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EXTENDED ABSTRACT
The Kkinetics and mechanism of methanol oxidation on Pt
and PtRu catalysts in alkaline and acid media*
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Abstract: The kinetic of methanol electrochemical oxidation for a series of platinum
and platinum-ruthenium catalysts was investigated. A correlation between the begi-
nning of OH,4 adsorption and methanol oxidation was demonstarated on Pt single cry-
stals and Pt nanocatalyst. The activity of the nano-structured Pt catalyst was compared
with single crystal platinum electrodes assuming the Kinoshita model of nanoparticles.
The ruthenium-containing catalysts shifted the onset of methanol oxidation to more
negative potentials. The effect was more pronounced in acid than in alkaline media.
Based on the established diagnostic criteria, the reaction between CO,4 and OH,q4 spe-
cies according to the Langmuir—Hinshelwood mechanism was proposed as the rate de-
termining step in alkaline and acid media on Pt and PtRu catalysts.

Keywords: methanol oxidation, role of anions, temperature effect, reaction mechanism.

Electrochemical oxidation of methanol is the topic of fundamental research
representing the prototype of the oxidation of small organic molecules as well as
being applicable to research in the scope of direct methanol fuel cells. The
reaction of methanol electro-oxidation on Pt involves several adsorption steps,
including the formation of chemisorbed species leading to a decrease in the cata-
lytic activity of the electrode surface. Scientific discussions were focused on the
nature of the intermediates and the reaction products!~® and on the modification
of the platinum surface in order to improve its catalytic activity and sensitivity
regarding poisoning species.?~12 CO,q species were detected as the adsorbed in-
termediates acting as poisoning species at lower potentials or reactive inter-
mediates in the presence of OH,q species, which were also proposed as partici-
pants in the oxidation reaction.2-11.13.14 OH,4 species originate from the dis-
charge of OH~ anions in alkaline solution or from the dissociation of HyO mole-
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cule in acid solution. Ru is mostly used as a promoter of Pt surfaces, in the form
of Ru,gq on Pt or as PtRu alloys with different ratios of Ru to Pt. The effect of
PtRu catalysts was described by the bifunctional mechanism,® when Ru promotes
the oxidation of strongly bond CO,q on Pt sites by supplying the oxygen source
at lower potentials compared to pure Pt, or by the ligand effect,!2 when Ru chan-
ges the electronic properties of the surface and weakens the binding strength of CO,gq.

Methanol oxidation was investigated on Pt single crystals, polycrystalline Pt
and supported platinum catalyst (Pt/C) and at two types of PtRu materials, i.e.,
polycrystalline Pt modified with Ru adatoms in the process of electrochemical
deposition (Pt/Ru) and a supported catalyst (PtRu/C). The reaction kinetics were
investigated in alkaline and in acid media from the viewpoint of the influence of
anion, pH and temperature. The reaction parameters were established and the rate
determining step is suggested.

The quality of the electrode surfaces and the purity of the system were tested
for Pt single crystal surfaces, polycrystalline Pt and a Pt/Ru electrode using cyc-
lic voltammetry. In the case of the Pt/Ru electrode, this method enables the deter-
mination of the Ru surface coverage on polycrystalline Pt.9 The nanocatalyst la-
yer was also characterized by cyclic voltammetry in order to determine the repro-
ducibility of the deposition and, in the case of the Pt/C catalyst, to define the real
surface area and the particle diameter. The particle diameter was confirmed using
physical methods (XRD and STM). The XRD measurements besides the average
crystallite size, allow the phase composition to be determined, which for the Pt/C
catalyst was one Pt phase and for PtRu/C two phases, i.e., a solid solution of Ru
in Pt and the hexagonal phase of Ru. The STM method was used for the deter-
mination of the topography of the electrodes. Analysis of STM images for the Pt/C
and PtRu/C catalysts showed the almost spherical shape of the nanoparticles and
their relatively uniform distribution on the carbon support. The obtained results
are in accordance with TEM measurements.!3

According to all the available results regarding methanol oxidation, the pre-
sence of OH,q species at the electrode surface is necessary for this reaction. Li-
near extrapolation of the charging curve, which represents the dependence of the
charge for the adsorption of oxygen containing species on potential, enables an
estimation of the potential for the incipient formation of OH,q species and the
potential for oxide formation.!6 According to this method, which was applied for
each Pt electrode, the adsorption of OH,q species begins in the hydrogen region
at the same potential in both the NaOH and HCIO4 solutions. In these solutions,
oxide formation also commences at the same potential. These facts indicate that
the ClO4 anions do not interfere with the adsorption of OH,q species and oxide
formation, while in H,SO4 solution the anions from the supporting electrolyte
shift these processes to more positive potentials.



METHANOL OXIDATION ON Pt AND PtRu CATALYSTS 7 1 1

Based on the linear extrapolation method and on potentiodynamic measure-
ments, a correlation between the beginning of the adsorption of OH,q4 species and
methanol oxidation was established for all the investigated Pt electrodes. The re-
action commences at potentials close to the onset of OH adsorption, while the ma-
ximum of the methanol oxidation rate corresponds to the transition of oxygen
species from the reversible to irreversible state. The activity of the investigated ele-
ctrodes for the oxidation of methanol in alkaline solution was almost one order of
magnitude larger than in acid solution. The significant effect of pH on the rate of
methanol oxidation was explained by the pH dependent adsorption of OH,q species.

The effect of anions on methanol oxidation was examined in HC1O4 and HySOq4
solutions. Although the sulfate anions from the H>SO4 supporting electrolyte
suppress the rate of methanol oxidation, they do not influence the reaction path.

The investigation of methanol oxidation on single crystal platinum surfaces
showed the structural dependence of the reaction. The difference in the activities
of single crystal platinum electrodes can be explained by the different surface co-
verage with OH,q species. The Pt/C catalyst is described by the Kinoshita model
as cubooctahedral particles consisting of (111) and (110) oriented facets with low
coordinated (110) edge and corner sites.!” The obtained results showed that Pt/C
catalyst closely obey the activities of (111) and (110) surfaces. In alkaline solu-
tion, the activity increase in the sequence (111) < (110) = Pt/C < (332), while in
acid solution the activity increase in the sequence (110) < Pt/C < (111).

Comparison of the activities of Pt and PtRu bimetallic electrodes shows a
promoted methanol oxidation on the PtRu electrodes, since the Ru sites nucleate
oxygen containing species at lower potentials, shifting the onset of the reaction to
more negative potentials. The shift of the initial potential of the reaction between
Pt and PtRu electrodes is larger in acid solutions. In alkaline solutions, Pt atoms
adsorbed OHyq species at as low potentials as does Ru, hence Ru atoms are not
the only source of oxygen species. Consequently, the role of Ru as a donor of
oxygen species in alkaline solutions is not as remarkable as in acid solutions. At
higher potentials, the Ru sites influence the Pt atoms to form irreversible oxygen
species, thus decreasing the activity of bimetallic electrodes.

The similarities in the structure of the Pt/Ru and PtRu/C catalysts results in
the qualitatively same behavior of these catalysts regarding the initial potential of
reaction and the Tafel slope.

Increasing the temperature shifted the onset of methanol oxidation to more
negative potentials with the supported platinum and platinum ruthenium cata-
lysts. The reaction rate was much higher at evaluated temperatures. According to
the quasi—steady state measurements at three different temperatures in alkaline
and acid solutions, the apparent activation energies for the methanol oxidation
reaction were established for both supported catalysts.

On the basis of the determined diagnostics criteria, such as Tafel slope, trans-
fer coefficient, reaction order with respect to methanol, OH™ ions in alkaline so-
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lution and H ions in acid solution, the reaction between CO,q and OH,q species
according to the Langmuir—Hinshelwood mechanism was suggested as the rate
determining step in the overall methanol oxidation reaction on supported Pt and
PtRu catalysts.

U3BOJ

KNMHETUKA U MEXAHU3AM OKCUJAIIMIE METAHOJIA HA Pt U PtRu
KATAJIM3ATOPUMA ¥V AJIKAJIHOJ U KMCEJIOJ CPEJUHI

JEJIEHA JIOBU'h
UXTM—-Lenitiap 3a eaexiupoxemujy, thezouesa 12, 11001 Beozpao, Cpbuja

Kunernka enexTpoxeMujcKe OKCHAALMje METaHOoJa je UCIUTHBAHA HA HU3Y KaTalk3aTopa o[
IUIaTHHE M IUIaTHHe—pyTeHujyma. [lokasana je Be3a mamely nmouerka agcopnuuje OH,q yectnna u
[OYEeTKa OKCHAALMje MeTaHoua. YTBPlEHO je Ja ce HAaHOCTPYKTYpHHU Pt Karain3arop 1o aKTUBHO-
CTH MOXE IOPEAUTH Ca MOHOKPUCTAJIMMa IUIaTHHE, LITO j¢ Y CKIaLy ca YCBOjEHHM MOJEJIOM IO
KOME ce akTHBHOCT Pt HaHOKaTaIM3aToOpa MOKE NOBE3aTH Ca yJeluMa HUCKOWHICKCHUX PaBHH Ha
MOBPIIMHK HaHouecTule. [Toka3aHo je fa oKcHIaluja MEeTaHoIa TOYHEbE HA HeraTHBHUjUM IOTCH-
LHjaTiMa Ha KaTaau3aTopuMa KOju Capike PYTEHH]yM, IPH YeMy je Taj eekaT nu3pakeHuju y K-
celoj Hero y ankanHoj cpeauHu. McenuruBad je ytunaj pH, anjoHa u temnepatype, onpehenu cy
KUHETHYKH [apaMeTpH, a 3a CHOPH CTYIIalkh Y OKCHAALM]H METAaHOJIa IPEAIOKEHA je peakiija dec-
thua CO,q n OHyq npema JIeHrMup—XuHIIENBY JOBOM MEXAHU3MY.

(ITpumibeno 29. janyapa 2007)
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