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The activity, stability and CO tolerance of molybdenum carbide-based electrocatalyts were studied in
anodes of proton exchange membrane fuel cells (PEMFCs). To this purpose, carbon-supported molybde-
num carbide (Mo, C/C) was prepared by an ultrasonic method, and was used as catalyst support in the
anode of a PEMFC. Pt and PtMo nanoparticles were deposited on this Mo, C/C by the formic acid reduction
method. The physical properties of the resulting electrocatalysts were studied by X-ray diffraction (XRD),
transmission electron microscopy (TEM), energy dispersive spectroscopy (EDS), X-ray absorption near

f\(ﬂeg l‘;’ g;isr;um carbide edge structure (XANES), scanning electron microscopy (SEM) and wavelength dispersive spectroscopy
PEMFC (WDS). Electrochemical characterizations were carried out by single cell polarization measurements, CO
Ultra-sonication stripping, cyclic voltammetry (CV) and online mass spectrometry (OLMS). CV and OLMS experiments
stability were performed to evaluate the stability and CO tolerance of the electrocatalysts. The results obtained

CO tolerance for the carbide-based electrocatalysts were compared with those obtained for carbon-supported PtMo
and Pt electrocatalysts. It was observed that Pt and PtMo supported on Mo, C/C present a better stability
than PtMo supported on carbon. CV and WDS results evidenced a partial dissolution of Mo from the anode
and its migration toward cathode during the cell operation. On the basis of polarization measurements
and cyclic voltammograms, it was concluded that the stability of anode electrocatalysts can be improved
by the use of molybdenum carbide as catalyst support.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction CO molecules from Pt surface [3,4]. Unfortunately, the high price of

these metals, particularly Pt and Ru, and wear of the catalysts, still

Fuel cells are considered as alternative electrical power sources
for the near future. Among the various types of fuel cells used
today, the most promising is the proton exchange membrane fuel
cell (PEMFC), which is particularly useful for portable applications,
because of its relatively high power density despite the low temper-
ature of operation [1]. The electrocatalysts most commonly used for
hydrogen oxidation in the PEMFC anode mainly contain Pt, which
ensures a good electrocatalytic activity. However, the hydrogen
obtained from reformate fuel stream contains carbon monoxide
(CO) impurities that are easily adsorbed on the Pt surface, thus
reducing the Pt surface available for hydrogen adsorption and even-
tually reducing the cell performance [2]. Therefore, a transition
metal such as Ru or Mo is typically added to the Pt in order to
increase the CO tolerance of the anode electrocatalysts by desorbing
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prevent the large-scale commercialization of PEMFCs. Transition
metal carbides have been studied because of their catalytic activi-
ties for many chemical reactions including hydrodenitrogenation,
hydrodesulfurization, methanol steam reforming and water-gas
shift (WGS) reactions [5,6]. These carbides can be produced hav-
ing large surface area and catalytic properties resembling those of
the Pt-group metals (PGMs) [7,8].

In particular, molybdenum carbide (Mo,C) has been investi-
gated as anode electrocatalyst for PEMFCs [9,10], although its
catalytic activity for H, electro-oxidation is not high enough to
meet the requirements for fuel cell applications [11]. However,
the catalytic activity of this carbide can be noticeably improved
by the addition of Pt. In a recent study conducted to evaluate the
use of molybdenum carbide as electrocatalyst in fuel cell anodes,
it has been reported that Pt-Mo.,,, supported on carbon black
has shown a superior activity for methanol electro-oxidation in
comparison with Pt supported on carbon [12]. In another study it
was observed that molybdenum carbide has a high activity for the
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dissociation of methanol and water, as well as a relatively low CO
desorption temperature of around 330K [13]. Moreover, Weigert
etal.[9] observed that Pt-modified Mo-C has enhanced activity and
stability compared to Pt supported on carbon.

Summarizing, some research data can be found in literature
regarding the activity of Mo, C/C either for methanol oxidation or
oxygen reduction, however, the CO tolerance and stability of this
material has not been studied in detail. Thus, in this work, molyb-
denum carbide was prepared and used as support of Pt and PtMo
electrocatalysts for hydrogen electro-oxidation in the presence of
100 ppm CO in PEMFC anodes. In addition to physical and elec-
trochemical properties, the stability of these electrocatalysts was
studied, in comparison with carbon-supported PtMo and Pt elec-
trocatalysts.

2. Experimental
2.1. Preparation of electrocatalysts

The molybdenum carbide support (30 wt%, Mo,C/C) was pre-
pared by sonicating a slurry of molybdenum hexacarbonyl (Mo
(CO)g, Aldrich) and carbon powder (Vulcan XC-72R) in hexade-
cane, with a high intensity ultrasonic horn at 90°C for 3 h. The
resulting mixture was filtered, washed several times with purified
pentane and heated at 90°C until a black powder was obtained.
This powder was transferred to a tubular quartz reactor and placed
in a furnace. It was then exposed to an argon flow at 100°C dur-
ing 1 h. The argon was then replaced by a 1:1 CH4/H; mixture and
the temperature was increased at a rate of 5°Cmin~!, firstly until
300°C for 1h, secondly until 400°C also for 1h and finally until
500°C for 12 h, in order to carburize the black powder and obtain
the molybdenum carbide [14,15]. Pt (20 wt%) was deposited on
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this carbide support by the formic acid reduction method [16-18],
which consisted of the reduction of dihydrogen hexachloroplati-
nate hexahydrate (H,PtClg.6H,0, Aldrich), in the presence of the
molybdenum carbide, using formic acid as reducing agent. In addi-
tion, PtMo (20 wt%) was deposited on Mo, C/C and Vulcan XC-72R,
also by the formic acid method. Pt supported on Vulcan XC-72 car-
bon also with 20 wt% metal/C was supplied by E-TEK. The Pt and
PtMo loading in all the electrocatalysts was maintained at 20 wt%.

2.2. Physical characterizations

The metal content of the Mo, C/C support as well as the metal
loadings (Pt and Mo) of the catalysts were determined by energy
dispersive x-ray spectroscopy (EDS) in a scanning electron micro-
scope LEO, 440 SEM-EDX system (Leica-Zeiss, DSM-960) with a
microanalyzer (Link analytical QX 2000) and a Si (Li) detector, using
a 20keV incident electron beam. The BET surface areas of the cata-
lyst samples were determined by using a Micromeritics AutoChem
II Chemisorption Analyzer. X-ray diffraction (XRD) patterns were
recorded in a RIGAKU XRD RU200B diffractometer using CuKa radi-
ation, in the 20 range from 10 to 90°. Particle size distributions were
determined by transmission electron microscopy (TEM, Tecnai
G2F20 transmission electron microscope). The average crystallite
sizes of the catalysts were determined by the Scherrer equation
[19], using the Pt (220) diffraction peak and were compared with
the results from TEM. The electronic properties of Pt in the electro-
catalysts were investigated by x-ray absorption spectroscopy (XAS)
(beamline D041 XAFS1 at the Brazilian Synchrotron Light Labora-
tory, LNLS) focused on the x-ray absorption near edge structure
(XANES) region of the Pt L3 absorption spectrum, that provides
information about the electronic structure of the Pt 5d band and
thus on the reactivity of the catalysts. These experiments were con-
ducted by using a homemade spectro-electrochemical cell which
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Fig. 1. EDS spectra of Mo, C/C support and the Pt/Mo,C/C, PtMo/Mo,C/C and PtMo/C electrocatalysts.
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Table 1

Chemical compositions, crystallite/particle sizes, lattice parameters and BET surface areas of the Mo, C/C support and the Pt/Mo, C/C, PtMo/Mo, C/C and PtMo/C electrocatalysts.

Electro- catalysts Elements (wt%)

Pt crystallite/particle

Pt Lattice constant (A°) XRD BET surface area (m?/g)

determined by EDS size (nm)

Pt (%) Mo (%) C(%) XRD TEM
Mo, C/C NA 19.0 81.0 NA NA NA 113
Pt/Mo,C/C 16.1 121 71.8 3.0 25 0.392 85
PtMo/Mo,C/C 15.0 14.5 70.5 2.5 24 0.392 88
PtMo/C 133 3.0 83.7 2.4 2.5 0.391 190

enables to set virtually the same humidification, temperature and
gas flux as in a fuel cell [20-22].

Scanning electron microscopy (SEM) and electron probe micro-
analysis (EPMA) of cross sections of the MEAs (membrane electrode
assemblies) were performed, in order to investigate the loss of Mo
from the anode electrocatalysts and its migration to the membrane
and cathode. For this purpose, samples of the new and cycled MEAs
were cut transversely with scissors, then they were mounted on
aluminum sample holders, and finally they were coated with a
carbon layer, in order to increase their surface electrical and ther-
mal conductivities. SEM analysis was performed using a SIGMA
(Carl Zeiss) field emission scanning electron microscope (FE-SEM),
and EPMA analysis was done with a JEOL JXA 8230 electron probe
microanalyzer, using a wavelength dispersive spectrometer and a
PET] analyzer crystal. SEM and EPMA experiments were carried out
in the Laboratorio de Microscopia Electrénica y Analisis por Rayos
X, from the Facultad de Matematica, Astronomia y Fisica (FAMAF),
Universidad Nacional de Cérdoba, Argentina.

2.3. Electrochemical measurements

The electrochemical measurements were conducted in a sin-
gle cell, using membrane electrode assemblies (MEAs) prepared
with Nafion membranes and electrodes formed by gas diffu-
sion and catalyst layers. The metal load was 0.4 mgcm~2 for the
anodes (Pt/Mo,C/C, PtMo/Mo,C/C, PtMo/C and Pt/C) and cathode
(Pt/C, E-TEK). The materials and method used for the preparation
of MEAs and its components are described in detail elsewhere
[16-18,20-22]. Fuel cell polarization measurements were carried
out galvanostatically with the cell at 85°C, using gases saturated
with water at 100°C for the anode and at 90°C for the cathode.
The system was first maintained at an initial potential of 0.7V in
pure Hy, for 2 h, and then at 0.8V in H,/100 ppm CO, also for 2h,
to reach the steady state before the data acquisition. CO stripping
experiments were conducted at two different temperatures (25 and
85°C), in order to study the CO tolerance of the prepared materials.
These experiments were performed using a Solartron 1285 poten-
tiostat/galvanostat in the standard fuel cell hardware. During the
experiments the anode, used as working electrode, was either fed
with Ar or CO (1000 ppm in Ar balance), while the cathode, used
as both reference (reversible hydrogen electrode, RHE corrected
approximately to 35 mV) and counter electrode, was constantly fed
with H,. The CO was firstly adsorbed on the anode for 30 minutes
at a constant potential of 50mV, and then the anode was flushed
with Ar for another 30 minutes.

Online mass spectrometry analysis with CO, detection was
conducted to study the oxidation of the CO adsorbed on the elec-
trocatalyst surface. In these experiments the anode was fed with
either H, or H,/100 ppm CO, repeating the process several times,
whereas the cathode was constantly fed with O,, keeping the cell
at the condition of open circuit potential.

Cyclic voltammetry was applied to the single cell electrodes to
investigate the effect of potential cycling and its use as degradation
testing technique [23,24]. In these experiments the anode, used as
the working electrode, was exposed to Ar, and the cathode, used

as the reference and counter electrodes, was exposed to H,. The
anode potential was cycled between 0.1 and 0.7 V, at a scan rate of
50mVs~!, at room temperature, up to a total of 5000 cycles. The
performance of the MEAs was evaluated before the cycling process
and at various stages of the cycling process, by measuring polar-
ization and power density curves and anode overpotentials due to
the presence of CO (Mco) at a current density of 1 Acm~2. These
anode overpotentials were calculated as differences between the
cell potentials in the presence and absence of CO (i.e., with the
anode fed with H, + 100 ppm CO and pure Hj, respectively). Cyclic
voltammetry was also applied to the cathode by the same proce-
dure as for the anode, before the cycling process and then after the
above-mentioned 5000 potential cycles.

3. Results and Discussions
3.1. Physical Characterization of the Electrocatalysts

The results of elemental analysis obtained by EDS are given
in Table 1. The corresponding EDS spectra are shown in Fig. 1. A
molybdenum content of only 19 wt% was obtained for the Mo, C/C
(30wt%) support. The measured Pt and PtMo loadings (for the
Pt/Mo,C/C, PtMo/Mo,C/C and PtMo/C electrocatalysts) resulted
less than the target value of 20 wt%. It should be noted that the
total Mo content of the PtMo/Mo,C/C catalyst has contributions
from the carbide and from the bimetallic particles. A small reduc-
tion in the Mo content of Mo, C/C was observed after the addition
of Pt and PtMo, which could be due to a partial dissolution of Mo
during the deposition process. Surface areas of Mo,C/C support
and Pt/Mo,C/C, PtMo/Mo,C/C and PtMo/C electrocatalysts, deter-
mined by BET gas adsorption isotherms, are included in Table 1. A
decrease in the overall surface area was observed for Pt/Mo,C/C and
PtMo/Mo, C/C, which may be due to blocking of the pores by Pt and
PtMo nanoparticles. Fig. 2 presents the X-ray diffraction patterns
obtained for Mo, C/C, Pt/Mo,C/C, PtMo/Mo,C/C and PtMo/C elec-
trocatalysts. The pattern of Mo, C/C presents peaks of both at-Mo,C
and 3-Mo,C [25,26], whereas that of Pt/Mo,C/C, PtMo/Mo,C/C and
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Fig. 2. X-ray diffraction patterns of the Mo,C/C support and the Pt/Mo,C/C,
PtMo/Mo,C/C and PtMo/C electrocatalysts.



310 A. Hassan et al. / Electrochimica Acta 142 (2014) 307-316

| Pt/ Mo2C/C

P

Fig. 3. TEM images of the Pt/Mo,C/C, PtMo/Mo,C/C, and PtMo/C electrocatalysts.

PtMo/C predominantly exhibit the peaks of the crystalline structure
of Pt.

These results of XRD are consistent to the already reported data
[26], where the Mo,C peaks disappeared after the addition of Pt
to the Mo, C/CNTs support. As only Pt peaks appeared in the XRD
pattern of Pt-Mo, C/CNTs, the authors explained that due to small
differences in the crystal lattice spacing of Pt and Mo, C, it is difficult
to distinguish the Pt and Mo, C peaks. It is worth mentioning that
significant contents of molybdenum in the samples were detected
by EDS, despite the fact that almost no molybdenum crystalline
phases were detected by XRD. The average Pt crystallite sizes cal-
culated for these catalysts are given in Table 1. The values of lattice
parameters (Table 1) indicate no inclusion of Mo in the Pt crystal-
lites.

Fig. 3 shows typical TEM images of the Pt/Mo, C/C, PtMo/Mo,C/C
and PtMo/C catalysts. The average particle diameters measured
from these images are consistent with the mean crystallite sizes
calculated from the XRD patterns, as can be seen in Table 1. A clear
difference between the carbon black and molybdenum carbide
supports can be observed from these TEM images. Quite uniform
dispersion of Pt and PtMo particles were obtained for all catalysts.
The effect of Mo, C and Mo on the occupancy of d electronic states
in Pt atoms of the catalysts was investigated by measuring XANES
spectra at the Pt L3 edge. The X-ray absorption at the Pt L; edge
corresponds to 2psj,-5d electronic transitions and the magnitude
of the white line is directly related to the occupancy of 5d electronic
states. Differences in XANES spectra or in white line intensities are
mainly related to differences in the electronic properties (the oxi-
dation state) of the absorbing atom due to the electron donating or
withdrawing properties of the neighboring atoms. An increase in
white line intensity indicates an increase in the number of vacan-
cies [27-29].

Fig. 4 shows XANES spectra of the PtMo/Mo,C/C, PtMo/C and
Pt/C electrocatalysts, recorded at the Pt L3 edge before and after
the adsorption of CO with the electrodes polarized at 50 mV vs.
RHE. A slight but consistent increase in the white line intensity of
PtMo/Mo,C/C and PtMo/C as compared to Pt/C, can be observed
in the XANES spectra recorded in H, atmosphere (see the inset of
Fig. 4a). This indicates that the presence of Mo or Mo,C near the
Pt atom may induce a slight increase in the number of Pt 4d band
vacancies by changing its chemical environment. Fig. 4b shows the
XANES spectra recorded after the CO poisoning of the catalysts.
As it can be seen, a noticeable increase of the white line intensi-
ties was produced by the CO adsorption in three electrocatalysts,
as a result of electron back donation from Pt to CO (see the inset of
Fig.4b).Because the white line intensity of Pt/Cis smaller than those
of PtMo/Mo,C/C and PtMo/C in the absence of CO, but the three
white line intensities are similar in the presence of CO, the change
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Fig. 4. XANES spectra at the Pt L; edge for the Pt/C, PtMo/C and PtMo/Mo,C/C
electrocatalysts exposed to H, (a) and H,/CO (b) atmospheres.

caused by CO adsorption is greater for Pt/C than for PtMo/Mo,C/C
and PtMo/C catalysts, implying that more electrons are transferred
from Pt to CO in the case of Pt/C. For Pt/C and PtMo/C electrocata-
lysts, the present results are in agreement with previously reported
data [30,31].

3.2. Electrochemical characterization of the electrocatalysts

Figs. 5 and 6 show polarization and power density curves
obtained for the Pt/C, Pt/Mo,C/C, PtMo/C and PtMo/Mo,C/C anodes,
supplied with pure H, and H; containing 100 ppm CO, using Pt/C
cathodes, supplied with O,. These curves were recorded before the
cycling process and after 1000, 3000 and 5000 potential cycles. As
can be seenin Figs. 5b and 6a, Pt/Mo,C/C and PtMo/Mo, C/C showed
the highest initial (O cycle) hydrogen oxidation activity in the
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catalysts.

presence of CO, giving CO induced overpotentials (nco) of ca.
120 mV for 1 Acm~2 of current density, as compared to overpoten-
tial of 150 mV for PtMo/C, shown in Fig. 6b. On the other hand, for
the Pt/C catalyst, the effect of CO poisoning is so adverse that the
current density does not reach 1 Acm~2 (see Fig. 5a). For Pt/C, a sim-
ilar behavior can be observed in the power density curves, where
the power density didn’t reach 200 mWcm~2 when the anode fuel
is Hy containing 100 ppm of CO (see Fig. 5¢). On the other hand, the
Pt/Mo,C/C catalyst yielded a power density of 400 mWcm~2 in the
presence of H,/100 ppm CO, as shown in Fig. 5d. For the PtMo-based
catalysts (Figs. 6¢ and 6d) high power densities were obtained for
PtMo/C in the presence of both H, and H,/100 ppm CO, but the
decay of performance due to the cycling is much higher for PtMo/C
than for PtMo/Mo,C/C. The improved CO tolerance of the carbide-
based electrocatalysts may be related to the efficiency of Mo, C/C to
desorb or oxidize the adsorbed CO through a water-gas shift (WGS)
reaction [5,9,32].

CO + H,O0 — CO, +H,

After an initial decrease in the cell voltage, a quite constant cell
performance was observed after around 1000 cycles, both in the
presence and absence of CO, by the Pt/Mo,C/C and PtMo/Mo,C/C
electrocatalysts (see Figs. 5b, and 6a). On the other hand for PtMo/C,
the MEA performance in the presence of Hy or H, containing
CO deteriorates continuously with the cycling process, as can be
observed in Fig. 6b. This can be due to a greater dissolution of
Mo from the PtMo/C anode and its migration through the elec-
trolyte membrane towards the cathode. When the catalyst support
is molybdenum carbide, not only there is an increase in the oxida-
tion of adsorbed CO, but also the electrocatalysts are more stable,
as can be deduced from the polarization measurements. Results for
the Pt/C anode show a stable performance of the MEA up to 5000
potential cycles in the presence of both H, and H,/100 ppm CO, as
can be observed in Fig. 5a, which is in agreement with previous
results, where a better stability was obtained for the Pt electrocat-
alysts in comparison with Pt-M (M = second metal) electrocatalysts
in PEMFCs [33].

Fig. 7 shows a comparison between the anode overpotentials
with the electrocatalysts, before the cycling process and after each
1000 cycles, for a current density of 1 Acm~2. A very little variation
in the anode overpotential of Pt/Mo,C/C can be observed, reaching
an almost constant value after 1000 cycles, whereas, the overpo-
tentials of PtMo/Mo,C/C increase in the first 2000/3000 cycles and
then decrease, reaching fairly constant values after 4000 cycles. On
the other hand the overpotentials of PtMo/C remain variable during
all the cycling process. The results of anodic overpotentials show
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Fig. 8. CO stripping curves for the anodes formed by Pt/Mo,C/C, PtMo/Mo,C/C,
PtMo/C and Pt/C electrocatalysts, measured at 25°C (above) and 85 °C (below).

that the cell performance can be significantly improved by using Pt
or PtMo supported on Mo, C/C as anode electrocatalysts, instead of
using PtMo supported on carbon, as it is suggested by the values of
overpotentials obtained after 4000/5000 cycles.

Fig. 8 shows the CO stripping profiles of Pt/Mo,C/C,
PtMo/Mo,C/C, PtMo/C and Pt/C electrocatalysts, measured at
25 and 85°C. At 25°C, the profiles of Pt/Mo,C/C, PtMo/Mo,C/C
and PtMo/C exhibit CO electrooxidation peaks at about the same
potential (0.665V), meaning that at room temperature these
three electrocatalysts have practically the same ability to oxidize
the CO. For the Pt/C catalyst the CO electrooxidation occurs at a
higher potential, indicating a poorer CO tolerance as compared
to the other electrocatalysts, as also evidenced by polarization
measurements. For the Pt/Mo,C/C, PtMo/Mo,C/C and PtMo/C
catalysts, part of CO is adsorbed on the Pt surface and part is
directly oxidized to CO, (see Fig. 9) whereas for Pt/C catalyst,
the only process is the adsorption on the catalyst surface. This
explains why the CO stripping currents are larger for the Pt/C
catalyst. These results are in agreement with previously reported
data [12], where the CO oxidation shows a shift of 65 mV vs RHE
towards more negative potentials for Pt/MoC/C in comparison to
Pt/C. An increase in the temperature induces a decrease in the
CO oxidation potential of the two carbide-based electrocatalysts,
therefore at higher temperatures the molybdenum carbide-based
electrocatalysts are more effective for the CO oxidation than the
PtMo/C electrocatalyst.

Fig. 9 shows the results of online mass spectrometry (OLMS),
obtained with the anodes maintained at the condition of open
circuit potential. It can be observed that CO, production takes
place when the anode is fed with H,/100 ppm CO for the three
catalysts, which evidences the oxidation of CO through a WGS reac-
tion on the surface of the electrocatalysts [34]. There are some
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were supplied with O.

differences in the extent of the CO, production, but this could be
due to oscillations of the spectrometer response.

3.3. Degradation of the electrocatalysts

Figs. 10 and 11 show the cyclic voltammograms of the Pt/C,
Pt/Mo,C/C, PtMo/C and PtMo/Mo,C/C electrocatalysts, measured
before the cycling process and after 1000, 3000 and 5000 cycles.
Besides the Pt-H desorption and adsorption peaks, an oxidation
peak can be observed at ca. 0.45 V vs. RHE in the positive-going scan,
for all the catalysts except Pt/C, and a relatively broad peak can be
seen at 0.42V vs. RHE in the negative-going scan, in the voltam-
metric profiles of the Mo-based electrocatalysts. This redox couple
is in agreement with data from the literature and corresponds to
an oxidation/reduction couple of Mo*4 into Mo*® [30,31,35].

In all electrocatalysts except Pt/C a decrease in the peaks related
to the oxidation/reduction reactions of Mo is noticeable after the
potential cycling, which suggests that a partial dissolution of Mo
species takes place in the acidic environment of the cell [36,37].
Nevertheless, for Pt/Mo,C/C (Fig. 10b) and PtMo/Mo,C/C (Fig. 11b)
electrocatalysts the current densities and peak positions practi-
cally remain constant after 1000 potential cycles, suggesting that
after an initial dissolution of some Mo species, no further dissolu-
tion takes place. On the other hand, the PtMo/C (Fig. 11a) suffers a
gradual decrease in the current density and peak position during

all the cycling process. This indicates that in spite of dissolution
of some Mo species from Mo,C/C support in PtMo/Mo,C/C, the
total dissolution of Mo is lower in PtMo/Mo,C/C than in PtMo/C.
These results are in agreement with the polarization measure-
ments, where smaller variations in the anode overpotentials were
observed for the Pt/Mo,C/C and PtMo/Mo,C/C electrocatalysts.
Thus, the molybdenum carbide not only attenuates the CO poison-
ing, but also provides stability to the electrocatalysts, through the
stabilization of the metal nanoparticles.

The dissolution of Mo species from the anode electrocatalysts
and their migration towards the Pt/C cathodes were confirmed by
cyclic voltammetry applied to the single cell cathodes, which was
conducted initially after polarization measurements and then after
5000 potential cycles of the anode. As depicted in Fig. 12, a peak at
0.45V vs. RHE in the positive-going scan can be observed in all the
voltammograms, (except for the cell with the Pt/C anodic catalyst,
Fig. 12a), i.e located at the same potential as in the voltammet-
ric profile of the anode. This evidences the migration of Mo from
the anode to the cathode, through the electrolyte membrane. Ini-
tially the intensities of Mo peaks in the Pt/C cathodes are weaker
than those in the Pt/Mo,C/C, PtMo/Mo,C/C and PtMo/C anodes,
but the corresponding peaks became sharper with the cycling pro-
cess. Finally, in all cases, the intensities of Mo peaks in the anode
and cathode voltammograms became similar after 5000 potential
cycles, even though these intensities were different for the different
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Fig. 13. Scanning electron micrographs of cross sections of the MEA composed of
PtMo/Mo,C/C in the anode and Pt/C in the cathode, recorded before (a) and after (b)
the cycling process.

catalysts. These results are in agreement with previously reported
data [30].

Scanning electron microscopy and x-ray analysis were per-
formed in cross sections of new and cycled MEAs, in order to
further investigate the migration of Mo species. As an example,
Figs. 13a and 13b show micrographs of the MEA composed by
PtMo/Mo,C/C in the anode and Pt/C in the cathode, recorded
with backscattered electrons, before and after the cycling process,
respectively. All the components of the MEA, such as the carbon
cloth, the gas-diffusion electrodes and the electrolyte membrane,
can be easily identified in these micrographs. Some signs of deteri-
oration can be appreciated in the cycled MEA (Fig. 13b), such as the
presence of fractures in the gas-diffusion electrodes and detach-
ments from the membrane. Similar features were observed in the
micrographs of the other MEAs. The brightness of the catalyst layers
is due to the presence of metal nanoparticles.

Fig. 14 shows x-ray spectra of the Pt/C cathodes of the MEAs
composed by PtMo/Mo,C/C and PtMo/C in the anode, recorded
before and after the cycling process, with a 20keV incident elec-
tron beam and a wavelength dispersive spectrometer, in the energy
range between 2.28 and 2.35 keV. As it can be seen, the S-Ka; ; and
S-Kais 4 peaks are present in all the spectra, which is due to the sul-
fur content of the Nafion. The Pt-My peak is also present in all the
spectra, which is due the platinum content of the Pt/C cathode cat-
alysts. The presence of these peaks in the spectra is to be expected.
Regarding the molybdenum, it was detected only in the cathodes of
the cycled MEAs, as manifested by the Mo-La; ; peak. This factis in
agreement with the results of the cyclic voltammetry performed to
the Pt/C cathodes. During the cycling process, the Mo is partially dis-
solved from the anode, passes through the membrane, and reaches
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Fig. 14. WDS spectra of the Pt/C cathodes of new and cycled MEAs composed of
PtMo/Mo, C/C and PtMo/C in the anodes.

the cathode, as it was previously discussed. It is worth mentioning
that, a small amount of Mo can also be appreciated in the cathodes
of the new MEAs, but in these cases, the presence of Mo is due to a
contamination produced by the transversal cut of the MEAs during
the sample preparation.

The molybdenum species that reach the cathode interfere not
only with the kinetics of oxygen reduction reaction (ORR) in the
cathode, but also with the conduction of protons through the elec-
trolyte membrane. Therefore the ORR, which itself is a kinetically
slow process, is further slowed down by the presence of Mo ionic
species, thus having a negative effect on the MEA performance.
However, as seen previously, the use of molybdenum carbide sup-
port for the anode electrocatalyst can effectively control the loss of
Mo species, helping to keep the CO tolerance. The molybdenum car-
bide not only provides stability, but also enhances the CO tolerance
of the anode electrocatalyst.

4. Conclusions

The activity, stability and CO tolerance of molybdenum carbide-
based electrocatalysts were studied in PEMFC anodes. Physical and
electrochemical properties of Pt/Mo,C/C, PtMo/Mo,C/C, PtMo/C
and Pt/C electrocatalysts were analyzed, at several stages of a
cycling process performed in typical working conditions. It was
observed that the partially carburized Pt/Mo,C/C and PtMo/Mo,C/C
electrocatalysts, resulted in a higher activity for the hydrogen oxi-
dation reaction in the presence of 100 ppm of carbon monoxide,
as compared to PtMo/C. In addition, degradation analyses showed
that the carbide-based electrocatalysts are significantly more sta-
ble than PtMo/C. The good stability and excellent electrocatalytic
activity for hydrogen oxidation can be attributed to the high oxi-
dation resistance of Mo, C/C and to its significant interaction with
metal and alloy particles. Polarization measurements and cyclic
voltammetric results suggest that Mo, C/C can be considered as a
promising electrocatalyst support to improve the performance and
durability of Mo-based anodes in proton exchange membrane fuel
cells.
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