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Abstract

The kinetics and mechanism of nucleation and growth of oxygen-containing-species, during the electro-oxidation of
preadsorbed saturated monolayer of CO on polycrystalline Pt –Ru electrodeposited catalysts, were investigated in a60 40

CO-free perchloric acidic solution, using stripping voltammetry and potentiostatic pulse technique. The surface composition
Ž .of investigated catalysts was determined using XPS. The plots of CO oxidation rate vs. time j–t curves displayed

responses quite typical for the processes controlled by the nucleation and growth phenomena. Therefore, the overall rate of
the CO oxidation reaction can be expressed in terms of the rate of nucleation and growth of oxygen-containing species in
adsorbed CO monolayer. With the increase in CO oxidation potential above q0.5 V vs. NHE, the change from a
2D-kinetically controlled nucleation to a 3D-diffusionally controlled nucleation mechanism was observed. Enhanced
electrocatalytic activity of the investigated Pt–Ru surface toward CO electro-oxidation, compared to pure Pt surface, was
discussed in terms of the propensity of Ru atoms nucleation sites toward the adsorption of oxygen-containing species and in
respect to the observed difference in the intrinsic rate constants for CO oxidation on Pt vs. Ru surface atoms. Potentiostatic
and voltammetric CO stripping experiments clearly showed the bifunctional character of our Pt–Ru catalyst, with enhanced
synergistic properties. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

During the past few decades a number of
investigations have been performed in an at-
tempt to find suitable anodes that act as electro-
catalysts for fuel-cells. The results have shown
that platinum is one of the catalysts of choice in
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acid medium. On the other hand, ‘poisoning’ of
its surface even with the trace levels of irre-

w xversibly adsorbed carbon monoxide 1 , which
appears as an intermediate reaction product or
an impurity, depending on a type of a fuel-cell
used, leads to a drastically decreased fuel-cell

w xpower density 2 . Therefore, the adsorption and
oxidation of carbon monoxide have been the

w xsubjects of many studies 3–16 . Various elec-
trochemical and spectroscopic methods, experi-
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mental conditions, single crystal and polycrys-
talline electrodes with different surface prepara-

wtion or surface states have been employed 3–
x27 . It was found that adsorption of carbon

monoxide depends strongly on the Pt-electrode
structure, giving rise to the observed structural
effects during electrocatalytic oxidation of small

w xorganic molecules 28,29 .
However, CO molecules, irreversibly ad-

sorbed on Pt electrode, can be oxidatively re-
moved from a Pt surface by electro-oxidation to
CO , for what the oxygen-containing species or2

activated water molecules have to be present at
the surface. The adsorption of oxygen-contain-
ing species on platinum in acidic electrolytes
occurs at high anodic potentials; consequently, a
poison removal by electro-oxidation can occur
only at potentials substantially anodic to the
reversible potential of hydrogen or methanol
oxidation. Due to that high anodic overpotential
for fuel-cell operation, considerable effort has
been devoted in ascertaining ways to facilitate
the adsorption of oxygen-containing species at
lower anodic potentials. The problem has been
partially solved by modification of the Pt sur-

Žface with the addition of the second metal ad-
.metal , thus producing the so-called bimetallic

w x w xelectrocatalysts: Pt–Sn 30,31 , Pt–Rh 32 , Pt–
w x w x w xRu 10–13 , Pt–Bi 30,33–39 , Pt–Cu 35,40 .

Nevertheless, a number of studies showed
that the platinum surface modified by ruthenium
is the most active catalyst for oxidation of small

w xorganic molecules 10–13,41–43 . The promot-
ing effect of this metal is attributed to the
bifunctional mechanism, which was proposed

w xby Watanabe and Motoo 41 . Despite a large
number of studies performed on variously pro-
duced Pt–Ru electrodes, only Gasteiger et al.
w x10,13,42,43 have optimised the catalytic Pt–Ru
system for CO electro-oxidation, with UHV-
prepared and thus well-characterised Pt–Ru al-

Žloys. The reaction mechanism major reaction
.pathway of the electrooxidation of preadsorbed

saturated CO monolayer on Pt and Ru single
crystal electrodes and on well-characterised Pt–
Ru alloy electrodes in CO-free acid solution

wwas well formulated in their papers 10,
x13,42,43 . Below, we will briefly outline their

development in order to elucidate the possible
reasons for the strong synergism displayed by
Pt–Ru electrodes.

It is believed that the electro-oxidation of
CO on an electrode surface in an electrolyteads

Ž .solution i.e., under electrochemical conditions
occurs analogously to the oxidative removal of
CO on a Pt surface in the gas phase, whichads

proceeds via Langmuir–Hinshelwood mecha-
nism, i.e., by reaction of chemisorbed CO with

w xchemisorbed oxygen 10,13,42–45 . However,
the source of oxygen in those two media is very
different, i.e., O vs. H O. The oxygen contain-2 2

ing species in the electrochemical environment
are most likely in the form of adsorbed hy-
droxyl species, OH , whereas the adsorbedads

state of oxygen in UHV is O . Nevertheless, aads

striking similarity exists between the properties
inferred from the gas-phase data and observed
equally strong adsorption of CO on both Pt and
Ru electrodes in acid electrolytes.

The role of Ru atoms on Pt–Ru surface has
been attributed to the fact that the adsorption of
oxygen-containing species occurs at signifi-
cantly more negative potentials on its sites in

w xcomparison to Pt 46,47 . This is in correspon-
dence with higher activity of Ru towards oxy-
gen, highlighting the importance of bare Ru
sites to initiate the nucleation of OH onads

Pt–Ru surface, thereby supporting the concept
of the bifunctional character of the CO electro-
oxidation process on these catalysts. Hence, Ru
sites act as OH species collectors, which thenads

catalyse the oxidation of CO molecules prefer-
entially bonded on the neighbouring Pt atoms.
Therefore, the most pronounced synergistic ef-
fect of the Pt–Ru catalysts toward CO elec-
trooxidation was obtained with the optimum
surface composition of Pt:Rus50:50, thus bal-
ancing between the maximum of surface sites to
‘seed’ the electrode with OH at low poten-ads

tials and maximising the number of PtrRu pair
sites, with reduced adsorption strength of OH ,ads

w xas compared to RurRu pair sites 10,13,48 .
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Due to the huge significance of oxygen-con-
taining species in the overall mechanism of
oxidation of small organic molecules, we per-
formed in-situ potentiostatic measurements in
order to investigate the kinetics of nucleation
and growth of the oxygen-containing species
formed in a CO monolayer irreversibly ad-
sorbed on Pt–Ru electrocatalyst. There are only
few papers, based on the potential-step mea-

w x w xsurements on Pt–Ru 10 and Pt 10,24,49–55 ,
which deal with this subject, but to our best
knowledge, this is the first time that the elec-
trodeposited Pt–Ru electrocatalyst is studied in
order to investigate the kinetics and mechanism
of nucleation and growth of oxygen-containing
species on its surface, which actually controls
the rate of CO oxidation if the surface is ini-
tially covered by a monolayer of CO and subse-
quently exposed to the conditions at which oxi-
dation reaction occurs. It is shown that the
potentiostatic technique is a precious tool in this
type of investigations. The results have been
discussed on the basis of theoretical mathemati-
cal models, developed primarily for the elec-
trodeposition of metals on a conductive sub-
strate, which were highly applicable in our case,
too.

2. Experimental

Polycrystalline Pt–Ru electrocatalysts were
made by the electrodeposition of electroactive
components on an Au substrate at a constant
potential, E s0 V vs. NHE during 15 min,ad

using the solutions of H PtCl and RuCl in 12 6 3

M HClO , with Pt and Ru in stoichiometric4

ratio 1:1. The real surface composition of this
electrode was determined using X-ray photoe-

Ž .mission spectroscopy XPS , which revealed the
stoichiometric ratio of Pt:Rus60:40.

A standard three-electrode cell was used in
all experiments. The counter electrode was a
platinum electrode and the reference electrode
was a standard calomel electrode. However,
potentials in this paper are referred to the nor-

Ž .mal hydrogen electrode NHE . All measure-
ments were performed at 21"28C in O free 12

M HClO electrolyte.4

Stripping voltammetry curves and the cur-
rent-time transients resulting from the potentio-
static experiments were recorded digitally. The
equipment was comprised of an EG&G PAR
Model 273 potentiostatrgalvanostat controlled
by a PC. In XPS measurements, the X-ray

Ž .excitation source was a Mg anode MgKa line .
In all cases, the outgoing electrons were anal-

Ž .ysed using a Vacuum Science Workshop VSW
1808-hemispherical analyser in the FAT 50
mode. Data acquisition and manipulation was
performed by the VSW E-C 7.02 program pack-
age.

In order to avoid mass-transfer resistance, all
experiments were performed with an adsorbed
monolayer of CO. Carbon monoxide adsorption
was carried out from the CO saturated solution
at an adsorption potential of E sq0.1 Vad

during 2 min. The excess of CO dissolved in the
solution was then removed by stirring the N2

during the following 15 min, maintaining the
electrode at the adsorption potential. Therefore,
the only CO present in the system during the
measurements was that adsorbed on the elec-
trode surface.

Stripping voltammetry measurements were
performed with the initially adsorbed CO mono-
layer, starting the scan from the adsorption po-
tential down to the cathodic potential limit
Ž .q0.05 V vs. NHE , then up to the anodic

Žpotential limit depending on the electrode ma-
.terial and finally back to the adsorption poten-

tial. Anodic potential limit for the Pt–Ru elec-
trode was below q0.9 V due to the onset of Ru
dissolution. In each experiment, two successive
cycles were made: the first was due to CO
oxidation and the second due to the characteri-
sation of the pure electrode surface.

Potentiostatic measurements were performed
according to the following procedure: the elec-
trode surface was initially covered by a mono-
layer of CO as described previously. Next, the
potential step was applied from the adsorption
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potential to a potential domain of CO oxidation.
The rate of oxidation was monitored by record-
ing the resulting current transients. In order to
assess the completeness of the CO oxidation, a
stripping voltammogram was recorded. After
several cycles between the standard potential
limits, the above potentiostatic experiment was
repeated in the absence of adsorbed CO to
record the currents resulting from the pseudoca-
pacitance of the electrodes.

3. Results and discussion

3.1. Stripping Õoltammetry measurements

Although the oxidation of carbon monoxide
under the potentiodynamic conditions has been

wa subject of a number of investigations 10–
x15,23,56 , we will briefly summarise the strip-

ping voltammetry results obtained on a Pt–Ru
electrocatalyst prepared in our laboratory. These
results are basically comparable to those per-
formed in a similar way and presented in the

w xliterature 10–13,23 . In this work they are used
as a basis for choosing the potential regions for
a potential step experiment and discussion of
the results.

Prior to further discussion, it has to be said
that in all experiments presented in this paper
the catalyst surface was covered with an essen-
tially saturated monolayer of CO, which was
obvious from the complete blocking of the
pseudocapacitive currents in the hydrogen po-

Ž .tential region Fig. 1a and b .
Fig. 1a shows the stripping voltammogram

for the oxidation of CO on Pt–Ru electrocata-
Ž .lyst solid line , together with the voltammo-

gram recorded on pure catalyst after CO re-
Ž .moval dashed line . As can be seen, anodic

Ž .stripping scan solid line is characterised by a
sharp oxidation peak at the potential of q0.45
V, which corresponds to oxidation of CO
molecules irreversibly adsorbed on the catalyst’s

w xsurface 10,13 . The same figure shows the
stripping voltammetry results obtained with pure

Ž . Ž .Fig. 1. Stripping voltammograms for a Pt–Ru and b Pt elec-
trodes recorded in 1 M HClO solution in the presence of a CO4

monolayer irreversibly adsorbed on the electrode surface at poten-
Ž . Žtial E sq0.1 V solid line , and in a CO-free solution dashedads

. y1line . Sweep rate n was 10 mV s .

Pt electrocatalyst under the identical experimen-
Ž .tal conditions Fig. 1b . In comparison to Pt–Ru,

CO oxidation peak on Pt is located at somewhat
positive potentials, around q0.62 V. The ob-
served potential difference of the CO oxidation

Ž .peaks D Es0.17 V is a clear evidence of
enhanced electrocatalytic activity of the Pt–Ru
electrocatalyst in comparison to pure Pt, which
is obviously influenced by the presence of Ru
atoms at the surface. In addition, comparing the
potential values for the CO oxidation peaks
obtained at investigated Pt and Pt–Ru surfaces

w xto those at pure Ru 10,12,15 , which actually
lays between them, it is obvious that Pt–Ru
electrocatalyst displays strikingly synergistic
properties, which could not be rationalised by a
simple linear superposition of the properties of

w xpure metals 10 .
Although the Pt–Ru electrode showed en-

hanced catalytic behaviour, which was mani-
fested through the shift of the oxidation peak
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potential to more negative value in comparison
with pure metal components, it is worth noting
that the oxidation current after the sharp oxida-
tion peak slowly decreases in the broad poten-

Ž .tial range Fig. 1a , and the complete oxidation
of CO monolayer is not achieved below the

Ž .anodic potential limit q0.85 V . However, this
is not the case with the Pt electrode, where the

ŽCO oxidation is completed below q0.7 V Fig.
.1b , and the currents in the first and second

scans become equal at this potential.

3.2. Potentiostatic measurements

Potentiostatic measurements were performed
in the potential range between q0.4 and q0.7
V, where electro-oxidation of CO to CO takes2

place, in order to investigate the kinetics and
mechanism of nucleation and the growth of the
oxygen-containing species, OH, formed in a CO
monolayer irreversibly adsorbed on a Pt–Ru
surface.

A series of representative current-time tran-
sients obtained for a Pt–Ru electrocatalyst, after
correction against the pseudocapacitance cur-
rent, are presented in Fig. 2. An example of a

Fig. 2. Potentiostatic transients for the nucleation and growth of
oxygen-containing species on the Pt–Ru electrode covered with a
CO monolayer in 1 M HClO solution, after correction due to the4

pseudocapacitive current. Potentials are expressed in mV. The
potential step was applied from the CO adsorption potential,
E sq0.1 V, to the various oxidation potentials showed in theads

figure.

Fig. 3. An example of a row potentiostatic transient recorded on a
Ž .CO covered Pt–Ru surface dashed line , after CO stripping

Ž .dotted line—pseudocapacitive current and resulting corrected
Ž .transient solid line .

correction procedure is showed in the Fig. 3,
where the transients recorded on the electrode

Žsurface covered with the CO monolayer dashed
.line , after CO stripping, i.e., pseudocapacitance

Ž .transient dotted line , and the resulting tran-
sient after correction due to the pseudocapaci-
tance current are presented. Due to the big
differences in the oxidation times at each poten-
tial, transients from Fig. 2 are shown against the
logarithm of time, for ease of comparison.

Ž .The behaviour of transients Fig. 2 is quit
typical for the process of nucleation and growth
under the anodic bias, i.e., the presented tran-
sients showed the marked maximums, which are
characterised by the increase of a current den-
sity j and decrease of a time of maximum t ,m m

as the applied oxidation potential is made more
positive.

However, to determine the type of the nucle-
ation and growth mechanism of the oxygen-con-
taining species on a Pt–Ru surface, transients
recorded at various potentials were normalised
to the coordinates of their maximums j and tm m

Ž .and compared with the theory through Eqs. 1
Ž . w xand 2 50,57–61 :

j t t 2 y t 2
m

s exp 1Ž .2ž /j t 2 tm m m
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j 1.9542 t
s 1yexp y1.2564 2Ž .) ½ 5ž /j trt tm m m

A set of such normalised transients is shown
in Fig. 4. The solid line represents the kineti-

Ž .cally controlled two-dimensional 2D instanta-
neous nucleation and growth response, de-

Ž .scribed by Eq. 1 , and the dashed line corre-
sponds to the diffusionally controlled three-di-

Ž .mensional 3D instantaneous nucleation and
Ž .growth response, described by Eq. 2 .

It is obvious that the experimental transients
fit neither of these theoretical responses in the
entire time region, but lay between them. At

Ž .lower potential values below q0.5 V , the
nucleation of oxygen-containing species on the

Fig. 4. Transients from Fig. 2 normalised to the coordinates of
Ž .their maximums symbols , plotted along with the theoretical 2D

Ž .and 3D nucleation and growth responses lines for the Pt–Ru
electrode covered with the CO monolayer in 1 M HClO .4

ŽPt–Ru surface see the increasing portion of the
.curves at short times could be described by 2D

instantaneous and progressive type of mecha-
nism, i.e., the data lay between these two theo-

Žretical responses solid and dotted lines, respec-
.tively . In this potential region, the nucleation

and growth of ‘oxygen’ islands is uniquely de-
fined by the 2D mechanism at shorter growth
time. With the increase of potential above q0.5

ŽV, the influence of a diffusion process the
appearance of the tailing of the transients at

.longer time and 3D nuclei growth becomes
significant. Therefore, the nucleation and growth
of the oxygen-containing species on Pt–Ru sur-
face could be, in this upper potential region,
defined by mixed 2D and 3D nucleation and
growth mechanisms. The appearance of the dif-
fusion process is, probably, related to the sur-
face diffusion of oxygen-containing species from
its nucleation sites to the reaction sites where
the oxidation of CO proceeds.

According to the bifunctional mechanism
w x10,41 , the electro-oxidation of CO molecules
adsorbed onto the Pt–Ru surface could be pre-

Ž .sented in two major steps: i nucleation and
growth of oxygen-containing species on the Ru
sites:

E Ru q yRuqH O l OH qH qe 3Ž .2 ads

Ž .which then can initiate catalyse the further
electro-oxidation of CO molecules adsorbed on

Ž .either Pt or Ru neighbouring sites, i.e., ii
bimolecular reaction between nucleated
oxygen-containing species OH , and adsorbedads

carbon monoxide:

rds q yCO qOH ™ CO qH qe 4Ž .ads ads 2

Our results can be explained qualitatively in
Ž . Ž .terms of surface reactions 3 and 4 with the

Ž .assumption that the reaction 4 is the rate-de-
termining step in the overall mechanism of CO

Ž .oxidation on Pt–Ru and reaction 3 is in
quasi-equilibrium.
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Ž .On the basis of Eq. 4 , assuming simple
Langmuir–Hinshelwood kinetics, CO oxidation
rate on Pt–Ru surface may be formulated as:

r sk u u 5Ž .Ž x . Ž x . CO OH

where k represents the substrate dependentŽ x .
rate constant, and u and u represent theCO OH

surface coverage of the catalyst with adsorbed
CO and oxygen-containing species OH , re-ads

spectively. Transients recorded on the Pt–Ru
electrode at potentials below q0.5 V showed

Ž . Ž .that the rates of reactions 3 and 4 are compa-
rable, which is quite obvious from the obtained
2D responses. However, with an increase in
potential above q0.5 V, the rate of the forma-
tion of OH species becomes much larger, andads

Ž .the reaction 4 is not any more capable to
‘consume’ all the OH formed, which resultsads

in 3D nuclei growth. This becomes more appar-
Žent with increase of oxidation potential see Fig.

.4 .
In order to elucidate the nucleation and

growth rates of the oxygen-containing species at
applied oxidation potential, potentiostatic tran-
sients from Fig. 2 were further treated. The
inverse of time, corresponding to the current
maximum, 1rt , as well as the current densitym

of a maximum, j , can be taken as a measure ofm
w xthe reaction rate 24,50,58,59 . Fig. 5 shows the

plots of the logarithm of t and j against them m

applied potential.
The rough inspection of the dependencies

presented in Fig. 5 generally showed that with
the increase of the electrode potential, the reac-
tion rate also increases in entire potential region
Ž .i.e., j increases and t decreases, see Fig. 5 .m m

This points to the conclusion that the concentra-
Ž .tion coverage of the adsorbed OH species atads

the perimeter line of the formed islands of
Ž .oxygen-containing species varies increases

with the oxidation potential.
However, the close inspection of the results

presented in Fig. 5 showed that the entire poten-
tial region can be divided into two potential
sub-regions, with the breaking point around

Fig. 5. Dependencies of log t and log j corresponding to them m

maximum of the transients from Fig. 2, plotted against the applied
potential, for the Pt–Ru electrode covered with a CO monolayer
in 1 M HClO .4

q0.5 V. The same is obtained if we expand the
increasing portion of the transients from Fig. 3
Ž .short time . All the data recorded at potentials
below q0.5 V have identical j against t depen-
dence, different from that recorded at potentials
above q0.5 V.

w xFrom combined voltammetric and XPS 47
w xas well as elipsometric experiments 46 it was

concluded that the formation of OH on bulkads

Ru commences at electrode potential of about
q0.2 V, which is significantly negative than the
onset of OH formation on Pt, such that theads

nucleation of OH on bare Ru surface atomsads
Ž .i.e., without adsorbed CO was assumed to be
in quasi-equilibrium according to the reaction
Ž .3 . Finally, the basic hypothesis of Ru-induced
nucleation of OH around q0.2 V was addi-ads

tionally supported from the decreasing activity
of pure Ru toward H oxidation above this2

potential value. These experimental findings
were supported by atom superposition and elec-
tron delocalization calculations, showing that
the activation energy for the nucleation of OHads

Ž .from water, Eq. 3 , is significantly reduced by
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the presence of Ru in Pt–Ru, if compared to
w xpure Pt 48 .

Therefore, the lower potential sub-region
Ž .Fig. 5 could be ascribed solely to the Ru
influence on the oxygen-containing species for-
mation, and in this potential domain oxidation
of CO is fully in accordance with the bifunc-
tional mechanism. The bimolecular reaction rate

Ž .constant k in Eq. 5 is, therefore, relatedŽ x .
solely to the RurPt pair sites, leading to the
pronounced synergism of the Pt–Ru surface, in
contrast to the slow kinetics observed for a pure

w xRu surface 10,13 .
Looking back to the Fig. 1, it is worth noting

that the commencing of the CO oxidation peak
tail-end on the Pt–Ru electrocatalyst coincides
well with the onset potential for CO oxidation

Ž .on the pure Pt ca. q0.5 V . Further, the change
in the nucleation and growth mechanism was

Ž .noted above q0.5 V Fig. 4 , as well as, the
change in the dependence of the reaction rate on

Ž .the applied potential Fig. 5 . This points to the
conclusion that above q0.5 V, the oxygen-con-
taining species adsorption occurs on the Pt sites,
too, and the overall nucleation and growth
mechanism is in this potential domain very
complex and dependent on both Ru and Pt;
above q0.5 V the nucleation of OH on bareads

Ž .Pt surface atom i.e., free of adsorbed CO was
assumed to be in quasi-equilibrium:

E Pt q yPtqH O l OH qH qe . 6Ž .2 ads

Hence, bimolecular reaction rate constant
Ž .from Eq. 5 cannot be considered anymore to

be related only to the RurPt pair sites, but to
both RurPt and PtrPt sites. The change in
slope of the dependencies from Fig. 5 could be
indirectly related to the change of the reaction
rate constant k , and therefore, the lower valueŽ x .

Ž .of the slope consequently, lower k points toŽ x .
the decreased synergetic effect of Pt–Ru surface
in this upper potential region, although the reac-
tion rate generally increases with increase of
oxidation potential. Thus, the bimolecular reac-
tion rate constant k seems to be not onlyŽ x .

substrate-dependent, but potentially dependent,
too. Further, it could be said that the bifunc-
tional mechanism, according to which Ru sites
acts as OH species collectors and Pt sites asads

Žreaction sites the best Pt:Ru ratio is therefore
.1:1 , is not in full meaning valid in this poten-

tial region, due to the adsorption of OHads

species onto the Pt sites, too.

4. Conclusions

The kinetics and mechanism of nucleation
and growth of oxygen-containing species, dur-
ing the electro-oxidation of preadsorbed satu-
rated monolayer of CO on polycrystalline Pt –60

Ž .Ru electrodeposited electrodes catalysts ,40

were investigated in a CO-free perchloric acidic
solution, using stripping voltammetry and po-
tentiostatic pulse technique.

The stripping voltammetry results were in
accordance with those presented in the litera-
ture, and showed an enhanced electrocatalytic
activity of the Pt–Ru catalyst toward CO oxida-
tion, in comparison to the Pt catalyst, which was
indicated by a shift of the CO oxidation poten-
tial to more negative values.

The kinetics and mechanism of nucleation
and growth of the oxygen-containing species,
formed inside the CO monolayer adsorbed on
Pt–Ru surface, was investigated using potentio-
static pulse technique. The plots of CO oxida-

Ž .tion rate vs. time j–t curves displayed re-
sponses quite typical for the processes con-
trolled by the nucleation and growth phenom-
ena. Therefore, the overall rate of the CO oxida-
tion reaction was expressed in terms of the rate
of nucleation and growth of oxygen-containing
species in adsorbed CO monolayer.

It was shown that two different reaction
mechanisms of oxygen-containing species nu-
cleation and growth exist in the investigated
potential region, with the breakpoint potential
around q0.5 V. The first, lower potential re-
gion was ascribed solely to the influence of Ru
atoms on the nucleation of oxygen-containing
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species. However, in the second potential region
Ž .above q0.5 V Pt sites become active toward
OH adsorption, too, and nucleation of oxy-ads

gen-containing species takes place simultane-
ously on both Pt and Ru sites.

The nucleation and growth of oxygen-con-
taining species on Ru atoms followed a 2D type
of kinetically controlled mechanisms, whereas
in the potential region of both Pt and Ru influ-
ence, a 3D type of nucleation and growth mech-
anism, with diffusion control, prevailed. An in-
crease of CO oxidation potential above q0.5 V
was followed with both increasing influence of
the 3D mechanism and diffusion control. How-
ever, the lower potential region, with the Ru
influence on the formation of OH species, isads

of importance for fuel-cells operation, where the
strong synergism of Pt–Ru surface is present, as
well as, bifunctional mechanism in its full
meaning.

A strong enhancement in the catalytic activ-
ity of Pt–Ru electrode, compared to pure Pt,
was attributed to the property of Ru atoms to
nucleate oxygen-containing species at low po-
tentials, thereby supporting the concept of the
bifunctional character of investigated Pt–Ru
surfaces. Stripping voltammetry experiments
showed strong synergistic effect of Pt–Ru sur-
face, too, with the catalytic shift of the CO
stripping peak to more negative potentials com-
pared to pure Pt. Synergism of this electrode
was attributed to a uniquely active state of
OH on PtrRu pair sites.ads
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