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a b s t r a c t

Two kinds of Pt–Au/CNT catalysts with different structures are prepared by synthesizing the formerly
separated Pt/Au (Au separating Pt) in separate solutions, and PtAu nanoparticles in mixed solution using
the borohydride reduction method with trisodium citrate as the stabilizing agent, and then depositing the
metal colloid nanoparticles on the carbon nanotubes supporting material. The structural information and
particle size are characterized by UV–vis absorption spectra, transmission electron microscopy (TEM), and
X-ray diffraction (XRD). The results confirm the formation of Pt–Au nanoparticles with PtAu and separated
Pt/Au structures. The catalytic activities for methanol oxidation reaction and oxygen reduction reaction
irect methanol fuel cell
xygen reduction
ethanol tolerance

t–Au nanoparticles

are examined by electrochemical measurements. Compared with the Pt/CNT catalyst, the two Pt–Au/CNT
catalysts show a lower overpotential for the oxygen reduction reaction in the presence of methanol, indi-
cating a higher methanol tolerance on Au-modified Pt nanoparticles. Particularly, the Pt/Au/CNT catalyst
with Au separating Pt nanoparticles structure exhibits the significantly higher methanol tolerance than
PtAu/CNT catalyst. The enhanced methanol tolerance may be attributed to less methanol adsorption on

ct of A
Pt surface due to the effe

. Introduction

Direct methanol fuel cells (DMFCs) have been considered to be
ne of the most promising options for the power source in portable
lectronic devices due to the high-energy density of methanol, low
perating temperature, and ease of handling of liquid fuel [1–3].
espite the progress, many challenges still remain before com-
ercial application is feasible. One of the important problems is

he methanol crossover effect on the cathode electrode [4]. To
ope with the problem, one of the solutions is to develop a pro-
on exchange membrane with low methanol permeability [5], and
he other method is to employ a methanol-tolerant cathode cat-
lyst [6]. Binary Pt-based catalysts, such as Pt–Ni [7], Pt–Cr [8],
nd Pt–Fe [9], have been investigated as cathode catalysts for the
xygen reduction reaction, and it was found that these Pt alloy cat-
lysts showed higher methanol tolerance than Pt alone. However,

hese non-noble elements are easily dissolved during the opera-
ion of a DMFC [10,11]. Hence there is great concern in developing

ethanol-tolerant cathode catalyst with highly stable material.

∗ Corresponding author. Tel.: +86 451 86413707; fax: +86 451 86413707.
∗∗ Corresponding author. Tel.: +1 519 661 2111x87759; fax: +1 519 661 3020.

E-mail addresses: yingphit@hit.edu.cn (G. Yin), xsun@eng.uwo.ca (X. Sun).

378-7753/$ – see front matter © 2009 Published by Elsevier B.V.
oi:10.1016/j.jpowsour.2009.06.040
u nanoparticles.
© 2009 Published by Elsevier B.V.

Au is a good choice because it is more stable under the
DMFCs operating conditions. Recently, Adzic and coworkers [12]
reported that carbon supported PtAu catalyst exhibited much more
stability than carbon supported Pt catalyst. Due to the high sta-
bility of Au, its co-catalytic effect in PtAu catalyst for DMFCs has
attracted much attention [13,14]. However, there is no any agree-
ment on the co-catalytic effect of Au for methanol oxidation. Some
researchers suggested a promoting effect of Au in Pt–Au catalyst for
methanol oxidation. Sung and coworkers [15] prepared Pt-modified
Au nanoparticles using a successive chemical reduction process
and investigated its catalytic activity for methanol. It indicated
that Pt-modified Au nanoparticle exhibited higher catalytic activity
for methanol oxidation compared to pure Pt nanoparticles, which
might be due to the high Pt utilization in the effective surface struc-
ture. Sung and coworkers [16] also synthesized PtAu alloy catalyst
by the conventional borohydride reduction method and found that
this alloy catalyst also showed enhanced activity for methanol oxi-
dation. Baeck and coworkers [17] fabricated mesoporous PtAu alloy
film on ITO-coated glass and indicated that this PtAu alloy film
showed higher catalytic activity and stability for methanol oxida-

tion compared with a pure Pt electrode. However, some researchers
suggested an opposite effect of Au. Rojas and coworkers [18] inves-
tigated a series of PtAu/C catalysts and found that the role of Au on
the methanol oxidation reaction is negligible when alloyed, thus
proposed that Au was used as a component of methanol resistant

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yingphit@hit.edu.cn
mailto:xsun@eng.uwo.ca
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athode catalyst. Kumar and Phani [19] prepared unalloyed Pt–Au
imetallic nanoparticles by the polyol method and showed that
ethanol oxidation activity is significantly lowered with increasing

ontent of Au in Pt–Au/C catalyst. The above different results may
e due to the different structures and particle sizes of Pt–Au catalyst
btained by different researchers. Clearly, it is necessary to explore
he appropriate preparation method to obtain Pt–Au catalyst with
ifferent structures, especially for alloyed and unalloyed catalysts,
nd investigate the effect of Au on Pt catalytic activity for methanol
xidation reaction.

In our earlier study [20], we prepared the Pt/Au/C catalyst by
epositing Pt and Au nanoparticles on the carbon support. Pt
anoparticles supported on carbon support were well separated
y Au nanoparticles. This novel catalyst shows a high methanol
olerance compared to Pt/C catalyst. In this paper, we prepared for-

erly separated Pt/Au nanoparticles in separate solutions and PtAu
anoparticles in a mixed solution. Then the two kinds of Pt–Au
anoparticles with different structures but similar particle sizes
ere deposited on carbon nanotubes by the similar method and

he effect of different Pt–Au structures on the catalytic activities for
ethanol oxidation was investigated. The result was also compared
ith those obtained with the Pt/CNT catalyst.

. Experimental

.1. Catalyst preparation

The two kinds of Pt–Au/CNT catalysts with different structures
ere prepared by depositing Pt–Au colloids on CNTs support. The

arbon nanotubes were synthesized by the floating catalyst chem-
cal vapor deposition method developed in our lab [21]. Prior to
he Pt deposition, the carbon nanotubes are modified by means of
cidic treatment to remove the metal remains and form more active
ites, allowing easier anchoring of the Pt nanoparticles.

A two-step strategy was employed to prepare the two catalysts.
he detailed process is shown in Fig. 1. First, the Pt and Au colloids
ere prepared using methods in the literature [22,23]. The PtAu

olloid was obtained by the same method. Then, the deposition pro-
ess was employed to obtain two catalysts with different structures.
he depositing procedures are similar to our previous published
aper [20]. Therefore, the two catalysts with the total metal loading
atomic Pt/Au ratio = 1:1) at 40 wt.% were obtained. The separated
nd alloy-like Pt–Au catalysts were labeled as Pt/Au/CNTs and
tAu/CNTs respectively. For comparison, a 25 wt.% Pt/CNT cata-

yst was prepared by the similar method, while keeping the mass
atio of Pt to C constant at 25 wt.% with the above two cata-
ysts.

.2. Electrode preparation

A glass carbon rotating disk electrode was used as a substrate for

he catalysts. Prior to test, the electrode was polished with alumina
diameter 0.05 �m) to obtain a mirror finish. A typical suspension
f the catalyst ink was prepared by dispersing an amount of the
atalyst power in a water–methanol solution (1:1 volume ratio).

ig. 1. Schematic illustration for preparation of Pt/Au/CNTs and PtAu/CNT catalysts.
urces 194 (2009) 668–673 669

Then 10 �L of this ink was pipetted onto the surface of the electrode
and dried in air at room temperature. After the paste dried, a drop
of 5 wt.% Nafion in water solution was spread on the catalyst.

2.3. Instruments and measurements

2.3.1. Electrochemical study
Electrochemical measurements were performed at a standard

three-electrode electrochemical cell with CHI 600 C electrochemi-
cal working station. A conventional three-electrode cell was used,
including an Ag/AgCl (saturated KCl) electrode as the reference elec-
trode, a platinum wire as counter electrode, and a modified glass
carbon electrode as the working electrode.

Electrochemical CO stripping voltammograms were measured
by oxidation of preadsorbed CO in the 0.5 M H2SO4 solution. Before
scanning the applied potential, the electrode was held at −0.1 V
while CO was purged into the 0.5 M H2SO4 solution for 30 min to
allow complete adsorption of CO onto the electrode. Excess CO in
the electrolyte was then purged out with nitrogen for 30 min. Fol-
lowing the CO adsorption process, cyclic voltammograms between
−0.159 V and 0.991 V vs. Ag/AgCl were recorded for each electrode.
The amount of CO adsorption was evaluated by integration of the CO
stripping peak, corrected by the electric double-layer capacitance.
In order to identify the Au cluster on the catalyst, cyclic voltam-
mograms was conducted in the potential between −0.159 V and
1.291 V in the 0.5 M H2SO4 solution. Electrocatalytic oxidation of
methanol was carried out in 0.5 M CH3OH + 0.5 M H2SO4 solutions
by the CV technique (between −0.159 V and +0.991 V) vs. Ag/AgCl at
10 mV s−1 at 25 ◦C. Current-potential relation for oxygen reduction
reaction (ORR) in the presence of methanol is measured from −0.1 V
to 0.9 V (scan rate 5 mV s−1) to obtain current–potential current in
oxygen-saturated 0.5 M CH3OH + 0.5 M H2SO4 solution at 60 ◦C.

2.3.2. Physical characterization
The metal loadings were determined by inductively coupled

plasma-optical emission spectroscopy (ICP-OES). The morpholo-
gies and structures of the catalysts were characterized by
transmission electron microscopy (TEM) (Philips CM 10) and
high-resolution transmission electron microscopy (HRTEM) (JEOL
2010 FEG). Power XRD patterns for the catalysts were obtained
on a Bruker D8 Discover Diffractometer using Cu K� radiation
(� = 1.54056 Å) between 13◦ and 106◦ in reflection geometry. UV–vis
spectra were collected on an Agilent 8453 UV-Visible Spectropho-
tometer.

3. Results and discussion

The Pt loadings and metal compositions of the as-prepared cat-
alysts were determined by ICP-OES analysis. The obtained results
are found to be very close to the stoichiometric values, indicating
that almost all of the metal nanoparticles were deposited on the
carbon supports.

The particle size and morphology of the metal nanoparticles
were determined using TEM and HRTEM, and typical images are
presented in Fig. 2. The low magnification TEM images showed that
both kinds of metal nanoparticles are well dispersed on CNTs with
little agglomeration (see Fig. 2a and b). Furthermore, the two sam-
ples have similar metal dispersion. However, the HRTEM images
indicated the remarkable difference between the two kinds of metal
nanoparticles (see Fig. 2c and d). With regard to the unsupported
Pt/Au nanoparticles (see Fig. 2c), metal nanoparticles with obvi-

ously different particle sizes are observed and the bigger ones are
ascribed to the Au nanoparticles, which were investigated and char-
acterized in our previous study [20]. Moreover, the HRTEM images
consistently showed the lattice planes for the large and small par-
ticles with lattice spacings of 0.233 nm and 0.224 nm, respectively,
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Fig. 2. TEM and HRTEM images of the Pt/Au/CNTs (a), P

hich matches to Au (1 1 1) and Pt (1 1 1) lattice planes [24,25]. The
esult further confirmed that most of the Pt nanoparticles were sep-
rated by the Au nanoparticles. By comparison, unsupported PtAu
anoparticles with uniform particle size can be observed and the
ize distribution is fairly narrow (see Fig. 2d), which may be due

o the effect of alloy-like process. The lattice spacing of 0.230 nm

ight be due to the presence of the PtAu alloy-like phase. The result
s well consistent with the literature [16].

To clearly demonstrate the different structures of the Pt–Au
imetallic catalysts, XRD characterization was employed. Fig. 3

Fig. 3. XRD patterns for Au/CNTs, Pt/CNTs, PtAu/CNTs, and Pt/Au/CNTs.
NTs (b) catalysts, Pt/Au (c), and PtAu (d) nanoparticles.

shows the XRD patterns of the Au/CNTs, Pt/CNTs, PtAu/CNTs,
and Pt/Au/CNT catalysts. The diffraction patterns for Au/CNTs and
Pt/CNTs show a face-centered cubic (fcc) structural characteriza-
tion. The XRD peak corresponding to the (1 1 1) peak for Au/CNTs
is seen at 38.1◦ and that for Pt/CNTs at 39.1◦. The pattern of the
PtAu/CNT catalyst exhibited diffraction peaks of (1 1 1), (2 0 0),
(2 2 0), and (3 1 1) at 2� values of 38.5◦, 44.7◦, 66.0◦, and 78.4◦,
respectively. Compared with that of Pt/CNTs, a smooth peak appears
at the (1 1 1) plane in the PtAu/CNT catalyst and an obviously neg-
ative shift of the (1 1 1) peak by about 0.6◦, which confirms PtAu
alloy-like phase formation in the PtAu/CNT catalyst. By contrast, as
to the Pt/Au/CNTs, two different peaks appear at the (1 1 1) plane
and the sharp peak at 38.0◦ is attributed to Au and the broad one
at around 39.0◦ corresponds to Pt, indicating that Pt and Au occur
at separated phases. The results further demonstrate the presence
of the different Pt–Au structures in the two catalysts. The average
particle size of the catalyst can be estimated by using the Scher-
rer’s equation [26] according to the previous papers. The calculated
particle sizes for Au/CNTs, Pt/CNTs, PtAu/CNTs, and Pt/Au/CNTs are
5.6 nm, 3.7 nm, 3.4 nm, and 3.6 nm respectively.

UV–vis absorption spectra of the metal colloid with different
structures and compositions are shown in Fig. 4. The characteristic
absorption peak at 511 nm due to the surface plasmon resonance of
Au can be clearly observed on Au metal colloids, while no obvious
absorption peak appears in Pt nanoparticles, which is well con-
sistent with previous papers [27,28]. For the Pt/Au colloid with

separated structure, the density of the Au plasmon absorption
peak is decreased and shifted to a higher wavelength. For the PtAu
colloid, the Au plasmon absorption peak is almost suppressed com-
pletely. The different suppression of Au plasmon absorption peak
also further confirms the emergence of different structures for the
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ig. 4. UV–vis absorption spectra of Au (a), Pt/Au (b), PtAu (c), and Pt (d) colloids.

wo kinds of Pt–Au nanoparticles.
The surface structure and composition of metal nanoparticles on

arbon nanotube supports are very important because they have a
reat effect on its catalytic activity. In order to obtain the surface
omposition and characteristics, cyclic voltammetry of CO strip-
ing on the Pt/Au/CNTs and PtAu/CNT catalysts were performed in
.5 M H2SO4 solutions at a scan rate of 20 mV s−1. For comparison,
he Pt/CNT catalyst was also characterized by the same method.
ig. 5 shows the cyclic voltammogram, and the y-axis represents the
ass specific current density of Pt (mA mg−1 Pt). Calculated from

he peak areas associated with CO oxidation, the consumed charges
pon CO stripping on the Pt/CNTs, Pt/Au/CNTs, and PtAu/CNTs are
58 mC mg−1, 242 mC mg−1, and 156 mC mg−1, respectively. It can
e seen that the Pt/Au/CNTs and Pt/CNT catalyst have a similar elec-
rochemical active surface (EAS), which is agrees well with our
revious result [20]. Thus, we infer that the Pt nanoparticles in
t/Au/CNT catalyst were well separated by Au nanoparticles, and
t surface was not covered by Au nanoparticle, which confirms the
bservations by HRTEM. By comparison, the PtAu/CNTs show the
maller EAS compared to the other two catalysts, indicating that Pt
urface was modified by Au nanoparticle, which might be due to
he formation of PtAu colloid during the co-reduction preparation
rocess.

Further experiment was performed by cyclic voltammetry at
ore positive potentials to probe Au segregation effects. Fig. 6

hows the cyclic voltammetry of the Pt/Au/CNTs and PtAu/CNT cat-
lysts, and the y-axis represents the mass specific current density
f Au (mA mg−1 Au). For comparison, the same experiment was
erformed at Au/CNT catalyst. As shown in Fig. 6, two reduction
eaks appeared at the negative scanning direction and the reduc-
ion peaks at 0.7 V and 1.2 V are attributed to the reduction of Pt
xide and Au oxide, respectively. The exposed active surface area of
u on the bimetallic nanoparticles can be compared by the charge
orresponding to the stripping of Au surface oxide [15,29]. It is evi-
ent that most of Au nanoparticles are exposed and not covered
y Pt clusters in the Pt/Au/CNT catalyst. In contrast, in the case of
tAu/CNT catalyst, less Au sites are exposed due to the effect of
t–Au alloy-like process, thus exhibiting the weak stripping of Au
urface oxide. The results further indicate the presence of different
tructures between the Pt/Au/CNTs and PtAu/CNT catalysts.

The electrocatalytic activities of the above three catalysts were

easured by cyclic voltammetry in 0.5 M CH3OH + 0.5 M H2SO4

olution. The reported current density was normalized by the mass
pecific activity of Pt. As shown in Fig. 7, compared with the Pt/CNT
atalyst, the PtAu/CNTs and Pt/Au/CNT catalysts both show lower
urrent density, indicating that the presence of Au in the Pt cat-
Fig. 5. Cyclic voltammograms of CO stripping on the Pt/CNTs, Pt/Au/CNTs, and
PtAu/CNT catalysts in 0.5 M H2SO4. Dash curves were CVs for the electrodes without
CO adsorption.

alyst will decrease the catalytic activity for methanol oxidation
reaction. Moreover, the Pt/Au/CNT catalyst with separated struc-

ture shows the lowest activity for methanol oxidation. It should
be noted that the as-prepared PtAu/CNT catalyst might have a low
alloy-like extent because the synthesis process is performed by
solution method at low temperature. The alloyed extent may be
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ig. 6. Cyclic voltammograms of the Pt/Au/CNTs, PtAu/CNTs, and Au/CNT catalysts
ecorded in 0.5 M H2SO4 solution at a scan rate of 20 mV s−1.

asily increased by heat-treatment or other preparation methods at
igh temperature; however, this would have the effect of increasing
he particle [30]. Thus, the comparison between the Pt–Au catalysts
ith different particle sizes is not reasonable because the particle

ize has a great effect on the catalytic activity for methanol oxi-
ation reaction [31]. The advantage of the method discussed here

s the ability to obtain Pt–Au nanoparticles with significantly dif-
erent alloyed and separated (unalloyed) structures, while keeping
he particle size similar for the two catalysts. Thus, it is plausi-
le to get more accurate information about the effect of Au on Pt
anoparticles for catalytic activity for methanol oxidation reaction.

In our previous study, this Pt/Au separating structure on Vulcan
C-72 showed a higher catalytic activity for oxygen reduction reac-

ion. Enhancement of the activity of Pt catalyst for oxygen reduction
eaction by Au nanoparticles has been reported by Kumar and Phani
19] in a recent study. Thus, this Au-modified Pt catalyst can be
sed as a more promising methanol resistant cathode catalyst for
MFC. For further simulating the working condition of DMFC, the
esponse of the ORR in the presence of methanol on the three cat-
lysts was obtained from linear voltammetry experiments in 0.5 M
H3OH + 0.5 M H2SO4 solution at 60 ◦C. Fig. 8 shows the results
btained for the three catalyst samples. From the curve of Pt/CNT

ig. 7. Cyclic voltammograms of the Pt/Au/CNTs, PtAu/CNTs, and Pt/CNT catalysts
ecorded in 0.5 M H2SO4 solution containing 0.5 M CH3OH at a scan rate of 10 mV s−1.
Fig. 8. Linear scan voltammograms of the Pt/Au/CNTs, PtAu/CNTs, and Pt/CNT cata-
lysts recorded in 0.5 M H2SO4 solution containing 0.5 M CH3OH saturated with pure
oxygen at a scan rate of 5 mV s−1 and a rotation speed of 3200 rpm.

catalyst, it can be seen that a significantly high methanol oxidation
peak appeared during the ORR process; thus there is a significant
increase in the overpotential of the ORR. The significant increase
in the overpotential of the oxygen reduction reaction is due to the
competitive reaction between oxygen reduction and methanol oxi-
dation, especially for Pt/CNT catalyst. Compared with Pt/CNTs, the
Au-modified Pt catalysts show a low methanol oxidation peak, thus
the Pt/Au/CNTs and PtAu/CNTs still exhibit a high catalytic activity
for ORR in the presence of methanol. Among the three catalysts,
the methanol oxidation current on Pt/Au/C catalyst is negligible,
indicating the highest methanol tolerance. Thus, the Au-modified
Pt nanoparticles show a high methanol tolerance, and in particular
the Pt/Au nanoparticles with separated or unalloyed structure are
more promising.

It is well established that at least three adjacent Pt active sites
in a proper crystallographic orientation are necessary to initiate
the chemisorption of methanol [32–35]. In the two kinds of Au-
modified Pt catalysts, the Pt/Au ration is 1.0 and the probability of
finding three neighboring Pt active sites on the surface is lower
than the Pt/CNT catalyst. Also, it is well known that Au itself
is not active to methanol oxidation reaction, so the presence of
methanol-tolerant Au around Pt active sites could hinder methanol
adsorption on Pt sites due to the dilution effect, which suppresses
methanol oxidation on the Au-modified Pt catalyst. Therefore, the
both Pt/Au/CNTs and PtAu/CNT catalysts show higher methanol
tolerance than Pt/CNTs. Besides, in this study, the Pt/Au/CNT cat-
alyst exhibits higher methanol tolerance compared with that of
PtAu/CNT catalyst. This might be explained as follows. In addition
to the dilution effect for Pt active sites mentioned above, Au may
have another effect on Pt nanoparticles by electronic modification.
The electronic modifying effect of Au may enhance the catalytic
activity of Pt nanoparticles for methanol oxidation reaction [36],
which is opposite to the result of Au dilution effect. In the case
of PtAu/CNT catalyst, the above two opposing effects may occur
simultaneously. By comparison, Pt nanoparticles in Pt/Au/CNT cat-
alyst may be affected only by the Au nanoparticles dilution due to
the separated or unalloyed structure. Hence, the Pt/Au/CNT catalyst
exhibited the higher methanol tolerance than PtAu/CNT catalyst.
4. Conclusions

Two kinds of Pt–Au/CNTs were prepared by a two-step method
using KBH4 and trisodium citrate as the reducing and stabi-
lizing agents, respectively. Uniform Pt/Au separated and PtAu
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anoparticles were obtained by this simple method. Electrochem-
cal measurement indicated that the presence of Au enhanced the

ethanol tolerance of Pt in the oxygen reduction reaction, whether
sing an alloy-like or separated Pt–Au structure. Moreover, the
t/Au/CNT catalyst with separated Pt–Au structure shows the high-
st activity for ORR in the methanol-containing electrolyte. This
esult may be due to the low methanol absorption and the Au dilu-
ion effect. The novel Pt/Au/CNT catalyst may serve as an efficient

ethanol-tolerant cathode catalyst in DMFCs.
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