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Gold doped reduced graphene oxide (rGO) films prepared via hummer method have been utilised as counter electrode of dye-sensitised solar
cell. The samples were subjected to various annealing times at 120°C. The effect of annealing time on the dark current and photovoltaic
performance has been investigated. The power conversion efficiency varies with annealing time. The highest efficiency of 0.155% was
achieved by the device utilising gold doped rGO annealed for 45 min. This is due to the device employing this sample possesses the
smallest leak current.
1. Introduction: Carbon film has widely been utilised as counter
electrode in dye-sensitised solar cell (DSSC) replacing costly
platinum since it possesses high electronic conductivity, corrosion
resistance, electrochemical reactivity and low cost [1, 2].
Graphene film can also be utilised as counter electrode of the
device due to its excellent properties such as high conductivity
and electrochemical stability [3–7]. Podlike N-doped carbon
nanotubes encapsulating FeNi alloy nanoparticles was applied as
counter electrode for DSSC and produced high efficiency of
8.82% [8]. Bismuth-based ternary nanowires, Bi19S27Br3 was
employed as efficient electrocatalysts for DSSC and yielded the
efficiency of 8.70%. The efficiency was higher than that of the
device utilising Pt counter electrode that was 7.99% [9]. In
general, various materials have been utilised as counter electrode
of DSSC such as carbon materials, conducting polymers, oxide
and sulphide materials, transition-metal nitrides and carbides and
composite materials [10].

In our previous work, reduced graphene oxide (rGO) was
employed as counter electrode of DSSC [11]. The electrical prop-
erty of rGO can be further improved by doping it with metal and
non-metal. The performance of the DSSC can consequently be
improved. Ju et al. [12] reported the use of nitrogen doped graphene
films as superior counter electrode for DSSC. Wang et al. employed
phosphorous doped rGO as counter electrode of DSSC [13]. The
optical and electrical properties of doped rGO can be modified by
varying the content of dopant, the annealing temperature and
annealing time of doped rGO.

In this work, gold doped rGO synthesised by hummer method
was employed as a counter electrode of DSSC. The originality of
this work is the utilisation of gold doped rGO as counter electrode
of the device. The goal of this work is to investigate the effect of
annealing time of the sample on the performance parameters of
the device.
2. Experimental
2.1. Preparation of gold doped rGO films: About 0.1 g GO powders
were dissolved in 50 ml deionised water and the solution was
sonicated for 1 h. About 2 mg gold (III) chloride trihydrate
(HAuCl.3H2O) powder equivalent to 2 wt% was then added into
the solution and sonicated for 30 min. The solution was stirred
for 5 min. The solution was finally spin coated three times on
indium tin oxide (ITO) substrate at 1000 rpm for 15 s. The
sample was annealed at 120°C in argon atmosphere for 15 min.
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These procedures were repeated by annealing the samples for 30,
45, 60, 75 and 90 min, respectively.
2.2. DSSC fabrication and performance study: The DSSC was
fabricated by using gold doped rGO samples prepared for various
annealing times as counter electrode. The TiO2 films prepared
on ITO substrate via liquid phase deposition technique was
employed as photoanode of the device. The TiO2 films were
coated with N719 dye in ethanol solution for 15 h. About 0.5 M
LiI/0.05 M I2/0.5 M TBP in acetonitrile containing iodide/
triiodide redox couple was used as a liquid electrolyte.
A structure containing TiO2 coated N719 film and gold doped
rGO film was clamped in order to optimise the interfacial contact
between these components. The electrolyte was injected into the
structure via a capillary. The current–voltage (I–V ) curves in dark
and under illumination of 100 mW cm−2 tungsten light were
recorded by a Keithley high-voltage source model 237 interfaced
with a personal computer. The illuminated area of the device
was 0.23 cm2. The electrochemical impedance spectroscopy
(EIS) technique was also employed under illumination of
100 mW cm−2 tungsten light to determine the bulk resistance
(Rb), charge interfacial resistance (Rct) and charge carrier lifetime
at the applied voltage of 0.4 V.
3. Results and discussion: Fig. 1 depicts the I–V curves in dark of
the devices utilising the gold doped rGO counter electrode annealed
for various times. It is noticeable that the dark current in forward
bias is quite similar to that in reverse bias except for the device
with the electrode annealed for 75 min. However for the device
utilising 75 min sample, the forward bias current is higher than
reverse bias current. Also, this device possesses the largest
forward bias current compared with the other devices. This might
be due to this device has the smallest bulk resistance as illustrated
in Table 1. This means that the leak current is about the same
with the forward bias current for other five devices. In other
words, the devices do not possess rectification property. From the
figure, it is noticed that the devices with the sample annealed for
15, 30, 45 and 60 min possess lower leak current than those of
the devices with the samples annealed for 75 and 90 min. It can
be said that the higher annealing times, the higher leak current.
Higher leak current means higher recombination rate of electron
hole. From these results, it is concluded that the dark current is
influenced by the annealing time of gold doped rGO.
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Table 1 EIS parameters for DSSC with various annealing times

Time, min Rb, Ω Rct, Ω t, ms

15 330 1350 0.026
30 110 135 0.120
45 75 145 0.058
60 81 410 0.111
75 16 99 0.057
90 17 60 0.082

Fig. 1 Dark current of DSSC with various gold doped annealing times
Fig. 2 shows the J–V curves under illumination of the devices uti-
lising the samples annealed for various times. The device annealed
for 15 min produces the lowest output power, followed by the
devices utilising the samples annealed for 30, 60, 75, 90 and
45 min. The curve of the device with 15 min sample is represented
by linear line, similar to the one reported by Rahman et al. [14].
The shape of the curve of the device with 30, 45 and 90 min
samples is the same as that reported by Choi et al. [15]. The
shape of the curve of the device utilising the sample annealed for
60 and 75 min follows the ideal curve of DSSC [16] or other
Fig. 2 J–V curves of DSSC with various gold doped rGO annealing times
under 100 mW cm−2 light illuminations
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types of solar cells such as silicon, thin film and organic solar
cells. The photovoltaic parameters are analysed from the figure
and illustrated in Table 2.

From Table 2, it is noticed that the highest efficiency belongs to
the device with 45 min sample. The device utilising 15 min sample
demonstrates the lowest Jsc and η. It is noticed from the table that
the Jsc and η neither increase nor decrease with annealing time.
The increase of power conversion efficiency can be related with
the leak current and resistance of the device. The lower leak
current results in the lower power loss in the device, consequently
improves the power conversion efficiency. Also from Table 2, the
Voc does not change significantly with annealing time. This is
because Voc is only affected by the energy level of the components
of the device such as energy gap of TiO2 coated N719 dye, redox
potential of the electrolyte and energy level of gold doped rGO.
These energy levels are not affected by annealing time of gold
doped rGO. In other words, Voc is not affected by the properties
of gold doped rGO. While, according to the table, the FF is low
since the slope of the J–V curves is high as shown in Fig. 2.
Generally, the best efficiency of 0.155% is low since the device
utilises platinum-free counter electrode that is gold doped rGO.
The DSSC utilising platinum counter electrode performed higher
efficiency than that of the device employing non-platinum
counter electrode [16]. The highest efficiency of this work was
found to be much lower than that of the DSSC utilising nitrogen
doped graphene and phosphorous doped rGO counter electrode,
respectively [12, 13]. The efficiency of the DSSC utilising nitrogen
doped graphene and phosphorous doped rGO were 9.05 and 6.25%,
respectively. This is due to the Rct of the device fabricated in this
work that is 145 Ω is much larger than that reported in [12, 13]
that were 1.73 and 3.28 Ω, respectively.

Fig. 3 depicts the Nyquist plots of the device with various gold
doped rGO annealing times. The impedance spectra for the
device utilising 15 and 60 min samples show three semi-circles
for which the smallest semi-circle represents the bulk resistance
(Rb), the middle semicircle denotes the charge transfer resistance
at the interface TiO2-N719 dye/electrolyte (Rct1) and the biggest
one indicates the charge transfer resistance at the interface electro-
lyte/gold doped rGO electrode (Rct2). The other four devices
display two semicircles. The Rb and Rct are estimated from the
real impedance (Z ) and illustrated in Table 1. These EIS data
can also be used to explain the photovoltaic parameters listed in
Table 2.

Fig. 4 depicts the Bode plots of the device with various annea-
ling times. Two peaks appear in the plots belonging to the device
with 15, 60 and 90 min samples. The plots of the device with 30,
45 and 75 min samples display one peak. However, the highest
peak representing resonant frequency of each device is used to
calculate the carrier lifetime. The carrier lifetimes are presented
in Table 1. Carrier lifetime is defined as the time taken by the char-
ge carrier which is electron to travel across the interface of
TiO2-N719 dye before recombining with hole at the interface
of electrolyte/gold doped rGO. According to the table, the
device utilising the sample annealed for 15 min possesses the
shortest lifetime and the device with 30 min has the longest
lifetime.

According to Table 1, the device utilising the 75 min sample
demonstrates the lowest Rb while the device employing 90 min
sample possesses the smallest Rct. However, according to
Table 2, the device with 45 min sample performs the highest η.
According to Table 1, the device with 45 min sample just possesses
the third lowest Rb and Rct. From Table 1, the η of the device with
75 and 90 min sample is lower than that of the device with 45 min
sample. This might be due to the device utilising 75 and 90 min
samples have lower dye loading than that of the device with
45 min samples. It is found that from Table 2, the device with
90 min samples yields the highest Jsc which might be due to the
lowest Rct.
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Table 2 Photovoltaic parameters for DSSC with various annealing times

Time, min Jsc, mA cm−2 Voc, V FF η, %

15 0.258 ± 0.006 0.551 ± 0.007 0.221 ± 0.008 0.031 ± 0.008
30 0.588 ± 0.004 0.511 ± 0.005 0.109 ± 0.004 0.064 ± 0.004
45 1.134 ± 0.003 0.561 ± 0.003 0.243 ± 0.002 0.155 ± 0.001
60 0.452 ± 0.001 0.561 ± 0.003 0.324 ± 0.004 0.082 ± 0.003
75 0.712 ± 0.006 0.550 ± 0.001 0.371 ± 0.002 0.146 ± 0.008
90 1.358 ± 0.007 0.440 ± 0.005 0.240 ± 0.004 0.143 ± 0.001

Fig. 3 Nyquist plots with various gold doped rGO annealing times under
100 mW cm−2 light illuminations

Fig. 4 Bode plots with various gold doped rGO annealing times under
100 mW cm−2 light illuminations
4. Conclusions: Gold doped rGO film has successfully been
prepared and employed as counter electrode of DSSC. The device
applying the sample annealed at 120°C for 45 min demonstrates
the highest power conversion efficiency of 0.155%. This is due to
the device utilising the sample annealed for 45 min has the lowest
leak current.
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