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Abstract: The electrocatalytic activity of Pt3Ru,/C nanocatalyst toward the
electro-oxidation of bulk CO was examined in acid and akaline solution at
ambient temperature using the thin-film, rotating disk electrode (RDE) method.
The catalyst was characterized by XRD analysis. The XRD pattern revealed
that the Ptz3Ru,/C catalyst consisted of two structures, i.e., Pt—Ru-fcc and Ru-
hcp (asolid solution of Ru in Pt and a small amount of Ru or a solid solution of
Pt in Ru). Electrocatalytic activities were measured by applying potentiody-
namic and steady state techniques. The oxidation of CO on the Pt3Ru,/C
catalyst was influenced by pH and anions from the supporting electrolytes. The
PtsRu,/C was more active in akaline than in acid solution, as well as in per-
chloric than in sulfuric acid. Comparison of CO oxidation on Pt;Ru,/C and
Pt/C revedled that the Ptz;Ru,/C was more active than Pt/C in acid solution,
while both catalysts had a similar activity in akaline solution.

Keywords. CO oxidation; PtzRu,/C nanocatalyst; XRD; pH effect; anion effect.

INTRODUCTION

The mgjor interest for the electro-oxidation of CO on a Pt3Ru,/C catalyst
originated from previous studies of the electrocatalytic activity on PtRu-sup-
ported nanocatalysts in the electro-oxidation of methanol and formic acid.1=6 The
electro-oxidations of methanol and formic acid, anodic reactions in fuel cells,
belong to typical auto-inhibiting reactions producing strongly bound intermedi-
ates (predominantly CO-type species), well known as catalytic poisons.” The
oxidative removal of adsorbed CO by adsorbed oxygen containing species plays
adominant role in determining the catalyst activity in these reactions.
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966 POPOVIC et al.

It is believed that the electro-oxidation of COgq on an electrode surface in an
electrolyte occurs analogoudly to the oxidative remova of CO on a Pt surface in
the gas phase, which proceeds via the Langmuir—Hinshelwood mechanism, i.e,,
by reaction of chemisorbed CO with chemisorbed oxygen.8.9

The superior activity of PtRu among other catalytic materials has been ex-
plained by a bifunctional mechanism in which the oxidation of adsorbed CO is
facilitated by the presence of OHgg Species formed by the electrochemical dis-
sociation of water on oxophilic surface atoms, such as Ru, at lower anodic over-
potentials compared with pure Pt.10.11 Consequently, the Ru sites act as collec-
tors for OH4y species, which then catalyze the oxidation of CO molecules pre-
ferentially bonded to neighboring Pt atoms. Additionally, the so-called ligand or
electronic effect, in which the Ru alters the electronic properties of the Pt, might
also be considered.812

In this study, the electrocatalytic activity of a Pt3Ruy/C catalyst in the elec-
tro-oxidation of bulk CO was examined in acid and akaline solution at ambient
temperature in order to study the effects of pH and anions of the electrolytes.
Activity of the PtgRu/C was compared with activity of a Pt/C catalyst. A quasi-
-bifunctional mechanism for CO bulk oxidation on both catalysts in acid and
alkaline solution is proposed.

EXPERIMENTAL
Electrode preparation

High area carbon supported platinum—ruthenium (PtzRu,/C) and platinum (Pt/C) nanoca-
talysts with 33.5 wt % aloy and 47.5 wt % Pt (Tanaka Precious Metal Group, Tokyo, Japan)
were applied to a glassy carbon substrate in the form of a thin-film.13 A suspension of
Pt3Ru,/C or Pt/C in water was prepared in an ultrasonic bath and a drop of the suspension was
placed onto the substrate, resulting in the constant loading of 15 pgaiey cm2 or 20 pgp cM2,
respectively. After drying in a stream of high-purity nitrogen at room temperature, the depo-
sited catalyst layer was covered with 20 ul of a diluted aqueous Nafion® solution (thickness
ca. 0.1 um) and left to dry completely.

Mass transfer resistance through the Nafion® film covering the Pt;Ru,/C layer was
determined by recording the diffusion limiting currents of hydrogen oxidation on the rotating
disk electrode. Since a Levich—-Koutecky plot with an intercept close to zero was obtained, it
was concluded that the mass transfer resistance through the Nafion® film was negligible.1

Electrode characterization

The carbon supported Pt and Pt{zRu, catalysts were characterized by X-ray powder
diffraction analysis using a Siemens D5005 (Bruker-AXS, Germany) diffractometer system,
equipped with a CuKo source operating at 40 mA and 40 kV and graphite monochromator.
The XRD patterns were obtained in the 26 range 10-100°, with 0.01°/s steps. The quantitative
analysis of the phase content and crystallite size calculations were performed by multiphase
Rietveld refinement using Topas software and the Fundamental Parameters approach for the
modeling of the peak shape.
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Pt;Ru; NANOCATALYST IN CO OXIDATION 967

Electrochemical measurements

All electrochemical measurements were conducted in a thermostated three-compartment
electrochemical cell at ambient temperature. The reference electrode was a standard calomel
electrode (SCE) separated from the working electrode compartment to avoid chloride con-
tamination. The potentias in this study were referred to the reversible hydrogen electrode
(RHE).

The thin film rotating disk method was used for the determination of the catalytic ac-
tivity. The rotation rate was 2000 rpm. All solutions were prepared with high purity water
(“Millipore”, 18 MQ cm resistivity) and p.a. (H,SO,4 and NaOH) or ultra high purity (HCIO,)
grade chemicals (Merck). The HCIO, was without any trace of Cl ions. The prepared electro-
des were immersed in nitrogen purged perchloric or sulfuric acid or sodium hydroxide solu-
tion to record the basic voltammograms.

Carbon monoxide adsorption was performed in CO saturated solution holding the elec-
trodes at 0.05 V for 3 min. The supporting electrolytes were saturated with CO by bubbling
high purity CO through the solution for 30 min. The cyclic voltammograms were recorded
using a sweep rate of 50 or 1 mV s,

RESULTS AND DISCUSSION
Characterization of the catalysts

The XRD patterns of the carbon-supported Pt and Pt;Ru, catalysts are shown
in Fig. 1. The four characteristic peaks of the face-centered cubic (fcc) crystalline
structure of Pt/C are seen: (111), (200), (220) and (311).
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Fig. 1. XRD Patterns of PtzRu,/C

Lo w111y and PYC catalysts. The vertical
10 20 30 40 5 60 70 8 9 100 |ines represent the positions of
20 / degrees the peaks of pure Pt and pure Ru.

Two phases were identified in the diffraction pattern of the Pt3Ru,/C ca-
talyst: a solid solution of ruthenium in platinum (fcc) and a phase associated with
aweak peak at 43.8° assigned to the strongest Ru(1010) peak in the hexagonal
phase of ruthenium (hcp). The first two broad peaks at 14.0 and 30.9° were as-
signed to the carbon support material. The Pt—Ru-fcc reflections in the Pt;Ru,/C
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pattern were systematically shifted towards higher angles in relation to the pure
platinum peaks in the pattern of the Pt/C catalyst, due to the incorporation of
smaller ruthenium atoms into platinum crystal |lattice.14 The lattice parameter for
the Pt3Ru,/C catalyst (3.859(8) A) was smaller than that of Pt/C (3.916(6) A),
due to a lattice contraction caused by the incorporation of Ru into the fcc struc-
ture of platinum after alloying. On the other hand, the presence of the 43.8° peak,
attributed to the Ru-hcp phase, indicates that this incorporation was only partial.
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 Riet-
veld method. The presence of the carbon support was not taken into account. The
crystallite size determined using the Scherrer method, based on the broadening of
the (220) peak, was 3.1 nm for the Pt and 4.5 nm for Pt—Ru-fcc phase, respectti-
vely. Similar crystallite sizes for both catalysts were calculated from the charge
under the CO stripping peaks.

The carbon supported PtsRu, nanocatalyst was examined in acid and alka-
line solution at ambient temperature. The obtained voltammetric profiles (Fig. 2)
can be divided into two regions. hydrogen desorption/adsorption between 0.05 V
and 0.30 V and adsorption/desorption of reversible and irreversible oxygen-con-
taining species, such as RUOH, Ruy0, RuOyH0, etc., 1216 gt more positive po-
tentials. The continuous and fast transition from the reversible to irreversible sta-
te of the oxides resulted in a broad capacitive feature in the profile of the PtRu
aloy. The anodic limit was set to 0.80 V to prevent any Ru dissolution.1”
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Fig. 2. Cyclic voltammograms of a high surface area PtzRu, catalyst in alkaline and two
different acid solutions. @= 2000 rpm; v=50 mV s, T=295K.
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Pt;Ru; NANOCATALYST IN CO OXIDATION 969

Potentiodynamic measurements

The electrocatalytic activities of PtzRu,/C catalyst in the bulk oxidation of
CO were examined in acid and akaline electrolytes in order to establish the
effects of anions and the pH of the solution.

Effect of anions. The role of anions in the supporting electrolyte (HCIO4 and
H2S0O4) on the kinetics of CO oxidation can be seen from the corresponding vol-
tammograms given in Fig. 3. To avoid any influence of chlorides present in p.a.
perchloric acid, ultra high pure HCIO4 (without any traces of Cl-) was employed.
Evidently, bisulfates influence the beginning of the reaction, slightly shifting the
onset potential towards higher values relative to HCIO4. This phenomenon was
also observed in methanol oxidation.>18 Bisulfates decrease the activity of
PtsRuo/C in the oxidation of CO due to their competition with OH and CO for
adsorption on Pt sites freed from COg.

160 |-

140 |-

=+ =+ 0.1MH,SO,

2 01 MHClo,

100 -

80 [

JIimA mg

60 -

40

- Fig. 3. Cyclic voltammograms for the
20 | oxidation of bulk CO on a Pt3Ru,/C

1 1 1 1 ) electrode in 0.10 M H,SO,4 and 0.10
0.0 0.2 0.4 0.6 0.8 1.0 M HCIO, solutions. @ = 2000 rpm;
E /V (RHE) y=50mV sl T=295K.

Effect of pH. The cyclic voltammograms for CO oxidation in acid (HCIOy)
and akaline (NaOH) solutions are shown in Fig. 4. The reaction commences at a
~ 0.1 V more negative potential in NaOH than in HCIO, media, suggesting
clearly that the alkaline solution promotes CO oxidation. This is evidence that Pt
can adsorb OH species in alkaline solution at significantly lower potentials than
in acid solutions.
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Quasi-steady state measurements

The quasi-steady state curves for CO oxidation recorded at a slow sweep of
1 mV s1inacid and akaline solutions are presented in Fig. 5. The general trends
observed in the potentiodynamic experiments were also observed in the quasi-
-steady state measurements. The oxidation of CO was significantly enhanced in
alkaline relative to acid media. The onset of the reaction was shifted by ~ 0.10 V
towards less positive potentials and the current densities were higher by more
than one order of magnitude. The faster kinetics achieved in perchloric acid than
in sulfuric acid by afactor of = 2 indicates inhibition of CO oxidation caused by
bisulfate adsorption.

The slopes of the Tafel lines for CO bulk oxidation on the Pt3Ru,/C catalyst
were =~ 120 mV dec1. This fact implies the same limiting step in CO oxidation
according to a Langmuir—Hinshelwood type reaction8 in all the studied media.

Comparison of CO oxidation on Pt3Ru,/C and on Pt/C catalysts

The oxidation of CO on PtgRuo/C and PY/C catalysts in acid and alkaline
solutions are shown in Fig. 6aand 6b, respectively.

CO oxidation on a Pt/C catalyst in H»SOg4 solution is represented by a sharp,
symmetric peak centered at approximately 0.90 V and by a so-called pre-wave, in
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Pt;Ru; NANOCATALYST IN CO OXIDATION 971

the potential region 0.40 V < E < 0.80 V. The pre-wave, appearing in the pre-
ignition region of CO oxidation, is related to the oxidation of CO on defect sites
on the facets.19 It is also a characteristic of CO oxidation on low-index Pt single
crystal surfaces, where it was correlated with the presence of nano-islands on the
terraces.20
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Fig. 5. Mass-specificquasi-steady state current densities for CO oxidation on a PtzRu,/C
nanocatalyst in three different solutions. @= 2000 rpm; v=1mV s1; T=295K.

Interestingly, CO oxidation on Pt3Ru,/C occurs in the potential region assi-
gned as the preignition region on PY/C, but the reaction rate is significantly
enhanced compared to Pt/C. Thisisimportant datum suggesting that both metals,
Ru and Pt, are able to adsorb OH species at ~ 0.40 V. However, the reaction rate
on Pt3Ruy/C is significantly increased, implying that the coverage by OHgg spe-
ciesis larger on Ru than on Pt sites. It should be noted that under these experi-
mental conditions, a high and constant coverage by CO4y was achieved on both
electrodes at the onset potential.21.22 Anions (bisulfates) did not affect CO ad-
sorption at 0.05 V, which is in accordance with the results reported in the lite-
rature.23

In alkaline solution, CO oxidation commenced at ~ 0.3 V on both catalysts.
Additionally, both catalysts exhibit similar activity at potentials of technical in-
terest (E < 0.6 V). Thisis clear evidence that in akaline solution not only Ru but
also Pt becomes able to form OH g species at low potentials.
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Fig. 6. Cyclic voltammograms for the oxidation of bulk CO on PtzRu,/C and Pt/C catalystsin
(&) 0.10 M H,S0, and (b) in 0.10 M NaOH solutions. = 2000 rpm; v=50 mV s1; T=295K.

CO electro-oxidation mechanism

The oxidation of CO on Pt and PtRu alloy surfaces is consistent with a
Langmuir—Hinshelwood reaction mechanism between adsorbed CO and oxygen-
-containing species, OHgy. The formation of CO4y occurs with equal facility on
Ru and Pt sites, while the nucleation of OHyy at low electrode potentials is

specific to Ru surface atomsin acid solution.
According to the bifunctional mechanism,10 the electro-oxidation of CO

molecules on a Pt3Ru,/C surface could be presented in two major steps. The first
step is nucleation and growth of oxygen-containing species on the Ru sites at
significantly more negative potentials compared to Pt sites:

Ru+ HoO - RU-OHy + HT + e~ Q)

which can then initiate further electro-oxidation of CO molecules adsorbed on
either Pt or Ru neighboring sites. This step occurs at surface sites referred to as
“active sites’. On bulk Pt electrodes, the splitting of water probably occurs on
particular sites, such as crystalline defects.24 On carbon-supported Pt nanopar-
ticles, it was proposed that these sites are defects of cubo-octahedral structure.2®
The second step is the reaction between the adsorbed oxygenated species and

COg4g, Yielding CO» asthe final product:

Available online at www.shd.org.rs/JSCS

2009 Copyright (CC) SCS



Pt;Ru; NANOCATALYST IN CO OXIDATION 973

COgqg + OHgg — COy + H* + & )

In this study, the onset potential for the oxidation of CO4q a a Pt3Ruy/C
catalyst was shifted towards negative potentials in acid solution compared to P,
which is characteristic of a bimetal Pt/Ru structure. As the coverage with COyy
was high, the reaction was limited by water splitting (Eq. (1)), which may explain
the higher activity of Pt3Ru,/C than Pt/C in acid solution.

In alkaline solution, the adsorption of oxygen-containing species also occur-
red on the Pt sites (Eg. (3)), i.e., Pt was able to adsorb OH species at amost as
low potentials as Ru, causing reaction also on Pt. Ru in akaline mediais not the
only donor of OHgg species, asisthe casein acid solution:

Pt + OH- — Pt—OHqyq + & ®)

In fact, the oxidation of CO proceeds through a quasi-bifunctional me-
chanism on a Pt3Ru,/C catalyst in acid and in alkaline solution because Pt and
Ru sites adsorb CO in acid media and both metals adsorbs OH speciesin akaline
media.

CONCLUSIONS

The presented results can be summarized as follows:

— At aPt3Ru,/C catalyst, anions (bisulfates) slightly shift the onset of the re-
action towards higher potentials, thereby decreasing the reaction rate.

— A Pt3Ruy/C catalyst is more active in alkaline than in acid solution, since
aswell as Ru, Pt becomes able to adsorbed OH at low potentials, thus enhancing
the reaction rate compared to acid solution.

— In acid solution, the oxidation of CO proceeds on Pt3Ruy/C significantly
faster than on Pt/C at low potentials because Ru provides more OHyg species
than pure Pxt.

— In akaline solution, the oxidation of CO commences at approximately the
same potential at Pt/C and at Pt3Ru/C and both catalyst show similar activity at
potentialsup to 0.6 V.

— The oxidation of CO proceeds through a quasi-bifunctional mechanism on
a Pt3Ru,/C catalyst in acid and in alkaline solution.
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U3BO [
AKTUBHOCT Pt3Ruy/C HAHOKATAJIM3ATOPA Y OKCUJALIMIN CO

KCEHWJA 'B. [IOIIOBURY, JEJIEHA JI. JIOBURY, AMAJIUJA B. TPUTIKOBIR! 1 PIOTR K. OLSZEWSKI?

TMXTM - Lenitiap 3a eneximipoxemujy, Yuusepauitieini y beozpady, Hezowesa 12, ii. iip. 473, 11000 Beozpa u
A nstitute of Catal ysis and Surface Chemistry, Polish Academy of Sciences, Krakow,
Niezapominajek 8, 30-239, Poland

Enextpoxemujcka oxcuganuja CO ucnuTHBaHa je Ha HaHOKaranuzaTopy PtsRup mucmepro-
BaHOM Ha aKTHBHOM YIJby Kao HOcady Yy KHCEJIOj M alKajHO] CPEeIMHH Ha COOHOj TemIlepaTypu
kopuihieeMm merone porupajyhe muck enekrpoxe (PJE). Karanusarop je okapakrepucad Ju-
¢pakimjom X-3paka (XRD) u nobujeHn pesyirati ¢y mokasanu ja ce jerypa PtsRuy cacroju ox
nBe (ase: uBpcror pactBopa Ruy Pt u o Manux xonmmuuna uncror Ru mim uBperor pactopa Pty
Ru. EnexTpokaTaliuTHuKa aKTHBHOCT OBOT KaTanu3artopa 3a okcunanujy CO je ucnuTuBaHa IUK-
JTMYHOM BONTaMETPHUjOM W MMOKasaH je edekat PH u edexar anjona u3 Hoceher emexrposura.
Pt3Ru,/C karann3arop je akTHBHHjH y AJIKaJIHOj HETO Y KHCENO0j CPEANHH, YKa3yjyhu Ha YHmCHUILY
na 'y ankanuju Pt moxxe na agcop6yje OH yecTtriie Ha HCTO TakO HUCKHM HOTEHIHMjaauMa kao u Ru
U Ha Taj HauuMH yOp3aBa peakuujy okcupanuje CO y nopehemy ca kucenunom. IlokaszaHo je na ai-
copruuja 6ucyndaTHux aHjoHa U3 HOceher enekTposuTa moMepa MoYeTHH MOTCHIUjall peakinje Ka
MO3UTHBHHJUM BpeIHOCTHMA U cMambyje Op3uny okcupanuje CO. IMopehewmem akruBHOCTH P/C 1
Pt3Ruy/C karamuzaropa y okcumanuju CO y Kucelloj U auKaiHHj CPSOUHU MOKa3aHo je 1Ia je Ta
pasiuKa 3HaTHO Mama y JIKAJIHOj HEro Y KHCEI0j CPSANHH.

(ITpumsseno 23. Gpebpyapa, peBuaupano 24. anpria 2009)
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