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Abstract

Pt black and PtRu black fuel cell anodes have been modified with Mo oxide and evaluated in direct methanol,
formaldehyde and formic acid fuel cells. Mo oxide deposition by reductive electrodeposition from sodium
molybdate or by spraying of the fuel cell anode with aqueous sodium molybdate resulted in similar performance
gains in formaldehyde cells. At current densities below ca. 20 mA cm™2, cell voltages were 350-450 mV higher when
the Pt catalyst was modified with Mo oxide, but these performance gains decreased sharply at higher current
densities. For PtRu, voltage gains of up to 125 mV were observed. Modification of Pt and PtRu back catalysts with
Mo oxide also significantly improved their activities in direct formic acid cells, but performances in direct methanol

fuel cells were decreased.

1. Introduction

Although fuel cells have great potential as clean and
efficient sources of electricity, their adoption is still
severely hampered by supply and storage issues for
hydrogen, which is by far the preferred fuel. This has
created interest in the use of other fuels, and methanol
has emerged as the second best choice. Besides being
easily produced from widely available fuels (particularly
natural gas), methanol can be conveniently transported,
handled, and stored, and therefore, it can be supplied
from distribution points for daily consumption. How-
ever, there are some serious obstacles hindering the
application of direct methanol fuel cells (DMFC) [1].
The oxidation of methanol is still kinetically slow, even
on state-of-the-art catalysts, and methanol crossover
through the fuel cell membrane significantly decreases
the efficiency of the cell due to loss of fuel and poisoning
of the cathode catalyst.

Other fuels that have been considered include trim-
ethoxymethane [2], dimethyl ether [3], alphatic alcohols
[4], acetals [5], isopropanol [6], and formic acid [7], but
none provide compelling characteristics for commercial-
ization. Formaldehyde does not seem to have been
seriously considered, presumably because of its risks to
human health. However, its performance is important
from a scientific point of view and there may be
commercial opportunities in specialized applications
and in formaldehyde sensors. There has been significant

interest in the electrochemical oxidation of formalde-
hyde for many years [8—11].

Of particular interest are comparisons within the
methanol, formaldehyde, formic acid series. All of these
compounds can produce adsorbed CO as an intermedi-
ate (see below), and it is poisoning of the anode catalyst
by this species that leads to the ubiquitously poor anode
activity of organic fuel cells. This is one of the main
factors inhibiting commercialization of the DMFC.
However, it does not appear to be such a serious
problem with formic acid, for which a pathway that
does not produce adsorbed CO is more significant [12].
Such a pathway may also be important for formalde-
hyde. Furthermore, since formaldehyde and formic acid
are possible intermediates in the electrochemical oxida-
tion of methanol, studies of formaldehyde and formic
acid fuel cells will be important in arriving at a full
understanding of the mechanisms of oxidation of
methanol and help to guide catalyst development for
the DMFC.

The work reported here was motivated by Shrop-
shire’s observation [8] that addition of Na,MoO, to
methanol and formaldehyde solutions in H,SOjy4(aq)
could promote their electrochemical oxidation at Pt
black electrodes. This effect was much more pronounced
for formaldehyde than for methanol. Li et al. [13] have
recently reported similar results for methanol oxidation
in the presence of Na,MoQy, and Wang [14] has shown
that Mo(VI) is catalytically active for the oxidation of
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weakly adsorbed CO, formaldehyde and methanol.
Codeposited mixtures of Pt and Mo oxide have also
shown enhanced activity for methanol oxidation [15].
Mo-Pt alloys have also been investigated [16, 17], but
although these exhibit good tolerance to CO [17, 18]
they have not been very effective for methanol oxida-
tion. It has been suggested that metallic Mo is only
effective for the removal of weakly bound CO and not
the proposed strongly bound form(s) produced during
methanol oxidation [17]. Theoretical work has also
indicated that Mo could be an effective co-catalyst for
the oxidation of CO containing (or producing) fuels [19].
Lamy and coworkers [20] have reported that a PtRuMo
ternary catalysts showed higher catalytic activity toward
methanol oxidation than a PtRu binary catalyst pre-
pared in the same way.

The goal of the work described in this paper was
initially to develop high surface area Mo oxide modified
gas diffusion electrodes for direct methanol fuel cells.
However, modification of Pt and PtRu black electrodes
with Mo oxide was found to decrease their activity for
methanol oxidation. Attention was therefore focused on
formaldehyde and formic acid cells, in which the
modified electrodes did show enhanced performance.
This validates the catalyst modification procedures, and
provides insight into differences between methanol,
formaldehyde, and formic acid oxidation.

2. Experimental
2.1. Modification of gas diffusion electrodes

2.1.1. Electrodeposition method

A gas diffusion electrode consisting of 4.0 mg cm™ Pt
black on PTFE treated Toray 9 mil carbon fiber paper
(donated by Ballard Power Systems) was sprayed with
deionized water to wet the catalyst layer, and then
placed in a cell containing 1 mm Na,MoO4 in
3.7 M H,SOy4(aq). A potential of —0.15 V vs. Ag/AgCl
was applied for a certain time, and then the electrode
was removed from the cell, rinsed with water and dried
in air.

2.1.2. Solvent evaporation method

One ml of 1% Na,MoOy4(aq) was sprayed onto the
electrode and allowed to dry in air. Electrodes with
4.0 mg cm ™ Pt black (from Ballard) or 4.4 mg cm™>
PtRu black (donated by H Power Corp.) on carbon
paper were used.

2.2. Fuel cell measurements

Nafionl15 membranes (DuPont) were cleaned in 10%
H,05(aq), 1 M H,SOy(aq) (1 h at 60-80 °C in each
solution) and water. Cathodes consisting of
4.0 mg cm ™2 Pt and 14% PTFE on Toray carbon fiber
paper, were donated by Ballard Power Systems.

Anodes were evaluated at 60+1 °C in commercial
(Fuel Cell Technologies or Electrochem.) 5 cm?® active
area cells fed with 1 M aqueous formaldehyde, methanol
or formic acid at 0.15 ml min~" and dry air at a fixed
flow rate of 75 ml min~", corresponding to a stoichiom-
etry (mol O,/4 mol electrons) of 3.8 at 200 mA cm ™.
The electrodes and membranes were put into the cell
without prior pressing [21]. The pressure of ca.
15 kg cm™ exerted during cell assembly was found to
be sufficient to provide good contact between the
electrodes and the membrane.

Polarization data were recorded using a Princeton
Applied Research PARC model 273 electrochemical
analysis system. The voltage at each current density was
allowed to stabilize for 30-60 s before measurement.
Anode polarization curves were obtained by passing H,
through the cathode compartment of the fuel cell. Under
these conditions the cathode evolves H, and behaves as
a dynamic hydrogen electrode (DHE). Its potential
remains approximately constant at a value close to that
of a reversible hydrogen electrode.

Fuel (methanol, formaldehyde, or formic acid) cross-
over was measured by using a steady state electrochem-
ical method similar to that described by Ren et al. [22].
The cathode compartment of the fuel cell was flushed
with nitrogen to remove O,, and the fuel cell cathode
(now the anode in the experiment) was set at a potential
of 0.7 V relative to the fuel cell anode (containing
aqueous fuel; and now acting as a DHE) for 50 s to
oxidize fuel that had accumulated within the cathode.
The potential was stepped to 0.9 V for 100 s, and then
to 0.8 V for 100 s. The steady state currents at these
potentials were always very close, confirming that they
represent the limiting current. Their average was taken
as the fuel crossover current, which is proportional to
the flux of fuel across the membrane. A correction for
electro-osmotic drag was not applied.

3. Results

3.1. Modified Pt and PtRu black gas diffusion electrodes
in DMFCs

Figure 1 shows polarization curves of direct methanol
fuel cells with Pt black and Mo oxide modified Pt black
anodes. Mo oxide was deposited on the pre-made Pt
black gas diffusion electrodes either by spraying them
with a Na,MoOy(aq) solution or by electrodeposition of
a molybdenum bronze (H,MoO;) from Na,MoOy(aq).
One of the sprayed electrodes was reduced before use by
passing H, through the anode compartment of the fuel
cell.

It is clear from the results in Figure 1 that none of the
Mo modified electrodes performed any better in the fuel
cell than unmodified Pt black, and that Mo can actually
poison the Pt catalyst if it is not reduced before use.
When PtRu black anodes were modified by spraying or
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Fig. 1. Polarization curves for direct methanol fuel cells with Pt
black (solid points) and Mo oxide modified Pt black (open points)
anode catalysts. The anode Pt loading was 4.0 mg cm™2 in all cases.

electrodeposition, they showed inferior DMFC perfor-
mances to unmodified PtRu black (not shown).

3.2. Modified Pt and PtRu black gas diffusion electrodes
in direct formaldehyde fuel cells

Figure 2 shows polarization curves for direct formalde-
hyde fuel cells with Pt black catalyzed gas diffusion
electrodes modified by the electrodeposition of
H,MoO;, and by spraying with Na,MoQO, solution.
The presence of the Mo species greatly increased the
performance of the fuel cell at low current densities
(<20 mA cm™). At 19 mA cm™2, the potential was
400 mV higher for the best modified electrode than for
Pt black alone. The Mo bronze deposition time did not
influence the performance of the modified anodes
strongly (not shown), although a 30 min deposition
did produce a slightly larger enhancement in perfor-
mance than both shorter (10 s or 10 min) and longer
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Fig. 2. Polarization curves for direct formaldehyde fuel cells with Pt
black (solid points) and Mo oxide modified Pt black (open points)
anode catalysts. The anode Pt loading was 4.0 mg cm™ in all cases.
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(2 h) deposition times. The modification method did not
greatly affect the performance of the modified anodes
either. The performance of the anode modified by
spraying with a Na,MoO, solution was similar to
anodes modified by electrodeposition for shorter (10 s)
and longer times (2 h), while somewhat inferior to those
modified by electrodeposition at 10 min and 30 min.

Figure 3 shows anode polarization curves obtained by
using the fuel cell cathode as a DHE. These clearly show
that Mo oxide greatly decreases the overpotential for
formaldehyde oxidation at low current densities.

The effects of Mo oxide modification were long lived.
Figure 4 shows polarization curves recorded over a
period of 2 days for a cell with a Mo oxide modified
anode. The performance on the second day was not
significantly different from that on the first day.
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Fig. 3. Anode polarization curves for the direct formaldehyde fuel
cells of Fig. 2.
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Fig. 4. Polarization curves on consecutive days for a direct formal-
dehyde fuel cell with a Pt black anode that had been sprayed with
Na,MoOy(aq).
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Figure 5 shows polarization curves and anode polar-
ization curves for a direct formaldehyde fuel cell with a
PtRu black anode, and with a similar electrode that had
been modified simply by spraying it with a Na,.
MoOy(aq) solution. Modification with Na,MoO,4 im-
proves the performance of the PtRu catalyst at low
current densities, while at higher current densities,
catalytic activity promotion by Mo oxide disappears.
The anode polarization curves show that modification
of PtRu with Mo oxide decreases formaldehyde oxida-
tion overpotentials significantly. For example, the anode
potential was 60 mV lower at a current density of
7.5 mA cm 2.

Comparison of the curves for the unmodified elec-
trodes (Pt and PtRu) in Figures 2 and 5 clearly shows
the superiority of the PtRu alloy, which shows
>200 mV higher cell potentials at all current densities.
The effect of modification with Mo oxide is much more
pronounced for Pt than for PtRu. Nonetheless, the best
overall direct formaldehyde fuel cell performance was
obtained with the Mo oxide modified PtRu catalyst.

3.3. Modified Pt and PtRu black gas diffusion electrodes
in direct formic acid fuel cells

Figure 6 compares polarization curves for direct formic
acid fuel cells with Pt black and PtRu black anodes, and
with similar electrodes that had been modified by
electrodeposition of H.MoO; from Na,MoO, solution
for 30 min (Pt), or by simply spraying with Na,MoO,
solution (PtRu). Comparison of the curves shows that
unmodified Pt and PtRu gave similar performances,
while modification with Mo oxide improved the perfor-
mance of both catalysts. The improvement is not as
significant as observed for direct formaldehyde fuel cells.
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Fig. 5. Polarization curves (squares) and anode polarization curves
(triangles) for direct formaldehyde fuel cells with a PtRu black an-
ode catalyst (solid points) and a similar anode that had been sprayed

with Na;MoO4(aq). The Pt + Ru loadings were 4.4 mg cm ™.

The best direct formic acid fuel cell performance was
obtained with the modified PtRu catalyst.

Anode polarization curves for the direct formic acid
fuel cells with Pt, PtRu and Mo oxide modified Pt and
PtRu catalysts are shown in Figure 7. As was observed
for formaldehyde, modification with Mo oxide de-
creased the formic acid oxidation potentials for both
catalysts. The effects were more pronounced at very low
current densities, but quite large (>50 mV) for Pt at
current densities as high as 30 mA cm™2. PtRu and Mo
oxide modified PtRu exhibited significantly smaller
overpotentials for formic acid oxidation than did Pt
and Mo oxide modified Pt. These results are qualita-
tively similar to those for the cell voltage (Figure 6), but
there are significant quantitative differences, particularly
when the unmodified catalysts are compared. For
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Fig. 6. Polarization curves for direct formic acid fuel cells with Pt
black (solid squares), PtRu black (solid triangles), Mo oxide modi-
fied Pt black (open squares), and Mo oxide modified PtRu black
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Fig. 7. Anode polarization curves for the direct formaldehyde fuel
cells of Fig. 6.



example, Pt and PtRu gave similar fuel cell perfor-
mances, while PtRu gave significantly lower anode
overpotentials than Pt. Cleary, the cell potentials are
influenced by variations in the cathode performance and
that can lead to misleading conclusions regarding
changes in anode performance. This illustrates the
importance of recording anode polarization curves as
well as cell polarization curves.

3.4. Formaldehyde and formic acid crossover

Methanol crossover through the Nafion membrane is
one of the main problems in DMFCs. The use of other
fuels may reduce fuel crossover. Rhee et al. [23] have
reported that formic acid crossover is two orders of
magnitude lower than methanol crossover, although the
comparison data cited for methanol crossover appears
to be too high (see below).

The crossover of formaldehyde and formic acid in our
direct formaldehyde and formic acid cells were measured
as the limiting currents required to oxidize formaldehyde
or formic acid reaching the cathode compartment of the
fuel cell. The anode compartment contained 1 M formal-
dehyde or 1 m formic acid, while N, was passed through
the cathode compartment. At 60 °C, the average form-
aldehyde flux for five MEAs with different anode cata-
lysts was (1.06£0.15)x 107" mol cm > s~ (crossover
current=41 mA cm™?), the average formic acid flux
for seven MEAs with different anode catalysts
was (1.24+0.24)x107" mol cm™ s™! (crossover cur-
rent=24 mA cm™?), while methanol crossover in the
same cell under the same conditions was (1.69+0.10)
x107" mol em™ s™! (97 mA cm™?) [21]. Clearly, there
are not significant differences in the crossover rates of the
three fuels, although the currents needed to oxidize the
fuel crossing to the cathode do vary significantly because
of the different numbers of electrons involved (n=2, 4,
and 6 for formic acid, formaldehyde and methanol,
respectively).

4. Discussion

The results presented here clearly show that Mo oxo
species deposited on Pt or PtRu can catalyze the
electrochemical oxidation of formaldehyde and formic
acid, and improve the performances of direct formalde-
hyde and formic acid fuel cells. However, contrary to
some literature reports [13, 15, 24], we have not found
any evidence that the promotion of methanol oxidation
by Mo oxo species produces significant improvements in
the performance of direct methanol fuel cells.

The performance gains seen in direct formaldehyde
and formic acid cells were similar for catalysts modified
by reductive electrodeposition of H,MoOs3, and evapo-
rative deposition of Na,MoQOy,. The higher oxidation
state of such species, obtained at anode potentials above
ca. +500 mV vs. SHE, is widely accepted to be Mo(VI),
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while there is considerable uncertainty regarding the
lower oxidation state(s) [17]. Mo(0), Mo(III), Mo(1V),
and Mo(V) all appear to be possibilities [13, 17, 25-28].
Under the acidic conditions of a PEM fuel cell, the
reduced species is probably best represented as
H,Mo00O;. The Mo redox process commonly observed
at E° ~ 0.4 V vs. SHE (or DHE) (e.g. ref. 17) can then
be represented as:

MoO; + xe~ + xH" = H,MoOs (1)

At the potentials at which the Mo oxide deposit shows
catalytic activity towards formaldehyde oxidation
(>0.3 V vs. DHE,; see Figure 3), it is still in a partially
reduced state (i.e. x>0). Its activity disappears when it
is fully oxidized (Fanode > 500 mV vs. DHE in Fig-
ure 3). Shropshire [8] attributed this effect to irreversible
loss of Mo(VI) from the Pt surface. In the work reported
here, the apparent reversibility of this effect may be due
to the presence of excess Mo oxide and/or the lack of an
acidic solution to facilitate rapid removal of desorbed
species. Thus desorbed species may re-adsorb when the
cell is at open circuit or be replaced by new H .MoO;
species from nearby Mo oxide particles. It is also
possible that the Mo(VI) remains on the surface of the
Pt and that it is only the reduced species that is
catalytically active.

A number of authors have discussed the mechanism
of methanol oxidation at Pt in the presence of Mo oxide
species [8, 10, 13, 15, 28]. It appears likely that Mo
hydroxy species promote oxidative removal of adsorbed
CO intermediates. The ‘“‘bifunctional” mechanism that
has been well established for methanol oxidation on
PtRu alloys [29] can be written for Pt-Mo oxide as
follows.

CH3;0H + Pt — Pt-CO +4H™" +4e ™ (in multiple steps)
2)

H,Mo0O; + H,O — H,MoO;(OH) + H" +¢~  (3)

Pt-CO + H,MoO3(OH)

4)
— Pt + HMoO3; +CO, + H" 4+ ¢~

Thus H.MoO; type species on the Pt surface
promote the formation of OH groups adjacent to CO
poisoned Pt sites, and these combine with the adsorbed
CO to strip it from the surface as CO,. The clean Pt
surface then becomes available for further oxidation of
methanol.

The oxidation of formaldehyde on Pt follows a similar
mechanism to that for methanol oxidation, again
leading to poisoning of the electrode by adsorbed CO
[10]:

H,CO + Pt

(5)
— Pt-CO 4 2H™ + 2e~(in multiple steps)
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Presumably, the activating effect of Mo oxide is
similarly due to stripping of CO through the “bifunc-
tional” mechanism described in equations (3) and (4).

The oxidation of formic acid on Pt is thought [12] to
involve both a direct pathway (equation 6) that does not
involve adsorbed CO and an indirect pathway involving
adsorbed CO (equations 7 and 8).

HCOOH — CO, +2H" 4 2e~ (6)
HCOOH + Pt — Pt-CO + H,O (7)
Pt-CO + H,O — CO, + Pt + 2H" + 2e~ (8)

The activating effect of Mo oxide through the
“bifunctional” mechanism will only affect the indirect
pathway. The less significant effect observed in formic
acid cells, relative to formaldehyde cells, may therefore
reflect the lower impact of the CO-pathway in formic
acid oxidation.

A key question that arises from the postulation that
the role of the Mo oxide is the same in methanol and
formaldehyde oxidation is why its effect is so much
more pronounced in the formaldehyde case? There are a
number of possible reasons for this.

Shropshire [8] suggested that the rate limiting step was
the oxidation of the organic species in solution by an
Mo(VI) species on the Pt surface. The rate of this
chemical step would be increased by the lower redox
potential of formaldehyde vs methanol.

Another difference between formaldehyde and meth-
anol oxidation may be the nature of the adsorbed CO
intermediate that is formed. It has been reported that
Mo is only active for stripping of weakly adsorbed CO
[17] and so it is possible that CO from formaldehyde is
more weakly adsorbed than CO from methanol.

A third possibility is that Mo is only active in its
reduced state [17], and that methanol does not adsorb
rapidly enough on Pt at potentials at which there is
sufficient reduced Mo to be effective [17]. Since
formaldehyde adsorbs on Pt more strongly than
methanol [8], it would exhibit more effective catalysis
by HXMOO:;.

Proper assessment of a new catalyst for practical
systems requires comparison with a PtRu alloy catalyst,
which is the current state-of-the-art for methanol
oxidation, and this is done in Figures 5, 6, and 7.
Significantly, the Mo oxide modified Pt catalysts (Fig-
ures 2 and 3) outperform the PtRu catalyst (Figure 5)
for fomaldehyde oxidation at very low current densities,
indicating that Mo can promote formaldehyde oxida-
tion at lower potentials than can Ru. However, at the
current densities required in a fuel cell, the activity of
Mo is insufficient and PtRu is far superior. Combination
of Mo with PtRu is synergistic, and provides the best
overall performance, as reported by Lamy and cowork-
ers for methanol oxidation [20] and Baltruschat and
coworkers for CO oxidation [17]. The results are similar

for formic acid oxidation, with Mo oxide modified Pt
being better than PtRu at low current densities and Mo
oxide modified PtRu providing the best performance
(Figures 6 and 7)

Formaldehyde and formic acid crossover rates mea-
sured in this work were not significantly different from
methanol crossover rates, and this is expected given the
similar sizes of the molecules and that fact that formic
acid should not be significantly ionized in the strongly
acidic Nafion membrane. Surprisingly, Rhee et al. [23]
have reported that formic acid crossover is two orders of
magnitude lower than methanol crossover. They re-
ported a formic acid crossover rate of 0.2 X
107" molem™ s™' for 1w formic acid permeation
through Nafion 117 at room temperature, while we
have obtained a value of of 1.2 x 107" mol cm *s~!
with a 29% thinner Nafion 115 membrane (127 vs.
178 um) at 60 °C. Assuming an approximate doubling
of the flux between 25 °C and 60 °C [22], Rhee et al.’s
formic acid crossover result is only a factor of two lower
than ours, and is consistent with the conclusion that
formic acid crossover is not greatly lower than methanol
crossover. Wang et al. [30] have reported that formic
acid crossover is approximately half as fast as methanol
crossover over a range of temperatures.

5. Conclusions

Modification of Pt and PtRu catalysts with Mo oxides
significantly improves their catalytic activity toward
formaldehyde and formic acid oxidation. This provides
greatly enhanced low current density performances in
direct formaldehyde fuel cells, but the effect becomes
less significant at high current densities. Enhanced cell
performances at low current densities were also
observed in direct formic acid fuel cells, although the
effects were not as significant as for formaldehyde. The
performances of direct methanol cells were not
improved by modification of the anode with Mo oxide.

The observation of catalytic activity at potentials
significantly lower than observed with Ru points to the
possibility of achieving high efficiencies and high current
densities for the oxidation of formaldehyde, formic acid,
and perhaps methanol. The modification procedures
have not yet been optimized, and the nature of the
catalytic species and mechanism are largely unknown.
Further work is likely to result in an increase in the
current that the Mo oxide co-catalyst can sustain at low
potential.
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