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Nanocrystalline tungsten carbide (WC) with a high surface area and containing minimal free carbon was
synthesized via a polymer route. Its physical properties, including solubility in acid solution, electronic
conductivity, and thermal stability, were thoroughly studied at two elevated temperatures: 95°C and
200°C. Compared to commercially available WG, this in-house synthesized WC showed lower solubility
in acidic media at 200°C, higher electronic conductivity (comparable to that of carbon black), as well as
higher thermal stability. However, this material exhibited low electrochemical stability in acidic media

ﬁ)r)l‘g:tredrf:carbide when subjected to potential cycling at potentials larger than 0.7 V vs. RHE, due to the electrooxidation
Catalyst support of WC. The major product of WC electrooxidation is W03, which was confirmed by X-ray photon spec-

troscopy measurements. Pt was uniformly deposited on the high surface area WC to form a 20 wt% of Pt

Oxygen reduction reaction
supported catalyst for the oxygen reduction reaction (ORR). The ORR mass activity was then obtained

PEM fuel cells

using the rotating disk electrode technique.

Crown Copyright © 2011 Published by Elsevier Ltd. All rights reserved.

1. Introduction

In the last several decades, proton exchange membrane (PEM)
fuel cells, which have several advantages such as high power
density, high energy density, and low/zero emission, have demon-
strated their feasibility as practical energy conversion devices for
many power-demanding fields including portable, automotive, and
stationary applications. One of the major technical challenges,
insufficient durability, is identified as a barrier hindering wide-
spread commercialization of PEM fuel cells. It has been recognized
that the degradation of fuel cell catalysts is the major cause for
insufficient durability.

At the current state of technology, carbon-supported platinum
(Pt)-based catalysts are the most practical for PEM fuel cell opera-
tion in terms of both catalyst activity and durability. Unfortunately,
during fuel cell operation, Pt dissolution and carbon support oxida-
tion/corrosion will occur, degrading the catalyst performance, and
leading to low durability of the fuel cell. To address this challenge,
one approach is to reduce carbon support corrosion by hybridizing

* Corresponding author. Tel.: +1 604 221 3000x5577; fax: +1 604 221 3001.
E-mail address: chaojie.song@nrc.gc.ca (C. Song).

the support materials or replacing some of the carbon content using
non-carbon materials. With respect to this, intensive research has
been done with a focus on the corrosion mechanism of carbon
support and its prevention in the most recent years [1-3].
Currently, carbon blacks, such as Vulcan XC-72R and Ketjen
black, have been used as the catalyst supports for PEM fuel cell
catalysts because of their unique properties including sufficient
electronic conductivity, high surface area, and suitable porous
structure. However, under fuel cell operating conditions, carbon
is prone to oxidation through the following reaction:
C + H,O — COy +4H" +4e, E° = 0.207 Vvs.SHE (1)
At the fuel cell cathode, the normal operation potential
(0.5-0.9V vs. RHE) is more positive than the carbon oxidation
potential. During the start-up/shutdown process, the potential can
reach as high as 1.5V vs. RHE (reversible hydrogen electrode),
significantly higher than the carbon oxidation potential. These elec-
trode potentials facilitate carbon oxidation through reaction (1).
Furthermore, the presence of Pt and/or high temperature opera-
tion of the PEM fuel cell can accelerate carbon oxidation/corrosion.
Obviously, this carbon oxidation/corrosion can result in the iso-
lation of Pt catalyst particles and Pt catalyst agglomeration,
degrading the fuel cell performance significantly [4]. Therefore, the

0013-4686/$ - see front matter. Crown Copyright © 2011 Published by Elsevier Ltd. All rights reserved.
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development of high performance non-carbon support material, to
replace carbon is imperative. This, however, turns out to be not
an easy task, because a high performance catalyst support should
meet all of the following requirements: high thermal stability, high
electronic conductivity, low solubility in acidic media, high electro-
chemical stability, high surface area, as well as favourite interaction
with the catalyst particles.

Among the non-carbon support candidates, tungsten carbide
(WC) appears to be attractive. As a refractory metal carbide tra-
ditionally for erosion resistant coatings, WC has a high thermal
stability and is chemically inert. The experimental results showed
that, under ambient conditions, the oxidation of WC starts at
around 600°C [5], much higher than the operating temperature
of PEM fuel cells. WC also exhibits good electronic conductivity,
which makes it an excellent material for diffusion barrier layers
in the semi-conductor industry. In addition, the Pt like catalytic
behaviour of WC could result in a synergetic effect with the catalyst,
leading to an increase in catalytic activity [6].

Tungsten carbide supported Pt catalysts have been synthe-
sized and used for the oxygen reduction reaction (ORR) as well
as methanol oxidation, and have demonstrated their synergetic
catalytic effect. Meng and Shen [7] prepared a carbon-based
nanocrystalline W,C using the intermittent microwave heating
(IMH) method, then mixed with Pt/C and IMH treated again to
form a catalyst. Their results showed that the composite catalyst
obtained could exhibit a higher ORR onset potential, higher spe-
cific activity, as well as better oxygen reduction selectivity in the
presence of methanol than that of the Pt/C catalyst, demonstrat-
ing a synergetic effect between the tungsten carbide and Pt. Nie
et al. [8] synthesized a Pt-WC-W,C/C catalyst using an improved
one-step IMH. The Pt-WC-W,C/C catalyst showed an even bet-
ter ORR activity than those Pt-W,C/C composite catalysts. Wang
et al. [9] prepared high surface area tungsten carbide microspheres
(with mixed WC and W, C phases) using a hydrothermal polymer
method. The Pt/tungsten carbide micro-spheres catalyst with uni-
formly distributed Pt particles exhibited a better ORR activity than
the Pt/C catalyst, which was attributed to the large electrochemi-
cal surface area and the Pt-tungsten carbide synergetic effect. Zhu
et al. [10] observed an enhanced ORR catalytic activity for Pt on
tungsten carbide-modified-carbon support. Modification of carbon
with tungsten carbide could also improve the thermal stability of
the support. Ganesan and Ham [11-13] synthesized high surface
area tungsten carbide (W, C) microspheres and WC supports using
a carbon sphere template. The catalyst with Pt (7.5%) loading on
the W,C microsphere showed higher activity towards methanol
electro-oxidation than the conventional 20% Pt-Ru/Vulcan catalyst
[11-13]. This is possibly due to a co-catalytic effect between Pt and
tungsten carbide: tungsten carbide activates methanol to form a
methoxy intermediate, and Pt promotes the decomposition of the
methoxy species [12].

The high thermal stability, high electronic conductivity, as well
as the synergetic catalytic effect with the catalyst, make tungsten
carbide promising as a PEM fuel cell catalyst support especially for
high temperature operation. However, the electrochemical stabil-
ity of WC might be anissue that could prevent WC from applications
in PEM fuel cells. Controversial literature results were reported
regarding the electrochemical stability of WC and WC supported
catalysts. Mazza and Trassatti [14] used WC as an inert electrode,
which demonstrated good chemical and electrochemical stability
below the oxygen evolution potential. Chhina [15] found that WC
supported Pt catalyst was electrochemically more stable than the
carbon supported commercial catalyst HiSpec 4000™ (Pt/Vulcan
XC-72R) when subjected to continuous CV scans at elevated tem-
perature (80°C). Voorhies [16] found that WC could be chemically
oxidized in 1 M H,SO4 at room temperature, and electrochemically
oxidized at medium to high anodic potential. Weigert et al. [17]

observed a large anodic peak at 0.6-0.8V on the cyclic voltam-
mograms (CVs) of WC thin film, which was attributed to the WC
oxidation, and WO3 was indeed detected by XPS on the surface
after the CV scans. Lee [18] also found that WC was not electro-
chemically stable. However, some metals additions could prevent
or slow down the electrochemical oxidation of WC, possibly due to
a synergetic effect. For example, the electrochemical oxidation of
WC could be slowed down by alloying with Ta, and the WC thin film,
on which a mono-layer of Pt was deposited, remained unchanged
after CV measurements, while the one without Pt deposition was
completely oxidized into WOs.

The improved electrochemical performance of the tungsten car-
bide based Pt catalyst [7-13], and the controversial results [14-18]
regarding the electrochemical stability of tungsten carbide moti-
vated the authors to make a thorough investigation of the physical,
chemical, and electrochemical properties of WC to evaluate its pos-
sibility as a PEM fuel cell catalyst support.

It is worthwhile to note that in the literature, a considerable
amount of work was focused on tungsten carbide/carbon com-
posite supports. Since carbon will be electrochemically oxidized,
leading to fuel cell performance degradation, the existence of car-
bon in the support may not be desirable. In addition, the tungsten
carbide reported in some papers is a mixed phase (W,C and WC),
which is not suitable for PEM fuel cell catalyst support applica-
tion because W, C is electrochemically and thermodynamically less
stable than WC [19]. From the point view of fundamental under-
standing, a carbon-free, single-phase WC support is desired and is
the focus of this paper.

In our high temperature (HT) PEM fuel cell approach, in order to
overcome the challenge of carbon support corrosion in HT PEM fuel
cells, we synthesized a single-phase WC support with high surface
area, and investigated its electronic conductivity, chemical stability
in acidic solution, as well as the electrochemical stability. For ORR
activity, this WC material was used as the Pt catalyst support to
form Pt/WC catalyst, and the corresponding ORR mass activity as
well as the electrochemical stability were investigated.

2. Experimental
2.1. Synthesis of WC support and Pt/WC catalyst

Tungsten carbide (WC) supports were synthesized using a poly-
mer precursor route modified based on Ganesan’s procedure [7,8].
Typically, 4.73 g of ammonium metatungstate (AMT, Fluka) and
1.21¢g of resorcinol (Sigma-Aldrich) were dissolved in 1.63 mL
of formaldehyde (37% in H,0O, Sigma-Aldrich) and 19.8 mL of
deionized water. The solution was then refluxed at 95°C for 24h
forming an orange precipitate. The precipitate was washed and
dried at room temperature, and then heat-treated in a tube furnace
under a mixture of Ar (flow rate: 160 mL/min) and H, (flow rate:
60 mL/min) gas flow at 1000 °C for 2 h to form WC. Afterwards, the
furnace was cooled down to 700 °C and kept for 2 h under a H, flow
(flow rate: 115 mL/min) to remove the extra carbon. The synthe-
sized WC is denoted as WC-SYN in this paper. For Pt deposition to
form WC-supported catalyst (Pt/WC), an intermittent microwave
heating (IMH) assisted polyol method was employed to deposit Pt
onto the WC support. Typically, 90 mg WC support was dispersed
in 20 mL ethylene glycol (EG), and the pH was adjusted to 8.0 with
0.2 M NaOH EG solution. This WC suspension was then sonicated
for 1h, followed by adding 46.6 mg of H,PtClg (dissolved in 3 mL
EG) drop wise into the WC suspension. Afterwards, the catalyst
precursor suspension was heated in a microwave oven (LBP 111RS,
Ladd Research, USA) at 600 W for 60 s, and then intermittently for
6 times with 10 s of microwaving each time. The product was then
filtered, washed, and dried.
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2.2. Structure and morphology characterizations

The structure of these WC samples was characterized by X-ray
diffraction (XRD) and the lattice pattern of the WC support was
observed using high resolution transmission electron microscopy
(HRTEM) together with electron diffraction. The inter-planar dis-
tance of the lattice was measured based on the lattice fringe.
Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were employed to study the morphologies of
the WC precursors, WC products, and Pt/WC catalysts.

The XRD measurements were carried out using a Bruker D-
8 diffractometer with a step size of 0.02° and an exposure time
of 0.1s for each step. SEM observations were carried out on
a Hitachi S3500N scanning electron microscope with an oper-
ating voltage of 20kV. Samples for TEM characterization were
directly supported on a copper mesh with a carbon micro-grid.
TEM investigations at relative low magnification were performed
using a Philips CM12 operated at 120kV. HRTEM observations
were carried out using a JEOL-2010F electron microscope at
an accelerating voltage of 200kV with a Field-Emission Gun
(FEG). This instrument is equipped with a Gatan Imaging Fil-
ter (GIF) for energy-filtered imaging and an energy dispersive
X-ray (EDX) detector for elemental analysis and mapping. Exper-
imentally obtained electron diffraction patterns were compared
to electron diffraction patterns simulated with the software
program JEMS.

2.3. Solubility test

The solubility of commercially available (Alfa Aesar) and synthe-
sized WC powders were tested in 1M H,SO4 at 95°C and 200°C,
respectively, according to the following procedures: for the solubil-
ity test at 95 °C, a flask containing 200 mg of WC powder and 50 mL
of 1M H,S0O4 was put in an oil bath with constant stirring, kept at
this temperature for 24 h. Afterwards, the suspension was filtered,
and the filtered solution was sent for ICP/MS (inductively coupled
plasma mass spectroscopy) to analyze for W, from which the sol-
ubility of WC was calculated. The leftover powder was washed,
dried, and subjected to XRD characterization to look for any phase
changes; for the solubility test at 200 °C, an in-house made chemi-
cally inert vessel with a pressure sealing system was used. 200 mg
of WC powder sample and 50 mL of 1M H,SO,4 were put into this
vessel, which was then filled with N, gas at a pressure of 200 psi. The
high pressure (200 psi) kept inside the vessel can prevent H,0 from
evaporating at 200 °C, so that the concentration of H,SO4 does not
change during the test. The vessel was then heated in an oil bath
at 200°C for 2 h. After cooling and depressurization, the suspen-
sion was filtered, and the solution analyzed using ICP/MS where
the leftover powder was then washed, dried, and subjected to XRD
characterization.

2.4. Thermal stability test

The thermal stability test was carried out at 200°C for 96 h.
Typically, certain amount of sample was put in a Muffle Furnace,
held at 200°C in air for 96 h. Then the sample was cooled down
to room temperature and sent for XRD characterization to observe
any phase changes.

2.5. Conductivity measurement

An in-house made conductivity cell, which consists of an Ultem
cylinder (inner diameter=0.5 cm) to hold the sample and two Cu
pistons as electrodes, was used for conductivity measurement. A
small amount of WC powder was placed in the conductivity cell,
and a load was applied on the upper piston to keep a pressure of

80 kPa. The whole set up was put in a Muffle furnace to control the
temperature. A Tsuruga 3566 AC m-Ohm tester with a four-point
setup was used to measure the conductivity at a constant frequency
of 1 kHz. The electronic conductivity of WC was measured at 95 and
200°C.

2.6. Other physical tests

For surface area analysis, a Beckman Coulter SA-3100 Surface
Area Analyzer was employed to obtain N, adsorption/desorption
isotherm, from which the BET surface area of the WC sample was
calculated. For the determination of free carbon content in the syn-
thesized WC samples, thermal gravity analysis (TGA) using a Perkin
Elmer Paris 6 Thermal Gravity Analyzer was carried out on the WC
samples from room temperature up to 730°C in air. The X-ray pho-
toelectron spectroscopy (XPS) of the as-synthesized WC powder
and the one after 700 cyclic voltammogram scans (from 0.05V to
1.2V, see below), taken by a Leybold MAX-200 X-ray Photoelectron
Spectrometer, was used to analyze the surface compositions of the
samples.

2.7. Electrode preparation and electrochemical measurements

To prepare a catalyst (Pt/WC) or support (WC) ink, 19 mg cat-
alyst or support was dispersed in 9.5 mL isopropanol and 0.5 mL
de-ionized water, sonicated for 1h to form a catalyst or support
ink. 24 wL of catalyst or support ink was uniformly deposited on a
glassy carbon electrode with a geometric area of 0.20 cm? (Glassy
carbon electrode diameter: 5mm, AFE7MO050GC, Pine Research
Instrument) to form a catalyst or support layer. Afterwards, 7.1 uL
Nafion® solution (50:1 in methanol) was deposited on top to form
the electrode coating layer.

The electrochemical measurements were carried out using a
conventional three-electrode cell containing 0.1 M HCIO4 aqueous
solution. For ORR measurement, this electrolyte solution was sat-
urated with pure oxygen (bubbled by pure oxygen gas). For CV,
this solution was bubbled with pure nitrogen gas to remove all dis-
solved oxygen. An RHE (reversible hydrogen electrode) was used as
the reference electrode and a Pt wire as the counter electrode. The
measurements were taken on a Solartron 1480 multi-potentiostat,
controlled by Corrware software. For the electrochemical stability
test, the electrode was immersed in 0.1 M deoxygenated (bub-
bling with Ny) HCIO4 solution at 30°C, and the CV curves were
recorded from 0.05V to 1.2V with a scan rate of 20mV/s up
to 1000 scans. From the CV curves, the electrochemical surface
area was calculated from hydrogen adsorption/desorption peaks
between 0.05V and 0.4 V. For the ORR measurements, the voltam-
mogram was recorded with a RDE (rotating disc electrode) in a
0.1 M O,-saturated HCIO4 solution with a scan speed of 5mV/s.
An ASR rotator (Pine Instrument) was used to control the rotation
rate.

For electrochemical active surface area (ECA) measurement, CO
stripping method was used. The potential of the catalyst loaded
electrode will be held at 0.05V vs. RHE in 0.1 M HClO4 with CO
purging until saturation of CO adsorption is reached. The electrolyte
solution is purged with N, for 30 min to remove un-adsorbed CO.
Then the potential of the electrode will be scanned from 0 to 1.0V
vs. RHE at a scan rate of 20 mV/s. The ECA will be calculated from
the charge of the CO oxidation peak according to Eq. (1'):

QCO adsorption ,
ECA_T x 1000 (1)
where Qcoadsorption 1S the charge for CO oxidation in C, and 0.42 mC
is the charge required to oxidize a monolayer of adsorbed CO on
1.cm? of Pt surface.
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Table 1
Properties of WC samples.

BET surface area (m?/g) Solubility (wt%)

Conductivity (S/cm) Thermal stability

95°C 200°C 95°C 200°C
WC-Alfa 1.6 0.15 0.63 0.75 0.87 Stable up to 200°C
WC-SYN 89 0.16 0.27 24 3.0 Stable up to 200°C

3. Results and discussion
3.1. Properties of commercially available WC

As a preliminary assessment of WC as a catalyst support,
the solubility, electronic conductivity, thermal stability, and elec-
trochemical stability of commercially available WC (denoted as
WC-Alfa hereafter) were investigated. The surface area of this cat-
alyst is only 1.6 m?/g.

As shown in Table 1, the solubility of WC-Alfa in 1M H,SO4
at 95 and 200°C is 0.15wt% and 0.63 wt%, respectively. No phase
change was observed on the XRD patterns after solubility tests (not
shown here), indicating that this material has a low solubility and
high chemical stability in 1 M H,SO4. The WC-Alfa was also found
to be thermally stable at 200 °C. No phase change on the XRD pat-
tern was observed (not shown here) after 96 h of heat treatment at
200°Cin air. The electronic conductivity of the WC-Alfa was found
to increase with temperature from 0.75 S/cm at room temperature
to 0.87 S/cm at 200°C, which is in the same order as that of carbon
black.

The cyclic voltammetry scans were conducted on WC-Alfa to
evaluate its electrochemical stability. No oxidation/reduction peaks
were observed within the potential range (0.05V-1.2 V) up to 1000
CV scans (not shown here). This indicates the good electrochemical
stability of WC-Alfa.

Based on the above preliminary assessment results on WC-Alfa,
it seems that WC could be a suitable candidate as a PEM fuel cell
catalyst support. However, the surface area of this WC-Alfa is fairly
low (only 1.6 m?/g). In order to obtain high ORR performance, a
high surface area WC is desirable. We have thus synthesized a high
purity nano-crystalline WC with high surface area.

3.2. Synthesis and purification of nano-crystalline WC

Fig. 1 shows the XRD pattern of the synthesized tungsten car-
bide (WC-SYN). It can be seen that a pure WC phase with only
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Fig. 1. XRD pattern of in-house synthesized WC sample (WC-SYN).

small amount of W metal (0.9 wt% based on the XRD peak area)
was obtained, indicating that WC was successfully synthesized.
Usually, WC synthesis involves high temperature, which results
in low surface area products. However, a polymer synthesis pro-
cedure can reduce the synthesis temperature significantly. In this
polymer synthesis procedure, a Bakelite type W-C complex precur-
sor was formed as an intermediate phase [20]. This intermediate
W-C complex phase could result in a W-C homogeneity at the
molecular level, leading to significant decrease of the W-C alloying
temperature compared to that for solid-state synthesis.

The WC phase obtained in this work is different from that
reported in the literature. For example, Ganesen et al. [11,12]
showed that the tungsten carbide product was dominated by W, C.
Normally, in WC synthesis, the reduction/carburization undergoes
the following sequence: WO3-W0,-W-W,C-WC [21,22]. Forma-
tion of tungsten carbide requires metallic W and active carbon that
is produced on the W surface. The phase of the tungsten carbide
product can be determined by two critical steps: the formation of
active carbon C* on the W surface, and the diffusion of C* into the
metallic W [22]. If the reduction of tungsten oxide into W is slow,
the amount of C* formed will be low due to the lack of fresh W
surface, and the diffusion of C into W will be fast, leading to the
formation of W5C. On the other hand, if the reduction of tung-
sten oxide into W is fast, there is enough W for the formation of
C*, and the diffusion of C into W will become the limiting step.
As a result, WC phase will be formed. In this work, in order to
obtain pure WC phase, we increased the W precursor (ammonium
metatungstate) content to create more W available for the forma-
tion of C*, and changed the gas environment from pure Ar to mixed
gas flow of Ar and H; to speed up the reduction of tungsten oxide
into W. These changes successfully show the formation of pure
WC phase.

Fig. 2 shows the TGA result (in air) of the synthesized WC-SYN
after 2 h of H, treatment. A weight gain starting from 400 °C can be
observed, which is attributed to the oxidation of WC into WO3. This
weight gain reaches its maximum at around 600 °C, and then starts
to decrease, which is due to burning of excess carbon. After 650 °C,
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Fig. 2. Thermal gravity analysis (TGA) curve (in air) of WC-SYN.
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the weight gain remains constant, indicating that the product has
been completely oxidized. It is worthwhile to note that in this WC-
SYN sample, some free carbon exists, which is not desirable.

In order to remove carbon (especially on the surface), the most
common way is flushing the sample with H, at an elevated tem-
perature via a methanization reaction. However, H; can also reduce
WCinto W depending on temperature, heat treatment time, as well
as H; concentration. Since the methanization reaction has a lower
Gibbs free energy than the WC reduction reaction, it might be pos-
sible, by optimizing these experimental parameters, to remove the
excess carbon at a reasonable rate without significant formation of
metallic W. Ribeiro et al. [23] reported that WC surface absorbed
polymeric carbon, which could be removed after heat treatment in
H, at 700°C for 1.5 h. However after 2 h of heat treatment, metal-
lic tungsten could be detected by XRD. The optimal condition of
carbon removal by H; treatment depends on the particle size and
surface properties of the WC product as well.

In this work, we treated the as-synthesized WC product at 700 °C
for 2h in a Hy atmosphere. As shown in Fig. 2, the composition of
the WC product can be found to be 94.2 wt% of WC, 0.9 wt% of W and
4.9 wt% of C, assuming that WC, W, and C are the only components.
We also observed that extending H, treatment time did not lead
to further reduction in C content, rather it increased W content.
However, while decreasing H, treatment time, a higher C content
was observed. Therefore, 2 h of H, treatment at 700 °C seemed to be
the optimal time to remove the surface carbon on the WC product.
It is believed that the remaining 4.9 wt% of carbon is inside the WC
particles.

3.3. Properties of the in-house synthesized WC-SYN

The surface area, solubility, electronic conductivity, as well as
the thermal stability of WC-SYN were tested in the same way as
those for commercially available WC-Alfa. Table 1 summarizes the
results. For comparison, the properties of WC-Alfa were also pre-
sented.

The surface area of WC-SYN was measured using N, adsorp-
tion/desorption isotherm and the obtained data was compared
with that of WC-Alfa. From the isotherm curve (Fig. 3), a BET surface
area of 89 m2/g was obtained for WC-SYN, which is significantly
higher than WC-Alfa that is only 1.6 m?/g.

The solubility of WC-SYN at 200 °Cis 0.27 wt%, lower than that of
W(C-Alfa. After solubility testing, a strong WO3 peak could be seen
on the recovered WC-SYN, while on the recovered WC-Alfa sample,
there was no such W03 peak. This observation may suggest that the
formation of insoluble WO3 on the WC-SYN should be responsible
for its lower solubility.

The conductivity of WC-SYN measured at 95 and 200 °Cis listed
in Table 1 together with those for WC-Alfa for comparison. It can
be seen that the WC-SYN has a higher conductivity than WC-Alfa.
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Fig. 3. N, adsorption/desorption isotherm curves for WC-Alfa and WC-SYN.

This higher conductivity of WC-SYN might be partially due to the
existence of W metal, caused by post H; treatment.

Regarding the thermal stability of WC-SYN, no impure phase
could be identified on the XRD pattern after the sample was heated
inairat 200 °Cfor 96 h, indicating high thermal stability of WC-SYN.

3.4. WC-SYN morphologies and structure

Fig. 4 shows the SEM images of the WC-SYN precursor (a)
and product after carbon removal (b). The WC-SYN precursor has
a spherical morphology with sizes around 0.5-1.0 wm. However,
after the synthetic process and heat treatment, these microspheres
collapsed as seen in Fig. 4b and Fig. 5. This result is different from
the literature [11], where microspheres morphology was retained
in the final product. This collapse of the microsphere in the final
WC product might be caused by lower carbon content in the pre-
cursor. Normally, carbon can act as skeleton for the microsphere. If
the carbon content in the precursor is below a critical extent, the
microsphere structure might collapse. The beneficial aspect is that
this collapse can expose more surfaces for carbon removal, leading
to a low C content.

Fig. 5 shows the TEM image of WC-SYN. Nano-particles with
morphology of rice-like nanocrystals and whiskers can be clearly
observed. The average particle size is about 35 nm according to the
measurement over 200 particles (Fig. 6 ).

In order to further investigate the structure of WC-SYN, the
HRTEM imaging together with the electron diffraction was carried
out. As shown in Fig. 7, the WC-SYN exhibits a clear lattice fringes
with well-defined single crystal-like electron diffraction pattern
(Fig. 7c), indicating high crystallinity of WC-SYN particles. The

Fig. 4. SEM images of (a) WC-SYN precursor and (b) WC-SYN product.
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primary interplanar spacings on a low index zone axis are 2.57
and 2.92 A, respectively (Fig. 7c), which are attributed to the (01 0)
and (00 1) reflections and consistent with the hexagonal WC lattice
(space group of P-6m2).

3.5. Pt/WC-SYN

To make a catalyst for the oxygen reduction reaction, Pt was
deposited on the WC-SYN support by a polyol method. Fig. 8 shows
the TEM image of 20 wt% Pt/WC catalyst. It can be seen that the
Pt distribution on the WC support is fairly uniform, demonstrating
the success in synthesizing Pt/WC catalyst. The average Pt particle
size was found to be around 5 nm.

3.6. Electrochemical stability of WC-SYN and Pt/WC-SYN

In order to test the electrochemical stability of WC-SYN support
P and its supported Pt catalyst (Pt/WC-SYN), these materials were
- coated on the electrode individually, then tested in N,-saturated
0.1 M HCIO4 solution at 30 °C using cyclic voltammetry. Fig. 9 shows
the cyclic voltammograms (CVs) of WC-SYN. In the first cycle, a
large anodic current was observed at potentials > 0.7 V vs. RHE. This

Fig. 5. TEM image of WC-SYN particles.
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Fig. 6. Size distribution of WC-SYN particles.
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Fig. 7. (a) Enlarged HRTEM image of WC-SYN particle; (b) lower magnification view of a particle; and (c) the corresponding indexed selected area electron diffraction (SAED)
pattern.
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Fig. 8. TEM image of 20 wt% Pt/WC-SYN catalyst (average Pt particle size: 5nm).

peak decreases as the CV scan proceeds, and finally disappears at
the 100th CV scan. At the same time, redox peaks between 0.1 and
0.4V vs. RHE on both anodic and cathodic scans become more and
more prominent with increasing CV scan, and then slightly decrease
after 100 CV cycles, especially for the cathodic peaks (Fig. 9b).

The large anodic current at >0.7V vs. RHE should arise from
the electrochemical oxidation of WC, as reported in the literature
[17-19]. With the proceeding of CV scan, more and more WC was
oxidized into W03, which covered the WC surface, resulting in
gradually diminishing of this current.
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Fig. 9. Cyclic voltammograms of WC-SYN in a N-saturated 0.1 M HCIO4 solution.
(a) First 100 scans, and (b) remaining 900 scan. Scan rate: 20 mV/s, temperature:

30°C, and WC loading on the electrode: 48 pg/cm?.
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Fig. 10. XPS spectra of WC-SYN (a) before CV scan and (b) after 700 CV scans.

The peaks between 0.1 and 0.4V vs. RHE could be attributed
to the reversible redox process of WO3/HxWO3 in acidic media
[24-26]:

WO3 +xH" +xe~ & HyWO; (2)

At the cathodic scan, proton intercalates into WOs3, forming
hydrogen tungsten bronze, resulting in cathodic peaks. At the
anodic scans, when the potential increases to a certain value, H* will
de-intercalate from the hydrogen tungsten bronze lattice, oxidiz-
ing HyWO3 back to W03, leading to anodic peaks. The intensities of
these anodic and cathodic peaks were expected to increase with CV
cycling because more W03 was produced. However, a decrease of
the peak intensities was observed after 100 CV scans. This is likely
due to the decrease in surface area caused by the WO3 coverage
[26].

In order to confirm the formation of WO3 on the WC surface,
XPS spectra were taken on WC-SYN before and after the CV scan,
as shown in Fig. 10. For the as-synthesized WC, a W4f doublet with
binding energies of 31.5 eV and 33.6 eV, can be observed, which cor-
responds to the WC phase. In addition, two peaks can also be found
at higher binding energy (35.2eV and 37.4eV), corresponding to
the W4f;, and W4fs), peaks of WO3 phase (Fig. 11a). The pres-
ence of small amount of WO3 on the surface of the as-synthesized
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Fig. 11. Cyclic voltammograms of 20 wt% Pt/WC-SYN in N;-saturated 0.1 M HCIO4
solution at 30°C. Potential scan rate: 20 mV/s. Pt loading: 47.8 p.g/cm?.
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Fig. 12. Voltammetric curves at different rotation rates, recorded on a rotating
disk electrode coated with 20 wt% Pt/WC-SYN catalyst in O,-saturated 0.1 M HCIO4
solution at 30°C. Scan rate: 5mV/s. Pt loading: 47.8 p.g/cm?.

WC-SYN might be due to the oxidation of WC under ambient con-
ditions [18]. After 700CV scans, the intensity of the W4f;,, and
Wi4fs), peaks increased significantly (Fig. 11b), indicating an elec-
trochemical oxidation of WC into WOs3. These XPS results confirm
the conversion of WC into WO3 on the surface of the WC-SYN as
a result of CV cycling. It is in agreement with those reported by
Weigert et al. [17] and Lee et al. [18].

CV cycling was also conducted on the Pt/WC-SYN catalyst to
test the electrochemical stability of WC supported Pt catalyst.
Fig. 11 shows the CV curve of the 20 wt% of Pt deposited on WC-
SYN (20 wt% Pt/WC-SYN). Large hydrogen adsorption/desorption
(from 0.05V to 0.4 V) peaks, and disproportionally small Pt oxida-
tion/reduction peaks were observed. The shape of the CV curve for
the 20 wt% Pt/WC-SYN catalyst is very similar to that of the WC-
SYN support (after 100 CV cycles), and the peak positions for the
low potential region (0.1V and 0.3 V) match well with that of H*
intercalation/de-intercalation process in WOs3. Similar phenomena
were alsoreported in the literature [27]. Therefore, this large hydro-
gen adsorption/desorption current is composed of two processes: H
adsorption/desorption on Pt and hydrogen adsorption/desorption
on WOs.

Fig. 11 also shows that the intensity of the Pt oxidation peak
decreases as the CV scan proceeds. This is possibly due to the
electrochemical oxidation of WC-SYN. The formation of non-
conductive WO3 could isolate Pt particles deposited on it, leading to
electrochemically inaccessible Pt particles. However, the large oxi-
dation current at >0.7 V on bare WC-SYN (Fig. 9) was not observed
on 20 wt% Pt/WC-SYN catalyst, indicating that the oxidation of WC
in Pt/WC-SYN is not as severe as bare WC. This means that the
presence of Pt on WC might stabilize WC or inhibit WC oxidation,
consistent with the results reported in literature [17,18].

3.7. Electrocatalytic activity of Pt/WC-SYN towards oxygen
reduction reaction

In order to evaluate the electrocatalytic activity toward ORR, the
in-house synthesized 20 wt% Pt/WC-SYN catalyst was deposited on
the electrode surface to form a catalyst layer, then put into an elec-
trochemical cell for ORR measurements. Fig. 12 shows the CV curves
recorded at various electrode rotation rates at 30 °C in O,-saturated
0.1 M HCIO4 solution. An ORR mass activity of 3.3 mA/mg Pt was
obtained from the 1600 rpm curve at 0.9V vs. RHE after the lim-
iting current correction. This value is significantly lower than that
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Fig. 13. The CO,q4s stripping voltammogram on 20 wt% Pt/WC-SYN in 0.1 M HCIO4
at 30°C. Scan rate: 20 mV/s, Pt loading: 48 p.g/cm?.

obtained with commercial Pt/C (110 mA/mg Pt [28]). In the litera-
ture, larger ORR mass activities were reported for Pt/WC catalysts
such as 12 mA/mg Pt [7], and 24 mA/mg Pt [8] (converted from spe-
cific activity and Pt loading). However, in these cases, large amount
of carbon was present in the catalyst either in the form of Pt/C and
WC mixture [7] or Pt deposited on the WC+ C composite support
[8]. Obviously, part of the ORR mass activity comes from the Pt
deposited on C. In addition, the Pt loading in Pt/WC is very high
(from 50% to 100%) [8]. If the high density of WC is considered,
such a high Pt loading could lead to the formation of a conducting
Pt multilayer. Electrons involved in the HOR (hydrogen oxidation
reaction) and ORR do not need to go through the support and the
catalyst behaves like Pt black, resulting in high ORR performance.

In order to better understand what causes the low ORR mass
activity, the ECA was measured by CO stripping, which is supposed
to avoid WC support interference. Fig. 13 shows the CO stripping
voltammogram. A clear CO oxidation peak between 0.6-0.8 V was
observed. From Eq. (1’), the ECA was calculated to be 9m?/g Pt. For
Pt with particle size of 5 nm, the theoretical external surface area
should be 56 m?/g Pt. This indicates that only 16% of the external
surface is electrochemically active, which might be the main cause
of the low ORR mass activity. The ECA can also be calculated by
subtracting the H desorption peak on WC (Fig. 9) from that on Pt/WC
(Fig. 11), which gives a value of 45m?/g. This value is close to the
theoretical value and significantly larger than that obtained with
CO stripping. Most possibly, the interaction between Pt and WC
enhanced the H adsorption/desorption. However it did not affect
0, adsorption and reduction on Pt, which is evidenced by the small
Pt oxidation peak in Fig. 11.

Tafel diagram of the linear scan was plotted. The >0.9V poten-
tial region was selected for the Tafel plot, because in that potential
region, the ORR current is independent of the RDE rotation rate,
as observed in Fig. 12, indicating a pure kinetic behaviour. Fig. 14
shows the Tafel plot of the Pt/WC-SYN catalyst. A linear rela-
tion between logarithm current density and potential is observed,
which has a Tafel slope of 77 mV/dec, larger than the 60 mV/dec
usually reported for Pt catalyzed ORR reaction at low overpotentials
[29]. This larger Tafel slope indicates that this low mass activity is
partly caused by the sluggish reaction kinetics.

The low Pt utilization and large Tafel slope obtained with the
Pt/WC-SYN might be due to the contact resistance between the
catalyst and the support if the support is oxidized. An insulating
WO3 layer may block the electron transfer between the catalyst and
the support, isolating the Pt catalyst resulting in low Pt utilization.

In addition, there are many factors that can cause a low mass
activity. For example, the non-uniform distribution and/or the
agglomeration of the Pt catalyst on the support could decrease
Pt utilization, unfavourable electronic interaction between the
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Fig. 14. Tafel plot of the ORR obtained with 20% Pt/WC-SYN catalyst in O,-saturated,
0.1 M HClO4, 30°C. Scan rate of 5mV/s, and RDE rotation rate: 1600 rpm.

catalyst and the support could also shift the onset potential of
ORR to negative potential, and so on. These topics are definitely
a continuing research area for future work.

4. Conclusions

Nano-crystalline WC with a surface area of 89 m?/g and min-
imal carbon content was synthesized using a polymer route. The
in-house synthesized WC (WC-SYN) has a high electronic conduc-
tivity, high thermal stability, as well as low solubility in acid when
compared to commercially available WC-Alfa in the temperature
range of 95°C-200°C. However, WC-SYN has a slightly lower elec-
trochemical stability due to the electrooxidation into WOs3, which
was confirmed by XPS measurements after the WC sample was
potential cycling in the potential range of 0.0-1.2V vs. RHE. This
instability was attributed to its high surface area because the com-
mercially available WC sample, which has a much lower surface
area, was found to be electrochemically stable.

WC-SYN was tested as a Pt catalyst support. Uniformly dis-
tributed Pt particles were observed on WC-SYN. Electrochemical
measurements showed that the presence of Pt did not catalyze WC
oxidation. In contrary, it could slightly stabilize the WC-SYN sup-
port. However, the mass activity of ORR on a 20 wt% of Pt supported
on WC-SYN was only 3.3 mA/mg Pt, significantly lower than com-
mercial Pt supported on carbon. More work should be focused on

improving the mass activity and the support stability of the WC
supported Pt catalysts.
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