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Carbon-supported catalysts containing platinum and molybdenum oxide are prepared by thermal decom-
position of polymeric precursors. The Pty,Mo,0,/C materials are characterized by energy dispersive
X-ray spectroscopy, transmission electron microscopy, and X-ray diffraction. The catalysts present a
well-controlled stoichiometry and nanometric particles. Molybdenum is present mainly as the MoOs3
orthorhombic structure, and no Pt alloys are detected. The voltammetric behavior of the electrodes is
investigated; a correlation with literature results for PtMo/C catalysts prepared by other methods is
established. The formation of soluble species and the aging effect are discussed.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The interest in the development of energy conversion devices
has increased in the last decades, and fuel cell technology has been
considered a promising alternative for clean electric power gen-
eration with high efficiency [1,2]. Several cell types are currently
being investigated, and one that has attracted the most interest
is the proton exchange membrane fuel cell (PEMFC) [1]. Besides
hydrogen, methanol has emerged as an attractive liquid fuel in
this kind of device, since it is relatively cheap, easily stored and
handled, and readily available; has a high energy density [3]; and
can be used directly as a fuel in direct methanol fuel cells (DMFCs)
[4].

Among the pure metals, platinum presents the best activity as
anode material in these devices [5,6]. However, the presence of
strongly adsorbed intermediates that block the electrode surface
restricts its practical use [7]. Many modifications to Pt electrodes
have been suggested, and the better results are associated with
the introduction of a more oxidizable metal. Such metals generate
oxygenated species in the vicinity of the Pt active sites at lower
potentials, thereby enhancing CO oxidative desorption at these
sites [8]. Among the elements used as co-catalysts in Pt electrodes
are Ru [9], Sn [10], Mo [11], and W [12]. Molybdenum is known
for its beneficial co-catalytic effect in CO oxidation, not to men-
tion that it has been used for methanol [13], formic acid [14], and
ethanol [15] oxidation. Nevertheless, the behavior of molybdenum
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is very complex since it may present several oxidation states and
might form distinct soluble species and various oxides. This poses a
great difficulty to understanding the electrocatalysis mechanisms
related to molybdenum.

Earlier studies on PtMo electrodes [16,17] have shown that the
cyclic voltammograms of these catalysts are complex. In most cases,
only a tentative ascription of the peaks is possible, thereby allow-
ing for a qualitative distinction between the reduction-oxidation
responses of Pt and Mo only. From the comparison between the
electrochemical responses of pure Mo and that of a PtMo alloy com-
bined with an ex situ XPS study of the surface species of the PtMo
alloy, it has been suggested that Mo is present in the oxidized form
in the entire potential window, changing from Mo3* to Mo®* as the
potential increases [17-19].

Besides electrode composition, the preparation method plays
an important role in electroactivity since it determines surface
morphology, crystalline structure, and surface composition. Cata-
lysts containing Pt and Mo have been prepared by chemical routes
[13,16,19,20], electrochemical co-deposition methods [21-24], and
thermal methods [25]. However, the stability of this kind of cata-
lysts s still controversial. While some studies report the occurrence
of molybdenum dissolution after only a few cycles [11,16], other
investigations have shown the presence of stable molybdenum
species after several cycles at potentials between 0.0 and 1.2V in
0.5mol L~1 H,S04 [20,26,27].

The thermal decomposition of polymeric precursors has already
been used to prepare PtyMo,Ox and Pt,Ru,,Mo,Oy thin films over
Ti plates [25]. The obtained catalysts furnished promising results
concerning methanol electrooxidation, compared with pure Pt and
other binary and ternary catalysts. In this work, we have prepared
electrodes containing Pt and Mo dispersed on carbon powder by
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the thermal decomposition of polymeric precursors in order to
investigate their electrochemical behavior.

2. Experimental

The polymeric precursor method, also known as the Pechini
method [28], was used for the preparation of PtyMo.Oy/C catalysts
withy=0.9,0.7, or 0.6 and z=0.1, 0.3, or 0.4. The Pt precursor solu-
tion was prepared by dissolution of HyPtClg (Acros) in a citric acid
and ethylene glycol solution at 90 °C, so as to obtain a metal, citric
acid, and ethylene glycol molar ratio of 1:4:16, respectively. The
Mo precursor solution was prepared in a similar way, by employ-
ing MoCls and a metal, citric acid, and ethylene glycol molar ratio
of 1:4:32. The precursor solutions were mixed with carbon pow-
der (Vulcan XC 72) in appropriate proportions, in order to achieve a
30% metal loading. The obtained mixtures were calcined at 400 °Cin
oxygen atmosphere, for 1 h. The prepared electrocatalyst powders
(2 mg) were dispersed in water (0.45 mL) and Nafion® 5% solution
(0.05 mL, FLUKA), and taken to the ultrasound for 120 min. This sus-
pension (60 L) was deposited on a gold disc with 0.2 cm? surface
area, fixed on a glass tube.

The elemental composition of the prepared PtyMo,O/C cata-
lysts was verified by energy dispersive X-ray spectroscopy (EDX).
This analysis was performed on a scanning digital microscope
(SDM) 940 Zeiss-West Germany coupled to an X-ray Microanalysis
Link Analytical QX 2000. The morphology of the electrocata-
lysts was investigated by transmission electron microscopy (TEM),
accomplished on a JEOL/JEM-3010 Microscope, operating at 300 kV.
The crystal structures of the electrocatalysts were examined by X-
ray diffraction (XRD) in a Siemens D5005 diffractometer, employing
a copper anode (radiation Cu Koo =1.54056 nm).

The behavior of the electrodes was examined by cyclic
voltammetry in H,SO4 0.5molL~! solution, using a conventional
three-electrode electrochemical glass cell. Platinized platinum was
used as the counter electrode, and reversible hydrogen electrode
(RHE) was the reference electrode. Analysis was performed using
an EG&G Princeton Applied Research Potentiostatic/Galvanostatic,
model 273A, coupled to a microcomputer.

3. Results and discussion

EDX global analyses of the catalysts were performed on different
sample surfaces, and the results show that the atomic composition
of the catalysts is close to the expected values, with a difference
lower than 10%. Therefore, the methodology is efficient in main-
taining the relationship between the different metals present in
the electrode and to prevent component loss during calcination.

The TEM micrographs of the electrocatalysts (Fig. 1a) reveal
the formation of small spherical particles dispersed on carbon, as
well as particle clusters. The existence of clusters in these cases
is undesirable because a major cause of catalytic activity loss in
electrocatalysis is known to be due to particle aggregation [29,30].
Hence, this clustering leads to loss of active area. By analyzing par-
ticle size distribution histograms (Fig. 1b), it can be seen that the
electrocatalysts present particle sizes lying between 1 and 30 nm,
and most of these particles have size between 2 and 6 nm.

Fig. 2 presents the results of XRD for the powder contain-
ing catalysts dispersed on carbon at nominal compositions Pt/C,
Pty 9Mog 10x/C, Ptg.7Mo0g 30x/C, and Pty sMog 40x/C. AMo/C powder
was prepared for comparison purposes, and this material displays
a MoOj3 orthorhombic structure (JCPDS 47-1320), whereas the Pt/C
catalyst exhibits peaks due to the Pt FCC structure (JCPDS 65-2868).

The binary catalysts display also the peaks related to the Pt FCC
structure, but the peak intensity of the Mo oxide phase is very small.
Only in electrocatalysts containing a higher amount of molybde-
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Fig. 1. TEM image (a) and Particles size distribution histogram (b) of Pto7Mo0¢ 30x/C
electrocatalyst.
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Fig. 2. XRD diffraction patterns of Pty;Mo,O,/C electrocatalysts.
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num in the nominal composition (PtggMog40x/C) was it possible
to clearly identify the presence of MoQOs. Furthermore, there are
no significant displacements of the platinum peaks in any of the
diffractograms obtained for the analyzed catalysts, showing that
formation of alloys in these electrocatalysts does not occur.

Fig. 3a shows a typical cyclic voltammogram of Pt/C and
PtyMo,0y/C binary electrodes. The voltammogram of the Pt/C cat-
alyst agrees with the behavior expected for pure Pt electrodes.
For the Pty gMog 40x/C electrode, two regions present well defined
peaks due to the presence of Mo species: the positive potential scan
reveals one peak at 0.32 V/RHE and several peaks between 0.52 and
0.67 V/RHE. The presence of these two regions suggests that Mo
oxidation involves different oxidation states. The first peak at ca.
0.32V can be attributed to the oxidation of MoO, to MoOs3, which is
in accordance with the thermodynamic potential for the following
reaction [31,32]:

MoO; +H,0 = MOO3+2H++26_ (1)

The existence of MoO, in the surface was not expected since it
had not been detected by XRD. However, the cyclic voltammetry
experiments were initiated at 0.05V, which is sufficient to reduce
MoOs3 to MoO,. This behavior is clearly identified at the beginning
of the voltammogram, where a high cathodic current is observed.
The continuous potential cycling (Fig. 3b) gives evidence of a steady
decrease in the peak at 0.32 V/RHE, which can be attributed to
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formation of Mo soluble species in acid solution. Irreversible Mo
loss from the electrode surface has been previously reported in the
literature [14,15,33]. The MoOs3 oxide is soluble in acid solutions
[34], resulting in the formation of HMoO,4 ™~ species, the most stable
soluble species in the pH value of the electrolyte solution [31]:
MoOs3 +H,0 = HMoO4~ +H* (2)

In Fig. 3a, a cathodic peak at 0.16V is also observed. When the
electrode is submitted to continuous cycling (Fig. 3b), this cathodic
peak also decreases and must be associated with MoO3 reduction,
leading to formation of MoO, oxide. The continuous solubilization
of MoOs results in reduction of both anodic and cathodic peaks.

In order to confirm the nature of the observed dissolution, an
experiment was carried out to determine the effect of the aging
of the suspension used in the preparation of the working elec-
trodes. The suspension prepared with the PtggMog 10x/C powder
in a nafion/water solution, as described in the experimental sec-
tion, was used in the preparation of electrodes after being left to
stand for 0, 3, and 6 days. The voltammetric behavior of the result-
ing electrodes was evaluated between 0.05 and 0.9V in 0.5 mol L~!
H,S04 solution at a 50mVs~! scan rate, and Fig. 3¢ depicts the
first cyclic voltammograms of the electrodes prepared in these con-
ditions. This figure clearly shows that the MoO3/MoO, transition
peaks at 0.32 and 0.16V decrease when the electrodes prepared
with the fresh suspension and the electrodes prepared with the
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Fig. 3. Cyclic voltammograms of (a) Pt/C and PtosMog40y/C in 0.5 mol L~! H,S04, (b) Pto9Mog10x/C, 150 cycles in 0.5 mol L~! H,SO4 and (c) PtogMog10x/C in 0.5 mol L~!

H,S04 prepared with fresh suspension and with aged suspension.
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suspension aged for 3 and 6 days are compared. This behavior con-
firms that MoOs is dissolved in the electrode surface, and that this
species is related with the peak at 0.32 V.

Some peaks in the region between 0.52 and 0.67 V/RHE are also
observed in the voltammograms of Fig. 3. Lebedeva and Janssen [16]
have found similar results using PtMo/C bimetallic anodes and they
attributed these peaks to the existence of non-alloyed Mo, which
can undergo an oxidation reaction in this potential range. However,
a clear ascription of the peaks has not yet been presented.

Theresults in Fig. 3 show that the peaks in the 0.52/0.67 V poten-
tial range do not disappear after reduction in the peak at 0.32 V. This
indicates that they are related to the oxidation of distinct species,
and that they are not related to sequential reaction steps.

A series of Mo-oxide structures with Mo, 03;,_1 stoichiometries,
like Mog0O;3, M04011, and Mo3O0g, are feasible between MoO3 and
the MoO, distorted rutile structures [35]. These oxides present non-
stoichiometric Mo:O ratios and mixed valences between Mo>* and
Mob*. In the XRD results, the only detected Mo oxide species was
MoOs, which presents the highest molybdenum oxidation state.
However, the presence of other oxide structures at the catalyst sur-
face cannot be discarded on the basis of the XRD data since they
can be present in small quantities and have low crystallinity. XPS
data obtained for PtMoOjy prepared by several methods showed the
presence of Mo in the +4, +5, and +6 valences [32,36]. The M0,,03,,_1
oxides are less soluble than MoOs, and the transition from Mo>* to
Mo®* may occur in a more positive potential than that expected for
the MoO, to MoOs transition. The existence of a series of peaks in
the 0.52/0.67 V range are thus attributed to oxidation/reduction of
the Mo present in the Mo, 03,,_1 structures.

Complementary voltammetric studies were carried out, in order
to verify the electrochemical behavior of the solubilized species. For
this purpose, a couple of PtggMog 10x/C electrodes were submit-
ted to 150 voltammetric cycles in a 0.5 mol L~1 H,SO, solution, to
accumulate the species in solution. A smooth Pt electrode was then
introduced into that solution, and a subsequent cyclic voltammetry
experiment was carried out. The result is presented in Fig. 4.

The voltammograms in Fig. 4 display the peaks corresponding
to the Mo soluble species oxidation/reduction reactions at 0.44
and 0.42, respectively [31]. The obtained cyclic voltammograms
are similar to the voltammograms obtained in Na,MoO4 solutions
[21,22,32,36] and must correspond to the following reaction:

Mo0, + 2H,0 = HMoO,4~ +3H* + 2e~ (3)

By comparing the above data with the results presented in the
literature, it is possible to identify several similar aspects in the
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Fig. 4. Cyclic voltammograms of smooth Pt, in 0.5molL~" H;S04 +Mo dissolved
species.

voltammetric behavior of Mo species, despite the difference in the
employed preparation methods. Many authors [14,22,32,36-38]
have prepared PtMo electrodes by electrodeposition in Na,MoOy4
solution. This process corresponds to reaction (3) above, and the
voltammetric behavior is similar to that observed in Fig. 4, where
the solubilized species were deposited on a smooth Pt electrode.
Dos Anjos et al. [15] have prepared PtMo bimetallic electrodes
by arc-melting furnace process. These authors also observed the
peak at ca. 0.45V, which was attributed to the solubilization of
non-alloyed Mo. Martinez-Huerta et al. [19] have prepared differ-
ent PtRu/MoOy/C catalysts by the deposition-precipitation method,
using MoCls and also MoOs from Aldrich. For the samples pre-
pared with MoCls, these authors observed a peak at 0.44V in the
positive potential scan and a peak at 0.40V in the negative scan.
These peaks were attributed to the Mo®*/Mo®* transition to form
MoOy (2.5 <x<3). However, this transition is expected to occur at
potentials higher than 0.54V [26], so the peak at 0.44V is probably
also related to the process described in reaction (3). The electrode
prepared by Martinez-Huerta et al. [19] with MoO3 from Aldrich
presented the same peak at 0.44V and another anodic peak at ca.
0.27V.These authors observed a decrease in the peak at 0.27 V after
50 cycles, due to formation of Mo soluble species.

Lebedeva and Janssen [16] prepared PtMo/C catalysts by a
chemical method employing formaldehyde or formic acid as reduc-
ing agent in MoCls solutions. The voltammograms obtained in
0.5mol L1 H,S04 solutions are similar to the voltammograms in
Fig. 3 after the peak at 0.32V is completely diminished. In both
cases, anodic peaks between 0.52 and 0.67V are observed. Lebe-
deva and Janssen [16] attributed this process to the presence of
non-alloyed Mo, but these authors did not ascribe it to a specific
reaction. On the other hand, Mukerjee and Urian [26] analyzed
the behavior of PtMo from ETEK by XAS in situ and found that the
Mo°*/Mo®* transition occurs at potentials higher than 0.54V. The
possible oxides that present Mo in the +5 and +6 states can be rep-
resented by Mo, 0s3,,_1 as discussed above. Since at least three peaks
can be identified in Fig. 3 in the 0.52/0.67 V potential range, they
can be related to the presence of several non-stoichiometric Mo
oxides.

4. Conclusion

The synthesis of the carbon-supported PtyMo,Ox electrocata-
lysts via thermal decomposition of polymeric precursors is efficient
in maintaining the ratio between the different metals and to pre-
vent component loss during calcination. The catalysts must be
composed basically by metallic Pt and MoOs, since those were the
only identified phases. No evidence of PtMo alloy formation was
found. The electrochemical behavior of the obtained materials was
investigated by cyclic voltammetry in sulfuric acid solutions. It was
verified that the MoOj initially present in the electrode surface
could be slowly solubilized, to form MoQ42~ species. MoOs3 could
be also reduced to MoO, during the negative scan. Three different
anodic peaks between 0.52 and 0.67 V were detected and attributed
to the Mo®*/MoS* transition present in non-stoichiometric molyb-
denum phases.

The aging of the catalysts in aqueous solutions showed that
MoOs5 dissolution leads to distinct voltammetric behavior depend-
ing on the aging period. A correlation between the voltammetric
behavior and the results presented in the literature for PtMo cata-
lysts prepared by other methods was established.
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