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a  b  s  t  r  a  c  t

In  this  work,  a series  of  nanostructured  tungsten  carbide/carbon  (WC/Cx) composites  are  in  situ  synthe-
sized  using  a microwave  heating  method.  The  composites  are  used  as  platinum  (Pt)  catalyst  supports
for  methanol  oxidation  in  acid media.  Their  structure,  composition  and  specific  surface  area  are  char-
acterized  by  X-ray  diffraction  (XRD),  energy  dispersive  spectroscopy  (EDS),  Raman  spectroscopy,  and
eywords:
atalyst support
ethanol oxidation reaction
icrowave heating

ungsten carbide

Brunauer–Emmett–Teller  (BET)  measurements.  Platinum  catalysts  supported  on  the  WC/Cx composites
are  synthesized  by  an  improved  impregnation  method.  The  electrochemical  performance  and  stability
of  the  catalysts  are  evaluated  by  cyclic  voltammetry  (CV)  and  chronoamperometry  (CA).  The  Pt/WC/Cx

catalysts  exhibit  higher  activity  and  stability  than  does  the  Pt/VC  (Pt  supported  on  carbon  black  Vulcan
XC-72)  catalyst.  The  results  indicate  that  there  is  a  synergistic  effect  between  Pt  and  the  WC/Cx support,
which  can  promote  the  electrocatalysis  of  Pt for  methanol  oxidation  reaction  (MOR).
. Introduction

Fuel cells have been considered as alternative clean power
ources for the near future. Direct-methanol fuel cells (DMFCs)
re a special type of low temperature fuel cells, and are suited for
ortable devices or transportation applications. In DMFCs, because
ethanol and water are fed directly into the cell, steam reforming

s not required. Storage of methanol is much easier than hydro-
en as it does not need high pressure or low temperature [1–6].
he anodic reaction in DMFCs is the oxidation of methanol to pro-
uce protons, electrons and CO2. Currently, platinum is the most
idely used catalyst for methanol electro-oxidation, but it is easily
oisoned by adsorbed CO. As such, PtRu has gained a significant
opularity over Pt, but the activity of PtRu for methanol oxidation
till needs to be enhanced. Due to the limited supplies of both Pt
nd Ru, PtRu bimetallic catalysts are relatively expensive, which in
urn leads to the hindrance of commercialization of DMFCs [7–10].

In order to achieve fine dispersion, high utilization and stable

anoscaled metallic particles, catalyst-supporting strategies have
een explored [11]. Carbon particles are frequently used as cata-

yst supports because of their relative stability in both acidic and
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basic media, good electrical conductivity and high specific surface
area. To further improve the metallic particles’ catalytic activity
and resistance to reactive intermediates such as CO, many efforts
have been made to develop new catalyst supporting materials. For
example, novel nano-structured carbon materials, such as carbon
nanotubes (CNT) [2,12] and carbon nanofibers (CNF) [13] have been
investigated as catalyst supports for proton exchange membrane
fuel cells (PEMFCs) because of their unique structures and prop-
erties. In addition, mesoporous carbon [14], conductive diamonds
[15] and conductive oxides [16] have been studied as catalyst sup-
porting materials for PEMFCs or DMFCs.

Recently, the carbides of transition metals, especially WC,  have
attracted considerable attention due to their unique properties,
such as stability at anodic potentials in acid solutions, exceptional
resistance to poisoning, high electronic conductivity and activity
toward the dissociation of methanol and water [17–20].  The activ-
ity and stability of pure WC can be further improved by formation of
WC-containing composites, such as WC-silica [21] and WC-carbon
[22]. Jeon et al. [23] prepared a Pt/WC/C catalyst using a high
temperature reduction method. The Pt/WC/C catalyst exhibited an
improved CO electrooxidation activity by giving a 42% higher spe-
cific activity for MOR  as compared with the Pt/C catalyst. Wang

et al. [24] synthesized a WC/graphitic carbon nanocomposite using
an in situ synthetic route at 1000 ◦C. The Pt/WC/graphitic catalyst
exhibits a mass activity of 205.6 mA mg−1 Pt, three times that of
Pt/C. Ganesan et al. [25] investigated the platinized mesoporous

dx.doi.org/10.1016/j.jpowsour.2011.11.018
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:mlli@ntu.edu.sg
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C  for MOR. The results indicated that the role of WC was  not
nly a support for Pt, but also an active phase working together
ith Pt for MOR. Zhao et al. [26] prepared Pt catalysts supported

n WC/multi-walled carbon nanotubes (MWCNT). The results sug-
ested that the synergistic effect between Pt nanoparticles and WC,
nd the structural effect of MWCNTs gave rise to a high perfor-
ance of Pt catalysts for MOR. Some differently structured WC and
C-containing materials as catalyst supports have also been inves-

igated for hydrogen electrooxidation, ethanol electrooxidation
nd oxygen electroreduction [27–32].  The conventional synthetic
outes using solid carbon precursors such as carbon black or car-
on nanotubes often suffer from the aggregation of WC particles,

eading to the damage of the original support materials and loss of
ctivity and stability. The commonly used high temperature heat-
ng methods are time-consuming, resulting in the relatively large
article sizes and low specific surface areas.

Here, we report a novel and simple route to in situ synthesis
f nanostructured WC/Cx composites using glucose as a C precur-
or and ammonium metatungstate as a W precursor by means of

 microwave heating method, which is a versatile technique for
he synthesis of nano-materials [33]. The as-prepared WC/Cx com-
osites are used as supports of Pt catalysts. The performances of
t/WC/Cx catalysts are investigated in detail for MOR at 25 ◦C in
cid media.

. Experimental

Materials used in this work include glucose (99.9% purity,
6H12O6, Sigma–Aldrich), Pluronic P123 (EO20PO70EO20, BASF®),
mmonium metatungstate (AMT, (NH4)6H2W12O40·xH2O,
igma–Aldrich), hexachloroplatinic acid (H2PtCl6·xH2O,
igma–Aldrich), carbon black (Vulcan XC-72, Cabot Corp.),
ethanol (99.99% purity, Sigma–Aldrich) and Nafion solution

5 wt.% in isopropanol and water, DuPont).
First, 5 g glucose and 0.263 g P123 (P123:glucose = 5:95 in

eight) were mixed in 60 mL  de-ionized water under magnetic
tirring at room temperature (25 ◦C) for 30 min. The pH value of the
bove mixture was adjusted to 1 by adding 2 M HCl solution, fol-
owed by adding a certain amount of AMT. Here, the nominal molar
atios of WC:C were varied to 1:1, 1:10 and 1:20 (the final prod-
cts were assigned as WC/C, WC/C10 and WC/C20, respectively).
he above mixtures were dried completely at 80 ◦C, followed by
rinding in an agate mortar to form a fine powder. The powders
ere heated in a microwave oven (JJ-101) for 30 min in a nitrogen

tmosphere, and then cooled to room temperature. The temper-
ture of the reactants was monitored by an infrared temperature
etector in the microwave oven. The heating temperature was  set
t 1000 ◦C, which could be achieved in 30 s. The obtained products
ere washed in a 2 M NaOH solution for 2 h and finally filtered with
istilled water.

The catalysts were prepared using the improved impregnation
ethod [34,35]. First, the quantitative WC/Cx composite supports
ere dispersed into a H2PtCl6 aqueous solution and the Pt loading
as controlled at 20 wt.% to the supports. After ultrasonic mixing

or 30 min, the suspension was stirred at 400 rpm to form a thick
lurry at 25 ◦C, followed by drying the slurry in an oven at 60 ◦C.
fter that, the agglomerates were ground in an agate mortar. The
btained powders were heated in a tube furnace at 300 ◦C under a

 vol.% H2 balanced with Ar atmosphere for 2 h, followed by cooling
o room temperature (25 ◦C) in nitrogen atmosphere. The Pt/VC cat-
lyst with a Pt loading of 20 wt.% was also prepared for comparison
ccording to the same preparation procedure.
The XRD patterns of the catalysts were obtained on an XRD-
000 diffractometer employing Cu K� radiation (� = 0.15418 nm)
t a scan rate of 5◦ min−1 and the scan range from 20◦ to 80◦. The
omposition and structure of the WC/Cx composite materials were
Fig. 1. XRD patterns of the as-prepared catalysts: (A) Pt/WC/C; (B) Pt/WC/C10; (C)
Pt/WC/C20; (D) Pt/VC. Note: (�) for WC peaks, (�) for Pt peaks.

examined by Raman spectroscopy (Renishaw® RM1000). The mor-
phology of the catalysts was studied by a transmission electron
microscope (TEM, JEOL 2010) operating at 200 kV. The WC  con-
tent was determined by energy dispersive spectroscopy (Oxford,
UK). The nitrogen adsorption and desorption isotherms at −196 ◦C
were measured using a Micrometrics TriStar II 3020 system. BET
surface areas were estimated over a relative pressure (P/P0) range
from 0.05 to 0.30.

The electrochemical measurements were carried out in a con-
ventional three-electrode cell using a potentiostat/galvanostat
(Autolab PGSTAT30) at 25 ◦C. A glassy carbon electrode (GCE, 5 mm
in diameter) was  used as the working electrode, a platinum wire
as the counter electrode, and a saturated calomel electrode [SCE,
0.241 V versus standard hydrogen electrode (SHE)] as the refer-
ence electrode. A salt bridge with a Luggin capillary was  connected
to the reference electrode. To load the electrocatalyst suspension
onto GCE, the electrocatalyst powder was ultrasonically mixed in
ethanol to form a homogeneous ink with the catalyst concentration
of 5 mg  mL−1, followed by dropping 10 �L of the electrocatalyst
ink onto the surface of GCE. Then, 10 �L 0.5 wt.% Nafion solution
was  coated onto the surface to fix the electrocatalyst. All elec-
trochemical potentials reported in the present study were given
versus the SHE reference electrode. The electrocatalytic activity
for MOR  was  characterized by the CV measurements at 25 ◦C in
a nitrogen-purged 0.5 M H2SO4 + 0.5 M methanol solution at a scan
rate of 50 mV  s−1. The stability was examined by a CA test at 25 ◦C
under a constant potential of 0.6 V. For each sample, we tested for
at least five times, and found that the experimental errors in the
electrochemical results for catalyst performance were less than 2%.
Therefore, in the present study, we  report electrochemical perfor-
mance directly using average values of experiment results.

3. Results and discussion

The XRD patterns are used to determine the presence of crys-
talline Pt on the supports and the average crystallite sizes of the
WC.  As shown in Fig. 1, the diffraction peaks representing a sim-
ple hexagonal phase of WC  are observed at 31.4◦ (0 0 1), 35.6◦

(1 0 0) and 48.3◦ (1 0 1) from the different WC/Cx supports. The
◦ ◦ ◦
peaks around 40.1 (1 1 1), 46.4 (2 0 0) and 67.5 (2 2 0) indicate

that Pt is loaded on to the supports. There are no impurity peaks
corresponding not only to tungsten trioxide or metallic tungsten,
but also to W2C (hcp-phase) and WC1−x (fcc-phase). The last two
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Table 1
The properties of the as-prepared WC/Cx composite supports.

Catalyst
supports

Crystallite
sizea (nm)

IG/ID BET surface
area (m2 g−1)

WC:C molar
ratiob

WC/C 12.6 1.17 85.8 1:1.5
WC/C10 9.2 0.85 256.8 1:11
WC/C20 8.4 0.83 294.6 1:21.6
ig. 2. Raman spectra for the catalyst supports: (A) WC/C; (B) WC/C10; (C) WC/C20.

eaks for tungsten carbides are common impurities observed if the
reparation conditions are not carefully controlled [36,37].

The Raman spectra for the graphitic modes of carbon in the
C/Cx composites are shown in Fig. 2. It is indicated that the carbon

xists in both graphitic and non-graphitic forms [16]. The spectra
ontain two main peaks at 1594 (G band) and 1340 cm−1 (D band).
he G band corresponds to the E2g vibration of graphitic carbon
ith a sp2 electronic configuration. On the other hand, the D band

s associated to the A1g mode of diamond-like carbon with a sp3

onfiguration. The graphitic degree of a carbon material is evalu-
ted by using the relative intensity ratio of G band (IG) to D band
ID) [38]. It is worth noting that the IG/ID ratios of carbon in the var-
ous supports decreased with increasing the carbon content, which
s consistent with the phenomenon observed by Nakamizo et al.
39]. The IG/ID ratio for WC/C was calculated to be 1.17 (>1), which
ndicates that the carbon in the WC/C composite has a well defined
rystalline structure.
The nitrogen adsorption–desorption isotherms of the as-
repared catalyst supports are shown in Fig. 3. The adsorption

sotherms were measured at −196 ◦C, by gradually increasing the

0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

150

V ad
s (

cm
-3

g-1
 / 

ST
P)

P/P0

ig. 3. Adsorption (solid symbols) and desorption (open symbols) isotherms of
itrogen for the catalyst supports: WC/C (�), WC/C10 (�), WC/C20 (©).
a Calculated by XRD.
b Obtained by EDS.

nitrogen pressure, P, from zero up to the saturation pressure, P0. The
initial part of the curves can be attributed to monolayer–multilayer
adsorption. The capillary condensation of all the samples con-
formably occurs at a high pressure, around P/P0 = 0.8–1.0, indicating
a loose accumulation of nanoparticles with high surface area. It is
found that the heights of the hysteresis loops are different with the
variation of WC  content. Evidently, the hysteresis loop increases
with decreasing the WC content. The BET surface area is 85.8 m2 g−1

for WC/C, and significantly increases to 294.6 m2 g−1 for WC/C20,
which is higher than 267 m2 g−1 of the commercial Vulcan XC-72
[40,41].

The properties of the different WC/Cx supports are summarized
in Table 1. The WC contents in the supports are analyzed by EDS.
The final molar ratios of WC:C are slightly lower than the nominal
values, which could be due to the fact that the small amounts of
uncarbonized metallic tungsten or tungsten oxides are removed
in the alkali treatment process. As calculated by Scherrer equa-
tion choosing the WC  (0 0 1) peaks [42–44],  the crystallite size of
WC slightly decreases with increasing the carbon content, which
could be due to the relatively large carbon content that would facil-
itate the dispersion of W precursors and restrain the growth of WC
particles. The results indicate that the nanostructured WC/Cx com-
posites have been in situ synthesized using the microwave heating
method.

The TEM images and EDS spectra of the different catalysts are
shown in Fig. 4 and the size distribution of Pt is given in Fig. 5. In
the case of Pt/WC/C, the average particle size is 5.4 ± 2 nm and the
dispersion of Pt is characterized by a broad distribution with a large
number of aggregates (Fig. 4a). The low specific surface area of sup-
porting materials is not preferable for obtaining a fine dispersion
of catalysts [45,46]. The Pt particles densely cover the WC/C sur-
faces but do not form bigger particles, as confirmed by the high
resolution TEM images (Fig. 4b). For Pt/WC/C10 and Pt/WC/C20, the
average particle sizes of Pt are 4.0 ± 1 and 3.0 ± 1 nm, respectively.
The reduction in the Pt particle size could be due to the increase in
the specific surface area of the catalyst supports. The Pt particle size
in the Pt/VC catalyst is around 2.8 ± 1 nm.  The particle sizes of Pt on
the different supports obtained by TEM agree quite well with the
results calculated by XRD using the Pt (1 1 1) peaks (see Table 2).

The electrocatalytic activity of the Pt catalysts on the differ-
ent supports for MOR  was examined at 25 ◦C. The CV curves are
shown in Figs. 6 and 7 for the catalysts in a nitrogen-saturated
0.5 M H2SO4 solution in the absence and presence of 1.0 M CH3OH,
respectively. We  tested each sample for at least five times and took
the average value. In the CV curves measured in the 0.5 M H2SO4
solution (Fig. 6), the hydrogen adsorption/desorption area is used
to evaluate the electrochemical surface area (ECSA). A higher ECSA
normally represents more activation sites for hydrogen adsorp-
tion/desorption, which is preferred not only for hydrogen oxidation
but also for methanol oxidation, because the MOR  also involves
hydrogen adsorption/desorption step. The obtained ECSA values
are summarized in Table 2. The Pt on the WC/Cx composite supports

shows much higher ECSA values than that (297.4 cm2 mg−1) of the
Pt/VC. In terms of the TEM and XRD measurements, the particle
sizes of Pt supported on carbon black XC-72 are smaller than those
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Fig. 4. TEM images of (at (a) low and (b) high magnifications) Pt/WC/C; (c
f Pt supported on the WC/Cx materials. Generally, the smaller the
article sizes of Pt catalysts, does the higher ECSA. However, the
t/WC/Cx catalysts show higher ECSA values than that of Pt/VC.
he reason is due to the fact that the WC  is able to participate in the

able 2
he properties and electrochemical parameters of the different catalysts.

Catalyst Pt particle
size (nm)

ECSA
(cm2 mg−1)

Onset
potential (V)

Pt/WC/C 4.8 368.2 0.58 

Pt/WC/C10 4.0 423.6 0.58 

Pt/WC/C20 3.2 405.8 0.62 

Pt/VC  3.3 297.4 0.62 
C/C10; (d) Pt/WC/C20; (e) Pt/VC; (f) EDS spectra of the different catalysts.
hydrogen adsorption/desorption step so that the ECSA values of the
Pt/WC/Cx catalysts are enhanced. The similar interplay between Pt
and WC is also observed for electrooxidation of methanol on Pt/WC
[47–49].  Tungsten carbide alone without Pt shows a low activity

Peak current
(mA  mg−1)

Peak potential (V) Ratio (If/Ib)

260 0.84 1.13
313 0.84 1.08
275 0.86 1.02
198 0.86 0.68
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Fig. 5. Histograms of size distribution of Pt particles 

nder the same reaction conditions. Thus hydrogen may  adsorb
rst on Pt and then migrate to the WC  surface probably by a hydro-
en spillover mechanism [50,51]. The electrooxidation of hydrogen
hen takes place on both Pt and WC,  giving a higher activity than
hat obtained from Pt alone. The ECSA of the Pt/WC/C10 is higher
han Pt/WC/C, most likely due to the smaller size and much better
ispersion of Pt nanoparticles on WC/C10. On the other hand, the
CSA of the Pt/WC/C20 is smaller than Pt/WC/C10. This is because

he WC  particles in the WC/C20 support may  be partially capped or
urrounded by the excessive carbon so that some of them become
lectrochemically unaccessible.
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The methanol oxidation activity is reflected by the magnitude
of the anodic peak current in the forward scan while the peak in
the reverse scan is due to the reactivation of Pt associated with
the removal of residual carbon species [52]. As shown in Fig. 7, in
the forward scan, the onset potential on Pt/WC/C and Pt/WC/C10 is
0.58 V, showing a negative shift as compared to 0.62 V of Pt/WC/C20
and Pt/VC. Their peak potentials for MOR  are located at 0.84 V
catalysts. The mass catalytic activities (reflected by peak current
density, which have been normalized to the Pt loading) are 198,
260, 313 and 275 mA  mg−1 for Pt/VC, Pt/WC/C, Pt/WC/C10 and
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0.5 M H2SO4 + 1 M CH3OH solution at a scan rate of 50 mV s−1.
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t/WC/C20, respectively. The Pt/WC/C, Pt/WC/C10 and Pt/WC/C20,
espectively, exhibit 31.3%, 58.1% and 38.9% improvements in cat-
lytic activity as compared to the Pt/VC. The best catalytic activity
s obtained on Pt/WC/C10. The results show that the content of

C has a great impact on the performance of the electrocatalysts.
he lower specific surface area of the WC/C supporting materi-
ls results in the relatively poor dispersion of Pt nanoparticles,
ecreasing the utilization efficiency of Pt catalysts. On the other
and, because Pt particles are selectively deposited on the WC
urfaces as investigated by Jeon et al. [23], some WC particles
n the WC/C20 composite have been shielded by a passive car-
on film, resulting in a lower contribution of WC  to the MOR.
he Pt/WC/C10 catalyst shows the highest mass activity and rel-
tively low onset potential, which are desirable for MOR  [25].
urther reducing the Pt particle size would enhance the catalytic
ctivity. The current peak ratio of If (the forward peak current
ensity)/Ib (the backward peak current density) could be used to
xpress the CO tolerance on Pt surface. A higher If/Ib ratio means a
etter CO tolerance. The If/Ib ratios are 0.68, 1.13, 1.08 and 1.02
or Pt/VC, Pt/WC/C, Pt/WC/C10 and Pt/WC/C20, respectively. The
t/WC/C, Pt/WC/C10 and Pt/WC/C20 catalysts, respectively, show
6.2%, 58.8% and 50.0% improvements in the If/Ib ratio over the
t/VC. This result further demonstrates the enhanced CO tolerance
n Pt/WC/Cx catalysts. The positive effect of WC  is obvious and
he performance improvement can be explained by a synergistic
ffect between Pt and WC nanoparticles [27]. The electrooxidation
f methanol is a very complex reaction involving many interme-
iate species that may  poison the Pt by blocking active sites for
he further reactions. In the presence of Pt, WC  is active in elec-
rochemical methanol oxidation and water decomposition [47,48].
he formation of hydroxyl groups from water activation is essential
or removing the metal-poisoning CO molecules from the surfaces
f catalysts.

The stability of the catalysts is evaluated by a CA method at a
onstant potential 0.6 V and the results are shown in Fig. 8. As can
e seen, there is a continuous current drop with testing time, which

s very rapid at the initial stage, followed by a much slower decay.
he rapid current decay represents the poisoning effect on the cat-
lyst surface. The Pt/VC catalyst shows the fastest decrease among
hese catalysts, indicating the lowest tolerance to CO or carbona-
eous intermediates formed during the MOR. The Pt/WC/ catalyst
10
xhibits the highest stability due to the synergy between Pt and WC,
s discussed above.

[
[

ources 202 (2012) 56– 62 61

4.  Conclusions

In summary, nanostructured WC/Cx composites that can act as
efficient catalyst supports for the MOR  are synthesized in situ using
water soluble carbon and tungsten precursors by a microwave
heating method. It is found that the WC crystallite size decreases
with increasing the carbon content. The performances of the
Pt/WC/Cx catalysts for MOR  are studied and evaluated in acid media.
The Pt/WC/Cx catalysts exhibit higher activity and stability than
does the Pt/VC catalyst. This result is considered to be due to a syn-
ergy between Pt and the WC/Cx support in promoting the MOR.
Further, the activity of the Pt/WC/Cx catalysts is affected by the
WC content and structure of the WC/Cx supports, with Pt/WC/C10
showing a higher performance than Pt/WC/C or Pt/WC/C20. The
superiority of Pt/WC/C10 is thought to be due to the Pt/WC synergy
and the better utilization of Pt surface in the composite.
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