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a b s t r a c t

Pt nanoparticles catalysts supported on the Vulcan XC-72 carbon black with different mean sizes have
been synthesized by microwave-assisted polyol process and characterized by energy dispersive analysis
of X-ray (EDAX), X-ray diffraction (XRD), and transmission electron microscopy (TEM). The results of
physical examinations show that Pt nanoparticles have a narrow size distribution and are highly dispersed
vailable online 23 October 2009
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t/C catalyst

on the surface of carbon support, and Pt loading in Pt/C catalyst is the similar with the theoretical value.
The results of cyclic voltammetry and chronoamperometry demonstrate that the Pt/C catalyst prepared
by microwave-assisted polyol process at the pH value of about 12 exhibits the highest catalytic activity
for methanol electrooxidation. The activity of Pt/C catalyst is also related to the microwave heating time,
and the optimal heating time is 40 s in this work.
node catalyst
ethanol electrooxidation

. Introduction

Direct methanol fuel cell (DMFC) uses directly methanol without
rior complicated reforming. DMFC has been receiving increasing
ttention due to its advantages of easy transportation and stor-
ge of the fuel, reduced system weight, size, and complexity, and
igh energy efficiency [1–4]. However, one of the major prob-

ems is the poisoning of anode catalyst by carbon monoxide from
ethanol electrooxidation, which results in the slow kinetics of

node methanol oxidation reaction (MOR). As is well known, the
atalysts with a small particle size and good dispersion on their
upports displayed excellent catalytic behavior. So the prepara-
ion of such nanoparticles with uniform size metal particles on
he carbon support remains to be a challenging work. It is of great
mportance to find a simple, fast, and efficient approach to prepare
igh performance catalyst for fuel cell applications.

As a rapid and uniform heating method, microwave-assisted
olyol process has been widely used in preparing metal particles
5–10]. In this method, ethylene glycol (EG) is commonly used as
solvent and reducing agent for the metal salt compounds, and a
rotecting agent for the metal nanoparticles. Chen et al. [11] pre-

ared Pt/XC-72 carbon with particle size 3.5–4.0 nm by microwave
olyol process with heating time of 50 s, which has good elec-
rocatalytic properties for methanol electrooxidation. Zhao et al.
12] used graphite nanofibers (GNFs) as a support that can pre-

∗ Corresponding author. Tel.: +86 451 86417853; fax: +86 451 86413707.
E-mail address: wangzhenbo1008@yahoo.com.cn (Z.-B. Wang).
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vent agglomeration of Pt particles to prepare Pt/GNFs catalyst with
the microwave-assisted heating polyol process, which also showed
high electrochemically active for methanol electrooxidation. Chen
et al. [13] prepared carbon nanotubes (CNTs) supported Pt catalyst
with uniform particle size and well dispersed on the surface of CNTs
with the similar technique.

Li et al. [14] investigated the effect of pH value of reaction solu-
tion from 3.6 to 9.2 on particle size and electrocatalytic activity
of Pt/CNTs catalysts for methanol electrooxidation, and indicated
that the Pt/CNTs catalyst prepared at the reaction solution pH
value of 7.4 exhibited the best performance for methanol elec-
trooxidition than other samples. In addition, Zhao et al. [15] also
reported the influence of pH value of reaction solution from 3.4 to
9.5 on the particle size and uniformity of Pt catalysts prepared by
microwave-assisted polyol process and pointed that Pt nanopar-
ticles with average size of 2.7 nm prepared at the pH value of 9.5
showed the highest activity for methanol electrooxidation. It has
been proved that the alkalinity of the EG solution is a key factor
improving the formation of small and uniform colloidal particles
and stabilization of unprotected metal colloids. Wang et al. [16] had
modified the polyol process by introducing ethylene glycol solution
of alkaline pH value (>12) without the addition of a stabilizing agent
and obtained stable Pt, Rh, and Ru colloids with small particle size.
In addition, Yang and coworkers [17] thought that hydroxide ions

were needed for the generation of acetate ions which are responsi-
ble for stabilizing the metal nanoparticles in ethylene glycol. From
reports above, the activity evaluation on the performance of Pt/C
catalyst prepared at higher pH values by microwave-assisted polyol
process is still an open question. So we explore the influences of pH

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:wangzhenbo1008@yahoo.com.cn
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alues of reaction solution from 9 to 12.8 on the particle size and
lectrocatalytic activity of Pt/C catalysts for methanol electrooxidi-
ion in this paper. Few reports focus on the effect of the different

icrowave heating times on the performance of Pt/C catalyst. Most
esearchers prepared catalysts by consecutive microwave heating
ime of 50 s [18] or 60 s [14,15]. Shen and Tian [19] prepared highly
ispersed Pt/C (Pt loading 60%) catalyst by intermittent microwave
eating (IMH) that is alternative heating with on 10 s–off 40 s for
ve times. In present work, the influences of the microwave heat-

ng time on the particle size and uniformity of Pt nanoparticles and
heir electrocatalytic activity for methanol electrooxidation were
nvestigated.

. Experimental

.1. Pt/C catalysts prepared by microwave-assisted process

Pt/C catalysts with the Pt loading of 20 wt.% were prepared by
icrowave-assisted polyol process in ethylene glycol (EG) solution
ith H2PtCl6 as a precursor salt. Briefly, 50 mg Vulcan XC-72 car-

on black was dispersed into 30 mL ethylene glycol and isopropyl
lcohol (v/v = 4:1) in 100 mL beaker under ultrasonic treatment for
h to form uniform carbon ink, then 1.7 mL of 0.037813 mol L−1

2PtCl6-EG solution with the subsequent mixing process for 3 h.
he pH value of the ink was adjusted by adding 1 mol L−1 NaOH-EG
olution drop by drop. The different pH values from 9 to 12.8 was
easured by the pHS-32 meter, the beaker was placed the cen-

er of a microwave oven (2450 MHz, 800 W) and argon gas was
eed into the ink for 15 min to remove oxygen for intermittent

icrowave heating (IMH) in a 10 s on–20 s off alternative program
or four times or consecutive heating (CH) time for 30 s, 40 s, and
0 s to fix platinum nanoparticles on carbon support. The solution
as allowed to cool down to room temperature with continuous

tirring, and then 0.1 mol L−1 HNO3 was added into the cooled mix-
ure to adjust the solution pH value to 4. The mixture was kept
tirring for 12 h and then the product was washed repeatedly with
ltra-pure water (18.2 M� cm) until no Cl− ions were detected. The
omemade Pt/C catalyst was dried for 3 h at 80 ◦C and then stored

n a vacuum vessel. All chemicals used were of analytical grade.

.2. Electrode preparation and electrochemical measurement

.2.1. Preparation of working electrode
The ultrasonically re-dispersed catalyst suspension (5 �L) was

pread by pipette onto the glassy carbon disk substrate. The subse-
uent evaporation of solvent leads to the formation of the deposited
atalyst layer (28 �gmetal cm−2), onto which 5 �L of a dilute aque-
us Nafion® solution (5 wt.% solution in a mixture of lower aliphatic
lcohols and DuPont water) was applied. The resulting Nafion® film
ith a thickness less than 0.2 �m had the sufficient strength to keep

arbon particles permanently on the glassy carbon electrode with-
ut producing significant film diffusion resistances [20]. The glassy
arbon working electrode with 3 mm of diameter and 0.0706 cm2 of
lectrode area was polished with 0.05 �m alumina to a mirror finish
efore being used as the substrate for carbon-supported catalyst.

.2.2. Electrochemical measurements
Electrochemical measurements were carried out in a conven-

ional sealed three-electrode electrochemical cell at 25 ◦C, with the
lassy carbon disk electrode made in the above mentioned proce-
ure as the working electrode and a piece of Pt foil (1 cm2) as the

ounter electrode. The reference electrode was a reversible hydro-
en electrode (RHE) with its solution connected to the working
lectrode by a Luggin capillary whose tip was placed appropriately
lose to the working electrode. All chemicals used were of ana-
ytical grade, and solutions were prepared with ultra-pure water
urces 195 (2010) 1799–1804

(MilliQ, Millipore, 18.2 M� cm). The solution of 0.5 mol L−1 H2SO4
containing 0.5 mol L−1 CH3OH was kept on constantly stirring and
purging with ultra-pure argon gas. The cyclic voltammograms (CV)
were recorded within a potential range from 0.05 V to 1.2 V. The
chronoamperometric curves were plotted with CHI650A electro-
chemical analysis instrument controlled by an IBM PC. In order to
get rid of the possible contaminations caused by Nafion® film, the
working electrode was treated by continuously cycling at 0.05 V s−1

until a stable response was obtained before the measurement
curves were recorded. Fresh electrolyte solution was used for each
time electrochemical measurement in order to ensure repeated
results. All potentials are reported versus RHE.

2.3. Characterization of physical properties

2.3.1. X-ray diffraction (XRD)
XRD analysis of catalyst was carried out with the D/max-rB

diffractometer (made in Japan) using a Cu Ka X-ray source oper-
ating at 45 kV and 100 mA, scanning at a rate of 4◦ min−1 with an
angular resolution of 0.05◦ of the 2� scan to get the XRD pattern.

2.3.2. Transmission electron micrograph (TEM)
TEM for the catalyst samples were taken by a Japan JEOLJEM-

2010EX transmission electron microscope with a spatial resolution
of 1 nm. Before taking the electron micrographs, the catalyst sam-
ples were finely ground and ultrasonically dispersed in isopropyl
alcohol, and a drop of the resultant dispersion was deposited and
dried on a standard copper grid coated with a polymer film. The
applied voltage was 100 kV.

2.3.3. Energy dispersive analysis of X-ray (EDAX)
For a rapid EDAX analysis of chemical composition, the Hitachi-

S-4700 analyzer was coupled to a scanning electron microscope
(SEM, Hitachi Ltd., S-4700), with the incident electron beam ener-
gies ranging from 3 to 30 keV, which impinges the sample surface
from the normal angle. The measurement time was 100 s, and the
EDAX spectra were obtained by using the ZAF correction, which
takes account of the matrix influence.

3. Results and discussion

3.1. Physical measurements of Pt/C catalysts

EDAX patterns of the Pt/C catalysts are shown in Fig. 1. The mass
fractions of Pt in Pt/C catalysts prepared by microwave-assisted
ethylene glycol process ranged from 17.3 wt.% to 18.2 wt.% at the
reaction solution pH value of 12 (Fig. 1A) and 11 (Fig. 1B), respec-
tively, which are close to the theoretical values of 20 wt.%.

XRD patterns of Pt/C catalysts prepared at different pH values
are presented in Fig. 2. The first peak at 2� about 26.2◦ is attributed
to Vulcan XC-72 carbon support. The major peaks located at 2�
of 39.7◦, 46.2◦, 67.4◦, and 81.2◦ are ascribed to Pt(1 1 1), Pt(2 0 0),
Pt(2 2 0), and Pt(3 1 1) characteristic diffraction peaks, respectively,
which forms a face-centered cubic (f.c.c.) structure. Pt(2 2 0) diffrac-
tion peak is relatively broad, indicating that the particle size of Pt/C
catalysts is relatively small. The Pt(2 2 0) peak is selected to cal-
culate the average particle size of Pt/C nanoparticles according to
Debye–Scherrer formula [21] because it is isolated from the diffrac-
tion peaks of carbon support. The average sizes of Pt nanoparticles

are about 2.9, 2.6, 2.2, 2.1, and 2.3 nm, respectively, at the pH val-
ues of 9, 10, 11, 12, and 12.8, as presented in Table 1. The results
above indicate that the higher pH value of reaction solution can
improve the size uniformity and dispersion of Pt nanoparticles on
the surface of Vulcan XC-72 carbon support.
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Fig. 1. EDAX patterns of the Pt/C catalysts prepared at the solution pH values of 12 (A) and 11 (B).

Table 1
Comparison of particle size, ESA, CSA, and Pt utilization of various Pt/C catalysts.

Pt/C catalyst pH value Particle size
from XRD (nm)

EAS from CV
(m2 g−1 Pt)

CSA from XRD
(m2 g−1 Pt)

�Pt (=ESA/CSA)
utilization (%)

1 9 2.9 ± 0.1 53.8 96.7 55.6
61
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Fig. 5 shows the CV curves of methanol electrooxidation on the
homemade Pt/C catalysts in an Ar-saturated solution of 0.5 mol L−1

H2SO4 containing 0.5 mol L−1 CH3OH at a scan rate of 20 mV s−1

at 25 ◦C. It can be observed from Fig. 5 that the onset potential
2 10 2.6 ± 0.1
3 11 2.2 ± 0.1
4 12 2.1 ± 0.1
5 12.8 2.3 ± 0.1

Fig. 3 presents the TEM image of Pt/C catalyst at the reaction
olution pH value of 12. It can be seen from TEM image that the size
f Pt/C nanoparticles is small, and their dispersion on carbon sup-
ort is very even without agglomeration. It is well known that the
ven distribution and a smaller particle size of Pt nanoparticles on
he carbon support are key factors for enhancing its electrocatalytic
ctivity and efficiency [22,23].

.2. Effect of pH value on the performance of Pt/C catalyst

Fig. 4 shows the CV curves for homemade Pt/C catalysts in a
olution of 0.5 mol L−1 H2SO4 at a scan rate of 50 mV s−1 at 25 ◦C. In
ig. 4, the integrated charge in the hydrogen absorption region of
yclic voltammograms was used to calculate the electrochemically
ctive surface (EAS), which reflects the intrinsic electrocatalytic
ctivity of a catalyst, from the recognized formula assuming a cor-
elation value of 0.21 mC cm−2 (calculated from a surface density of

.3 × 1015 at. cm−2), a value generally admitted for poly-crystalline
t electrode [24].

AS = QH

0.21 × 10−3C × (gcatalyst)
(1)

ig. 2. XRD patterns of the Pt/C catalysts prepared at different solution pH values.
.7 107.8 57.2

.3 127.4 56.7

.7 133.5 62.7

.3 121.9 55.2

where QH is the amount of charge-exchanged during the electro-
adsorption of hydrogen atoms on Pt surface (insert picture in Fig. 4)
and C is C. The EAS calculations of homemade catalysts are listed in
Table 1. It can be seen that the EAS of Pt/C catalysts increase with
the increase of the reaction solution pH values from 9 to 12, and
reaches the maximum and the catalyst’s utilization (EAS/chemical
surface area (CSA)) at the pH value of 12 is also the highest, and
then the EAS of Pt/C catalyst decrease under the higher pH value of
12.8. This is not surprising in view of the decrease of the average
particle size of Pt nanoparticles with the increasing of the pH value
and the smallest mean particle size under the pH value of 12.
Fig. 3. TEM micrograph of the Pt/C catalyst prepared at the solution pH value of 12.
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ig. 4. Cyclic voltammograms of Pt/C catalysts prepared at different solution pH
alues in an Ar-saturated solution of 0.5 mol L−1 H2SO4 at 25 ◦C. Scanning rate:
.05 V s−1.

nd peak potential for methanol electrooxidation on Pt/C cata-
ysts prepared at different pH values are almost the same, about
.60 V and 0.87 V (vs. RHE), respectively. But, their peak currents
re obviously different. It can be seen that the current measured
n the Pt/C catalyst prepared at the reaction solution pH value
f 12 reaches 11.6 mA cm−2, which exhibits the highest current
ensity at all corresponding samples. The results above indicate
hat the Pt/C catalyst prepared at the pH value of 12 shows
etter catalytic performance for methanol electrooxidition than
ther samples. It is because that it has small and uniform par-
icle size and narrow size dispersion on Vulcan XC-72 carbon
upport.

Fig. 6 shows the chronoamperometric curves at a constant
otential jumping from 0.05 V to 0.6 V in an Ar-saturated solu-
ion of 0.5 mol L−1 H2SO4 containing 0.5 mol L−1 CH3OH at 25 ◦C.
he final current density at 1000 s are 0.12, 0.15, 0.34, 0.44, and
.16 mA cm−2 at the pH value of 9, 10, 11, 12, and 12.8, respec-
ively. It is clear that the Pt/C catalyst at the pH value of solution of
2 has the maximal current density in accordance with the results

f CV curves of methanol electrooxidition, which clearly demon-
trates again that the more uniform particle size distribution, the
etter catalytic activity for methanol electrooxidation. Moreover,
he final pH values of reaction solutions are about 0.3, 0.7, 7.8, 11.6,
nd 12.4 when the initial pH values of reaction solutions are 9, 10,

ig. 5. Cyclic voltammograms of methanol electrooxidation in an Ar-saturated solu-
ion of 0.5 mol L−1 CH3OH and 0.5 mol L−1 H2SO4 at 25 ◦C on the Pt/C catalysts
repared at different solution pH values at 25 ◦C. Scanning rate: 0.02 V s−1.
Fig. 6. Chronoamperometric curves of methanol electrooxidation in an Ar-saturated
solution of 0.5 mol L−1 CH3OH and 0.5 mol L−1 H2SO4 on the Pt/C catalysts prepared
at different solution pH values at 25 ◦C. Potential jumps from 0.05 V to 0.6 V.

11, 12, and 12.8, respectively. The final pH value of reaction solu-
tion correlates with the catalytic performance of Pt/C catalyst for
methanol electrooxidition. It may be concluded that the Pt/C cat-
alysts with the higher final solution pH value results in smaller
and more uniform particle size. Because the glycolate anion forms
in alkaline (pH > 6) media and acts as a good stabilizer for the Pt
colloids, while in lower final pH value (pH < 2), glycolate is nearly
non-existing and replaced by glycolic acid which is a poor stabi-
lizer [25], leading to the catalyst particle size agglomeration. But in
much higher final pH value of reaction solution, the ionic strength
of the glycolate anion may be too strong to prevent the deposition
of Pt colloids on the carbon support. In addition, the electrostatic
interaction [26] between non-occupied electrons of glycolate anion
and negative charges of carbon surface repulses each other, which
also may result in agglomeration or the non-uniform distribution
on the carbon support. Those may cause the decline of Pt utiliza-
tion, which in turn decreases catalytic activity of Pt/C catalyst for
methanol electrooxidation.

3.3. Effect of microwave heating time on the performance of Pt/C
catalyst

In this section, it aims to investigate the exact influence
microwave heating time on the resulting particle characteristic,
which was rarely reported. CVs of methanol electrooxidation on
homemade Pt/C catalysts prepared for consecutive heating times
of 30 s, 40 s, and 50 s, respectively, are presented in Fig. 7. The EAS
of Pt/C catalysts prepared for different heating times are calcu-
lated from CVs in a solution of 0.5 mol L−1 H2SO4 as shown curves
inserted in Fig. 7. It can be seen that the peak current densities on
homemade Pt/C catalysts increase firstly and then decrease with
the microwave heating time. The catalytic activity of Pt/C catalyst
prepared for heating time of 40 s is the highest. The tempera-
ture of reaction solution reaches about 110 ◦C, 130 ◦C, and 150 ◦C
for consecutive heating times of 30 s, 40 s, and 50 s, respectively.
Although the EAS calculations of Pt/C catalysts for different heating
times are almost the same (insert picture in Fig. 7), their catalytic
behavior for methanol electrooxidation is evidently different. It is
because that the Pt/C catalyst prepared at the solution temper-
ature of about 130 ◦C (heating time of 40 s) has a suitable and
uniform particle size for methanol electrooxidation, that is 2.1 nm
from XRD pattern (Fig. 8) with well dispersed on carbon support.

When the particle size of Pt catalyst is too large or too small, it
is not benefit for methanol adsorption and oxidation [27], as the
heating times of samples were 30 s and 50 s with Pt nanoparti-
cle sizes of 2.5 nm and 1.7 nm, respectively. In addition, the too
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Fig. 7. Cyclic voltammograms of methanol electrooxidation in an Ar-saturated solu-
tion of 0.5 mol L−1 CH3OH and 0.5 mol L−1 H2SO4 at 25 ◦C on the Pt/C catalysts
prepared for different microwave heating times at 25 ◦C. Scanning rate: 0.02 V s−1

(insert picture: cyclic voltammograms in an Ar-saturated solution of 0.5 mol L−1

H2SO4 on the Pt/C catalysts. Scanning rate: 0.05 V s−1).
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ig. 8. XRD patterns of the Pt/C catalysts prepared for different microwave heating
imes.

mall catalyst particles may be buried in the micropores of car-

on black support [28], which declines the utilization of Pt and
esults in the decrease of Pt/C catalyst performance. The investiga-
ion showed the PtRu/C catalyst with particle size of 2 nm presented
he highest activity for methanol electrooxidation [29]. This size is

ig. 9. Chronoamperometric curves of methanol electrooxidation in an Ar-saturated
olution of 0.5 mol L−1 CH3OH and 0.5 mol L−1 H2SO4 on the Pt/C catalysts prepared
or different microwave heating times at 25 ◦C. Potential jumps from 0.05 V to 0.6 V.
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similar to that of homemade Pt/C catalyst prepared for the heat-
ing time 40 s, which is in favor of methanol electrooxidation. So,
the activity of Pt/C catalyst prepared for the heating time of 40 s
with the particle size of 2.1 nm for methanol electrooxidation is the
highest.

Fig. 9 shows the chronoamperometric curves at a constant
potential jumping from 0.05 V to 0.6 V in an Ar-saturated solu-
tion of 0.5 mol L−1 H2SO4 containing 0.5 mol L−1 CH3OH at 25 ◦C.
The final current density at 1000 s for the microwave heating time
of 40 s reaches the maximal current density, which enhances to
about 150% of that for microwave heating times of 30 s and 50 s,
which is similar to the results of cyclic voltammetry. The significant
improvement further demonstrates that the Pt/C catalyst prepared
for the microwave heating time of 40 s has the maximal stability
for methanol electrooxidation.

4. Conclusions

Pt nanoparticles supported on the Vulcan XC-72 carbon black
with different particle size of Pt were prepared by microwave-
assisted polyol process. The fast and uniform microwave irradiation
heating provided a more homogeneous environment for the quick
nucleation and the growth of Pt nanoparticles. The pH value of reac-
tion solution and the microwave heating time were demonstrated
to be the important factors influencing the particle size of Pt/C cat-
alyst and their activity for methanol electrooxidation. When the pH
value of reaction solution is 12 and the microwave heating time is
40 s, the Pt/C catalyst exhibits the best performance for methanol
electrooxidation.
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