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A simple and novel method for the preparation of WO3/C is presented. This method includes the adsorp-
tion and decomposition of phosphotungstic acid (PWA) on carbon. For the purpose of comparison, WO /C
is also prepared by a conventional method using sodium tungstate as the precursor. These two WO /C
species are denoted as WO3/C-1 and WO3/C-2, respectively. It is shown from transmission electron
microscopy (TEM) that the WOs particles in WO3/C-1 present a more even distribution and smaller par-
ticle size than those in WO3/C-2. Pt particles dispersed on WO3/C-1 display the characteristic diffraction
peaks of Pt in the face-centered cubic phase. Cyclic voltammetry and chronoamperometry show that
the Pt-WOs3/C-1 catalyst exhibits much better methanol oxidation activity than the Pt-WO3/C-2 and
Pt/C catalysts. This significant improvement in catalytic performance may be attributed to the hydrogen

spillover effect and the uniform distribution of Pt and WOs particles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The direct methanol fuel cell (DMFC) is generally considered
to be a good candidate for future energy-generating devices, par-
ticularly for portable electronics and vehicular applications, due
to its high specific energy at low operating temperatures and its
ease of handling as a clean liquid fuel [1-3]. However, there are
still several issues that must be overcome before its commercial-
ization. Among them, the most critical is the poor kinetics of the
methanol oxidation reaction on conventional anode catalyst mate-
rials. Therefore, intensive research has been carried out in the
past decade on Pt-based multicomponent catalysts to improve the
poison tolerance of anode catalysts with the ultimate goal of creat-
ing cost-effective catalysts for practical fuel cells. Metals including
ruthenium, osmium, iridium, rhodium, tin, and others have been
shown toimprove the catalytic activity of Pt either by modifying the
surface chemistry to produce a bifunctional material, or by modify-
ing the electronic properties of Pt. In the bifunctional mechanism,
the alloyed metal forms surface oxides at much lower potentials
than Pt [4,5]. By means of the electronic mechanism (or the ligand
effect), the alloyed metal modifies the electronic structure of Pt,
resulting in a lower bond strength of the species adsorbed on Pt
[6-9].

Tungsten trioxide (WOj3) is known to be able to form a hydro-
gen tungsten bronze (HyWO3) compound in acid solution which
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is both nonstoichiometric and electrically conducting. The com-
pound can facilitate dehydrogenation during methanol oxidation
and lighten the CO poisoning of Pt catalyst [10-12]. Previous stud-
ies have shown that Pt and PtRu catalysts supported on WO3 have
extremely high activity towards the electro-oxidation of CO [13],
methanol [14-17], ethanol [18] and formic acid [19,20]. However,
WO3 has a low specific surface area and conductivity, which limits
its application in DMFCs.

In the present work, a WO3/C hybrid material is fabricated by
the adsorption and decomposition of phosphotungstic acid (PWA)
on carbon and the resulting WO3/C material is used as a catalyst
support for the purpose of producing high-activity Pt-W03/C cat-
alysts.

2. Experimental
2.1. Materials

Vulcan XC-72 carbon black was purchased from the Cabot
Corporation. Chloroplatinic acid hydrate, phosphotungstic acid
(Keggin-type) and sodium tungstate was bought from the Aldrich
Chemical Co. Deionized water (18.23 M£2) was produced by a Milli-
Q ultrapure system (Millipore Ltd., USA).

2.2. Preparation of WO3/C and Pt-WO3/C catalysts

Two catalyst support materials were fabricated for this study.
The first one was prepared by the adsorption and decomposition of
phosphotungstic acid (PWA) on carbon, denoted as WO3/C-1. This
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Fig. 1. Schematic diagram for the preparation of the Pt-WQj3/C-1 catalyst.

novel procedure is illustrated in Fig. 1. First, 1 g carbon powder was
added to 50 ml of PWA solution (20mgml-') and kept at room
temperature for 72 h under vigorous agitation. Then, the suspen-
sion was filtered and dried at 80 °C for 6 h to obtain PWA/C. Finally,
the PWA/C was calcined at 600 °C under the nitrogen protection for
6 h to give a decomposition product of tungsten trioxide supported
on carbon (WO03/C) [21].

The second support material, denoted as WO3/C-2, was pre-
pared as follows. Sodium tungstate was added to a carbon
suspension under vigorous agitation before the solution was heated
to 80°C. With the addition of excessive hydrochloric acid, a tung-
stenic acid deposit was formed. After the reaction proceeded for 6 h,
the suspension was filtered, washed and dried at 80 °C in a vacuum
oven. To obtain stable WO3/C, the resultant was transferred into a
tubular oven and heat-treated at 500 °C for 6 h under the protection
of a nitrogen atmosphere.

Preparation of Pt-WO3/C was done as follows. First, an appro-
priate amount of H,PtClg solution was thoroughly mixed with the
WO3/C support by sonication and agitation. Then the mixture was
kept at 90°C, and hydrogen was introduced for 5 h. Subsequently,
the suspension was filtered and washed with deionized water, and
then dried at 80 °C for 6 h to obtain the Pt-WQO3/C-1 (20 wt% Pt) and
Pt-WO03/C-2 (20 wt% Pt) catalysts. Pt/C (20 wt% Pt) was prepared in
the same way.

2.3. Physicochemical characterization of catalysts

The size and morphology of the WO3/C and Pt-WO3/C catalysts
were characterized by TEM (JEOLJEM2010). The bulk compositions
of the prepared catalysts were evaluated by energy dispersive X-ray
analysis with a scanning electron microscope (JEOL JAX-840). X-ray
photoelectron spectroscopy (XPS) measurements were carried out
by a Kratos XSAM-800 spectrometer with a Mg Ka radiator. X-ray
diffraction spectra were measured by a Philips PW1700 diffrac-
tometer with a Cu Ko (A =1.5405 A) radiation source operating at
40kV and 30 mA.

H:PtCls

W0s/C

2.4. Electrochemical measurements

Electrochemical measurements were carried out with an EG&G
mode 273 potentiostat/galvanostat and a conventional three-
electrode test cell. The catalyst ink was prepared by ultrasonically
dispersing the mixture of 5mg catalysts, 1 ml ethanol, and 50 .l
5 wt% Nafion solutions. 10 pl catalyst inks were pipetted and spread
on the glassy carbon disk. Large surface area Pt foil served as counter
electrode, and a silver-silver chloride electrode was used as the
reference electrode. All electrolyte solutions were deaerated by
high-purity nitrogen for 15min prior to any measurement. For
chronoamperometry, the electrode potential was fixed at 0.6 V (vs.
Ag/AgCl). The specific surface area of Pt in the catalysts was mea-
sured electrochemically by oxidation of pre-adsorbed CO (CO,q4) in
a 0.5M H,S04 solution at a scan rate of 20mV s~1. CO was purged
into the 0.5M H,SO4 solution for 30 min to allow the complete
adsorption of CO onto the catalyst when the working electrode
was kept at 0mV (vs. Ag/AgCl). Excess CO in the electrolyte was
then purged out with N5 for 10 min. The amount of CO,4 was evalu-
ated by integration of the CO,q stripping peak, and corrected by the
electric double-layer capacitance. The specific surface area of the
Pt metal was estimated to be a monolayer of linearly adsorbed CO
and the Coulombic charge necessary for oxidation was 420 .C cm—2
[22,23].

3. Results and discussion
3.1. TEM, EDX, XPS and XRD analyses

TEM images of W0O3/C-1 and WO3/C-2 in Fig. 2 clearly show
that the WOj3 particles in the WO3/C-1 sample are much better
distributed and have a smaller particle size (2-3 nm) than those in
the WO3/C-2 sample. This can be explained as follows.

The surface of carbon contains different oxygen-containing
groups, which can be protonated by a strong acid, such as PWA.
The adsorption of PWA on carbon materials can be ascribed to an
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Fig. 2. TEM images of (A) WO3/C-1 and (B) WO3/C-2.

acid-base reaction [24].
MOH, " + (HPA,)™ = MOH,*(HPA,)~ (1)

PWA is uniformly dispersed onto the carbon support due to the
interaction between carbon and PWA. PWA/C is calcined in N, to
give a decomposition product of highly dispersed WOs/C.

Fig. 3 gives the TEM images of Pt-WO3/C-1, Pt-WO3/C-2 and
Pt/C catalysts and the corresponding histograms of the Pt particle
diameters, as well. It can be seen from the TEM images that the
Pt particles on the WO3/C support are smaller and more uniformly
dispersed than those on carbon support. The average sizes of the
Pt particles in the Pt-WO3/C-1, Pt-WOQO3/C-2 and Pt/C catalysts are
estimated from their histograms as being approximately 3.2, 3.5,
and 3.9 nm, respectively, indicating that the introduction of W03
can inhibit the aggregation of Pt particles.

The composition of the bulk catalysts is determined through
energy dispersive X-ray (EDX) analysis. The weight content of Pt
in the Pt-WOQ3/C-1 catalysts is 20.6% and the Pt/W atomic ratio is
estimated to be 1.67; while the weight content of Pt in Pt-WO03/C-2
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catalysts is 21.2% and the Pt/W atomic ratio is estimated to be 1.71.
The weight content of Pt in the Pt/C catalysts is 19.7%.

The XRD patterns for Pt-WO3/C-1, Pt—-WO3/C-2, and Pt/C cata-
lysts are shown in Fig. 4, from which the crystalline lattice fringes of
the samples are confirmed. For Pt-WO3/C-1 and Pt-WO03/C-2, the
diffraction peaks at 39°, 46°, 68°, and 81°, are due to the Pt (111),
(200), (220), and (311) planes, respectively, and confirm that
these catalysts exhibit the Pt fcc structure. The diffraction peaks
at 33°, 40°, 49°, 54°, 61°, and 76° correspond to the monoclinic
phases of WO3 [26]. The peak observed at 24° is attributed to the
hexagonal graphite structure (00 2).

Fig. 5 plots the Pt 4f and W 4f XPS results. The binding energies
(BE) of all of the peaks are referenced to a C 1s value of 284.6 eV. All
samples demonstrate similarly asymmetric peaks, indicating dif-
ferent Pt oxidation states. Compared with the peak (4f;,)at71.2 for
Pt/C, the peaks (4f;,) for Pt-WO03/C-1 and Pt-WOs3/C-2 shift posi-
tively by 0.4 and 0.3 eV, respectively, reflecting strong interactions
between Pt and WOj3. This phenomenon is a symbol of a strong
“metal-support interaction” between Pt and WOs. This interac-

4 5 2 3 4 5
Particle Size (nm)

Fig. 3. TEM images of the (A) Pt-WO03/C-1, (B) Pt-WO05/C-2, and (C) Pt/C, and Pt particle diameters histograms of (D) Pt-WQ3/C-1, (E) Pt-WQO3/C-2, and (F) Pt/C catalysts.
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Fig. 4. XRD patterns for the (A) Pt-WO0s3/C-1, (B) Pt-WO03/C-2, and (C) Pt/C.

tion can modify the electronic and catalytic properties of metal
nanoparticles and lead to the electrochemical activation of both
dispersed metal and oxide. The W (4f) region of the XPS spectrum
of both the Pt-WO03/C-1 and Pt-WOQ3/C-2 samples is also shown in
Fig. 5. The W (4f;),) and W (4f5,) peaks for the Pt-WO3/C catalyst
are located at 34.9 and 37.1 eV, respectively, which shows that W
predominantly exists in the form of tungsten oxide [25] on the sur-
face of the Pt-WOQ3/C catalyst. There might be a small fraction of
W>* in both the Pt-WO03/C-1 and Pt—-WQs3/C-2 samples.
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Fig. 5. Pt (4f) and W (4f) XPS spectrum of the (a) Pt/C, (b) Pt-WO3/C-2, and (c)
Pt-WOs/C-1.
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Fig. 6. CO,q stripping voltammograms for the (A) Pt-WO3/C-1, (B) Pt-WO0s3/C-2, and
(C) Pt/C catalysts at room temperature.

3.2. Electrochemical analysis

The electrochemically active specific surface area of catalysts
can reflect the intrinsic catalytic activity of the catalysts. Typically,
this can be measured with the H,q4 stripping or the CO.q strip-
ping method. In this study, the CO,q stripping method was used.
Fig. 6 shows the CO,4 stripping voltammograms for the Pt-WO3/C-
1, Pt-WO03/C-2 and Pt/C (C) catalysts. It can be seen from Fig. 6
that the peak potential for CO,q oxidation at the Pt-WO3/C-1,
Pt-WO03/C-2 and Pt/C (C) catalysts electrodes are 0.695, 0.712,
and 0.723V, respectively. The corresponding peak currents are
37.6,35.8and 34.1 mAmg~! Pt. Furthermore, the electrochemically
active specific surface area (ECSA) of Pt for all the catalysts can be
calculated by using CO oxidation charge after subtracting the back-
ground current. Itis 76.4,69.3, and 58.1 m2 g~ ! for the Pt—-WO05/C-1,
Pt-WO03/C-2, and Pt/C (C) catalysts, respectively.

Fig. 7 depicts cyclic voltammograms (CV) of the catalyst sam-
ples performed in electrolytes of 0.5M H;SO4 and 1M CH30H at
a scan rate of 20mV s~! with Pt loading of 0.14 mg cm~2. It can be
observed that the onsets of methanol oxidation all begin at about
0.3V (vs. Ag/AgCl). The peak potentials for methanol oxidation are
also similar, i.e., ~0.75V (vs. Ag/AgCl). However, the oxidation peak
for Pt-WO03/C-1is 254 mAmg~! Pt, which is much higher than that
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Fig. 7. Cyclic voltammograms recorded at 20mVs~! in 1M CH30H+0.5M H,S04
solution at room temperature.

of other sample (i.e., 224mAmg-! Pt for the Pt-WQ3/C-2 cata-
lyst and 151 mAmg~! Pt for the Pt/C catalyst). In other words, the
Pt-WO3/C-1 catalyst has a higher activity than the Pt-W03/C-2 and
the Pt/C catalysts.

The chronoamperometry (CA) curves for the three catalysts are
shown in Fig. 8. These curves reflect the activity and stability of the
three catalysts to catalyze methanol oxidation. Obviously, the decay
in the methanol oxidation current with time varies. The Pt-WO3/C-
1 catalyst has the highest initial current density and limiting current
density, and therefore, has the best catalytic activity and stability.

This significant improvement in the catalytic performance of the
Pt-WOj3/C catalysts may be attributed to two factors: first, the Pt
and WOs5 particles supported on the carbon are smaller and more
uniformly distributed; second, WOj3 is able to form a hydrogen
tungsten bronze (HyWO3) compound in acid solution and this com-
pound can facilitate dehydrogenation during methanol oxidation
reaction. The methanol oxidation reaction is a six-electron-transfer
reaction, with successive dehydrogenation steps followed by the
removal of CO.

CH30H + Hy0 — COy 4+ 6H™ + 6e~ (2)
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Fig. 8. Polarization current vs. time plots measured at room temperature in 1M
CH50H +0.5M H,S04 solution at 0.6 V (vs. Ag/AgCl).

In the presence of WO3, the hydrogen adsorbed on the Pt spills
over onto the surface of the W03 and forms HyWO3, thus releasing
these Pt active sites. Subsequently, HyWOs3 can be readily oxidized
to release hydrogen ions, electrons, and W03 [11,12,27-30]. This
cyclic process will accelerate the dehydrogenation of methanol
on Pt and lead to higher rate of methanol oxidation on the
Pt-WO3/C catalyst than on the Pt/C catalyst. The cyclic process on
the Pt-WO3/C catalyst is speculated to occur as follows [11,12]:

WO3 + xPt-H — HyWOs3 + xPt (3)
HyWO3 — WOs3 + xH" + xe~ (4)
Conclusion

A simple and novel method is proposed to prepare highly dis-
persed WO3 by the adsorption and decomposition of PWA on
carbon. The newly prepared WOs3/C is compared with the one
prepared by conventional means with sodium tungstate as the pre-
cursor. TEM images show that the new method can produce a more
uniform distribution and smaller average particle size of WO3 parti-
cles on WO3/C. Pt particles dispersed on the newly prepared WO3/C
samples are of average size (3.2 nm) and display the characteristic
diffraction peaks of the Pt face-centered cubic structure. Electro-
chemical analysis shows that the Pt-WO3/C catalysts prepared by
this new method exhibit excellent catalytic activity and stability for
methanol electro-oxidation. This significant improvement in the
catalytic performance may be attributed to two causes: first, the Pt
and WOs5 particles supported on carbon are uniformly distributed
and have a smaller average size; second, the WOj5 is able to form
the hydrogen tungsten bronze (HyWO3) compound in acid solu-
tion, which facilitates dehydrogenation during methanol oxidation
reaction.
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