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bstract

The thermal and electrochemical stability of tungsten carbide (WC), with and without a catalyst dispersed on it, have been investigated to
valuate the potential suitability of the material as an oxidation-resistant catalyst support. Standard techniques currently used to disperse Pt on
arbon could not be used to disperse Pt on WC, so an alternative method was developed and used to disperse Pt on both commercially available

C and on carbon for comparison of stability. Electrochemical testing was performed by applying oxidation cycles between +0.6 V and +1.8 V to
he support-catalyst material combinations and monitoring the activity of the supported catalyst over 100 oxidation cycles. Comparisons of activity
hange with cumulative oxidation cycles were made between C and WC supports with comparable loadings of catalyst by weight, solid volume,

nd powder volume. WC was found to be more thermally and electrochemically stable than currently used carbon support material Vulcan XC-72R.
owever, further optimization of the particle sizes and dispersion of Pt/WC catalyst/support materials and of comparison standards between new

andidate materials and existing carbon-based supports are required.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Proton exchange membrane fuel cells (PEMFCs) can be used
or power generation in portable, stationary, and transportation
pplications. PEMFCs in automotive applications are expected
o experience up to 30,000 start-up/shutdown cycles in their
perating lifetime [1]. After shutdown, the hydrogen is removed
rom the stack. When hydrogen is re-introduced during start-up,
lectrode potentials in excess of 1.5 V may be experienced for
hort periods of time. This high potential leads over time to a
ignificant degradation in the fuel cell performance due to oxida-
ion of the carbon catalyst support. The catalyst support must be

ble to survive the accumulated time at these high potentials, up
o 100 h, in order to provide the necessary durability. According
o Mathias et al. [1], the carbon supports currently used in auto-
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membrane fuel cells

otive applications (Vulcan XC-72R and Ketjen) do not meet
utomotive requirements for durability. It is critical, therefore, to
ave a catalyst support that is more stable than carbon in PEM-
Cs. Carbides have been used previously as catalysts [2–5] in
uel cells, but their use as catalyst supports is rarely observed.
itanium carbide (TiC) has been used as a catalyst support in
AFCs, with a high stability reported [6].

Tungsten carbide (WC) is a commercially available mate-
ial often used for cutting tools. WC has the lowest electrical
esistivity (conductivity = 105 S cm−1 at 20 ◦C) of any intersti-
ial carbides, and therefore qualifies as the most metallic carbide.

C can be made by direct carburisation of the W metal with
arbon or graphite at 1400–2000 ◦C in hydrogen or vacuum. The
arbide formation process can also use tungsten oxide, tungstic
cid, or ammonium tungstates as the starting materials [7]. This
ork studies the electrochemical and thermal stability of WC
o evaluate its potential use as a non-carbon catalyst support for
EMFCs.

Meng and Shen [8] observed the synergistic effect of the addi-
ion of tungsten carbide supported on C (W2C/C) to Pt catalysts

mailto:harmeet.chhina@ballard.com
dx.doi.org/10.1016/j.jpowsour.2006.11.003
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n the oxygen reduction reaction (ORR) in alkaline media. Lee
t al. [9] studied the stability and electrocatalytic activity of WC
ith the addition of Ta as a catalyst. They report that studies
ave shown the instability of WC under acidic and oxidative
onditions. The oxidation of WC by anodic polarization may
roceed as [9]:

C + 5H2O = WO3 + CO2 + 10H+ + 10e− (1)

WC + Ta and pure WC were deposited Lee et al. [9] on glassy
arbon using RF sputtering. The stability and the electrochem-
cal activity for the ORR were investigated in a solid-state cell
ith Nafion 117 as the electrolyte. Cyclic voltammograms (CVs)
f pure WC at 30 ◦C and 60 ◦C showed an anodic peak above
.5 V at 30 ◦C, and at 60 ◦C, larger anodic and cathodic cur-
ents were observed. The CV data showed that the Ta addition
o WC resulted in no anodic peak up to 1 V at both 30 ◦C and
0 ◦C. Lee et al. [9] carried out slow scan voltammetry in both N2
nd O2 atmospheres. Under N2, they observed an increase in the
athodic current for pure WC, which might have occurred due to
artial reduction of W(VI) oxide to W(V) oxide. The increase in
athodic current was not observed for WC + Ta catalyst under the
2 atmosphere. The onset potential for the ORR was observed

t 0.8 V versus the standard hydrogen electrode (SHE), which is
.35 V higher than that for pure WC catalyst. From these data,
hey conclude that Ta addition to WC enhances its stability and
lectrocatalytic activity. They claim that the enhanced stability
f WC with Ta catalyst compared to that of WC alone might be
ue to the formation of a W–Ta alloy in the WC + Ta catalyst.

Use of tungsten carbide as a fuel cell catalyst has been made
n the past, but studies of its oxidation resistance as a catalyst
upport candidate for PEMFCs have not been reported. In order
o determine the potential for WC to exhibit longer term stability
n performance compared to currently used carbon supports, the
hermal and electrochemical stability of WC have been evaluated
x situ in this study. Electrochemical tests involving oxidation
ycling under accelerated test conditions and simulated fuel cell
tart-up conditions have been conducted in order to observe the
xidation stability of tungsten carbide.

. Experimental procedure

The suitability of tungsten carbide for potential use as a
atalyst support has been investigated by evaluating the elec-
rochemical and thermal stability of tungsten carbide in ex situ
ests. Commercially available tungsten carbide (Alfa Aesar) has
een used. First, a new method for dispersing Pt on the can-
idate catalyst support material was developed, and then used
o disperse Pt catalyst onto both WC and C (Vulcan XC-72R)
atalyst supports for comparison. The Pt was dispersed on the
support in an amount of 40 wt%, and comparisons were made

etween the carbon and tungsten carbide supports after deposit-
ng Pt on tungsten carbide in three different amounts, to provide

series of comparisons with Pt/C. The Pt was deposited on WC

n amounts of 40 wt%, and in equal volume percentages as that
n the C support, both on a powder volume and on a solid vol-
me basis. The thermal and electrochemical stabilities of the C

A
t
o
i

Sources 164 (2007) 431–440

nd WC catalyst supports were then evaluated and compared
sing thermogravimetric analysis (TGA) and rotating disc elec-
rode (RDE) studies, respectively. X-ray diffraction (XRD) and
ransmission and scanning electron microscopy (TEM and SEM)
ere used to characterize the two catalyst support materials, with

nd without the dispersed platinum catalyst.

.1. Pt addition

The standard technique used at Ballard to disperse Pt on
arbon could not be used to disperse Pt on tungsten carbide.
herefore, an alternative method had to first be developed.
Pt(II) salt, Pt(II) pentan-2,4-dionate (Alfa Aesar, ∼48 wt%

t), dissolved in acetonitrile, was used as the Pt precursor. It
as dispersed on WC, and then later reduced under a 20 vol%
2/balance Ar atmosphere. Pt was dispersed on both WC and
n XC-72R C supports for a series of comparisons.

.1.1. Addition of 40 wt% Pt to tungsten carbide
The thermal stabilities of Pt on C and on WC were initially

ompared by dispersing 40 wt% Pt on each support. Because WC
as a much larger density than C, this high Pt loading represents
worst-case scenario with respect to stability of the WC sup-

ort, as increased catalyst loadings have previously been found
o accelerate the oxidation of the support material. To obtain
0 wt% Pt on WC, 0.50 g of Pt(II) pentan-2,4-dionate was dis-
olved in 110 mL acetonitrile. To this solution was added 0.36 g
f Alfa Aesar WC. The solvent was allowed to evaporate, and
he resulting solid was heat treated in a tube furnace at 600 ◦C
or 5 h under 20 vol% H2/balance Ar.

.1.2. Pt addition to equal powder volumes of support
Similar amounts of Pt were dispersed onto supports that have

significant density difference, i.e., carbon and WC. Typically,
0 wt% Pt is dispersed on carbon catalyst supports. However,
ecause the density difference between C and WC is large, with
he materials having densities of 1.8 g cm−3 and 15.6 g cm−3,
espectively, a comparison between 40 wt% Pt on WC and
0 wt% Pt on C results in a tendency towards the observation
f a lower stability of the WC, as the volumetric loading of the
atalyst on WC will be higher than that on C for the same gravi-
etric loading. Therefore, an additional comparison was also
ade with a smaller volumetric loading of the catalyst on the
C support. In this comparison, 40 wt% Pt was dispersed on

, and a similar volume fraction of Pt was dispersed on the WC
upport material, using tapped powder densities for comparison.

Tap density is the density of a powder when the volume recep-
acle is tapped or vibrated under specified conditions while being
oaded. Tap density was used to measure similar powder vol-
mes of the support materials. The dispersion was performed
y packing 2 mL of a support powder in a glass cylinder. The
ylinder was then tapped on a counter top 200 times until 2 mL
f well packed support material was obtained, as described in

STM standards B527, D1464 and D4781. Both carbon and

ungsten carbide were tapped to a volume of 2 mL. A solution
f Pt(II) pentan-2,4-dionate (Alfa Aesar, ∼48 wt% Pt) dissolved
n 100 mL acetonitrile was prepared. To carbon, 40 wt% Pt was
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dded, and a similar amount of Pt as that for carbon was added to
C. The Pt(II) solution was added to the 2 mL packed support
aterial, and the solution was then heated to 70 ◦C until a dry

owder was achieved. The resulting solid was heat treated in a
ube furnace at 600 ◦C for 5 h under 20 vol% H2/balance Ar. The
eat treatment resulted in Pt(II) reduction to Pt metal.

.1.3. Pt addition to carbon and tungsten carbide in equal
olid volume ratios

To take into account the different packing densities of the
C and C powders, a third comparison of the two supports
as made by loading them with the same volume fraction of

atalyst as is present in the standard 40 wt% carbon baseline
omposition, based on solid volumes of the two supports. The
ass of carbon tapped to a volume of 2 mL, as described in
ection 2.1.2, was 0.1140 g. Using the solid densities of carbon
nd WC, the amount of WC having the same solid volume was
alculated to be 0.99 g. To 0.99 g of WC, the same amount of
t was added as in Section 2.1.2 (40 wt% Pt relative to carbon).
oth the Pt addition and reduction were carried out as described

n Section 2.1.2.

.2. Characterization techniques

Thermogravimetric analysis was used to determine the ther-
al stability of the conventional carbon support and of the

ungsten carbide support material to oxidation in air flowing
t 40 mL min−1. The temperature was ramped from room tem-
erature to 50 ◦C at 2 ◦C min−1. The sample was held at 50 ◦C
or 5 min to allow time for water removal. The sample was then
amped from 50 ◦C to 1000 ◦C at 2 ◦C min−1. The data were ana-
yzed by plotting normalized weight loss for each material versus
emperature to determine the thermal stability of the supports
nder investigation.

X-ray diffraction was used to determine the presence of crys-
alline Pt on the tungsten oxide and C supports, and the average
rystallite sizes. Crystallite sizes of the Pt and of the tungsten
arbide were calculated using the Scherrer equation [10]:

= 0.9
λ

β cos θb

,

here t is the crystallite size in Å, λ is the wavelength (1.5406 Å
n this case for Cu K� radiation), b is the full-width at half

aximum (FWHM) of a peak in the XRD spectrum, and θb is
he diffraction angle for that peak.

To test the electrochemical stability of the catalyst supports,
0 mg of supported catalyst was dispersed in 2 mL of glacial
thanoic acid using ultrasound. Using a micropipette, 5 �L of
he suspension was dispensed onto the flat surface of a pol-
shed glassy carbon (GC) rotating disc electrode. The solvent
as removed gently with a hot air blower, leaving supported

atalyst on the disc. Using the same micropipette, 5 �L of 5%
lcoholic NafionTM (DuPont) solution with EW of 1100 was

ispensed onto the disc. The solvent was allowed to slowly evap-
rate in still air in a glass enclosure so that a coherent NafionTM

lm was cast over the catalyst and the disc. The RDE was then
mmersed in deoxygenated 0.5 M H2SO4 at 30 ◦C and rotated

c
o
c
t

ig. 1. XRD pattern for Alfa Aesar WC with 40 wt% Pt deposited by Pt(II)
eduction to Pt, showing only reduced Pt and WC phases. Average WC crystallite
ize is 36 nm, and average Pt crystallite size is 30 nm.

t 33.33 Hz (2000 rpm). The electrochemical cell comprised a
lass working compartment with a water jacket connected to a
irculating water bath and two side compartments: one contain-
ng a Pt gauze counter electrode connected by a glass frit, and
he other containing the reversible hydrogen electrode (RHE)
onnected by a Luggin capillary.

Based on preliminary voltage cycling experimental results,
he oxidation potential chosen for the electrochemical cycling
ests was +1.8 V versus RHE. Above +1.8 V, considerable gas
as evolved, which separated the catalyst/NafionTM deposit

rom the disc. At lower potentials, the oxidation was not
etectable in a suitable experimental timeframe. Using an
G&G 263 (PAR, Princeton, NJ) potentiostat with Cor-

ware software (Scribner Associates), potential steps (oxidation
ycles) between 0.6 V and +1.8 V were applied. The electrode
as held at 0.6 V for 60 s and at 1.8 V for 20 s. A cyclic
oltammogram (CV) was recorded between 0.0 V and 1.4 V at
00 mVs−1 before the oxidation cycles began and then again
fter every 10 oxidation cycles, until a total of 100 oxidation
ycles had been applied.

A 200 kV Hitachi H-800 TEM with a Quartz XOne EDX
ystem and a S-4700 FESEM (Field Emission Scanning Elec-
ron Microscope) were used to characterize the supported and
nsupported materials. Elemental maps from EDX were used to
haracterize the dispersion of Pt on the supports.

. Results and discussion

.1. 40 wt% Pt on tungsten carbide

The XRD spectrum of Pt(II) reduced to 40 wt% Pt onto Alfa
esar WC is shown in Fig. 1. The average crystallite size of
C calculated from the peaks at 2θ of 31.5◦, 35.6◦ and 48.3◦ is

6 nm. The average crystallite size for Pt calculated from peaks
t 2θ 39.8◦ and 46.1◦ is 30 nm. The average crystallite size of
t supported on Vulcan XC-72R (Fig. 2), calculated from peaks
t 2θ of 40◦ and 46◦, is 33.6 nm. Pt deposition on both WC
nd Vulcan XC-72R resulted in dispersed Pt particles of simi-
ar crystallite sizes on both support materials. Although the Pt

rystallite size in PEMFC catalyst layers is typically in the range
f 3–10 nm, the technique commonly used to deposit Pt on C
annot be used to deposit Pt onto WC, so the new deposition
echnique that had to be developed was used for both WC and C
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ig. 2. XRD pattern for 40 wt% Pt on Vulcan XC-72R with Pt deposited by
t(II) reduction to Pt. Pt crystallite size is 33.6 nm.

o allow more direct comparisons between the two supports to
e made.

This work represents the first use of the new dispersion
echnique to deposit Pt onto WC, so the procedure cannot be
onsidered fully optimized, in contrast with existing procedures
or the dispersion of 3 nm Pt particles onto C supports, which
ave been in development for many years. Furthermore, a com-
ercially available WC powder was used for this preliminary

haracterization study, in order to determine the electrochemi-
al and thermal stability of the support material. It is therefore
xpected that further improvements in catalyst and support par-
icle sizes will be possible once a candidate support material
ith adequate electrochemical and thermal stability is found,

n order to improve the electrochemical activity of the new
atalyst/support combination.

TGA experiments were performed to observe the materials’
tability to chemical oxidation. The thermal stability data for
lfa Aesar WC, 40 wt% Pt on Alfa Aesar WC, and 40 wt% Pt
n Vulcan XC-72R C are shown in Fig. 3. Pt supported on Vulcan
C-72R loses ∼55 wt% of the material, which corresponds to

he loss of carbon. Both Alfa Aesar WC and Pt supported on
C gained weight above ∼450 ◦C. The gain in weight may
e attributed to tungsten oxide formation. Tungsten oxide is a
ellow powder, and it was observed that both Alfa Aesar WC
nd Pt supported on WC had turned from dark gray powders to
ellow powders after the TGA run was complete. Since PEMFCs

ig. 3. TGA data for Alfa Aesar WC, 40 wt% Pt on Alfa Aesar WC and 40 wt%
t on Vulcan XC-72R under air at 40 ml min−1, with temperature ramped from
0 to 1000 ◦C at 2 ◦C min−1.

t
a

a
o

F
o

ig. 4. Change in anodic activity at 1.8 V as a result of repeated cycling for Alfa
esar WC, 40 wt% Pt on Vulcan XC-72R and 40 wt% Pt on Alfa Aesar WC.
verage of three samples with limits of error for each material are plotted.

re low temperature operating fuel cells, the tungsten carbide
xidation will not be thermally favored. However, with the low
H and high potential conditions in PEMFCs, tungsten carbide
ay undergo oxidation during PEMFC operation on start-up

ycles. Detailed electrochemical tests are therefore also needed
o understand whether tungsten carbide oxidation is an issue for
EMFC operation.

The electrochemical stability of Alfa Aesar WC, 40 wt% Pt
n Alfa Aesar WC, and 40 wt% Pt on Vulcan XC-72R were
nvestigated by accelerated electrochemical oxidation cycling.
he normalized activity as a function of number of cumulative
xidation cycles is shown in Fig. 4 for each of the three materials.
he electrochemical stability as determined by accelerated test-

ng on a RDE shows that Pt on WC and WC alone are both more
table, i.e., their electrochemical activity shows less change with
xidation cycling, than Pt supported on Vulcan XC-72R, when
ycled between +0.6 V and +1.8 V.

The CV of pure Alfa Aesar WC is shown in Fig. 5. The
V after 100 cycles develops reversible peaks at 0.65 V in

he anodic region and at 0.55 V in the cathodic region. The
100 mV difference between the peaks indicates the presence

f reversible solution species rather than adsorption of any
pecies [11]. The reversible peaks may result from the forma-
ion of quinone/hydroquinone or other carbon–oxygen species,

s reported elsewhere [12].

The initial CV for 40 wt% Pt supported on WC (Fig. 6) shows
sharp anodic peak above 1.2 V. The sharp anodic peak was not
bserved in subsequent CV scans. The oxidation of WC (Eq.

ig. 5. Cyclic voltammograms for Alfa Aesar WC both before and after 100
xidation cycles; 0.5 M H2SO4, 30 ◦C, 100 mV s−1, 2000 rpm.
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ig. 6. Cyclic voltammograms for 40 wt% Pt on WC both before and after 100
xidation cycles; 0.5 M H2SO4, 30 ◦C, 100 mV s−1, 2000 rpm.

1)) by anodic polarization has been reported by Lee et al. [9].
hey report that a sharp anodic peak above 0.8 V during CV of
ure WC has also been observed.

In the current study, the sharp anodic peak was no longer
bserved after the initial CV scan. This behavior is consistent
ith the surface oxidation of W during the first scan, with no

urther oxidation during the subsequent CV scans. In that case,
he structure of the support would change from Pt supported on

C to Pt supported on a WOx shell encapsulating a WC core.
ub-stoichiometric tungsten oxide, WO , is a narrow-bandgap
x

emiconductor with reasonable electronic conductivity.
In addition, on the positive scan, a broad peak between

.3 V and 0.45 V with no apparent counter-part on the nega-

H

a

ig. 8. SEM images of 40 wt% Pt dispersed onto catalyst supports by reduction from
C, mixed secondary and backscattered electron mode, (c) Pt on C, mixed seconda

nd C exhibit a higher contrast compared to Pt and W due to the larger differences in
n the Pt/WC system compared to the Pt/C system.
ig. 7. Cyclic voltammograms for 40 wt% Pt on Vulcan XC-72R, both before
nd after 100 oxidation cycles; 0.5 M H2SO4, 30 ◦C, 100 mV s−1, 2000 rpm.

ive scan is observed. Similar results have been reported by
ther researchers [13,14]. Tungsten oxide forms two stable
ydrogen tungsten bronzes, H0.18WO3 and H0.35WO3, and sub-
toichiometric oxides, WO3−y, by reaction with hydrogen [13]:

O3 + xH+ + xe− = HxWO3 (0 < x < 1) (2)

O3 + 2yH+ + 2ye− = WO3−y + yH2O (0 < y < 1) (3)

lso, hydrogen spill-over from Pt has been reported [13]:

PtHads + WO3 = Pt + HxWO3 (4)
xWO3 = xH + WO3 + xe (5)

The increase in the hydrogen adsorption/desorption peak
rea, along with the formation of a broad anodic peak between

Pt(II) pentan-2,4 dionate. (a) Pt on WC, secondary electron mode, (b) Pt on
ry and backscattered electron mode, (d) Pt on C, secondary electron mode. Pt

atomic number, making SEM less suitable for determination of particle sizes
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.3 V and 0.45 V, probably occurs due to tungsten bronze forma-
ion [13], and therefore can not be used on its own as a measure of
lectrochemical activity to determine electrochemically active
urface area [14]. These results suggest that WC is likely oxi-
izing under the current electrochemical conditions used to test
he stability of this support material. Therefore, tungsten car-
ide might not be stable under PEMFC conditions and may
xidize to WOx with operation. However, the platinum oxide
eduction peak at ∼0.75 V does not decrease in area even after
00 oxidation cycles for Pt/WC (Fig. 6), indicating that the cata-
yst/support combination may retain sufficient activity even if the

C is oxidizing to semiconducting WOx on its surface. Because
he hydrogen adsorption/desorption peak is likely to correspond
o the formation of hydrogen bronze in this system, the presence
f a distinguishable platinum oxide reduction peak has been used
nstead to indicate whether a significant amount of platinum is
resent on the surface that can participate in the catalysis of the
xygen reduction reaction. Since Pt remains active on the sur-

ace of the electrochemically cycled Pt/WC material, the extent
f oxidation during operation and the impact on fuel cell perfor-
ance need to be studied further before ruling out the option of

sing WC as a catalyst support in PEMFCs. In contrast, the Pt

t
a
o
W

ig. 9. TEM images and EDX results of 40 wt% Pt dispersed on Alfa Aesar WC usin
pots 1 and 2 on the TEM image are shown.
Sources 164 (2007) 431–440

eduction peak is completely lost after 100 oxidation cycles for
t supported on Vulcan XC-72R (Fig. 7).

An SEM image of 40 wt% Pt on Alfa Aesar WC shows the
resence of dense spheres packed together with some irregu-
arly shaped particles (Fig. 8a and b). It is difficult to distinguish
etween Pt and WC particles in the high-resolution SEM images
f the Pt on WC. An SEM image of Pt on Vulcan XC-72R
Fig. 8c) shows fine Pt particles dispersed on carbon. Pt particle
izes ranging from 10 nm to 60 nm are observed for Pt/C in the
EM micrographs, while the crystallite sizes as determined by
RD averaged 34 nm. The average crystallite size for WC was

alculated to be 36 nm from the XRD results, with the supported
t on WC having an average crystallite size of 30 nm. In con-

rast, state of the art crystallite sizes range from 3 nm to 10 nm
n commercial carbon supports. Therefore, the Pt particle size
eeds to be further optimized to improve performance.

A TEM image of 40 wt% Pt dispersed on Alfa Aesar WC is
hown in Fig. 9. The elemental spectrum along with the concen-

rations for spots 1 and 2 on the TEM image show that the darker
rea (spot 1) has a Pt:W ratio of 0:100, and spot 2 has a Pt:W ratio
f 22:78 by weight. It is difficult to distinguish between Pt and
C in TEM images, but the elemental maps can be used to obtain

g Pt(II) pentan-2,4-dionate. Elemental spectrum and weight concentration for
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F C-72R using Pt(II) pentan-2,4-dionate. (a) High-magnification image, (b) elemental
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Fig. 11. Cyclic voltammograms for 0.91 wt% Pt dispersed on Alfa Aesar WC,
initially and after 100 oxidation cycles; 0.5 M H2SO4, 30 ◦C, 100 mV s−1,
2000 rpm. Pt loading corresponds to same volume fraction of Pt/total powder
volume for both Pt/WC and for 40 wt% Pt/C.
ig. 10. TEM images and Pt elemental map of 40 wt% Pt dispersed on Vulcan X
t map and (c) low magnification image.

he relative ratios of each element. The presence of iron, cobalt,
nd copper results from the sample holder. These compositional
reakdowns show that Pt is dispersed in discrete particles on the
upport material. TEM images and an elemental map of 40 wt%
t/Vulcan XC-72R (Fig. 10), show the presence of Pt clusters
ispersed on carbon. The dispersion technique needs to be opti-
ized so that finer Pt particles can be more evenly dispersed on

he support material. For example, liquid nitrogen could be used
o rapidly quench chlorplatinic acid into well-dispersed solid
articles over a catalyst support, which could then be reduced
o Pt in situ, as reported by Hobbs and Tseung [15].

.2. Comparison of Pt deposited using Pt(II)
entan-2,4-dionate on similar powder volumes of Alfa
esar WC and Vulcan XC-72R

In order to examine the effects of different catalyst loadings
n the WC catalyst support electrochemical stability, additional
ests were performed on Pt deposited on a WC support in the
ame volume ratio according to total powder volume as on the

support having a gravimetric loading of 40 wt% Pt. Since
arbon can be made by many methods that result in different
orphologies, the tap density is usually used to characterize the

ensity of these carbon support materials.
CV tests repeated on the 40 wt% Pt/Vulcan XC-72R standard

emonstrated a complete loss of the Pt oxide reduction peak after
00 oxidation cycles, as in the previous tests. However, The CV
f the Pt deposited on WC (Fig. 11) showed no significant Pt
ctivity before or after cycling, and the XRD pattern of the as-
educed Pt/WC sample made with an equal volume fraction of
t/powder as in the Pt/C showed that the amount of Pt present
n the support material after reduction was below the standard
% detection limit for the XRD (Fig. 12), with only a very small

eak visible slightly above the baseline at the angle 2θ = 39.8◦
orresponding to the highest intensity Pt peak.

The CV for Pt/WC (Fig. 11) does not exhibit any Pt character-
stics, such as hydrogen adsorption/desorption or Pt oxidation/Pt

Fig. 12. XRD pattern for Alfa Aesar WC with 0.91 wt% Pt deposited from Pt(II)
by reduction to Pt. Catalyst loading corresponds to same catalyst/powder volume
ratio as in 40 wt% Pt/C.
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ig. 13. Cyclic voltammograms for 6 wt% Pt dispersed on Alfa Aesar WC,
nitially and after 100 oxidation cycles; 0.5 M H2SO4, 30 ◦C, 100 mV s−1,
000 rpm. Catalyst loading corresponds to equal solid volume ratio of Pt/WC
s in 40 wt% Pt/C.

xide reduction, and only a very faint Pt peak of the highest inten-
ity was observed in the CV or in the XRD pattern. Therefore,
t crystallite size on the WC support could not be determined
rom the XRD data, although any Pt present may potentially
ave the same average crystallite size due to the identical depo-
ition/dispersion technique as that used to deposit 40 wt% Pt on
oth C and WC.

Similar packing techniques were used in packing both the
ulcan XC-72R and WC powders to a volume of 2 mL. How-
ver, WC, as a very dense material with a small crystallite size
∼36 nm), packs more densely compared to the C particles,
hich have a less dense and more fractal-like morphology. The
C therefore has a very high surface area per unit of packed

owder volume, making the quantity of Pt required to match the
olumetric loading on the C powder insufficient to provide good
atalytic activity. Further work is therefore required to improve
he surface dispersion of the Pt on the WC, in order to pro-
ide comparable activity to that of Pt on C for a given powder
olumetric loading.

.3. Comparison of Pt deposited using Pt(II)
entan-2,4-dionate on similar solid volumes of Alfa Aesar
C and Vulcan XC-72R

To account for the differences in both solid densities and
acking densities of the two support material powders, the sta-
ility of the WC and C supports was also compared with similar
olid volume ratios of Pt to support material deposited on each.
sing the same weight ratio of Pt to C (40 wt%) used in each
f the three comparisons, the amount of WC required to obtain
qual solid volume ratios of Pt to both C and WC was calculated
nd deposited on the WC support. The CV for Pt/WC in this
ase (Fig. 13) does not exhibit any Pt characteristics, such as
ydrogen adsorption/desorption or Pt oxidation/Pt oxide reduc-

ion. However, there are low intensity Pt peaks observed in the
RD pattern (Fig. 14). Equal solid volume ratios result in 6 wt%
t on WC, which is within the XRD detection limit. However,

he effect of Pt was not observed in the cyclic voltammogram,

i

s
a

ig. 14. XRD pattern for Alfa Aesar WC with 6 wt% Pt deposited from Pt(II)
y reduction to Pt. Catalyst loading corresponds to same catalyst/solid volume
atio of Pt/WC as in 40 wt% Pt/C.

ndicating that the surface area of the catalyst on the WC was
ikely insufficient to provide significant electrochemical activ-
ty, even when the catalyst was present in an equal volume ratio
s on the C support. In the case of carbon, as before, all activity
as lost after 100 oxidation cycles.

.4. Comparison standards for new catalyst support
andidate materials

When 40 wt% Pt was dispersed on WC, the Pt:WC solid vol-
me ratio was ∼0.49, which was much higher than the Pt:C solid
olume ratio of ∼0.05 corresponding to the same gravimetric Pt
oading. Despite the high volumetric dispersion of Pt on WC,
oth the cyclic voltammetry and oxidation cycle data showed
hat the WC support material was more stable both thermally and
lectrochemically with accelerated oxidation cycling when com-
ared to carbon with comparable Pt particle sizes on each mate-
ial. Although increased levels of catalyst loading tend to accel-
rate the oxidation of carbon catalyst supports, even the higher
olumetric loading of Pt on the WC compared to the C studied
ere did not lead to a substantial drop in activity during rotating
isc electrode studies of the Pt/WC, while the Pt/C lost almost
ll of its activity after only 20 accelerated oxidation cycles.

However, despite the higher electrochemical stability of the
0 wt% Pt/WC (the catalyst loading expected to lead to the
owest stability on the WC of those studied here), compared
o 40 wt% Pt/C, the problem remains of increasing the surface
rea of the Pt particles that are dispersed on the support, in order
o increase the electrochemical activity of the catalyst/support
ombination. For example, much smaller volumetric loadings
f Pt/WC, corresponding to the same volumetric loadings as
0 wt% Pt/C on a powder volume and on a solid volume basis,
id not result in sufficient catalytic activity in the Pt/WC mate-
ials in order to result in significant Pt oxide reduction peak
ctivity in the cyclic voltammograms, even though small quan-
ities of Pt were detectable by XRD in the case of the 6 wt%
t/WC, and only extremely small quantities of Pt were present
n the case of 0.91 wt% Pt/WC.
The WC support material used in this preliminary material

creening study was a commercially available powder with
verage agglomerate sizes ranging from 100 nm to 500 nm,
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hile the commercially available carbon material commonly
sed as a PEMFC catalyst support had smaller particle sizes,
ypically below 100 nm. As a result of the larger WC particle
izes, similar volumetric loadings of catalyst likely did not
esult in comparable catalyst loadings on an equal surface area
asis, thus leading to a lower activity than one would obtain
rom a similar volume fraction of catalyst dispersed more
venly on a carbon support with smaller particles.

Therefore, despite the higher electrochemical stability of WC
ompared to C with equal gravimetric Pt loadings, the feasibility
f utilizing WC as a catalyst support depends also on being able
o produce the powder with smaller particle sizes and on achiev-
ng a higher degree of catalyst dispersion on the particles. As the
ommercially available WC powder available for this study has
ot been optimized for application as a catalyst support mate-
ial, possible routes to decreasing the particle size could include
echanical processing of the powder, such as high-energy ball
illing, or the synthesis of WC from high surface area C using
et chemical techniques with the addition of W from chemical
recursors. Decreasing the particle size of the WC support mate-
ial, combined with optimization of the Pt dispersion technique,
ould be required in order for the Pt/WC supported catalyst
aterial to exhibit sufficient catalytic activity to be competitive
ith existing Pt/C systems. Nevertheless, the increased ther-
al and electrochemical stability of the WC relative to C may
ake such efforts worthwhile from the perspective of improving

he long-term durability of PEMFC cathodes in practical appli-
ations, even if such increases in lifetime come at a cost of a
omewhat lower initial catalytic activity.

The results presented here also demonstrate the inherent
ifficulties present in directly comparing the activities of two
ifferent catalyst support materials having very different phys-
cal properties, such as density. While different carbon–based
upports (e.g., graphitized versus non-graphitized) are tradition-
lly compared with each other under conditions of constant
ravimetric catalyst loading (40 wt% Pt/C), the consideration
f alternative materials with higher stability compared to that
f carbon requires more caution when making comparisons of
he activity and stability of the materials. Supported catalysts
ith fixed gravimetric and volumetric loadings can be produced
irectly for comparisons on these bases. However, a comparison
f catalysts on the basis of surface area of support covered with
atalyst compared to the total surface area of the support could
n theory provide a more material-specific comparison of the
roperties, although gravimetric and volumetric comparisons
ay be of more interest for a specific application in terms of
eight and space constraints. Unfortunately, production routes

o synthesize different materials with identical surface areas of
oth support particles and catalyst particles for a comparison on
hat basis do not presently exist for porous, three dimensional
lectrodes.

Although standardized techniques for producing different
upported catalysts with identical surface areas are not available,

runauer–Emmett–Teller (BET) surface area measurements can
e used to determine the total surface area available in both C and
C supports once they have produced to facilitate comparisons

n a surface area basis. However, even this approach has draw-
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acks, because carbon is known to have internal microporosity
hat can be measured by BET (via N2 adsorption), but which
s not available for Pt deposition. Therefore, the actual surface
rea of Pt that can be supported on carbon will be lower than that
hich can be measured by BET. Mercury porosimetry can be
sed instead to determine the pore volume of a three dimensional
atalyst support down to the microporosity level. However, high
ressures are required for mercury to fill in the smallest pores,
nd this high pressure mercury infiltration could lead to rup-
ured carbon particles, thereby changing the morphology that is
eing measured. Furthermore, measurements of surface area or
f internal pore volume by BET or mercury porosimetry, respec-
ively, cannot directly distinguish between Pt and support surface
rea, thus leaving open the question of whether the catalyst dis-
ersion techniques lead to identical catalyst surface areas on two
ifferent supports. Therefore, even comparisons based on a nor-
alization of the Pt content per unit surface area of the support

annot be performed directly at present. However, electrochem-
cal stability data based on similar quantities of Pt dispersed by
he same technique on similar surface area supports could pro-
ide additional insight into the electrochemical performance and
tability of alternative catalyst support materials.

. Conclusions and future work

A series of experiments has been performed to investigate the
otential suitability of WC for use as a PEMFC cathode catalyst
upport, with comparisons made to Vulcan XC-72R carbon sup-
orts. In each case, the standard catalyst loading of 40 wt% Pt
as added to the C using a new Pt dispersion technique devel-
ped to allow comparison with WC, and equal weight, solid
olume and tapped powder volume fractions of Pt were added
o the WC using the same dispersion method. Despite the higher
ontent of Pt by volume in the case of 40 wt% Pt on WC com-
ared to C, the electrochemical stability of this support was still
ignificantly higher than that of carbon in accelerated oxidation
ycling tests with a rotating disc electrode. The electrochemical
ctivity of the Pt/WC remained nearly constant over 100 accel-
rated oxidation cycles, while the activity of Pt/C was almost
ompletely lost after only approximately 20 oxidation cycles.
owever, the initial activity of the Pt/WC supported catalyst is
uch lower than that of Pt/C at comparable volumetric catalyst

oadings, indicating that higher surface area WC supports and
etter platinum dispersion techniques are still required in order
o enhance the catalyst layer activity.

Despite the lower electrochemical activity of the Pt/WC com-
ared to that of Pt/C, there is still a potential for its use as a
atalyst support, given the severe long-term stability problems
f Pt/C supported catalyst, despite the much higher short-term
erformance. If carbon from the support oxidizes, it is lost as
arbon dioxide gas, causing Pt to fall off the support, and leading
o low Pt surface area and rapid significant performance degra-
ation in a PEMFCs. However, even if tungsten carbide oxidizes

o sub-stoichiometric tungsten oxide on the particle surface, it
emains moderately conductive, and little loss in Pt surface area
esults. Therefore, WC may have potential for use as a PEMFC
athode catalyst support, provided that a method of producing
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oth the support and dispersed catalyst with higher surface area
nd smaller particle sizes can be achieved. In the consideration
f any new catalyst support material, the differences in density
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