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Au/Pt bimetallic nanoparticles with controllable structure were fabricated and extensively characterized by
transmission electron microscopy, scanning electron microscopy, energy dispersive X-ray analysis, high-
resolution TEM, powder X-ray diffraction, UV-visible absorption spectroscopy and cyclic voltammetry.
Their catalytic activity has been studied and compared with different Pt nanoparticles in both the electrochemical
reduction of oxygen and the oxidation of methanol to investigate the role of nanoparticle synthesis on their
underlying electrocatalytic activity. Enhanced signals for methanol oxidation were observed at the Au/Pt
bimetallic nanoparticles.

The use of nanostructures in catalytic processes has recently
come to the forefront of catalysis research. The rapidly evolving
area of nanoparticle synthesis, which allows the production of
novel nanoarchitectural design, is contributing to the develop-
ment of new catalysts with ever-improving activity.1 In par-
ticular, electrocatalytic reactions are of central importance as
they play a vital role in promising technologies related to both
environmental and energy-related applications, such as polymer
electrolyte membrane fuel cells (PEMFC) and direct methanol
fuel cells (DMFC).2

Pt is used widely in commercial catalysts, with particular
attention being paid to its use in both oxygen-reduction and
methanol-oxidation based fuel cells, due to its outstanding
catalytic properties. The efficiency and catalytic activity of Pt
catalysts can be substantially improved by increasing the activity
per unit area and decreasing the quantity of the expensive Pt
catalyst. Various innovative approaches have, therefore, been
proposed for the synthesis of novel nanostructured Pt in an
attempt to increase the surface area of Pt catalysts by decreasing
their size. Such structures include nanocubes,3 polyhedra,4

mesoporous films,5 hollow nanospheres,6 nanowires,7 nano-
tubes,8 dendritic structures,9 multipods,10 and nanoporous
electrode.11 A problem, however, arises; the small size of the
nanoparticles (typically 1-100 nm) makes the structure unstable
due to the unfavorable high surface energy of the particle, which
causes them to coagulate. Therefore, capping agents, such as
thiol, amines, phosphines, micelles, dendrimers, polymers, and
biomolecules,12 are normally used in the fabrication methodol-
ogy to stabilize and disperse the nanoparticles. Obviously, the
smaller the diameter of the particle, the stronger the interaction
of the stabilizing agent’s with the particle is required to be.

Although the successful synthesis of smaller nanoparticles
when using suitable capping agents has been reported, care has
to be applied when evaluating the catalytic activity of these
nanostructures. Several questions need to be answered before
the nanoparticles can be successfully deployed: (1) Will these
capping agents affect the catalytic performance? (2) Is the
increased surface area, by decreasing the size, catalytically
effective? (3) Are there any alternative methods to increase the
catalytic effective surface area, thus the catalytic properties?
Herein, we fabricate several types of Pt nanoparticles and
investigate their underlying electrocatalytic activity for both
oxygen-reduction and methanol-oxidation. The voltammetric
waves obtained are compared and the results critically appraised.

Experimental Section

All chemicals were of analytical grade supplied by Aldrich
and were used as received without further purification. These
were as follows: platinum (IV) chloride (99.9%), gold (III)
chloride trihydrate, sodium citrate tribasic dihydrate, poly (N-
vinyl-2-pyrrolidone) (PVP, Mw ) 55 000), sulfuric acid, eth-
ylene glycol, sodium hydroxide, ascorbic acid, methanol, and
hydrochloric acid. All solutions were prepared with deionized
water with resistivity of at least 18.2 MΩ cm (Millipore water
system).

Pt nanoparticles using PVP as a stabilizing agent were
prepared in accordance with a method by Teranishi et al.13

Briefly, a mixture of 5 mL of 6.0 mM H2PtCl6 aqueous solution
(30 µmol of Pt), 24.5 mL of water, and 20 mL of methanol
containing 30µmol of PVP was refluxed in a 100-mL flask for
3 h under air to synthesize the PVP-protected Pt nanoparticles.
A typical TEM image of Pt nanoparticles with an average
diameter of 4 nm can be found in the Supporting Information
(Figure S1).

“Unprotected” Pt nanoparticles were prepared according to
the method by Wang et al.14 In brief, a 100-mL ethylene glycol
solution containing platinum (IV) chloride (1.93 mmol) and
sodium hydroxide (0.25 M) was heated at 160°C for 0.5 h,
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with high-purity N2 passing through the reaction system. The
solution changes from transparent yellow to a stable black Pt
colloidal solution upon completion of the reaction. A typical
TEM image of unprotected Pt nanoparticles is shown in the
Figure S2 of the Supporting Information.

Au/Pt core-shell and bimetallic structures have previously
been prepared and characterized;15 in the following, a modified
procedure was used to fabricate Au/Pt bimetallic nanoparticles
based on our previous synthesis for Au/Pd core-shell nano-
particles.16 Briefly, small Au nanoparticle seeds were first
prepared by refluxing 100 mL of aqueous solution containing
0.01 g HAuCl4‚3H2O and 0.03 g sodium citrate in a 250-mL
flask for 50 min under air. Then, two aqueous solutions (1.5
mL and 6 mL) of H2PtCl6 (1.0 mM) containing 0.03 g sodium
citrate were added to two Au seed colloidal stock solutions (8
mL), respectively. Next, an excess amount of ascorbic acid (1
mL, 0.1 M) was added at ambient temperature to the above
solutions under stirring. The obtained solution mixtures will
change from red to a dark brown color in the course of 3 h,
thus indicating the successful formation of Pt nanocrystals.

The catalysts’ loadings were obtained as follows. In the case
of Au/Pt bimetallic nanoparticles, first, it was assumed that all
of the PtCl62- was reduced to Pt. A suspension containing Au/
Pt bimetallic particles was obtained by concentrating 2 mL of
the original suspension to 0.2 mL using a centrifuge (12 000
RPM), after which a 5-µL (Au25Pt75) or 14.3-µL (Au57Pt43)
aliquot of the sample was placed on the electrode surface and
put into the oven at 50°C to allow solvent evaporation. In the
case of Pt nanoparticles capped by PVP, a 33.3-µL aliquot of
the original suspension was allowed to dry stepwise on the
electrode surface. In the case of unprotected Pt nanopar-
ticles, the original colloidal solution was diluted 5-fold by
mixing 40 µL of the above suspension with 160µL deionized
water. Sonication was used to aid dispersion. Finally, a
5.18-µL aliquot of this new suspension was placed on the
electrode surface and was allowed to dry at room temperature
overnight.

For TEM probing, the obtained suspensions were dropped
on a carbon-coated copper grid resting on absorbent filter paper,
which rapidly wicked away the solvent and allowed the
nanoparticles to be dispersed on the grid. TEM measurement
was performed with a Philips TECNAI 20 transmission electron
microscope. Energy dispersive X-ray analysis (EDX) was
performed with an FEI XL30 ESEM FEG scanning electron
microscope equipped with energy dispersive X-ray analyzer
(Phoenix). High-resolution TEM images were recorded on a
JEOL 4000EX-II TEM operating at 400 kV. Powder X-ray
diffractions (XRD) were carried out on a Bruker Advance D8
X-ray Powder Diffractometer using Cu KR radiation (40kV,
40mA). The UV-visible absorption data were recorded on a
UV-vis spectrophotometer (UV-3101 PC, SHIMADZU).

Electrochemical measurements were recorded using aµAu-
toLab potentiostat (Ecochemie, Netherlands) with a standard
three-electrode configuration. Pt wire (1 mm diameter, Good-
fellow Metals, Cambridge, UK) provided the counter electrode,
and a saturated calomel electrode (SCE, Radiometer, Copen-
hagen) acted as the reference. The working electrode was
composed of either a glass carbon electrode (3 mm diameter)
onto which the Pt particles were immobilized via solvent
evaporation or a planar Pt macroelectrode (1.6 mm diameter),
both purchased from Bioanalytical Systems Ltd (Kenilworth,
UK). All potentials were measured with respect to the SCE.

Results and Discussion

Three types of Pt nanostructures were investigated with the
response of the planar Pt macroelectrode used as a reference.
The first was Pt nanoparticles fabricated using poly (N-vinyl-
2-pyrrolidone) (PVP), the most widely used capping agent in
the synthesis of nanoparticles.13 The second set of nanoparticles
was fabricated so as to obviate the need for the stabilizing agent.
In this case, the nanoparticles were synthesized in an alkaline
ethylene glycol solution without the addition of the capping
agents. It has been proposed that these unprotected Pt nano-
particles are solely stabilized by the dielectric properties of the
ethylene glycol solvent.14 The third set was based on the
formation of various bimetallic structures in which the surface
concentration of Pt upon the underlying metal nanoparticle can
be closely controlled. Such a technique was recently shown to
aid in understanding the electrochemical response of hydrogen
on Pd with the signal being critically dependent on the surface
coverage of Pd on the inert Au core.16 In the present study,
Au/Pt bimetallic nanoparticles are achieved in a similar manner
by homogeneously depositing Pt nanoparticles onto Au nano-
particles.

Figure 1 shows the typical TEM images of Au/Pt bimetallic
nanoparticles. Accordingly, the molar ratio of these particles,
Au25Pt75 and Au57Pt43, are used to label these particles. It is
evident, in the case of Au25Pt75 (Figure 1a), that Pt is deposited
on the Au nanoparticles in the form of nanoparticles with an
average diameter of 4 nm. However, when the TEM images
detailed in Figure 1B for Au57Pt43 are compared with that of
the Au nanoparticles, Figure S3 of the Supporting Information,
remarkably similar images are observed, making discrimination
between the two different nanoparticles difficult. Therefore,
confirmation of Pt presence is given by the energy dispersed
X-ray (EDX) analysis of both Au25Pt75 and Au57Pt43 bimetallic
nanoparticles, Figure 1, parts c and d, respectively. These prove
the coexistence of Au and Pt. It is interesting to note that the
relative peak ratios of Pt LR and Au LR vary for the different
sample.

The HRTEM images of Sample Au25Pt75 and Au57Pt43 are
shown in Figure 2, parts a and b, respectively. It is evident,
from the HRTEM image of Au25Pt75 (Figure 2a), that the
irregular raised nanoparticles on the Au surface can be identified
as Pt by the careful measurement of the lattice spacing and the
EDX in Figure 1c. In contrast to the data shown in Figure 2a,
lowering of the Pt concentration in the feed solution results in
the free assembly of Pt particles standing on a uniform Au lattice
part. This is indicated by the white ellipses shown in Figure 2b
for Au57Pt43. In this case, more of Au crystalline surface is
exposed in comparison with that of Au25Pt75. It should be further
mentioned that free Pt nanoparticles are observed in both
samples.

Figure 3 details the UV-visible absorption spectra of aqueous
suspensions of pure Au, and of Au57Pt43 and Au25Pt75 bimetallic
nanoparticles. It can be seen that pure Au nanoparticles exhibit
an absorbance peak at ca. 520 nm due to their surface plasmon
resonance property originating from the collective oscillation
of their conduction electrons in response to optical excitation.
As increasing Pt is deposited on the Au nanoparticle, as is the
case for Au57Pt43 and Au25Pt75, the absorbance peak for Au
nanoparticles decays. These spectra clearly demonstrate that the
Pt coverage on the surface of Au nanoparticles can be controlled
by increasing the H2PtCl6 concentration in the synthesis feed
solutions.

Figure 4 gives the XRD patterns of pure Au and of Au57Pt43

and Au25Pt75 bimetallic nanoparticles. All diffraction peaks of
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Au nanoparticles could be unambiguously indexed to the
diffraction of (111), (200), (220), (311), and (222) planes of
face-center-cubic (fcc) gold according to XRD standard JCPDS
No. 65-2870. The diffraction peaks of pure Au and Au57Pt43

nanoparticles are difficult to distinguish, although the Au57Pt43

has broad peaks than pure Au. In the case of Au25Pt75, it is
interesting to note that weak shoulder peaks at ca. 40° and ca.

47°, along with a separate peak at ca. 68°, are observed, which
can be assigned to the diffraction of (111), (200), and (220)
planes of fcc Pt according to the JCPDS No. 87-0647.

Electrocatalysts play a crucial role in PEMFC and DMFC.
Most Pt-based electrocatalysts have been evaluated for both the

Figure 1. Typical TEM images and the energy dispersed X-ray (EDX) analysis of (a, c) Au25Pt75 and (b, d) Au57Pt43 bimetallic nanoparticles
formed by reducing PtCl6

2- on Au nanoparticles.

Figure 2. High-resolution TEM (HRTEM) images of (a) Au25Pt75 and
(b) Au57Pt43 bimetallic nanoparticles.

Figure 3. UV-visible absorption spectra of aqueous suspension of
pure Au, and of Au57Pt43 and Au25Pt75 bimetallic nanoparticles.

Figure 4. Typical powder X-ray diffraction (XRD) patterns of the
pure Au nanoparticles, and of the bimetallic nanoparticles, Au25Pt75

and Au57Pt43, formed by reducing PtCl6
2- onto Au nanoparticles.
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oxygen-reduction and methanol-oxidation reactions.3b,6b,11,17

Furthermore, considerable effort was recently directed toward
using Au as nanocatalysts18 since it has been reported that Au
nanoparticles with diameter of ca. 3.5 nm supported on titania
are effective for catalyzing the oxidation of carbon monoxide.19

In addition, more recently, it has been shown that Au clusters
contribute to the stabilization of Pt electrocatalysts in the
oxygen-reduction reaction.20 It is therefore of interest to
investigate what role the Au nanoparticle, in the current Au/Pt
bimetallic nanoparticles, may play in both the methanol-
oxidation and oxygen-reduction reactions, when compared to
both unprotected and PVP-capped pure Pt nanoparticles with
the response of the planar Pt macroelectrode as a reference.

Figure 5 details the electrochemical signal of the various Pt
electrode layers when placed in 0.5 M H2SO4 containing 1 M
methanol. Figure 5a compares the response of the Pt macro-
electrode (solid) with that of a layer containing PVP-coated Pt
nanoparticles (dotted). The Pt macroelectrode produces a well-
defined oxidation wave at+0.65 V. Upon a reversal of the scan
direction, a hysteresis phenomenon is observed, in which an
oxidative peak current at+0.56 V is recorded on the reductive
sweep. In contrast, the PVP-coated Pt nanoparticle layer
produces no significant response to methanol with no oxidative
or hysteresis phenomenon observed. Figure 5b illustrates the
response of the various synthesized Au/Pt bimetallic structures
along with that of unprotected Pt nanoparticles. Note the
different current scales between Figure 5, parts a and b. All
three layers show well-defined oxidative waves at ca.+0.65 V
with corresponding hysteresis waves at ca.+0.52 V, in
agreement with results at nanoporous Pt.11 A comparison of the

peak currents obtained on the initial oxidative sweep shows that
the Au57Pt43 and unprotected Pt nanoparticle layers produce
similar currents but higher than those of the Au25Pt75 layer. In
contrast, the oxidative current, observed on the reduction sweep,
reveals that the Au57Pt43 electrode is greater than that of the Pt
unprotected nanoparticle layer, which is larger than that of the
Au25Pt75 layer.

The results detailed above compare the ability of various Pt
nanoparticle layers to act as catalysts in the electrochemical
oxidation of methanol. However, it was found that the PVP-
coated nanoparticles, although being small in diameter (4 nm),
produced the poorest response. The poor signal observed at the
PVP nanoparticle layer can be attributed to the presence of the
strong capping agent on the Pt nanoparticle surface, thus
producing a detrimental impact on the particle’s catalytic
properties.4b The strong affinity of the PVP with the Pt
nanoparticles hinders the diffusion of methanol to the Pt surface
and, therefore, inhibits electron transfer from the Pt. In contrast
the responses obtained at the various Au/Pt bimetallic and
unprotected Pt nanoparticles are significantly improved com-
pared to that of the Pt macroelectrode. This enhanced response
can be attributed to their large effective surface area, increased
mass transport, and high catalytic activity at the electrode
surface. A more detailed insight into these differing voltam-
metric signals was provided by studying the electrochemical
response of each layer for the diffusion-controlled oxygen-
reduction process.

Figure 6 details the effect of catalyst loading on the
electrochemical response of the Au/Pt bimetallic layer toward
oxygen reduction. This clearly shows that increasing the
concentration of the particles on the electrode surface from 10
to 20 nmol almost doubles the voltammetric response. However,
when the loading was increased further to 40 nmol, little change
in the response was observed. This limiting response can be
tentatively attributed to the fact that the reduction of oxygen is
a diffusion-limited process, and increasing the concentration of
particles on the electrode surface further has little impact on
the electroactive surface area.17b It should be noted that in the
absence of oxygen (dot-dashed line, 20 nmol Pt loading), no
voltammetric signal was recorded in the potential range studied.
This further demonstrates that the well-defined reduction wave
at ca.+0.32 V corresponds to the reduction of oxygen, which
is in agreement with the results obtained at dendrimer-
encapsulated-Pt-nanoparticles-modified glass carbon electrode17a

Figure 5. Cyclic voltammetric response (scan rate) 50 mV s-1) of
the various Pt electrode layers (a) Pt macroelectrode and PVP-coated
Pt nanoparticles, and (b) the various synthesized Au/Pt bimetallic
structures along with that of unprotected Pt nanoparticles, when placed
in 0.5 M H2SO4 containing 1 M methanol. Pt loading for each sample
was 20 nmol (3.9µg). The geometric area of the planar Pt macroelec-
trode is 0.02 cm2 and the geometric area of the glass carbon electrode
is 0.07 cm2.

Figure 6. Electrochemical response (scan rate) 50 mV s-1) of the
Au25Pt75 bimetallic nanoparticles layer, containing various catalyst
loadings (dashed line-10 nmol, dotted line-20 nmol, and solid line
-40 nmol), when placed in an oxygen-saturated 0.5 M H2SO4 solution.
The dot-dashed line is the electrochemical response of Au25Pt75 with
20 nmol loading in the absence of oxygen (bubbled with N2). The
geometric area of the glass carbon electrode is 0.07 cm2.
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and occurs at potentials much higher than those on an ultrathin
Pt-coated-gold-nanoparticles-monolayer film electrode devel-
oped by an underpotential-deposition method.21

Figure 7 details the cyclic voltammetric response of four
different Pt electrode layers (Au57Pt43, Au25Pt75, unprotected Pt
and a planar Pt macroelectrode). In the light of the fact that the
PVP-coated nanoparticles produced no defined voltammetric
response for methanol oxidation, these particles were not
investigated in the oxygen-reduction reaction. All of the
nanoparticle layers have the same Pt loading of 20 nmol (3.9
µg). It is evident from these cyclic voltammograms that, under
identical conditions, all of the Pt nanoparticle layers exhibit a
significantly higher response than that of the solid planar
macroelectrode. Both the Au/Pt bimetallic and the unprotected
Pt nanoparticles produce well-defined reduction waves at ca.
+0.32 V corresponding to the reduction of oxygen directly at
the electrode surface. In contrast, only a small reduction wave
at ca.+0.12 V is observed at the Pt macroelectrode. The Au/Pt
bimetallic and the unprotected Pt nanoparticles produce similar
catalytic responses to oxygen reduction, with the unprotected
Pt nanoparticles exhibiting a slightly higher activity.

Comparison of the response of the bimetallic structures with
the unprotected nanoparticles for both electrochemical systems
investigated shows that, in the case of oxygen reduction,
remarkably similar behavior is observed. However, contrasting
behavior is recorded in the case of methanol oxidation with the
Au57Pt43 bimetallic layer producing an enhanced current re-
sponse on the reverse sweep. These apparently anomalous results
can be rationalized as follows. In the case of oxygen reduction,
the process is purely diffusion-controlled. The peak current will
be dependent on the size and structure of the electroactive
surface area of the nanoparticle. The Au25Pt75, Au57Pt43, and
unprotected Pt nanoparticles may therefore have similar effective
catalytic surface areas of Pt. The unprotected Pt exhibit the
highest catalytic activity in oxygen reduction. However, this is
not the case for the electrochemical oxidation of methanol
although it has been shown that unprotected nanocatalysts
fabricated in an analogous manner display enhanced activity
when compared to commercial nanocatalysts.22

The difference in catalytic activity among these three nano-
catalysts is greatly magnified for methanol oxidation in com-
parison with oxygen reduction. The electrochemical oxidation
of methanol follows two parallel pathways: a fast one leading
to the formation of CO2, and a slow pathway leading to the
strongly adsorbing and poisoning CO species.23 In situ infrared
reflectance spectroscopy and nuclear magnetic resonance spec-
troscopy have identified CO as the poisoning intermediate.24 It
can be envisaged that for both the Au/Pt bimetallic nanoparticles

and the unprotected Pt nanoparticles, the two oxidation pathways
will exist where CO will be formed and adsorb onto the Pt
particle. The enhanced hysteresis current of the Au57Pt43 particle
relative to the Pt nanoparticles and the increase in both the
oxidative and hysteresis peak currents of Au57Pt43 relative to
Au25Pt75 can be rationalized as follows. In order to maintain a
constant Pt loading, more Au nanoparticles are used in the case
of the Au57Pt43 nanoparticles because there is, on average, less
Pt on the Au surface in with the Au25Pt75, as can be seen from
the TEM images in Figure 1. This is further confirmed from
the SEM images of Au25Pt75 andAu57Pt43, Figures S4 and S5
of the Supporting Information respectively, which show the
arrangement of nanoparticles on the electrode surface. The
Au25Pt75 form island structures on the electrode surface while
Au57Pt43 forms a film structure, the different morphologies can
be attributed to the variation in Au nanoparticle loading between
the two samples. In addition, there is relatively more exposed
Au surface on nearly every Au57Pt43 nanoparticles (Figure 2).
This exposed Au is in contact with the Pt particle and can
effectively oxidize the adsorbed CO species to CO2, as Au
nanoparticles are well-known to be highly active, low-temper-
ature CO-oxidation catalysts,15a, 25although adsorption of CO
is supposed to occur on the Pt species. The oxidation of CO on
the adjacent Au surface effectively regenerates the Pt surface
to allow further methanol oxidation to occur. A more detailed
mechanism of the gold surfaces ability to oxidize CO is given
elsewhere. In this case, it was shown that Au could catalyze
CO oxidation at low temperature.25g In the case of the
unprotected Pt, this is not the case; no regeneration of the surface
can occur, and hence, its catalytic property is diminished.
Furthermore, analysis of the TEM images detailed in Figures 1
and 2 clearly show some differences of the particle surface
morphologies. It can be envisaged that the surface morphology
will also play an important role in the differing catalytic activity
of the various nanoparticle layers. However, the results reported
here highlights that Au57Pt43 nanoparticles are highly efficient
electrocatalysts for methanol oxidation. This may represent a
new, relatively inexpensive, promising electrocatalyst for DMFC
in comparison with the expensive PtRu catalysts, which are
postulated to result from both electronic and structural effects
of the bimetal.26

Conclusions

In summary, we have demonstrated that when using nano-
particles in catalytic applications, judicious choice of the
pathways to synthesize the nanoparticles needs to be applied
because their final surface morphology greatly affects their
underlying electrocatalytic activity. The presence of capping
agents substantially affects their catalytic performance, and the
increased surface area so formed is not catalytically effective
under these circumstances. The long-chain capping agent (PVP)
covers the Pt surface and, thereby, inhibits the catalytic activity.
However, the unprotected nanoparticles stabilized by the solvent
can exhibit high catalytic activity.

Deployment of bimetallic nanoparticles has demonstrated
another effective strategy to improve the catalytic activity. On
the one hand, smaller nanoparticles can be deposited on larger
nanoparticles using weak capping agents. On the other hand,
the larger nanoparticles can play a significant role in promoting
electrocatalysis, as demonstrated for the electrochemical oxida-
tion of methanol by Au/Pt nanoparticles. Our studies raise
promising possibilities in developing improved DMFC electro-
catalysts, while also shedding critical light in the design of
architectural nanocatalysts for other catalyst-related research
fields.

Figure 7. Cyclic voltammetric (scan rate) 50 mV s-1) response of
various Pt layers when placed in oxygen-saturated 0.5 M H2SO4

solution. Pt loading for each sample was 20 nmol (3.9µg). The
geometric area of the planar Pt macroelectrode is 0.02 cm2 and the
geometric area of the glass carbon electrodeis 0.07 cm2.
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