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Abstract

PtRu alloys of different compositions were electrodeposited on Au. Twelve alloys between 0% and 100% Pt were
characterized with surface sensitive spectroscopies (XPS, LEIS) after transfer from an electrochemical cell to an ultra high
vacuum chamber without contact to air. The composition of the thus prepared alloys showed a linear dependence on the
concentrations of the deposition solution, but was Pt-enriched both in the bulk and (even more so) at the surface. During the
electrochemical reduction of the metal cations, sulfur from the supporting electrolyte 1IN H,SO, was found to be
incorporated into the electrodes. Cyclic voltammetry was used for the determination of the electrocatalytic activity of the
electrodes for the oxidation of carbon monoxide. The highest activity for this oxidation as measured by the (peak) potential
of the CO oxidation cyclovoltammograms was found for a surface concentration of ~ 50% Pt. The asymmetry of this
““activity curve’’ (oxidation potential versus Pt surface concentration) is tentatively explained in terms of a surface structural
phase separation.

Keywords: Carbon monoxide; Catalysis; Electrochemical methods; Low energy ion scattering (LEIS); Oxidation; Platinum; Ruthenijum;
Solid-liquid interfaces; X-ray photoelectron spectroscopy

1. Introduction sary prerequisite for the use of solid polymer elec-

trolyte cells.

Up to now PtRu alloys seem to be the favorite
choice for the anode material in direct (DMFC) and
indirect (IMFC) methanol fuel cells. Both cells are in
principle very attractive energy sources to be used in
mobile systems, because the fuel is liquid at room
temperature and the cells are operating at rather low
temperatures (below 100°C) compared to phosphoric
acid fuel cells. These low temperatures prevent the
emission of NO, or hydrocarbons and are a neces-
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In spite of these obvious advantages both the
DMFC and the IMFC are not yet ready for technical
applications at the present stage of development.
Among others, the main problem is the poisoning of
the electrodes by carbon monoxide or other adsor-
bates. In the direct oxidation of methanol CO was
found as a strongly adsorbing reaction intermediate
[1]). For the IMFC the fuel is produced from methano}
via a reforming process and contains ~ 74% H,,
~ 23% CO, and up to a few percent carbon monox-
ide [2]. This hydrogen-rich fuel passes the anode and
CO impurities are adsorbed on the Pt, thereby block-
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ing the adsorption sites needed for the main reaction,
namely the hydrogen oxidation, and thus decreasing
the efficiency of the cell dramatically. In principle
the CO can be removed by much higher working
temperatures of the cell, but hot acid electrolytes are
not usable in mobile electrochemical cells for several
reasons.

It is this poisoning problem which can be reduced
by using a PtRu alloy anode instead of pure Pt. The
use of an PtRu anode leads to a lowering of the CO
oxidation potential and, as a consequence, to an
enhanced CO tolerance [3], a lower poisoning rate [4]
and higher activity for the hydrogen oxidation [5]
than of pure Pt electrodes.

This behavior is commonly explained in terms of
the so-called bifunctional mechanism which was first
proposed by Watanabe and Motoo [6]. This mecha-
nism is based on the presence of an oxygen contain-
ing species on Ru at much lower potentials than on
Pt. This was confirmed by Ticanelli et al. [7], who
found an oxygen containing adsorbate already at
potentials as low as 250 mV versus RHE (reversible
hydrogen electrode). The existence of this reaction
partner enables the CO oxidation at lower potential.
The most favorable alloy composition for this pro-
cess was proposed to be a 50:50 mixture in the
surface, in which each Pt atom should have a direct
Ru neighbor, which delivers the oxygen species [6].
In contrast to this pure geometric argument, which
relies on a uniform distribution of both alloy compo-
nents, some authors refer to an additional electronic
effect due to alloy formation. The electronic struc-
ture of the Pt atoms in the alloys should be different
from that in pure Pt. As a consequence the interac-
tion between Pt and CO should also be altered.
However, as yet no direct evidence for the existence
of this electronic effect has ever been presented.

Up to now PtRu alloys were studied in two
directions, as real catalyst materials by more techni-
cally relevant methods or as model electrodes in
more basic studies. Very different types of alloy
samples were used and the preparation methods were
manifold. Some of the authors worked with bulk
alloys, either commercial [8] or homemade [14,7]
samples, others used a reductive codeposition of the
constituent, either chemical [3,9] or electrochemical
[10]. Another very common preparation method is
the deposition of Ru on a Pt substrate with different

sizes of the Ru particles [6,11]. The catalysts closer
related to application were mostly prepared by im-
pregnation with the metal salts on high surface area
substrates such as pyrographite-coated carbonfibre
paper [4]. Additionally some exotic preparation
methods like the implantation of Ru in Pt by ion
bombardment [12] or the spraying of a mixture of the
metal oxides in toluene onto a Au substrate [13] were
used. With the exception of the work by Gasteiger et
al. [14-18] the composition of the outermost elec-
trode layer remained unknown in most of these
former investigations. Most of the researchers devel-
oped some kind of ‘‘activation’’ of their electrodes
by heating them in a gas stream or by reducing or
oxidizing them to some extent in the electrolyte.
Even if the surface composition of the alloy would
have been known at the beginning of the studies
these activation procedures are known to alter the
surface properties; heating results in the segregation
of either Pt or Ru [19] depending on the gas atmo-
sphere while Ru oxides are easily formed at poten-
tials above 950 mV versus RHE up to loss of Ru
through corrosion above 1.3 V versus RHE [7].
Therefore the surface composition has to be checked
after ‘‘activation’” and can clearly not be extrapo-
lated from the bulk composition. Furthermore, in
most of the investigations only one or two different
alloy compositions were used and compared with the
pure metals; the full composition range was never
systematically investigated. Gasteiger et al. [14-18]
used UHV prepared bulk alloys, but they were lim-
ited to a few compositions only and, moreover, had
to be transferred through air between the UHV and
the electrochemical cell.

In summary, the current picture of the PtRu anode
system is the following. The addition of Ru de-
creases the overpotential for the CO oxidation on Pt
(the thermodynamic value is ~ 100 mV versus
RHE). The best Ru surface concentration for the CO
oxidation was proposed [6,7] and measured [16] to be
50%. In contrast, the best Ru surface concentration
for the methanol oxidation was found to be only
7-30% [15,18]. This was explained by the need of
three neighboring Pt sites for the dissociative adsorp-
tion of methanol. The segregation behavior of the
alloys was shown to be strongly dependent on the
surrounding gas phase. In UHV [20] and in a hydro-
gen gas stream [19] a heating of the electrodes
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Fig. 1. Phase diagram of Pt and Ru reproduced after J.M. Hutchin-
son [21].

results in a Pt enrichment at the surface. By contrast,
Ru segregation was observed in an oxygen gas stream
at 300°C [19]. At potentials higher than 950 mV
versus RHE the alloy electrodes are modified first by
an irreversible oxidation and later by the loss of Ru.
The phase diagram of the PtRu system [21] (Fig. 1)
is rather simple, with an fcc phase at Pt concentra-
tions above 40%, an hcp phase at Pt concentrations
below 20% and a two-phase region in between.

In order to avoid the above mentioned difficulties
in earlier investigations of the PtRu system and to
extend the range of surface compositions in this
work, we have used the method of electrochemical
codeposition of Pt and Ru followed by in situ elec-
trochemical and ex situ surface spectroscopic charac-
terization in an air-free two-chamber transfer appara-
tus. By means of the electrochemical codeposition it
was easy to vary the alloy composition by using
mixed solutions of the appropriate metal concentra-
tions as will be described in the following sections.
After all, fourteen PtRu electrodes with twelve dif-
ferent surface compositions are prepared in this work
and their surface compositions, as determined by
X-ray photoelectron spectroscopy (XPS) and low
energy ion spectroscopy (LEIS), are directly related
to their electrochemical behavior, as characterized by
cyclovoltammetry (CV) with and without adsorbed
CO. At no stage the surfaces were exposed to air; the
only gas which got in contact with the samples was
highly purified argon.

From these very systematic measurements with an

unprecedented large number of known alloy surface
compositions we arrive at a more complete and
reliable picture of the electrocatalytic properties of
PtRu electrodes towards CO removal by oxidation
and at a tentative explanation of its dependence on
surface composition based on a surface structural
phase transition.

2. Experimental setup

The experiments were carried out in a two-cham-
ber system allowing sample transfer between atmo-
spheric pressure and ultra high vacuum (UHV), the
two chambers being separated by a gate valve. This
enabled venting the high pressure side with argon up
to a slight overpressure or to change samples without
destroying the UHV in the main spectrometer cham-
ber. An electrochemical glass cell containing the
electrolyte is introduced into the vented high pres-
sure chamber through a second gate valve at the
bottom of this chamber. The electrochemical cell is
of the flow cell type allowing the electrolyte to be
exchanged under potential control. All potentials
given in this work refer to the reversible hydrogen
electrode (RHE) of the Vogel-Will-type, described
in Ref. [22]. Two Pt foils of 1 cm? each are mounted
in this cell. They serve a dual purpose. Firstly, the
cleanness of the electrolyte is checked by using one
of the Pt foils as working and the other one as
counter electrode and recording a cyclic voltammo-
gram. Secondly, excessive current densities during
deposition are avoided by using the two Pt foils as a
pair of parallel counter electrodes.

The electrolytes (see next section) are deaerated
with purified argon. A CO saturated electrolyte is
produced and kept in store in a glasstube filled with
Raschig rings under a permanent stream of CO. The
pressure balance between the hydrostatic pressure of
the electrolytes and the gas pressure of the perma-
nent argon flow in the chamber is regulated by a
glass leak valve in the electrolyte supply tube to
maintain a constant electrolyte level in the cell. The
electrochemical cell and all the tubings used for
electrolyte supply are made of glass (Schott Duran)
or Teflon, except the silicone hoses used inside the
cell transfer mechanism. The function generator and
the potentiostat for the electrochemical measure-
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ments are homemade and connected to an AT-com-
patible PC for digital data collection.

After removal of the electrochemical cell and
closure of the gate valve the high pressure chamber
is first evacuated to a pressure of less than 107
mbar by a two-stage rotary pump with a zeolite
adsorption trap and an additional liquid nitrogen
cooled trap to remove the main part of the water
vapor. A further pump down of this chamber is then
performed by a 360 //s turbomolecular pump and a
liquid nitrogen cooled titanium sublimation pump.
When a pressure of less than 10~% mbar is reached,
the respective electrode, mounted on a specially
constructed sampleholder, is transferred to the UHV
chamber. By this procedure a rather quick sample
transfer is achieved, and the first spectrum is typi-
cally recorded within 10 min after emersion from the
electrochemical cell.

A base pressure of 107'° mbar in the UHV
chamber is reached by means of an ion getter pump
and a titanium sublimation pump. For surface analy-
sis a hemispherical energy analyzer (SPECS EA10
plus) is used. The analyzer can be polarized either
for electron and ion detection. A twin anode X-ray
source (VG XR2E) is used for X-ray photoelectron
spectroscopy (XPS) and a modified differentially
pumped ion gun (Varian) serves as the source for the
ions in low energy ion spectroscopy (LEIS). Thermal
desorption spectroscopy (TDS) and gas analysis is
performed with a quadrupole mass analyzer (VG
Q6). In the UHV chamber the sampleholder is
mounted on a 5 axis, long z-travel manipulator (VG
Omniax 600). The sample can be cooled by liquid
nitrogen down to 130 K and heated by a resistance
heater up to 1400 K.

All XPS data were collected using Mg K « radia-
tion and a detection angle of 50° off the surface
normal. This detection angle somewhat enhances the
surface sensitivity compared to normal emission and
limits it to 4-5 monolayers. The spectra were
recorded in the constant analyzer energy mode (CAE)
and the spectral resolution was 0.9 eV. The binding
energies for pure Pt 4f, , and pure Ru 3d;,, are
71.2 and 280.05 eV, respectively.

LEIS data were collected with 2 keV He ions at a
scattering angle of 122° (see inset in Fig. 7). The
sample was mounted perpendicular to the analyzer.
Ion currents of 400 nA/cm” were typically used.

The LEIS measurements were quantified by using
the signals of the pure metals as a standard in the
following formula for binary alloys [23]:

NeSpdpy V!
XPt=(1+,ui) ,

N Pt SR\I 1 Pt
Where X, is the molar fraction of Pt in the surface,
N, the surface density of the pure metal standard, S,
the signal of the pure metal standard, and I, the
signal of the metal in the alloy. The standard values
were acquired from measurements of pure Pt and Ru
during this study.

(1)

3. Electrode preparation

PtRu films with a thickness of several um are
produced by electrochemical reduction of the metal
cations on a Au substrate. A 0.2 mm thick Au foil
was polished with diamond paste with grain sizes
down to 1 um to obtain a mirror finish. After
degreasing the foil in boiling saturated KOH solution
the substrate was cleaned in millipore water, dried
and immediately introduced into the electrochemical
chamber.

The solutions from which the alloys were de-
posited contained variable concentrations of H, PtCl
and RuCl, (both Degussa) in IN H,SO, (Merck
suprapur) with a total metal content of 10 mg/ml.
‘The Au substrate was immersed in the deposition
solution at a potential of 50 mV and held at that
potential for 1 h. After emersion under potential
control the electrolyte was exchanged with 1IN
H,S0,. During the deposition a continuous stream
of Ar was flowing above the solution.

4. Results and discussion

All results presented here were collected follow-
ing the same experimental procedure. The electrodes
were prepared as mentioned above and characterized
first by cyclic voltammetry in 1N H,SO, electrolyte
and by some CO oxidation experiments. After the
transfer to the UHV chamber the surface composi-
tions of these deposited electrodes were then ana-
lyzed by means of XPS and LEIS. Subsequently the
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electrodes were sputtered. Since the sputter rates of
Pt and Ru are rather similar [14] the final surface
composition after excessive sputtering should be
close to the bulk composition of the deposited films.
In any case, theses sputtered samples represent elec-
trodes with new, different surface compositions, and

were reimmersed in the electrolyte and reinvesti-
gated with cyclic voltammetry and CO oxidation
experiments. As a result of this procedure all in all as
many as 14 electrodes with 12 different surface
composition could be characterized with respect to
their electrochemical activity.
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Fig. 2. (a)~(f) Cyclic voltammograms of different PtRu alloys in 1N H, SO, with increasing Pt amount. (g)—(i) CVs with preadsorbed CO in
the same electrolyte. (Sweep rate: 20 mV /s, adsorption at 100 mV, CO was removed from the solution). The vertical line at 0.8 V in panels
(f) and (h) are optical guides for the comparison with the reduced width of the CVs in all other panels. The vertical arrows indicate a

current of 10 mA.
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4.1. Codeposited electrodes

For a systematic survey of the complete range of
compositions we have deposited alloys from solu-
tions with 100, 80, 60, 50, 40, 20, 10 and 0 at% Pt.
The electrodes are specified by this composition in
the following sections (e.g. PtRu4: 6 is the label for
an electrode produced from a deposition solution
with 40% Pt). Note, however, that neither the bulk
composition nor the surface composition of the de-
posited alloys is necessarily identical to the composi-
tion of the deposition solution (see below).

4.1.1. Electrochemical characterization

Immediately after deposition the solution was re-
placed by pure IN H,SO, and cyclic voltammo-
grams (CV) were recorded between 30 and 800 mV
versus RHE at a sweep rate of 20 mV /s. Figs. 2a-2f
show selected CVs from 6 electrodes. Since at poten-
tials above 950 mV corrosion and loss of Ru were
reported [24], we have avoided exceeding this limit.
The structures of these CVs in pure electrolyte are
determined by the adsorption and desorption of hy-
drogen and oxygen species. In contrast to the well-
known CV of polycrystalline Pt (Fig. 2f) the Ru CV
(Fig. 2a) shows a structureless hydrogen region and a
higher current density between 400 and 800 mV. The
latter is due to the adsorption of oxygen species on
Ru at potentials as low as 250 mV [7]. The CVs of
the alloys change rather slowly from pure Ru to pure
Pt with increasing Pt content in the deposition solu-
tion. In fact, the CVs of the alloys are dominated by
Ru-like structures up to relatively high amounts of Pt
in the solution (see for example Fig. 2d). Note, that
the current densities of the electrodes are not fully
comparable, because of slightly different degrees of
surface roughness.

Additionally, Figs. 2g-2i display three cyclic
voltammograms after CO adsorption at 100 mV (first
sweep: solid line, second sweep: dotted line) on pure
Ru and pure Pt as well as on a PtRu4:6 alloy. In
these experiments the electrode was held at 100 mV
for 5 min in each case in order to equilibrate the
electrode in the hydrogen region and to have a
reproducible starting point. The electrolyte was than
continuously exchanged by CO-saturated H,SO, un-
der potential control. A ten minute waiting period
was observed for the displacement of hydrogen by

CO to be completed. Subsequently the cell was
purged with CO-free H,SO, until the CO was com-
pletely removed from the electrolyte, before the ad-
sorbed CO was oxidized in the first anodic scan with
a sweep rate of 20 mV /s. As a consequence of the
hydrogen displacement by the adsorbed carbon
monoxide the hydrogen oxidation current at the be-
ginning of the scan is suppressed. The CO oxidation
manifests itself by a more or less sharp peak whose
peak potential and peak width depend on the elec-
trode composition. On pure Ru a single broad oxida-
tion peak at ~ 620 mV is found. Pt shows a narrow
peak at ~ 720 mV and a more cathodic broad
prepeak at ~ 440 mV. All alloys revealed only one
narrow oxidation peak, as exemplified by Fig. 2h.

The peak potential was taken as an indicator for
the catalytic activity of the electrode as will be
discussed later.

4.1.2. Spectroscopic determination of surface
composition

After this electrochemical characterization the po-
tential was held at 50 mV and the sulfuric acid was
replaced by millipore water to remove the electrolyte
from the surface of the electrodes. The electrodes
were emersed and transferred to the UHV chamber
and XPS (Fig. 3) and LEIS (Fig. 7) were performed
to characterize the composition of the as-deposited
surfaces. As far as we know this has never been done
before without intermediate contact to air. Fig. 3
Shows clearly the evolution of the XPS 4f and 3d
core level peaks of Pt and Ru, respectively, as a
function of the composition of the deposition solu-
tion. The intensity of these XPS lines was converted
into surface compositions (in molar fractions) after
subtraction of a linear background and taking into
account elemental sensitivity factors for the 4f and
3d lines of pure Pt and Ru films, respectively, mea-
sured during this study. No further model calcula-
tions of the relative intensities based on electron
mean free path lengths and different composition
profiles within the probing depth were undertaken,
because more emphasis is placed on the LEIS de-
rived surface compositions anyway owing to the
higher surface sensitivity of this technique. During
the LEIS measurements a non-negligible sputter ef-
fect was observed. This effect was utilized to remove
most of the weakly bonded adsorbates (originating
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Fig. 3. XPS core level spectra of different PtRu alloys indicating
the change in surface composition.

from the inner Helmholtz plane) before collecting
the LEIS data. The LEIS measurements were quanti-
fied using Eq. (1) and standards of the pure metals
measured during this study. The X}, of the surface
compositions of the complete series of alloys as
found with XPS and LEIS are summarized in Fig. 4.
Four additional data points are added corresponding
to electrodes, prepared under identical conditions,
which were, however, not investigated electrochemi-
cally. Above 20 at% Pt in the solution a linear
dependence of the surface composition on the solu-
tion composition exists (see straight solid line). Fur-
thermore, the Xp, at the surface is always higher
than in the deposition solution, which will be dis-
cussed in Section 4.3. On the other hand, it has to be
pointed out that the high concentration of Pt at the
surface did not manifest itself in the CVs, whose
shape was mainly determined by Ru (see Figs. 2a—
2e).

4.2. Sputtered electrodes

4.2.1. Determination of surface composition

After the above described sequence of measure-
ments the electrodes were sputtered with 2 keV
argon ions until a constant X, was reached in each
case. These ratios are again displayed in Fig. 5 as a
function of the concentration of the deposition solu-
tion from which the electrodes were originally pre-
pared. Because of the nearly equal sputter yields for
Pt and Ru ([14], and references therein) these ratios
are close to the bulk composition of the electrodes.
Again a linear dependence is found above concentra-
tions of 20% Pt in the solution. Compared to the
deposition solution, there is still a Pt enrichment, but
to a lesser extent than at the surface before sputter-
ing. This effect is the more pronounced the smaller
the Pt content in the alloy is (as can be seen by
comparison of the slopes of the solid lines in Fig. 4
and 5).

4.2.2. Electrochemical characterization

The freshly sputtered electrodes were transferred
back to the high pressure chamber and were electro-
chemically investigated analogous to the as-de-
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Fig. 4. Surface composition of different PtRu alloys as determined
by XPS and LEIS after emersion from the electrolyte. Note the Pt
surface enrichment compared to the Pt concentration in the solu-
tion (represented by the dotted line). The linear regression is only
done in the fcc regime of the alloys (see text).
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Fig. 5. Surface composition of different PtRu alloys as determined
by XPS and LEIS after sputtering to a constant value, thus nearly
representing the bulk concentration (see text). Note the Pt bulk
enrichment compared to the Pt concentration in the solution
(represented by the dotted line). The linear regression is only done
in the fcc regime of the alloys (see text).

posited electrodes. They exhibited a very similar
behavior with respect to the width and the number of
CO oxidation peaks and the shape of the basic CVs
(as shown in Figs. 2a-2i). Only the current densities
of the sputtered electrodes were systematically lower,
probably due to a smoothing of the initially very
rough surfaces during sputtering with argon ions.

4.3. Further characterization of the electrodes

In the previous sections we found the sequence
Xp,(surface) > Xp (bulk) > Xp (solution) for the Pt
concentration at the surface, in the bulk and in the
deposition solution, respectively. In the following we
will examine further the deposits, i.e. the enriched
surface layer and the question as to why the bulk Pt
content of the electrodes exceeds that of the deposi-
tion solutions. Even though both methods, XPS and
LEIS, have a rather different information depth, both
techniques yield the same Pt surface concentration
(see Fig. 4). From this we tend to conclude that the
first 4-5 layers corresponding to the information
depth of the XPS spectra under the chosen experi-
mental conditions are enriched with Pt. Any more

complicated (e.g. oscillatory) concentration profile
from the surface into the bulk is difficult to visualize
because the composition of the very surface is given
by the LEIS data. Also sputter experiments did show
a continuous decrease of the Pt concentration with-
out compositional oscillations. In contrast, using atom
probe measurements on annealed PtRu alloys Tsong
et al. [20] reported a strong enrichment of Pt in the
first and of Ru in the second layer. It has to be
pointed out, however, that alloy samples annealed at
high temperature in UHV (see Gasteiger et al. [14]
and Tsong et al. [20D) and electrochemically de-
posited alloy films need not be comparable. We
believe that the thickness of the Pt-enriched layer of
the present samples is a peculiarity of the electro-
chemical preparation process. In any case, the com-
position of the outer surface is confirmed by the
LEIS data.

A further observation is interesting to note. The
XPS spectrum of the as-deposited PtRu4: 6 electrode
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Fig. 6. Sulfur 2s core level emission measured with XPS. (a)
Electrode after emersion (detection angle a = 50° off normal). (b)
Electrode after sputtering (o = 50°). (c) Electrode after sputtering
(@ = 0°). (d) Electrode after sputtering (a = 70°).
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Fig. 7. LEIS spectrum of a sputtered PtRu4:6 alloy, showing a
not negligible amount of sulfur in the surface. The inset refers to
the experimental setup of the LEIS measurements.

shows two signals of sulfur 2s emission (Fig. 6,
curve a), whose binding energies are characteristic
for sulfate (168 eV) and sulfide (160 eV), respec-
tively. The sulfate (SO;~) was found only after
emersion and only on electrodes of the pure metals
or of alloys with high contents of either Pt or Ru.
This species, however is completely removed during
the early stages of a LEIS experiment or during
sputtering (see Fig. 6, curves b—d). By contrast, the
sulfide is not removable during ion bombardment
(see Fig. 6, curves b—d and Fig. 7) and is found with
every deposit. Obviously the sulfide (S*7) is built
into the bulk of the electrode during deposition. This
could be additionally verified by a variation of the
detection angle in the XPS measurements (Fig. 6,
curves b—d), which showed no angle dependence
and, thus, no depth variation of the sulfide concentra-
tion. The presence of the sulfide however, is cer-
tainly not responsible for the Pt surface enrichment,
because the heat of formation of Ru-sulfide is at
least twice as large as that of Pt-sulfide.

4.4. Electrocatalytic properties

In this last section we investigate the electrocat-
alytic properties of the PtRu electrodes with respect
to their CO oxidation activity. Taking the potential at
the position of the CO oxidation peak as a measure
of the catalytic activity, we have plotted in Fig. 8
these values for all characterized electrodes, either
as-deposited or sputtered, as a function of their
LEIS- (and XPS-) derived surface composition. As
can be seen, the peak potential remains basically
constant at the value typical for pure Ru (625 mV)
up to a surface concentration of 40% Pt. Only then a
sharp decrease occurs towards a minimum (500 mV)
near 50% Pt, beyond which the oxidation (peak)
potential steadily reincreases towards the value on
pure Pt (720 mV). In Fig. 8 the data point at ~ 40%
Pt happens to refer to a sputtered surface. It shall be
emphasized, however, that the same steep decrease
between ~ 40% and ~ 50% Pt was also detected
with two as-deposited electrodes. Since the latter
measurements were carried out with a slightly differ-
ent sweep rate, i.e. 10 mV /s, these data are not
included in Fig. 8.

According to the model of the bifunctional mech-
anism as proposed by Watanabe and Motoo [6] for
the methanol oxidation on these alloys Ru adsorbs
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Fig. 8. Plot of the peak potential of the CO oxidation versus the
X, at the surface, i.e. “‘activity curve’” of CO electrooxidation at
PtRu surfaces.
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the oxygen-containing species (e.g. OH) at much
lower potential (compared to Pt), while a CO-Pt
interaction provides a much faster reaction path
(lower activation energy) for the CO oxidation to
CO, (compared to Ru). Obviously, for the reaction

Pt—CO+Ru—OH—->Pt+Ru+CO,+H"+e"

(2)

to occur, CO and OH should be absorbed on adjacent
Pt and Ru sites, respectively. Hence the distribution
of the two metal species in the electrode surface is of
crucial importance. In the simplest model assuming a
statistical distribution of Pt and Ru sites in the
surface the ‘“activity curve’”, oxidation (peak) poten-
tial versus surface composition, should be more or
less symmetric about the 50:50 composition (ne-
glecting the difference between the potentials on
both pure metals). The decrease in activity, i.e. the
increase of the oxidation (peak) potential, on either
side of this surface composition would be due to the
lack of one or the other kind of adsorption sites, i.e.
Ru or Pt, respectively. The obvious asymmetry of
our measured ‘‘activity curve’” in Fig. 8 conflicts
either with the bifunctional reaction mechanism or
with a statistical distribution of the Pt and Ru surface
atoms (or both). We tend to assume the validity of
the bifunctional mechanism and to suggest a non-
statistical distribution of the Pt and Ru surface sites.
This suggestion is based on the observation that the
surface concentration of 40% Pt, at which we detect
the abrupt decrease in the CO oxidation (peak) po-
tential (see Fig. 8), coincides with the phase bound-
ary between the single-fcc-phase and the two-
(fcc /hep)-phase regime in the PtRu phase diagram
(Fig. 1). We are well aware that the phase diagram
holds for temperatures above 1000°C, while all our
depositions and measurements took place at room
temperature. Nevertheless, during electrodeposition
from the solution the mobility of the metal ions
appears to be high enough to establish an equilib-
rium-like structure at the surface of the alloys (in
agreement with earlier findings [25]), leading to some
lateral segregation of Ru-rich and Pt-rich surface
patches in the two-phase regime below a surface
concentration of ~ 40% Pt. Of course, the verifica-
tion of this explanation of the asymmetry of our
‘activity curve’ in Fig. 8 based on a surface struc-

tural phase separation as a function of surface com-
position would have to come from direct measure-
ments with structure sensitive methods like TEM or
STM.

5. Summary

In this work we have prepared and characterized a
large number of PtRu electrodes in the same appara-
tus under air-free conditions, using both, electro-
chemical and surface science methods. The elec-
trodes were prepared by electrochemical codeposi-
tion of Pt and Ru onto a Au foil from solutions
containing variable concentrations of H,PtCl, and
RuCl; to a thickness of several um. The as-de-
posited electrodes were first characterized by moni-
toring cyclic voltammograms in both, CO-free and
CO-saturated 1IN H,SO,. The surface composition
of these electrodes was then determined by XPS and
LEIS after sample transfer into an adjacent UHV
chamber. Subsequent sputtering resulted in new sur-
face compositions (corresponding approximately to
the bulk composition of the deposited alloy films)
which were again determined with XPS and LEIS
and which, after reimmersion, were again used for
cyclovoltammetric measurements with and without
CO. In this way 12 different surface compositions
could be related with the electrochemical properties
of these PtRu alloy electrodes. It is this large number
of different surface compositions as well as the fact,
that none of the electrodes ever got into contact with
air, which enables us to arrive at more systematic
and firmer statements about this electrode system
than any earlier work. We come to the following
conclusions. Electrochemical codeposition of Pt and
Ru from solution leads to PtRu films, which are
always Pt enriched in the bulk and even more so at
the surface. The surface enrichment (compared to the
film bulk) suggests just sufficient surface mobility of
the metal ions during deposition to cause surface
segregation even at room temperature. The catalytic
activity of these alloys in terms of their (peak)
potential for electrooxidation of CO varies strongly
with the surface composition. While this oxidation
(peak) potential is nearly constant (and equal to the
value from pure Ru) up to a surface concentration of
~ 40% Pt it drops abruptly beyond this concentra-
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tion by 125 mV, going through a minimum near 50%
Pt in the surface. It reincreased beyond this mini-
mum steadily towards the value on pure Pt. Assum-
ing the validity of the bifunctional reaction mecha-
nism put forward by Watanabe and Motoo [6], we
tentatively ascribe the asymmetry of our ‘‘activity
curve’’ in terms of a structural phase separation at
the surface in accordance with the phase diagram of
the PtRu alloy system. The above mentioned high
surface mobility during electrodeposition could facil-
itate this phase separation even at room temperature
[25]. Affirmation of this proposal, however, would
have to come from direct surface and bulk structure
determinations.
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