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Pd nanoparticles supported on WOs3/C hybrid material have been developed as the catalyst for the oxygen
reduction reaction (ORR) in direct methanol fuel cells. The resultant Pd-WO3/C catalyst has an ORR activity
comparable to the commercial Pt/C catalyst and a higher activity than the Pd/C catalyst prepared with
the same method. Based on the physical and electrochemical characterizations, the improvement in the
catalytic performance may be attributed to the small particle sizes and uniform dispersion of Pd on the
WOs/C, the strong interaction between Pd and WO3 and the formation of hydrogen tungsten bronze which
effectively promote the direct 4-electron pathway of the ORR at Pd.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Direct methanol fuel cells (DMFCs) are attracting more and
more attention as environmentally friendly power sources for
transportation and stationary applications. However, the com-
monly employed Nafion membrane suffers from serious methanol
crossover, which not only lowers the fuel utilization efficiency but
also adversely affects the cathode performance, and thus leads to
a loss in the overall efficiency of fuel cells [1,2]. One effective way
to overcome the crossover problem is to adopt methanol-tolerant
catalysts as the cathode materials of DMFCs [1]. Because of the
sensitivity to methanol and high price of Pt, many researchers
have switched to other alternative materials [3,4]. Transition metal
macrocycle compounds [5-10], transition metal sulfide [11] and
ruthenium-based materials [12-18] have been exploited one after
another. Despite their good selectivity against the methanol oxida-
tion reaction, these catalysts have considerably lower activity for
the oxygen reduction reaction (ORR) than Pt-based ones. Consid-
ering that Pd possesses a similar valence electronic configuration
and lattice constant to Pt and yet a highly methanol-tolerant ability
[19,20], some researchers begin to devote to the research and devel-
opment of Pd catalysts as promising cathode materials [21-25]. To
further improve the catalytic activity and stability of Pd for the ORR,
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many metallic elements such as Ti [26], Au [27], Co [28-36], Fe [37],
Ni [38], etc. were added into Pd. These metallic elements, however,
easily leak into the strong acid electrolyte under electrochemical
oxidative conditions. The modification of some non-metals such as
Se [39] and P [40] was found to have some positive effect on the
catalytic activity of Pd.

It is well known that the support of catalysts plays an important
role in the dispersion of metal nanoparticles and the transportation
of reactants/products, directly influencing the catalytic activity and
stability of catalysts [41-43]. Tungsten oxide as the support of Pt
and RuSey catalysts has been used to improve their catalytic per-
formance for the ORR [44-46]. It was found that tungsten oxide,
due to its interaction with Pt or RuSex by the formation of hydro-
gen tungsten bronze [47], is reactive towards the hydrogen peroxide
intermediate.

In this paper, WO3 was deposited onto the Vulcan XC-72R car-
bon with the large specific surface area and conductivity to form a
hybrid support. Then the palladium was directly reduced onto the
hybrid support. The resultant Pd-WO3/C catalysts were found to
greatly improve the catalytic activity of Pd for the ORR. The nature
and function of tungsten oxide in the catalyst were also analyzed.

2. Experimental

The WO3/C hybrid material was prepared as follows. The sodium
tungstate as the precursor of WO3; was added to the suspension of
Vulcan XC-72R carbon under vigorous agitation before the solution
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Fig. 1. EDX spectrum of the Pd-WO3/C catalyst.

was heated to 80°C. With the addition of excessive hydrochloric
acid, the tungstenic 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 to a tubular oven and heat-treated at 500 °C for 180 min
under the protection of nitrogen.

Pd nanoparticles were deposited onto the WO3/C by a NaBH4
reduction method. First, an appropriate amount of H,PdCl, aque-
ous solution was thoroughly mixed with the WO3/C support by
sonication and agitation. Then pH value of the solution was adjusted
to ca. 7 by a 5% NaOH solution. Afterward, an excessive NaBHy4
solution was added dropwise into the above mixture. Finally, the
catalyst was filtered, washed and dried overnight at 80°C in a
vacuum oven. The resultant Pd-WOj3/C catalyst with 20 wt.% Pd
and 20 wt.% WO3 was denoted as the Pd-WOs/C. For comparison,
20 wt.% Pd/C were prepared with the same method.

The composition of catalysts was estimated by energy disper-
sive X-ray analysis (EDX) on a JEOL JAX-840 scanning electron
microscope operating at 20 kV. The X-ray diffraction (XRD) patterns
were obtained using a Rigaku-D/MAX-PC 2500 X-ray diffrac-
tometer with the Cu Ka (A =1.5405 A) radiation source operating
at 40kV and 200mA. X-ray photoelectron spectroscopy (XPS)
measurements were carried out using a Kratos XSAM-800 spec-
trometer with an Mg Ko radiator. The TEM images were recorded
on a JEOL 2010 transmission electron microscope operating
at 200 kV.

An EG&G Model 273A potentiostat/galvanostat and a conven-
tional three-electrode test cell were used for the electrochemical
measurements. The working electrode was a thin layer of Nafion-
impregnated catalyst cast on a rotating glassy carbon electrode
(5mm in diameter). Pt gauze and Ag/AgCl electrodes were used
as the counter and reference electrodes, respectively. All potentials
were quoted against Ag/AgCl. The current density in the electro-
chemical measurements was normalized to the geometrical surface
area of the working electrode.

3. Results and discussion

Fig. 1 shows a typical EDX spectrum of the Pd-WOQO3/C catalyst.
The composition of the catalyst was found to consist of Pd, W, C
and O. The atomic ratio of Pd to W is 3:1. The result confirms that
element W exists inside the bulk phase of Pd-WOs3/C catalyst. The
absence of chlorine peak indicates that the chlorine ions have been
completely removed during the filtration.

The XRD patterns of the Pd/C, Pd-WO3/C and WO3/C catalysts
are shown in Fig. 2 to analyze their bulk structure. The diffraction
peaks at ca. 39°,46°, 67° and 81° observed in the Pd/C (Fig. 2a) cor-
respond to the face centered cubic (fcc) phase of Pd, while those at
ca. 337, 40°, 49°, 54°, 61° and 76° observed in the WO3/C (Fig. 2c)
correspond to the monoclinic phase of WO3 [48,49]. The diffrac-

tion peaks at 23° observed in the catalysts except for the Pd/C are
due to the mixture of the (00 2) reflection of Vulcan XC-72 carbon
and (02 0) reflection of WO3 [50]. The characteristic peaks of Pd
and WO3 can be observed in the Pd-WO3/C (Fig. 2b) although they
are very small. Therefore, the Pd-WO3/C catalyst has a separate fcc
phase of Pd and monoclinic phase of WO3.

Fig. 3 shows the XPS spectra of the Pd/C and Pd-WO3/C cata-
lysts. It can be seen from Fig. 3a that an obvious W peak appears in
the W(4f) region of XPS spectra. The W(4f;,) and W(4fs5,) peaks
for the Pd-WO3/C catalyst locate at 34.9eV and 37.1eV, respec-
tively, which confirms that W exists in the form of tungsten oxide on
the surface of the Pd-WO3/C catalyst [51]. As shown in Fig. 3b, the
binding energies of the C(1s) main peak, Pd(3ds;), and Pd(3ds,)
for the Pd/C catalyst are 284.7 eV, 334.9 eV, and 340.2 eV, respec-
tively, while those for the Pd-WO3/C catalyst are 284.5 eV, 335.7 eV
and 340.6 eV, respectively. To inspect any shift accurately, the bind-
ing energies of the Pd(3d) peaks were referred to the C(1s) main
peak. It was found from the above XPS comparison that Pd(3ds); ),
and Pd(3dsp;) peaks shift positively by 1.0eV and 0.6 eV, respec-
tively, after tungsten oxide is introduced to the Pd/C catalyst. This
confirms that a strong “metal-support interaction” exists between
Pd and WOs. This kind of “metal-support interaction” can mod-
ify the electronic and catalytic properties of metal nanoparticles
and lead to the activation of both dispersed metal and oxide matrix
toward electrode processes, which is very necessary for an efficient
electrocatalytic system [52].

The TEM images of the Pd/C and Pd-WO3/C catalysts are pre-
sented in Fig. 4. The Pd nanoparticles in the Pd-WO3/C catalyst
were found to disperse more uniformly on the WO3/C support
(Fig. 4b) than on the carbon support alone (Fig. 4a). Moreover, Pd
particles in the Pd-WO3/C catalyst have smaller sizes and a nar-
rower size distribution than those in the Pd/C catalyst. The average
size of the Pd nanoparticles in the Pd-WO3/C catalyst was esti-
mated as ca. 2.5 nm. The TEM demonstrates that the introduction
of tungsten oxide inhibits the aggregation of Pd particles, leading
to higher dispersion of the Pd nanoparticles and a narrow size dis-
tribution, which is supported by the XPS evidence that the strong
“metal-support interaction” exists between Pd and WOs.

Cyclic voltammograms of the Pd/C and Pd-WOs3/C electro-
catalysts in 0.5M H;SO4 solution are shown in Fig. 5. The
hydrogen desorption peaks of the Pd/C catalyst are located at
ca. —0.05V and 0.05V, while those of the Pd-WOs/C catalyst at
ca. —0.10V and 0.05V. Furthermore, the area of the hydrogen
adsorption/desorption peaks of the Pd-WQOj3/C catalyst (Fig. 5b)
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Fig. 2. XRD patterns of (a) the Pd/C, (b) Pd-WOs/C and (c) WO3/C catalysts.
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Fig. 3. XPS spectra of the Pd/C and Pd-WOs3/C catalysts: (a) W(4f) region (only for
the Pd-WOs;/C catalyst) and (b) Pd(3d) regions.

is much larger than that of the Pd/C catalyst (Fig. 5a), indicating
that the Pd-WO3/C catalyst has larger electrochemical surface area
(ESA). On one hand, the larger ESA results from the small parti-
cle size of Pd in the Pd-WO3/C catalyst observed from the TEM
results (Fig. 4). On the other hand, this is also associated with the
formation of hydrogen tungsten bronze [47]. It has been reported in
many literatures that tungsten oxide easily forms hydrogen tung-
sten bronze by hydrogen intercalation in the hydrogen adsorption
region. Ganesan and Lee found that tungsten oxide alone exhibits
a broad anodic peak at ca. 0.1V in 1M H;SOy4, which is due to the
hydrogen deintercalation of hydrogen tungsten bronze formed in
the hydrogen adsorption region [53]. The absence of characteris-
tic peaks of hydrogen tungsten bronze in our Pd-WO3/C system
is likely due to the mask by the stripping of a large quantity of
hydrogen in Pd. Hydrogen adsorbed on Pd may spill over onto the
surface of WO3 and form “hydrogen tungsten bronze (HyWO3)”,
thus releasing these Pd active sites for further adsorption of hydro-
gen. HyWOj3 can be readily oxidized at a lower potential to release
hydrogen ions and WOs5:

WO; +xPd-H — HyWOj; +xPd 1)

HxWO3 - WOs3 +xH" +xe™ (2)

In addition, the peak areas of Pd oxidation and its oxides’ reduc-
tion on the surface of Pd-WOQ3/C catalyst are larger than those on
the Pd/C catalyst. Similarly, the oxidation-reduction feature results
from the change of particle size in the presence of WOs.

Fig. 6 shows the linear sweep voltammograms of the Pd/C,
Pd-WO3/C and Pt/C (E-TEK) catalysts in the oxygen-saturated
H,S0,4 solutions. The onset and half-wave potentials for the ORR
at the Pd-WO3/C catalyst are 70mV and 35mV more positive
than those at the Pd/C catalyst, respectively. This implies that the
Pd-WO3/C catalyst is more active than the Pd/C catalyst. The limit-
ing current density of the Pd-WO3/C catalyst is significantly larger
than that of the Pd/C catalyst and comes up to the level of the
commercial Pt/C catalyst (E-TEK) although its ORR potential is less
positive than that of the commercial Pt/C catalyst. This means that
more oxygen molecules can reach the surface of the Pd-WOj3/C cat-
alyst, which may be due to the larger electrochemical surface area
resulting from the smaller particle sizes.

Fig. 4. TEM images of (a) the Pd/C and (b) Pd-WO3/C catalysts.
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Fig. 5. Cyclic voltammograms of (a) the Pd/C and (b) Pd-WOs/C catalysts in 0.5 M
H,S04 solutions with a scan rate of 50mVs~'.

So far, no agreement on the ORR mechanism at Pd electrode has
been arrived at. If peroxide pathway is present in the ORR, at least
an additional hump or small plateau would be expected to appear
at a low potential in the linear sweep voltammogram of the ORR.
However, it can be found from Fig. 6 that only one plateau appears
atca.0.45V at the Pd catalysts. Furthermore, the slope of the curves
at the Pd samples is steeper than that at the Pt/C catalyst, indicating
that the presence of an intermediate is hardly possible. Therefore,
it is likely that the ORR at the Pd sample proceeds mainly through
the direct 4-electron pathway. As we know, WO3 does not possess
obvious catalytic activity for the ORR [45]. In addition to the small
particle sizes and uniform dispersion of Pd on the WO3/C, the pro-
motion of WOj3 for Pd catalytic activity may result from two aspects.
On one hand, the introduction of WOj3 leads to the positive shift of
Pd3d peaks as XPS technique indicates and changes the electronic
property of Pd. The strong interaction between WO3; and Pd may
weaken the binding energy between Pd and O atoms, which effec-
tively promotes the direct 4-electron pathway of the ORR at Pd. On
the other hand, WO forms “hydrogen tungsten bronze (HyWO3)”
with the spillover hydrogen (Eq. (1)) and thus increases the con-
ductivity of WO3 over three orders of magnitude, which allows
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Fig. 6. Linear sweep voltammograms of (a) the Pd/C, (b) Pd-WO3/C and (c) Pt/C
(E-TEK) catalysts in 0.5M oxygen-saturated H,SO4 solutions with a scan rate of
10mVs~! and a rotation speed of 1500 rpm.

electrons to be easily conducted to Pd centers that are inactive in the
matrix [45]. At the same time, the hydrated HyWO3 also facilitates
the proton transfer during the ORR (Eq. (2)).

4. Conclusions

In this study, Pd nanoparticles have been loaded on the hybrid
material based on W03 and Vulcan XC-72R carbon and exhibit a
good electrocatalytic activity for the ORR. The EDX, XPS and XRD
results indicate that W exists in the form of tungsten oxide not
only inside but also on the surface of the Pd-WO3/C and that the
Pd-WO3/C catalyst has a separate fcc phase of Pd and monoclinic
phase of WO5. XPS also confirms the presence of the strong “metal-
support interaction” between Pd and WO3. TEM shows the small
particle sizes and uniform dispersion of Pd on the WO3/C support.
The improvement in the catalytic performance may be attributed to
the small particle sizes and uniform dispersion of Pd on the WO3/C,
the strong interaction between Pd and WO3 and the formation of
hydrogen tungsten bronze which effectively promote the direct 4-
electron pathway of the ORR at Pd.
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