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ABSTRACT: To increase the open-circuit voltage (Voc) of dye-sensitized solar
cells (DSCs), it is crucial to enhance the photovoltaic efficiency of DSCs. Here,
we report an effective method to significantly improve the Voc and photovoltaic
efficiency of DSCs by using gel-coated composites of reduced graphene oxide
(rGO) and single-walled carbon nanotubes (SWCNTs) as the counter electrode.
Gel-coated rGO-SWCNT composites outperform Pt, rGO and SWCNTs in
catalyzing the reduction of I3

− and functioning as the counter electrode of DSCs.
The Voc and power conversion efficiency (PCE) are 0.86 V and 8.37% for fresh
DSCs with the composite of 80 wt % rGO and 20 wt % SWCNTs, significantly
higher than those (Voc = 0.77 V, PCE = 7.79%) of control DSCs with Pt
fabricated by pyrolysis as the counter electrode. The Voc value of DSCs with
rGO-SWCNT composites as the counter electrode further increases to 0.90 V
after one week. The high Voc and PCE are ascribed to the synergetic effects of
rGO and SWCNTs in reducing the overpotential of the I3

− reduction. RGO with high specific surface area can have high
electrocatalytic activity, whereas SWCNTs give rise to high conductivity for the composites and facilitate the penetration of the
redox species into rGO sheets by preventing the agglomeration of the rGO sheets. To the best of our knowledge, this is the first
time to report iodide/triiodide DSCs with both high Voc and PCE.
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1. INTRODUCTION

Dye-sensitized solar cells (DSCs) are regarded as the next-
generation solar cells because of their low fabrication cost and
decent power conversion efficiency (PCE).1−6 PCE of more
than 12% was recently reported on DSCs with Co complexes as
the redox species in the electrolyte.7 A DSC usually consists of
a photoanode impregnated with dye, a counter electrode and
electrolyte containing redox species between the two electro-
des. Iodide/triiodide are a popular redox couple in the
electrolyte of DSCs. The photon-to-electricity conversion of a
DSC includes five key steps. (1) A photon absorbed by a dye
molecule can stimulate the transition of an electron from the
highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) of the dye molecule,
when the photon energy is equivalent to or higher than the
bandgap between the HOMO and LUMO. (2) The electron on
the LUMO of the dye molecule transfers to the conduction
band of the TiO2 working electrode. (3) The electrons
transport along the TiO2 layer to the external circuit. (4) The
dye molecule regenerates by gaining an electron from iodide,
2dye+ + 3I− → dye0 + I3

−. (5) The redox species transport in
the electrolyte, and they regenerate on the counter electrode as

a result of the reduction of triiodide, I3
− + 2e− → 3I−. All the

steps can significant affect the photovoltaic efficiency of DSCs.
Both the short-circuit current (Jsc) and the open-circuit voltage
(Voc) strongly depends on the energy levels of the dye
molecules. In principle, the Voc value can be close to the
bandgap of the dye molecules. But the Voc value of I

−/I3
− DSCs

rarely reaches half of the bandgap of the dyes, which is around
1.6 eV. It has been realized that the low Voc value may be the
most crucial reason for the overall device efficiency of DSCs.
Voc is determined by the difference between the quasi-Fermi
level (EFn) of the TiO2 working electrode and the redox
potential (Eredox) of the redox species in the electrolyte.

7,8 Thus,
efforts to improve Voc have been focused on shifting EFn of
TiO2 upward or Eredox of the redox species downward. Methods
to shift the EFn upward include the surface modification and the
improvement of the electron mobility of the TiO2 work
electrode, such as the suppression of charge recombination by
depositing an oxide layer on TiO2 or adding saturated alkyl tail
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to dyes or using interfacial organic molecules like 4-tert-
butylpyridine (TBP).9−14 A striking expample is the use of TBP
to improve the Voc of DSCs from 0.38 to 0.72 V.15 But most of
these methods usually do not work so well for the overall
efficiency of DSCs. Though the Voc value may be increased, the
overall efficiency is not high. For instance, a Voc value of 0.87 V
was observed when Ta-doped TiO2 nanowire array was used
for DSCs.10 But the PCE is only 4.1%. Chandiran et al.
observed a Voc of 1.1 V by depositing a thin layer of Ga2O3 on
TiO2 for DSCs with Co complexes as the redox species, while
they found that the PCE was lower than 4% due to the low
Jsc.

11 Voc as high as 0.84 V was attained by using ZnSe to
suppressing the charge recombination, but the PCE was only
4.5%.16 In order to improve the Voc, various redox species,
particularly metal complexes, with a Eredox lower than I−/I3

−

were investigated for DSCs,.11,17−20 The best examples are Co
complexes, which can give rise to a Voc of 0.94 V and a PCE of
more than 12% under AM1.5 illumination.7 However, other
redox species are not so successful in improving the overall
PCE of DSCs. For instance, when Br−/Br3

− were employed as
the redox species, the Voc could be as high as 1.15 V, whereas
the photovoltaic efficiency was only 3.7%.18

The regeneration of the redox species on the counter
electrode can also affect the Voc value of DSCs. Voc can be
improved by reducing the overpotential for the reduction of the
redox species on the counter electrode. But this has been rarely
explored. Although many materials have been investigated as
the counter electrode of DSCs, the purposes are to lower the
cost of the counter electrode by reducing the Pt loading21,22 or
developing Pt-free materials, such as carbon black,23,24

conducting polymer,25−29 carbon nanotube,30−32 gra-
phene,33−43 composites of carbon nanotube and graphene,44−48

and nitrides.49 These Pt-free materials can effectively catalyze
the electrochemical redox of iodide/triiodide, but the
corresponding DSCs usually exhibit lower PCEs than the
control DSCs with Pt by pyrolysis as the counter electrode. In
addition, the Pt-free counter electrodes usually do not improve
the Voc value of DSCs. Although high Voc values are sometimes
observed when Pt-free materials are used as the counter
electrode, the current density becomes so low that the DSCs
actually exhibit remarkably lower PCEs in comparison with the
control devices with Pt as the counter electrode.
In this paper, we report the significant improvement in both

Voc and PCE of DSCs by using gel-coated composites of
reduced graphene oxide (rGO) and single-walled carbon
nanotubes (SWCNTs) as the counter electrode. The rGO-
SWCNT (rGS) composites were prepared through the gel
formation of rGO and SWCNTs with liquid polyethylene
glycol (PEG) and subsequent removal of PEG by heating. RGS
can effectively catalyze the reduction of triiodide. The optimal
Voc value is 0.86 V for fresh I−/I3

− DSCs with rGS as the
counter electrode. It further increases to 0.90 V after aging for
one week. Both Voc and PCE of the DSCs with the rGS counter
electrode are remarkably higher than those of the control DSCs
with Pt by pyrolysis as the counter electrode, which has been
regarded as the most effective counter electrode for I−/I3

−

DSCs.

2. EXPERIMENTAL SECTION
2.1. Materials. Nature graphite flake (purity: 99.8%, ∼325 mesh)

was obtained from Alfa Aesar. SWCNTs produced by chemical vapor
deposition (CVD) were purchased from Carbon Solution in USA. The
SWCNTs had a purity of >90%, outer diameter of 1−2 nm, inner

diameter of 0.8−1.6 nm, length of 5−30 μm, and specific surface area
of >380 m2 g−1. TiO2 pastes (DSL 18NR-T and WER2-O45 Reflector)
were supplied by Dyesol. Cis-diisothiocyanate-bis (2,2-bipyridyl-4,4-
dicarboxylate) ruthenium(II) bis(tetrabutylammonium) (N719),
fluorine-doped tin oxide (FTO) glass and Surlyn films were purchased
from Solaronix. Zn powder was supplied by Riedel-de Haen. All the
other chemicals, including PEG (molecular weight ≈200 g mol−1),
iodine, 1-propyl-3-methyl-imidazolium iodide (PMII), guanidinium
thiocyanate, TBP, lithium iodide, tetrabutylammonium hexafluoro-
phosphate, titanium tetrachloride, chloroplatinic acid, sodium nitrate,
potassium permanganate, sulfuric acid (concentration >98%), hydro-
gen peroxide, acetonitrile, and tertbutanol were purchased from Sigma-
Aldrich. All the chemicals were used as received.

2.2. Preparation of rGS/PEG Gels and rGS Films. RGO was
prepared through the chemical oxidation of graphite and subsequent
reduction of graphene oxide with Zn powder as described in our
previous reports.50,51 SWCNT/PEG gels were prepared by mixing
SWCNTs with PEG under ultrasonication by a Sonics & Materials
Vibracll VC 505 ultrasonic dispenser for 20 min.31,54 5 mg SWCNTs
were dispersed in 2 mL of PEG. RGO/PEG gels were formed by
dispersing rGO in PEG in an agate mortar by mechanical grinding for
20 min.35 Five milligrams of rGO was dispersed in 2 mL of PEG. An
rGO/SWCNT gel was prepared by mixing a SWCNT gel with an rGO
gel and subsequently mechanically grinding the mixture for 30 min.
The total amount of SWCNTs and rGO was 5 mg in 10 mL of PEG.

RGS films on FTO glass were fabricated by gel coating. RGS/PEG
gels were coated on FTO glass by doctor blade. They were heated at
200 °C for 5 min. Then, the heating temperature was gradually
increase to 430 °C at a rate of 10 °C per min. RGS films were obtained
after further heating at 430 °C for 5 min. RGO and SWCNTs films on
FTO glass were fabricated through the similar gel-coating procedure.

2.3. Fabrication and Characterization of DSCs. The DSCs
were fabricated through a similar procedure reported in literature.52,53

The anode was a layer of mesoporous TiO2 (12 μm-thick Dyesol DSL
18NR-T and 3 μm-thick WER2−0 Reflector) on FTO glass. It was
sintered at 325 °C for 5 min, 375 °C for 5 min, 450 °C for 15 min, and
500 °C for 15 min. It was then soaked in 0.04 M TiCl4 aqueous
solution for 30 min, rinsed with water and ethanol, and subsequently
sintered at 500 °C for 35 min. After the mesoporous TiO2 films were
cooled to 80 °C, they were soaked in 0.5 mM N719 of acetonitrile/
tertbutanol (volume ratio = 1:1) solution for 20 h. This photoanode
was assembled with a counter electrode with two or three layers hot-
melt Surlyn film (25 μm thick per layer) between them. Different
materials, including Pt, rGO, SWCNTs and rGS composites, on FTO
glass were used as the counter electrodes. Pt was deposited on FTO
glass as the counter electrode by pyrolysis of 0.2 M H2PtCl6 ethanol
solution at 400 °C for 15 min. The cells were filled with an electrolyte
containing 0.6 M PMII, 0.03 M I2, 0.1 M guanidinium thiocyanate and
0.5 M TBP in acetonitrile/valeronitrile (volume ratio = 17:3).

The photovoltaic performance of DSCs was measured with a
computer-programmed Keithley 2400 source/meter under AM1.5G
illumination (100 mW cm−2) by a Newport’s Oriel class A solar
simulator, which was certified to the JIS C 8912 standard. A circular
mask with a diameter of 5.2 mm was placed on each DSC during the
photovoltaic tests. DSCs were stored in dark in ambient conditions for
the aging tests.

2.4. Characterization of Materials. Thermogravimetric analytical
(TGA) curves were acquired with a TA SDT Q600. Scanning electron
microscopic (SEM) images were taken with a Zeiss Supra 40 FE SEM.
Transmission electron microscopic (TEM) images were collected with
a JEOL JEM 2010F transmission electron microscope equipped with a
field emission gun. The thicknesses were determined using a P-10
Alpha-Step profiler by Tencor. Conductivitess were measured by the
four-point probe method with a Keithley 2400 source/meter.
Electrochemical impedance spectroscopy (EIS) and cyclic voltamme-
try (CV) were carried out with a PGSTAT302N+FRA2 electro-
chemical system by Autolab. EIS was performed on symmetric cells
with various materials on FTO glass as the two electrodes. The
frequency was from 200 000 down to 0.05 Hz, and the amplitude was
10 mV. The electrolyte of the symmetric cells was the same as that for
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DSCs. CV was excuted in acetonitrile solution consisted of 5 mM LiI,
0.25 mM I2, and 0.1 M(C4H9)4NPF6. RGS, Pt, rGO, and SWCNTs on
FTO were used as the working electrodes. A Pt foil and a Ag/Ag+

electrode were used as the counter and reference electrodes,
respectively.

3. RESULTS AND DISCUSSION
3.1. Photovoltaic Performance of DSCs with rGS as

the Counter Electrode. The rGS composites were prepared

by gel formation and gel coating. Both rGO and SWCNTs can
form gels with liquid PEG.31,36,54,55 The rGO/PEG gels were
formed by dispersing rGO in PEG via mechanical grinding, and
the SWCNT/PEG gels were prepared by dispersing SWCNTs
in PEG under ultrasonication. The gel formation is due to the
formation of the solid networks of SWCNTs or rGO and the
van der Waals interactions between SWCNTs or rGO and PEG
that is a surfactant. An rGS/PEG gel was formed by mixing an
rGO/PEG gel with a SWCNT/PEG gel. The rGS/PEG gels
were coated on FTO glass by doctor blade, and binder-free rGS
films were obtained by heating the rGS/PEG gels up to 430 °C.
As indicated in Figure 1, PEG can be completely removed by
heating up to 430 °C in air, whereas there is hardly any weight
loss for SWCNTs and rGO below 430 °C.56

The gel-coated binder-free rGS films are conductive. The
conductivity increases with the increase of the SWCNT loading
in the composites (Figure 2). This is attributed to the higher
conductivity of SWCNTs than rGO. The conductivity of rGO

by gel coating is 33 S cm−1, whereas the conductivity of
SWCNTs by gel coating is 320 S cm−1. The conductivity of the
gel-coated rGO films is lower than that of the rGO films
prepared by filtration of rGO aqueous solution as report in our
previous papers because the gel-coated rGO films are more
porous than those by filtration.50,51

The rGS films had good adhesion to FTO glass. The FTO
glasses coated with rGS were used as the counter electrode of
DSCs. Figure 3 presents the current density (J)−voltage (V)
curve of a fresh DSC with a composite film of 80 wt % rGO−20
wt % SWCNT (rGS-20) that is 15 μm thick as the counter
electrode. The device architecture is shown in the inset of
Figure 3. The J−V curves of control DSCs with Pt fabricated by
pyrolysis of H2PtCl6 on FTO glass, gel-coated rGO, and gel-
coated SWCNTs as the counter electrode, are also presented
for comparison. The rGO and SWCNT films have the same
thickness of 15 μm as the rGS-20 films. The photovoltaic

Figure 1. TGA curves of PEG, rGO, and SWCNTs.

Figure 2. Variation in the conductivity of rGS composites with the
SWCNT loading.

Figure 3. J−V curves of fresh DSCs with different materials as the
counter electrode. (a) rGO, (b) rGS-20, (c) Pt, and (d) SWCNTs.
The inset is the schematic structure of the DSCs.

Table 1. Photovoltaic Parameters of DSCs with rGO, rGS-
20, SWCNTs, and Pt as the Counter Electrode

counter electrode Voc (V) Jsc (mA cm−2) FF PCE (%)

rGO 0.78 12.82 0.72 7.19
rGS-20 0.86 12.81 0.76 8.37
SWCNTs 0.75 14.56 0.71 7.75
Pt 0.77 13.31 0.76 7.79

Figure 4. J−V curves of DSCs with (a) Pt and (b) rGS-20 as the
counter electrode after 7 days.
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parameters, including Jsc, Voc, fill factor (FF), and PCE, of these
DSCs are summarized in Table 1. The PCE (8.37%) of the
DSC with rGS-20 is remarkably higher than those of control
DSCs with Pt (7.79%), rGO (7.19%), and SWCNTs (7.75%)
as the counter electrode. The increase in the PCE is ascribed to
the increase in Voc. The DSC with rGS-20 exhibits a Voc of 0.86
V, whereas the Voc values of other DSCs are below 0.80 V.
The photovoltaic performance of DSCs with rGS as the

counter electrode depends on the loading of SWCNTs in the
composite. The J−V curves of DSCs with rGS composites of
other SWCNT loadings, 5, 10, 30, 40, 60, and 80 wt %, are
presented in Figure S1 in the Supporting Information. These

rGS films also have a thickness of 15 μm. Figure S2 in the
Supporting Information illustrates the variations in Voc, Jsc, FF,
and PCE of DSCs with the SWCNT loading of rGS. All the
rGS composites give rise to Voc values higher than 0.8 V, but
the Voc value of the DSCs with rGS-20 is the highest. In terms
of the Voc, FF, and PCE of the DSCs, the optimal SWCNT
loading is 20 wt % for rGS.
The Voc value of the DSCs with rGS as the counter electrode

increases with time. As shown in Figure 4, the Voc value reaches
0.90 V after 7 days. In contrast, the Voc value of the control
DSC with Pt is only 0.82 V. To the best of our knowledge, this
is the first time to observe such a high Voc value for highly
efficient I−/I3

− DSCs by simply using a different counter
electrode. Our approach to increase the Voc of DSCs is
significantly different from other methods reported in literature,
such as suppression of the charge recombination between the
work electrode and the electrolyte and adoption of redox
species with low redox potential.9−14,17−20

Though composites of graphene and carbon nanotubes were
investigated as the counter electrode of DSCs, the DSCs
exhibited PCEs remarkably lower than control DSCs with Pt as
the counter electrode.44−48 Choi et al. fabricated composites of
graphene and multiwalled carbon nanotubes (MWCNTs) by
growing MWCNTs on chemical reduced graphene layers via
chemical vapor deposition and investigated their application as
the counter electrode of DSCs.44,45 The DSCs exhibited a PCE
of 3.0 or 4.46% depending the method for the composition
fabrication. Zhu et al. synthesized rGO-MWCNT composites
by the electrophoretic deposition for the counter electrode of
DSCs.46 The highest PCE for their DSCs was 6.17%. Battumur
et al. prepared graphene-MWCNT composites by doctor blade
and observed an optimal efficiency of 4.0%.47 Velten et al. drop-
casted graphene onto MWCNTs and studied the graphene-
MWCNT composites as the counter electrode of DSCs.48 The
optimal PCE of their DSCs was 7.55%. All the Voc and PCE
values of the DSCs with graphene-MWCNT composites are
lower than the control DSCs with Pt by pyrolysis as the counter
electrode. The high PCE of our DSCs with rGS-20 can be
attributed to the exploitation of SWCNTs in rGS and the gel-
coating method. As we reported before, gel-coated SWCNT
films as the counter electrode can give rise to high photovoltaic
performance for DSCs, better than that with gel-coated
MWCNT films as the counter electrode.31

The Voc value of our DSCs with rGS as the counter electrode
is also remarkably higher than those with graphene as the
counter electrode.33−43 For example, Kavan et al. found that
graphene nanoplateletes can outperform Pt as the counter
electrode of DSCs with Co complexes as the redox species.33

But the Voc is lower than that of DSCs with Pt as the counter
electrode. Various carbon materials were investigated as the
counter electrode of DSCs by Wu et al.57 The Voc is lower than
0.81 V, Voc and PCE are lower than those of DSCs with Pt as
the counter electrode. Graphene was also blended into the
TiO2 photoanode of DSCs.58−60 But no increase in Voc was
observed.

3.2. Mechanism for the High Voc of DSCs with rGS as
the Counter Electrode. The high photovoltaic performance
of the DSCs with rGS as the counter electrode is related to the
electrocatalysis of rGO and SWCNTs.61,62 Presumably, the
high Voc of DSCs with rGS as the counter electrode is related to
the reduction in the overpotential for the I3

− reduction on the
counter electrode, because these devices are different from the
control devices with Pt, rGO or SWCNTs as the counter

Figure 5. CVs of I−/I3
− with rGO, SWCNTs, rGS-20, and Pt as the

working electrodes.

Figure 6. (A) Nyquist plots and (B) Bode plots of symmetrical cells
with two FTO glass sheets coated with (a) Pt, (b) rGS-20, (c)
SWCNTs, and (d) rGO as the electrodes.
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electrode only in the counter electrode. The redox behavior of
I−/I3

− was investigated by CV. Pt, rGS-20, rGO and SWCNTs
on FTO glasses were used as the working electrodes for the
CVs. As shown in Figure 5, there are two oxidation/reduction
pairs in the potential range from −0.6 to 0.6 V vs Ag/Ag+. The
pair at the low potential range are the redox of iodide/triiodide,
I3
− + 2e− ↔ 3I−, and the other pair at the high potential range

correspond to the redox of iodine/triiodide 3I2+ 2e− ↔ 2I3
−.63

The redox of the first pair is the regeneration of the redox
species on the counter electrode of DSCs.64 The CV
demonstrates that rGS-20 can effectively catalyze the redox of
I−/I3

−.65 The reduction peak potentials of the I3
− reduction are

−0.248, −0.224, −0.250, and −0.253 V vs Ag/Ag+ for rGO,
rGS-20, SWCNTs and Pt as the working electrodes,
respectively. The reduction peak potential of I3

− on rGS-20 is

higher than on other materials. These reduction potentials are
roughly consistent with the Voc values of the DSCs with these
materials as the counter electrode. Hence, the high Voc value of
DSCs with rGS-20 can be attributed to the decrease in the
overpotential for the I3

− reduction.
The redox behavior of I−/I3

− was also investigated by CV
using rGS composites with SWCNT loadings of 5, 60, and 80
wt % on FTO as the working electrodes (see Figure S3 in the
Supporting Information). The I3

− reduction peak potentials are
−0.246, −0.170, and −0.226 V vs Ag/Ag+ for rGS-5, rGS-60,
and rGS-80 as the working electrodes, respectively. Thus, there
is an optimal rGO-to-SWCNT composition for the reduction
of I3

−. These potentials roughly agree with the Voc values of the
DSCs with rGS composites of different SWCNT loadings as
the counter electrode.

Figure 7. SEM images of (a) rGO, (b) rGS-5, (c) rGS-20, (d) rGS-60, (e) rGS-80, and (f) SWCNTs.
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In order to further understand the high Voc of DSCs with
rGS-20, electrochemical impedance spectroscopy (EIS) was
carried out to study symmetrical cells with two FTO sheets
deposited with rGS-20, rGO, SWCNTs, or Pt as the two
electrodes. The cells were filled with the same electrolyte as for
DSCs. Panels A and B in Figure 6 show the Nyquist and Bode
plots, respectively. There are two semicircles for the cells with
Pt or rGO as the electrodes. The one in the high-frequency
region is due to the charge transfer between the electrolyte and
the electrodes, and the other at the low frequency region is
attributed to the diffusion of redox species in the electrolyte.66

In contrast, there are three semicircles when SWCNTs or rGS-
20 are used as the electrode. The additional semicircle appears
at the low frequency range of less than 5 Hz. The semicircle in
the low frequency range can be attributed to the diffusion of the
redox species through the SWCNT or rGS-20 films. This
semicircle does not appear for the cells with Pt or rGO as the
electrodes, because Pt and rGO can be considered as two-
dimensional planar electrodes and the ion diffusion through
these electrodes is much less significant than along the
electrolyte.

Figure 8. (a) High-resolution SEM and (b) TM images of rGS-20.

Figure 9. 1st and 100th CVs of I−/I3
− with (a) rGS-20 and (b) Pt as

the working electrodes. Figure 10. Aging tests of DSCs with rGS-20 (open circles) and Pt
(solid squares) on FTO as the counter electrodes.
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The assignment for the process in the low-frequency range is
also evidenced by the EIS results of the symmetrical cells with
rGS composites of different SWCNT loadings (see Figure S4 in
the Supporting Information). The semicircle in the low
frequency is not remarkable for rGS-5, and it becomes more
significant with the increase in the SWCNT loading in rGS, that
is, the resistance for the diffusion of the redox species in the
electrode increases.
The CV and EIS results suggest that rGS can be more

effective in catalyzing the I3
− reduction than Pt, rGO and

SWCNTs. RGO and SWCNTs are prepared by the same gel
formation and gel coating process as rGS, so that the reason for
the high electrocatalytic activity cannot be attributed to any
possible oxidation of rGO and SWCNTs during the heating
process. The high electrocatalytic activity of rGS can be
ascribed to the synergetic effects of SWCNTs and rGO. RGO
can have high electrocatalytic activity arising from its high
specific surface area, whereas SWCNTs give rise to high
conductivity for rGS composites and facilitate the penetration
of the redox species into the rGO sheets. In the absence of
SWCNTs, rGO has low conductivity and low effective surface
area for the electrochemical reduction due to the agglomeration
of rGO sheets. Both factors lead to the low electrocatalytic
activity for rGO. On the other hand, when SWCNTs or rGS
with a high SWCNT loading are used as the counter electrode,
the resistance for the ion diffusion through the counter
electrode is so high that the electrocatalytic activity becomes
not high as well.
The discussion above suggests that the ion diffusion through

rGS is related to its morphology. Figure 7 presents the SEM
images of rGO, RGS-5, rGS-20, rGS-60, rGS-80, and SWCNTs.
There are large pores for rGO, whereas small pores appear for
rGS. The small pores are due to the presence of SWCNTs.
They can facilitate the diffusion of the redox species into
rGS.67−69 In addition, the SEM images indicate that SWCNTs
are well dispersed in rGS, so that they can bridge the rGO
sheets and improve the charge transport.
Presumably, the interaction between SWCNTs and rGO is

crucial for the synergetic effects of SWCNTs and rGO. There
should be strong π−π coupling between SWCNTs and rGO
because both of them have the conjugated CC bonds.70,71

But it is difficult to detect the interactions by spectroscopy. The
interaction between SWCNTs and rGO sheets were further
investigated by high-resolution SEM and TEM (Figure 8). The
SWCNT bundles do not have very clear shape but have blur
edge. This is probably due to the attachment of rGO sheets on
SWCNTs.
The rGS composites also have better stability than Pt in

catalyzing the redox of I−/I3
−. As shown in Figure 9a, no

appreciable change was observed for the electrochemical
activity of I−/I3

− after 100 cycles, when rGS-20 was used as
the working electrode. In contrast, the electrochemical activity
became remarkably low after 100 cycles, when Pt was employed
as the working electrode (Figure 9b).
Aging tests were carried out for DSCs with rGS-20 and Pt as

the counter electrodes (Figure 10). Besides the counter
electrode, other factors such as the sealing of the cells can
also affect the aging stability. But the aging test can still provide
useful information related to the counter electrode of DSCs.
The DSC with rGS-20 as the counter electrode is more stable
than that with Pt as the counter electrode. This is because Pt
degrades in the electrolyte, whereas SWCNTs and rGO are
quite stable in the electrolyte.31,35,72

4. CONCLUSIONS
Gel-coated rGS composites can outperform Pt, rGO, and
SWCNTs in catalyzing the reduction of I3

− and functioning as
the counter electrode of DSCs. The electrocatalytic activity
depends on the SWCNT loading of rGS, and the optimal
SWCNT loading is 20 wt %. RGS composites were investigated
as the counter electrode of DSCs. RGS-20 can give rise to a Voc
of 0.86 V and PCE of 8.37% for fresh DSCs, significantly higher
than those (Voc = 0.77 V, PCE = 7.79%) of the control DSCs
with Pt fabricated by pyrolysis as the counter electrode. The Voc
value of DSCs with rGS-20 further increases to 0.90 V after one
week. The high electrocatalytic activity of rGS on the I3

−

reduction is ascribed to the synergetic effects of rGO and
SWCNTs. RGO can have high electrocatalytic activity arising
from its high specific surface area, whereas SWCNTs give rise
to high conductivity for rGS and facilitate the penetration of the
redox species into the rGO sheets.

■ ASSOCIATED CONTENT
*S Supporting Information
Additional figures (PDF). This material is available free of
charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: mseoj@nus.edu.sg. Fax: +65 6776 3604. Tel: +65
6516 1472.
Author Contributions
§Authors H.Z. and C.Y.N. contributed equally to this work
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research work was financially supported by a research
grant from the Ministry of Education, Singapore (R-284-000-
106-112). H.Q.Z. thanks the student exchange program
between the National Unviersity of Singapore and Tongji
University in China.

■ REFERENCES
(1) Gratzel, M. Acc. Chem. Res. 2009, 42, 1788−1798.
(2) Joshi, P.; Zhang, L.; Chen, Q.; Galipeau, D.; Fong, H.; Qiao, Q.
ACS Appl. Mater. Interf. 2010, 2, 3572−3577.
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