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Composites of a few layers of graphene (G) with different
loadings of Au nanoparticles (NPs) were used as counter
electrodes for dye-sensitized solar cells. Simple solution coating
followed by a post thermal treatment was employed for the
preparation of the counter electrodes. The graphene composite
electrode with 30 nM Au NPs showed a 6.55% higher
conversion efficiency (© = 1.79%) and 200mV higher open-
circuit voltage (0.60V) than cells fabricated with sputtered Pt
electrodes. The better electrocatalytic activity of the composite
electrode was also reflected in the sharp reduction peaks
observed in the cyclic voltammogram.

Dye-sensitized solar cells (DSSCs) are of great interest
owing to their simple fabrication procedure, low cost, and
high conversion efficiencies.1,2 A typical DSSC consists of a
mesoporous semiconducting film coated with a quasi-monolayer
of light-harvesting dye molecules, a redox electrolyte, and a
catalytic cathode material coated on a transparent conductive
oxide (TCO) substrate.3 Counter electrodes (CEs) play an
important role in transferring electrons from the external circuit
back to the electrolyte redox couple and catalyzing the Co3+

reduction at the counter-electrode/electrolyte interface.4,5 Con-
ventionally, platinum (Pt)-coated TCO substrates are used as
counter electrodes in DSSCs to achieve sufficient electrochem-
ical conversion on the counter-electrode surface.6 It is well
known that the corrosive nature of iodine restricts the use of
other metals such as silver, gold, etc. as cathode materials in
DSSCs.7 The development of cobalt-based mediator systems has
opened a new era of using non-Pt metals in counter electrodes.8

Despite the unique stability and excellent electrochemical
properties of Pt, there are some disadvantages such as its
scarcity and high cost. Therefore, carbon nanostructures such as
carbon nanotubes, graphene, and other carbon derivatives could
be effective as replacements for Pt as cathode materials in
DSSCs.911

In recent years, graphene (G), a novel 2D material with
fascinating properties, has become a promising candidate for
several electronics and energy-based applications.12 Graphene
has been integrated extensively into DSSCs because of its high
charge-carrier mobility, high catalytic activity, chemical stabil-
ity, and high optical transmittance.13 Various papers have already
reported G-based CEs in DSSCs. However, graphene films alone
were found to be insufficient for the proper harnessing of solar
energy.14 Graphene composites with different types of metal
nanoparticles are expected to exhibit better performances than
graphene alone.15 GPt nanoparticle (NP) composites have been
reported to be promising cathode materials for DSSCs, exhibit-

ing even better performances than sputtered Pt and Pt NPs.16 Au
NPs have the advantages of a high surface-to-volume ratio, good
catalytic properties, size-controllable synthesis, and low cost.17

The attachment of Au NPs on graphene could decrease the
production costs of DSSCs significantly.

To the best of our knowledge, composites of Au NPs and
graphene have not been reported as counter electrodes in DSSCs
owing to the corrosive nature of iodine. Au NPs were introduced
to graphene, which could provide additional surfaces and
catalytic sites for cobalt-electrolyte-based DSSCs. In this study,
simple solution coating followed by post thermal annealing was
employed for the preparation of GAu NP composite counter
electrodes. Synergistic electrochemical enhancement of the
composite CEs was observed, with slightly higher photocon-
version efficiencies than sputtered Pt counter electrodes.

Au NPs were synthesized according to the procedures
published elsewhere.18 The concentration of 12-nm Au NPs
was determined by UVvisible spectroscopic methods, and
different concentrations in the range 1560 nM were used for the
preparation of the GAu composites. Graphene oxide (GO) was
prepared by Hummer’s method, and all other chemicals were
used without further purification. The GOAu NP dispersions
were prepared by adding 1mgmL¹1 GO to an aqueous solution
of Au NPs. The mixture was sonicated for 5 h to disperse the GO
sheets with the Au NPs. The composite solutions were spin-
coated on oxygen-plasma-treated fluerine doped tin oxide (FTO)
glass at 800 rpm for 20 s. Initial heating at 120 °C for 10min was
performed to remove any residual water on the film. After the
primary heat treatment, the films along with the FTO glass were
subjected to thermal annealing under a continuous flow of
70 sccm argon at a heating rate of 20 °Cmin¹1, then held at
800 °C for 4 h, and allowed to cool down to room temperature.
Cobalt redox couples, i.e., Co3+/2+ tris(4,40-di-tert-butyl-2,20-
bipyridyl) {[Co(t-Bu2bpy)3]3+/2+}, were synthesized according
to the procedure reported in a previous paper.19 The final
electrolyte was composed of 0.22M [Co(t-Bu2bpy)3]3+/2+,
0.20M LiClO4 (Aldrich, 99.99%), 0.20M 4-tert-butylpyridine
(Aldrich, 96%), and 0.02M NOBF4 (Aldrich, 95%) in aceto-
nitrile. TiO2 (Ti-Nanoxide D, Solaronix SA, film thickness
ca. 8¯m) was sensitized by a ruthenium sensitizer (N719,
Solaronix SA) and assembled with the predrilled modified
counter electrode by using a Surlynμ spacer. Then, a few drops
of the cobalt complex electrolyte were injected into the cell.
Synthesized Pt NP and sputtered Pt counter electrodes were also
prepared for comparison. The Pt-NP-based counter electrodes
were prepared by spin coating a 5mM ethanolic solution of
chloroplatinic acid hexahydrate (H2[PtCl6]¢H2O) on FTO glass
and sintering at 380 °C for 20min. Cyclic voltammograms
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(CVs) were recorded using an Autolab PGSTAT12 (the Nether-
lands) in the voltage range ¹0.40 to 0.80V (with respect to a
saturated Ag/Ag+ reference electrode) at a scan rate of
100mV s¹1 in a three-electrode configuration. The diluted
electrolyte for the CVs consisted of 2.2mM Co3+ complex,
0.2mM NOBF4, and 0.1M LiClO4 in acetonitrile. A Pt wire was
used as the counter electrode. The detailed fabrication and
characterization methods are described in the literature.20

Figure 1 shows the scanning electron micrographs of bare
FTO glass and GAu NP composite films over FTO glass
substrates. The FTO layer was fully covered by the GAu NP
(60 nM) composite film, and the distribution of Au NPs on the G
sheet was uniform, as shown in Figure 1b. It should also be
mentioned that the degree of aggregation of the Au NPs
increased with higher Au NP concentrations. The size of the
aggregated Au NPs was found to be ca. 20 nm for the 30 nM G
Au NP composite film (Figure 1c), whereas larger aggregated
particles (ca. 3050 nm) were observed for the 60 nM GAu NP
composite film (Figure 1d). The agglomerated size of Au NPs
on the basal plane of graphene was increased with increasing Au
NP concentration.

The optical transmittance spectra of bare FTO glass,
sputtered Pt, G, and GAu NP composite films with different
concentrations of Au NPs are presented in Figure 2a. The GAu
NP composite films showed ca. 3% lower transmittances than
the bare FTO glass. The transparencies of the composite films
were shown to be dependent on the Au NP loading amount on
the basal plane of the graphene sheets. The GAu NP (60 nM)
composite film showed 74.5% transmittance; this lower trans-
mittance could be related to the surface plasmonic resonant
absorption of Au NPs at 520 nm.21 However, all the GAu NP
composite counter electrodes showed better transparencies than
the sputtered Pt counter electrode.

The electrochemical behaviors of different types of compo-
site electrodes were investigated through CV measurements. In
Figure 2b, a pair of well-defined redox peaks is observed for the

sputtered Pt and GAu NP films, with a reasonable cathodic
current for the effective reduction of the cobalt species.
Thermally reduced graphene oxide showed a smaller cathodic
current density without distinguishable peaks, but the GNP
composite electrodes displayed well-defined redox peaks in the
CVs. The magnitude of the cathodic current density of the GAu
NP (30 nM) composite film was 0.31mAcm¹2, which is
comparable to the value of 0.30mAcm¹2 for sputtered Pt. The
agglomerated Au NP (30 nM) electrode without graphene did
not show significant catalytic activity in the CV (not shown).
This may be related to the accessibility of the lower electro-
chemically active surface area during electrochemical conver-
sion.15 It is speculated that the presence of Au NPs in the
graphene composite electrode may lower the agglomeration of
Au NPs, increasing the electrochemically active surface and
enhancing the electron-transfer process. It is also evident that
further increasing the Au NP loading in the graphene composite
deteriorated the electrocatalytic property of the electrode. The
higher concentration of Au NPs facilitated the formation of
bigger clusters, which could decrease the surface-to-volume
ratio for effective electrocatalytic conversion. A similar phe-
nomenon was observed for the GPt NP composite counter
electrode.15

Figure 3a shows the impedance spectra of complete cells
fabricated with different types of counter electrodes. The first
semicircle in the higher-frequency regime represents the charge-
transfer resistance at the counter-electrode surface, whereas the
second circle shows the charge-transfer resistance at the working
electrode.22 The charge-transfer resistance at the counter
electrode was decreased significantly for the GAu NP compo-
site cathodes. All the cells in Figure 3a showed similar series

Figure 1. FE-SEM images of (a) bare FTO glass, (b) GAu
NPs (60 nM) composite film, (c) GAu NPs (30 nM), and (d) G
Au NPs (60 nM) on FTO glass substrate. Inset shows the higher
magnification of the respective films.

Figure 2. (a) Optical transmittance spectra and (b) cyclic
voltammograms of different types of counter electrodes.

Figure 3. (a) Nyquist plots and (b) JV characteristic curves of
DSSCs based on sputtered Pt, G, and GAu NPs composite
counter electrodes.
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resistances. The composite films with higher loadings of Au NPs
(>30 nM) suffered from higher charge-transfer resistances,
which were consistent with the CV results.

The comparative JV characteristic curves of the DSSCs
using different kinds of cathode materials are presented in
Figure 3b. Table 1 lists the open-circuit voltages (Voc), short-
circuit current densities (Jsc), fill factors (FF), and photo-
conversion efficiencies (©) of the DSSCs. The cells prepared
with GAu NPs (30 nM) showed significantly better perform-
ances than graphene alone. The DSSCs prepared with composite
counter electrodes also showed a 200mV increase in open-
circuit voltage, with little improvement in their fill factors.
The augmented open-circuit potential could be related to the
marginal shifting of the reduction peak and the redox potential
of the Co3+/Co2+ system toward the positive side in the case
of the composite electrodes.15 The cells prepared with the
composite counter electrodes showed slightly higher photo-
conversion efficiencies than the DSSC based on the sputtered
Pt counter electrode. It should be noted that relatively lower
conversion efficiencies and fill factors were also observed under
the same construction of DSSCs.23 We believe that the different
JV curves can be attributed to the different electrochemical
properties of the counter electrodes. By performing suitable
engineering modifications in the working electrode, we would
expect to improve the performances of cobalt/GAu NP dye-
sensitized solar cells.

GAu NP composite counter electrodes were investigated
as counter electrodes for cobalt-electrolyte-based DSSCs. The
electrocatalytic and optical properties of the GAu NP compo-
site counter electrodes were studied by CV and light trans-
mission measurements. Synergistic enhancement of the catalytic
activity was observed at the Au-NP-decorated graphene counter
electrodes. The photoconversion efficiencies (PCEs) of DSSCs
based on the GAu NP composite counter electrodes were
shown to be dependent on the Au NP loading. The GAu NP
composite counter electrode revealed a photoconversion effi-
ciency enhanced by 73.7% compared to that of graphene alone.
In addition, the composite counter electrodes exhibited slightly
higher photoconversion efficiencies than the sputtered Pt
electrode. This paper reports the effective improvement in
PCE by using GAu NP composite counter electrodes without
any corrosion.
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Table 1. Photovoltaic performances of DSSCs with different
types of counter electrodes

CEs
% T

(550 nm)
Voc
/V

Jsc
/mAcm¹2 FF

©
/%

FTO 83.2 0.53 1.10 0.09 0.05
Sputtered Pt 61.0 0.58 6.73 0.43 1.68
Pt NPs 72.3 0.61 4.95 0.39 1.17
G 80.0 0.58 4.38 0.41 1.03
GAu NPs (15 nM) 79.9 0.58 5.32 0.42 1.28
GAu NPs (30 nM) 79.4 0.60 5.93 0.50 1.79
GAu NPs (45 nM) 77.5 0.59 5.43 0.49 1.56
GAu NPs (60 nM) 74.5 0.58 5.52 0.45 1.43
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