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a b s t r a c t

Nanocomposite films of platinum nanoparticle-deposited expandable graphene sheet (Pt/EGS) are fab-
ricated on conductive indium tin oxide glass electrodes via a “green” electrochemical synthetic route
involving a series of electrochemical processes. The microstructure and morphology of the prepared
film samples are characterized by Fourier transform infrared spectroscopy, Raman spectroscopy, X-ray
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photoelectron spectroscopy, X-ray diffraction, three-dimensional non-contact surface mapping, and field
emission scanning electron microscopy. At the same time, the catalytic activity and stability of the Pt/EGS
film for the oxidation of methanol are evaluated through cyclic voltammetry and chronoamperometry
tests. The Pt nanoparticles in the Pt/EGS nanocomposite film are found to be uniformly distributed on
the EGS. The as-synthesized Pt/EGS nanocomposite exhibits high catalytic activity and good stability for
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. Introduction

Graphene sheets (GS) have attracted enormous attention due
o its potential application in liquid crystal and nanoelectronic
evices, as well as in supercapacitors and field emitters [1–7].
wing to its high aspect ratio, excellent electrical conductiv-

ty, and outstanding mechanical properties, GS is a promising
atalyst carrier in the next generation of carbon-based support
aterials. It has opened a new opportunity for the novel use of

wo-dimensional carbon materials as supports in fuel cells. In
ecent studies on nanocomposites with unusual electronic cat-
lytic properties, researchers have exerted intensive efforts in
abricating nanocomposites or hybrids of GS doped with met-
ls or inorganic metal oxides via various routes. For instance,
t/graphene nanocomposites have been synthesized by mixing
raphene powders in a solution of H2PtCl6 precursor [8]. Tita-
ia/graphene nanocomposites have been successfully prepared
y means of ultraviolet (UV)-assisted photocatalytic reduction of

raphene oxide [9]. Thus, the fabrication of metal/GS functional
anocomposites through a controllable, cost-effective, and fast
pproach has likewise aroused interest among researchers [10,11].
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ich may be attributed to its excellent electrical conductivity and the high
phene sheet catalyst support.

© 2010 Elsevier B.V. All rights reserved.

Since graphene oxide (GO) possesses abundant oxygen-
containing functional groups, such as hydroxyl, epoxide, and
carboxyl groups, which give it water-soluble properties [12], a
scaled-up production of electrode materials comprised of GO films
is feasible via the electrophoretic deposition (EPD) of stable GO
colloid with negative charge. This generates functional coatings
on various conducting substrates at low costs and in a controlled
manner [13–15]. However, this is closely dependent on the reduc-
tion of GO to GS and is under the prerequisite that the GO film
remains intact. Some methods, mainly involving chemical and ther-
mal reduction, have been tested for this purpose. For instance, Lee
et al. fabricated a GO coating on a conducting substrate through EPD
of an aqueous colloid, and reduced GO to GS using hydrazine as the
reductant [16]. However, as pointed out by Kaner and co-workers,
both chemical and thermal reduction techniques have some obvi-
ous drawbacks, namely, the highly toxic reductant hydrazine and
the incompatibility of the thermal reduction process under some
conditions [3]. Thus, the electrochemical method was adopted as
an effective and controllable alternative technique for the modifi-
cation of electronic states. This is done by adjusting the external
power source to change the Fermi energy level of the electrode

surface [17], which reduces GO in the presence of direct current
(DC) bias [18]. We hypothesize that electrochemical reduction can
be used to fabricate highly ordered and controllable GS on elec-
trode materials and that it may be feasible to establish a “green”
and fast method for fabricating GS film as electrode materials by
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ombining the EPD technique with in situ electrochemical reduc-
ion.

This study focuses on the deposition of Pt on GS film. Pt is an
deal catalyst for the electrocatalytic oxidation of methanol in direct

ethanol fuel cells (DMFC), which usually contain carbon-based
aterials for supporting nano-sized metallic particles [19,20].

xpandable graphene oxide (EGO) was first prepared by using
he modified method of Hummers and Offeman [12,21]. The
anocomposite film of Pt nanoparticles deposited on an expandable
raphene sheet (Pt/EGS) was then obtained using a “green” syn-
hetic route. This involves three electrochemical procedures. The
s-obtained film samples were characterized by means of Fourier
ransform infrared (FTIR) spectroscopy, Raman spectroscopy, X-ray
hotoelectron spectroscopy (XPS), X-ray diffraction (XRD) pattern,
hree-dimensional (3D) non-contact surface mapping, and field
mission scanning electron microscopy (FE-SEM). The catalytic
ctivity and stability of the composite film for the oxidation of
ethanol were evaluated by using cyclic voltammetry (CV) and

hronoamperometry tests.

. Experimental

.1. Preparation of EGO colloid solution

Expandable graphite was first treated at 1050 ◦C in air for 15 s
o split it. Briefly, heat-treated expandable graphite powder (1 g)
as placed in 98% H2SO4 (23 mL) in an ice bath. Then, KMnO4

3 g) was slowly added under stirring to avoid a sudden increase
n temperature. The solution was kept at 35 ◦C for 30 min, followed
y the gradual addition of ultrapure water (46 mL) in an ice bath.
fter 15 min, ultrapure water (140 mL) and a solution of 30% H2O2

12.5 mL) were added to generate EGO. The resultant EGO was first
ashed with a solution of 5% HCl to a pH value of 7, followed by
ltrasonication forming a homogeneous yellow solution of EGO.
he obtained EGO solution was dialyzed at 60 ◦C until SO4

2− anion
as undetectable by Ba2+ cation. The as-prepared EGO colloid solu-

ion was diluted to a concentration of 0.6 mg mL−1 and then used
or the following EPD process.
.2. EPD of EGO film

EGO film was deposited on a conductive indium tin oxide (ITO)
lass electrode. A cleaned ITO slide (20 mm × 20 mm) with a sheet
esistance of about 10 � sq−1 and a stainless steel plate with an

ig. 1. (a) Fabrication procedures of Pt/EGS nanocomposite film, (b) optical images of E
rocess, (c) optical images of the as-prepared samples of EGO, EGS, and Pt/EGS.
ces 195 (2010) 4628–4633 4629

in-between distance of 15 mm were used as the anode and cath-
ode, respectively. EPD was carried out at 150 V in constant potential
mode. After EPD for 45 s, the resultant EGO film was slowly with-
drawn from the solution.

2.3. Synthesis of Pt/EGS nanocomposite film

The EGO film was electrochemically reduced in situ in 0.1 M
KCl and scanned within a potential range of 0 to −1.0 V at a
scan rate of 10 mV s−1. This was conducted on a CHI660C Elec-
trochemical Workstation (Chenhua, China) using a conventional
three-electrode electrochemical system which consists of an EGS
film-coated ITO slide as the working electrode, Pt wire as the
counter electrode, and Ag/AgCl (in saturated KCl solution) electrode
as the reference electrode. To obtain the desired composite film
electrode, Pt nanoparticles were electrodeposited on the EGS film
at a constant potential of −0.25 V for 1800 s in a mixed solution of
3 mM H2PtCl6 and 0.5 M H2SO4.

2.4. Characterization

The obtained samples were characterized by FTIR spectroscopy
(Bruker, IFS 66V/S, Germany), Raman spectroscopy (Renishaw
Microscope, Lab RAMHR800; laser excitation at 532 nm), XPS
(PHI-5702, Physical Electronics, USA; monochromated Al-K� irra-
diation, with the binding energy of Au4f at 84.8 eV as reference),
XRD (Hitachi, Japan), 3D non-contact surface mapping (MicroXAM
3D non-contact surface mapping profiler, ADE Corporation, Mas-
sachusetts, USA), and FE-SEM (JSM-6701F, Hitachi, Japan).

2.5. Evaluation of electrocatalytic activity and stability

The electrocatalytic activity and stability of the synthe-
sized Pt/EGS nanocomposite film for the oxidation of methanol
were evaluated in 0.5 M CH3OH and 0.5 M H2SO4 by means
of CV and chronoamperometry tests. The Pt/EGS nanocom-
posite film-coated ITO slides served as the working electrode
of the above-mentioned three-electrode electrochemical cell.

The area of the working electrode exposed to solution was
1.13 cm2. For comparison, Pt nanoparticles were deposited
on glass carbon (GC) electrodes in the same manner as
that for Pt/EGS, generating Pt/glass carbon composite elec-
trode (Pt/GC). The catalytic activity of Pt/GC towards methanol

GO colloid solution with a concentration of 0.6 mg mL−1 and the setup of the EPD
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ig. 2. CV curves of EGO film on ITO electrode in the aqueous solution of 0.1 M KCl
t a scan rate of 10 mV s−1 for 10 segments.

xidation was evaluated with an area of 0.071 cm2 in the solu-
ion.

. Results and discussion

.1. Fabrication of Pt/EGS nanocomposite film

As schematically illustrated in Fig. 1a, a Pt/EGS nanocompos-
te film was synthesized via a “green” electrochemical synthetic
oute involving three key steps: EPD of EGO film on ITO surface, in
itu electrochemical reduction of EGO film generating EGS film, and
lectrodeposition of Pt nanoparticles on EGS film under a constant
otential condition. As shown in Fig. 1b, a stable brown EGO colloid
olution with a concentration of 0.6 mg mL−1 was first prepared.
ue to the existence of many polar oxygen-containing functional
roups, the EGO sheets in the colloid, which has a pH value of
.0, have a negative zeta potential of about −64.7 mV, measured
ith a Zetaplus analyzer. While being subject to the EPD process

chematically illustrated in Fig. 1b, the EGO sheets were migrated
owards the ITO anode under a constant potential, generating the
GO film. Upon completion of the EPD process, it was apparent
hat a brown and transparent EGO film had grown on the surface of
he ITO electrode (Fig. 1c). In the follow-up step, the EGO film was
lectrochemically reduced in the 0.1 M KCl in situ. This was con-
ucted in 10 segments along with CV measurement. The resulting
V curves are shown in Fig. 2. In the first segment, the appearance of
cathodic peak potential at −0.70 V indicates that the electrochem-
cal reduction of EGO took place authentically. The cathodic peak
otential disappeared in the successive scanning process, imply-

ng that EGS was not continuously oxidized therein. This means
hat the reduction of EGO to EGS is a typical electrochemical irre-
ersible process [18]. At the end of the electrochemical reduction,

Fig. 3. FTIR (a) and Raman (b) spec
rces 195 (2010) 4628–4633

the circular EGS turned black (Fig. 1c), which is consistent with that
observed during chemical reduction [22]. Upon the electrodeposi-
tion of Pt nanoparticles on the EGS film under a constant potential,
the circular film developed a uniform light-black color with a metal-
lic luster, demonstrating that Pt/EGS nanocomposite film had been
successfully fabricated.

3.2. Microstructure characterization of the Pt/EGS nanocomposite
film

The as-obtained EGO and EGS samples were preliminarily ana-
lyzed by means of FTIR spectroscopy. Relevant FTIR spectra are
shown in Fig. 3a. For the EGO sample, the characteristic absorp-
tion peaks at 3450, 1730, 1226, and 1055 cm−1 correspond to the
stretching of O–H, C O carbonyl, C–OH, and C–O bonds, respec-
tively. The peak at 1620 cm−1 is assigned to the remnant sp2 species
[23]. After electrochemical reduction, most of the absorption
bands disappeared, which confirmed the elimination of oxygen-
containing groups [24]. This is further proven by the XPS results
(Fig. S1). Since the peak intensity ratio of D to G in the Raman spec-
tra can reflect the defective formation on film [25], Raman spectra
were recorded before and after the electrochemical reduction of
the EGO film. The Raman spectra of various samples are shown in
Fig. 3b. The Raman spectrum of graphite consists of four bands at
1352, 1588, 1624, and 2700 cm−1, which can be designated as D,
G, D′, and G′ bands, respectively [26]. The as-prepared EGO film
showed only two bands at 1357 and 1601 cm−1, corresponding to
the D and G modes and is in good agreement with that reported
by Ferrari et al. [27]. After electrochemical reduction, the intensity
ratio of D to G bands decreased, which may be attributed to the
lower defect concentration in EGS than in EGO [28].

Fig. 4a shows a typical FE-SEM image of the as-deposited EGO
film. It is seen that the EGO film is made up of many stacked EGO
layers with numerous edges. In the EPD process, the thickness of
EGO film can be easily controlled by adjusting the concentration
of the EGO colloid solution and deposition time. For example, an
EGO film with a thickness of about 1 �m was obtained after EPD at
150 V for 45 s (see Fig. S2). Fig. 4b reveals that the surface of EGS had
no substantial difference from that of the EGO film, although more
edges and fractures were visible in the former case. At the same
time, the surface mapping profiles (Fig. S3) show that the surface
roughness of the EGO film increased from 0.15 to 0.25 �m, which
is consistent with the results of the FE-SEM analysis. Moreover, the
EGS film exhibited a relatively higher C to O ratio than the EGO film
due to a large extent to the removal of oxygen in the electrochem-
ical reduction. The state of C atoms changed from sp3 to sp2 along

with the production of CO and CO2, which might destroy the surface
microstructure and result in more edges and fractures [12,25,29].
Thus, the EGS film with the rough microstructure may be an ideal
support for depositing metal nanoparticles. Indeed, as shown in
Fig. 4c, the Pt/EGS composite can be successfully synthesized via a

tra of EGO and EGS samples.
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Fig. 4. FE-SEM images of EGO (a), EGS (b), a
ontrolled electrochemical reduction of PtCl62−, where Pt nanopar-
icles are uniformly distributed on the EGS surface. Generally, the
ggregation of Pt nanoparticles leads to a significantly decreased
urface area. Hence, it is important to avoid the Pt aggregation in
he development of electrocatalytic composite films [30]. In the

Fig. 5. XRD patterns of graphit
EGS (c and c1) at increasing magnifications.
present research, Pt nanoclusters on the EGS film did not severely
aggregate (see Fig. 4c1), and the Pt nanoparticles with a uniform
diameter of about 15 nm were well-dispersed on the EGS surface.

Fig. 5 gives the XRD patterns of various samples. As shown
in Fig. 5a, the interlayer distance of the (0 0 2) peak for expand-

e, EGO, EGS, and Pt/EGS.
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ig. 6. (a) CV curves of Pt/EGS and Pt/GC electrodes in the mixed solution of 0.5 M C
.5 M CH3OH and 0.5 M H2SO4 at different scan rates (from down to up: 10, 20, 30,
quare root of scan rates; (c) i–t curve of Pt/EGS electrode at 0.60 V for 1200 s in the

ble graphite is 3.37 Å (2� = 26.3◦). After thermal exfoliation
Fig. 5b), the interlayer distance remarkably expanded to 7.52 Å
2� = 11.76◦). This should be ascribed to the formation of oxygen-
ontaining functional groups during thermal exfoliation [25]
nd the formation of EGO. Along with follow-up electrochem-
cal reduction of EGO, the broad peak near 4.16 Å (2� = 21.3◦)
ecame increasingly obvious due to the partial removal of the
xygen-containing functional groups (Fig. 5c), and the inter-
ayer distance further expanded to 8.11 Å. At the same time, the
t/EGS composite showed diffraction peaks at 2� = 39.6◦, 46.2◦,
nd 67.7◦ (Fig. 5d), which can be assigned to the (1 1 1), (2 0 0),
nd (2 2 0) planes of the face-centered cubic Pt crystal (JCPDS No.
–802).

.3. Electrocatalytic activity of Pt/EGS nanocomposite film

The electrocatalytic activity of the Pt/EGS film for methanol
xidation was evaluated by CV, and the Pt/GC nanocomposite elec-
rode was also tested under the same conditions for comparison.
oth composite electrodes were cycled repeatedly until a steady-
tate CV curve was obtained. As shown in Fig. 6a, the Pt/EGS
atalyst has a forward peak current density of 7.41 mA cm−2 at
.92 V (vs. Ag/AgCl), which is more positive than that of Pt/GC
nd may be attributed to residual oxygen-containing functional
roups on the surface of EGS [31]. In the meantime, the current
ensity (7.41 mA cm−2) of Pt/EGS at the onset potential was much
igher than 4.31 mA cm−2 (Pt/GC), revealing a better electrocat-
lytic activity of Pt/EGS for methanol oxidation. This implies that
he dispersed Pt particles and the EGS film might have syner-
istic electrocatalytic effect on methanol oxidation. Hence, EGS

as more favorable than GC as a catalytic support. The transport

ehavior of methanol on the composite electrode, which was mea-
ured by using linear sweep voltammetry in the mixed solution of
.5 M CH3OH and 0.5 M H2SO4 at a scan rate of 10–40 mV s−1, is
hown in Fig. 6b. The peak current of methanol oxidation increased
and 0.5 M H2SO4 at 5 mV s−1; (b) the anodic peak currents in the mixed solution of
0 mV s−1), and the inset shows the dependence of the anodic peak currents on the
d solution of 0.5 M CH3OH and 0.5 M H2SO4.

with increasing scan rate. The inset in Fig. 6b indicates that the
anodic peak current is linearly proportional to the square root
of the scan rate, revealing that the electrocatalytic oxidation of
methanol on Pt-deposited EGS electrode is a diffusion-controlled
process [32]. Furthermore, the stability of the synthesized cat-
alyst was tested using chronoamperometry. The corresponding
i–t curve is shown in Fig. 6c. The Pt-decorated EGS composite
electrode was more durable and efficient for intermediate oxi-
dation of methanol in the whole process [33], which might be
closely related to the excellent electrical conductivity and high
specific surface area of EGS and to its synergistic electrocatalytic
effect with Pt [3,31]. Such a synergistic effect could be ratio-
nally anticipated if one notices that 0.27 mg of Pt particles was
deposited on the EGS electrode with a surface area of 1.13 cm2,
while only 0.019 mg of Pt particles was deposited on the GC elec-
trode with a surface area of 0.071 cm2. This is estimated from
the charges that were integrated during Pt deposition under the
condition that the current efficiency is assumed to be 100% (see
Fig. S4).

4. Conclusions

A systematic, feasible, and environmentally friendly method
has been established for fabricating carbon supports made of
EGS as a metal catalyst carrier for fuel cells. It has been found
that the nanocomposite film of EGS deposited with Pt nanopar-
ticles (Pt/EGS) has better electrocatalytic activity and stability than
Pt/GC for methanol oxidation. This is possibly due to the peculiar
microstructure and surface topography of EGS and its synergistic
effect with the deposited Pt particles. The present electrochemical

synthetic route of fabricating Pt/EGS nanocomposites has strong
prospects for application in various systems, including fuel cells
and nanoelectronic devices. Further work is underway in relation
to the detailed mechanism of the electrochemical reduction and the
strategies for improving the electrocatalytic performance of GS.
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