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CO adsorption and oxidation on bimetallic Pt/Ru(0001) surfaces
– a combined STM and TPD/TPR study
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Abstract

The results of a comparative STM and TPD/TPR study on the adsorption and oxidation of CO on pure Ru(0001) and on
structurally and compositionally well-defined, bimetallic Pt/Ru(0001) surfaces are presented. The defect structure and local surface
composition of the bimetallic substrates, which are produced by epitaxial growth of monolayer Pt islands or by Pt deposition and
subsequent surface alloying, are characterized by high-resolution STM images with chemical contrast. TPD and TPR experiments
for CO adsorption/oxidation on these surfaces show a distinct lowering of the CO adsorption energy on the bimetallic surfaces with
respect to the pure Ru(0001) and Pt(111) surfaces, with the onset of CO desorption already at 230 K. The reduction in adsorption
energy is attributed to an electronic modification of the deposit metal due to interaction with the Ru(0001) substrate. The bimetallic
surface alloy catalyzes CO oxidation under UHV conditions. The reduced temperature for CO2 desorption as compared to Pt(111)
indicates an even lower barrier than on the latter surface, whereas the pure Ru(0001) surface is inert under these conditions. The
results are discussed with respect to the superior CO tolerance of bimetallic PtRu catalysts in low-temperature fuel cells as compared
to monometallic Pt catalysts, leading to a mechanistic explanation of that phenomenon distinctly different from previous ideas.
© 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction particular example of this are bimetallic PtRu
catalysts, which have found special interest as very
CO-tolerant anode catalysts in low-temperatureBimetallic surfaces have long been known for
fuel cell applications [2,3], and which may betheir catalytic activity and selectivity, which often
interesting catalysts also for fuel cell feed gasexceeds that of the individual components [1]. One
purification, by selective CO oxidation in a
H2-rich atmosphere [4]. The origin of the increased
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single crystalline Pt(111) and Ru(0001) samples comparison, on the pure Ru(0001) surface,
together with results of STM measurements on theand under UHV conditions, only the former was

reported to be active for CO oxidation [6,7]. On structure and morphology of the bimetallic sur-
faces. Here, high-resolution images with chemicalthe latter, coadsorbed COad and Oad are found to

desorb unreacted [8–10]. In order to explain the contrast allowed a distinction to be made between
Pt and Ru surface atoms. In the second part, webetter performance of bimetallic PtRu catalysts, a

bifunctional mechanism had been suggested, where describe TPR experiments on these surfaces, test-
ing for CO2 formation from CO–O adlayers andthe higher affinity of Ru for oxygen nucleation

(from H2O) at low potentials enhances the oxida- characterizing the effect of the preadsorbed Oad on
CO desorption. The results will demonstrate that:tion of adsorbed CO, which is adsorbed on neigh-

boring Pt sites [11–13]. This mechanism, however, (i) the change to a bimetallic surface layer leads
to a drastic reduction in the CO adsorption energynot only ignores the ability of CO to adsorb on

Ru, but also assumes that the two components as compared to the pure Pt and Ru substrates;
that (ii) there is only a slight difference in thebehave similarly as in the respective pure surfaces.

Modifications in the chemical behavior of the two general shape of the CO desorption trace from a
Ru(0001) surface partly covered with Pt mono-components due to interaction with the respective

other metal are not included. A better understand- layer islands and from a surface alloy containing
equal amounts of Pt atoms (0.4 ML) dispersed ining of the reaction process on the bimetallic PtRu

surfaces on a microscopic level, however, requires the topmost layer; and that (iii) the bimetallic
surface catalyzes CO2 formation under UHV con-detailed knowledge of the local structure and com-

position of the bimetallic surfaces and of the local ditions. The strong reduction in CO adsorption
energy on the bimetallic surface is in goodchemical properties of the two metal species in the

bimetallic surface. So far, there has been little agreement with results obtained on heteroepitaxial
monolayer films in comparable systems (seeinformation available on these aspects.

In this paper, we report first results from a Ref. [15] and references therein) and also with
theoretical predictions [16–18].combined scanning tunneling microscopy (STM)

and temperature-programmed desorption (TPD)
and reaction (TPR) study of adsorbed CO and
coadsorbed CO–O adlayers from structurally and 2. Experimental
morphologically well-defined bimetallic PtRu sur-
faces, which shed new light on the reaction mecha- The TPD/TPR experiments were performed in

a UHV system (base pressure <1×10−10 mbar)nism and on the physical reason underlying the
enhanced CO tolerance of these bimetallic cata- with standard facilities for surface preparation and

characterization, including low-energy electronlysts. The surfaces were prepared by deposition of
submonolayer amounts of Pt on a Ru(0001) sub- diffraction (LEED), a single-stage cylindrical

mirror analyzer for Auger electron spectroscopystrate and subsequent annealing to temperatures
below or above the onset of surface alloy forma- (AES), and a quadrupole mass spectrometer for

residual gas analysis and TPD/TPR. To avoid thetion, respectively. The resulting bimetallic surface
was then characterized on an atomic level by high- registration of gas desorption from areas other

than the sample surface, the mass spectrometerresolution STM. Depending on the deposition and
postannealing conditions, distinctly different sur- was surrounded by a cap with a 4 mm aperture

positioned in front of the sample. Sample heatingface morphologies can be produced, such as small
or larger islands on the Ru(0001) substrate, with was performed by passing a direct current through

the two tantalum wires holding the sample. Linearramified or compact shapes, or, for higher annea-
ling temperatures, surface alloys with the Pt atoms heating ramps of b=2.2 K s−1 (3 K s−1 in Figs. 8

and 9) were obtained using a temperature con-dispersed in the topmost Ru substrate layer [14].
We will first present TPD results for CO adsorption troller. Exposures are given in Langmuir

(1 L=1.33×10−6 mbar · s), the coverages wereon different PtRu bimetallic surfaces and, for



251F. Buatier de Mongeot et al. / Surface Science 411 (1998) 249–262

obtained by integration of the desorption traces
and normalized to the saturation coverage on pure
Ru(0001) of 0.68 ML [19].

The STM experiments were performed in a
UHV–STM system equipped with a very rigid
pocket size STM and facilities for surface prepara-
tion and characterization similar to those in the
other system. Further details on the apparatus are
given elsewhere [20]. STM images were typically
recorded at a bias voltage of 1 V and a tunnel
current of 0.6 nA, with atomic resolution images
at about 50 mV and 10 nA. STM images are shown
in a top-view gray-scale representation, with
brighter colors indicating higher surface areas.

The sample was cut to better than 0.5° and Fig. 1. Set of TD spectra recorded after increasing CO expo-
sures to clean Ru(0001) (0.1 L, 0.2 L, 0.5 L, 1L, 2 L, 3 Lpolished with alumina powder down to a grain
and 4 L exposure, pCO=1×10−8 mbar, b=2.2 K s−1, Texp=size of 0.05 mm. Further sample cleaning included
100 K ).first cycles of Ar+ ion sputtering (1 keV, 2.5 mA)

and oxidation (10 L O2 adsorption at 300 K and
perature shoulder develops, which then grows intoannealing to 1700 K) [21]. The high temperature
a second, lower temperature desorption peak withof the annealing step was necessary to remove any
a maximum at about 400 K (a2-peak). This lattertraces of subsurface oxygen.
peak is attributed to desorption from the high-
coverage (2E3×2E3)R30°CO structure [19,22].
The characteristic spectra are practically identical

3. Results and discussion to those reported in the literature [10,19]. The
corresponding activation energies for desorption

3.1. CO adsorption on Ru(0001) and bimetallic from the two states had been determined to 38
Pt/Ru(0001) surfaces and 30 kcal mol−1, respectively [19].

Next, we move to bimetallic Pt/Ru(0001) sub-
The clean Ru(0001) surface exhibited an almost strates. The first Pt/Ru(0001) surface to be investi-

perfect topography with large terraces about gated was produced by room-temperature
100 nm in width separated by monolayer height deposition of about 0.4 ML of Pt and subsequent
steps. Atomic resolution STM images showed that annealing to 800 K. Platinum deposition at room
the contamination levels were far below the AES temperature produces a surface covered by small
detection limit of about 1%. monolayer islands with a characteristic, relaxed

In a first set of experiments, we checked the CO dendritic shape, that are homogeneously distrib-
desorption behavior from these well-ordered and uted over the terraces (island density
clean, unmodified Ru(0001) surfaces. A set of ~2×1011 cm−2). This is illustrated in the STM
TPD spectra, obtained after increasing exposures image in Fig. 2a. The islands are formed by homo-
to CO at 100 K (exposure range 0.1–4 L), is pre- geneous nucleation; the relaxed dendritic shape of
sented in Fig. 1. At low coverages, up to about the islands indicates that Pt adatom diffusion along
1.5 L exposure, the spectra exhibit a single desorp- the island edges is slow under deposition condi-
tion peak (a1-peak). This peak, with a maximum tions. Subsequent annealing to 800 K causes these
that shifts from 486 K at low coverages to 459 K islands to collapse and induces a ripening process,
at saturation, is associated with desorption from resulting in large, compact islands. Part of the

deposited Pt also condenses at the step edges ofthe (E3×E3)R30°CO structure [19,22]. At higher
coverages, for exposures above 1.5 L, a low-tem- the Ru(0001) substrate. The modifications during
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annealing are visible in the images in Fig. 2b and
c, recorded on a surface with 0.12 ML Pt after
annealing to 736 and 917 K, respectively. From
atomic resolution STM measurements, we can rule
out any significant amount of surface alloy forma-
tion to occur under these conditions. Hence, after
room-temperature Pt deposition and subsequent
flash annealing to 800 K, the surface is covered by
large, compact Pt monolayer islands, with no
Pt/Ru intermixing and a small fraction of island
edge sites.

CO adsorption on this surface leads to desorp-
tion spectra that are markedly different from those
obtained on the clean Ru(0001) surface, pointing
to a significant change in the CO interaction with
the underlying, modified substrate. This is
illustrated in the set of TPD spectra (full lines)
reproduced in Fig. 3. For comparison, a CO satu-
ration TPD spectrum on pure Ru(0001) (broken
line) is included as well. At small coverages (expo-
sure 0.2–1.0 L), desorption occurs in a single peak
(c1-peak), with a maximum that shifts from 484 K
at 0.2 L to 459 K at saturation (≥1 L). The desorp-
tion temperature of this peak is practically identical
to that of the high-temperature a1-peak on the

Fig. 2. Set of STM images illustrating the morphology of the Fig. 3. Set of TD spectra recorded after increasing CO expo-
submonolayer Pt covered Ru(0001) surfaces after room-tem- sures to a Ru(0001) surface covered by Pt monolayer islands
perature Pt deposition and subsequent annealing to temper- (0.4 ML Pt), after room-temperature Pt deposition and sub-
atures below the onset of (surface) alloy formation. (a) Surface sequent annealing to 800 K (0.2 L, 0.5 L, 1L, 1.5 L, 2 L, 3 L,
after 0.42 ML Pt deposition at 318 K (117×117 nm); (b) after 4 L and 10 L exposure, pCO=1×10−8 mbar, b=2.2 K s−1,
0.12 ML Pt deposition at 318 K and subsequent annealing to Texp=100 K). For comparison, a saturation spectrum (4 L)
736 K (140×150 nm); (c) as (b) but after annealing to 917 K obtained from the pure Ru(0001) surface is included (broken
(137×140 nm). line).
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pure Ru(0001) surface, although there are slight CO bonding at steps was found to be 0.7 eV more
stable than on terraces [24], giving rise to a well-differences in the exact peak shape and in the high-

temperature end of the peak. With increasing defined desorption state around 500 K [25].
Finally, it should be noted that a control experi-exposure, a low-temperature shoulder develops

into a distinct, separate peak (c2-peak), which is ment with 4 L exposure at the end of the sequence
showed no differences as compared to the initialfilled after exposures of about 1.5–2.0 L. Also, this

low-temperature peak very much resembles a 4 L spectrum, indicating that the surface was not
altered during the TPD experiments.scaled-down version of the saturation desorption

spectrum on the pure Ru(0001) surface, which, This desorption series leads us to three main
results:however, was obtained only at higher exposures

around 4 L. The underlying reason for the appar- (1) On the bimetallic Pt/Ru(0001) surface at
0.4 ML, Pt CO desorption starts at muchent discrepancy in the exposure scales will be

discussed in more detail below. lower temperatures than on the pure Ru(0001)
or Pt(111) surfaces. For saturation exposure,With further increasing exposure, two more

peaks develop at even lower temperatures, reflected it begins at about 230 K instead of 300 K as
on Ru(0001) and on Pt(111) [26,27].by a desorption peak with a maximum at around

325 K (c3-peak), which saturates after an exposure (2) The population and saturation of the higher
temperature states occur at lower exposuresof about 3 L, and a pronounced low-temperature

shoulder developing at even higher exposures (4 than on pure Ru(0001).
(3) The high-temperature states have their peakand 10 L). Under the present conditions, for

adsorption at 100 K, saturation is reached after a maximum at about the same temperature as
that observed for desorption from a pureCO exposure of about 10 L. The CO saturation

coverage on this bimetallic surface is about Ru(0001) surface.
The earlier onset of CO desorption from this0.6 ML, i.e., about 10–15% less than on the

unmodified pure Ru(0001) surface. bimetallic surface indicates a reduced adsorption
energy for CO on the monolayer Pt covered surfaceThe desorption spectra contain contributions

from two different surface areas, from the pure areas (at saturation). Using a preexponential of
v=1013 s−1, and assuming first-order desorptionRu(0001) substrate and from the monolayer

Pt-covered surface. To test whether there is any kinetics one can estimate a reduction by about
0.25 eV for saturation coverage as compared tosignificant contribution from the island edges, as

observed for CO adsorption on Au covered Pt(111). Similar effects have been reported recently
for other metal surfaces covered by a monolayerPd(111) [23], we also recorded a spectrum on this

Pt/Ru(0001) surface before the 800 K annealing platinum metal films [15] and also for Pt alloy
surfaces covered by a Pt monolayer, such as, forstep, where, because of the ramified shape, the

fraction of island edges was higher than after example, Pt-rich PtNi alloys [28]. The change in
CO adsorption energy was found to be correlatedannealing (dotted line, 4 L exposure). Although,

in its general shape, the spectrum closely resembles with shifts in the surface core levels of the overlayer
metal as compared to their position for the purethe other 4 L spectrum obtained after 800 K annea-

ling, we notice slight changes. First, the onset of metal [15]. For example, for the comparable
system Pd/Ru(0001), a downshift in CO desorp-desorption is shifted to slightly higher temper-

atures, and second, the minimum between the two tion temperature by 120 K was reported [29],
equivalent to a strong reduction in CO adsorptionpeaks at 393 and 459 K is less pronounced, reflect-

ing additional CO desorption in that temperature energy. These authors found the Pd(3d) peak to
be shifted by 0.3 eV compared to its binding energyrange. These effects shall be investigated in more

detail in future. So far it appears, however, that in Pd(100). These changes were attributed to a
modification of the electronic structure of theedge sites have a much smaller effect on the CO

desorption behavior on this surface as compared deposit metal as compared to the bulk metal due
to interaction with the metal substrate.to pure Pt surfaces. For stepped Pt(111) surfaces,
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Calculations show that these effects are correlated already occurs quantitatively at 125 K, immedi-
ately following adsorption [33], so that similarwith a depopulation of the d-band at the surface

[30,31]. The general trend in these systems suggests conclusions should hold also in the present case.
More information on this aspect can be obtainedthat upon formation of the Pt–Ru metallic bond,

the population of the Pt d-band decreases and that from high-resolution STM images. After CO
adsorption (1.2 L) on Ru(0001) at 318 K, we findthe center of the d-band shifts to lower energies

[16–18]. These effects in turn affect the ability for a well-ordered structure in high-resolution STM
images (see Fig. 4a). From the distance of ~4.1 Åsurface–adsorbate charge donation and therefore

reduce the strength of the Pt–CO bond [16,17]. between neighboring maxima and from the orien-
tation of the close packed rows of maxima, whichGeometrical effects, caused by the compression of

the Pt in the pseudomorphic adlayer islands (Pt–Pt
spacing 2.704 Å as compared to the Pt–Pt bulk
spacing of 2.774 Å) were proposed to play a major
role for this change in the electronic structure
of the metal film and the resulting change
in metal–CO interaction (J.K. Nørskov, pers.
commun. [32]).

Since both pure Ru- and Pt-covered areas are
present on this surface, the two higher temperature
states that appear at similar temperatures as on
the Ru(0001) surface are tentatively associated
with desorption from the pure Ru surface areas.
The slight change in shape and in particular the
shift of the high-temperature end to a lower tem-
perature, by about 12 K, point to a slightly
accelerated desorption process. This can be
explained by the additional pathway for CO
desorption from partly Pt-covered surfaces. In a
simple model calculation, the increase in desorp-
tion rate caused by parallel desorption from Pt
islands, where CO is less strongly bound, and from
Ru(0001) areas, in combination with rapid mass
transport of adsorbed CO between these areas,
can be calculated to about 10–15 K, which is
identical to the experimental findings. The faster
population of the Ru(0001) related states on the
bimetallic surface as compared to adsorption on
the pure Ru(0001) substrate equally points to
mass transport processes in the lower coverage
regimes, with CO molecules impinging on the

Fig. 4. High-resolution STM images of the CO-covered pure
Pt-covered areas diffusing to the higher adsorption Ru(0001) and partly Pt-covered bimetallic Pt/Ru(0001) sur-
energy Ru(0001) areas. From the TPD data, we faces. (a) (E3×E3)R30°CO structure on the Ru(0001) sub-

strate obtained after exposure to 1.2 L CO at 300 Kcannot decide whether the redistribution of CO
(15×15 nm); (b) Ru(0001) surface partly covered with mono-molecules occurs upon adsorption or only at the
layer Pt islands after exposure to 300 L, showing a (E3×E3)-higher temperature during the desorption experi-
R30°CO structure on the Ru(0001) area and no resolvable

ments. For CO adsorption on the stepped Pt(111) structure on the Pt monolayer covered areas, except for the
system, recent data indicate that adsorbate diffu- decoration of a domain boundary in the Pt layer (see white

arrows) (14×15 nm).sion to the more strongly adsorbing step sites
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is 30° rotated with respect to the close packed the image in Fig. 5, two atomic species are clearly
resolved. The ‘‘dark’’ atoms contribute about 30%rows of the Ru(0001) atomic lattice, we can iden-
of the surface atoms. By comparison with thetify this structure as a (E3×E3)R30° phase, which
known Pt coverage and with AES, these can becorresponds to the well-known structure of a
identified as Pt atoms, which means that about0.33 ML CO adlayer on Ru(0001) [19]. After
0.12 ML of the initial Pt deposit have dissolvedexposing a surface partly covered by Pt monolayer
into the bulk. The distribution of the Pt atoms inislands to CO (saturation exposure) the situation
the surface seems to be roughly random. A quanti-is different. In high-resolution STM images of such
tative evaluation of several images yields only asurfaces, we find a partly ordered (E3×E3)R30°
slightly higher density of small aggregates of Ptadlayer structure on the flat Ru terraces between
atoms in the surface layer than expected fromthe monolayer Pt islands, but only the atomic Pt
random deposition. It should be noted that thestructure on the Pt monolayer islands. The defects
apparently lower position of the ‘‘dark’’ Pt atomsin the (E3×E3)R30° structure on the Ru areas
(Dz#0.4 Å) most likely results from differences inare introduced as the CO coverage exceeds
their electronic properties rather than reflecting a0.33 ML [19]. On top of the monolayer Pt islands,
geometric effect. This interpretation is supportedadsorbed CO is found only at the domain bound-
by the net charge transfer from Pt to Ru occurringaries (white arrows) between fcc and hcp stacked
upon formation of the metal–metal bond [15].Pt islands and at defects [14] that apparently

CO TPD spectra recorded from this surface arestabilize CO bonding in a (E3×E3)R30° structure
presented in Fig. 6. Overall, the spectra resemble(see Fig. 4b). Hence, after adsorption at room
those obtained from the 800 K annealed surfacetemperature, there is a significant difference in the
(Fig. 3), although they have a less pronouncedCO adlayer coverage between the two surface
peak structure. Up to about 1.5 L, desorption

areas, leading to a stable, oversaturated
occurs in a single peak (r1-peak), which is again

(E3×E3)R30° phase on the Ru(0001) terraces, attributed to desorption from (local ) Ru areas, as
but not on the monolayer Pt islands. These results
confirm (1) that CO diffusion to the more strongly
adsorbing Ru patches already takes place at
adsorption, in this case at 318 K, and (2) our TPD
observation of a significant reduction in adsorption
energy for CO on a pseudomorphic Pt monolayer
film on Ru(0001) as compared to Pt(111). On the
latter surface, an ordered c(2×4) phase would be
expected under similar conditions [34]. It should
be noted that the preferential CO adsorption on
Ru areas is in contrast with the assumptions made
for the proposed bifunctional mechanism for CO
oxidation on PtRu alloy, where preferential CO
adsorption on Pt sites was anticipated [11,12].

For a more direct comparison with bimetallic
PtRu alloy surfaces, the annealing temperature
was increased stepwise. After annealing at 1250 K,
STM images show that the Pt monolayer islands
are dissolved. However, AES spectra indicate only

Fig. 5. High-resolution STM image of a PtRu surface alloyslight losses in the Pt intensity. Clear proof for
formed by deposition of 0.42 ML Pt at 310 K and subsequentsurface alloy formation with both components in annealing to 1200 K (8.5×10.2 nm, Ut=9 mV, It=56 nA). The

the topmost layer comes from high-resolution Pt atoms (31% surface concentration) are imaged as lower-lying
‘‘darker’’ atoms due to electronic effects.STM images with chemical contrast. As shown in
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center of the d-band is almost identical for a
pseudomorphic Pt overlayer on Ru(0001) and for
a Pt impurity in the Ru(0001) surface [18].
Following the line of arguments described above,
that would lead to a similar reduction in CO
adsorption energy for CO adsorption on a Pt
overlayer or on a Pt impurity site, in a PtRu
surface alloy.

3.2. CO–O coadsorption on Ru(0001) and
bimetallic Pt/Ru(0001) surfaces

In the second part, we present results for the
competing CO desorption and oxidation from a
CO–O coadsorbate layer, which is relevant forFig. 6. Set of TD spectra recorded after increasing CO expo-
understanding the catalytic properties of thesesures to a bimetallic PtRu(0001) surface alloy prepared by
surfaces. Similar to the procedure for CO adsorp-room-temperaure deposition of 0.4 ML Pt and subsequent

annealing to 1250 K (0.5 L, 1 L, 2 L, 3 L, 4 L and 10 L expo- tion, we first reproduce TPD and TPR data
sure, pCO=1×10−8 mbar, b=2.2 K s−1, Texp=100 K). For obtained from coadsorbed CO–O adlayers on the
comparison, saturation spectra obtained from the pure unmodified Ru(0001) surface for comparison withRu(0001) surface (4 L) and from the 0.4 Pt monolayer island

previous results [8–10,35–38]. The spectra pre-covered surface (10 L) are included as a broken and dotted line,
sented in Fig. 7, which were recorded from surfacesrespectively.
with increasing oxygen precoverage exposure at
100 K and subsequent saturation with 4 L CO,

the peak position coincides with the Ru(0001) a1
desorption peak. For exposures above 1.5 L, a
low-temperature shoulder grows and expands
steadily to lower temperatures with increasing
exposures. At saturation, desorption starts at
about 250 K, which is at a slightly higher temper-
ature than for desorption from Pt monolayer cov-
ered surface areas. Because of the rather smooth
structure of the spectra with only slight humps at
301 K [r2-peak] and 386 K [r3-peak], a further
assignment of distinct adsorption states is hardly
possible, unless other spectroscopic data are avail-
able. Apparently, CO–CO repulsions and modifi-
cations in the interaction with the metal substrate
imposed by the presence of the Pt atoms in the
surface (‘‘ligand effects’’) together lead to a con-
tinuous decrease in adsorption energy with cover-
age as soon as the high-temperature state is filled. Fig. 7. Set of CO TPD spectra recorded after CO adsorption

on a O-precovered Ru(0001) surface with increasing O precov-Qualitatively, the presence of Pt atoms in the
erages. (a) 4 L CO on the clean surface; (b) 1 L O2 preexposuresurface alloy has a similar effect on adsorbed CO
at 100 K, subsequent exposure to 4 L CO; (c) additional expo-as a pseudomorphic Pt cover layer: it significantly
sure of 1 L O2 and 4 L CO on the surface obtained

reduces the CO adsorption energy. Also this result after spectrum b; (d) additional exposure of 5 L O2 and 4 L
agrees excellently with theoretical predictions. CO on the surface obtained after spectrum (c)

( pCO=5×10−8 mbar, b=2.2 K s−1, Texp=100 K ).Ruban et al. found that the energy shift in the
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reproduce the detailed TPD data by Kostov et al. tinct peak at 375 K (b2-peak in Ref. [10]), and a
number of smaller peaks with maxima at 240, 295in all essential features [10]. We therefore give a

brief account only at this place, concentrating on and 320 K. The former peak was associated with
CO adsorption into a well-ordered O matrix, thethose aspects that are relevant for the present

study. latter with CO adsorbed into a disordered high
coverage O phase [10]. Due to the interaction withStarting with desorption from the clean surface

(spectrum a, 4 L CO) the following spectrum (b) coadsorbed Oad, the onset of CO desorption is
shifted by another 50 K to lower temperatures, towas recorded after 1 L O2 preexposure at 100 K

and subsequent exposure to 4 L CO. The O2 about 200 K. At saturation, a CO coverage of
0.37 ML is obtained on this surface.preexposure is sufficient to produce a (2×2) O

adlayer with hO=0.25. Similar to desorption from Finally, for another 5 L O2/4 L CO exposure,
the high-temperature CO-state is completelya pure CO adlayer, the resulting desorption

spectrum shows two peaks that, however, are depleted. Instead, the spectrum now exhibits two
major adsorption states, the b2-peak at 375 Kshifted to lower temperatures. These correspond

to the b1-peak (Tmax=around 440 K) and the already observed in the previous spectrum and a
new low-temperature peak centered at 231 Ka3-peak (Tmax=around 360 K) in Ref. [10]. The

larger temperature difference between these two (d-peak in Ref. [10]). This latter state presumably
developed from the small low-temperature humppeaks supports the interpretation in Ref. [10] that

these states do not refer to desorption from CO at 240 K mentioned for the last experiment.
Furthermore, there is a small peak at 300 K,islands, but result from CO adsorbed into the

(2×2)O matrix. Furthermore, we find an addi- reminiscent of the peaks at 295 and 320 K in the
last experiment. The total coverage in this spectrational low-temperature shoulder centered just

above room temperature. The total CO coverage is now 0.27 ML, less than half of the saturation
coverage on the clean surface, and the onset ofis reduced to about 0.52 ML, equivalent to about

two CO molecules per (2×2) unit cell. The low- desorption occurs at about 170 K.
From the total exposure of 7 L O2, one cantemperature shift of the maxima reflects repulsive

interactions between Oad and COad. Due to these estimate that prior to CO adsorption the surface
was largely covered by a p(2×1) O adlayer withrepulsions, the onset of CO desorption at satura-

tion is moved by 50 K to lower temperatures, to hO=0.5. The coverage of 0.27 ML CO, however,
is inconsistent with a model with 1 CO moleculeabout 250 K. The hump at room temperature may

be attributed to CO adsorbed at defects in the per (2×1) unit cell. In fact, it was proven in a
recent LEED I/V analysis that at least part of theadlayer. No CO2 desorption was observed.

In the next experiment, the resulting surface was initial (2×1)O adlayer rearranges into a honey-
comb structure upon CO coadsorption [40]. Inagain exposed first to 1 L O2 and then to 4 L CO.

It is important to note that the oxygen left from this oxygen matrix, all of the adsorbed CO mole-
cules are in the direct neighborhood of an Othe adsorption in the last experiment is still present

on the surface before this second coadsorption adatom, and hence all of these molecules undergo
a distinct CO–O interaction, which, following theexperiment. (Since O does not desorb at temper-

atures below 600 K, the successive exposure to present results, is strongly repulsive. From the
absence of any CO2 desorption, CO oxidation canO2 leads to an accumulation of Oad on the surface.)

Following earlier studies, after 2 L O2 exposure, be excluded.
Following these experiments, we performed sim-the surface will be covered by coexisting (2×2)

and (2×1) areas [39]. The CO TPD spectrum ilar TPR measurements on the PtRu alloy surface
produced as described above (0.45 ML Pt depos-resulting from this surface again differs signifi-

cantly from the previous spectra. The high-temper- ited, annealed to 1300 K). The most important
result with respect to the catalytic activity of theseature peak continued to lose intensity and to shift

to lower temperatures. Instead of the low-temper- surfaces is the fact that part of the adsorbed CO
now reacts with coadsorbed O to form CO2. Theature Ru(0001) related peak, we now find a dis-
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CO and CO2 desorption spectra obtained after 1 L
and 10 L O2 preexposure, respectively, are repro-
duced in Figs. 8 and 9.

For comparison with subsequent spectra from
the CO–O adlayer, we first recorded CO and
CO2 spectra from the CO-saturated surface (10 L
CO exposure), with no coadsorbed oxygen.
Furthermore, O2 desorption spectra were recorded
also in all experiments. The CO desorption
spectrum (spectrum 1 in Fig. 8a) shows the normal
desorption behavior for a CO-saturated surface,
resembling that in Fig. 6. Small deviations are
attributed to the slightly higher Pt concentration.
No CO2 desorption is detected (spectrum 1,
Fig. 8b). After exposure first to 1 L O2 and then

Fig. 9. Set of TPD/TPR spectra [(a): amu 28, CO and (b): amu
44, CO2] recorded after CO adsorption on an O-precovered
bimetallic Pt/Ru(0001) surface alloy (0.45 ML Pt, annealed to
1300 K ). Reexposure for a new spectrum took place on the
surface obtained after the last desorption run. From top to
bottom: (1) 4 L CO on the clean surface; (2) 10 L O2 preexpo-
sure at 100 K followed by 4 L CO (CO2 signal×5); (3) addi-
tional exposure to 4 L CO; (4) additional exposure to 4 L CO
(CO2 signal×5) ( pCO=1×10−8 mbar, b=3 K s−1).

to 4 L CO, we observe CO2 desorption in a distinct
peak (x1-peak) between 200 and 350 K (Tmax about
275 K, spectrum 2 in Fig. 8b), followed by a low-
intensity regime (x2 desorption regime) up to
473 K. Clearly, CO oxidation is now a process
that competes with CO desorption. Based on the
CO2 intensity in the TPR spectrum, about 20% of
the adsorbed CO, equivalent to about 0.1 ML,Fig. 8. Set of TPD/TPR spectra [(a) amu 28, CO and (b) amu
reacts to CO2. CO desorption occurs in a wide44, CO2] recorded after CO adsorption on an O-precovered

bimetallic Pt/Ru(0001) surface alloy (0.45 ML Pt, annealed to double peak between 250 and 473 K (Q1-peak and
1300 K). Reexposure for a new spectrum took place on the Q4-peak) (spectrum 2 in Fig. 8a). Comparison with
surface obtained after the last desorption run. From top to CO desorption from a pure CO adlayer shows
bottom: (1) 4 L CO on the clean surface; (2) 1 L O2 preexposure

distinct changes in the desorption trace. First ofat 100 K followed by 4 L CO (CO2 signal×5); (3) additional
all, the amount of CO desorption is reduced toexposure to 4 L CO; (4) additional exposure to 4 L CO (CO2

signal×5)( pCO=1×10−8 mbar, b=3 K s−1). 0.29 ML, 53% of the original value of 0.55 ML.
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This reduction in CO desorption results from two and shape of the main peak (x1-peak) did not
change, the low-intensity x2 regime is more pro-effects: from a decrease in CO uptake on the Oad

precovered surface, similar to the findings for the nounced relative to the main peak, growing to a
distinct maximum at 438 K. This much lowerunmodified Ru(0001) surface, and from a partial

reaction to CO2. Since the latter is determined to probability for CO oxidation, despite significant
amounts of Oad on the surface, indicates that thebe about 20% of the total CO coverage, Oad

induces a reduction in CO uptake by about remaining Oad is much less reactive with respect
to CO oxidation. Most of the reactive Oad available0.16 ML. The loss in CO intensity occurs over the

entire desorption range. It is specifically pro- must have already been removed in the first heating
cycle. These conclusions are supported by a secondnounced for the low-temperature peak at 270 K

(Q4-peak), which is essentially depleted. similar experiment (spectrum 4), where even less
CO2 formation is observed, whereas the COFurthermore, the high-temperature desorption

peak (Q1-peak) is shifted by 10 K to lower temper- desorption spectrum hardly changes. As expected
from the small amount of CO2 formation, the COatures, from 450 K to 440 K. Together with the

downshift in peak temperature, also the high- TPD spectrum increases only by a small amount
during this experiment. No O2 desorption wastemperature end of the desorption is shifted by

15 K to 473 K. Both CO and CO2 desorption end observed during these latter desorption runs.
These results point to a reaction mechanismat exactly the same temperature, indicating that

the end of CO oxidation is limited by CO supply. where two different kinds of oxygen exist on the
surface, one that is largely inert with respect toThe Oad-induced shift to lower temperatures for

the desorption peak and for the end of the desorp- CO oxidation (under UHV conditions) and one
that is accessible for this reaction. From the presenttion trace reproduces the trends observed on the

pure Ru(0001) substrate, although the effects are data, it is not possible to determine the origin of
these states. It may be due to repulsive interactionsmore pronounced on the PtRu surface alloy. It

should be noted that during this run, also a small between closely spaced, neighboring O adatoms
that modify the energetics of these adatoms andamount of O2 desorption was observed (about

0.001 ML). thereby enhance the reaction probability, or, more
likely, it may be caused by different binding con-Similar to the procedure on Ru(0001), we again

saturated the resulting surface with CO (4 L expo- figurations, i.e., by different metal ensembles serv-
ing as adsorption sites for the O adatom. Fromsure) and recorded the desorption spectra

(spectrum 3 in Fig. 8a and b). The CO TPD the observation of a small amount of O2 desorption
at low temperatures, one may also speculate thatspectrum differs significantly from both of the

previous spectra. It is significantly larger than the a molecular oxygen species is involved in this
reaction. However, since most of the O2 desorptionlast spectrum, but still somewhat smaller than that

obtained for desorption from a purely CO satu- takes place at temperatures between 100 and
200 K, while on the other side, CO oxidation takesrated surface (spectrum 1). Interestingly, the low-

temperature Q4-peak at 270 K exceeds that of the part mostly at temperatures above 200 K, we con-
sider this possibility to be unlikely. Further experi-first spectrum, indicative of an Oad-induced state

at this temperature. The high-temperature ments are planned to investigate this in more detail.
To gain more information on the role of theQ1-peak only increases in intensity with respect to

spectrum 2. The peak position and its high-temper- coadsorbed oxygen, we performed a second, sim-
ilar set of experiments, on a surface alloy preparedature end do not shift in temperature. These results

provide clear evidence that part of the initial Oad as in the previous experiments, but increasing the
O2 preexposure to 10 L. The resulting TPD andis still on the surface. Hence, CO oxidation in the

previous desorption run was not Oad-limited. The TPR spectra are reproduced in Fig. 9. Again, we
first recorded CO and CO2 desorption spectra fortendency for CO oxidation is strongly reduced.

The CO2 desorption intensity is only about 3% of control prior to O2 exposure (spectra 1). The
spectra underline the close similarity between thethat produced in the last run. Whereas the position
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alloy surfaces in the two experiments. The first set spectrum 1. The CO2 desorption traces are essen-
tially identical to those in Fig. 8, although theof desorption spectra recorded from the mixed

CO–O adlayer (spectra 2) leads to the following intensity difference between the first and second
run after O2 dosing (spectra 2 and 3) is not quiteresults: first of all, we again find an appreciable

amount of CO oxidation, with a similar CO2 as strong as before. Nevertheless, also under these
conditions, there must have been two differentdesorption peak as observed after 1 L O2 preexpo-

sure. Also, the peak intensity is comparable with oxygen species with a strongly different reactivity
for CO oxidation.that in the latter experiment. Carbon dioxide for-

mation starts again at 150 K (not including the In total, the spectra obtained from a mixed
CO–O adlayer show clearly that on the bimetalliclow intensity tail starting at the lowest temper-

atures), with the peak maximum shifted to slightly surfaces, CO oxidation is not inhibited under UHV
conditions as on pure Ru(0001) substrates, buthigher temperatures, to around 290 K. This shift

must result from the higher Oad precoverage. The occurs as a minority reaction, in addition to the
still-dominant CO desorption. The maximum oftransition to the high-temperature x2 desorption

regime, which is observed also for this higher O2 the CO2 desorption x1-peak (275–290 K) is well
below that for reactive CO2 desorption on Pt(111),preexposure, occurs at about 360 K. This desorp-

tion feature, however, is much narrower than in which was reported to be around 330 K [26 ]. This
suggests that the barrier for CO oxidation is lowerthe previous case. Carbon dioxide desorption

ceases at about 465 K. Also, in this case, it coin- on the bimetallic surface than on the unmodified
Pt surfaces.cides with the completion of CO desorption.

Hence, CO oxidation in this temperature regime
is again limited by CO supply.

The shape of the CO desorption spectrum 4. Conclusions and mechanistic consequences
recorded simultaneously (spectrum 2) resembles
that obtained after 1 L O2 preexposure. The inten- These experiments lead to the following conclu-

sions for CO adsorption and oxidation behaviorsity loss, however, is significantly stronger than in
the latter case. The CO desorption signal is reduced on bimetallic Pt/Ru(0001) surfaces:

(1) The adsorption energy of CO on a Pt mono-to about 0.14 ML. Accounting for the oxidized
CO, the total CO coverage must have been around layer island covered Ru(0001) surface or on

a PtRu surface alloy is significantly lower than0.24 ML. A more detailed inspection reveals also
that the downshift in temperature of the main that on either of the two pure surfaces. For

0.4 ML Pt, the onset of desorption is shiftedpeak is slightly stronger. The peak maximum is at
426 K and ends at about 465 K. The low-temper- to about 230 K on the Pt monolayer island

covered Ru(0001) surface and to 250 K onature state at around 295 K (see below) is again
completely absent. As before, we find a small the surface alloy. Therefrom, a reduction of

the adsorption energy at saturation by aboutamount of O2 desorption (0.001 ML), most of
which occurs in a wide peak between 100 and 0.25 eV is estimated as compared to adsorp-

tion on the pure Ru(0001) and Pt(111) sur-200 K.
Reproducing the experimental sequence after faces. A similar reduction in CO adsorption

energy was found for a large number of other1 L O2 preexposure, the resulting surface was
subsequently saturated with CO to characterize platinum metal-on-metal systems [15] and also

for Pt alloys covered by a Pt overlayer [28].the state of that surface (spectra 3 and 4). The
results are very similar to those in previous experi- This was attributed to an electronic modifica-

tion of the deposit metal, due to interactionments. Again, appreciable amounts of Oad must
have remained after the first desorption run, as with the chemically different substrate [15].

The electronic modifications are reflected alsoevidenced from the CO desorption trace. This
time, the high-temperature x2 desorption regime by shifts in the binding energies of the deposit

core levels. This explanation was confirmedpeak remains at a much lower intensity than in
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by recent calculations [16–18]. They found (1) Ru(0001) substrate can be easily explained by
assuming an on average lower binding energyshifts in the center of the d-band of the bime-

tallic surface as compared to the bulk deposit of oxygen to the alloy surface. The very high
O adsorption energy on the pure Ru(0001)metal and (2) a direct correlation between the

CO adsorption energy and the shift in d-band surface at the lower coverages accessible under
UHV conditions was indeed held responsiblecenter. For Pt/Ru(0001), these calculations

showed furthermore that there was almost no for the inhibition of CO oxidation under UHV
conditions [13,37,38], whereas at ambientdifference in d-band position between a Pt

overlayer and a PtRu surface alloy. Part of pressures, a weakly bound high coverage state
can be populated that is highly active towardsthe electronic modifications are caused by

geometric strain effects, namely the expansion CO oxidation [7]. A ‘‘more Pt-like’’ behavior
of the bimetallic surface is reflected also byor contraction of the metal overlayer due to

the misfit to the underlying substrate [15,32]. the observation of a small amount of O2
desorption at low temperatures, indicative ofIn fact, calculations showed this strain contri-

bution to be often the dominant effect (J.K. a stable molecular adspecies on that surface.
The reduction in activation barrier below thatNørskov, pers. commun.). Strain effects

should be most pronounced for systems with observed on the pure Pt(111) surface, how-
ever, requires a more complex explanation,a large misfit and a pseudomorphic adlayer,

as is the case in the present system [Pt–Pt bulk where the electronic changes in the metal
species have to be included as well. For a cleardistance: 2.774 Å; Pt–Pt distance in the pseu-

domorphic Pt/Ru(0001) monolayer islands: picture of the reaction mechanism, it is also
necessary to obtain information on the steady-2.704 Å]. Hence, a similar, geometry-based

modification of the Pt electronic properties is state O coverage during reaction, since this
strongly affects the (competing) CO desorp-suggested also for the present system, both for

the Pt monolayer covered surface areas and tion behavior.
(3) The reaction experiments with preadsorbedfor the Pt/Ru(0001) surface alloy. The down-

shift in the center of the d-band expected for oxygen revealed two different Oad species on
the bimetallic surface alloy species, one beinga compressed Pt overlayer fits well with the

observed reduction in CO adsorption energy practically inert with respect to CO oxidation
and the other one being reactive under UHVon the Pt monolayer island covered Ru(0001)

surface as compared to bulk Pt(111). A modi- conditions. The physical origin of these differ-
ences, e.g., compositional effects in the under-fication of the Ru atoms, in particular in the

surface alloy, is possible, but could not be lying substrate atoms ( ligand effect) or a
reduction in Oad stability due to (repulsive)tested in our experiments.

(2) Different from Ru(0001), but similar to interactions between neighboring Oad species,
has to be clarified in future experiments.Pt(111), the bimetallic Pt/Ru(0001) surface is

not inert with respect to CO oxidation under The results presented have important implica-
tions for the understanding of PtRu bimetallicUHV conditions. Upon heating a bimetallic

Pt/Ru(0001) surface with coadsorbed Oad and catalysts. These are currently considered as very
active and CO tolerant catalysts for the electroca-COad, an appreciable amount of CO2 forma-

tion is observed, in addition to the dominant talytic oxidation of H2 in CO-containing feed gases
in low-temperature fuel cells [3], and for the directCO desorption. In fact, the reaction barrier

for CO oxidation on the bimetallic methanol oxidation [2]. Based on the results for
Pt monolayer island covered Ru(0001) andPt/Ru(0001) surface alloy is lower than on

pure Pt(111), as evidenced by the reduction PtRu(0001) surface alloys, the increased CO toler-
ance as compared with conventional Pt catalystsof the CO2 desorption temperature from a

peak maximum of about 330 to about 280 K. can be at least partly explained by the reduced CO
adsorption energy on these surfaces, caused by anThe higher reactivity compared with the pure
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Italiane (CRUI ) and the Deutsche Akademische [25] H.R. Siddiqui, X. Guo, I. Chorkendorf, J.T. Yates, Jr,

Surf. Sci. 191 (1987) L813.Auslandsdienst (DAAD) for support via the
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