
Heterogeneous Catalysis

DOI: 10.1002/ange.200501272

Tungsten Carbide Microspheres as a
Noble-Metal-Economic Electrocatalyst for
Methanol Oxidation**

Raman Ganesan and Jae Sung Lee*

Among various fuel cells, the direct methanol fuel cell
(DMFC) is suited for portable devices or transportation
applications owing to its high energy density at low operating
temperatures and the ease of handling a liquid fuel.[1]

However, the DMFC has some critical technical drawbacks
including the slow oxidation kinetics of methanol relative to
hydrogen in the polymer-electrolyte membrane fuel cell
(PEMFC). The reaction occurring at the anode of the
DMFC is the oxidation of methanol in the presence of
water to produce CO2, electrons, and protons [Eq. (1)].

CH3OH þ H2O ! CO2 þ 6Hþ þ 6 e� ð1Þ

Currently the most promising anode materials for the
DMFC are Pt–Ru bimetallic catalysts dispersed on carbon.
This catalyst is favored because of its high activity for
methanol oxidation and for water activation, which is critical
for the removal of strongly adsorbed CO formed during the
decomposition of methanol. However, it still requires high
loadings of these expensive noble metals, which makes the
cost of DMFC prohibitively high. Further, this catalyst system
is susceptible to CO poisoning.[2] Thus, in recent years there
has been considerable interest in replacing noble metals in
DMFC electrodes.[3]

Tungsten carbides have been studied extensively because
of their interesting chemical and physical properties.[4] The
carbides of Groups 4–6 (Ti–Cr groups) show catalytic proper-
ties similar to those of platinum group metals.[5,6] There have
been several attempts to utilize tungsten carbide as an
electrocatalyst because of its platinum-like catalytic behavior,
its stability in acid solutions at anodic potentials, and its
resistance to CO poisoning.[7] But when used for an anodic
material under DMFC conditions, tungsten carbide alone
showed low electrocatalytic activity although it showed
resistance to CO poisoning.[8] Recent surface-science studies
have demonstrated that the activity of tungsten carbide film

or carbon-modified W(111) or W(110) single-crystal surfaces
could be promoted by adding submonolayer coverages of
platinum.[9] Herein we report for the first time the synthesis of
W2C microspheres with high surface areas and chemisorption
capacity. The material when combined with platinum showed
very high activity for the electrooxidation of methanol
exceeding that of a commercial Pt–Ru catalyst with a higher
metal loading. Thus Pt/W2C microspheres could be a promis-
ing alternative anodic material for DMFC replacing ruthe-
nium entirely and saving substantial amount of platinum from
the current Pt–Ru electrodes. In addition, inorganic spheres
have tailored properties, low densities, higher surface areas,
and unique optical and surface properties, which are desired
for applications as catalysts, sensors, and fillers.[10]

We synthesized W2C microspheres by heating mixtures of
resorcinol–formaldehyde polymer (a carbon precursor) and
ammonium metatungstate salt (AMT) (a tungsten precursor).
In a typical synthesis, a mixture containing AMT, resorcinol,
formaldehyde, and water was mixed in a molar ratio of 8.1 <
10�4:1.1 < 10�2:2.2 < 10�2 :1.1 and heated under reflux at 367 K
for 24 h. The resulting gel was dried at room temperature then
heated at 1173 K for 1 h in an argon flow and 2 h in a
hydrogen flow (100 mLmin�1). The H2 treatment was to
remove the free carbon deposited on the W2C surface.[11] The
carbon microsphere was prepared in the same way without
AMT salt.

The typical X-ray diffraction (XRD) pattern of the
resulting W2C microspheres is shown in Figure 1. The

reflections of the microsphere correspond to W2C (hexago-
nal-close packed (hcp)) as the major phase and to WC (hcp)
and WC1�x (face-centered cubic (fcc)) as minor phases. The
formation of tungsten–carbide phases depends on heating
rate, temperature, and especially, the amount of carbon
present in the sample.[11–13] To study this phase variation, the
amount of AMT was varied from 4.1 < 10�4 mol to 16 < 10�4

mol in the polymer while keeping all others factors constant.
A phase transition was observed from W2C (with minor
amount of WC1�x) to pure WC (no other phases were present)
as the amount of AMT increased. But at higher amounts of
AMT, the surface area decreased and the spherical structure

Figure 1. XRD patterns of a) W2C microsphere, b) Pt–Ru/C- micro-
sphere, and c) Pt/W2C-microsphere. * W2C, ~WC, & WC1�x, O Pt.
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collapsed into bulk particles. The optimized molar ratio for
the spherical structure with a high surface area was the
composition specified above. Under these optimized condi-
tions, we observed W2C as the major phase with WC1�x and
WC as minor phases. There were no XRD peaks correspond-
ing to tungsten trioxide, metallic tungsten, and carbon
materials. Tungsten trioxide should be present as an amor-
phous phase because we observed the phase by X-ray
photoelectron spectroscopy (XPS). The XRD pattern of
carbon microspheres prepared without the tungsten salt AMT
indicated an amorphous nature and showed no peaks.

The BET surface area of the W2C microspheres was about
176 m2g�1 (compared to 635 m2g�1 for carbon microspheres).
The CO uptake was calculated from temperature-program-
med desorption (TPD) (see Supporting Information) by
referring the area under the CO mass signal (28) to the known
quantity of CO used. The CO uptake value (956 mmolg�1)
indicates that the number of CO molecules taken up
corresponds to 18.7% of the total number of tungsten
atoms in the sample. To our knowledge, these surface area
and CO uptake values are the highest reported for tungsten
carbide.[12, 13] Carbon microspheres prepared without the
tungsten salt AMT, and the commercial WC (Alfa-JM) did
not chemisorb CO molecules. XPS of the W4f doublet (4f5/2

and 4f7/2) showed peaks at 31.6 eV and 32.5 eV, arising from
the presence of tungsten carbide (see Supporting Informa-
tion).[14] Peaks observed at higher binding energies indicate
that a part of the tungsten is present as an oxide, which
probably arises from surface oxidation of W2C in air after
preparation.[15]

The microscopic images of carbon and W2C microspheres
are shown in Figure 2. Both microspheres showed uniform
morphology with diameters of 2–4 mm. The carbon micro-
spheres appear to act as a template for the formation of W2C
microspheres. The W2C microspheres were also observed
under a high-resolution transmission electron microscope
(HRTEM). As shown in Figure 2c, the microsphere appears
to be a collection of W2C nanoparticles wrapped with a
carbon-rich skin. The surface was fairly rough (Figure 2d).
The microspheres must be porous to give the high BET
surface area of 176 m2g�1. Furthermore, application of the
Debye–Scherrer equation to the XRD peaks shown in
Figure 1 gives a W2C crystal size of approximately 12 nm.
Energy dispersive X-ray spectroscopy (EDX) analysis of the
W2C microspheres showed that the surface was composed of
tungsten, carbon, and oxygen and gave a composition of
WCO0.06 (see Supporting Information). There is a 100%
excess of carbon over the stoichiometry of the observed main
phase of W2C. Thus, it appears that the microsphere is a
composite material made of W2C particles and carbon.

Platinum particles were supported on these W2C and Pt–
Ru particles on carbon microspheres by the conventional
borohydride reduction method.[16] The HRTEM images
(Figure 2e,f) show that the platinum particles are finely
dispersed on W2C microspheres but Ru–Pt alloy particles
form large aggregates on carbon microspheres. The average
platinum particle size is around 6 nm on W2C, which is in good
agreement with the value calculated from XRD (Figure 1)
using the Debye–Scherrer equation (6 nm for 7.5 wt% Pt on

W2C, 14 nm for 15 wt% Pt on W2C, and 14 nm for 20 wt%
Pt–Ru on carbon microspheres).

By using hydrogen adsorption–desorption methods in
conjunction with cyclic voltammetry the electrochemical
surface area (ESA) of platinum supported on various
catalysts was measured. As shown in Table 1, the ESA of
platinum supported on W2C is several-times higher than those
of Pt–Ru supported on carbon microspheres and commercial
(E-Teck) 20% Pt–Ru(1:1 atomic ratio)/Vulcan XC-72R
carbon. This result indicates that the platinum particles
were better dispersed on the W2C spheres than on the other

Figure 2. a) SEM image of carbon microspheres, b) SEM image of W2C
microspheres, c) HRTEM image of a W2C microsphere, d) HRTEM
image of the surface of a W2C microsphere, e) HRTEM image of a Pt–
Ru/carbon microsphere, f) HRTEM image of a Pt(7.5wt%)/W2C micro-
sphere.

Table 1: Electrocatalytic activity of various catalysts for methanol
oxidation.

Catalyst ESA[a]

[m2g�1 Pt]
Specific
activity[b]

Mass
activity[c]

W2C 0.0 0.0 0.0
7.5 wt% Pt/W2C 327 156 728
15 wt% Pt/W2C 189 224 560
11 wt%Pt–9 wt%Ru/Carbon
microsphere

58 87 280

13 wt%Pt–7 wt%Ru/VulcanXC-
72R[d]

71 114 307

[a] Electrochemical surface area. [b] At 0.75 V [mAcm�2] . [c] At
0.75 V [mAmg�1 Pt]. [d] Commercial E-Teck catalyst
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supports. This dispersion is reflected in the electrochemical
activity towards the oxidation of methanol (Table 1 and
Figure S4 in Supporting Information). The W2C microspheres
alone without platinum showed no activity. In contrast, both
7.5 wt% and 15 wt% Pt supported on W2C microspheres
show higher current density (taken at 0.75 V, after the cycle
was stabilized) than Pt–Ru supported on carbon microspheres
and a commercial 20% Pt–Ru E-Teck catalyst. The mass
activity of platinum (mAmg�1 of Pt taken at 0.75 V)
supported on W2C microspheres (7.5 wt% Pt) is higher by
factors of 2.6 and 2.4 than those of Pt–Ru/carbon micro-
spheres and the commercial E-Teck catalyst, respectively
(that is, a lower amount of platinum is required to generate
the same current. The mass activity of Pt/W2C was greater for
the lower platinum-loading electrocatalyst (7.5 wt% Pt versus
15 wt% Pt). These results clearly shows that platinum
dispersed on W2C microspheres provides much better uti-
lization of platinum than in the Pt–Ru/carbon catalysts and
that ruthenium could be entirely replaced.

There are several reasons why Pt/W2C-microsphere
catalyst performs better than the commercial catalyst even
with the smaller platinum loadings and in the absence of
ruthenium. The first is the ability of W2C to stabilize the high
dispersion of platinum relative to carbon supports as dis-
cussed above. Second, in the presence of platinum, W2C is
active in the electrochemical methanol oxidation and water
decomposition as discussed by Chen and co-workers.[9] The
formation of hydroxy groups from water activation is
essential for the removal of metal-poisoning CO from the
surface. This converion is the main role played by ruthenium
in conventional Pt–Ru catalysts and this role can be played by
W2C. Finally, W2C shows high CO resistance. The CO
desorption temperature for pure platinum is 460 K.[17] It
decreases to 420 K (Figure S1 in Supporting Information),
when the platinum is supported on W2C. This feature would
decrease the poisoning of the catalyst surface by CO and
increase the activity for electrooxidation of methanol.

The stability of the Pt/W2C-microsphere catalyst was
tested by repeating electrochemical reaction cycles in a 1m
H2SO4/1m CH3OH solution. As shown in Figure 3, the specific
activity as represented by the area of cyclovoltammogram

increased initially, but stabilized after around 30 cycles. We
believe that surface oxygen species formed on the catalyst are
removed during this transient period. Once a steady state is
established, there was no sign of deactivation during 100 con-
secutive reaction cycles.

In summary we have for the first time synthesized and
characterized W2C microspheres by a polymer method. A
new ruthenium-free electrocatalyst composed of platinum
supported on these microspheres shows higher activity for
electrochemical oxidation of methanol than a commercial Pt–
Ru/C catalyst by a factor of 2.4 (per mass of Pt). This activity
could be further increased with optimization of the platinum-
loading technique to deposit platinum particles smaller than
6 nm. Since the catalyst is also stable in electrochemical
environment, it could become a noble-metal-economic elec-
trocatalyst for DMFC and has the potential to replace current
Pt–Ru catalysts.

Experimental Section
Before TPD experiments, the catalysts were activated at 473 K in
hydrogen for 1 h. After cooling to room temperature the CO
chemisorption was carried out at room temperature for 1 h. Finally
CO was desorbed by heating from room temperature to 573 K in He
flow.

The working electrodes for the electrochemical measurements
were fabricated by dispersing the platinum supported catalysts in
1 mL of distilled water and 5 wt% Nafion (10mL). The dispersion was
ultrasonicated for 15 min. A known amount of suspension was added
on to the glassy carbon and the solvent was slowly evaporated. 5 wt%
Nafion (10mL) was added onto the coatings and the solvent was slowly
evaporated. Pt foil and Ag/AgCl/3m NaCl were used as counter and
reference electrodes, respectively. A solution of 1m H2SO4/1m
CH3OH was used for electrochemical studies using Princeton
Applied Research (PAR) voltammetry.
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