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Abstract

This paper presents results on the dispersion of Pt on MoO,/MoSe, clectrodes, which were prepared by an
intercalation—exfoliation technique. The Pt/MoO,/MoSe, electrodes were tested for methanol oxidation by cyclic
voltammetry. Thin films of MoSe, can be oxidized electrochemically to form a MoO, layer. Compared with pure
platinum, Pt/MoO,/MoSe, electrodes gave lower oxidation potentials and higher current densities. We believe that
methanol adsorption and subsequent dehydrogenation occur at the Pt atoms, while the OH, 4, nucleation occurs at
Mo sites. The presence of the adsorbed —OH groups on Mo sites may catalyze CO oxidation to CO,. This surface
reaction is necessary for the improved electrocatalytic behavior of Pt/MoO,/MoSe, electrodes.

1. Introduction

The electrochemical oxidation of methanol has been
widely investigated, because this fuel can be used in the
direct methanol fuel cell [1]. Methanol is known to be
oxidized to carbon dioxide at a platinum electrode in
acid solution via several intermediates such as
Pt;C—OH and Pt—CO [2-5]. Methanol is a liquid fuel
available at low cost. It can be easily handled, stored,
and transported [6-9].

Platinum has shown the highest activity for methanol
oxidation. However, the catalytic activity of the Pt
electrode decreases considerably with time under use in
a direct methanol fuel cell. This deactivation is mainly
produced by the strong adsorption of CO,q4s on the Pt
surface. It has been postulated that the reaction follows
parallel pathways forming dehydrogenated organic
fragments on the platinum surface [10].

Platinum alloy or bimetallic electrodes have been used
to reduce the poisoning and, therefore, to enhance the
catalytic activity [11]. Compared to pure platinum, the
most active electrocatalysts known so far are alloys of
platinum and ruthenium, which exhibit lower overpo-
tentials and extended lifetimes [12—14]. Molybdenum is
also of particular interest for use with Pt because it
reduces the overpotential for methanol or CO oxidation
[15-18]. The characteristics of the Pt;sMo,s surface for
the oxidation of H,/CO mixtures have been found to be
remarkably similar to those of PtsoRusqo alloy [19]. This
result was unexpected from the point of view of the
difference in Ru and Mo chemistry [20]. It is believed

that this second metal chemisorbs hydroxides or oxides
necessary for the catalytic formation of CO, from CO
[21, 22].

Since Mo is a promising metal that can be alloyed or
mixed with platinum for the preparation of anode
catalysts, we decided to develop a methodology by
which this could be achieved using layered materials
such as MoSe,, in particular, with the demonstrated
electrochemical stability of intercalated—exfoliated Mo-
Se, thin films [23]. Layered materials such as MoS, and
WS, have been combined with platinum black and
tested for methanol oxidation [24]. Mo-based layered
materials have shown promising electrochemical behav-
ior.

Noble metals such as Pt, dispersed on high surface
area inorganic oxides, are of considerable interest as
high surface area catalysts [25]. The advantage of using
a support such as MoSe, is that it can be electrochem-
ically oxidized to produce an oxide layer on the film.
This oxide surface will serve as a source of —OH groups
necessary for the removal of adsorbed CO on Pt.

An intercalation—exfoliation method was used for the
preparation of MoSe, thin films that served as supports
for Pt and MoO,. The final product was a Pt/MoO,/
MoSe, electrode. The deposition of the MoSe, flakes
was on a Ti substrate. After the electrode was prepared,
the MoO, formation and deposition of Pt was done by
cyclic voltammetry. The potential window used for this
activation and deposition process was between 1.1 and
—0.25 V vs SCE in 0.50 M H,SOy4. For Pt electrodepo-
sition, 1 mM potassium hexachloroplatinate in 0.50 M
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H,SO, was used. The product was a MoO,/MoSe,
surface covered with highly dispersed Pt microparticles.
These electrodes were tested for methanol oxidation and
compared to Pt electrodes.

2. Experimental

All chemicals, supplied by Acros Organics and Aldrich,
were used as received. The preparation of the MoSe,
thin films was carried out according to recently pub-
lished research [23, 26, 27]. Briefly, 1.67 g of MoSe, was
placed in a 150-ml volumetric flask, and in another flask
13 ml of 1.6 M n-butyl lithium in hexane solution was
introduced under an inert atmosphere [28]. All the
materials were introduced into an argon-filled dry box.
The flask containing MoSe, was placed on a magnetic
stirrer, and the 100 ml of hexane were added together
with 13 ml of butyl lithium solution. The resulting
solution was stirred for 48 h inside the dry box. After
48 h, it was filtered, and 24 h later the filtrate was
weighed and placed in vials. For the exfoliation reaction,
Li-intercalated MoSe, was placed in nanopure water.
The beaker with the reactant and water was placed
under ultrasound for 1 h [23, 28]. The final solid was
added to 50 ml of nanopure water and 50 ml of hexane.
The pH was lowered to 2.5 with 0.25 M HNO;. The
contents of the beaker with the fine layer of MoSe, were
placed in a filter that contained several Ti platelets
(0.5 cm?). The exfoliated material was deposited on the
Ti platelets while the rest of the solution passed through
the filter. After 24 h, the surface-modified Ti platelets
were dried under vacuum at 100 °C for 2 h. Each of the
Ti platelets, covered with MoSe,, were attached to a
copper wire with silver paint and placed into a glass
tube. Epoxy was used to cover the edges and ohmic
contact area.

Each small MoSe,-covered plaque was analyzed using
a scanning electron microscope (SEM, JEOL JSM 5800
LV), with X-ray fluorescence detection. X-ray photo-
electron spectroscopic (XPS) measurements were done
with a PHI 5600ci multitechnique system.

The electrochemical measurements were made using a
AFCBPI1 Bipotentiostat (Pine Instrument, Grove City,
Pennsylvania). The reference and counter electrodes
were a saturated calomel electrode (SCE) and a plati-
num wire, respectively. Oxygen was removed from the
solution by purging for 10 min prior to an experiment.
The potential range used in all experiments was between
+1.1 and -0.25 V vs SCE. For the electroactivation
step, the electrode was cycled for 0.5, 1, 2 and 4 h in
0.50 M H,SOy4 solution. For the electrodeposition of
platinum, a solution 1 mM in potassium hexacloropla-
tinate (IV) (98%) and 0.50 M in H,SO4 was used. The
electrodeposition of Pt was done by sweeping the
potential between 1.1 and —0.25 V vs SCE, at various
time increments. All solutions were prepared with water
distilled and treated with a Nanopure System (Barn-
stead).

3. Results and discussion

Thin films of MoSe, can be electrooxidized electro-
chemically to form a MoO, layer. We implemented this
by cycling the potential at the MoSe; electrode in 0.50 M
H,SO, solution for 0.5, 1, 2, and 4 h. The objective was
to find the optimal oxidation state, which assured
optimal Pt deposition over the MoO,/MoSe, layers.
Figure 1 shows voltammograms for an MoSe, electrode
for several electroactivation times. An increase in the
capacitive current vs the activation time occurs, as
expected for the greater roughness of the surface.

The elemental composition of the electrodes was
monitored using X-ray fluorescence spectra (XRF).
Figure 2 shows the spectra for MoSe, electrodes that
had variable activation times plus 0.5 h of Pt electrode-
position. The XRF for Se, Mo, C, O, and Pt are
presented in Figure 2(a). The XRF peaks of Mo and Se
were expected, based on the original composition of the
MoSe, material. The C peak represents atmospheric
contamination. The O signal indicates the presence of
oxides or hydroxides, products of the electroactivation
of the surface. The Pt XRF peak confirms that Pt was
electrodeposited on the electrodes.

The elemental composition of the electrodes deter-
mined by XRF is presented in Figure 2(b), which shows
the composition for the electrodes that were electroac-
tivated for 1 h. In this case, there are six elements
present: C, O, Se, Mo, Pt, and Ti. However, the absence
of the Ti signal in Figure 2(a), as compared to Fig-
ure 2(b), shows that some electrode material was lost,
corresponding to a decrease in the layer thickness. The
reason for this is that XRF photons arrive at the
detector from the Ti plates that were used as substrates.
The spectrum in Figure 2(c), a sample that was electro-
activated for 2 h, shows six elements, as in Figure 2(b),
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Fig. 1. Cyclic voltammograms of MoSe, electrodes in 0.50 M H,SOy4
vs SCE. These electrodes were previously surface activated by cycling
the potential between —0.25 and 1.1 V vs SCE in 0.50 M H,SO, for a
time of: (a) 0.5 h, (b) 1 h, (c) 2 h and (d) 4 h. All potential sweep scan
rates were 100 mV s,
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Fig. 2. X-ray fluorescence spectrum of a MoSe, electrodes with an excitation energy of 20 kV. The electrodes were electrochemically activated
followed by Pt electrodeposition done by cycling between —0.25 and 1.1 V vs. SCE for 0.5 h in a solution of 1 mM K,PtClg and 0.50 M H,SO,.
The electroactivation conditions and times were the same as in Figure 1: (a) 0.5 h, (b) 1 h, (c) 2 h and (d) 4 h. All potential sweep scan rates were

100 mV s7'.

but in this case, the increase in the XRF intensity for Ti
is noteworthy. Once again, this shows that the material
is lost when the activation time is increased. The largest
Ti XRF peak is present in Figure 2(d), for an electrode
electroactivated for 4 h. This increasing loss of the
MoSe, layers can be explained by higher oxidation
states of molybdenum. The solubility increases when the
oxidation state of Mo is higher than +4.

The electrodes, with the MoSe, thin films, were
analyzed by scanning electron microscopy (SEM). This
technique was used to study the morphology of the
surface. Figure 3(a) shows a high roughness; this is
important, because there is an increase in the surface
area available for the electrodeposition of Pt. Fig-
ure 3(b) shows the morphology of the surface after 4 h
of electroactivation time. In this case, the smaller surface
area (i.e., lower roughness) is noteworthy. This finding
agrees with the XRF data presented in Figures 2(a)—(d).

The elemental composition obtained by XRF was
confirmed from the XPS analyses presented in Figure 4
for the MoSe, electrode. Figure 4(b) shows a high
energy-resolution spectrum for the oxygen (1s) binding
energy (BE) region. This energy region was evaluated
with the objective of determining the various oxygen
species present over the MoSe, layers and the conse-
quent chemical changes obtained for these species when
the electrodes are electroactivated. The XPS peak at a
BE of 533.5 eV shows the presence of water. This peak is
present when the electrode is analyzed prior to any

electroactivation process. The XPS peak at 532.2 eV
corresponds to a hydroxide species present over the
surface of the MoSe, layer after an electroactivation of
2h in 0.50 M H,SO,4 solution. This process can be
represented by the following equation:

MoSe; + H,O — MoSe,—OH,4s + HY + e~ (1)

This electrooxidation process has been reported pre-
viously on well-ordered MoSe, surfaces [29, 30]. In
agreement with the bifunctional mechanism, it is pre-
cisely these hydroxyl species that may inhibit the
poisoning induced by CO, an intermediate in the
methanol oxidation process [5].

The high energy resolution XPS spectrum for the
molybdenum (3d) region is presented in Figure 4(c) for
a MoSe; electrode. Each spectrum exhibits a 3ds;,—3ds»
doublet, due to spin—orbit coupling, which is separated
in energy by 3.2 eV. Spectrum (1) corresponds to the
MoSe, electrode before electrooxidation. The peak at
228.8 eV is due to Mo*". This oxidation state is
characteristic of Mo in MoSe, compounds. Spectrum
(2) in Figure 4(c) shows the XPS peak obtained after
electroactivation of the MoSe, electrode for 2 h. Note
the displacement to a more positive BE value. This can
be attributed to an increase in the molybdenum oxida-
tion state. It is clear that the Mo*" species continues to
be dominant, as expected from the stability of the
MoSe, compound. The increase in the Mo oxidation
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Fig. 3. SEM micrographs of MoSe, electrodes done at 15 keV and ata
magnification of 1000x. These electrodes were electroactivated, fol-
lowed by the electrodeposition of Pt for 0.5 h. The electroactivation
conditions are the same as in Figure 1. The electroactivation time was
of (a) 0.5h and (b) 4 h. All potential sweep scan rates were
100 mV s~

state, seen in spectrum (2) of Figure 4, is associated with
an increase in the number of hydroxyls. This is in
agreement with the oxygen species seen in the XPS
spectrum corresponding to the O(ls) BE region (see
Figure 4(b)).

Spectrum (3), in Figure 4c, corresponds to an elec-
trode electroactivated for 4 h. By comparison with the
corresponding O(1s) XPS BE region seen in Figure 4(a),
it is clear that the hydroxyl species continues to be
dominant, even though the XRF analysis indicates a
loss of MoSe, film material. The Mo 3d BE region
spectrum of an MoO,/MoSe, electrode was deconvo-
luted in order to determine the various Mo species
present. The deconvolution is shown in Figure 5 for an
electrode electroactivated for 4 h. The Se (3s) XPS peak
contribution is included in this spectrum, because it
overlaps with the Mo (3d) XPS BE region. This was
done by comparing the peak area obtained for Se (3d),
whose BE peak appears at 56 eV, with the expected area
for the Se (3s) peak. In order to make this comparison,
we consider the sensitivity factor for each signal. In

Figure 5, we can see a displacement of the BE peaks for
the 3ds;,—-3d;», Mo doublet. In addition, we observe
various oxidation states of Mo in the XPS curve-fitting.
Fitting of the broader peaks reveals the existence of an
Mo®" species, as well as lower valence states such as
Mo’ " and Mo*". When the oxidation state of Mo is
increased, its solubility is also increased as well [29].
However, this may cause a loss of active sites.

Several mechanisms have been proposed for the
methanol oxidation reaction. The most widely accepted
is an initial adsorption of methanol on the platinum
surface, with subsequent dehydrogenation. CO is an
intermediate in the reaction, as seen in reaction 2 [22]. In
order to convert CO directly to CO, the surface should
have adsorbed OH species [12, 20]. The net result of the
oxidation of methanol at Pt surfaces is the rapid surface
coverage by a strongly bonded CO species, and, as a
result, auto-inhibition of the catalytic process occurs. In
the case of the Pt/MoO,/MoSe, electrodes, the density
of hydroxyl species is high, leading to the possible
formation of CO, from CO.

The voltammetric curves for the Pt/MoO,/MoSe,
electrodes in 0.50 M H,SOy after 1 h of Pt electrodepo-
sition are shown in Figure 6. The electroactivation times
were 0.5, 1, 2, and 4 h. A quantitative analysis of the
areas under the hydrogen adsorption peaks shows the
highest Pt surface areas for the electrodes that were
electroactivated for 2 and 4 h. Although the amounts of
Pt deposited on the electrodes electroactivated for 2 and
4 h were similar, their voltammetric curves show im-
portant differences. In the voltammetry of the electrode
activated for 4 h, the peaks associated with Pt oxidation
(starting at 0.7 V vs SCE) can be seen clearly. When the
potential scan was reversed towards negative potentials,
the cyclic voltammogram presented a peak associated
with the reduction of the Pt oxide (starting at 0.7 vs
SCE). On the other hand, in the electrodes electroacti-
vated for 2 h, these Pt-associated peaks were consider-
ably smaller.

The voltammetry for the electrode activated for 4 h is
similar to that obtained for pure Pt, possibly because the
Pt particles were deposited in too large a quantity, so
that they formed agglomerates. It is clear that the 4-h
electroactivation produces a considerable loss of mate-
rial in the thin film, which represents a smaller area
available for deposition of Pt particles. Although the
amount of Pt in the electrode electroactivated for 2 h
was greater than that in electroactivated for 4 h, the
voltammetry obtained in the first scan shows that the Pt
oxidation—reduction peaks were smaller in area. In this
case, it is possible that there is poorer Pt dispersion on
the MoSe, layer.

The Pt/MoO,/MoSe, electrodes were tested for meth-
anol oxidation using cyclic voltammetry. The solution
was 0.50 M in H,SO,4 and 0.50 M in CH3OH. Figure 7
shows the results for MoO,/MoSe, electrodes with
electroactivation times of 0.5, 1, 2, and 4 h, plus 1 h of
Pt electrodeposition. The electrode activated for 2 h
gave the largest current and had a current onset
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Fig. 4. (a) XPS survey spectrum of MoSe; electrodes using monocrhomatic radiation of AlKo as the excitation source. (b) High resolution XPS
spectrum of the oxygen 1 s binding energy region: (1) before, (2) after 2 h and (3) after 4 h of electroactivation process in 0.50 M H,SOy. (¢) High
resolution XPS spectrum for the molybdenum 3d binding energy region: (1) before, (2) after 2 and (3) after 4 h of electroactivation process in

0.50 M H,SO,. The potential sweep scan rate, used in all the electroactivations, was 100 mV s™ .
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Fig. 5. Curve fitting of the high energy resolution XPS spectrum for
the molybdenum 3d binding energy region for a MoSe, electrode
which was electroactivated for 4 h using the conditions presented in
Figure 1.

potential for methanol oxidation more negative than
that for the other three electrodes. In Figure 6 the
hydrogen adsorption—desorption areas are similar for
electrodes electroactivated for 2 and 4 h. This indicates
that the Pt surface area is similar for both electrodes.
However, the voltammetric feature corresponding to the
Pt oxidation—reduction region was smaller in area for
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Fig. 6. Cyclic voltammograms of Pt/MoO,/MoSe, electrodes in
0.50 M H,SO,4 The electrodeposition of Pt was done by cycling the
potential for 1 h between —0.25 and 1.1 V vs. SCE in 1 mM K,PtClg
and 0.50 M H,SOy. The electroactivation time was of: (a) 0.5 h, (b)
1 h, (c) 2 h and (d) 4 h. The electroactivation conditions were the same
as Figure 1. All potential sweep scan rates were 100 mV s

the electrodes electroactivated for 2 h in 0.50 M H,SO,.
This is an indication that a good interaction between the
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Fig. 7. Voltammogram of Pt/MoO,/MoSe, electrode in 0.50 M H,SOy4
and 0.50 M CH;OH. The electrodeposition of Pt was done by cycling
the potential for 1 h between —0.25 and 1.1 V vs SCE in 1 mM K,PtClg
and 0.50 M H,SO,. The electroactivation conditions are the same as
Figure 1. The activation time were: (a) 0.5 h, (b) 1 h, (c) 2 h and (d)
4 h. All potential sweep scan rates were 100 mV s™'.

noble metal and the support is occurring. Therefore, an
enhanced dispersion of the Pt submicroparticles into the
molybdenum oxide films is expected. This can be
translated to a better behavior of these electrodes for

800

(a)

600
400
200+

0 T oo

-200 +

10° x Current/A cm™

-400

T — 1 . T r T T T T
04 -02 00 02 04 06 08 1.0 1.2
Potential/VV vs. SCE

1000

800~

600

400

200+

04

10° x Current/A cm

-200

-400

T T T T

T T T T
04 -02 00 02 04 06 08 1.0 12
Potential/V vs. SCE

methanol oxidation. XPS analysis of the electrodes
electroactivated for 2 h showed the highest hydroxide
species concentration on the MoSe, thin film (see
Figure 4), therefore facilitating the promotion of the
oxidation of undesirable intermediates like CO to CO,.

One way to observe the possible increase in the
oxidative capacity of Pt/MoO,/MoSe, electrodes is by
comparing their voltammetry with that of a reference. In
our case, we used a pure Pt electrode as reference in the
methanol oxidation. Figure 8 shows the voltammetry of
the Pt and Pt/MoO,/MoSe, electrodes. Both currents
were normalized by the Pt surface area. This was done
by using the integration of charge associated with
hydrogen adsorption on the Pt surface in 0.50 M
H>SO,. The cyclic voltammetry of the MoSe, electrode
(Figure 1) showed an increase in current with electro-
activation time in the potential region 0.2 to —0.2 V vs
SCE. These currents overlap the hydrogen adsorption—
desorption region for the Pt/MoO,/MoSe, electrode
(Figure 6). However, the current scale in Figure 6 is 100
times larger than that in Figure 1. This makes the MoSe,
double layer contribution negligible in the estimation of
the Pt surface area for Pt/MoO,/MoSe,.

In all the calculations, we used the normally accepted
value of 210 uC cm™> for hydrogen adsorption on
polycrystalline Pt. Based on our results, the Pt/MoO,/
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Fig. 8. Cyclic voltammograms with the current normalized by real Pt surface area for (1) Pt electrode and (2) Pt/MoQO,/MoSe, electrodes in
0.50 M H,SO4 and 0.50 M CH3OH. The electrodeposition time of Pt were (a) 0.5 h (b) 1 h (¢) 2 h and (d) 4 h. These electrodes were previously
surface activated by cycling the potential between —0.25 and 1.1 V vs SCE in 0.50 M H,SOy, for 2 h.



MoSe, electrode was electroactivated for 2 h with the
objective of assuring the optimal hydroxide concentra-
tion on the surface.

The Pt deposition time of the Pt/MoO,/MoSe,
electrode in Figure 8(a) was 0.5 h. The current density
obtained for the Pt electrode was higher than that for
the Pt/MoO,/MoSe, electrode in the methanol oxida-
tion process. This behavior can possibly be explained by
the Pt dispersion being too large in Pt/MoO,/MoSe-.
This excessive dispersion blocks the optimal methanol
adsorption necessary to start the oxidation. Neverthe-
less, the methanol oxidation current does not decay as
quickly compared with the pure Pt electrode. In the Pt/
MoO,/MoSe, electrode, a larger current persists after
the first oxidation peak, until the potential is reversed
towards negative values. This may indicate that it is not
necessary to wait for hydroxide formation on the Pt
surface to promote CO to CO,. This promotion may
occur according to the following mechanism:

Pt—CO,q4s + M0Se;—OH .45
— Pt+MoSe; + CO, +¢~ + H' (2)

In the case of Pt, an alternate mechanism may be
followed:

Pt—CO,q4s + Pt—OH,4s — 2Pt + CO, + H" 4+ ¢~
(3)

From the XPS spectra, almost all the oxygenated
species present on the Pt/MoO,/MoSe, surface are
—OH. The methanol oxidation reaction is more feasible
when the concentration of hydroxyl species on the
surface is larger.

Figure 8(b) shows the voltammetry for the Pt/MoO,/
MoSe, electrode for which the Pt electrodeposition was
1 h. A slight improvement in current density is seen
when compared to the pure Pt electrode. In Figures 8(c)
and (d), the Pt/MoO,/MoSe, electrodes had Pt deposi-
tion times of 2 and 4 h, respectively. In both figures, the
current densities were higher than that for the Pt
electrode. The current onset potentials were more
negative than that for pure Pt. For these cases, the Pt
dispersion may be smaller because of the greater amount
of Pt deposited. This low dispersion seems to favor
better adsorption of the methanol molecule. In summa-
ry, the best Pt/MoO,/MoSe, electrode for methanol
oxidation was that electroactivated for 2 h in 0.50 M
H,SO, and then subjected to 4 h of Pt electrodeposition.

4. Conclusions

Pt/MoO,/MoSe, clectrodes were prepared with Li
intercalation and exfoliated MoSe,. This material was
used as a support for the electrodeposition of platinum
to take advantage of its high surface area, its stability in
acid solution and the enhanced catalytic activity of
platinum in the presence of Mo oxide species. By use of
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cyclic voltammetry, it was possible to control the degree
of Mo oxidation in the MoSe; thin layer. This change in
the molybdenum oxidation state is associated with an
increase in the concentration of oxide species. It is clear
that the adsorption of oxygen-containing species on the
Pt/Mo0O,/MoSe, electrodes commences at lower poten-
tials compared with the platinum electrode. It is believed
that the oxygen-containing surface species is responsible
for the lower current onset potential for the oxidation of
methanol compared to pure Pt electrodes. The Pt/
MoO,/MoSe, electrodes have shown good electrocata-
lytic properties for methanol oxidation. In addition,
their high stability under continuous use for methanol
oxidation presents an alternative for application in fuel
cell technology.
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