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Abstract: The electrochemical oxidation of methanol was investigated on a Pt;Co bulk alloy
in acid solutions. Kinetic parameters such as transfer coefficient, reaction orders with respect
to methanol and H' ions and energy of activation were determined. It was found that the rate
of methanol oxidation is significantly diminished by rotation of the electrode. This effect
was attributed to the diffusion of formaldehyde and formic acid from the electrode surface.
Stirring of the electrolyte also influenced the kinetic parameters of the reaction. It was
speculated that the predominant reaction pathway and rate determining step are different in
the quiescent and in the stirred electrolyte. Cobalt did not show a promoting effect on the
rate of methanol oxidation on the Pt;Co bulk alloy with respect to a pure Pt surface.
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INTRODUCTION

Methanol oxidation is an important electrochemical reaction from both practical
and fundamental aspects because it is the anodic reaction in direct methanol fuel cells
(DMFC) and a prototype of the oxidation of small organic molecules. The main
features of the reaction and also the main obstacles for its application are the high
overpotential needed in order to oxidize methanol at a measurable rate and the
deactivation of all electrocatalysts with time. Methanol oxidation has been extensively
investigated since the early 70’s with two main topics: identification of the reaction
intermediates, poisoning species and products, and modification of Pt surface in order
to achieve higher activity at lower potentials and better resistance to poisoning. The
results have been reviewed by several authors.1-3

Intermediates that have been identified by infrared spectroscopy,®10 electrochemical
thermal desorption mass spectroscopy (ECTDMS)!1:12 and differential electrochemical
mass spectrometry (DEMS)!3-15 are (C, O) species, which can be linearly or bridge
bonded CO,4,011 and (C, H, O) species, suggested to be CHO 4,15 and COH,4,.10:13.14
Evidence of the methoxy CH30,4s intermediate was also found.” The main reaction
product is CO,,1¢ although significant amounts of formaldehyde!”-18 formic acid!® and
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Fig. 1. Reaction pathways of methanol oxidation on a Pt surface.
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methyl formate!3:19 were also detected. Some of the possible reaction steps for methanol
oxidation that can be envisaged from the above mentioned intermediates and the products
are given in Fig. 1.

Platinum is the most active metal for dissociative adsorption of methanol, but the
potential where it adsorbs OH species, which are necessary for the oxidation of adsorbed
methanol residues, is too high for the application of a single Pt electrocatalyst in a DMFC.
Consequently, bimetal catalysts have been developed among which Pt-Ru was proved to
be the best choice until now. However, Pate et al.20 recently reported that the activity of a
carbon supported Pt—Co catalyst approches that of a Pt—Ru electrocatalyst at elevated
temperatures. In the present paper, methanol oxidation was investigated on well deffined
smooth bulk Pt;Co alloy in acid solutions. The kinetic parameters and energy of activation
of the reaction were determined in a quiescent and in a stirred electrolyte. A mass transfer
effect on the reaction kinetics was found and correlated with a possible reaction pathway.

EXPERIMENTAL

A thermally prepared Pt;Co alloy electrode (prepared and characterized at Lawrence Berkeley National
Laboratory, Berkeley, CA) was used in this study. A bulk composition of 75 % Pt was determined by means
of X-ray fluorescence spectroscopy.

Adisk electrode (0.127 cm? geometric surface area) was fabricated from the alloy and used in a rotating
disk assembly (Tacussel). Prior to the experiment, the electrode surface was polished with an aqueous suspen-
sion of 0.05 um Al,O3, then rinsed and ultrasonicated for 5 min in high purity water. In order to prevent possi-
ble changes in the surface composition of the alloy, the usual potential cycling of the electrode in the support-
ing electrolyte was not performed. Instead, the electrode was set into the methdnol containing electrolyte un-
der potential control and a positive going potential sweep at 1 mV s! was immediately started. The starting
potential was just at the beginning of hydrogen evolution and its value was adjusted for each supporting elec-
trolyte concentration (e.g., +20 mV vs. SHE in 0.1 M HCIOj, solution).

A standard glass cell was used with a Pt spiral as the counter electrode and a saturated calomel electrode
as the reference electrode. All the potentials reported in this paper are expressed on the scale of the standard
hydrogen electrode (SHE). The electrolyte contained 0.02 to 1 M HCIO, as a supporting electrolyte and 0.01
to 1 M CH;0H. All solutions were prepared with high purity water (Millipore, 18 MQ cm resistance). The
electrolyte was deaerated by bubbling with N,, which had previously been purified by passing through an
ammonium-metavanadate solution. When the polarization curves were recorded on a stationary electrode,
the stream of N, was passed over the electrolyte in order to have complete quiescent conditions. The cell was
thermostated at 25.0 to 45.0 °C. A potentiostat PAR 273 A and an XY recorder Philips PM 8143 were used in
all experiments.

RESULTS

The cyclic voltammogram of the Pt;Co alloy in 0.1 M HCIOy solution in the potential
window relevant to methanol oxidation is given in Fig. 2. No current indicating dissolution of
Co was observed, which nominated the alloy as a potential anode catalyst. Hydrogen adsorp-
tion/desorption peaks are present on the voltammogram but they do not have fine structure as
on pure Pt. This demonstrates that alloying with Co not only reduces the number of Pt atoms on
the electrode surface but also changes its ability for underpotential deposition of hydrogen at-
oms. This is in accordance with the results of Markovié et al?! who compared voltam-
mograms of Pt;Co and Pt materials prepared in the same way in the same laboratory.
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Fig. 2. Cyclic voltammogram of Pt;Co alloy in 0.1 M HCIOy solution recorded at 20 mV s™! (dashed line)
and the polarization curve for methanol oxidation in 0.1 M HCIO4 + 0.1 M CH30H solution recorded at
1 mV s! (solid line).

The polarization curve for the oxidation of 0.1 M methanol in 0.1 M HCIO, is also
presented in Fig. 2. The reaction starts at ~ 0.37 V, which is in the double layer region of Pt
and reaches a maximum rate at ~ 0.75 V when the electrocatalyst is substantially oxidized.
These two characteristic potentials are the same as on a pure Pt electrocatalyst,22 which
means that, at least at room temperature, Co does not improve the electrocatalytic
properties of Pt.

It was reported earlier?? that the open circuit potential of a Pt electrode in a methanol
containing solution was more negative on a stationary electrode than on a rotating one.
Also it was established?224 that the methanol oxidation current on Pt decreased when the
electrode was rotated. The same phenomena were observed on the Pt;Co electrode and
investigated in details in this work. Figure 3 presents the Tafel plots for methanol oxidation
on a stationary disk electrode and on a disk electrode rotating at 1000 rpm in electrolytes
containing 0.01 to 1 M methanol in 0.1 M HCIOy4 at 30 °C. Several characteristics of these
Tafel plots deserve attention. Methanol oxidation is strongly supressed by the rotation of
the electrode. No significant influence of the rotation rate of the electrode was found, i.e.,
the current densities on the electrode rotating between 500 and 2000 rpm were the same
within experimental error. The difference between the reaction rate in a quiescent and in a
stirred solution is much more pronounced in the electrolytes with low methanol concen-
tration than in more concentrated solutions. The onset of the reaction in the stirred
electrolyte is shifted towards more positive potentials compared to the quiescent electro-
lyte. Well defined linear Tafel regions were obtained in both cases, but with different slo-
pes. In the quiescent electrolytes, the Tafel slope changed from 75 to 90 mV dec~! when
the methanol concentration was increased from 0.01 to 1 M. It should be noted that a Tafel
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Fig. 3. Methanol oxidation in quiescent and
stirred electrolytes controlytes containing 0.1
M HCIO, and different concentration of meth-
anol at 30 °C.

slope of 90 mV dec ! was also obtained on a pure Pt surface in 0.1 M methanol solution.22
However, in the stirred electrolytes, the Tafel slope was 100-110 mV dec! without
systematic dependence on the methanol concentration. The end of the Tafel-like behavior
at=0.64 V concides with the plateau of the first step in the oxidation of the catalyst (Fig. 2).
At more positive potentials when the catalyst is more oxidized, probably to Pt(OH),, the
increase of the methanol oxidation rate with potential becomes slower and finally a
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maximum current density is reached, which is followed by a decrease in the reaction rate
(not shown in Figs. 2 and 3).

The influence of the methanol concentration on the reaction rate is summarized in
Fig. 4 where the current densities at 0.55 V (approximately in the middle of the linear Tafel
region) and the maximum current densities in both quiescent and stirred electrolytes are
plotted as a function of methanol concentration. The reaction order with respect to metha-
nol is 0.5 in the stirred electrolyte and the same value was calculated from the maximum
current values. In the quiescent electolytes the reaction rate is independent of the methanol
concentration in the Tafel region and only slightly dependent at the maximum of the polar-
ization curve. The potentials of the maximum on the polarization curves slightly increased
with increasing methanol concentration, both in the quiescent and in the stirred electro-
lytes.

The influence of the concentration of H* ions was investigated in electrolytes contain-
ing 0.1 M methanol and different concentration of HCIO4 at 30 °C. The Tafel slopes in the
stirred electrolytes were about 110 mV dec™!, irrespective of the HCIO, concentration,
while in the quiescent electrolytes its value increased form 75 mV dec! in 0.02 M to 105
mV dec! in 1 M HCIOy. Increasing the concentration of HCIOy led to a decrease in the
methanol oxidation rate. The current densities at 0.55 V are plotted as a function of HCIO4
concentration in Fig. 5. The influence of H ion concentration on the reaction rate is similar
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in both the quiescent and stirred electrolytes, with the exception that in the first case the de-
crease in the current densities becomes steeper when the concentration of HClOy is higher
than 0.1 M. The reaction order with respect to H ions was calculated to be above —1. The
potentials where the polarization curves reach their maximum are also dependent on the
HCIO,4 concentration. Although the potentials of the maximum were not very reproduc-
ible, they were shifted toward more positive values with increasing HCIO4 concentration
and as shown in Fig. 6, a line with a slope of 60 mV dec ! can be drawn, irrespective of the
rotation of the electrode.

Polarization curves for methanol oxidation in an electrolyte containing 0.1 M metha-
nol and 0.1 M HCIO,4 were recorded in the temperature range from 25 to 45 °C. No signifi-
cant shift in the onset of the methanol oxidation with temperature was observed. Over the
entire temperature range, Tafel plots with slopes of 80 mV dec~! were obtained. The corre-
sponding Arrhenius plots for 0.55 V in the quiescent and stirred electrolytes are given in
Fig. 7. An activation energy of about 76 kJ mol~! was estimated for the quiescent electro-
lyte and 62 kJ mol-! for the stirred electrolyte.

DISCUSSION

Methanol oxidation on Pt3Co bulk alloy is similar to that on pure Pt electrocaalyst.
The reaction begins when hydrogen is desorbed from the electrode surface and attains a
maximum rate when the Pt is significantly covered by an oxide, probably Pt(OH),. Cobalt
did not show a promoting effect on the potential of the onset of methanol oxidation.

Being a very slow reaction, the rate of methanol oxidation should not be limited by
the mass transfer of methanol from the electrolyte toward the electrode surface. A simple
calculation shows that the limiting diffusion current density for the oxidation of 0.1 M
methanol in a quiescent electrolyte should be about 50 mA ¢cm2, which is 25 times higher
than the maximum current density observed in this solution (Fig. 3b). On the contrary, agi-
tation of the electrolyte provoked a pronounced decrease in the current densities over the
entire potential region. This indicates that some intermediate which can diffuse away from
the electode is involved in the reaction mechanism.

Before discussing this hypothesis, possible artifacts that could produce such an
unusual effect of the electrode rotation on the methanol oxidation current have to be
mentioned. The first possibility is some impurity in the electrolyte the adsorption of
which is facilitated on the rotating electrode. The supporting electrolyte used in this
work was HC1O4 which could contain traces of CI~ions. However, Biegler?4 reported
the same phenomenon, although his experiments were performed in H,SO4 solutions
and additional purification of the electrolyte had no influence on the effect. In this
work, when the polarization curve was being recorded on a rotating electrode, the
current increased when the rotation was stopped and decreased when the rotation was
started again. This reversible effect of the rotation is also inconsistent with the
influence of impurities. Recently Iwashita® pointed the necessity of thoroughly eli-
minating traces of oxygen in the electrolyte because the peroxide species produced
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during oxygen reduction on Pt can oxidize adsorbed organic residues. However, the
amount of oxygen in the electrolyte in this work was estimated to be < 10-© M which is
too low to act as a scavenger for some reactive intermediate in the oxidation of
methanol. Moreover, Wasmus and Vielstich?5 showed that oxygen in the electrolyte
can enhance the catalytic properties of Pt towards the oxidation of CO and methanol,
because oxygen containing species are required for the removal of poisoning species
formed during methanol oxidation. However, this effect was established when pure
oxygen was bubbled through the electrolyte.

Hence, it seems that the lower current densities in the stirred electrolyte is genuine to
methanol oxidation on Pt and similar electrocatalysts and that the phenomenon originates
from a weakly adsorbed intermediate. Desorption of carbon monoxide can be ruled out,
because CO, is a rather stable species that can survive removal of the electrode from the
electrolyte, its transfer into a UHV chamber and re-immersion in the electrolyte.3 Accord-
ing to the reaction scheme in Fig. 1, other species that can diffuse away from the electrode
are formaldehyde and formic acid. Since both of them were detected in the electro-
lyte,16-18 it is likely that they are responsible for the lower reaction rate when the electrode
is rotated. The difference between the current density on a stationary electrode and that of a
rotating one is more than an order of magnitude in electrolytes with a low methanol con-
centration, which is much larger than the difference in the number of electrons transferred
when methanol is completely oxidized to CO, and only partially to HCOH. This is an indi-
cation that the intermediate which diffuses away from the electrode surface is formed be-
fore the occurrence of the rate determining step (rds).

It is rather difficult to identify the rds in such a complex reaction as methanol oxida-
tion where numerous intermediates, steps and pathways are possible (see Fig. 1). However,
the negative reaction order with respect to H* ion concentration can be attributed to the
participation of OH, in the rds. Thus, the chemical steps

CHOgqs + OHpgs > HCOOH )]
or
CO,gs + OHpgs — COOH,44 @)

might be suggested as the possible rds. They should result in a Tafel slope of about 60 mV
dec1, while the experimentally observed values were 75 to 90 mV dec! in the quiescent
electrolytes. An explanation of this discrepancy cannot be proposed at the moment, except
the complexity of the reaction mechanism with several adsorbed species, the surface
coverage of which can be potential dependent and influence the Tafel behavior.

If step (1) is the rds, the desorption of HCOH should be the main cause of the current
drop in stirred electrolyte, and if step (2) is the rds then both the desorption of HCOH and
HCOOH could be responsible for this effect. On a stationary electrode, the diffusion of
these species from the electrode surface is slow and a high coverage of CHO, 4, of CO 45 is
achieved, which is indicated by the zero reaction order with respect to methanol. However,
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when the diffusion of HCOH and HCOOH is enhanced by rotation, the surface coverage
of the participant in the rds is dimished to a medium value which results in a one-half reac-
tion order with respect to methanol. The Tafel slope under these conditions is about 110
mV dec! and also energy of activation is slightly changed. This leads to the assumption
that the rds might be different in the stirred electrolyte. According to the scheme in Fig. 1,
two pathways are conceivable for methanol oxidation. The first one is (a)~(f) and the other
is (g)(1)~Hd)—(f). They take place in parallel up to the CHO, 4, intermediate, after which
they merge into a single reaction sequence. Since the pathway (g)—(i)~(d)—~(f) circumvents
formaldehyde as an intermediate, it could be proposed that in the stirred electrolyte where
HCOH leaves the vicinity of the electrode, pathway (g)—i)(d)~(f) becomes significant
and even takes over the whole reaction. Under these conditions the elekctrochemical step

CH30,4s = CHyOpgs + H + €~ ©)

could be slow. The negative reaction order with respecxt to the concentration of H ions is
in accordance with this assumption because the formation of CH30,4 is dependent on the
H* concentration: -

H
CH;0OH CH30,4s + H + & @)

Areaction order with respect to methanol of 1/2 and a Tafel slope of 110 mV dec! in-
dicate that the surface coverage of CH30,4s has a medium value and that it is independent
of the potential.

The maximum on the polarization curve for for methanol oxidation is in the potential
region where Pt is substantially oxidized. A role of Pt(OH), in the deactivation of the Pt
surface is indicated by the dependence of the potential of the maximum on the H concen-
tration. The formation of PtOH from I‘(E;)z

PtOH + H,O Pt(OH), + H + e~ 5)

follows the same dependence of a 60 mV per tenfold increase in the H" concentration as
the maximum on the polarization curve of methanol oxidation (Fig. 6). Pt(OH), is less
active for the adsorption of methanol and this step becomes rate determining at more
positive potentials, which results in the insensitivity of the reaction rate on the potential.

CONCLUSIONS

Cobalt does not show a promoting effect on the rate of methanol oxidation on Pt;Co
bulk alloy with respect to a pure Pt surface. However, this statement should be reconsid-
ered on nanoscale alloy particles.

The methanol oxidation rate is significantly diminished by rotation of the electrode in
electrolytes containing a low concentration of methanol. This was ascribed to the diffusion
of formaldehyde and formic acid from the electrode surface. Mass transfer effects on the
reaction rate should also be investigated on nanoscale electrocatalysts. This is important
because in the porous structure of gas diffusion electrodes all catalyst particles are not
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evenly available to the fuel and some of them can operate at low methanol concentrations.
In the optimization of the fuel flow in DMFC, one should be aware of a possible negative
effect of convection on the methanol oxidation current.

The dependence of the methanol oxidation kinetics on the stirring of the electrolyte
can help in the postulation of the reaction pathway. On the basis of the kinetic parameters
of methanol oxidation and its dependence on the stirring of the electrolyte, it was
speculated that the reaction on Pt;Co bulk alloy follows parallel pathways. In the quiescent
electrolyte, the pathway which includes formaldehyde and formic acid is predominant.
When the electrolyte is stirred, this reaction pathway is suppressed and the reaction occurs
via CH30,4 as the intermediate.
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U3BO

EJIEKTPOXEMUJCKA OKCUJTALINJA METAHOIJIA HA JIET'YPU Pt;Co
C.Jb.TOJKOBThH

Texnoaowko-meimiarypuiku axyaitieits, Yrueepauitieii y beozpaoy, Kaprezujesa 4, i. ap. 3503, 11120 Beozpao

EmexTpoxemujcka OKCHJjaIja METaHOA je MCINTHBAaHA Ha Jierypu Pt;Co y KicemM pacTBo-
puma. Onipebenn cy KMHEeTHIKY apaMeTpy peakiyje: KoeuIMjeHT Tpesia3a, pefloBU peakiyje o
Metanony 1 H' jony u enepruja aktusanyje. Y TBphEHO je fia ce Op31MHa peakliyje 3HauajHo cMarbyje
Kayia enexrpopa porupa. Taj epekar je npurcan audysuju hopMaaexuyia 1 MpaBibe KUCEIIIHE ca
TIOBPIIIITHE eJIeKTpojie. Melame eTeKTPOIIATA TaKobe yTirde Ha KMHEeTIIKE MTapaMeTpe peaKije.
JluckyToBaHa je MOTYhHOCT fla Cy AOMUHAHTaH PEAKLMOHH IyT M CIOpPH CTyNal y MEXaHU3MY
peaxiyje pasImIiTH y MAPHOM M MEIIaHOM eJeKTpomuty. [IpucycTBo KobasirTa y Jerypu Huje
yTrnano Ha noseharme Gp3WHE OKCHIAIMje METaHONA y Topeberby ca YiCTOM ITaTHHOM.

(ITpumsbero 15. jyma 2003)
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