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Abstract

Oxygen reduction kinetics on bare and Pt-modified Ru(10/1̄/0) and Ru(0001) single crystal surfaces, and on carbon-supported Ru

nanoparticles have been investigated. Spontaneous deposition of Pt was used to form approximately 1.5 and 0.5 monolayers on Ru

single crystals and nanoparticles, respectively. The reaction kinetics of O2 on single crystal surfaces has a small structural

dependence. It is also affected by the oxidation state of the Ru surfaces. The reaction involves the exchange of approximately four

electrons per O2 molecule, with the transfer of the first electron being the rate determining step. A deposit of 1.5 monolayers of Pt

makes the surfaces considerably more active than bare Ru, but nevertheless still less active than bulk Pt. An electrocatalyst made by

the deposition 0.5 monolayers of Pt on carbon-supported Ru nanoparticles is somewhat less active than commercial catalysts, but

contains considerably lower Pt loadings. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Electrocatalytic oxygen reduction is of great impor-

tance for electrochemical energy conversion in fuel cells

and metal�/air batteries, and plays a major role in

corrosion. It continues to attract considerable attention

because of its complex kinetics and the need for better

electrocatalysts and hence more efficient fuel cell

cathodes [1,2]. Recent efforts to develop fuel cells have

demonstrated the need for O2 electrocatalysts with

considerably lower Pt loadings than those of current

commercially available electrocatalysts. Several studies

of oxygen reduction on Ru have shown its considerable

activity for O2 reduction in both acid and alkaline

electrolytes [3�/5], though it is still lower than that of Pt.

To this date, there have no been any studies of O2

reduction on single crystal Ru surfaces. It may be very

interesting to establish structural sensitivity of this

reaction on Ru, given the pronounced structural effects

observed in its surface oxidation [6,7]. In addition, it is

attractive to establish the activity of bimetallic Pt/Ru

single crystals and nanostructured surfaces, considering

the relative ease with which these surfaces can now be

prepared using spontaneous deposition of Pt on Ru

[8,9]. By using Ru nanoparticles as a core, this proce-

dure facilitates nanoparticle engineering by depositing a

desired coverage of Pt on the Ru surface. In addition to

the possibility of tailoring the catalytic properties of the

resulting nanoparticle by varying Pt coverage, this

method allows for a reduction of Pt loading since it is

deposited only on the surface rather than throughout

the entire nanoparticle. Oxygen cathodes require con-

siderable Pt loading, which can, however, be substan-

tially decreased using this approach. Therefore, the use

of bimetallic catalysts with small Pt loadings would be

of considerable interest for fuel cell technology.

The use of Ru as a substrate for Pt is attractive

because it can cause a change in d-band electron

vacancies [10,11] and d-band center positions [12] that

may cause enhancement of the O2 reduction kinetics
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[11]. In addition, recent density functional theory (DFT)

calculations have shown that a weaker bond of OHad to

Pt on Ru is to be expected compared with bulk Pt [13].

This would reduce the inhibition of O2 reduction on Pt
caused by OHad. The stability of Ru may be an issue at

certain potentials of O2 reduction. Apart from the

practical potential of the Pt/Ru electrocatalysts for O2

reduction, the illustration of the possibility of an active

electrocatalyst with a Pt monolayer on a foreign

substrate is very appealing.

Oxygen reduction on a polycrystalline Ru in acid

solutions has been found to proceed through a ‘parallel’
mechanism with a ‘series’ pathway being predominant

and with the exchange of approximately four electrons.

The reaction shows a pronounced dependence on the

oxidation state of Ru surface [4]. In alkaline solutions

the reaction also proceeds through a ‘parallel’ mechan-

ism, whose kinetics are highly dependent on the thick-

ness of the oxide layer [3]. The rate constants for O2 and

HO2
� reactions have been determined. No catalytic

decomposition of H2O2 or HO2
� has been found.

Although Tafel slopes higher than 120 mV have been

obtained, because of RuOH formation the first charge

transfer was assumed to be the rate determining step.

Recent results reported for alkaline solutions [5] are in

very good agreement with ref. [3].

Bimetallic electrocatalysts for O2 reduction, particu-

larly those obtained by surface modifications, have
attracted a considerable attention. These surface mod-

ifications involve the metal adlayers obtained by under-

potential deposition of metals on noble metal substrates

[14], electrodeposition of epitaxial monolayers of noble

metals on noble metal substrates [15�/17]. Bimetallic

alloys represent another important class of bimetallic

surfaces [10,18]. Spontaneous deposition of noble metal

onto noble metal (NMNM) was demonstrated for Pt [8]
and Pd [19] deposition on Ru, and is an additional

method to synthesize bimetallic electrocatalysts. This

method seems suitable for a controlled design of

catalyst’s electronic properties. In this work preliminary

results of the investigation of O2 reduction on single

crystal Ru electrodes, and bimetallic Pt/Ru single crystal

and nanoparticle surfaces are presented.

2. Experimental

The working electrodes were Ru single crystals of 6 or

8 mm in diameter, obtained from Metal Crystals and

Oxides, Cambridge, England. With an additional or-

ientation the surfaces were oriented to better than 0.18.
Crystals were polished with diamond pastes and alu-

mina down to 0.05 mm. Final surface preparations were
done by annealing in a hydrogen stream at 1200 8C,

followed by cooling in the same environment. Protected

by a drop of ultrapure water, the crystal was transferred

into an electrochemical cell. This procedure makes a

well-ordered surface as verified by scanning tunneling

microscopy (STM) [20]. A rotating disk-ring electrode

was assembled in a Pine interchangeable disk-ring
electrode by using a procedure similar to those described

for Au [21] and Pt [22] single crystal electrodes. The

calculated value for the ring collection efficiency is 0.21.

Solutions were prepared from Optima sulfuric acid and

Milli-Q UV-plus water (Millipore). Reversible hydrogen

electrodes (RHE), or leakage-free Cypress Ag/AgCl, 3

M Cl� electrodes were used as reference and the

potentials are given against RHE. STM studies were
performed using a Molecular Imaging Pico STM with a

300S scanner and a Molecular Imaging Model 300S Pico

bipotentiostat. The cell was made of Teflon with an

exposed area of approximately 0.3 cm2 and a volume of

approximately 1.5 cm3. Prior to each experiment, an

STM tip was prepared by etching a 80:20 Pt/Ir wire in a

CaCl2 solution and insulating it with Apiezon wax.

A preparation of Pt/Ru/C electrocatalyst involved a
treatment of Ru (10% by weight) nanoparticles on

Vulcan XC-72 carbon obtained form E-TEK in a H2

atmosphere at 300 8C for 2 h. After cooling down to

room temperature, they were immersed in the solution

of PtCl4
2� ions. The entire procedure was carried out in

either a H2 or Ar atmosphere and the amount of Pt

available for spontaneous deposition was controlled by

the concentration and volume of the immersing solu-
tion. The modified nanoparticles are dispersed in a 100

ml of ultrapure water and sonificated for 30 min.

Aliquots (several ml) of sonicated dispersion of Pt

modified Ru nanoparticles are applied to a glassy

carbon rotating disk electrode and covered by very

thin (1�/3 nm) Nafion† films similarly as in reference

[23].

3. Results and discussion

3.1. Voltammetry

Voltammetry of the oxidation of Ru(0001) in acid and

alkaline solutions has been discussed in our earlier

publications [7,24]. A surprising stability of the

Ru(0001) surface upon oxidation has been found to be
up to 1.2 V. Only one monolayer of RuOH is formed in

the potential region between the hydrogen evolution

potential and 1.2 V in sulfuric acid solutions. Fig. 1

shows voltammetry curves for the Ru(0001) and Ru(10/1̄/

0) surfaces in a 0.1 M HClO4 solution. A peak observed

very close to the hydrogen evolution potential, similar to

the one shown in Fig. 1a, has been ascribed to H

adsorption [25]. A method of charge displacement,
which involves using CO to desorb species on the Ru

surface, has been used to identify the nature of the

species adsorbed at potentials up to 200 mV above the
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hydrogen evolution potential [26]. A negative charge of

�/117 mC cm�2 was associated with the displacement
process at Ru(0001), which indicates that Had cannot be

the adsorbed species in that potential region. It is

associated with some oxygen-containing species, con-

trary to the conclusion of Lin et al. [25]. In the case of

Ru(10/1̄/0), preliminary data in H2SO4 solutions also

indicates the presence of OHad in the large potential

region. A plausible reaction to account for the negative

charge is

RuOHad�COsoln�e� 0
H�

RuCOad�H2O (1)

In acid solutions the OH� immediately reacts with

H� giving H2O. Therefore, it appears that the Ru

surfaces in aqueous solutions are covered by an oxygen-

containing species in the potential regions where hydro-

gen adsorption and the double layer charging take place

for other noble metals. The process that occurs between

50 and 300 mV at Ru(10/1̄/0) (Fig. 1b) is probably

associated with a large uptake of OHad. Potential
cycling with Ru(10/1̄/0) causes additional oxide growth,

which is not observed with Ru(0001). This is a sig-

nificant difference between the behaviors of the two Ru

faces in HClO4 solution, which has also been observed

in H2SO4 solutions.

3.2. Scanning tunneling microscopy

Spontaneous deposition of Pt on a UHV-prepared

Ru(0001) indicated a possibility to form monolayer-to-

multilayer Pt deposits [8]. The morphology of Pt

deposits was found to be dependent on the concentra-

tion of Pt solution. Pt clusters were found for diluted Pt

solutions, while interconnected one or two atom high

2D Pt clusters were obtained from a 10 mM Pt solution.
STM images of the Ru(0001) and Ru(10/1̄/0) crystals after

spontaneous deposition of Pt from 1 mM Pt solution are

shown in Fig. 2. The deposits consist of small clusters

that are predominately 1�/2 atoms high. Some clusters

have a diameter of three or more atoms, but a Ru

surface is generally covered with a uniform Pt deposit.

No preferential nucleation and growth at the step edges

is observed on either of the two surfaces. This is quite
different from what is usually observed in electrochemi-

cal metal deposition on low-index single crystal surfaces

where step edges are preferred nucleation sites.

Fig. 1. Voltammetry curves for Ru(0001) and Ru(10/1̄/0) in 0.1 M HClO4. Sweep rates 20 and 50 mV s�1 for Ru(0001) and Ru(10/1̄/0), respectively.
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3.3. Rotating disk-ring electrode measurements with

Ru(10/1̄/0) and Ru(0001)

Fig. 3 shows O2 reduction on a rotating Ru(10/1̄/0)

electrode as a function of potential and rotation rate.

The reaction appears to be under mixed kinetic and

diffusion control over a wide potential range. The curves

obtained in cathodic sweeps do not retrace the curves in

positive-going sweeps, showing a slight difference in the

middle potential range. A Pt ring was potentiostated at

1.0 V to monitor generation of H2O2 on the disk

electrode. The magnitude of the ring current indicates
some generation of H2O2. At the most negative poten-

tials the ring current decreases to a negligible value,

suggesting a complete four-electron reduction of O2 in

that potential region. A detailed analysis of the disk-ring

data will be reported at a future date; here the ring data

are used as evidence for the amount of H2O2 generated

in the reaction and for comparison with the reactions on

Ru(0001) and Pt/Ru(hkil ) surfaces.
A Tafel slope of �/128 mV per dec can be obtained

from a mass transport corrected plot of log (id/(id�/i))

versus E , which is given for 1600 rpm as the insert in

Fig. 3. Since the limiting current is not reached before

the most negative potential, the current at that potential

is taken instead. For an OHad covered surface, the value

of �/128 mV per dec is surprisingly close to the expected

value of �/120 mV per dec for the slow first charge
transfer step.

To determine n , the number of electrons exchanged

per reduced O2 molecule, the first order kinetics with

respect to dissolved O2 has been assumed. Under such

conditions the observed currents in rotating disk mea-

surements are related to the rotation rate [27] by the

equation

1=i�1=ik�1=Bv1=2 (2)

where ik is the kinetic current, Bv1/2�/id, the diffusion

limiting current. The plot of 1/i versus v1/2, assuming

the first order kinetics and a uniform current distribu-

tion, for various potentials should yield parallel straight

lines with the intercept corresponding to ik and the

slopes yielding the values of B . To calculate B�/

0.62nFD2/3 n�1/6c , we have used the literature values

for D , n , and c , which represent the diffusion coefficient

of O2, kinematic viscosity of solution and concentration

Fig. 2. STM images of the Pt-modified Ru(0001) and Ru(10/1̄/0) surfaces obtained by spontaneous deposition from PtCl6
2� solution. Image sizes

280�/280 nm2 (Ru(10/1̄/0)) and 130�/130 nm2 (Ru(0001)). Coverage is estimated based on the initial concentration of Pt in the solution.

Fig. 3. Rotating disk-ring electrode measurements for O2 reduction on

Ru(10/1̄/0) in 0.1 M HClO4. Sweep rate 20 mV s�1; ring potential E�/

1.2 V; disc area 0.282 cm2; rotation rates are indicated in the graph.

Insert shows the log j /(jd�/j ) vs. E plot obtained for 1600 rpm.
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of dissolved O2, respectively [28]. The calculated value

for the electrode with the surface area of 0.282 cm2 is

0.041 mA (rpm)�1/2 for n�/4.

Fig. 4 shows the Levich�/Koutecki plot for O2

reduction on Ru(10/1̄/0). The linearity and parallelism

of these plots is usually taken as an indication of the first

order reaction with respect to dissolved O2. It was,

however, shown that other reaction orders can produce

linear plots and that a criterion form disk/ring data can

be obtained that uniquely characterizes the first order

kinetics [29]. The intercept with the y -axis gives values

of ik. The experimental value of slope B obtained from

these plots is B�/0.043 mA rpm�1, which is in agree-

ment with the calculated value, Bcalc�/0.041 mA rpm�1.

This indicates that the number of electrons exchanged

per one O2 molecule is close to 4, n �/4. A small

dependence of n on potential can be inferred form the

small difference in the slopes in Fig. 4, and also from the

fact that there is a potential dependent generation of

small amount of H2O2.

O2 reduction on Ru(0001) is shown in Fig. 5. The

reaction appears to be under a considerable degree of

kinetic control. A diffusion limiting current is not

reached until the potential of hydrogen evolution. This

is similar to the reaction on polycrystalline Ru in acid

solutions [4]. It is, however, distinctly different from the

reaction in alkaline solutions where a diffusion limita-

tion is seen at lower overpotentials [3]. The sweeps in

anodic direction (not shown) almost retrace the curves

in cathodic sweeps, which indicates a reversible behavior

of the surface processes under these conditions.

A Tafel slope obtained form the log j(jd�/j) versus E

plots is given as the insert to Fig. 5. The value of �/135

mV per dec has been obtained for 1600 rpm. As for

Ru(10/1̄/0), the limiting current is not reached before the

most negative potentials, and is taken for jd. A slope

larger than �/120 mV indicates an additional voltage

drop at the oxide layer, which is a plausible explanation

for the reaction on the Ru(0001) surface covered by a

monolayer of RuOH. Therefore, we take the observed

slope as an indication of the slow first charge transfer

rate determining step, as in the case of Ru(10/1̄/0).

3.4. O2 reduction on bimetallic Pt/Ru(10/1̄/0) and Pt/

Ru(0001) surfaces

Rotating disk-ring measurements for the bimetallic

Pt/Ru(10/1̄/0) surface obtained by spontaneous deposition

of �/1.5 monolayers of Pt on Ru(10/1̄/0) are shown in
Fig. 6. Pt is not forming an epitaxial layer on Ru(10/1̄/0)

under the conditions of spontaneous deposition, as seen

in Fig. 2. Therefore, some Ru sites are still exposed to

the electrolyte solution and are taking part in O2

reduction. This surface is considerably more active for

O2 reduction than the bare Ru(10/1̄/0) (Fig. 3). The half-

wave potential is shifted by 200 mV to more positive

potentials, and the kinetic limitations are confined
within a narrow potential range. The corresponding

ring currents are about one half of those observed for

bare Ru(10/1̄/0) between 0.2 and 0.6 V. This indicates a

negligible generation of H2O2, which takes place most

probably on Ru sites. This view is supported by the fact

that the significant ring currents are observed in the

potential region where Ru(10/1̄/0) is active for O2 reduc-

tion. A visible difference between cathodic and anodic
sweeps has been found for this surface, and can be

understood to as a consequence of a different coverage

of OHad in the two sweep directions (not shown).
Fig. 4. Levich�/Koutecky plots for O2 reduction on Ru(10/1̄/0) in 0.1 M

HClO4 obtained from the data in Fig. 3.

Fig. 5. Rotating disk-ring electrode measurements for O2 reduction on

Ru(0001) in 0.1 M HClO4. Sweep rate 20 mV s�1; ring potential E�/

1.2 V; disc area 0.282 cm2; rotation rates are indicated in the graph.

Insert shows the log j /(jd�/j ) vs. E plot obtained for 1600 rpm.
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Fig. 7 shows Levich�/Koutecky plots for the Pt/

Ru(0001) surface. A good linearity and parallelism

between the plots are obtained in a large potential

range. The experimental value of B is 0.043 mA

(rpm)�1/2, and is in agreement with the calculated value.

Therefore, an approximately 4e� reduction of O2 takes

place on this surface. The insert shows a Tafel slope of

�/64 mV per dec obtained from the log (id/(id�/i))

versus E plot. The slope of 60 mV per dec is usually

found for Pt in the region around 0.8�/0.9 V and has

been ascribed to the inhibitory effect of OHad in that

potential region [30,31]. The same explanation can be

used to interpret these data, because in that potential

region an oxidation of a Pt monolayer to PtOH can take

place even though the reduced OH adsorption can be

expected according the DFT calculations [13]. An

additional ill-defined large slope of 220�/250 mV per

dec is observed at potentials negative to 0.75 V. A slope

of 400 mV per dec has been observed by Climent et al.

[15] for O2 reduction on a Pd monolayer on Pt(111).

They ascribed it to a rate determining step on that

surface involving O2 adsorption, which was proposed by

Tarasevich [30] to interpret the slopes of that magnitude.

Further work is needed to explain this effect.

The activity of this surface is somewhat lower than

that of Pt(110) or polycrystalline Pt surfaces. However,

it is quite remarkable that a small Pt coverage of only �/

1.5 monolayers of Pt on a Ru surface can be so active. It

suggests a possibility to use this approach to design

active O2 reduction catalysts with very small Pt loadings

(vide infra).

O2 reduction data for Ru(0001) covered by �/1.5

monolayers of Pt are displayed in Fig. 8. As in the case

of Pt/Ru(10/1̄/0), the activity of Pt/Ru(0001) is consider-

ably enhanced in comparison with the data for bare

Ru(0001). The half-wave potential is shifted by 350 mV

to more positive values, and the ring currents at 0.4 V

are about five times smaller in comparison with bare

Ru(0001). There is a considerable similarity between

Fig. 6. Rotating disk-ring electrode measurements for O2 reduction on

Pt/Ru(10/1̄/0) (1.5 monolayer of Pt) in 0.1 M HClO4. Sweep rate 20 mV

s�1; ring potential E�/1.2 V; disc area 0.282 cm2; rotation rates are

indicated in the graph. Insert shows the log j /(jd�/j ) vs. E plot

obtained for 1600 rpm.

Fig. 7. Levich�/Koutecky plots for O2 reduction on Pt/Ru(10/1̄/0) in 0.1

M HClO4 obtained from the data in Fig. 6.

Fig. 8. Rotating disk-ring electrode measurements for O2 reduction on

Pt/Ru(0001) (1.5 monolayer of Pt) in 0.1 M HClO4. Sweep rate 20 mV

s�1; ring potential E�/1.2 V; disc area 0.282 cm2; rotation rates are

indicated in the graph. Insert shows the log j /(jd�/j ) vs. E plot

obtained for 1600 rpm.
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both disk and ring currents of Pt/Ru(0001) and those of

Pt/Ru(10/1̄/0), except for the half-wave potential, which is

more positive for the former surface.

3.5. Comparison of the activities of bare and Pt-modified

Ru(10/1̄/0) and Ru(0001)

A comparison of the activities of bare and Pt-

modified Ru single crystal surfaces for O2 reduction is

given in Fig. 9, which displays the polarization curves

for a single rotation rate of 1600 rpm. The activity of the

Ru(10/1̄/0) surface is somewhat larger than that of the

Ru(0001) surface. For Ru(10/1̄/0), the activity can be

understood if one assumes a predominant adsorption of

OH in the troughs of its rectangular structure, while the
Ru atoms residing in the ridges can interact with O2.

Similar model involving subsurface oxygen in a sand-

wich between two Ru layers, and the interaction of O2

with the Ru atoms in the top surface layer has been used

to explain the 4e� reduction on polycrystalline Ru [3]. It

should be pointed out that this is observed on the

surface that did not undergo numerous oxidation/

reduction cycles that lead to a build up of the RuOH
layer, which reduces the reaction rate.

A deposit of approximately 1.5 monolayers of Pt on

Ru single crystal surfaces shifts O2 reduction on a less

active Ru(0001) surface by �/350 mV to more positive

potentials. It is interesting that the half-wave potential

of O2 reduction on Pt/Ru(0001) is about 40 mV more

positive than that of the Pt/Ru(10/1̄/0) surface. The

difference is probably caused by a higher degree of
oxidation of the Ru(10/1̄/0) surface, which may affect the

Pt�/Ru bond and the electronic properties of a Pt

monolayer in adverse way.

The activity of Pt-modified Ru surfaces is remarkable

considering that only �/1.5 monolayers of Pt is used for

surface modification, although it falls short of the

activity of bulk Pt. The results indicate that mono-

layer-level modifications of suitable substrates by Pt

may be quite sufficient to provide the surfaces with
adequate activity. By this approach, the electrocatalysts

with the lowest possible Pt loadings can be obtained.

3.6. Pt submonolayer on carbon-supported Ru

nanoparticles

The approach developed in the study of spontaneous

deposition of Pt on Ru(0001) was used to deposit Pt on

Ru nanoparticles on a carbon substrate. It was found
that spontaneous deposition of Pt also occurs on the Ru

nanoparticles reduced in H2 at elevated temperatures, as

explained in the experimental section. This opens a

possibility to decorate the surface of Ru nanoparticles

with two-dimensional Pt clusters and to eventually tailor

the properties of the Pt/Ru bimetallic electrocatalysts at

an atomic level.

A considerable amount of work has been done in
characterization of carbon-supported metal nanoparti-

cles. A prevailing view is that they are in the form of

cubo-octahedral [32] and icosohedral [33] structures. We

use the Ru nanoparticles as reducing agents to serve as

the core of the Pt�/Ru catalyst nanoparticles. Pt is

expected to cover the Ru surface as 2D islands, as long

as a small coverage of Pt is deposited by using a

relatively high K2PtCl4 concentration. The amount of
Pt deposited on Ru was limited by the solution

concentration and volume. The data obtained by high

resolution transmission electron microscopy did not

reveal a formation of separate Pt nanoparticles. Atom-

ically resolved images of Ru nanoparticles did not

indicate a presence of Pt, which may be a consequence

of contraction of the Pt lattice in 2D Pt islands on Ru

[6]. This is not surprising considering a small difference
in the lattice constants (3%) of these two metals. The

electronic structure of Pt in this catalyst is the subject of

our X-ray absorption spectroscopy investigations that

will be reported at a future date.

Fig. 10 displays the measurements of O2 reduction on

Pt/Ru/C thin layer rotating disk electrode. The electro-

catalyst consisted of the PtRu4 layer with the loading of

25 nmol, i.e. 5 mg of Pt and 10 mg of Ru, or
approximately 0.5 monolayers of Pt on Ru. The last

figure was calculated by using the size of Ru nanopar-

ticles of 2.5 nm and the ratio of 40% of surface atoms

[33]. The whole activity of the Pt/Ru electrocatalysts

above 0.6 V can be ascribed solely to the Pt submono-

layer, since the activity of Ru is negligible in that

potential region. For comparison, the curve for O2

reduction obtained with Ru nanoparticle on carbon (E-
TEK, 10 wt.%) at 1600 rpm is also given. This result is in

agreement with recent data for the same catalyst if

differences in loading and temperature are taken into

Fig. 9. A comparison of the polarization curves for Ru(0001) and

Ru(10/1̄/0) and the Pt-modified Ru(0001) and Ru(10/1̄/0) (1.5 monolayer

of Pt) surfaces in 0.1 M HClO4. Sweep rate 20 mV s�1; rotation

rate1600 rpm.
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account [34]. The Pt/Ru/C surface activity is somewhat

lower than that of commercial Pt/C electrocatalysts
containing about ten times more Pt than this sample.

The activity of the Pt/Ru(10/1̄/0) and Pt/Ru(0001) sur-

faces is higher than that of the carbon-supported

catalyst. This can be explained by a larger Pt coverage

on single crystal substrates than that on the carbon-

supported Ru nanoparticles (1.5 vs. 0.5 monolayers).

Even though the activity of 0.5 Pt monolayers on Ru is

smaller than that of Pt nanoparticles, this result seems
quite encouraging.

4. Conclusions

Oxygen reduction on Ru(10/1̄/0) and Ru(0001) surfaces
shows a certain structural sensitivity. The activity of

these two surfaces, in particular Ru(10/1̄/0), may be

highly affected by the degree of oxidation. The Ru(10/1̄/

0) surface is somewhat more active than Ru(0001), as

seen from a more positive half-wave potential and

smaller H2O2 generation. The reaction involves the

exchange of approximately four electrons per O2

molecule, with the transfer of the first electron being
the rate determining step.

Spontaneous deposition of �/1.5 monolayers of Pt on

Ru provides an interesting way of catalyzing O2 reduc-

tion on Ru. The activity of Pt-modified surfaces is

somewhat smaller than that of bulk Pt, which is

remarkable considering that only 1.5 monolayers of Pt

is involved. An electrocatalyst made by the deposition

0.5 monolayers of Pt on carbon-supported Ru nano-
particles is somewhat less active than commercial

catalysts, but contains considerably lower Pt loadings.

The activity of this electrocatalyst is high enough that

work on its optimization and exploration of this

approach with other substrates is well warranted.
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