The limiting diffusion current density (Jlim) of different
electrodes corresponded to intersection of the cathodic branch
with the y-axis, which can be employed to assess diffusion
properties of the redox couples.5 Table 1 gives detailed values
of J0 and Jlim according to eqs 1 and 2:34

=J
RT

nFR0
ct (1)

where R represents the gas constant, F represents the Faraday
constant, T represents temperature, and n represents the
number of electrons exchanged in the reaction at CE interface
and the electrolyte.

=J
n DCN

l
2 e

lim
A

(2)

where e represents elementary charge, C represents concen-
tration of the triiodide, D represents diffusion coefficient of the
triiodide, NA represents the Avogadro constant, and l is the

Figure 5. Nyquist plots of SnS2@RGO, SnS2, RGO, and Pt CEs.
(Inset) Equivalent circuit diagram.

Table 1. Parameters Derived from Tafel Curves, Nyquist Plots, and DSSC Devices

Tafel parameters Nyquist parameters Photovoltaic parameters

CE J0 (mA·cm
−2) Jlim(mA·cm

−2) Rs (Ω) Rct (Ω) ZN (Ω) Voc (mV) Jsc (mA·cm−2) FF (%) η (%)

Pt 5.05 9.11 24.21 5.08 0.95 720 14.00 67.36 6.79
RGO 1.48 3.15 34.20 50.25 5.01 661 10.8 52.29 3.73
SnS2 2.99 6.51 39.73 11.24 4.36 770 13.6 53.28 5.58
SnS2@RGO 5.88 9.92 17.96 7.24 0.64 718 14.80 67.02 7.12

Figure 6. Tafel polarization curves of symmetrical cells fabricated
various CEs.
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electrode spacing. Interestingly, the results calculated from the
above formula came to an agreement with the EIS values.
To further investigate the electrocatalytic properties of the

samples more accurately, CV was carried out in a three-
electrode system (see Figure 7a). In the previous literature,

there was a typical curve with two pairs of redox peaks gained.35

The oxidation and reduction peak on the low-potential side had
a remarkable impact on the photovoltaic properties of DSSC.36

The cathodic peak could vest in the reaction of eq 3:

+ →− − −I 2e 3I3 (3)

The SnS2@RGO nanocomposite CE had a peak-to-peak
splitting (Epp) of 593 mV, which was very close to that of Pt
CE (Epp = 605 mV). This means that the reversibility and
electrocatalytic activity of the oxidation−reduction reaction on
SnS2@RGO nanocomposite CE was similar to that of Pt CE.
Twenty-five cycles of CV curves (Figure 7b) were used to
evaluate stability of the SnS2@RGO nanocomposite CE. No
apparent decline in peak current density was observed,
indicating that the SnS2@RGO nanocomposite CEs were
stable for catalyzing triiodides.5 Therefore, SnS2@RGO nano-
composite was expected to be a promising CE catalyst to
replace the expensive Pt in DSSCs.
Figure 8 shows J−V curves for all the DSSCs, and the

detailed photovoltaic parameters are listed in Table 1. The
DSSC utilizing SnS2@RGO as the CE revealed a very high PCE

of 7.12% by reason of the synergistic effect of SnS2
nanoparticles on graphene, which was approximately 5%
greater than the value for DSSC with Pt CE (6.79%). Under
the same conditions, the DSSC with SnS2 had subpar
photovoltaic properties, which was attributed to the larger Rct
and lower catalytic ability,10,37 and this was in good agreement
with EIS results. Interestingly, Jsc was also improved observably
as the cathode changed from SnS2 or RGO to SnS2@RGO.
Considering that the photocurrent was mostly controlled by
the photoanode, we discovered that it was usually similar to
various cathodes as reported previously.38 However, as
photovoltaic measurements were tested under the same
conditions and with the same photoanode, the increase in Jsc
may be ascribed to the synergistic effect of RGO and SnS2, and
it may be also due to the existence of RGO nanosheets that
serve as the conduction pathway. This interesting phenomenon
deserves detailed investigation in the future.

4. CONCLUSIONS
In conclusion, we have successfully synthesized a nano-
composite of SnS2 nanoparticles with reduced graphene oxide
(SnS2@RGO), which has a bright prospect as a substitute for
conventional Pt catalysts used in DSSCs as counter electrode.
Electrochemical tests reveal that SnS2@RGO nanocomposite
CE exhibits perfect electrocatalytic activity on reducing
triiodide ions, resulting in a significant enhancement of the
properties of solar cells. The nanocomposite CE achieves an
impressive PCE of 7.12%, which is significantly higher than
those of the SnS2 CE (5.58%) and RGO CE (3.73%) and also
comparable to the value of 6.79% obtained with a reference
pure Pt CE. The fact that SnS2@RGO nanocomposite even
exceeds Pt when implemented as the CE in DSSC paves the
route for the low-cost advantage of this prospective material in
dye-sensitized solar cells.
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Figure 7. (a) CV curves of triiodide/iodide redox couple for RGO,
SnS2, SnS2@RGO, and Pt electrodes. (b) Twenty-five cycles of CV
curves from SnS2@RGO nanocomposite CE at a scan rate of 50 mV·
s−1.

Figure 8. Photocurrent density−photovoltage (J−V) curves for
DSSCs with different CEs.
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