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ABSTRACT: A low temperature route to synthesize
graphene oxide−Pt nanoparticle hybrid composite by light
assisted spontaneous coreduction of graphene oxide and
chloroplatinic acid without reducing agent is demonstrated.
Analysis indicates the importance of light as energy provider
and ethanol as hole scavenger in the formation of small Pt
nanoparticles (∼3 nm) on graphene oxide as well as graphene
oxide reduction. Spray coating was used to deposit the hybrid material as a counter electrode in dye sensitized solar cells (DSCs).
An efficiency of 6.77% for the hybrid graphene counter electrode has been obtained, higher than the control device made by low
temperature sputtered Pt as counter electrode. Compatibility of the hybrid material with flexible plastic substrates was
demonstrated yielding DSCs of an efficiency of 4.05%.
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■ INTRODUCTION
Dye sensitized solar cells (DSCs) are of great interest due to
their simple fabrication procedure and high efficiencies.1 Much
of the research in DSCs has focused on synthesis of new dyes,
new materials for photoanodes, and new electrolytes.2−6,43

Alternative materials for counter electrode have received less
attention due to the excellent properties of the Pt nanoparticles
conventionally deposited through the thermal decomposition
of platinum chloride precursor on fluorinated tin oxide (FTO).
However, the decomposition requires a high temperature
(>400 °C), which is incompatible with plastic substrate. One
possible modification that could enable room temperature
counter electrode fabrication is the introduction of carbon
nanostructures, such as carbon nanotubes, graphene, and other
carbon derivatives as a conductive support or catalyst.5,7−10

Graphene has attracted much research attention due to its
excellent properties such as high charge carrier mobility,11 high
catalytic activity,12 chemical stability,8 and high optical
transmittance,13 enabling application in electronics, catalysis,
energy storage, and sensing.14−17 In recent years, graphene
based materials have been integrated into DSCs.18 For example,
Nailiang et al. have utilized graphene bridges to enhance charge
transport within TiO2 photoanodes,

19 while Kavan et al. have
demonstrated the advantages of employing graphene nano-
platelets in DSC.12,20 One of the drawbacks in the solution
processing of graphene is the final step involving the utilization
of high temperature or toxic chemicals (hydrazine) as reducing
agents for the conversion of water-soluble graphene oxide
(GO) to reduced graphene oxide (rGO).

In this report, we have developed a clean and low
temperature method to efficiently reduce insulating GO to
conductive rGO while simultaneously decorating Pt nano-
particles on rGO sheet. We have demonstrated its application
as a counter electrode in dye sensitized solar cells. The resultant
hybrid material has randomly distributed Pt nanoparticles with
uniform size of ∼3 nm. The reduction process was monitored
through optical spectra and XPS characterization. The hybrid
material synthesized at different reaction times were extracted
and made into counter electrodes by spray coating, which is a
scalable process. The DSCs fabricated with hybrid material
counter electrodes are shown to possess higher efficiency as
compared to “control” DSCs made through other low
temperature methods such as spraying Pt nanoparticles
(made by heating chloroplatinic acid in ethanol at 80 °C for
3 h, referred as Pt nnp) and sputtered Pt counter electrodes.
Finally, incorporation of the hybrid material on plastic substrate
has been successfully demonstrated with an efficiency of 4.05%.

■ EXPERIMENTAL PROCEDURE
Synthesis of Pt−GO. Graphene oxide was produced by modified

Hummers’ and Offeman method21 following our previous report.22

Materials used were graphite powder (SP1, Bay Carbon), sulfuric acid
(98%, Sigma Aldrich), sodium nitrate (Sigma Aldrich), potassium
permanganate (Sigma Aldrich), and hydrogen peroxide (30%, Sigma
Aldrich). Purified and dried GO is then redispersed in a mixture of
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ethanol and DI water (4:1). H2PtCl6 solution (Alfa Aesar, 1 mL, 10
mM in ethanol) was then added dropwise to the solution while being
vigorously stirred. The solution is then heated to 80 °C, and light from
an incandescent bulb (100W, Philips, local intensity 56W/m2

measured using Daystar PV meter) was used to assist the reaction.
The resultant hybrid material was then centrifuged and washed with
ethanol several times and redispersed in ethanol. An aliquot of 0.5 mL
was sprayed on FTO coated glass substrate to prepare the counter
electrode. A similar synthesis method was employed to produce Pt
nnp used as counter electrode.
Solar Cell Fabrication. For the preparation of the photoanode,

TiCl4 pretreatment is done for 30 min at 70 °C on the FTO glass
substrate (TEC15, from NSG). A 10 μm thick mesoporous
nanoparticle TiO2 (Dye-sol 18NRT; particle size, 20 nm) is first
screen-printed, followed by a 5 μm thick scattering layer (Solaronix R/
SP; particle size, 150 nm). Post TiCl4 treatment is done before dipping
in 0.3 mM N719 dye solution for 12 h. The electrolyte used in this
experiment is E008 (MPN based, 0.1 M iodine, 1 M PMII, 0.5 M
NMB, 0.1 M LiTFSI). For counter electrode, two control samples
were made by spraying Pt nanoparticle made by heating chloroplatinic
acid in ethanol at 80 °C for 3 h (referred to as Pt nnp in this report)
and also by sputtering Pt onto FTO glass. Our study on platinum

decorated graphene oxide is done by spraying the solution on FTO
coated glass forming a film thickness of around 1μm.

Characterization. A drop of the hybrid suspension was deposited
on plasma cleaned silicon and lacey carbon copper grid and left to dry
in air before characterization by scanning electron microscopy (FE-
SEM, JEOL JSM7600F), X-ray photoelectron spectroscopy (XPS, VG
ESCA 220i-XL imaging XPS), and transmission electron microscopy
(HR-TEM, JEOL 2100F, Japan). An aliquot of 3 mL was extracted to
perform UV−vis optical absorption analysis (Shimadzu 3600, Japan).
The film thicknesses of spray coated films were measured using surface
profilometer (KLA Tencor alpha stepIQ), and the sheet resistance was
measured using a 4-point probe (Advanced Instrument Technology
CMT SR 200N, Switzerland). Cyclic voltammogram (CV) was
measured using Solartron-analytical, 1470E with Pt foil as counter
electrode and SCE as reference electrode in an acetonitrile solution of
1 mM I2, 10 mM of LiI, and 0.1 M of LiClO4. The cells were
illuminated by AAA rated solar simulator (San-Ei Electric, XEC 301S),
1 sun illumination, while I−V characteristics were recorded by Agilent
4155C.

Figure 1. (A) Photograph of PtGO solution at different interval time of 0 h, 1 h, 3 h, and 18 h. (B) SEM image of PtGO made by addition of
hydrazine as reduction agent, particle size range is 20−200 nm. (C) PtGO made by light assisted reduction in ethanolic solution; particle size is on
average 3 nm. (D) TEM image for PtGO in B. (E) TEM image for PtGO in C, inset showed the HRTEM of the nanoparticle as well as generated
FFT image for the particle in the box.
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■ RESULTS AND DISCUSSION

Pt nanoparticles on GO were synthesized by photoreduction of
chloroplatinic acid and GO in ethanolic solution and in the
presence of light; the resultant hybrid material is referred to as
PtGO. The optical image in Figure 1a shows the evolution of
color of the same PtGO solution over time (0 to 18 h). The
mixture initially appears brownish yellow following the typical
color of GO solution. Subsequently, black, web-like sheets
started to appear in the solution which increased with time. At
the end of 18 h or more, the solution appeared very dark and
lost its dispersibility completely. The morphologies and
microstructures of the nanocomposites were examined with
SEM and TEM. Figure 1b,c compares the PtGO morphology
formed by hydrazine reduction and that produced by
photoreduction, respectively. Figure 1d,e shows the HRTEM
images of PtGO synthesized by hydrazine reduction and by
photoreduction for 1 h. Hydrazine was used since it is an
effective reducing agent for both GO16 and chloroplatinic
acid.23 During hydrazine reduction (Figure 1b,d), most of the
particles were found to aggregate randomly with irregular shape
and size. The size varies from 20 to 200 nm possibly due to the
vigorous nature of the reduction. On the other hand, reduction
by light produces smaller and uniform particle sizes. As
measured through TEM, the average size is 3.2 ± 0.5 nm. The
inset of Figure 1e shows an enlarged view of the particle with
the selected area electron diffraction (SAED) pattern of the
particle highlighted. The Pt nanoparticles were found to
crystallize in cubic Fm-3m (a = 0.392 nm) and were aligned
along [101] zone axis. The d-spacing of {111} and {020} were
calculated to be 0.23 and 0.20 nm, respectively, from high
resolution TEM (HRTEM) and SAED. Elemental analysis by
energy dispersive X-ray (EDX) as well as XPS measurements
confirms that the particles formed are Pt (Supporting
Information, SI 2c,f).
We evaluated the necessity of the various factors involved in

the synthesis of the nanocomposite in an attempt to unravel the
underlying mechanism. Illumination of graphene oxide and
platinum precursor for 18 h in pure DI water resulted in no
change in the bright yellow solution (Supporting Information,
SI 1), and films cast from the solution remained insulating,
indicating the necessity of ethanol.24,25 It has been reported
previously that Pt nanoparticles can be generated from water−
alcohol solutions of chloroplatinic acid under illumination.26−28

The reaction proceeds through the oxidation of alcohols which
provides electrons for the reduction process. The chemical
functionalities on the surface of graphene oxide have been
shown to act as binding sites for metal nanoparticle
formation,22,29 leading to the formation of graphene oxide−Pt
hybrid material. Ethanol can also act as a reducing agent in the
formation of reduced graphene oxide under these mild
conditions.30,31 Comparison of the TEM images of the
nanocomposite (1 h vs 18 h) revealed that the Pt nanoparticles

are easily formed and retain their dimensions throughout the
illumination period. The Pt nanoparticles in turn catalyze the
GO reduction process. Illumination of GO in ethanolic solution
without Pt precursor showed no significant change of color
after 3 h, indicating a slow reduction process. The role of Pt in
accelerating GO reduction processes has been previously
observed in ethylene glycol based systems.32,33 The temper-
ature applied (80 °C) is also critical in accelerating the
reduction process. Room temperature syntheses approximately
took 5 days to achieve the same level of reduction as 18 h of
standard synthesis. As mentioned above, the role of
illumination is in the formation of uniform Pt nanoparticles.
Conducting the reaction in the darkness resulted in the
formation of nonuniform Pt particles and aggregates (>100
nm). The nanoparticle synthesis is shown Scheme 1.
To investigate the gradual transformation of PtGO to form

Pt-reduced GO, we performed optical absorption, sheet
resistance, and X-ray photoelectron spectroscopy (XPS)
spectrum analysis on both solution and thin film samples.
Figure 2 shows the absorption spectra taken for H2PtCl6−GO

solution in ethanol at different time intervals. The solution
prior to photoreduction has two absorption peaks at 228 nm
(corresponding to π → π* transition of CC bond) and a
shoulder peak at around 300 nm (corresponding to n → π*
transition in carbonyl conjugation). The peak at 228 nm
gradually shifts to 247 nm after 1 h of illumination, 255 nm
after 3 h, and finally to 269 nm after 18 h of illumination. From
previous reports, reduced graphene oxide has been reported to
have an absorbance at around 270 nm.34 Similarly, the shoulder
peak also gradually shifts from 300 to 350 nm as the reaction
time increases. The gradual shift of the curve is due to
increasing conjugative interaction and signifies the restoration

Scheme 1. Schematic of Light Assisted Platinum Salt Reduction on Graphene Oxide Sheet in Ethanolic Solution

Figure 2. UV−vis absorbance for graphene oxide and chloroplatinic
acid in ethanolic solution at different time intervals ranging from 0 to
18 h.
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of the graphene sp2 structure, which also suggests removal of
oxygen functionality.35

Sheet resistance measurements were made on spray coated
thin film samples (thickness is around 0.8−1.0 μm) on glass
substrate. The value gradually decreases from >300 MΩ/sq to
3.21 kΩ/sq. This value is comparable to a hydrazine reduced
PtGO sheet resistance value of 11.39 kΩ/sq (Supporting
Information, SI 3). Meanwhile, hydrazine reduced GO has a
sheet resistance value of 15.52 kΩ/sq, indirectly indicating that
the Pt nanoparticles may improve conductivity in the
composite material. Another way to characterize the reduction
degree of GO is by analyzing the oxygen and carbon peaks in
XPS. Figure 3 showed a survey and high resolution scan for

PtGO at 0 and 18 h of illumination. Oxygen functionalities that
could be detected in graphene oxide include hydroxyl (286.6
eV), carbonyl (287.9 eV), and carboxylate (289.1 eV).36,37 The
intensity of these peaks decrease with illumination time, while
the intensity of the peak associated with conjugated carbon at
284.5 eV increases. Further analysis shows a carbon to oxygen
ratio of 2.6 and 12.8 for PtGO-0 h and PtGO-18hrs,
respectively, confirming the removal of oxygen group in
GO.38,39 The XPS results also confirm the presence of Pt
nanoparticles. A high resolution Pt4f XPS scan of PtGO-18hrs
showed a small peak at around 75 eV which may suggest the
presence of intermediate products Pt (+2) (Supporting
Information, SI 2f) or possible interaction between graphene
sheet and the Pt nanoparticle.40

In order to demonstrate practical applications utilizing this
composite, a series of dye sensitized solar cells were fabricated
with PtGO as counter electrode. Each of the solutions was
spray coated on FTO glass to a thickness of 1 μm as measured

by surface profilometer. A 1 μm thickness of the films was used
because it was the lowest thickness where consistent results
could be produced. At this thickness, there is sufficient coverage
and continuity of the film on the substrate, providing
consistency. Figure 4 shows the J−V characteristic of

representative DSCs prepared under various synthesis con-
ditions. The results are tabulated in Table 1 for easy reference.

An open circuit voltage (Voc) of 0.71 V, a short-circuit current
density (Jsc) of 13.0 mA cm−2, a fill factor (FF) of 35.85, and
conversion efficiency (η) of 3.31% were obtained for PtGO-1hr.
On the other hand, the Voc, Jsc, FF, and η for PtGO-3hrs were
0.72 V, 14.1 mA cm−2, 66.9, and 6.77% and for PtGO-18hrs
were 0.71 V, 13.5 mA cm−2, 65.1, and 6.26%, respectively. From
the result, we can observe an increasing trend of the efficiency
along with the reaction time. There is also a significant
difference in FF of PtGO-1hr compared to the PtGO-3hrs and
PtGO-18hrs. Interestingly, Jsc and FF of the PtGO-3hrs cell are
found out to be slightly higher than the PtGO-18hrs cell.
In general, the counter electrode of the DSC should possess

both good conductivity and high catalytic activity. Both of these
factors vary during the reduction of PtGO. The poor
performance exhibited by PtGO-1hr may be attributed to the
inadequate restoration of the sp2 network which leads to
inefficient charge transport and high sheet resistance. For
longer reduction times (3 and 18 h), the poor conductivity is
no longer a hindrance as demonstrated by the high photo-
current densities and fill factors in the devices. Previous studies
have pointed out that the oxygen functional group in
carbonaceous material may play a strong catalytic role.9,41

With increasing reaction time, more functional groups are
removed from the graphene, possibly leading to lower catalytic
activity for PtGO-18hrs as compared to PtGO-3hrs. This could

Figure 3. X-ray photoelectron spectroscopy for PtGO at 0 and 18 h:
(A) survey scan and (B) high resolution scan for PtGO and GO.

Figure 4. J−V characteristic of DSC made of PtGO counter electrode
at different reaction time and reference cell of Pt nanoparticle, Pt
sputtered on FTO as comparison.

Table 1. Photovoltaic Characteristic of DSC with PtGO
Counter Electrode on FTO

Voc (V) Jsc (mAcm−2) FF (%) η (%)

Pt−GO-1h 0.71 13.0 35.8 3.31
Pt−GO-3hrs 0.72 14.1 66.9 6.77
Pt−GO-18hrs 0.71 13.5 65.1 6.26
Pt nnp 0.72 13.2 50.9 4.85
Pt sputtered 0.72 13.1 67.2 6.29
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be the possible reason behind the slight dip in the DSC
efficiencies when photoreduction times are increased from 3 to
18 h. To investigate the catalytic performance of the counter
electrodes, cyclic voltammetry was conducted in a three
electrode system with Pt foil as counter electrode and SCE as
reference electrode. The result is presented in Figure 5. Two

pairs of peaks are observed corresponding to oxidation
(positive peaks) and reduction (negative peaks) of the
iodide/triiodide species. The reduction processes occurring
are (I3

− + 2e− → 3I−) and (3I2 + 2e−→ 2I3
−).42 In general,

PtGO-3hrs and PtGO-18hrs were found to exhibit large redox
current density as compared to PtGO-1hr and the sputtered Pt
counter electrode with PtGO-3hrs showing the best catalytic
activity. The results imply that, at short reduction times (1 h),
low conductivity creates a bottleneck in the performance of the
PtGO; while in the case of longer time periods (18 h), the
improvement in conductivity could not sufficiently compensate
for the decrease in catalytic activity. Optimization of
conductivity and catalytic properties gives better efficiency for
PtGO-3hrs as compared to the sputtered Pt cells. The good FF
observed for the PtGO electrodes also suggest that this
approach has potential for counter electrode application in
DSC. The ambient nature of the fabrication process as well as
the scalable nature of the spray deposition shows that this new
material is compatible with high throughput production on
flexible substrates.
We have also demonstrated the ability of the Pt−GO

material to be incorporated onto flexible substrate (ITO/PET,
sheet resistance of 200Ω/sq) as shown in Supporting
Information, SI 4. The device showed good performance
reaching an efficiency of 4.05%. Generally, the efficiency of cells
made using flexible substrate were lower than that fabricated on
rigid FTO, attributable in part to the higher sheet resistance of
the flexible substrate. The cell performance is plotted in Figure
6, with the inset showing the tabulated result of the cells. The
Voc, Jsc, FF, and η for PtGO on ITO/PET substrate were 0.71
V, 10.62 mA cm−2, 53.37, and 4.05%, respectively. The stability
of the Pt−GO electrode formed on plastic substrate was tested
continuously for 100 electrochemical cycles and displayed no
significant change in the catalytic activity, indicating good
adhesion of the composite material (Supporting Information, SI
5).

■ CONCLUSION
We have presented low temperature light assisted coreduction
of both graphene oxide and Pt nanoparticles in ethanol−water
mixtures. The reduction was found to effectively remove the
oxygen functionalities and recover the conductivity of graphene
sheet. The advantages of our method are (1) clean synthesis
and spontaneous coreduction of PtGO hybrid material
involving no toxic chemical and (2) a low temperature solution
processable method compatible with flexible plastic substrate.
The applicability of the hybrid material to perform as DSC
counter electrode has also been demonstrated. An efficiency of
6.77% is achieved for PtGO hybrid counter electrode, higher
than 6.29% obtained through sputtering of platinum. In
addition, the hybrid material has also been integrated on
flexible substrate as counter electrode, and an efficiency of
4.05% was obtained. This promising performance suggests that
PtGO hybrid synthesized by photoreduction may be an
excellent alternative for low temperature based counter
electrode in DSC.
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