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Abstract: This work is concerned with the use of gold doped reduced graphene oxide (rGO) films as counter electrode in a dye-sensitized
solar cell (DSSC). The effect of gold content on the photovoltaic parameters of the device has been studied. The samples are crystalline,
indicated by the presence of rGO phase. It was found that the short-circuit current density (Jsc) decreases with the increase in gold con-
tent. The DSSC utilizing the sample prepared using 2.0 wt.% gold demonstrated the highest Jsc, V.. and 5 of 0.989 mA cm™, 0.692 V and
0.175%, respectively. The highest efficiency (1) of the device is due to the lowest leak current and charge transfer resistance (R.,).
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1. INTRODUCTION

The role of counter electrode in DSSC is to serve as a medium
to receive electrons from external circuit for reducing oxidizing
species to reducing species such as triiodide to iodide. Platinum
films have widely been utilized as counter electrode in DSSC since
it is the most electrochemically stable metal against the redox cou-
ple of iodide/triiodide in liquid electrolyte. However, the main
limitation of platinum is costly material, making it is unsuitable for
large scale DSSC production. The research on replacing platinum
film counter electrode in DSSC with much cheaper material has
actively been investigated. The use of carbon film as counter elec-
trode in DSSC has been attempted by several researchers since it
has high electronic conductivity, corrosion resistance, electro-
chemical reactivity and low cost [1-3]. Graphite film has been
utilized as counter electrode in a solid state photo-electrochemical
cell (PEC) since it is much cheaper than platinum and can be pre-
pared in film form via electron beam evaporation technique [4].

Another material that can replace platinum as counter electrode
in DSSC is graphene. Graphene is a two-dimensional carbon sheet
has attracted great interest due to its unique properties to be ap-
plied as counter electrode in DSSC [5]. Several researchers have
utilized graphene films as counter electrode in DSSC [5-11]. It
was found that the power conversion efficiency of the DSSC uti-
lizing graphene films counter electrode was comparable with that
using platinum films counter electrode [5-11]. In our previous
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work, we have utilized reduced graphene oxide as counter elec-
trode in DSSC and achieved a low efficiency of 0.09% [12].

Since the efficiency is low, the electrical property of rGO should
be improved by doping it with metallic material and consequently
improves the efficiency of the device. The idea of doping of RGO
with metal has been attempted by Soo et al. 2016 who doped silver
into rGO films for use as a catalyst in fuel cell [13]. Xue et al.
2012 utilized nitrogen doped graphene foams as counter electrode
in DSSC [14]. Ju et al. 2013 used nitrogen doped graphene nano-
platelets as superior metal free counter electrode for DSSC [15].
Wang et al. 2014 utilized phosphorous doped reduced graphene
oxide (rGO) an electrocatalyst counter electrode in DSSC [16].

In this work, we have doped rGO with gold in order to improve
the electronic conductivity of RGO films. Gold doped reduced
graphene oxide (rGO) films was then utilized as a counter elec-
trode in DSSC. The originality of this work is the use of gold
doped rGO films as counter electrode of DSSC. The goal of this
work is to investigate the effect of gold content in term of its per-
centage by weight on the performance parameters of the DSSC.
These parameters were then linked with leak current and EIS data
such as Ry, R, and carrier lifetime.

2. EXPERIMENTAL

2.1. Preparation and characterization of gold
doped rGO

Firstly, 0.1 g GO powders were dissolved in 50 ml deionized

water. The solution was then sonicated for 1 h. Then, 2 mg gold
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(III) chloride trihydrate (HAuCl3H,0) powder was then added into
the solution and sonicated for 30 minutes and stirred for 5 minutes.
2 mg is equivalent to 2 wt.%. The solution was spin coated 3 times
on ITO substrate at 1000 rpm for 15 s. The sample was annealed at
100 °C in argon atmosphere for 15 minutes. These procedures were
repeated by dissolving 2.5, 3.0, 3.5 and 4.0 wt.% HAuCl3H,O0,
corresponding with 2.5, 3.0, 3.5 and 4.0 mg HAuCI 3H,0O powder
respectively into 50 ml deionized water. The structure of the sam-
ples was characterized by using Bruker D8 Advanced x-ray diffrac-
tometer with CuK radiation at a scan rate of 0.025°/0.1 s. 'The
transmission of the samples was studied by UV-Vis spectrometer.

2.2. Fabrication and performance study of DSSC

The DSSC consisting of TiO, films as photoanode and gold
doped rGO film as counter electrode was fabricated. The TiO,
films were prepared on ITO substrate via liquid phase deposition
technique at the growth temperature of 40 °C. 0.5 M Lil/0.05 M
1,/0.5 M TBP in acetonitrile was used as an electrolyte containing
iodide/triiodide redox couple. A DSSC was fabricated by sand-
wiching the parafilm between TiO, film and gold doped rGO elec-
trode film. The structure was clamped in order to optimize the con-
tact of the components of the cell. The electrolyte was injected into
the structure via a capillary. The current-voltage curves in dark and
under illumination were recorded by a Keithley high-voltage source
model 237 interfaced with a personal computer. The photovoltaic
performance of the DSSC utilizing gold doped rGO films counter
electrode with various gold contents was investigated by current—
voltage measurement under 100 mW cm™ tungsten light using
Keithley 237 source measurement unit. The illuminated area of the
device was 0.23 cm?’. The electrochemical impedance spectroscopy
(EIS) technique was also performed to study the bulk resistance
(Rp), the charge interfacial resistance (R.,) and charge carrier life-
time at the applied voltage of 0.4 V.

3. RESULTS AND DISCUSSION

Fig. 1 depicts the XPS spectra for the Au-doped rGO with vari-
ous gold concentrations. The spectra show that the presence of the
peak of Au 4f, C 1s and O 1s. The location of binding energy for
each peak is illustrated in Table 1. The presence of short peak of
Au indicates that its atoms are incorporated into RGO with small
amount due to small amount of its doping into rGO lattice that is
only 1-4 wt.%. The C 1s and O Is peaks signify the presence of
oxygen functional groups such as C-O bonds, carbonyls or carbox-
ylates on GO [16]. From the table, it is found that the binding ener-
gy position of Au 4f decreases with Au content until the 2% wt.
Au, then increases at 3% wt. and finally drops again at 4% wt. Au.
This trend is not observed for C 1s and O 1s. For C 1s, the binding
energy position decreases with Au concentration until 3 % wt. Au
and then increases at 4 %wt. Au. However, for O ls, its binding
energy position increases with gold content in the whole range of
% wt. Au as illustrated in the table.

Fig. 2 shows the XRD spectra of gold doped rGO films with
various contents of gold. The spectra only demonstrates one domi-
nant peak of rGO at the crystal plane (002) corresponding with the
diffraction angle of 10.5° for all samples. This result is consistent
with that reported in [17]. The 3.5 wt.% sample possesses the high-
est peak intensity while the 4.0 wt.% sample shows the lowest peak
intensity. All samples except 4.0 wt.% sample have the peak at
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Figure 1. XPS spectra of gold doped rGO with various gold con-
tents
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Figure 2. XRD patterns of gold doped rGO film sample, (a) 2.0,
(b) 2.5, (c) 3.0, (d) 3.5 and (e) 4.0 wt.% gold

31.3 and 35.5° corresponding with (111) and (200) planes, respec-
tively. These peaks belong to ITO substrate. This result agrees well
with that reported in [18]. The peak of gold is not detected in the
XRD pattern for each sample, confirming that gold has successfully
been doped into rGO lattice. This is due to the amount of gold that

Table 1. Position of binding energy for Au, C and O peak with
various gold contents

% wt. Au 4f (eV) Cls(eV) 0 1s (eV)
1 81.512 289.061 531.012
2 80.894 287.194 531.594
3 95.200 285.000 533.300
4 81.000 289.150 536.600
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Figure 3. UV-Vis transmission spectra of gold doped RGO film
sample with various wt.% gold
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Figure 4. I-V curves of the devices in dark with various gold con-
tents

was doped into the lattice of rGO is so small which is in the range
2.0-4.0 wt.%. From the spectra, the full width half maximum at
(002) for each sample is determined and from which the crystallite
size is computed from the Scherer formula and illustrated in Table
2. From the table, it is noticed that the crystallite size increases
from 2.0 to 3.0 wt.% and then drops.

Fig. 3 depicts the UV-Vis transmission spectra of gold doped

Table 2. FWHM and crystallite size of rGO with various gold
contents

wt.% FWHM Crystallite size (A)
2.0 1.95 40.34
25 1.53 49.15
3.0 1.63 50.90
35 1.59 49.18
4.0 1.94 44.40

Voltage (V)

Figure 5. J-V curves of the devices with various gold contents un-
der illumination of 100 mW cm?

rGO film sample with various gold contents. It is noticed from the
spectra that the transmission area varies with the gold content. The
3.5 wt.% sample shows the smallest area of light transmission fol-
lowed by 3.0, 1.0, 2.5, 2.0 and 4.0 wt.% samples. All samples pos-
sess the lowest transmission in UV region and highest transmission
in visible region in the region 400-700 nm. It is found that the
transmission in IR region with the wavelength above 700 nm is
higher than that in UV region with the wavelength below 400 nm.

Fig. 4 shows the /-V curves in dark of the DSSCs utilizing gold
doped rGO films counter electrodes with various wt.% gold. It is
noticed that the devices do not show diode property since the dark
current in reverse bias is slightly larger than that in forward bias.
The dark current in reverse bias is also called leak current. The
different in the leak current is quite significant indicating that the
content of gold affects the leak current. However, the difference in
dark current in forward bias is small, signifying that the gold con-
tent does not influence the forward bias dark current. The device
utilizing 2.0 wt.% gold possesses the lowest leak current followed
by 3.5, 3.0, 4.0, 2.5 and 1.0 wt.% samples.

Fig. 5 shows the current density-voltage (J-V) curves of the
DSSC utilizing the samples prepared with various gold contents
under 100 mW cm™ light illuminations. The device with 4.0 wt.%
gold shows the lowest output power, followed by 3.5, 2.5, 3.0, 1.0
and 2.0 wt.% samples. The curves have high slope, indicating that
high internal resistance of the devices leading to high output power
loss which is also due to high leak current as shown in Fig. 4. Such
shape of the curve has also been reported by Choi et al. 2011 who
studied the DSSC utilizing graphene based carbon nanotubes com-
posite counter electrode [19]. Rahman et al. 2016 also reported the
same shape of the J-V curves obtained from the DSSC utilizing
rGO counter electrode [12]. High power loss also resulted in low
fill factor (FF) and power conversion efficiency (#) as illustrated in
Table 1. The other photovoltaic parameters are extracted from Fig.
5 and illustrated in Table 2.

Fig. 6 shows Nyquist plots of the DSSC utilizing gold doped
rGO films counter electrode prepared at various gold contents.



116 M.Y.A. Rahman et al. / J. New Mat. Electrochem. Systems

90 T T T T T T T T 30 T T T I
—1.0%
80 -
—2.0%
70 4 i 25 —_25% |
— 3.0%
60 —35%
50 20F 4.0%
E 40 4
5 g st
;N’ 30 i £
. — 1.0%
—2.0% 0
10 H —2.5%
—3.0% 5L
0] —35%
210 - 4.0%
T T T T T T T T T 0 + ! + 1 L 1 L 1 L 1 L 1
50 100 150 200 250 300 350 400 450 -3.0x10° 0.0 3.0x10° 6.0x10° 9.0x10° 1.2x10° 1.5x10° 1.8x10°
Z' (Ohm) Frequency (Hz)

Figure 6. Nyquist plots of the DSSCs utilizing gold doped RGO
films counter electrode prepared at various gold contents.

From the plots, two resistances are obtained, namely, bulk re-
sistance (Ryp) of the device represented by smaller semicircle and
charge transfer resistance (R.) represented by bigger semicircle.
However, these two semicircles are not clearly seen in the plots
since they overlap. The bulk resistance is contributed by the re-
sistance of each component of the device. The charge transfer re-
sistance is attributed by the resistance at the interface of TiO,-
N719/electrolyte and electrolyte/gold doped rGO. Both resistances
are presented in Table 2. From Table 2, is found that R is always
higher than R, for each device. It is found that the device with 2.5
wt.% gold possesses the lowest Ry, followed by 2.0, 1.0, 3.5, 4.0
and 3.0 wt.% samples. However, the device with 2.0 wt.% gold has
the lowest R, followed by 2.5, 4.0, 3.5, 4.0 and 1.0 wt.% samples.
Fig. 7 depicts the Bode plots of the devices utilizing gold doped
rGO film counter electrode prepared with various gold contents. It
was found that there is one peak appears in the Bode spectra. The
peak represents the resonant frequency for each device. The carrier
lifetime was calculated from the frequency and illustrated in Table
1. According to the table, the 2.0 wt.% sample possesses the short-
est lifetime, followed by 3.5, 4.0, 3.0, 2.5 and 1.0 wt.% samples.
Table 3 illustrates the photovoltaic parameters, Ry, R and carrier
lifetime with various gold contents. According to the table, it was
found that the device with 2.0 wt.% gold performs the highest Jsc,
Vocand #. This is due to the DSSC utilizing 2.0 wt.% sample pos-
sesses the smallest leak current depicted in Fig. 3 and the lowest R
illustrated in Table 2. There is no significant change in Voc. Gener-
ally, from Table 2, the FF is low since the area of maximum power

Figure 7. Bode plots of the DSSCs utilizing gold doped RGO films
counter electrode prepared at various gold contents

rectangles drawn from the J-V curves is much smaller than that of
the J-V curves shown in Fig. 5. According to the observation on the
above performance studies of the DSSC, it is concluded that the Jsc
decreases with the gold content in term of its percentage by weight.
There are 4 devices, namely, that with 1.0, 2.0, 2.5 and 3.0 wt.%
demonstrate higher efficiency than that of the device utilizing pure
rGO counter electrode. However, the # decreases with gold content
until the 3.5 wt.% sample and then re-increases. The highest # ob-
tained in this work, 0.175% is much smaller compared with those
reported in [14-16] that are 4.99, 6.81 and 7.80%, respectively.
This might be caused the internal resistance of the DSSC fabricated
in this work is much higher than those reported in [14-16]. Howev-
er, it is higher than that of the device utilizing pure rGO counter
electrode reported in [8] which was 0.09%. This is because the Ry,
and Rof the DSSC utilizing gold doped rGO counter electrode
from this work are smaller than those reported in [12]. The R, and
R of the DSSC utilizing undoped RGO were 65 and 77 Q, respec-
tively [12]. This is noticed from Table 2 that the R, and R for the
device with the highest # were 40 and 69 Q, respectively. However,
it is observed from Table 2 that the device utilizing 3.5 and 4.0
wt.% gold demonstrated lower # than that with pure rGO. This is
due to their Ry, and R are higher than that of pure rGO as illustrat-
ed in Table 3. Future work is aimed at improving the efficiency of
the DSSC utilizing gold doped RGO films counter electrode by
annealing treatment on the sample in order to reduce the resistance
at the interface of TiO,-N719/electrolyte and electrolyte/gold doped
reduced rGO.

Table 3. Photovoltaic parameters, EIS data and carrier lifetime with various gold contents

wt.% Jsc (mA em™) Voc (V) FF 1 (%) Ry (Q) R (Q) Time (s)
1.0 1.350+0.002 0.498+0.002 0.171%0.002 0.115+0.004 60.0 170.0 0.0367
2.0 0.989:£0.002 0.692+0.001 0.255+0.003 0.175+0.008 40.0 69.0 0.0007
2.5 0.835+0.001 0.550+0.002 0.234+0.002 0.10820.001 25.6 126.2 0.0125
3.0 0.808+0.004 0.609+0.004 0.23120.005 0.114+0.005 179.0 250.0 0.0015
35 0.467+0.002 0.530+0.007 0.266+0.003 0.056+0.005 71.8 129.8 0.0010
4.0 0.38620.002 0.602+0.006 0.300+0.002 0.070+0.007 90.2 127.0 0.0010
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4. CONCLUSIONS

Gold doped reduced graphene oxide (rGO) films counter elec-
trode were successfully prepared on ITO substrate and applied in
DSSC. The doping of gold into rGO has decreased the resistance of
RGO and improves the performance of the DSSC utilizing gold
doped rGO counter electrode. The DSSC utilizing the sample pre-
pared using 2.0 wt.% gold demonstrates the highest Jsc and # due
to the smallest leak current and charge transfer resistance (R). The
above results indicate that gold doped rGO has potential as counter
electrode candidate for replacing costly platinum in DSSC.
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