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PtCo alloy nanoparticles are deposited onto graphene sheets through a facile and reproducible hydrothermal method. During the 
hydrothermal reaction, the reduction of graphene oxide and PtCo alloy nanoparticles loading can be achieved. X-ray diffraction 
(XRD) analyses reveal a good crystallinity of the supported Pt nanoparticles in the composites and the formation of PtCo alloy. 
X-ray photoelectron spectra (XPS) results depict that Pt mainly exists in the metallic form, while much of the cobalt is oxidized. 
Transmission electron microscope (TEM) observations show that the PtCo alloy nanoparticles are uniformly dispersed on gra-
phene nanosheets compared with multiwalled carbon nanotubes (MWNTs). This PtCo-graphene composite exhibits excellent 
electrocatalytic activity and high poison tolerance toward poisoning species for methanol oxidation reaction, far outperforming the 
Pt-graphene or PtCo-MWNTs composites with the same feeding ratio of Pt/carbon. 
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In order to satisfy mankind’s ever-increasing energy needs 
and address the escalating environmental problems, the use 
of alternative energy sources to replace the currently domi-
nant fossil fuels will be necessary in the future [1,2]. Thus 
great efforts have been made to explore sustainable energy 
systems such as fuel cells [3,4]. Among various kinds of 
fuel cells, direct methanol fuel cells (DMFCs) are a pro-     
mising power generator because of their high-energy con-
version efficiency, low operating temperature, low pollutant 
emission, and ease of handling and processing of the liquid 
fuel [5–7]. 

Over the past decade, many of researchers have been 
concentrating on the development of better catalysts for 
methanol oxidation [6,8]. Metallic platinum is a single- 
component catalyst that shows a significant activity for 
methanol oxidation [9]. However, the pure Pt system may 
be easily poisoned by CO and the high cost limits its appli-
cation as electrocatalyst in commercial field [10–12]. To 

overcome these problems, several studies have been carried 
out to design and synthesize Pt-based alloy electrocatalysts 
resulting in a better electrocatalytic performance and a low-
ered Pt content [13–15]. Up to date, bimetallic PtRu has 
been considered to be the most active catalyst mainly due to 
the bi-functional mechanism and the ligand (electronic) 
effect [8,9,16]. Nevertheless, the supply of Ru and the toxi-
cological effect of Ru remain questionable [17]. Therefore, 
research on less expensive alloy that mixes Pt with nonpre-
cious metals has been undertaken [17–21]. Among these 
different non-noble metal alloy catalysts, PtCo alloy was 
found to be a better catalyst for methanol oxidation under 
the commonly used acidic conditions [17,19,22]. The re-
markable enhancement in electrocatalytic activities on PtCo 
systems can be attributed to two mechanisms: (1) as cobalt 
is more electropositive than platinum, Pt could withdraw 
electrons from the neighboring cobalt atoms, leading to 
promotion of the C–H cleavage reaction; (2) the presence of 
cobalt oxide provides an oxygen source for CO oxidation at 
lower potentials [19,21]. 
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Since the first report in 2004, graphene has attracted tre-
mendous attention from both the experimental and theoreti-
cal scientific communities due to its outstanding mechanical, 
thermal, electrical, and optical properties and extremely 
high specific surface area (2600 m2 g1) [23–27]. In view of 
the unique structure of graphene, this two-dimensional (2D) 
carbon material has found potential applications as a hetero-     
geneous catalyst support in DMFCs [28,29]. It is well 
known that carbon nanotubes (CNTs) have been extensively 
studied as supports for the dispersion of Pt nanoparticles 
owing to their fascinating properties [30–33]. In comparison 
with CNTs, graphene possesses similar stable physical 
properties but larger surface areas, which can be considered 
as an unrolled CNT [34,35]. The combination of Pt nano-
particles and 2D-structure graphene opens up new possibili-
ties for designing the next generation catalysts.  

Most recently, some research groups have investigated 
graphene as catalyst support and have demonstrated that 
graphene can effectively improve electrocatalytic activity of 
Pt or PtRu nanoparticles for methanol oxidation [36–41]. 
However, relatively little attention has been paid so far to 
graphene-supported PtCo alloy nanoparticles as anode elec-
trocatalysts for DMFCs. Herein, we demonstrated a facile 
and reproducible route to obtain PtCo-graphene catalyst via 
a hydrothermal reaction. The electrochemical properties of 
as-obtained PtCo-graphene catalyst were systematically 
investigated, together with Pt-graphene and Pt-multiwalled 
carbon nanotubes (MWNTs) catalysts for comparison.  

1  Experimental 

1.1  Materials 

Natural flake graphite with an average particle size of    
40 m was purchased from Qingdao Zhongtian Company 
(Qingdao, China). MWNTs (>95% purity) were purchased 
from Chengdu organic chemicals Co. Ltd. (Chengdu, Chi-
na), where the materials were prepared by chemical vapor 
deposition (CVD). K2PtCl4 was obtained from Alfa Aesar. 
Co(NO3)2·6H2O was purchased from Sinopharm Chemical 
Reagent Co. Ltd. (Shanghai, China). Nafion 117 was pur-
chased from Dupont. All other chemicals employed were of 
analytic grade and used as received. All aqueous solutions 
were prepared using deionized water. 

1.2  Synthesis of PtCo-graphene, Pt-graphene and 
PtCo-MWNTs composites 

The graphite oxide (GO) was prepared according to a modi-
fied Hummers method as described previously [42]. To ob-
tain the PtCo-graphene composite, 10 mg GO were dis-
persed in 80 mL of deionized water and sonicated for 1 h, 
forming stable graphene oxide colloid. Then 0.205 mL of 
0.1 mol L1 K2PtCl4 solution, 0.110 mL of 0.1 mol L1 
Co(NO3)2 solution and 200 mg NaBH4 were introduced to 

the solution with magnetic stirring for 15 min. The resulting 
suspension was transferred into a 100 mL Teflon-lined 
stainless steel autoclave and sealed tightly. The autoclave 
was then heated to 120°C and kept there for 24 h. After the 
hydrothermal treatment, the nanocomposite, labeled as 
PtCo/G, was then centrifuged, washed, and finally dried in 
air at 60°C overnight. Similar procedures were used to pre-
pare Pt-graphene composite, the only difference was the 
absence of Co(NO3)2 and the composite was denoted as 
Pt/G. For comparison, MWNTs were functionalized by re-
fluxing in nitric acid (65 wt%) for 12 h. The acid-treated 
MWNTs were diluted with water, centrifuged, and dried at 
90ºC overnight. For the synthesis of PtCo-MWNTs nano-
composite with same Pt contents, 10 mg acid-treated 
MWNTs were dispersed in 80 mL of deionized water and 
sonicated for 1 h. Then 0.205 mL of 0.1 mol L1 K2PtCl4 

solution, 0.110 mL of 0.1 mol L1 Co(NO3)2 solution and 
200 mg NaBH4 were introduced to the solution with mag-
netic stirring for 15 min. Subsequently, similar hydrother-
mal treatment was used and the composite was labeled as 
PtCo/MWNTs. 

1.3  Characterization 

Powder X-ray diffraction (XRD) analyses were performed 
on a Bruker D8 Advance diffractometer with Cu Kα radia-
tion (≈1.54 Å). Raman spectra of all the samples were 
collected using a Renishaw Raman microscope. X-ray pho-
toelectron spectra (XPS) were recorded on a RBD upgraded 
PHI-5000C ESCA system (Perkin Elmer) with Al K radia-
tion (h=1486.6 eV). Field emission scanning electron mi-
croscope (FESEM) images were taken with a LEO-1550 
microscopy. Transmission electron microscopy (TEM) im-
ages and energy dispersive X-ray (EDX) spectroscopy were 
performed on a JEOL JEM-2100 microscope operating at 
200 kV, by depositing a drop of sample dispersion onto 300 
mesh Cu grids coated with a carbon layer.  

1.4  Electrochemical activity measurement 

Electrocatalytic activities of samples were measured in a 
conventional three electrode cell using a CHI 660B electro-
chemical workstation. The three-electrode cell consisted of 
a Pt wire serving as the counter electrode, a saturated calo-
mel electrode (SCE) serving as the reference electrode and a 
glassy carbon (GC) disk (3 mm in diameter) with coated 
catalysts serving as the working electrode. The work elec-
trode was manufactured as follows: the 2 mg of catalyst 
powder was dispersed in a mixed solution (500 L of water, 
500 L of ethanol and 50 L of 5% Nafion 117 solution) 
with ultrasonication for 30 min to form a homogeneous 
black suspension. Then 20 L of the resulting suspension 
was carefully pipetted onto the GC electrode surface, and 
the coating was dried at room temperature for 1 h. The 
ECSA values of the catalysts were determined by cyclic 
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voltammetry (CV) of the hydrogen absorption/desorption in 
1 mol L1 H2SO4 solution at room temperature. The elec-
trocatalytic activity of the as-prepared catalysts for the 
methanol oxidation was characterized by collecting CVs in 
a N2-purged 1 mol L1 H2SO4 and 2 mol L1 methanol solu-
tion at a scan rate of  20 mV s1. Several activation scans 
were performed until reproducible voltammograms were 
obtained. Only the last voltammograms were used for com-
paring the catalytic activity of the specified catalysts. The 
chronoamperometry tests were conducted at 0.5 V for a period 
of 30 min. The chronopotentiometric curves were recorded 
in 1 mol L1 H2SO4 and 2 mol L1 methanol solution. The 
value of the applied current was obtained at 0.5 V from the 
forward scan of the corresponding cyclic voltammogram.  

2  Results and discussion 

Typical XRD patterns of GO, Pt/G, PtCo/G and PtCo/ 
MWNTs are presented in Figure 1. As can be seen from 
spectrum 1, the most intensive peak of GO at around 2= 
10.5° corresponds to the (001) reflection and the interlayer 
spacing (0.86 nm) was much larger than that of pristine 
graphite (0.34 nm) due to the introduction of oxygen-con-     
taining functional groups on the graphite sheets [43]. For 
Pt/G composite (spectrum 2), the suppression of the GO 
peak indicates that GO is further converted to the crystalline 
graphene, and the conjugated graphene network (sp2 carbon) 
has been reestablished due to the reduction process [36]. 
Meanwhile, the diffraction peaks observed at 39.5°, 46.8° 
and 67.6° correspond to the (111), (200) and (220) planes of 
the face-centered cubic (fcc) structure of Pt, respectively 
(JCPDS 87-0646). These obvious characteristic peaks indi-
cate a good crystallinity of the supported Pt nanoparticles in 
the composite. In the case of PtCo/G (spectrum 3) and 
PtCo/MWNTs (spectrum 4) catalysts, the Pt diffraction peaks 
appear to shift to higher angles compared with Pt/G catalyst, 
indicating the contraction of lattice by the incorporation of  

 

Figure 1  XRD patterns of GO, Pt/G, PtCo/G and PtCo/MWNTs. 

metal Co in the fcc structure of Pt due to alloy formation 
[44]. No peaks for pure Co or its oxides were observed, but 
their presence cannot be discarded because they may be 
present in a very small amount or even in an amorphous 
form [19]. 

Raman spectroscopy is a widely used tool for the char-
acterization of carbon products. Figure 2 displays Raman 
spectra of GO, Pt/G, PtCo/G and PtCo/MWNTs. The typi-
cal features for GO in spectrum 1 are the G band at ~1570 
cm1 and D band at ~1350 cm1. The G band is usually as-
signed to the stretching mode of crystal graphite, while the 
D band corresponds to the poor crystallization of graphite 
[45]. For Pt/G and PtCo/G composites, the G and D bands 
shift towards lower frequencies in comparison with that of 
GO, indicating the reduction of GO [46,47]. Furthermore, 
the increased D/G intensity ratio in spectrum 2 and 3 sug-
gests a decrease in the average size of the sp2 domains upon 
reduction of the exfoliated GO, and it can be explained if 
new graphitic domains were created that are smaller in size 
than ones present in GO [46,48]. Additionally, as displayed 
in the inset of Figure 2, the 2D band of PtCo/G at 2690 cm1 
is also observed, which is similar to that of monolayer gra-
phene [49,50]. In combination with the XRD results, it can 
be deduced that a remarkably small amount of multilayer 
carbon sheets is present in PtCo/G composite. In spectrum 4, 
PtCo/MWNTs composite exhibits a D band with much 
lower intensity, mainly due to the fact that the acid-treat-     
ment processes of MWNTs are much softer when compared 
with the oxidation processes of graphite. 

It is known that graphene can be obtained through vari-
ous physical and chemical routes, including the removal of 
the oxygen from graphene oxide sheets via hydrothermal 
reaction in the presence of reducing agents. As shown in 
Figure 3(a) and (b), the O/C ratio in the as-synthesized PtCo/G 
composite decreases remarkably after hydrothermal reaction, 
and that most of the oxygen-containing functional groups 
were successfully removed. These results, combined with  

 

Figure 2  Raman spectra of GO, Pt/G, PtCo/G and PtCo/MWNTs. The 
inset shows the characteristic 2D band of PtCo/G. 
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Figure 3  C 1s core-level XPS spectra of (a) GO and (b) PtCo/G; (c) Pt 4f and (d) Co 2p3/2 core-level XPS spectra of PtCo/G, the dotted lines are the Pt 4f 
peak positions for pure Pt. 

the XRD and Raman analysis, further confirm the formation 
of graphene. Furthermore, XPS studies also show that there 
are different Pt or Co oxidation states in the catalyst. As can 
be seen from Figure 3(c), the Pt 4f signal of PtCo/G consists 
of two pairs of doublets: the most intense doublet (71.6 and 
74.9 eV) corresponds to metallic Pt; the second set of dou-
blets (72.2 and 76.2 eV) can be assigned to the +2 oxidation 
state of Pt [12,51]. It is clearly seen that the Pt 4f core-levels 
for PtCo/G are shifted to higher binding energies with re-
spect to pure Pt, which can be ascribed to the 5d electron 
loss in Pt-based alloy systems [52]. However, in view of the 
electronegativity difference between Co and Pt (1.8 and 2.2, 
respectively), it should be noted that the electron transfer 
must occur from Co to Pt. According to previous theoretical 
studies, when the Pt atom is alloyed with a second compo-
nent, it has been demonstrated the total number of electrons 
per Pt atom increases while the 5d electron decreases 
[53,54]. Figure 3(d) presents the curve-fitted Co 2p3/2 spec-
trum for PtCo/G, which could be deconvoluted into the two 
peaks with oxidized Co as the predominant specie. This 
contrasts strongly with Pt, where the metallic state predomi-
nates. These results can be linked to the electron-withdrawing 
effect from Pt to the neighbouring Co atoms, making the 
latter more difficult to be reduced [17].  

The heterostructures of the as-obtained composites can 
be verified by the morphological analyses. Figure 4(a) and 
(b) present the typical FESEM images of Pt/G and PtCo/G 

composites, respectively. It is clearly seen from Figure 4(a) 
that the almost transparent graphene sheets were decorated 
uniformly by the nanoscale Pt particles. In the case of PtCo/G 
composite (Figure 4(b)), the sizes of PtCo alloy particles are 
larger than those of Pt particles in Pt/G. This result is in 
agreement with the previous reports [19,55]. Similar obser-
vations were made with TEM. As shown in Figure 4(c), few 
nanoparticles scattered out of the supports, suggesting the 
strong interaction between Pt nanoparticles and the carbon 
substrates. Meanwhile, the d-spacing value of 0.22 nm co-
incides with that of face centered cubic (fcc) Pt (111) [37]. 
In Figure 4(d), it is evident that the particle size distribution 
is slightly broader in the case of the alloy catalyst with a 
significant fraction of particles larger than 10 nm. Moreover, 
it can be found that the PtCo alloy particles deposited on 
MWNTs tend to form aggregates (Figure 4(e)), which is 
probably caused by the relatively smaller specific area of 
MWNTs. The size distributions were obtained by measuring 
the sizes of 100 randomly selected particles in the magnified 
TEM images. The average particle sizes were about 4.4, 9.1 
and 15.9 nm for Pt/G, PtCo/G and PtCo/MWNTs, respec-
tively. In addition, EDX spectrum obtained from PtCo/G 
composite in Figure 4(f) shows distinct Pt and Co peaks, 
further confirming the presence of both the Pt and Co metal 
in the composite. 

On the basis of above experimental results, a mechanism to 
interpret the formation of as-obtained PtCo/G nanocomposites  
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Figure 4  FESEM images of (a) Pt/G and (b) PtCo/G; TEM images and histograms of particle size distribution of (c) Pt/G, (d) PtCo/G and (e) PtCo/ 
MWNTs, the inset of (c) is an HETEM image of PtCo/G; (f) EDX spectrum of PtCo/G.

is proposed, as shown in Figure 5. For the first stage, natural 
flake graphite was initially oxidized to GO via a modified 
Hummer’s method, and the interlayer spacing increased 
from 0.34 to 0.86 nm due to the introduction of oxygen- 
containing functional groups. And then GO can be readily 
exfoliated as individual graphene oxide sheets by ultrasoni-
cation in water. During the hydrothermal reaction, the nega-
tive charged groups on graphene oxide sheets can act as 
anchor sites, enable the subsequent in situ formation of 

nanostructures attaching on the surfaces and edges of gra-
phene oxide sheets. Furthermore, the results of XRD, XPS 
and Raman measurements (Figures 1–3) indicate that the 
reduction of graphene oxide is indeed achieved in the pre-     
sence of NaBH4. Finally, the graphene sheets were success-
fully decorated by well-dispersed PtCo alloy nanoparticles. 

The electrochemically active surface area (ECSA) of an 
electrocatalyst not only can determine the number of cataly-      
tically active sites available for an electrochemical reaction,  
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Figure 5  Illustration of the formation process of graphene-PtCo catalyst. 

but also account for the access of a conductive path availa-
ble to transfer electrons to and from the electrode surface 
[36,41]. The CV curves of Pt/G, PtCo/G and PtCo/MWNTs 
are presented in Figure 6(a). ECSA values can be calculated 
from the coulombic charge for the hydrogen adsorption and 
desorption (QH) in the negative-going potential scan (0 to 
0.2 V vs SCE) according to the following formula [56]: 

 HECSA ,
[Pt] 0.21

Q



 (1) 

where [Pt] represents the platinum loading (g cm2) in the  

 

Figure 6  (a) CVs of Pt/G, PtCo/G and PtCo/MWNTs in 1 mol L1 H2SO4 
solution at a scan rate of 20 mV s1 between 0.2 and 1.0 V vs SCE. (b) 
CVs of Pt/G, PtCo/G and PtCo/MWNTs in 1 mol L1 H2SO4 and 2 mol L1 
methanol solution at a scan rate of 20 mV s1 between 0 and 1.0 V vs SCE. 

electrode, QH is the charge for hydrogen desorption (mC 
cm2), and 0.21 represents the charge required to oxidize a 
monolayer of H2 on bright Pt (mC cm2). The calculated 
results show that PtCo/G exhibits a much higher ECSA 
value (75.8 m2 g1) than Pt/G (32.4 m2 g1) (Table 1), clearly 
demonstrating that PtCo/G possesses much higher electro-
chemical activity than Pt/G. This is because that the pres-
ence of cobalt atoms in the composite places Pt in a more 
reduced state than in the absence of Co, which is beneficial 
to the initiation of methanol dehydrogenation and promo-
tion of the electrochemical activity. Furthermore, when 
MWNTs served as a supporting material, the ECSA value 
of the catalyst was only 50.1 m2 g1, much less competitive 
than that of graphene, due to the poor dispersion of PtCo 
alloy nanoparticles on MWNTs surface. 

The electrocatalytic activities of as-synthesized Pt/G, 
PtCo/G and PtCo/MWNTs catalysts for methanol oxidation 
reaction in acid medium were studied by cyclic voltamme-
try. As shown in Figure 6(b), there are two irreversible cur-
rent peaks during the electrooxidation of methanol that are 
typically attributed on the forward scan peak at around 0.7 V 
to the oxidation of methanol and on the reverse scan peak at 
around 0.5 V, to the removal of the incompletely oxidized 
carbonaceous species (such as CO) formed during the for-
ward scan [16]. The values of the forward anodic peak cur-
rent density for different catalysts follow the same trend as 
those for ECSA with PtCo/G>PtCo/MWNTs>Pt/G. The 
peak current density of the forward scan is associated with 
the oxidation of methanol and therefore PtCo/G has the best 
electrocatalytic activity among these catalysts. The ratio of 
the forward anodic peak current density (IF) to the reverse 
anodic peak current density (IR) can be employed to evalu-
ate catalyst tolerance to accumulation of intermediate poi-
soning species on the electrode surface. A higher ratio indi-
cates more effective removal of the poisoning species on the 
catalyst surface [41]. As listed in Table 1, the IF/IR values  

Table 1  Compiled study comparing CV results for different carbon-based 
samples 

Electrode ECSA (m2 g1) IF (mA cm2) IR (mA cm2) IF/IR ratio 

Pt/G 32.4 5.4 5.0 1.08 

PtCo/G 75.8 35.8 28.0 1.28 

PtCo/MWNTs 50.1 19.6 18.9 1.04 
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for Pt/G, PtCo/G and PtCo/MWNTs were calculated to be 
1.08, 1.28 and 1.04, respectively. The better antipoisoning 
ability of PtCo/G for methanol oxidation can be not only 
attributed to cobalt oxide component which provides more 
sufficient oxygen source for oxidation of carbonaceous spe-
cies, but also to the high dispersion of PtCo alloy nanoparti-
cles on graphene sheets. 

For the practical applications, it is of great importance to 
improve the durability of electrodes. The long-term electro-
catalytic activities and stabilities of Pt/G, PtCo/G and PtCo/ 
MWNTs were examined by chronoamperometry for meth-
anol oxidation at 0.5 V. As displayed in Figure 7(a), the 
currents of all catalysts decreased rapidly at the initial stage, 
supposedly because of catalyst poisoning by chemisorbed 
intermediate carbonaceous species formed during the 
methanol oxidation reaction [37]. Then the currents gradu-
ally decayed and a pseudosteady state was achieved. After 
2000 s of polarization, PtCo/G still exhibited the highest 
current density among all the catalysts, confirming its best 
electrocatalytic performance. The results can be linked to 
the smaller fine PtCo alloy particles and the synergistic ef-
fect of the bimetallic active components in the PtCo/G  
catalyst.  

Figure 7(b) shows the chronopotentiometric curves of  

 

Figure 7  (a) Chronoamperometric response recorded at 0.5 V (vs SCE) 
in 1 mol L1 H2SO4 and 2 mol L1 methanol solution for Pt/G, PtCo/G and 
PtCo/MWNTs. (b) Chronopotentiometric curves of Pt/G, PtCo/G and PtCo/ 
MWNTs in 1 mol L1 H2SO4 and 2 mol L1 methanol solution. 

Pt/G, PtCo/G and PtCo/MWNTs catalysts. To diminish the 
influence of electrocatalytic activity of catalysts to the ut-
most extent, the value of the applied anodic current density 
is the same as that of the current density at 0.5 V on the 
forward branch of the corresponding cyclic voltammogram. 
As displayed in Figure 7(b), the electrode potential increases 
gradually at first and then instantaneously reaches to a much 
higher potential for all catalysts. This is due to the fact that 
during the chronopotentiometric experiment, the carbona-
ceous residues are accumulated on the surface of electrocat-
alysts, leaing to a lower electrocatalytic activity of catalysts 
[57]. Thus the potential must increase to satisfy the applied 
current until a potential is reached where larger amounts of 
H2O can be decomposed [58]. The time at which the elec-
trode potential jumps to a higher potential can be used to 
judge the antipoisoning ability of catalysts [59]. Obviously, 
the sustained time for these catalysts decreases in the order 
PtCo/G (~120 s)>Pt/G (~20 s)>PtCo/MWNTs (~10 s), con-
sistenting with the IF/IR values based on CV tests. Addition-
ally, before the potential jumps, the lowest potential level 
can be observed on PtCo/G electrode. These results further 
suggest that the PtCo/G catalyst has the best electrocatalytic 
activity and antipoisoning ability among the three catalysts. 

3  Conclusions 

In summary, PtCo alloy nanoparticles have been success-
fully loaded on graphene nanosheets via a simple and re-
producible hydrothermal method. The as-synthesized com-
posites were characterized by XRD, Raman, XPS, mor-
phology analyses and electrochemical tests. It has been 
found that PtCo/G has better electrocatalytic activity and 
stability than Pt/G or PtCo/MWNTs for methanol oxidation, 
which can be not only attributed to the synergistic effect of 
the bimetallic active components, but also to the high dis-
persion of PtCo alloy nanoparticles on graphene surface. 
With further optimization of the parameters, such as the 
content of graphene in the composite and the control in 
preparation, the electrocatalytic activity of PtCo/G is ex-
pected to be remarkably enhanced. This work is anticipated 
to open a new possibility in the investigation of graphene- 
supported Pt-transition metal alloy catalysts and promote 
their practical application in energy conversion technologies.  
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