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a b s t r a c t

A novel catalyst, polyoxometallate-stabilized platinum–ruthenium alloy nanoparticles supported on mul-
tiwalled carbon nanotubes (Pt–Ru–PMo12-MWNTs), was synthesized by a microwave-assisted polyol
process. The effects of microwave reaction time, microwave reaction power, and pH value of the reac-
tion solution on the electrocatalytic properties of Pt–Ru–PMo12-MWNTs catalysts were also investigated.
The polyoxometallate (PMo12) formed a self-assembled monolayer on the surface of the Pt/Ru nanoparti-
cles and MWNTs, which effectively prevented the agglomeration of Pt, Ru nanoparticles and MWNTs, due
to the electrostatic repulsive interactions between the negatively charged PMo12 monolayers. Energy dis-
t–Ru catalyst
Mo12

icrowave heating
reparation conditions
lectrocatalytic activity

persive spectroscopy examination and electrochemical measurements showed that the loading content
of Pt/Ru and their electrochemical activity vary with the synthesis conditions, such as pH, reaction time,
and microwave power. It was found that the a Pt–Ru–PMo12-MWNTs electrocatalyst with high Pt loading
content, small crystallite size, and good electrocatalytic activity could be synthesized using a long reaction
time, intermediate microwave power, and a pH value of 7. The electrocatalysts obtained were character-
ized using X-ray diffraction, and scanning and transmission electron microscopy. Their electrocatalytic
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. Introduction

Over the past decade, the direct methanol fuel cell (DMFC) has
een receiving increasing attention as a future power source for
mall portable electronic devices, such as laptops and mobile tele-
hones, due to its advantages, such as easy fuel storage, simple
tructure, reduced system weight, high energy efficiency, and low
missions [1–7]. It has been recognized that the success of fuel cell
echnology depends largely on two key materials: the electrocat-
lyst and the membrane [8]. This means that slow anode kinetics
eed to be overcome by developing new anode catalysts and that
ethanol crossover needs to be overcome by developing new mem-
ranes. So, one of the most important tasks in the DMFC field is
o develop anode catalysts with high activity, reasonable reliabil-
ty, and durability, in combination with cost reduction. To improve
MFC anode catalyst performance, the exploration of new catalyst

∗ Corresponding authors. Fax: +61 2 4221 5731.
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d by using the cyclic voltammetry technique.
© 2008 Elsevier B.V. All rights reserved.

aterials, including noble and non-noble metals, has been a focus
or many researchers.

At this stage, the most promising anode materials for DMFCs
re Pt–Ru bimetallic catalysts dispersed on carbon. As reviewed
y Arico et al. [9] and Lamy et al. [10], many works have been
evoted to the optimization of Pt–Ru catalyst performance towards
ethanol oxidation. So far as the mechanism of methanol oxida-

ion is concerned, it is generally accepted that it is the Pt sites in
he Pt–Ru alloys that are primarily involved in both the methanol
ehydrogenation step and in the strong chemisorption of methanol
esidues. At a suitable electrodepotential (0.2 V vs. reference hydro-
en electrode (RHE)), water discharging occurs on Ru sites with the
ormation of Ru-OH groups at the catalyst surface [11]:

u + H2O → Ru-OH + H+ + 1e− (1)

The final step is the reaction of Ru-OH groups with neighboring

ethanolic residues adsorbed on Pt to give carbon dioxide:

u-OH + Pt–CO → Ru + Pt + CO2 + H+ + 1e− (2)

So, this type of catalyst is favored because of (i) its high activ-
ty towards methanol oxidation and (ii) its water activation, which

http://www.sciencedirect.com/science/journal/03787753
mailto:zguo@uow.edu.au
mailto:mengyzh@mail.sysu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.03.051
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electron microscopy (SEM) using a JEOL JSM-6460A instrument,
with additional semi-quantitative information obtained using large
area standardless energy dispersive spectroscopy (EDS) analysis.
Transmission electron microscopy (TEM) was performed using a

Table 1
Experimental conditions for the preparation of the Pt–Ru–PMo12-MWNTs catalysts

Reaction time (s) Microwave power (W) pH value

Sample 1 52 800 4
Sample 2 70 800 4
Sample 3 84 800 4
Sample 4 102 800 4
Sample 5 84 640 4
Sample 6 84 480 4
Sample 7 84 320 4
Sample 8 84 160 4
Sample 9 84 800 5
Sample 10 84 800 7
Sample 11 84 800 9
Sample 12 84 800 10
Sample 13 52 800 7
62 D.M. Han et al. / Journal of P

s critical for removal of the strongly adsorbed CO that is formed
uring the decomposition of methanol. Ruthenium has a more neg-
tive potential than Pt, thus weakening the bonds between CO and
t, which will increase the possibility of oxidizing the CO molecules
nd providing more surface sites for methanol oxidation [12].

However, platinum and ruthenium are noble metals and
ave a low natural abundance, which is a significant barrier to
he widespread commercialization of DMFC. It is important to
educe the amount of precious metals and improve the activity
f Pt/Ru alloy catalysts. In order to achieve high electrocata-

yst activity and to reduce the cost of the electrode, highly
istributed catalyst nanoparticles with small size and narrow
ize distribution must be prepared. In addition, an efficient
upport, which is capable of forming triple phase boundaries
electrode/electrolyte/gas), is also necessary. Carbon nanotubes
CNTs) have been considered to be attractive support materials
or noble metal nanoparticles, due to their unique electrical and
tructural properties, such as high tensile strength coupled with
igh surface area, high electric conductivity, and high thermal
onductivity [13–15]. CNTs with a three-dimensional structure
re efficient for diffusion of fuel and increase the contact area
etween catalyst and fuel. However, it is difficult to decorate
etal nanoparticles on the surface of CNTs with uniform size and

ood dispersion. One of the reasons for this is that the metal
anoparticles are spontaneously formed at the defect sites on
he surface of CNTs. Moreover, CNTs tend to agglomerate without
ny pretreatments.

Polyoxometallates (H3PMo12O40, PMo12) are known to form
elf-assembled monolayers on common solid electrodes [16,17].
eggin-type heteropolyanions of molybdenum are particularly
ttractive because of their ability to adsorb irreversibly on car-
on and metal surfaces to form structured films. PMo12 has been
sed as a soluble molecular species in catalysis and biomedicine,

n the form of coatings on metals such as aluminum or silver.
t can be imagined that if we coat the CNTs and metals with a
olyoxometallate monolayer, the agglomeration of metal nanopar-
icles and the distribution of CNTs could be effectively prevented.
n the other hand, electrocatalyst formulations, which include
olybdenum, have been reported [18,19]. It was thought that
olybdenum would be able to take advantage of proper sur-

ace promoters that can facilitate labile adsorption of methanol
esidues and their oxidation through redox functionalities [9]. In
n acid electrolyte environment, molybdenum is generally stable
n one or more oxidized forms and can easily change oxida-
ion states by adsorbing hydroxyl ions from water and donating
hese species to methanol residues adsorbed on platinum. Lamy
nd LØger [19] have shown that the Pt–Ru–Mo system shows
ood electrocatalytic activity. However, the electrochemical sta-
ility of molybdenum under prolonged operation has still not
een demonstrated. Up to now, there have only been a few
eports about the performance of electrocatalysts containing
olybdenum.

In our previous work, Pt–PMo12-MWNTs electrocatalysts with
ell-dispersed Pt nanoparticles and a monolayer of PMo12 on mul-

iwalled carbon nanotubes (MWNTs) were successfully prepared
20]. The as-prepared Pt–PMo12-MWNTs materials showed much
igher electrocatalytic activity, higher cycle stability, and better tol-
rance to poisoning species in methanol oxidation than Pt-MWNTs
atalysts prepared by the same method. In this paper, to further

mprove the electrocatalytic performance of PMo12-stablized Pt-

WNTs catalysts for methanol oxidation, Pt–Ru–PMo12-MWNTs
atalysts were synthesized by the same method, i.e. the microwave-
ssisted polyol process. To the best of our knowledge, this is the
rst study on Pt–Ru–PMo12-MWNTs nanoelectrocatalysts for DMFC
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pplications. The effects of microwave reaction time, microwave
eaction power, and the pH value of the reaction solution on the
lectrocatalytic performance of Pt–Ru–PMo12-MWNTs catalysts
ere also systematically investigated.

. Experimental

.1. Microwave heated synthesis of Pt–Ru–PMo12-MWNTs

The MWNTs were prepared by catalytic chemical vapor deposi-
ion (CVD), using nanosized cobalt as the catalyst [21]. The MWNTs
ere treated in concentrated HNO3 at 393 K for 2 h. Then, the mix-

ure was diluted with water, filtered, washed with excess deionized
ater, and dried at 60 ◦C in a vacuum oven. Pt–Ru–PMo12-MWNTs

atalysts were prepared by microwave heating of an ethylene
lycol (EG) solution of H3PMo12O40(PMo12), H2PtCl6·6H2O, and
uCl3·xH2O with MWNTs suspended in the solution. A typical
reparation would consist of the following steps: 400 mg pre-
reated MWNTs, 200 mg PMo12, 15 ml of 0.05 M H2PtCl6·6H2O
Aldrich, A.C.S. Reagent) EG solution, 15 ml of 0.05 M RuCl3·xH2O
Aldrich, A.C.S. Reagent) EG solution, and 30 ml of 0.04 M KOH
ere mixed with 100 ml of EG (Aldrich) in a beaker and ultrason-

cated with an ultrasonic probe for 4 h. 0.004 M KOH was used to
djust the pH value of the solution. The suspension was separated
nto four equal parts and immediately transferred to a house-
old microwave. The suspensions were placed in the center of the
icrowave oven and heated according to the times and the powers

isted in Table 1. The Pt and Ru nanoparticles were precipitated from
he solution and deposited on the surface of the MWNTs. The as-
repared suspension was filtered, and the obtained Pt–Ru–PMo12-
WNTs samples were washed three times each with acetone

nd deionized water. The products were dried under vacuum
t 60 ◦C.

.2. Characterization of microwave synthesized
t–Ru–PMo12-MWNTs catalysts

The morphologies and distributions of Pt, Ru nanoparticles dec-
rated on the surfaces of the MWNTs were investigated by scanning
ample 14 70 800 7
ample 15 102 800 7
ample 16 102 640 7
ample 17 102 480 7
ample 18 102 320 7
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Fig. 1. Schematic diagram illustrating the

EOL JEM 2011. TEM samples were dispersed on lacey carbon sup-
ort films. X-ray diffraction (XRD) patterns were obtained with a

hillips PW1730 generator and diffractometer using Cu K� radi-
tion and a graphite monochromator. XRD peaks associated with
t nanoparticles were quite broad, and a weighted average of the
ncident Cu K�1 and Cu K�2 wavelengths of �av = 0.154184 nm was
ssumed.
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Fig. 2. Typical SEM images of Pt–R
esis of Pt–Ru–PMo12-MWNTs catalysts.

.3. Electrochemical measurements
All the electrochemical experiments were performed on a CHI
60 Electrochemical Workstation. A three-electrode system was
mployed with an Ag/AgCl electrode as the reference electrode, a
latinum wire as the counter electrode, and a glassy carbon (GC)
lectrode (with area of 0.0314 cm2) as the working electrode. The

u–PMo12-MWNTs catalysts.
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Fig. 3. Typical EDS pattern o
lectrolyte solutions (0.5 M H2SO4 or 0.5 M H2SO4 + 0.5 M CH3OH)
ere de-aerated in high purity Ar before measurements. All mea-

urements were carried out at room temperature. The GC-catalyst
lectrode was prepared by the following procedure: (a) the GC elec-

t
s
w
s

Fig. 4. Typical TEM images of Pt–R
u–PMo12-MWNTs catalysts.
rode (surface area) was washed with water and acetone; (b) a
olution was made by sonicating 2 mg catalyst and 1 mL de-ionized
ater; (c) 10 �L of 2 mg mL−1 catalyst solution was added to the

urface of the GC electrode and dried in air.

u–PMo12-MWNTs catalysts.
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Table 2
Loading content of metal elements for synthesized Pt–Ru–PMo12-MWNTs catalysts

Sample 1 Sample 2 Sample 3 Sample 4

Pt wt% 22.36 19.02 44.99 47.27
Ru wt% 3.21 2.79 11.01 12.39
Mo wt% 5.98 5.27 17.56 17.55
Pt:Ru atom ratio 1.95:0.54 1.58:0.45 8.54:4.04 10.33:5.65

Sample 5 Sample 6 Sample 7 Sample 8

Pt wt% 25.44 24.49 13.54 0.27
Ru wt% 4.08 2.8 0.02 0
Mo wt% 7.74 9.48 1.8 0.54
Pt:Ru atom ratio 2.42:0.75 2.32:0.51 0.98:0 0.02:0

Sample 9 Sample 10 Sample 11 Sample 12

Pt wt% 29.73 21.02 12.34 5.56
R 3.28
M 5.87
P 1.82:0
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u wt% 4.46
o wt% 7.86

t:Ru atom ratio 2.32:0.87

. Results and discussion

.1. Microstructural characterization

Since MWNTs have a hydrophobic surface, they tend to aggre-
ate in polar solvent. In order to deposit a large amount of Pt, Ru
anoparticles with uniform distribution, the surface of the MWNTs
ust be modified. One common method used to modify the
WNTs’ surface is oxidation treatment. It was found that oxidation

reatment of MWNTs by a strong acid, such as H2SO4/HNO3, could
roduce oxygen-containing groups (–COOH, –C O, etc.), which can
odify the hydrophobicity and inertness of the MWNT surface.

hus the Pt and Ru nanoparticles deposited on the MWNT surface,
hich has been treated with H2SO4/HNO3, are small and relatively
niform. Another useful strategy to achieve a more uniform Pt
anoparticle distribution on MWNTs is by using polyoxometallate
PMo12) to assist. Due to the nature of its ability to form self-
ssembled monolayers on the surface of MWNTs or hard metals
nd its negatively charged property, the PMo12 can effectively pre-
ent the aggregation of metal nanoparticles on the MWNTs, while
he monolayer-coating of PMo12 on MWNTs can also decrease the
egree of tangling for the MWNTs, thus providing more usable
pace for Pt deposition. The PtRu alloy nanoparticle deposition pro-
ess is schematically illustrated in Fig. 1. Typical SEM images of
t–Ru–PMo12-MWNT catalysts are shown in Fig. 2.

It can be seen that MWNTs in the Pt–Ru–PMo12-MWNTs are
ell separated from each other and exhibit ‘untangled’ morphol-

gy. The existence of electrostatic repulsive interactions between
he negatively charged PMo12 monolayers on the metal surfaces
nd the outer walls of the MWNTs could effectively prevent the
gglomeration of metal particles and MWNTs. The amount of metal
lements loaded on the MWNT supports was also estimated by
emi-quantitative EDS. A typical EDS pattern of Pt–Ru–PMo12-
WNTs catalyst is shown in Fig. 3. It indicates the presence of Ru

nd Mo.
It was found that the loading content of metals was affected by

he pH value, microwave power, and reaction time. The amount
f the Pt/Ru nanoparticle catalyst loaded on the MWNTs supports
s listed in Table 2. From Table 2, it is obvious that the Pt load-
ng content is significantly influenced by the reaction time, the
icrowave power, and the pH value. With an increase in the reac-
ion time from 52 to 102 s, the loading amount of Pt increases
rom 22.36 to 47.27 wt%. With an increase in the microwave power
rom 160 to 800 W, the loading content of Pt increases from 0.27 to
4.99 wt%. However, the Pt content in the electrocatalysts decreases

w
l
t
a
s

1.34 0.04
1.92 1.31

.65 0.97:0.34 0.44:0

ith increasing pH value. The atomic ratio of Pt to Ru is also influ-
nced by the reaction time and the microwave power. When the
eaction time increases from 52 to 102 s, the atomic ratio of Pt to Ru
ecreases from 1.95:0.54 (3.61:1) to 10.33:5.65 (1.83:1), and the rel-
vant catalytic activity increases accordingly (Fig. 6(a)). The atomic
atio of Pt to Ru decreases with increasing microwave power, while
he atomic ratio changes only slightly with changes in the pH value.

The general distribution of PtRu nanoparticles on the surfaces
f the MWNTs is illustrated in the TEM images shown in Fig. 4. The
urfaces of the MWNTs were uniformly decorated by PtRu nanopar-
icles, shown in the low resolution and high resolution images, with
verage particle sizes around 1–4 nm. It is generally agreed that the
ize of metal nanoparticles is determined by the rate of reduction of
he metal precursor. The dielectric constant (41.4 at 298 K) and the
ielectric loss of ethylene glycol are high, and hence rapid heat-

ng occurs easily under microwave irradiation. Fast heating rates
an accelerate the formation of the metal nanoparticles, and the
niform microwave irradiation provides more homogeneous cir-
umstances for their nucleation and growth.

The XRD patterns of the Pt–Ru–PMo12-MWNTs catalysts are
hown in Fig. 5. The effect of reaction time, microwave power, and
H values of the precursor solutions on the samples were investi-
ated and are shown in Fig. 5(a), (b), and (c), respectively. The peak
t 26.38◦ corresponds to the (0 0 2) planes of graphitized MWNT. It
an be seen that the crystal structure of Pt in the catalysts is face-
entered cubic, which is confirmed by the peaks at 39.86◦, 46.6◦,
7.48◦, 81.88◦, and 85.62◦. These peaks are assigned to Pt(1 1 1),
t(2 0 0), Pt(2 2 0), Pt(3 1 1), and Pt(2 2 2), respectively. XRD spectra
or all the samples only showed the characteristic Pt fcc pattern
nd did not show any peaks related to tetragonal RuO2 or hexag-
nal close-packed (hcp) Ru phases. It is believed [24] that this
henomenon indicates the absence of metallic Ru and the pres-
nce of un-alloyed Ru, most probably in amorphous oxide states.
he results agreed well with other reports in the literature [25,26].
ince the Pt(2 2 0) peak is isolated from the MWNT-support diffrac-
ion peaks, the mean particle size of the Pt can be calculated from
he (2 2 0) peak according to Scherrer’s formula:

= 0.89�K�1

ˇ2� cos �max
here L is the mean size of the Pt particles, �K�1 is the X-ray wave-
ength (Cu K� �K�1 = 0.154184 nm), �max is the maximum angle of
he (2 2 0) peak, andˇ2� is the half-peak width for Pt(2 2 0) in radi-
ns. The calculated mean crystallite sizes of the samples are also
hown in Fig. 5. It was found that the crystallite size of PtRu cata-



366 D.M. Han et al. / Journal of Power Sources 184 (2008) 361–369

F tion ti
c icrow

l
p
w
w
n
g
p
i
w
t
t
w
t
o

m
i
i
i
i

3
e

ig. 5. X-ray diffraction patterns of Pt–Ru–PMo12-MWNTs catalysts: (a) effect of reac
atalysts synthesized at a pH value of 7: (d) effect of reaction time and (e) effect of m

yst was significantly influenced by the pH value and the microwave
ower. The crystallite size increases with increasing pH values,
hile the crystallite size of PtRu alloy increases first, then decreases
ith increasing microwave power. A possible reason for this phe-
omenon is that there are both crystal core formation and a crystal
rowth process involved in PtRu deposition. When the microwave
ower is low, the crystal growth is slow. However, when the power

s too high, there are a large amount of crystal cores generated,
hich also hinders the growth and the formation of large crys-
als. Sample 8 shows no characteristic Pt XRD peaks, suggesting
hat the microwave power (160 W) used in the synthesis is too
eak to generate enough heat for H2PtCl6 reduction. The XRD pat-

erns of Pt–Ru–PMo12-MWNTs catalysts synthesized at a pH value
f 7 are also shown in Fig. 5. The effects of the reaction time and

P
t
s
r

me, (b) effect of microwave power, and (c) effect of pH value. Pt–Ru–PMo12-MWNTs
ave power.

icrowave power on the samples were investigated and are shown
n Fig. 5(d) and (e). It is found that the particle size of the PtRu alloy
n these samples increases with increasing reaction time, while
t increases first, then decreases when the microwave power is
ncreased.

.2. Electrochemical performance of Pt–Ru–PMo12-MWNTs
lectrocatalysts
The electrocatalytic properties of the as-prepared
t–Ru–PMo12-MWNTs catalysts for the methanol oxidation reac-
ion have also been characterized by cyclic voltammetry (CV) in Ar
aturated 0.5 M H2SO4 and 0.5 M H2SO4 + 0.5 M MeOH solutions,
espectively. Fig. 6 shows CV curves of the Pt–Ru–PMo12-MWNTs
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ig. 6. Cyclic voltammograms of the Pt–Ru–PMo12-MWNT catalysts in 0.5 M H2SO4

ffect of reaction time; (b) effect of microwave power; (c) effect of pH value.

atalysts at the 125th cycle. CV curves for samples prepared using
ifferent reaction times, microwave powers, and pH values are
hown in Fig. 6(a), (b), and (c), respectively. There is a oxidation
eak at about 0.7 V in the forward scan, which corresponds to the
xidation of methanol, while in the reverse scan, the adsorbed

ntermediates produce a second oxidation peak at around 0.45 V
22]. The anodic peak in the reverse scan was attributed to the
emoval of the incompletely oxidized carbonaceous species formed
n the forward scan. These carbonaceous species are mostly in the
orm of linearly bonded Pt C O. The residual carbon species are

w
i
w
a

ig. 7. Cyclic voltammograms of the Pt–Ru–PMo12-MWNTs catalysts synthesized at a pH
scan rate of 200 mV s−1: (a) effect of reaction time; (b) effect of microwave power.
M CH3OH electrolyte at the 125th cycle, collected at a scan rate of 200 mV s−1: (a)

xidized according to the following reaction:

tOHad + Pt C O → CO2 + 2Pt + H+ + e− (3)

The voltammetric features are in good agreement with the lit-
rature [23,27].
It is obvious that the intensity of the oxidation peaks increases
ith increasing reaction time (Fig. 6(a)), indicating a higher load-

ng content of PtRu on the MWNTs for the samples prepared
ith longer reaction time, which is consistent with the EDS

nalysis results. The microwave power shows no clear effect on

value of 7 in 0.5 M H2SO4 + 0.5 M CH3OH electrolyte at the 125th cycle, collected at
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ig. 8. Typical cyclic voltammogram curves (of sample 4) in 0.5 M H2SO4 + 0.5 M
H3OH solution for different scan cycles, collected at a scan rate of 200 mV s−1: (1)
0th cycle, (2) 50th cycle, (3) 80th cycle, and (4) 125th cycle.

he electrocatalytic properties of the Pt–Ru–PMo12-MWNTs cat-
lysts. The peak intensity of methanol oxidation increases first
nd then decreases with increasing microwave power. The elec-
rochemical testing results show that the optimum pH value for
he Pt–Ru–PMo12-MWNTs catalysts is 7, in terms of its electro-
atalytic activity and CO tolerance, which confirms that the pH
alue of the precursor solution dramatically affects the PtRu load-
ng content and their crystallite size. So, Pt–Ru–PMo12-MWNTs
atalysts were synthesized at pH value of 7 under different reac-
ion times and microwave powers. The cyclic voltammograms of
he Pt–Ru–PMo12-MWNTs catalysts synthesized at pH 7 in 0.5 M
2SO4 + 0.5 M CH3OH solution at the 125th cycle are shown in
ig. 7(a) and (b). It is clearly observed that the intensity of the oxi-
ation peaks increases with increasing reaction time. Sample 15,
hich was synthesized at a pH value of 7, shows the optimized

lectrocatalytic activity.
The long-term cycle stability of Pt–Ru–PMo12-MWNTs is shown
n Fig. 8, with sample 4 as an example. CV tests were conducted
n 0.5 M H2SO4 + 0.5 M CH3OH solution. Here the electrolyte solu-
ion is always refreshed with 0.5 M H2SO4 + 0.5 M CH3OH after 10,
0, 80, and 125 cycles. From Fig. 8, it can be seen that the shape
nd peak potential of the curves show no evident changes, but

ig. 9. Cyclic voltammogram curves of PMo12-MWNTs, Ru–PMo12-MWNTs,
t–PMo12-MWNTs, and Pt–Ru–PMo12-MWNTs (sample 15), in 0.5 M H2SO4 + 0.5 M
H3OH solution, collected at the 125th cycle at a scan rate of 200 mV s−1. Inset shows
nlarged cyclic voltammogram curves of the PMo12-MWNT, the Ru–PMo12-MWNT,
nd the Pt–PMo12-MWNTs catalysts.
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he peak current first increases with the increasing number of
ycles and then drops slightly as the cycle number continues to
ncrease. One explanation is that there is an activation process for
he Pt–Ru–PMo12-MWNTs electrocatalysts in the beginning. The
Mo12 monolayer covering the metal nanoparticles takes time to
ffectively work with Pt and Ru as a co-catalyst for methanol oxi-
ation. However, part of the catalyst powder may drop off of the
C electrode after long cycling in the 0.5 M H2SO4 + 0.5 M CH3OH
olution, which induces current drop.

Fig. 9 compares cyclic voltammogram curves of PMo12-MWNTs,
u–PMo12-MWNTs, Pt–PMo12-MWNTs, and Pt–Ru–PMo12-
WNTs. The cyclic voltammograms shown in Fig. 9 were collected

t the 125th cycle using cells with 0.5 M H2SO4 + 0.5 M CH3OH
olution. There are no obvious methanol oxidation peaks for the
Mo12-MWNTs and Ru–PMo12-MWNTs samples, but three pairs
f peaks (A–A′, B–B′ and C–C′) for PMo12 can be clearly seen. For
he Pt–PMo12-MWNTs and Pt–Ru–PMo12-MWNT samples, two

ethanol oxidation peaks can be clearly observed, which are
ocated at about 0.7 V (forward scan) and 0.45 V (reverse scan),
espectively. The voltammetric features are in good agreement
ith the literature [5,23]. The methanol oxidation current for

he Pt–Ru–PMo12-MWNTs is considerably higher than that of the
t–PMo12-MWNTs, indicating that the presence of Ru is important
or the electrocatalytic activity towards methanol oxidation, due
o the bifunctional mechanism.

In summary, the existence of PMo12 could effectively prevent
he agglomeration of metal particles and MWNTs. The synthe-
ized PtRu nanoparticles are dispersed very uniformly on the
uter walls of the MWNTs with this synthesis method. Differ-
nt preparation conditions of Pt–Ru–PMo12-MWNTs catalysts were
tudied in this work. A sample prepared with a longer reaction
ime has a higher Pt loading content and shows higher electro-
hemical catalytic activity (Table 2 and Fig. 6(a)). High microwave
ower may accelerate the H2PtCl6 reduction reaction (Table 2),
ut it showed no evident effect on the electrochemical catalytic
ctivity (Fig. 6(b)). The pH value is an important factor for cata-
yst preparation and can significantly affect the particle size and
lectrochemical catalytic activity of the catalysts. Sample 10 pre-
ared at the pH value of 7 shows the best CO tolerance and
romising electrocatalytic activity (Fig. 6(c)), and therefore, we
hink that the optimum pH value is 7 for the Pt–Ru–PMo12-

WNTs preparation process using the microwave-assisted polyol
ethod.

. Conclusions

A novel catalyst with multiwalled carbon nanotubes (MWNT)
s the support, Pt–Ru–PMo12-MWNTs, was synthesized under dif-
erent preparation conditions, by microwave heating of ethylene
lycol solutions containing Pt and Ru salts, and PMo12. The effects
f the microwave reaction time, the microwave reaction power,
nd the pH value of the reaction solution on the performance of
he Pt–Ru–PMo12-MWNTs catalyst were investigated in our work.
olyoxometallate (PMo12) can be chemically adsorbed on the sur-
ace of Pt, Ru nanoparticles, and on the outer walls of MWNTs. These
ffectively prevented the agglomeration of Pt and Ru nanoparticles
ue to the electrostatic repulsive interactions between the nega-
ively charged PMo12 monolayers. Electrochemical measurements
nd EDS examination showed that the electrochemical activity and

he loading content of Pt/Ru changed with the synthesis condi-
ions. The electrochemical performance of Pt–Ru–PMo12-MWNTs

aterials with different synthesis conditions was tested with CV
n this work. It was found that the a Pt–Ru–PMo12-MWNTs elec-
rocatalyst with high Pt loading content, small crystallite size, and
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