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ABSTRACT: In this study, the pristine graphene nanosheets
(GNS) derived from chemical vapor deposition process were
employed as catalyst support. In spite of the extremely
hydrophobic GNS surface, ultrafine Pt nanoparticles (NPs)
were successfully assembled on the GNS through a surfactant-
free solution process. The evolution of Pt NPs in the GNS
support was studied using transmission electron microscopy. It
was found that the high-energy surface sites in the GNS, such
as edges and defects, played a critical role on anchoring and stabilizing Pt nuclei, leading to the formation of Pt NPs on the GNS
support. The concentration of the Pt precursor, i.e., H2PtCl6 solution had significant effects on the morphology of Pt/GNS
hybrids. The resulting Pt/GNS hybrids were examined as catalysts for methanol electro-oxidation. It was indicated that the
electrochemical active surface area and catalytic activity of the Pt/GNS hybrids were highly dependent on Pt loadings. The
superior activity of the catalysts with low Pt loadings was attributed to the presence of Pt subnanoclusters as well as the strong
chemical interaction of Pt NPs with the GNS support.

KEYWORDS: direct methanol fuel cells, Pt ultrafine nanoparticles, graphene nanosheets, catalyst support effects, electro-catalysts,
polyol-assisted synthesis

1. INTRODUCTION

With increasing energy demand and great concern on
environmental issues, direct methanol fuel cells (DMFCs)
have attracted extensive attention as new power sources for
mobile and portable electronic devices because of the high
energy efficiency, low pollution emission, and operating
temperature.1 However, two critical issues, i.e., methanol
crossover in electrolyte membranes and sluggish kinetics of
methanol oxidation, still remain the obstacles for the
commercialization of DMFCs.2 For the first problem, many
efforts have been directed in developing novel proton exchange
membranes with enhanced proton/methanol selectivity.3 To
address the second issue, one strategy is to design bimetallic
catalysts such as PtNi,4 PtCo,5 PtFe,6 PtRu,7,8 and PtPd9 with
enhanced catalytic activities, based on the so-called bifunctional
and/or ligand effects. In addition, the selection of supporting
material and further control of the dispersion and morphology
of active component on the support also play an important role
on the activity of catalysts.10 For the application in DMFCs,
noble metals with ultrafine sizes are highly desirable because of
the increased surface area and the large number of edge and
corner atoms, which greatly enhance the mass activity.10

Nevertheless, the high surface energy associated with the
ultrafine particles always leads to serious aggregation. Thus, an
ideal catalyst support in DMFCs should not only exhibit a large
surface area and excellent conductivity to facilitate the transport
of reactants and electrons, but also interact with the active
component to avoid aggregation.11

Currently, carbon materials, such as carbon black,12 ordered
mesoporous carbon,13 carbon nanotubes,14,15 carbon nano-
fibers,16 and graphene,17,18 are utilized as catalyst supports in
fuel cells.19−21 Recently, graphene nanosheets (GNS) have
been of particular interest because of the high conductivity,
large theoretical surface area, and unique graphitized basal
plane.22,23 Various GNS-based hybrids have been studied as
catalysts in fuel cells.24−30 It was found that Pt nanoparticles
(NPs) supported on GNS showed high catalytic activity in
DMFCs.31 For instance, Yoo et al.32 synthesized the Pt NPs
stabilized by GNS and observed significant enhancement on
activity toward methanol oxidation as compared with the
commercial catalyst. It was proposed that the superior activity
of the GNS-based catalyst was arisen from the modifications on
the electronic structures of Pt NPs through the chemical
interaction between the Pt NPs and GNS. Sharma et al.33

synthesized Pt NPs supported on reduced graphene oxide (Pt/
RGO). The Pt/RGO hybrids exhibited remarkable CO
tolerance for methanol oxidation, resulting from the synergetic
effects between the oxygen-containing groups on the RGO
support and Pt NPs.
In the literature, the GNS supports were mostly commonly

synthesized from the reduction of exfoliated graphite oxide and
contained abundant functional groups such as hydroxyl,
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carbonyl and carboxyl.34−37 These oxygen-containing groups
play an important role on anchoring and stabilizing Pt NPs.
However, the presence of these groups also inevitably
interrupts the intrinsic structures of GNS and adversely affected
the conductivity and stability of the GNS support.38 In contrast
to reduced graphene oxide, the graphene derived from chemical
vapor deposition (CVD) contains less oxygen-containing
groups and possesses higher conductivity and stability.39 The
GNS derived from CVD process at high temperatures is
hydrophobic, which is commonly considered to be detrimental
to the dispersion and immobilization of Pt NPs.26 Nevertheless,
it was demonstrated from this study that the GNS derived from
CVD process could serve as an effective catalyst support in
spite of the hydrophobic surface and that ultrafine Pt NPs could
be assembled on the GNS support through the facile polyol-
assisted reduction process. The high-energy surface sites in the
GNS support, such as edges and defects played a critical role on
the immobilization of Pt NPs. The morphology of Pt NPs was
closely related to the ratio of GNS and Pt precursor. The
resulting Pt/GNS hybrids were examined as catalysts for
methanol electro-oxidation. It was found that the catalytic
activity of the Pt/GNS catalyst was highly dependent on Pt
loadings in the catalysts.

2. EXPERIMENTAL SECTION
2.1. Synthesis of GNS Support. The GNS support was prepared

by CVD and further purified by acid etching and sedimentation
separation, as described in our previous work.40 The GNS consisted of
few-layered graphene sheets (<10 layers). The surface area of the GNS
was 247 m2 g−1 as determined by the Brunauer−Emmett−Teller
(BET) method.
2.2. Synthesis of Pt/GNS Catalysts. The Pt/GNS catalyst was

synthesized using the polyol-assisted reduction method. The details of
the experimental procedures are as follows: 100 mg of GNS support
was dispersed into 150 mL of ethylene glycol by alternative
ultrasonication and magnetic stirring to form a stable suspension.
1.2 g of NaOH was added into the mixture. After the complete
dissolution of NaOH, a predetermined volume of H2PtCl6 aqueous
solution (8 wt %) was also added into the mixture. Subsequently, the
mixture was transferred into a hot oil bath and the reduction was
carried out at 180 °C for 15 min under continuous magnetic stirring.
After cooling to room temperature, the mixture was separated by
centrifuge and thoroughly washed with ethanol. The resulting catalyst
was dried at 80 °C overnight in a vacuum oven. Three catalyst samples
with nominal Pt weigh percentages of 20, 40, and 60% were prepared,
which were denoted as Pt 20%/GNS, Pt 40%/GNS, and Pt 60%/GNS,
respectively.
2.3. Physical Characterization. A transmission electron micro-

scope (JEM2010, JEOL) were used to observe the morphology of the
samples. High-resolution TEM micrographs were obtained from an
alternative JEM-2010F (JEOL) microscope. An energy dispersive X-
ray (EDX) analyzer equipped in the TEM and an axis-ultra X-ray
photoelectron spectrometer (Kratos-Axis Ultra System) with mono-
chromatized Al−Kα radiation were used to analyze the elemental
composition of the samples. The actual Pt content in the Pt/GNS
catalyst was analyzed by inductively coupled plasma (ICP) analysis.
2.4. Electrochemical Measurements. Electrochemical measure-

ments were carried out using a three-electrode cell connected to a
PARSTAT 2273 electrochemical station (AMETEK, Inc. USA.). A
gold patch (effective area 1 × 1 cm) coated with a thin layer of catalyst
ink was used as working electrode.15 The catalyst ink was prepared by
ultrasonication of catalyst powder in a solution of Nafion solution (5
wt %), ethylene glycol, isopropanol and water (volume ratio
1:9:15:75). The catalyst suspension was transferred to the gold
patch using a pipet and then dried at 80 °C. The cover density of
catalyst on the gold patch was ca. 200 μg/cm2. A saturated calomel
electrode (SCE) and Pt gauze (effective area 1 × 1 cm) were used as

reference and counter electrodes, respectively. Cyclic voltammograms
(CV) were recorded in the potential range −0.2 to 1.0 V at a scan rate
of 50 mV s−1. A solution of 1 M methanol and 1 M H2SO4 was used as
electrolyte. The electrochemical active surface area (ECSA) of the
catalyst was determined from the hydrogen absorption−desorption
process in 1 M H2SO4 solution. The chronopotentiometric curves
were obtained under an applied potential of 0.6 V. Before the test, the
solution was saturated with N2 gas for 20 min. Several activation scans
were performed until reproducible voltammograms were obtained.
Only the last voltammograms were used for comparing the catalytic
activity of the specified catalysts. The measurements were conducted
at 25 °C and all potentials in this study were referenced to the SCE.

3. RESULTS AND DISCUSSION
3.1. Morphology of GNS Support. The sizes of the GNS

are in the micrometer scale as shown in Figure 1a. The

stretched black regions in the micrograph are indicative of the
scrolls and folds of the GNS. It is shown from the high-
resolution TEM micrographs (Figure 1b) that many edges and
defects are present in the GNS support due to the incomplete
formation of intact graphene layers. To further verify the
presence of edges and defects in the GNS, we conducted
Raman tests as shown in Figure S1 in the Supporting
Information. It was shown that the GNA exhibited a large D
band peak. D band of GNS is a disorder-activated mode and
the intensity of D band is closely related to the number of
defects and edges. The relatively intensity ratio of ID/IG was
calculated to be 0.85, indicating the presence of numerous
defects and edges in the GNS support. It is worth mentioning
that the Fe catalyst particles in the GNS were completely
removed by acid etching as verified by XPS and ICP tests.

3.2. Effects of H2PtCl6 Concentration. The effects of the
H2PtCl6 concentration in the feedstock on the morphology of
the catalysts were examined as shown in Figure 2. It can be seen
that the Pt NPs were successfully assembled on the GNS. The
high-resolution TEM micrographs showed that the Pt NPs
were closely adhered to the GNS surface without large
aggregates, indicating the strong interaction between the Pt
NPs and the support. Based on the TEM micrographs, the Pt
cover density (defined as the number of the Pt NPs per unit
area) on the GNS support was estimated as shown in Figure 3
(the number of Pt NPs was obtained by counting and the GNS
area was estimated by subtracting the blank area from the
whole viewing area of TEM images). It can be seen that the Pt
cover density on the GNS increased with increasing Pt loading.
The Pt cover density in the Pt 20%/GNS catalyst was ca. 42 ×
103 Pt NPs per μm2 of GNS while those in the Pt 40%/GNS
and Pt 60%/GNS catalysts were 75 and 86 × 103 Pt NPs per

Figure 1. (a) TEM and (b) high-resolution TEM images of GNS
derived from chemical vapor deposition (inset in b: selected area
electron diffraction pattern of GNS).
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μm2 of GNS, respectively. One hundred Pt NPs were randomly
selected to determine the size distribution and the histograms
of Pt NPs in the catalyst were obtained. The Pt NPs in the Pt
20%/GNS catalyst exhibited an average size of 1.4 nm. With
increasing Pt loading, the Pt sizes were increased, i.e., the sizes
of the Pt NPs in the Pt 40%/GNS and Pt 60%/GNS catalysts

were 1.6 and 2.1 nm, respectively. It is noted that some sub-
nanometer-scale NPs can be found in the Pt 20%/GNS and Pt
40%/GNS catalyst. It was demonstrated from the TEM
micrographs that ultrafine Pt crystals were successfully
assembled on the GNS and that the sizes and distribution of
Pt NPs in the GNS support were dependent on the

Figure 2. (a−c) Low-magnification and (d−f) high-magnification TEM micrographs of Pt 20%/GNS, Pt 40%/GNS, and Pt 60%/GNS catalyst.

Figure 3. Dependence of cover density and particle size on the Pt loadings of the catalysts (a) Pt 20%/GNS, (b) Pt 40%/GNS, and (c) Pt 60%/
GNS. TEM images with (first row) low magnifications (scale bar is 50 nm) and (second row) high magnifications (scale bar is 10 nm), and (third
row) histograms of the Pt particle size distribution.
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concentration of the H2PtCl6 in the feedstock. The elemental
composition of the Pt/GNS catalysts was examined by EDX as
shown in Figure S1 (see the Supporting Information). The
presence of copper signal in the spectra was due to the TEM
grid. It was verified that the catalysts consisted of three
elements, i.e., platinum, carbon and oxygen, indicating the
complete removal of the impurities during the purification
process. The Pt NPs were fully crystallized with a face-centered
cubic structure as indicated by the lattice fringes shown in the
high-resolution TEM micrographs (see Figure S2 in the
Supporting Information).
Because the GNS used in this study are derived from CVD

process and the GNS surface is quite hydrophobic, the
decoration of Pt NPs on the GNS is considered to be very
challenging. To the best of our knowledge, the assembly of
ultrafine Pt NPs on pristine GNS surface based on a surfactant-
free solution process has not been reported. The origin and
evolution of the Pt NPs in the GNS support were investigated.
The polyol-assisted reduction method has been extensively
used for the synthesis of Pt NPs.41 It has been accepted that the
formation of Pt NPs involves two stages, i.e., nucleation and
growth stages.42 The complete separation of the two stages is
the prerequisite for the accurate size control of Pt NPs.
Surfactants are commonly used to stabilize nuclei and inhibit
agglomeration during the synthesis of NPs.42 Nevertheless, in
this study, no surfactant is employed (except that the ethylene
glycol used in the synthesis process is claimed to serve as
solvent, reduce agent as well as surfactant43). It was surmised
that the formation of ultrafine Pt NPs could be probably related
to the presence of the GNS support. To study the effects of the
GNS on the formation of Pt NPs, we conducted comparative
experiments. Another two batches of Pt NPs were synthesized
in the absence of the GNS support and in the presence of
surfactant polyvinylpyrrolidone (PVP). The TEM micrographs
of the resulting Pt NPs are shown in Figure S3 in the
Supporting Information. It can be seen that the Pt NPs
synthesized in the absence of GNS were aggregated due to the
high surface energy while highly dispersed Pt NPs were
obtained in the presence of PVP, indicating that PVP could

effectively prevent the Pt NPs from aggregation. Comparatively,
the Pt NPs obtained in the presence of PVP had larger particle
sizes (3.6 nm) as compared with those stabilized by GNS
support (see Figure S3 in the Supporting Information). These
results confirmed that the GNS support plays a key role on the
formation of the ultrafine Pt NPs. It is noted that the GNS used
in this study contain numerous edges and defects as shown in
Figure 1.40 During the formation of Pt nuclei, the large number
of high-energy sites in the GNS could serve as effective
heterogeneous nucleation sites to anchor Pt atoms.44

Consequently, the immobilization of Pt atoms to these sites
occurred simultaneously and the concentration of Pt atoms in
solution abruptly dropped below the minimum supersaturation,
leading to the cease of the nucleation. With a continuous supply
of Pt atoms from the reduction of the precursor, the nuclei
started to grow via atom addition.42 During the growth stage,
the stabilizing of nuclei through the interaction with GNS was
also critical to prevent agglomeration. In the absence of GNS,
Pt nuclei were slowly generated through homogeneous
nucleation in a long time range, resulting in the concomitance
of nucleation and growth during the formation of the Pt NPs.45

This could probably be the reason for the large sizes and broad
size distribution of the Pt NPs obtained in the presence of the
PVP.41 In the absence of GNS and PVP, the substantial
stabilizing effects were not available and Pt NPs were prone to
aggregate due to the high surface energy as shown in Figure S3a
in the Supporting Information.

3.2. Evolution of Pt NPs in GNS Support. The actual Pt
content in the resulting catalyst was determined by ICP
analyses. The actual Pt weight percentages in the 20%/GNS,
40%/GNS, and 60%/GNS catalyst were 18.6, 32.4, and 44.8%,
resulting in a Pt loss of 7, 19, and 25.3% as compared with the
nominal Pt content in the feed stock, respectively. The Pt loss
could be due to the incomplete reduction of the precursor or it
could also occur during the purification and separation process.
Supernatants from the separation process were collected and
analyzed by TEM as shown in Figure S4a in the Supporting
Information. It was indicated that some isolated Pt NPs were
observed in the supernatant. To further explore the origin of

Figure 4. Evolution of Pt NPs in the GNS support at reaction times of (a) 2, (b) 5, (c) 10, (d) 15, and (e) 30 min.
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the isolated Pt NPs and the evolution of Pt NPs on the GNS, a
series of samples were taken at different reaction times during
the synthesis of the Pt 40%/GNS hybrid and analyzed by TEM
as shown in Figure 4. It clearly showed that the Pt cover density
increased with increasing reaction time. At 2 min, the Pt cover
density was estimated to be 12 × 103 Pt NPs per μm2 of GNS.
The cover density was increased to 90 × 103 Pt NPs per μm2 of
GNS at 10 min. Meanwhile, the sizes of the Pt NPs were only
slightly increased in the initial 10 min (from 1.1 to 1.5 nm).
With further increasing reaction time, the Pt cover density was
decreased (86 × 103 Pt NPs per μm2 of GNS), whereas the Pt
particle size was abruptly increased to 2.7 nm at 30 min. After
the reaction was conducted for 30 min, the product was
purified and the resulting supernatant was analyzed again. Very
limited Pt NPs were observed in the supernatant as shown in
Figure S4b in the Supporting Information.
From the TEM micrographs, it is also interesting to note that

Pt NPs were preferentially anchored to the edges and defects of
the GNS support. This could be related to the high energy of
the edges and defects, which were more effective for
immobilizing Pt NPs.44 Zoval et al.46 deposited Pt nanocrystals
on highly oriented pyrolitic graphite from dilute PtCl6

2−

solution. It was first found that Pt NPs nucleate preferentially
at edges and point defects of the graphite basal plane. Later,
such defect-mediated immobilizing Pt NPs was verified to
prevail in Pt/graphene hybrids.47−51 For instance, Lim et al.49

studied the interaction of Fe13 and Al13 clusters with graphene
using density functional theory and found the preferential
bonding of Fe13 and Al13 on graphene vacancies, which was
attributed to the strong hybridization of the clusters with the
sp2 dangling bonds of neighboring carbons near the vacancy.
Experiments also clearly revealed that metal clusters were
preferentially located at the defects, e.g., defects, steps and
edges using high-resolution TEM.50,51 During the initial period
of the formation of Pt nuclei, Pt atoms (or PtII−PtI dimers52)
were selectively anchored to the high-energy sites in the GNS
and homogeneous nucleation of Pt atoms was greatly
suppressed. Nevertheless, with the continuous generation of
Pt atoms, the high-energy sites were occupied and subsequently
the other sites with relatively low energies in the GNS started
to act as nucleation sites as indicated by the increases in cover
densities.53 Because the interaction of nuclei with these sites is
weak, some of Pt nuclei could be detached from the GNS
support, resulting in the presence of tiny Pt NPs in the
supernatant after the reaction was conducted for 15 min. It
should also be noted that homogeneous nucleation of Pt atoms
could not be excluded under this circumstance.54 With further
increasing reaction time, the growth of the Pt NPs and Ostwald
ripening occurred. The small NPs in the solution were
dissolved for the sake of larger ones immobilized to the GNS
support. This was consistent with the results that the sizes of
the NPs were increased and the number of Pt NPs in the
supernatant was drastically reduced after 30 min.
3.3. XPS Results. XPS was employed to analyze the

electronic properties of Pt NPs in the Pt/GNS hybrids. Figure
5 shows the deconvoluted Pt 4f core level XPS spectra and the
analysis results are summarized in Table 1. All the spectra were
corrected using the C 1s signal located at 284.5 eV. The Pt 4f
spectra consisted of two peaks, corresponding to the doublets
of Pt 4f7/2 and 4f5/2, respectively. To decompose the spectra,
the constraints of equal spin−orbit splitting for Pt 4f peaks in
binding energy (BE), peak area and full width at half-maximum
(fwhm) were thoroughly considered. The deconvolution of the

Pt 4f 5/2 and Pt 4f 7/2 peak yielded two sets of peaks, which
could be assigned to Pt0 and Pt2+, respectively. The
concentration ratio between the metallic Pt0 and Pt2+ state
was calculated based on the intensity of the corresponding
component in the XPS spectra. It was indicated from Table 1
that the Pt60%GNS and Pt-PVP had higher CPt(0)/CPt(II) ratios,
which could be related to the larger particle sizes and the
surface protection of PVP surfactant. The Pt NPs synthesized
in the presence of the PVP exhibited a BE of 72.1 eV, which
was consistent with the results reported by Nakamura et al.31

The Pt NPs in the Pt/GNS catalysts showed higher BE and the
BEs increased with decreasing Pt loading. This could be
explained from the chemical interaction between the Pt NPs
and GNS support because of the strong π−d hybridization
between the Pt filled d orbitals and carbon p* empty orbitals.
This was consistent with the results that the BEs increased with
decreasing Pt loading. It was demonstrated that the Pt NPs in
the catalysts with lower loadings, such as the Pt 20%/GNS
catalyst, were preferentially anchored to the edges and defects
of the support (Figure 1). Such strong interaction could shift
the BEs to higher energy and affect the d-band structure of the
Pt NPs.31

3.4. Catalytic Results. The electrochemical catalytic
performance of the Pt/GNS hybrids toward methanol
oxidation was characterized. A commercial Pt/carbon black
(denoted as Pt/C) was used as reference for comparison.
Figure 6 shows the CVs of the Pt/GNS and Pt/C catalyst in a
solution 1 M H2SO4. The electrochemical active surface area
(ECSA) of the catalyst was determined using following
equation

=
× −

S v
M

ECSA
/

(210 10 )Pt
6

(1)

where S is the hydrogen adsorption area in the CVs, v is the
scanning rate 0.05 V s−1, and MPt is the Pt mass in the catalyst.
The ECSA of the Pt/C catalyst was 63 m2 g−1 Pt, whereas the
ECSA values of the 20%/GNS, 40%/GNS, and 60%/GNS
catalyst were 91, 77, and 62 m2 g−1 Pt, respectively. It was
indicated that the ECSA values of the Pt/GNS catalysts
increased with decreasing Pt loading. This could also be

Figure 5. XPS spectra of the Pt 4f core level in the (a) Pt20%/GNS,
(b) Pt40%/GNS, and (c) Pt60%/GNS, and (d) Pt synthesized in the
presence of PVP.
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explained from the effects of Pt loading on the sizes and
dispersion of the Pt NPs. With decreasing Pt loading, the size of
the Pt NPs decreased. In particular, many Pt subnanoclusters
were present in the Pt 20%/GNS catalyst. In addition, the Pt
loadings also affected the cover density and the dispersion of
the Pt NPs. In the Pt 20%/GNS catalyst, the discrete Pt NPs
were uniformly dispersed while some of the Pt NPs in the Pt
40%/GNS and Pt 60%/GNS catalyst were partially overlapped
as shown in the TEM micrographs. Therefore, the high ECSA
of the Pt 20%/GNS catalyst was attributed to the particle size
as well as the dispersion of Pt NPs, which provided more
accessible active sites in the Pt/GNS catalyst.
Figure 7 shows the CV curves of methanol electro-oxidation

at the Pt/GNS and Pt/C hybrids. The current density shown in
the CVs was normalized by the mass of Pt loading. The CVs
consisted of two well-defined peaks at the forward and
backward scans. The peak at the forward scan was due to the
oxidation of methanol molecules while the one at the backward

can was related to the oxidation of intermediates. The
maximum current densities and the corresponding potentials
were determined based in Figure 7a and the results are shown
in Table 2. It can be seen that the current densities of the four
catalysts followed this order: Pt 20%/GNS > Pt 40%/GNS >
Pt/C > Pt 60%/GNS. The Pt 20%/GNS catalyst showed the
highest current density of 0.4 A mg−1 Pt at the forward scan
among the four catalysts. In addition, the onset potential for
methanol oxidation at the Pt 20%/GNS catalyst was lowest as
shown Figure 7b. It was also shown in Table 2 that the Pt/GNS
catalysts exhibited larger ratios of IF/IB compared with the Pt/C
catalyst, indicating the superior antipoisoning properties of the
GNS supported catalysts.38

The durability of the catalysts was also evaluated by
amperometric measurements. Figure 8 shows chronoampero-
metric curves for methanol oxidation at a constant potential of
0.6 V. The current densities showed a rapid decay during the
initial period because of the poisoning of the intermediate
species generated in the oxidation of methanol molecules. The
Pt 20%/GNS, Pt 40%/GNS, Pt 60%/GNS and Pt/C catalysts
had current densities of 154, 111, 58, and 24 mA mg−1 Pt after
1200 s, respectively, which was consistent with the results
shown in Table 2. The catalysts deactivated relatively faster in
initial times and a plateau was observed with further increasing
testing time. Compared with the Pt/C catalyst, the Pt 20%/
GNS and Pt 40%/GNS shower better stability while the Pt 60%
/GNS catalyst deactivated faster. The catalytic performance of
the catalyst could be well correlated with the structural
properties. In the Pt/20%/GNS catalyst, the presence of
numerous Pt subnano/nanoclusters were consisted of a large
number of Pt atoms with low coordination numbers such as
edge and corner Pt atoms in the Pt subnanoclusters, which
exhibited more active sites and enhanced catalytic activity for
methanol oxidation.55 In addition, the interaction of these Pt
subnanoclusters with the graphene edges and surface defects

Table 1. Summary of XPS Analysis Resultsa

Pt 4f7/2 (eV) Pt 4f5/2 (eV)

Pt (0) Pt (II) Pt (0) Pt (II)

sample BE fwhm BE fwhm CPt(0)/CPt(II) BE fwhm BE fwhm

Pt 20%/GNS 71.6 1.2 72.5 1.7 1.25 75.0 1.3 75.7 3.3
Pt 40%/GNS 71.5 1.1 72.4 1.7 0.96 75.0 1.2 75.5 2.4
Pt 60%/GNS 71.4 1.2 72.5 2.0 1.43 74.7 1.3 75.9 2.6
Pt - PVP 71.1 1.4 72.2 1.8 1.43 74.4 1.6 75.7 2.1

aEstimated BE experimental error was ±0.1 eV. CPt(0)/CPt(II) refers to the concentration ratio between the metallic Pt (0) and Pt (II) state.

Figure 6. Cyclic voltammetry curves of the catalyst at 25 °C in 1 mol
L−1 H2SO4 with a scan rate of 50 mV s−1.

Figure 7. Cyclic voltammetry curves of methanol electro-oxidation on the catalyst at 25 °C in 1 mol L−1 methanol−1 mol L−1 H2SO4 in the potential
range of −0.2 to 1.0 V vs SCE with a scan rate of 50 mV s−1. (a) Overview and (b) enlarged view of the spot marked in A.
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greatly affected the electronic structure of the Pt cluster as
indicated by the XPS results.31,56 Both these two factors
resulted in the superior catalytic activity of the Pt/20%/GNS
catalyst. With increasing Pt loading, the particle sizes increased
and the support effects of the GNS weakened. Particularly, in
the Pt/60%/GNS catalyst, some of the Pt NPs form aggregates
on the support and the interaction of the Pt NPs with the GNS
support was negligible as stated from the formation process,
leading to the lowest activity of the Pt/60%/GNS catalyst. On
the basis of these results, it was indicated that the catalytic
activity of the Pt/GNS catalyst was highly dependent on the
size and dispersion of the Pt NPs. The presence of Pt
subnanoclusters and the support effects of the GNS were
critical to achieve high catalytic performance.

4. CONCLUSION
Ultrafine Pt NPs were successfully assembled on the hydro-
phobic GNS surface via a surfactant-free solution process. The
high-energy sites, such as edges and defects, in GNS surface
served as effective heterogeneous nucleation sites for anchoring
and stabilizing of Pt nuclei, resulting in the formation of
discrete Pt NPs on the GNS support. The cover densities, sizes
and dispersion of Pt NP were closely related to Pt loadings.
Lower Pt loadings in the catalysts were favorable for the
formation of discrete Pt subnanoclusters and led to strong
interaction of Pt NP with the GNS support as confirmed by the
XPS results. The electrochemical measurement results showed
that, among the four catalysts, the Pt/GNS catalyst with a
lowest loading of 20% showed the highest ECSA and current
density, which was attributed to the presence of Pt subnano/
nanoclusters and the strong chemical interaction of these Pt
subnanoclusters with the edges and surface defects of the GNS
support. It is demonstrated from this study that the pristine
GNS derived from CVD process can be utilized as catalyst

support in fuel cells and that the control of the Pt loading in the
GNS supported catalyst is the key to achieve high catalytic
performance.
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