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Abstract Tungsten carbide dispersed on a high surface
area carbon (W,C/C) prepared by a sonochemical method
was used as the support of a Pt-based electrocatalyst (Pt-
W,C/C). The resulting materials were tested for two
important reactions with practical interest in fuel cells, that
is, the oxygen reduction and hydrogen oxidation reactions,
in acid medium. The electrochemical techniques considered
were cyclic voltammetry, linear sweep voltammetry, and
steady-state polarization curves, obtained utilizing an
ultrathin catalyst layer in a rotating ring—disk electrode.
The results showed that the Pt-W,C/C catalyst led to a
remarkable enhancement of the oxygen reduction in acid
medium, when compared to the standard Pt/C, both
following a four-electron mechanism. The hydrogen oxida-
tion reaction showed similar kinetics on Pt-W,C/C and Pt/C
following the direct discharge mechanism on both catalysts.
The W,C/C support presented remarkable activity for the
hydrogen oxidation reaction, most probably after the
Heyrovsky—Volmer mechanism at low overpotential and
the direct discharge irreversible mechanism at high over-
potentials.

Keywords Tungsten carbide - Oxygen reduction -
Hydrogen oxidation

Dedicated to the memory of Francisco C. Nart

L. G. R. A. Santos * K. S. Freitas * E. A. Ticianelli (><)
Instituto de Quimica de Sao Carlos, USP,

C. P. 780, Séo Carlos, SP 13560-970, Brazil

e-mail: edsont@jigsc.usp.br

Introduction

Fuel cells are attractive power sources for both stationary
and electric vehicle applications due to their high energy
conversion efficiencies and low pollutant emissions.
Among the various types of fuel cells, the proton exchange
membrane fuel cell (PEMFC) and the direct methanol fuel
cell (DMFC) are very promising. However, their large-scale
production and commercialization are confronted with
various issues including the cost of the Pt-based electro-
catalysts, the poisoning of the electrocatalysts by small
amount of impurities, low activity of the fuel cell when the
anode uses liquid fuels (methanol, ethanol, etc.), and the
poor intrinsic kinetics of the cathodic oxygen reduction
reaction (ORR).

While the overpotential for the anodic oxidation of pure
hydrogen is negligible even at high current densities due to
the very facile H, oxidation kinetics on platinum, it shows a
strong kinetic inhibition due to CO poisoning when the
anode uses methanol or reformed hydrogen gas [1].
Because of this, a good anode catalyst for PEM fuel cells
has to show not only high catalytic activity towards
hydrogen oxidation but also tolerance for CO [2-5]. It is
also known that the cell voltage of both PEMFC and
DMFC, independently of the fuel, is limited by the slow
reaction kinetics at the oxygen electrode [6].

Platinum supported on high surface area carbon sub-
strates is still the most widely used electrocatalyst in the
fuel cell, both at the anode and the cathode [7]. With the
objective of lowering the cost, other electrocatalysts, such
as metal oxides [8], metal porphyrins [9, 10], and metal
carbides [11], have been investigated over the years.
Another way to lower the cost is the alloying of platinum
with other less expensive transition metals.
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Recently, tungsten carbides have been examined as
heterogeneous catalysts because their activity is often
similar to that of the platinum group metals [12—15].
Tungsten carbides show interesting chemical and/or elec-
trochemical activities in a great quantity of reactions [16]
including those occurring in the PEMFC [17] and DMFC
[18]. Preparation of nanoscaled tungsten carbides by
different methods was recently reported, including tungsten
carbide nano wires [16]. Synergistic effects have been
evidenced by the addition of tungsten carbides into metal or
oxide composites. For example, the composite of Pt/C and
tungsten carbide showed promising activities for oxygen
reduction in both alkaline and acid media [19].

This study aims to evaluate the performance of a
platinum catalyst supported in tungsten carbides (Pt-W,C/
C), prepared by the sonochemical method, for two reactions
for application in fuel cells, that is, the oxygen reduction
reaction and hydrogen oxidation reaction, in acid medium.
The electrochemical techniques considered in the study
were cyclic voltammetry, chronoamperometry, linear sweep
voltammetry, and steady-state polarization curves, obtained
utilizing an ultrathin layer in a rotating ring—disk electrode
(RRDE).

Experimental
Preparation of tungsten carbide

The procedure to prepare the tungsten carbide was the same
as that reported previously in the literature [15]. A slurry of
tungsten hexacarbonyl (1 g in 50 ml of hexadecane) and an
appropriate amount of carbon powder (Vulcan XC-72R) was
sonicated with a high-intensity ultrasonic bath (Unique, 0.5
in Ti horn, 19 kHz, 80 W c¢m ) at 90 °C for 3 h under argon
to yield a completely black powder slurry. The solution was
filtered, washed several times with purified degassed
pentane, and heated at 100 °C. Since the presence of oxygen
oxide could affect the catalytic activity, it was removed
before catalytic studies by heating in a flowing 1:1 CH4/H,
mixture at 300 °C for 1 h, then at 400 °C for 1 h, and finally
at 500 °C for 12 h [15]. After this carburization, excess of
carbon, hydrogen, and oxygen had been largely removed.

Preparation of the tungsten carbide supported Pt
electrocatalyst

A solution was prepared by mixing chloroplatinic acid
(H,PtClg), water, and W,C/C previously prepared. The
solution was treated in an ultrasonic bath to form uniformly
dispersed ink. The solution was kept at 80 °C, and the
platinum was then reduced with a formic acid solution [20],
which was slowly added under stirring. The solution was
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filtered, and the powder washed several times with purified
water and dried at 80 °C for 1 h.

Characterization

The atomic ratios of the Pt-W,C/C, Pt/C, and W,C/C
electrocatalysts were obtained by EDX (energy dispersive
X-ray) analysis in a scanning electron microscope (DSM
960 Zeiss) provided with a microanalyzer Link Analytical
QX 2000 and a SiLi detector using a 20 KeV electron
Beam. X-ray diffraction (XRD) were obtained using a
Rigaku Rotaflex Mod. RU-200B equipment with Cu Ko
radiation (A=0.15406) generated at 40 kV and 20 mA.
Scans were done at 2° min~ ' for 26 values in the range of
20 and 100°. To estimate the particle size, the Scherrer’s
equation [21] was used. For this purpose, the (220) peak of
the Pt face-centered cubic (fcc) structure at 20=68° was
selected. To improve the fitting quality of this peak, the
XRD records for 260 values from 60 to 80° were done at
0.02° min™".

Electrochemical cell and electrode preparation

A conventional one-compartment glass cell with a Luggin
capillary was used in the electrochemical experiments. A
large area platinized platinum foil served as the counter
electrode and a reversible hydrogen electrode (RHE)
system was used as the reference electrode. All the
experiments were carried out in 0.5 mol 1! H,SO,,
prepared from high purity reagents (Mallinckrodt) and
water purified in a Milli-Q (Millipore) system. The
electrolyte was saturated with pure N,, H,, or O, gases,
depending on the experiment. After preparation, the
electrodes were immersed in oxygen-free electrolyte solu-
tions at room temperature and cycled several times between
0.05 and 1.1 V at 50 mV/s until a steady-state voltammo-
gram was reached. Cyclic voltammetry was used to
characterize the electrocatalyst surface and to obtain the
electrochemical active area. The platinum active surface
area was estimated by obtaining the charge of hydrogen
desorption in the potentials range from 0.05 to ~0.4 V vs
RHE and assuming that hydrogen is only adsorbed on Pt
sites with 210 pC corresponding to 1 cm 2 of exposed area.
The double-layer charging currents were subtracted from
the total voltammetric currents for obtaining the H
desorption charge. All electrochemical experiments were
conducted at room temperature (25+1 °C).

In all cases, the working electrodes were deposited as an
ultrathin layer over a pyrolitic graphite disk (polished to a
mirror finish before each experiment, 0.196 cm?) of a
RRDE. The working electrodes were prepared with 14 pg
catalysts cm > (Pt/C, Pt-W,C/C, or W,C/C). A diluted
Nafion solution (5 wt%, DuPont) was pipeted on the
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Fig. 1 XRD patterns for W,C/C (a), Pt-W,C/C (b), and Pt/C (c).
Asterisk W,C peaks

electrode surface to attach the catalyst particles onto the
glassy carbon [22].

ORR measurements

Steady-state polarization curves were obtained with the
RRDE at several rotation speeds to evaluate the ORR
kinetic parameters, and the experiments were recorded in
the potential range between 0.2 and 1.10 V vs RHE using
an AUTOLAB bipotentiostat (PGSTAT30). In this system,
the ring electrode (platinum) was used to sensor the H,O,
produced in the working disk electrode. This was made by
measuring the magnitude of the H,O, oxidation current at a
constant potential of 1.2 V vs RHE, where the oxygen
reduction and evolution currents are negligible, and the
oxidation of peroxide is diffusion limited. The collection
efficiency, N, was determined for the RRDE electrode, from
the slope of an I vs I plot at different rotation rates, using
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Fig. 2 Cyclic voltammograms obtained for W,C/C, Pt-W,C/C, and
Pt/C in 0.5 mol I”' H,SO, at 50 mV s~

Ring Current / uA

<

IS

<

o

3

o -0. —0O— 400 rpm

8 209 —0— 900 rpm
1.0 —A— 1600 rpm
-1.1 4 —</— 2500 rpm
-1.2 —O— 3600 rpm
-1.3 —m

0.2 0.4 0.6 0.8 1.0 1.2

E/Vvs RHE

Fig. 3 Steady-state polarization curves for the ORR on the Pt-W,C/C
catalyst in 0.5 mol I"! H,SO, at several rotate speeds. a Disc current,
b ring current (E,=1.2 V)

an electrolyte solution 1072 mol 1" of K;Fe(CN)y in
0.5 mol I"! H,SO,. A value of N equal to 0.36 was found.
This value was used to determine the peroxide formation
and the number of electrons in the ORR.

Hydrogen oxidation

Polarization curves for the hydrogen oxidation were
obtained at 2 mV s ' using the RRDE at several rotation
speeds to evaluate the hydrogen oxidation reaction kinetic
parameters. The experiments were recorded in the poten-
tials range between 0 and 0.6 V, also using the AUTOLAB
PGSTAT30 bipotentiostat.

Results and discussion

Characterization

The composition of the W,C/C support was determined by
EDX analysis. The nominal mass ratio of W to C was 40%,
but it was found that the mass ratio of W to C in the final

product was approximately 10%. EDX was also used to
determine the amount of platinum in the Pt-W,C/C, and
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Fig. 4 Steady-state polarization curves for the ORR on W,C/C, Pt-
W,C/C, and Pt/C in 0.5 mol I"! H,SO, at 900 rpm. a Disc current,
b ring current (E,=1.2 V)

this resulted to 21 wt%, which is very close to the nominal
value (20 wt%). The amount of Pt in Pt/C was also the
same as the nominal value, 20 wt%.

The catalysts were analyzed by XRD, as shown in
Fig. 1. The XRD pattern confirmed that the tungsten
carbide prepared here is in the form of nanocrystals. The
peaks observed in the diffractogram are identified as those
for pure W,C. Meng and Shen [23] also obtained pure
W,C, using the intermittent microwave heating method, but
they also noted the presence of WC when the amount of W
was high, that is, when the atomic ratio of W to C was
40%. The low intensity sign for the XRD patterns for the
W,C/C may be due to the low content of W,C compared to
that of carbon. Curves b and ¢ show the XRD patterns for
the Pt-W,C/C and for a commercial Pt/C catalyst, respec-

tively. It is clear that the XRD pattern of Pt-W,C/C
combines the crystalline features of Pt and W,C. The broad
reflections of both Pt catalysts indicate that they are
nanostructured materials with small grain size. In accor-
dance to this, the average crystallite sizes calculated from
Scherrer’s equation [21] for the Pt-W,C/C and Pt/C
catalysts resulted to 5.4 and 2.6 nm, respectively.

Electrochemical measurements

Cyclic voltammetric profiles for Pt-W,C/C and Pt/C with
the current normalized by the real Pt surface area (see
above) and for W,C/C are presented in Fig. 2. The results
show the typical behavior regarding the hydrogen and the
oxide regions for carbon-supported Pt in acid solutions [24—
26]. The peaks for the H,pq region for the Pt-W,C/C are
well resolved and very similar to that of the Pt/C catalyst. A
small difference has been found in the potential near
410 mV, where a small oxidation peak is observed. This
feature is surely related to redox processes involving Pt-
WO, composites [27], which were not detected by XRD
because it may be presented at a small amount or as an
amorphous phase. Other possibility is that the tungsten
oxide was formed when the catalyst was placed in contact
with the acid solution. For W,C/C, no redox peaks were
observed in this region of potential in acid solution under
ambient temperature [28].

In Fig. 2, a shift to higher potentials of the platinum
oxide reduction peak was observed for the Pt-W,C/C,
compared to Pt/C. Such an anodic shift can be attributed to
a decrease in the desorption free energy (AG,qy) of Pt—-OH
and Pt-O. This means that the adsorption strength of
adsorbed oxygen species on Pt-W,C/C is lower than on Pt/
C, and so, the reduction in intermediates containing oxygen
is more facile. In the presented work, no changes in the
shape or size of the voltammograms were observed during
the whole period of measurements for all catalysts,
indicating the large stability of the materials.

ORR results

Figure 3 shows steady-state polarization curves for the
ORR in the disk and the currents for H,O, oxidation in the

Table 1 Tafel coefficients (b), number of electrons (1), and percentage of peroxide formation (%H,0,) at several electrode potentials (E) for the
Pt-W,C/C and Pt/C catalysts where 1, (low overpotential region) and h,, (high overpotential region)

Catalysts n n n %H202 %HzOz %H202 b (ln)mV b (hn)mV

(E=0.88 V) (E=0.70V) (E=03V) (E=0.88V) (E=0.7V) (E=03V) decade™ decade ™!
Pt/C 3.98 3.99 3.95 0.11 0.34 1.6 58 130
Pt-W,C/C 3.99 3.99 3.97 0.29 0.5 1.51 66 123
W,C/C - 2.96 2.76 - 0.52 0.62 - -
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Fig. 5 Mass-transport-corrected Tafel plots for the ORR on the Pt-
W,C/C, W,C/C, and Pt/C materials in 0.5 mol 1! H,SO, at 25 °C.
Inset mass-transport Tafel plots for the Pt-W,C/C and Pt/C with
currents normalized per unit of Pt surface area

ring, for the Pt-W,C/C catalyst, at several rotation speeds.
From these results, it is observed that the ORR is diffusion-
controlled when the potential is more negative than 0.6 V
and is under mixed kinetic—diffusion control in the potential
region between 0.6 and 0.9 V. The steady-state polarization
curves for different materials at 900 rpm are compared in
Fig. 4. From these results, it is clearly noted that the Vulcan
carbon is not active, while W,C/C is very little active for
the ORR in acid medium. It is also noted that the ORR
limiting currents for the Pt-W,C/C assume values close to
those for the Pt/C catalyst, both showing low ring current
signals for peroxide oxidation.

Results also show that in the activation and kinetic—
diffusion controlled regions, a higher activity is observed
for the Pt-W,C/C material compared to the Pt/C. Due to the
very low activity for ORR in the W,C/C and the smaller
surface area of Pt in Pt-W,C/C when compared with Pt/C
(2.2 and 5.4 cm?, respectively), the enhancement of the
ORR kinetics in the Pt-W,C/C may be attributed to changes
on the platinum electronic states caused by the presence of
tungsten carbide (see below).

The number of electrons per oxygen molecule () and
the relative amount of H,O, (%H,0,) were obtained by the
equations [29, 30]:

4[D 2%
n= ;%H 0y = | —— 1
Itk R YA )

where N is the collection efficiency of the ring, I is the
disc current, and I is the ring current. These results are
reported in Table 1 for all catalysts, for £=0.88, 0.7, and
0.3 V. Results show that the values of n are close to 4 for
both Pt-containing catalysts, in agreement with the very

small peroxide oxidation currents observed in Figs. 3 and 4.
A considerably lower value of n was obtained for W,C/C.
These results also confirm the very low formation of H,O,
for the Pt-based catalyst under the present experimental
conditions. On the other hand, much higher H,0O, formation
is seen for W,C/C.

The electrocatalytic activity for the ORR on these
electrocatalysts was compared through mass-transport-
corrected Tafel plots as shown for the Pt-W,C/C and Pt/C
in Fig. 5. Because diffusion limitations were not apparent
for W,C/C in this case, there is no need to correct for mass
transport. In the insert are the results for the Pt-based
catalysts with the currents normalized by real Pt surface area
evaluated by cyclic voltammetry. The values of the Tafel
slopes obtained from these lines are included in Table 1.
Similar Tafel behaviors were obtained for other kinds of Pt-
W,C/C and Pt-based catalysts, as also shown in previous
works [6, 21, 22, 31]. Two different linear regions are
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Fig. 6 Steady-state current—potential plots for the oxidation of
hydrogen at several rotation rates, in 0.5 mol "' H,S0, at 25 °C
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Fig. 7 Levich diagrams for the hydrogen oxidation on the Pt-W,C/C,
W,C/C, and Pt/C catalysts, in 0.5 mol "' H,S0,

observed, with slopes close to 60 mV decade ' for low
overpotential (l,) and 120 mV decade™' for high over-
potentials (h,), in agreement to previous results for Pt/C
[6, 29]. This behavior has been explained in terms of the
coverage of adsorbed oxygen, which follows a Temkin
istotherm at low overpotential (the surface has high
coverage of oxides and/or adsorbed oxygen intermediates)
and a Langmuir isotherm at high overpotentials (the surface
has low coverage of oxides and/or adsorbed oxygen
intermediates).

From the inset in Fig. 5, it is clearly concluded that Pt-
W,C/C present considerably higher specific activity com-
pared to Pt/C. Assuming that the reaction occurs only on
the Pt atoms, two previously reported mechanisms could be
used to discuss the increase in the ORR kinetics on the Pt
atoms in the Pt-W,C/C material. One hypothesis [32]
assumes that an increase in the ORR kinetics may be
assigned to a decrease in the Pt 5d band occupancy, which
may result in a stronger interaction of adsorbed O, with Pt,
decreasing the difficulty of breaking the O—O bond. On the
contrary, following another model [33], the increase in the
ORR kinetics would be assigned to a decrease in the Pt 5d
band occupancy, meaning that the adsorption strength of
adsorbed oxygen species decrease, and so, the reduction in
intermediates containing oxygen adsorbed on the Pt surface
becomes more facile. This last effect is confirmed by the
results in Fig. 2, where it is clearly observed that the
reduction in adsorbed oxygen intermediates on Pt is more
facile in the presence of W,C/C.

Oxidation of pure hydrogen

Figure 6 shows the steady-state current—potential curves for
the hydrogen oxidation at 2 mV s ! on the Pt/C, Pt-W,C/C,
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and W,C/C materials in 0.5 mol It H,S80,, for various
rotations rates. At low potentials, the currents are controlled
by activation, but with the potential increase, mass transport
starts to influence the current until a limiting value is
reached above about 0.03 V, particularly for the Pt-based
catalysts. Although smaller than for the Pt-based catalysts,
considerable activity for the hydrogen oxidation reaction
was observed for W,C/C. Assuming laminar flow, the mass
transport rate and, consequently, the limiting diffusional
current can be described by the Levich equation [34]:

ig = 0.62nFAD2/3,f1/6C*w1/2 )

where A4 is the geometric area of the electrode, D the
diffusion coefficient, and C” the solubility of the hydrogen
in the electrolyte, v the kinematics viscosity of the
electrolyte, and w is the rotation speed. Figure 7 displays
the Levich plots for the oxidation of hydrogen, where the
near-zero intercepts and the linear behavior indicate that the
currents at the positive potential limit are essentially
diffusion limited. The small differences of the slopes of
the lines must be related to small differences of the
geometric area of the active layer.
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Fig. 8 (a) Mass-transport-corrected Tafel plots assuming reversible
kinetics for the hydrogen oxidation on Pt-W,C/C. (b) Mass-transport-
corrected Tafel plots assuming irreversible kinetics for the hydrogen
oxidation on Pt-W,C/C
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As in the case of the ORR, the kinetics and mechanism
of the hydrogen oxidation reaction can be discussed by
using mass-transport-corrected Tafel plots. Considering that
the reaction is reversible,

P

k
the kinetic equation for describing the electrode polariza-
tion can be written as [35]:

a
E— o —2303°0 log (IL_I) (4)

nF I?
where E is the electrode potential, E° is the equilibrium
potential of the reaction, /! is the limiting anodic current
and 2.303RT/nF is the Tafel slope. On the other hand, for
an irreversible process, the equation is [35]:

a

I X1
E =E° +b.log <1ax ;) — b.log Cy° — constant (5)
=

where b is the Tafel slope for the hydrogen oxidation
reaction, and Cy’is the solubility of the reagent in the liquid
electrolyte.

Figures 8 and 9 show the Tafel plots for the H, oxidation
at different rotation speeds for the Pt-W,C/C and W,C/C
catalysts, assuming that the reaction follows the direct
reversible or irreversible mechanisms [36—38]. Because the
current rises very sharply reaching the limiting value, only
the values between 0 and 0.08 V (vs RHE) could be used.
The results for Pt/C presented essentially the same
behaviors as those shown in the Fig. 8.

Comparing the plots of Fig. 8a and b, it is observed that,
for Pt-W,C/C, the result follows the prediction of Eq. 4
(reversible reaction) independently of the rotation rate. The
same behavior was found for Pt/C. These results indicate
that the hydrogen oxidation reaction follows the direct
reversible mechanism in both Pt-based catalysts, in agree-
ment with what is observed for a smooth Pt electrode [35].
The values of the Tafel coefficient for both materials are
very close to 30 mV decade ', and so also in agreement
with the reversible direct discharge [36—38] mechanism for
T=25 °C.

The Tafel plots for the W,C/C support shown in Fig. 9a
and b confirmed that this catalyst presents considerable
activity for the hydrogen oxidation reaction, but in this
case, following the prediction of Eq. 5, is valid for an
irreversible reaction. However, there was no linearity on the
Tafel lines, which showed a Tafel slope close to 40 mV
decade™' at low overpotentials and 60 mV decade ' at
higher overpotentials. A value of 40 mV decade ' corre-
sponds to the theoretical prediction for the Heyrovsky/
Volmer [36] mechanism, having Volmer as the rate-
determining steps and with the catalyst surface presenting
low degree of coverage of adsorbed hydrogen atoms [35].
On the other hand, at high overpotentials, the value of
60 mV decade™' is consistent with the direct discharge
irreversible mechanism [36], which is similar to the
reversible case (Eq. 3), but having smaller rate constants.
Further investigations are on course, including single-cell
PEMFC measurements, to better characterize the hydrogen
oxidation process in this material.

Conclusion

Tungsten carbide with and without Pt nanocrystals, pre-
pared by a sonochemical method was tested for two
important reactions with practical interest in fuel cell. A
shift to higher potentials of the platinum oxide reduction
peak was observed for the Pt-W,C/C, compared to Pt/C.
Such an anodic shift was attributed to a decrease in the
desorption free energy (AG,q) of Pt—-OH and Pt-O,
meaning that the adsorption strength of adsorbed oxygen
species on Pt-W,C/C is lower than on Pt/C. The results
showed that Pt-W,C/C leads to a remarkable enhancement
of the ORR kinetics in acid medium, and this was attributed
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to the fact that the electroreduction in the oxygenated
intermediates is more facile.

The kinetics of the hydrogen oxidation reaction is similar
on the Pt/C and Pt-W,C/C catalysts, and the Tafel slopes
obtained are in agreement with the direct discharge
reversible mechanism. The W,C/C support presented
considerable activity for the hydrogen oxidation reaction,
which more probably follows the Heyrovsky/Volmer
mechanism at low overpotentials and the direct discharge
irreversible mechanism at high overpotentials.
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