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Kinetic study of methanol oxidation on
Pt,Rus/C catalyst in the alkaline media
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Abstract: The electrochemical oxidation of methanol in NaOH solution was exami-
ned on a thin film Pt,Rus/C electrode. The XRD pattern revealed that the PtRus
alloy consisted of a solid solution of Ru in Pt and a small amount of Ru or a solid
solution of Pt in Ru. It was shown that in alkaline solution, the difference in activity
between Pt/C and Pt,Ru5/C is significantly smaller than in acid solution. It is pro-
posed that the reaction follows a quasi bifunctional mechanism. The kinetic para-
meters indicated that the chemical reaction between adsorbed CO,q and OH,q Spe-
cies could be the rate limiting step.

Keywords: platinum-ruthenium alloy, supported nanocatalyst; XRD analysis, me-
thanol oxidation, alkaline solution.

INTRODUCTION

There is a general consensus at present that Pt/Ru offers the most promising
results in methanol oxidation in acid solution. The catalytic effect has been ob-
served using different Pt/Ru electrodes, including Pt/Ru alloys,1~3 electrochemi-
cal and spontaneously deposited Ru on Pt4=6 and carbon supported Pt/Ru.7-10
When discussing the reason for the catalytic effect of the Pt—Ru surface in the re-
action of methanol oxidation, the bifunctional mechanism is often invoked,11 which
suggest the joint activities of both metals. The Pt sites acting as adsorption and
dehydrogenation centers produce various adsorbed carbonaceous species and the
Ru sites adsorb oxygen-containing species at lower potentials than a pure Pt surface.

The bifunctional mechanism is related to low potentials (E < 0.5 V) and low
temperatures (t < 60 °C), since at high potentials Pt dissociates water and at high
temperatures Ru adsorbs methanol.2:12

There is lack of data dealing with methanol oxidation on PtRu catalyst in al-
kaline solution10.13 although from a fundamental viewpoint, the study of the ki-
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netics of methanol oxidation in alkaline solution may provide some new insight
into developing new catalysts.

In this work, the kinetics of methanol oxidation on a PtyRus/C catalyst in
alkaline solution was investigated and compared with a Pt/C catalyst.

EXPERIMENTAL

Electrode preparation

The platinum—ruthenium and platinum electrocatalysts supported on high area carbon (Pt,Rus/C
and Pt/C) with 54 wt % alloy and 47.5 wt % Pt (Tanaka Precious Metal Group) were applied to a
glassy carbon substrate in the form of a thin film using the procedure described elsewhere.® The
mass transfer resistance through the Nafion® film was negligible.10

Electrode characterization
The electrodes were characterized by X-ray diffraction analysis.
Electrochemical measurements

All electrochemical measurements were conducted at 22 °C in a thermostated three-compart-
ment electrochemical cell with a Pt spiral as the counter electrode and a saturated calomel electrode
(SCE) as the reference electrode. The potentials refer to the reversible hydrogen electrode (RHE).
The thin film rotating disk method was used.

All measurements were performed in a nitrogen purged sodium hydroxide solution. Methanol
was added to the solution while holding the electrode potential at E = 0.05 VV (RHE) for 3 min. The
catalytic activity was measured either by recording the potentiodynamic polarization curves (sweep
rate 50 mV s'1) or quasi-steady state curves (sweep rate 1 mV s'1).

RESULTS AND DISCUSSION
Electrode characterization

In the diffraction pattern of the PtoRu3/C catalyst (Fig. 1), two phases were
found: a solid solution of ruthenium in platinum (fcc) and a phase associated with
an overlapped peak at 43.7° and a weak peak at 58° assigned to the hexagonal
phase of ruthenium or a solid solution of platinum in ruthenium (hcp). Pt-Ru fcc
reflections in the PtoRus/C pattern are systematically shifted towards higher an-
gles in relation to the platinum peaks in the Pt/C pattern due to the incorporation
of smaller ruthenium atoms into platinum crystal lattice. It was assumed in the
calculations that the second phase is Ru hcp. The two structures, i.e., Pt-Ru fcc
and Ru hcp were refined using the Rietveld method. The presence of the carbon
support was not taken into account. The crystallite sizes determined with the
TOPAS program were 3.9 nm for Pt—Ru fcc and 2.8 nm for Ru hcp. The crystal-
lite size determined using the Scherer method based on the (220) breadth was
3.5 nm for the Pt—Ru fcc phase.

Methanol oxidation on PtyRu3/C catalyst

The polarization curve for methanol oxidation on Pt;Ru3/C in alkaline media
and the corresponding basic curve for PtoRus/C are presented in Fig. 2.

According to the phase diagram4 as well as the analysis of the XRD spectra,
the PtoRu3/C catalyst has a complex structure consisting mostly of a solid solu-
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tion of Ru in Pt, with a small contribution of pure Ru or a solid solution of Pt in
Ru. Consequently, electrochemical characterization by cyclic voltammetry can
provide only the general characteristics of the surface structure, such as the hy-
drogen adsorption/desorption region (0.05V < E < 0.3 V) followed by the rever-
sible and irreversible formation of oxygen-containing species (RuOH, Ru,0,
RuOy-H,0)1516 at E > 0.3 V. The continuous and fast transition from reversible
to irreversible state of oxides results in a broad capacitive feature of a Ru rich
alloy such as PtyRus.
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Fig. 1. XRD Pattern of Pt,Rus/C (54 wt. % alloy) catalysts. Vertical lines
represent the position of the peaks of pure Pt and pure Ru.

The onset of the methanol oxidation reaction at Ej, = 0.35 V coincides with
the beginning of surface oxidation. The current densities increase with potential
up to 0.9 V and then sharply decrease. The current maximum is attained at
potentials where the Kinetics is optimized by a balance between the rate of
methanol dehydrogenation and the rate of oxidation of dehydrogenated products
with OHgq species.10.17 This balance is rapidly disturbed immediately upon
reaching the maximum reaction rate, probably due to the fast transformation of
the reversible to the irreversible state of oxygenated species.18:19

The quasi steady state polarization curve for methanol oxidation on Pt;Rus/C
recorded at a slow sweep of 1 mV s1, shown in Fig. 3, has a Tafel slope of
~ 120 mV dec 1.

The influence of the methanol concentration was examined in 0.1 M NaOH
containing 0.05-1 M methanol. In the entire concentration range, the reaction
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rate increases with increasing methanol concentration. The current density at se-
veral potentials in the linear Tafel region as a function of the methanol concen-
tration is shown in Fig. 4a. Parallel lines with a slope of about 0.55 imply that
methanol oxidation follows half-order Kinetics with respect to methanol. The
same value was reported for a carbon-supported PtRu catalyst in HCIO,4” as well
as for a bulk PtRu catalyst.12
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Fig. 2. Cyclic voltammograms for the oxidation JImAmg

of 0.5 M CH30H in 0.1 M NaOH at a Pt,Ruz/C  Fig. 3. Tafel plot for the oxidation of 0.5 M
electrode and the corresponding basic curve. CH30H at Pt,Ru/C in 0.1 M NaOH solution.
Sweep rate: 50 mV s1; T =295 K. Sweep rate: 1 mV s1; T =295 K.

The pH dependence of methanol oxidation was investigated in electrolytes
containing 0.5 M CH30H and 0.05—-1 M NaOH. The reaction rate increases with
increasing OH™ ion concentration. The estimated reaction order with respect to
the OH™ ion is = 0.5 (Fig. 4b).

Comparison of methanol oxidation at PtoRu3/C andPt/C catalysts and
the reaction mechanism

The polarization curves for methanol oxidation at Pt/C and PtoRu3/C in 0.1 M
NaOH recorded at the slow sweep of 1mV s~ are shown in Fig. 5.

Methanol oxidation commences at PtoRu3/C at less positive potentials com-
pared to Pt/C and proceeds at a higher reaction rate up to = 0.55 V. PtoRu3/C is
more active than Pt/C by a factor of two at E = 0.5 V. At higher potentials Pt/C is
more active than Pt,Rus/C, since the oxide covered Ru leads to a decrease of the
PtoRus/C activity.13
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Fig 4. Dependence of the methanol oxidation rate on the CH3;OH and NaOH
concentrations at a Pt,Rus/C electrode.
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Fig. 5. Tafel plots for the oxidation of 0.5 M CH3OH at Pt,Rus/C and Pt/C electrodes in 0.1 M
NaOH solution. Inset: Tafel plots for the oxidation of 0.5 M CH3OH at Pt,Ru3/C and
Pt/C electrodes in 0.1 M H,S0O, solution. Sweep rate: 1 mV s'1; T = 295 K.

The enhanced activity of the PtRu catalyst for methanol oxidation compared
to Pt can be explained by the bifunctional mechanism as was done in acid solu-
tion.10 However, in alkaline solution, Pt is able to adsorb OH species at almost as
low potentials as Ru causing the reaction also on Pt. For this reason the dif-
ference in activity between Pt/C and Pt,Rus/C electrodes is smaller in alkaline
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than in acid solution, as is shown in Fig. 5. In this sense, it could be concluded
that Ru in alkaline media is not the only donor of OHyq species as is the case in
acid solution.

In fact, oxidation of methanol in alkaline solution proceeds through a quasi-bi-
functional mechanism, summarized as follows:

Pt + CH30Hgo) — Pt—-CH30Hyq — Pt=COpgq + 4H* + 4e~ 1)
Ru+ OH™ — Ru-OHyq + e~ (2

Pt + OH™ — Pt-OHyq + €~ (3)

Pt—-CO,q + Ru—OHyq — Pt—-COOHgq + Ru (@)
Pt—CQOgq + Pt—-OHagq — Pt—-COQOH,q + Pt (5)
Pt—-COOH,q + Pt—-OH,4q — 2Pt + CO5 + H,O (6)

In view of the kinetic parameters obtained by this study of methanol oxida-
tion at PtoRus/C, the chemical reaction between adsorbed COzq and OHgq Spe-
cies is proposed as the rate-limiting step (Egs. (4) or (5)). The kinetic expression
for the rds has the form:

J = k16coboH (7
Based on the experimental data (Tafel slope of ~ 120 mV dec™1 and the reac-

tion orders with respect to methanol and OH™ ions of 0.5), the current density of
methanol oxidation for the overall reaction can be summarized as:

j= ancCHSOHcOH_ exp( = j (8)

assuming that the adsorption of methanol and OH species obey Temkin isotherm.
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U3BO A

KMHETUKA OKCUJAITUIJE METAHOJIA HA Pt,Ru3/C KATAJIU3ATOPY
Y AJIKAJIHOJ CPEJJUHU

A. B. TPUIIKOBUWR, K. 'b. IIOIIOBUHR u J. . JIOBUH
HUXTM — Lenitiap 3a eaexitipoxemujy, Yrueepauitieii y beozpaoy, thezouesa 12, ii. iip. 473, 11000 beozpao

EnexrpoxeMujcka OKCHIalMja METaHOJIa MCIMTHBAHA je Ha HaHOKartaiuzaTopy Pt,Rus aucmepro-
BaHOM Ha aKTHBHOM YIJbY Kao HOCady y alKaJlHOj cpeauHu. Karanusarop je xapakrepucaH qud-
pakiujom X-3paka (XRD) u nobujenu pesynratu cy nokasanu jaa ce jerypa Pt,Ruz cacroju on nse
¢aze: uBpcror pacrBopa RU y Pt n ox manmx xomrauHa gucror RuU i uBperor pactsopa Pty Ru.
IMopehemwem aktuBaoctu Pt/C u Pt,RuU3/C karanuzaropa y OKCHIALMjH METAHOJA y alKaJlHO]j cpe-
JIMHHM, TTOKA3aHo j€ JIa je Ta pa3iiKa 3HaTHO Makba Hero y Kucesoj cpeauuu. [Ipeaioxen je kBa3u-ou-
(GYHKUMOHATIHU MeXaHu3aM peakuuje. JJoOujeHr KMHeTHYKK apaMeTpu yKas3yjy Ha TO Ja je XeMHj-
cka peakuuja namely agcopboBanux CO,yq u OH,qy decTria ciopu CTynam y OKCHIALHM]H METaHOIa
Ha Pt,RU3/C kaTtanuzaTopy y ajakaiHoj CpeJuHH.

(IIpumsbeno 20. jyna, pesuaupano 6. asrycra 2007)
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