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ABSTRACT: A facile ionic liquid-assisted route is proposed
for the successful synthesis of Au−Pt bimetallic particles with a
core−shell structure at room temperature. The synthesized
bimetallic particles exhibit flowerlike morphologies with a
tunable composition (Au and Pt) by controlling the molar
ratios between metal precursors. Specifically, the synthesized
Au−Pt particles exhibit efficient electrocatalytic activities
toward methanol oxidation in alkaline media, which indicates
their useful application in direct methanol fuel cells.
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■ INTRODUCTION

Ionic liquids (ILs) are probably among the most actively
researched compounds of the recent past.1 Recently, ILs have
received increasing attention from the inorganic materials
community because synthesis in ILs occasionally results in
materials that are difficult or impossible to obtain by using
other synthesis routes. Various inorganic nanomaterials with
controlled structures and improved properties have already
been reported in ILs.2−15 However, most of the researches are
on the synthesis of single component inorganic materials in
ILs.16−18 Therefore, it is of great interest to explore the
flexibility of ILs for the synthesis of multicomponent inorganic
materials.
Recently, bimetallic particles have been attracting great

interest because the shape, size, and composition of bimetallic
nanostructures significantly influence their catalytic proper-
ties.19 Specifically, interesting electrochemical behavior is
exhibited by the synergistic effect of the elements from the
bimetallic particles, which usually makes them better catalysts
than the pure metals alone.20,21 Presently, the synthesis of
monometallic particles based on IL routes have already
demonstrated its bright future.18 However, the number of
publications on bimetallic particles based on IL routes is
comparatively low, which are mainly limited in the electro-
deposition22 or sputter deposition technique.23 Besides these
methods, we have recently shown that the Au−Pd bimetallic
particles can be synthesized by an IL-assisted route,24 which
indicates it might be a promising method for fabrication of
bimetallic particles.
The synthesis and electrochemical application of Pt-based

nanocatalyst is very important due to its potential applications
in the electrochemical energy conversion and storage.25−27

Herein, we report on the synthesis of Au−Pt bimetallic particles
with the assistance of the ionic liquid 1-butyl-3-methyl
imidazolium bromide ([BMIM]Br) at room temperature.

Specifically, the flowerlike Au−Pt bimetallic particles with
core−shell structures can be synthesized by the present route.
In particular, the synthesized Au−Pt particles exhibit efficient
electrocatalytic activities toward methanol oxidation in alkaline
media, which indicates their useful application in direct
methanol fuel cells.

■ EXPERIMENTAL SECTION
Synthesis. In a typical synthesis of Au1Pt3 particles, an aqueous

solution of HAuCl4·4H2O/H2PtCl6·5H2O mixture in a molar ratio of
1:3 (2 mL, 5 mM) was first prepared. Then, 1-butyl-3-methyl
imidazolium bromide ([BMIM]Br) was added into the above solution
to result in 5 mM [BMIM]Br. Then, an aqueous solution of L-ascorbic
acid (0.1 mL, 1 M) was injected with gentle shaking. After this, the
solution was kept at room temperature for 20 h. Finally, the products
were centrifuged and washed with water and ethanol several times.
The procedure for synthesis of particles with other molar ratios
(HAuCl4·4H2O/H2PtCl6·5H2O ̀ 0:1, 1:1, 3:1, and 1:0) is similar to the
above description. The synthesis with sodium bis(2-ethylhexyl)
sulfosuccinate (AOT) is similar to above description.

Characterization. X-ray diffraction was performed using a Rigaku
Dmax-rc X-ray diffractometer. SEM was performed using a Hitachi
SU-70 FESEM. HAADF-STEM and HAADF-STEM-EDS mapping
characterizations were performed using a JEM-2100F. The composi-
tions of the bimetallic particles were determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES).

Electrocatalytic Activities. Electrochemical measurements were
performed with a conventional three electrode test cell containing a
glassy carbon electrode (GCE) (diameter: 3 mm) as working
electrode, Pt foil electrode as counter electrode, and saturated calomel
electrode (SCE) as reference electrode. To modify GCE, 6 μL of
aqueous particle solution (2 mg mL−1) of Pt, Au, or Au−Pt particles
was dropped onto the surface of the GCE. After the solution was
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dried, 5 μL of Nafion solution (0.05% wt) was added. The dried GCE
was cleaned again by sequentially washing with ethanol and water. For
methanol oxidation, the CVs were measured in 0.5 M KOH solution
and 0.5 M KOH + 0.5 M methanol solution at a scan rate of 50 mV
s−1. The chronoamperometry of the catalysts was tested, respectively.
The electrolyte solutions were purged with high purity N2 gas for 20
min before use.

■ RESULTS AND DISCUSSION
Figure 1a shows the XRD patterns of the as-prepared Au1Pt3
bimetallic particles. The XRD pattern of the Au1Pt3 bimetallic

particles shows both Au fcc and Pt fcc peaks, indicating the
formation of a non-alloyed state. Figure 1b and c show typical
low and high magnification SEM images, respectively, of the
synthesized Au1Pt3 sample (the feeding molar ratio of HAuCl4·
4H2O to H2PtCl6·5H2O is 1:3), manifesting the formation of
flowerlike particles with the size of 923 ± 88 nm. The ICP-AES
analysis indicates the atomic ratios of Au and Pt are in
agreement with the feed ratio of metal salts (Au1Pt3),
representing the complete reduction of the reaction. The
elemental mapping of Au and Pt shown in Figure 1e−g
obtained by high-angle annular dark-field scanning TEM and
energy-dispersive X-ray spectroscopy (HAADF-STEM-EDS)
indicates that Au is mainly distributed in the core of the
particle, while Pt is mainly distributed at the outer edge of the
flowerlike particles. This clearly indicates that the synthesized
flowerlike Au−Pt particles are in a core−shell structure. The
formation of the Au−Pt core−shell particles can be attributed
to the difference in the standard reduction potentials of the
Au(III) and Pt(IV) species. Because of the large difference in
the reduction potential of Au3+ (AuCl4

−/Au, +1.002 V vs SHE)
and Pt4+ (PtCl6

2‑/Pt, +0.742 V vs SHE), the reduction of Au
ions preferentially occurs first to produce Au cores, which is
followed by overgrowth of the Pt particles on the Au seeds with
the assistance of an ionic liquid. It is well known that the ionic
liquid could be selectively adsorbed on the inorganic crystal
surfaces.8 Such selective adsorption can alter the anisotropic

growth process and produce well-defined morphologies. This
can explain the flowerlike particles formed with the assistance
of [BMIM]Br.
In order to understand whether the present [BMIM]Br ionic

liquid plays a key role for the formation of flowerlike particles,
the controlled synthesis without the assistance of [BMIM]Br is
performed with the synthesis condition similar to that of Figure
1. Figure 2a shows the SEM image of the Au1Pt3 sample

obtained without [BMIM]Br. It is found that spherical particles
with the size of 68 ± 19 nm form. Furthermore, to understand
whether the role of the present ionic liquid is similar to that of
the common surfactant, we also synthesize the particles with
the assistance of a common surfactant. Here, the sodium bis(2-
ethylhexyl) sulfosuccinate (AOT) is chosen as the studied
surfactant because it has been widely used in the synthesis of
inorganic particles. Figure 2b shows SEM image of the Au1Pt3
sample obtained with 5 mM AOT. It is found that the product
is also in spherical morphology with the size of 105 ± 21 nm.
Therefore, it is clear that the [BMIM]Br plays an important
role for the formation of the as-prepared flowerlike particles.
Figure 2c shows the SEM image of the product recovered at 50
mM [BMIM]Br. It is found that the product is not as well-
defined as the flowerlike particles that are recovered at 5 mM
[BMIM]Br (Figure 1). This indicates that the concentration of
[BMIM]Br also has an important influence on the synthesized
particles.
To understand whether the Au−Pt bimetallic particles with

controlled composition could be obtained by the present
synthetic route, we perform synthesis experiments at various
molar ratios of HAuCl4·4H2O and H2PtCl6·5H2O (0:1 as Pt,
1:1 as Au1Pt1, 3:1 as Au3Pt1, and 1:0 as Au). Figure 3a shows
SEM images of samples obtained at various metal precursor
molar ratios. For the pure Pt, it is found that irregular
aggregates form with the size of 430 ± 96 nm for the larger
aggregates. For Au1Pt1 and Au3Pt1, the synthesized particles
have a flowerlike morphology (Figure 3b and c), which is
similar to the Au1Pt3 product in Figure 1. The size of the
particles is 601 ± 91 and 424 ± 102 nm, respectively, for

Figure 1. (a) XRD pattern, (b, c) low and high magnification SEM
images of as-prepared Au1Pt3 bimetallic particles recovered at 5 mM
[BMIM]Br, respectively, (d) HAADF-STEM image, and (e−g) EDS
mapping images of Au1Pt3 bimetallic particles (e, Au with red color; f,
Pt with green color; and g, overlap image of Au and Pt).

Figure 2. SEM images of the Au1Pt3 bimetallic particles synthesized
without [BMIM]Br (a), with 5 mM AOT (b), and with 50 mM
[BMIM]Br (c).
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Au1Pt1, and Au3Pt1. The ICP-AES analysis indicates the atomic
ratios of Au and Pt are in agreement with the feed ratio of metal
salts (Au1Pt1 and Au3Pt1). When the reaction is performed with
the single component HAuCl4·4H2O, it is found that irregular
gold aggregates form with the size of 352 ± 73 nm.
Summarizing the above results, therefore, the composition of
the Au−Pt bimetallic particles synthesized by the present ionic
liquid route could be well controlled.

To evaluate the electrocatalytic activities of the synthesized
Au−Pt bimetallic particles, the electrocatalytic properties
toward methanol oxidation are tested due to its important
application in direct methanol fuel cells. Figure 4a shows the
cyclic voltammograms (CVs) of the various catalysts in a 0.5 M
KOH aqueous solution. The calculated electrochemically active
surface areas (ECSA) are 1.26, 1.39, 1.28, 1.12, and 0.24 m2 g−1

for Pt, Au1Pt3, Au1Pt1, Au3Pt1, and Au particles, respectively.
Figure 4b shows the ECSA-normalized CVs of methanol
oxidation with the various catalysts in a 0.5 M KOH solution
containing 0.5 M methanol. Characteristic anodic peaks in the
forward and reverse sweeps associated with methanol oxidation
are observed. The ECSA-normalized peak current densities are
1.93, 9.56, 7.28, 5.98, and 0.17 mA cm−2 for the Pt, Au1Pt3,
Au1Pt1, Au3Pt1, and Au particles, respectively (Figure 4c). It is
clear that the Au−Pt bimetallic particles have superior catalytic
properties than those of the synthesized Au and Pt catalyst.
Because the current densities are normalized to the ECSA, the
superior catalytic properties of the Au−Pt bimetallic particles
could be ascribed to the synergistic catalytic effect from the
bimetals. Among the studied Au−Pt bimetallic particles, it is
found that Au1Pt3 shows much higher activity for the oxidation
of methanol. In particular, the corresponding mass activity
(133.5 mA mg−1, Figure 4c) of the Au1Pt3 particles is about 3.2
times higher than the reported commercial Pt/C catalysts (41.1
mA mg−1).28 The electrochemical stability of the Au−Pt
bimetallic catalysts for methanol oxidation is also investigated
by chronoamperometry (CA) experiments (Figure 4d). It is
shown that the current decay of Au1Pt3 bimetallic particles is
slower than that of the others, which indicates their better
electrochemical stability and electrocatalytic activity. The
differences in electrocatalytic activity of the various Au−Pt
bimetallic particles may be attributed to their different
compositions and surface structures. As discussed above, the
obtained Au1Pt3 particles show enhanced catalytic properties,
which demonstrate their promising application in fuel cells.

Figure 3. SEM images of the synthesized various Au−Pt bimetallic
particles with controlled compositions recovered at 5 mM [BMIM]Br:
(a) Pt, (b) Au1Pt1, (c) Au3Pt1, and (d) Au.

Figure 4. CVs of various catalysts in (a) 0.5 M KOH. (b) ECSA-normalized CVs of various catalysts in 0.5 M KOH + 0.5 M methanol, scan rate: 50
mV/s. (c) ECSA-normalized current densities and mass activities for methanol oxidation. (d) Chronoamperometric curves of catalysts in 0.5 M
KOH + 0.5 M methanol at −0.2 V.
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■ CONCLUSIONS

In summary, we suggest a facile ionic liquid-assisted route for
the synthesis of composition-controllable flowerlike Au−Pt
bimetallic particles with core−shell structure at room temper-
ature. By comparison with the controlled experiments, it is
found that the ionic liquid plays an important role in the
formation of these interesting flowerlike particles. The studies
of electrocatalytic activities demonstrate that the as-prepared
Au1Pt3 bimetallic particles have remarkably enhanced electro-
catalytic properties toward methanol oxidation compared with
pure Au, pure Pt, and reported commercial Pt/C catalysts,
indicating their useful applications in fuel cells. Moreover, this
work provides a promising synthesis strategy for developing
efficient catalysts of fuel cells, which might be applicable to
other multicomponent metal particles with enhanced electro-
activities.
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