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Pt–Au/nitrogen-doped graphene nanocomposites for
enhanced electrochemical activities†

Guohai Yang,a Yongjie Li,a Rohit Kumar Ranab and Jun-Jie Zhu*a

A facile in situ assembly strategy was developed for the fabrication of Pt–Au alloy nanoparticles (NPs) on
nitrogen-doped graphene (N–G) sheets, and the as-fabricated Pt–Au/N–G nanocomposites were suitable
for electrochemical applications. As characterized by transmission electron microscopy, X-ray photoelectron
spectroscopy, X-ray di�raction analysis and inductively coupled plasma-atomic emission spectroscopy
techniques, Pt–Au alloy NPs with an average size of 4–5 nm were uniformly distributed on the N–G
surface through intrinsic covalent bonds. The Pt–Au/N–G nanocomposites exhibited excellent
electrocatalytic activity and stability towards the methanol oxidation reaction with the highest capability
observed for a Pt/Au atomic ratio of 3/1. The unique electrochemical features are distinctive from those
of N-free nanocomposites and commercially available Pt/C catalysts, indicative of the alloying e�ect of
Pt–Au and their synergistic interaction with the N–G sheet, which may open up new possibilities for the
preparation of N–G-based nanocomposites for other intensive applications as well.
1 Introduction

As it is known, improving the efficiency of methanol electro-
oxidation is of importance in direct methanol fuel cells
(DMFCs), which is envisioned as a convenient energy source for
portable applications.1–3 However, the main obstacles to the
commercialization of DMFC technology are methanol crossover
reactions and/or poor methanol electrooxidation kinetics.
Noble metal catalysts have received wide recognition in DMFCs
for years.4,5 Meanwhile, the focus has also been on the support
materials on which the metal catalysts are dispersed, as they
play a crucial role in improving the catalytic activity. They can
alter the electronic character and the geometry of the catalyst
particles dispersed on their surface.6,7 However, it is conse-
quently of increasing interest to develop new support materials
that avoid the drawbacks linked to carbon black supports which
do not provide the best performance for the support of metal
particles, owing to its simple bulk structure and low surface
area.8,9

In this context, graphene, a two-dimensional form of carbon
with atoms arranged in a honeycomb lattice, could be an
alternative and effective support material. It exhibits interesting
physical properties, a large surface area and high chemical
stability for applications in electronics, photonics, sensors and
y for Life Science, School of Chemistry and

Nanjing, 210093, P. R. China. E-mail:

el: +86-25-8359-7204

hysical Chemistry Division, CSIR-Indian

Hyderabad, 500607, India

(ESI) available: Fig. S1–S4. See DOI:

54–1762
green energy technologies.10–13 On the other hand, doping
carbon materials with heteroatoms can effectively tune their
intrinsic properties, including electronic characteristics,
surface structures and local chemical features. The nitrogen
atom, with a comparable atomic size and ve valence electrons
for bonding with carbon atoms, has been widely used in the
doping of carbon materials. It has been demonstrated that the
nitrogen doping can signicantly increase the electron activity,
electron–donor properties and simultaneously enhance their
binding ability with guest molecules or materials, which may
lead to new properties in device applications.14–17

Recently, nitrogen-doped graphene (N–G) sheets have been
explored through chemical vapor deposition, high temperature
annealing methods, etc.18–20 Compared to pristine graphene (G),
N–G sheets have a large surface-active groups to volume ratio,
superb thermal stability and good electrical and mechanical
properties. This kind of material has shown a high efficiency for
lithium ion batteries and supercapacitors, and also has effective
electrocatalytic activitiy for the oxygen reduction reaction.18–23

Thus it is worthwhile to explore the N–G applications in DMFCs.
On the other hand, binary materials composed of noble metals
including Au, Ag, Pt and Pd with enhanced performance have
been used for electrocatalysis,24–26 among which Pt–Au alloy
catalysts were effective in promoting the adsorption/dissocia-
tion of methanol in acid media and showed better catalytic
performance than their corresponding monometallic counter-
parts or bulk materials.27–29 Pt–Au alloy catalysts could address
the problem of the poisoning of Pt catalysts caused by CO-like
species, modify the electronic band structure of Pt and increase
the electrochemical active surface area (ECSA) of Pt, which is
important in improving the catalytic performance of Pt
This journal is ª The Royal Society of Chemistry 2013
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catalysts.30,31 Therefore, it would be of interest to fabricate Pt–
Au/N–G nanocomposites for the evaluation and understanding
of their properties as electrocatalysts. In the present work, we
report a simple but versatile method to directly attach Pt–Au
alloy nanoparticles (NPs) with the size of 4–5 nm onto N–G
sheets for the rst time. The as-fabricated materials exhibited
enhanced electrochemical performance towards the methanol
oxidation reaction due to the alloying effect of Pt–Au and their
synergistic interaction with the N–G sheets.
2 Experimental section
2.1 Materials and reagents

Graphite powder (99.95%, 325 mesh), sodium nitrate (NaNO3),
sulphuric acid (H2SO4, 98%), potassium permanganate
(KMnO4), hydrogen peroxide aqueous solution (H2O2, 30%),
melamine, dimethylformamide (DMF), hexachloroplatinic(IV)
acid hydrate (H2PtCl6 6H2O), chloroauric acid hydrate (HAuCl4
4H2O), potassium hydroxide (KOH), potassium nitrate (KNO3)
and methanol (CH3OH, anhydrous) were purchased from the
Chinese Shanghai Regent Co. Vulcan XC-72 (CB) was purchased
from Shanghai Cabot Chemical Co., Ltd. All the chemicals were
used as received without further purication. Ultrapure fresh
water obtained from a Millipore water purication system
(MilliQ, specic resistivity >18 MU cm�1, S.A. Molsheim,
France) was used in all experiments.
2.2 Preparation of the N–G sheets

Graphene oxide (GO) was synthesized from natural graphite
powder by a modied Hummer's method.32 Briey, powdered
ake graphite (1.0 g) and NaNO3 (0.8 g) were added to 98%
H2SO4 (35 mL) in an ice bath. Aer that, KMnO4 (4.5 g) was
slowly added to the mixture with stirring, and then maintained
at 38 �C for 30 min. Aer the mixture had been kept at room
temperature with mechanical stirring for 5 days, water with a
temperature of 38 �C (280 mL) was slowly stirred into the paste
and it was then further treated with 30% H2O2 (4.5 mL). Upon
treatment with the peroxide, the suspension turned bright
yellow. The suspension was then centrifuged, washed with
distilled water, and air dried overnight at 50 �C to obtain the
GO. The N–G sheets were prepared according to a previous
procedure with minor modication:33 GO powder and mela-
mine were rst ground together in a mortar using a pestle for 5
min and the mixture was then placed in a homemade tube
furnace center with a quartz tube, purged with high purity Ar for
0.5 h at room temperature. The mixture was continuously
heated to 800 �C at a rate of�5 �C perminute andmaintained at
this temperature for 1 h under an Ar atmosphere before cooling
down to room temperature. For comparison, G sheets were also
synthesized from GO using a similar procedure without
melamine.
2.3 Preparation of the Pt–Au/N–G nanocomposites

Binary Pt–Au alloy NPs were assembled onto the N–G surface by
a wet-chemistry method. Firstly, N–G 25 (mg) was placed in a
solution with DMF and water (50 mL) and sonicated for 30 min
This journal is ª The Royal Society of Chemistry 2013
to obtain a liquid suspension. Then H2PtCl6 (1.25 mL, 19.3 mM)
and HAuCl4 (0.35 mL, 24.3 mM) aqueous solution were
successively added into the suspension in an Ar atmosphere.
The pH value of the mixed solution was adjusted to neutral with
1.0 M KOH aqueous solution and then it was sonicated for
30 min, followed by microwave heating at 800 W for 5 min.
Finally, the solid was collected aer thorough washing with
ethanol and vacuum-dried at room temperature and designated
as Pt3Au/N–G. Similarly, Pt3Au/G and Pt3Au/CB nanocomposites
were also prepared with the same method. The other compo-
sitions prepared from H2PtCl6 and HAuCl4 solution with Pt/Au
mole ratios of 2/1, 1/1, 1/0 and 0/1 were designated as Pt2Au/N–G,
PtAu/N–G, Pt/N–G and Au/N–G, respectively. Commercial E-TEK
Pt/C (20%) catalyst was also used for comparison.

2.4 Structural characterization

The characterizations were performed via X-ray powder
diffraction (XRD, Shimadzu XD-3A, with Cu Ka radiation, l ¼
0.15418 nm), Raman spectra were recorded using a Renishaw
InVia micro-Raman system with an excitation wavelength of
514 nm, atomic force microscopy (AFM) measurements were
realized on a SPI3800 controller operated in tapping mode,
scanning electron microscopy (SEM, Hitachi S-4800) and high
resolution transmission electron microscopy (HRTEM, JEOL
2100, with a 200 kV accelerating voltage) equipped with an
energy dispersive X-ray spectrometer (EDS). The Pt–Au compo-
sition was evaluated using inductively coupled plasma-atomic
emission spectroscopy (ICP-AES, J-A1100). X-ray photoelectron
spectroscopy (XPS, PHI 5000 VersaProbe) was used to determine
the oxidation state of various elements in the samples.

2.5 Electrochemical measurement

Electrochemical experiments were performed on a CHI 660C
electrochemical working station using a standard three-elec-
trode cell. A platinum wire was used as the counter electrode
and a saturated calomel electrode (SCE) as the reference elec-
trode. The working electrode was a glassy carbon electrode
(GCE, diameter of 3.0 mm) polished with Al2O3 powders
(Aldrich, 0.05 mm) and rinsed with Millipore water prior to the
test. A suspension of the catalyst with a concentration of 1.0 mg
mL�1 was obtained by ultrasonically dispersing the catalyst into
a mixture of water, ethanol and Naon (Dupont, 5 wt%) with a
certain ratio, 1/3.85/0.15. Then the suspension (10 mL) was
dropped onto the glassy carbon disk and dried thoroughly in air
overnight. Electrochemical impedance spectroscopy (EIS)
experiments were performed with an Autolab electrochemical
analyzer (Eco Chemie, the Netherlands) in a 10 mM K3Fe(CN)6–
K4Fe(CN)6 (1 : 1) mixture with 0.10 M KNO3 as the supporting
electrolyte, with an alternating current voltage of 5.0 mV and a
frequency range of 0.01 Hz to 100 kHz. A cyclic voltammogram
(CV) was obtained between 1.0 and 0 V (vs. SCE) in 0.5 M H2SO4

solution, with or without 0.5 M methanol solution, at room
temperature with a scan rate of 50 mV s�1. Chronoampero-
metric experiments were carried out at 0.6 V in 0.5 M H2SO4

solution containing 0.5 M methanol solution at room temper-
ature for 1200 s.
J. Mater. Chem. A, 2013, 1, 1754–1762 | 1755
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Fig. 1 Raman spectra of GO, G and N–G sheets.
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3 Results and discussions
3.1 Preparation and characterization of Pt–Au/N–G
nanocomposites

The fabrication strategy for the Pt–Au/N–G nanocomposites is
shown in Scheme 1. In the absence of surfactants, we followed a
one step route for the deposition of NPs on the N–G sheets in
contrast to the time consuming multi step methods generally
known in the literature.34 First, N–G sheets were synthesized by
thermal annealing GO using melamine as the nitrogen source.
Second, a one-step route for the synthesis of Pt–Au/N–G nano-
composites was performed without any pre-modication of the
N–G. Microwave irradiation is fast and highly efficient for
transferring energy into the reaction system and the tempera-
ture increased uniformly throughout the reaction.35 As a solvent
and reaction medium for various processes, DMF acted as both
a dispersant and a reducing agent in our experiment.36,37

Meanwhile, the available high surface exposure in N–G is
expected to allow formation of metallic NPs, the interaction of
these NPs at the N-doped sites via hydrogen bonding or covalent
coordination may prevent their aggregation on the surface. The
structure and composition of the as-prepared nanocomposites
were then systematically studied.

Raman spectroscopy is one of the most widely used tech-
niques for the characterization of the structural and electronic
properties of graphene including disorder, defect structure and
doping level. Fig. 1 shows the Raman spectra of the GO, G and
N–G sheets. A D band (corresponding to defects in graphene)
and G band (corresponding to the optical mode vibration of two
neighboring carbon atoms) were observed for all samples. The
intensity ratio of the D and G band (ID/IG) increased aer
thermal treatment, showing a reduction process.38 The G band
of the N–G was also down-shied to 1583 cm�1 compared to the
G prepared under similar conditions (�1595 cm�1), which was
consistent with the precious report,39 thus the nitrogen doping
was successful.

Fig. 2 shows typical microscopic characterizations of the as-
prepared samples. The N–G sheet has a two-dimensional
surface composed of a few layers, as evident from the crinkly
structure observed in the SEM and HRTEM images (Fig. 2A and
B). The inset in Fig. 2B shows the selected area electron
diffraction (SAED) with a well-dened pattern corresponding to
the N–G structure. Further characterization of the N–G sheets
(Fig. S1, ESI†) revealed that the synthesized N–G had a large
surface area and thickness of �1.1 nm. In the case of the Pt3Au/
N–G sample, the as-prepared Pt3Au NPs were found to be well-
dispersed on the N–G sheet (Fig. 2C) and the HRTEM image in
Scheme 1 Fabrication of the Pt–Au alloy NPs on the N–G sheets.

1756 | J. Mater. Chem. A, 2013, 1, 1754–1762
Fig. 2D reveals the lattice fringes of the NPs with an interplanar
spacing of 0.232 nm. This corresponds to the (111) plane of a fcc
Pt3Au alloy, which is also in good agreement with the fast
Fourier transforms (FFTs) of single Pt3Au particles, as shown in
Fig. 2E, thus indicating the single domain crystallite nature of
the Pt3Au NPs on the N–G sheets. The size-distribution was
evaluated statistically by measuring the diameters of two
hundred Pt3Au NPs from the HRTEM images and the mean size
of the NPs on the N–G surface was �4.4 nm (Fig. 2F). The
elemental composition in Pt3Au/N–G was analyzed via EDS
(Fig. 2G), shows the presence of Pt and Au besides the C and N,
with the existence of a Cu signal due to the TEM sample grid.
For comparison, the TEM image for the Pt3Au/G sample is
shown in Fig. 2H. In contrast to that for the Pt3Au/N–G, the alloy
NPs in the case of Pt3Au/G were not dispersed uniformly on the
graphene surface. The aggregation of the alloy NPs might be
resulted from the known chemical inertness of graphene.

To conrm the effect of the N–G during the formation
process of the nanocomposites, a comparison experiment was
performed. Free alloy NPs were rstly prepared under the same
conditions, followed by mixing with N–G under thorough stir-
ring. It is clearly observed (Fig. S2, ESI†) that the simple physical
mixing of the as-prepared NPs with N–G sheets resulted in
obvious aggregation of the metal NPs and poor dispersion on
the N–G sheets. Therefore, it was believed that the in situ
interaction between the alloy precursors and the N–G led to a
good dispersity, due to the presence of the N-doped sites in the
N–G, similar to that reported for the immobilization of the NPs
on the N-doped carbon materials.40,41 Accordingly, the nitrogen
atoms in the N–G have been proposed to act as localized defects
that can make the graphene chemically active for enhanced
interactions with NPs and hence facilitate their assembly and
dispersion on the surface.42–44

As shown in Fig. 3, XRD patterns of the N–G and N–G sup-
ported Pt, Au and Pt3Au alloy NPs were recorded in the 2q range
of 15–75�. The peaks at 26.18� for all of the samples arise from
the (002) plane of graphite in the N–G sheets. The Pt/N–G and
Au/N–G samples showed three peaks that matched well with
those of Pt (JCPDF 04-0802)45 and Au (JCPDF 04-0784).46 In the
case of Pt3Au/N–G, the diffraction peaks shied to lower 2q
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 SEM (A) and HRTEM (B) images of N–G (inset B: the corresponding SAED pattern), TEM of Pt3Au/N–G (C), HRTEM image (D) and FFTs (E) of a single Pt3Au NP on
N–G, size distribution of Pt3Au NPs on N–G (F), EDS of Pt3Au/N–G (G) and TEM of Pt3Au/G (H).
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values with respect to the corresponding peaks in the Pt/N–G.
The peaks at 39.05�, 45.33� and 66.76� could be assigned to the
Pt3Au (111), (200) and (220) planes, respectively, demonstrating
a face-centered cubic (fcc) structure.47 As shown by the dashed
line, the position of the (111) peak of Pt3Au/N–G (39.05�) located
between that of Pt/N–G (39.96�) and Au/N–G (38.27�), indicates
the formation of the Pt–Au alloy. In addition, the average size of
the alloy NPs was about 4–5 nm, calculated by the Debye–

Scherrer equation, matching well with the TEM results.27

Fig. 4A and B show the full-scale XPS spectra of the N–G and
Pt3Au/N–G. The presence of the C, O and N elements in N–Gwas
conrmed and the N content for the N–G was detected to be
about 7.9%. The high-resolution N1s spectrum (Fig. S3, ESI†)
reveals a pyridine-like nitrogen as the main nitrogen containing
component of the N–G, which as discussed previously serves as
This journal is ª The Royal Society of Chemistry 2013
the active site for anchoring the alloy NPs.34,48–50 In the case of
Pt3Au/N–G, the presence of all ve elements (C, N, O, Pt and Au)
was conrmed, similar to the EDS results. Two peaks with
binding energies at 70.78 and 74.11 eV for Pt (4f7/2, 4f5/2) and
83.42 and 87.16 eV for Au (4f7/2, 4f5/2) were observed (Fig. 4C and
D). It is noteworthy that the binding energies in the Pt region of
Pt3Au/N–G were negatively shied relative to that of the metallic
Pt NPs,51 conrming the alloy structures. This is attributed to
the electron delocalization and to partial ionization due to
electron transfer.52 It is a hallmark of the alloying effect, and the
electron delocalization between the Pt and Au that alters the
electronic structure of the alloy NPs, making it difficult for
the NPs to lose/release additional electrons (i.e., to be oxidized),
and preventing the dissolution of Pt via the formation of Pt–O
bonds.53 So the interaction of the alloy NPs with N–G can lead to
J. Mater. Chem. A, 2013, 1, 1754–1762 | 1757
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Fig. 3 Powder XRD patterns of the N–G (a), Pt/N–G (b), Pt3Au/N–G (c) and Au/
N–G (d).

Fig. 4 XPS spectra of N–G (A) and Pt3Au/N–G (B) and the survey scans of Pt4f (C)
and Au4f (D) spectra of Pt3Au/N–G.
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not only the formation of uniformly dispersed NPs on the
surface, but also enhanced catalytic properties.

Furthermore, the Pt and Au content in the Pt3Au/N–G and
Pt3Au/G nanocomposites were determined by inductively
coupled plasma-atomic emission spectroscopy (ICP-AES), as
shown in Table 1. The Pt3Au/N–G and Pt3Au/G showed 26.3%
and 27.1% metal loading respectively, with a Pt/Au atomic ratio
close to 3/1. Moreover, the Pt/Au ratio was in accordance with
Table 1 ICP-AES results for the Pt3Au/N–G and Pt3Au/G nanocomposites

Sample Pt (wt%) Au (wt%)
Pt/Au mole
ratio

Metal loading
(wt%)

Pt3Au/N–G 19.09 6.21 3/0.91 26.3
Pt3Au/G 20.95 6.15 3/0.88 27.1

1758 | J. Mater. Chem. A, 2013, 1, 1754–1762
the XPS result obtained for the Pt3Au/N–G. This also indicated
that the alloy ratios were roughly consistent with those of the
feeding solutions, presenting a facile method to quantitatively
control the composition of the alloy and subsequently tune the
catalytic activity to obtain an optimum.
3.2 Electrochemical performance of the Pt–Au/N–G
nanocomposites

The formation of alloy arrangements of surface Pt–Au atoms
shows high electrocatalytic activity with enhanced electron
density near the Fermi level (EF).54 EIS measurements were rst
carried out to understand the electrochemical properties of the
nanocomposites. The change-transfer resistance (Rct) at the
electrode surface is equal to the semicircle diameter of EIS and
can be used to describe the interface properties of the modied
electrode.55 Fig. 5 shows the results of the impedance spectrum
on the bare glassy carbon electrode (GCE) (a), Pt3Au/G/GCE (b)
and Pt3Au/N–G/GCE (c). As we can see, when Pt3Au/G was
modied onto the GCE, the semicircle decreased relative to the
bare GCE, indicating that graphene could accelerate the elec-
tron transfer between the electrochemical probe Fe(CN)6

3�/
Fe(CN)6

4� and GCE. While when Pt3Au/N–G was modied on
the surface of the GCE, the semicircle decreased distinctively,
revealing the much lower electrical resistance of Pt3Au/N–G/
GCE compared with that of Pt3Au/G/GCE. These results
demonstrated that Pt3Au/N–G provided higher electron
conduction pathways due to the synergistic effect of N–G and
alloy NPs. These characteristics enable Pt3Au/N–G to be a good
material for electrochemical applications.

The presence of well-dispersed alloy NPs in Pt–Au/N–G is not
only indicative of the importance of N doping in graphene, but
also expected to result in enhanced electrocatalytic perfor-
mance. The electrochemical behaviors of the Pt3Au/N–G, Pt3Au/
G and E-TEK Pt/C samples were studied preliminarily by CV in
0.5 M N2-saturated H2SO4. In Fig. 6, the peaks between �0.35
and 0 V can be attributed to hydrogen adsorption and
Fig. 5 Nyquist plots of bare (a), Pt3Au/G (b) and Pt3Au/N–G (c) modified GCE in
0.10 M KNO3 containing 2 � 10�3 M K3[Fe(CN)6]/K4[Fe(CN)6].

This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 CVs of E-TEK Pt/C (a), Pt3Au/G (b) and Pt3Au/N–G (c) catalysts in N2-
saturated 0.5 M H2SO4 at a scan rate of 50 mV s�1.

Fig. 7 CVs of E-TEK Pt/C (a), Pt3Au/G (b) and Pt3Au/N–G (c) catalysts in N2-
saturated 0.5 M H2SO4 and 0.5 M CH3OH solution at a scan rate of 50 mV s�1.
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desorption.56 The peaks at �0.3 V are due to the oxidation of
adsorbed hydrogen (Hads), whereas the subsequent peaks at
�0.1 V correspond to the oxidation of the desorbed hydrogen
(Hdes) by interacting with the alloy surface.57 The cathodic peaks
at 0.4 V are caused by the reduction of metal oxides.58 Based on
the integration of the hydrogen-adsorption–desorption peak
areas aer correction for the double-layer charging current,
ECSA can be evaluated according to the formula given below:59

ECSA ¼ QH/(0.21[Pt]),

where QH (mC cm�2) represents the mean value of the charge
exchange during the electro-adsorption and -desorption of
hydrogen at the Pt sites, [Pt] represents the Pt loading (mg
cm�2) on the electrode and 0.21 (mC cm�2) represents the
charge required to oxidize a monolayer of hydrogen on bright
Pt. The results indicated that the ECSA value of the Pt3Au/N–G
catalyst contained 60.9 m2 g�1 of Pt, which was higher than that
of Pt3Au/G (49.2 m2 g�1) and E-TEK Pt/C (45.7 m2 g�1) catalysts.
This could be attributed to the smaller particle size, better
dispersion of alloy NPs and faster electron conduction in the N–

G as the support. The present ECSA value for the Pt3Au/N–G
catalyst was also higher than that reported for the Pt3Co/N–HEG
catalyst (57.9 m2 g�1),32 which might result from the enhanced
synergistic effect between the Pt–Au alloy and N–G. The elec-
trochemical self-stabilities of the Pt3Au/N–G and E-TEK Pt/C
were evaluated by applying continuous potential scans in the
N2-saturated 0.5 M H2SO4 solution (Fig. S4, ESI†). Aer 2000
cycles, the ECSA of the Pt3Au/N–G lost about 23.5%, whereas the
E-TEK Pt/C lost about 60.1%. The much better electrochemical
self-stability of the Pt3Au/N–G is possibly because of the specic
interactions between the alloy NPs and the N–G sheets, such as
charge transfer, affecting their electrochemical activity.

The incorporation of nitrogen into carbon materials, espe-
cially in the form of pyridinium moieties, is critical for the
enhancement of the electrocatalytic activity. As has been
reported, nitrogen doping introduces atomic charge density
This journal is ª The Royal Society of Chemistry 2013
and asymmetry in the spin density on the graphene network
that facilitates the charge transfer from the carbon support to
the adsorbing molecules.48,60 For the methanol oxidation reac-
tion, the incorporated nitrogen atoms can enhance the inter-
action between carbon structure and metals, thus the kinetics
of methanol diffusion and transfer can be improved. In general,
the catalyst with a larger ECSA has a higher electrocatalytic
activity. The electrochemical oxidation of methanol on the
catalysts was investigated by CV in N2-saturated 0.5 M H2SO4

and 0.5 M CH3OH solution, and the results are shown in Fig. 7.
All the catalysts showed characteristic well-separated anodic
peaks in the forward and reverse sweeps due to methanol
oxidation. The current densities are normalized with respect to
the ECSA. The maximum current density for Pt3Au/N–G is
0.417 A g�2, indicating a higher electrocatalytic activity than the
Pt3Au/G and E-TEK Pt/C catalysts, with the maximum current
densities of 0.186 A g�2 and 0.064 A g�2, respectively. The mass
normalized forward anodic peak current of the Pt3Au/N–G is 6.5
times higher than that of the E-TEK Pt/C. Meanwhile, the ratio
of the forward anodic peak current (If) to the backward anodic
peak current (Ib) can be used to evaluate the catalyst tolerance to
the intermediate carbonaceous species accumulated on the
electrode surface.61 The higher If/Ib value means a higher
tolerance to intermediate carbon species and thus methanol
could be oxidized to carbon dioxide more efficiently. The If/Ib
ratio of the Pt3Au/N–G catalyst is 1.21, higher than that of Pt3Au/
G (1.05) and E-TEK Pt/C (1.01), suggesting a much better poison
tolerance for Pt3Au/N–G. A possible mechanism is that,
combining with the N–G sheets, the poisoning species (e.g., CO)
on the Pt surfaces are oxidized efficiently by the oxygen species
provided by Au–OH, which are produced as a result of the
electrochemical oxidation and removed in a similar way to that
previously reported.62,63 Comparison experiments were also
performed using Pt3Au/N–G, Pt3Au/CB and N–G as catalysts
(Fig. S5, ESI†), it could be obviously seen that the Pt3Au/N–G
catalyst showed the highest electrocatalytic activity. The better
J. Mater. Chem. A, 2013, 1, 1754–1762 | 1759
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Fig. 9 Linear Sweep Voltammetry (LSV) of E-TEK Pt/C (a), Pt3Au/G (b) and
Pt3Au/N–G (c) modified GCE at a scan rate of 50 mV s�1.
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electrochemical properties of Pt3Au/N–G might come from the
following features: the well-dispersed alloy NPs throughout
the surface of N–G rendered more accessible surfaces for the
oxidation of methanol and the N–G support could also effec-
tively enhance the conductivity of the nanocomposites, that is,
the alloying effect of Pt–Au and their synergistic interaction with
N–G sheets.

In addition, the electrocatalytic activities of Au/N–G, Pt/N–G,
PtAu/N–G, Pt2Au/N–G and Pt3Au/N–G catalysts were compared
in Fig. 8. Amaximum activity was observed for the sample with a
Pt/Au ratio of 3/1. The enhanced catalytic activity of binary to
pure metals is usually ascribed to the fact that the alloying
component tends to introduce lattice-strain and results in
electronic structure modication at the surface.64,65 Therefore, it
generated a surface which is more active than the monometallic
and exhibited an enhanced catalytic activity for methanol. The
role of Au was as a catalytically enhancing agent, which can
modify the electronic properties of surface Pt atoms. However,
the activity of the alloy greatly decreased when more Au was
added into the alloy, due to the overdilution of the active sites
of Pt.66

Furthermore, linear sweep voltammetry (LSV) was also
studied in the low potential region in order to compare the
onset potential of the three catalysts.67 The shi of the onset
potential is derived from the electronic equilibrium of hybrid
materials due to the changes in the work function of supports
via the electron transfer to NPs. As indicated by the dashed line
in Fig. 9, the corresponding potential for Pt3Au/N–G was much
lower than the other two samples at a given oxidation current
density. Therefore, N–G at the interface facilitated the methanol
oxidation reaction kinetics as a consequence of the interaction
with the alloy NPs, and further supporting the enhanced cata-
lytic activity of the Pt3Au/N–G nanocomposites, which had
features of small size, uniform dispersion and a high ECSA of
the nanocomposites. Such a large enhanced catalytic activity for
Fig. 8 CVs of different nanocomposites: Pt–Au/N–G with Pt to Au atomic ratios
of 0/1 (a), 1/0 (b), 1/1 (c), 2/1 (d) and 3/1 (e) in N2-saturated 0.5 M H2SO4 and
0.5 M CH3OH solution at a scan rate of 50 mV s�1.

1760 | J. Mater. Chem. A, 2013, 1, 1754–1762
methanol is also a result of the bifunctional mechanism of the
alloy catalyst.64

The long-term stability of the catalysts towards methanol
oxidation was further investigated by chronoamperometry at a
potential of 0.6 V in N2-saturated 0.5MH2SO4 and 0.5M CH3OH
solution, as shown in Fig. 10. An initially rapid current decay
was observed, possibly due to the formation of intermediate
species, such as COads and CHOads, during the methanol
oxidation reaction.68 However, the Pt3Au/N–G catalyst showed
better stability than the Pt3Au/G and E-TEK Pt/C catalysts for
methanol oxidation. Thus the Pt–Au alloy NPs and the forma-
tion of metal–N–G nanocomposites could enhance both the
electrocatalytic activity and stability during the methanol
oxidation process. This improved catalytic performance is
ascribed to the electron accepting ability of the nitrogen atoms,
Fig. 10 Steady-state chronoamperometry of methanol electrooxidation on the
E-TEK Pt/C (a), Pt3Au/G (b) and Pt3Au/N–G (c) modified GCE at 0.60 V in N2-
saturated 0.5 M H2SO4 and 0.5 M CH3OH solution at a scan rate of 50 mV s�1.

This journal is ª The Royal Society of Chemistry 2013
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which could polarize the adjacent carbon atom and enhance
their binding affinity with adsorbed water molecules, facili-
tating their dissociation to produce –OHads during the meth-
anol oxidation reaction, thus resulting in the more efficient
oxidation of intermediate species and a better resistance to the
poisoning ability of the catalyst.69
4 Conclusion

The Pt–Au/N–G nanocomposites were fabricated using an
effective assembly strategy. Alloy NPs were well dispersed and
anchored on the surface of N–G sheets facilitated by the N-
doped sites on the surface. The as-prepared Pt3Au/N–G nano-
composites exhibited much higher electrocatalytic activities for
the methanol oxidation reaction than the Pt3Au/G and
commercial Pt/C catalysts, owing to both the alloying effect of
Pt–Au and their synergistic interaction with the N–G sheets.
Therefore the composites have great potential in exploring
advanced electrocatalysts in DMFCs. Based on the specic
chemical reactivity of alloy NPs towards thiol and amine func-
tional groups it can also be expected that the material would be
used in the immobilization of biomolecules such as DNA,
proteins and cells for other intensive applications.
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