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We present a study of the factors that influence the adsorption of CO on a Pt�111� surface. Coadsorption of
O and OH, as well as alloying of Ru is investigated. We find that coadsorption of CO either with O or OH on
Pt weakens the strength of the Pt-CO bond, through a largely strain mediated interaction. Alloying Pt with Ru
on the surface only slightly enhances the adsorption energy of CO relative to that of pure Pt. However, once Ru
is oxidized by O or OH the adsorption energy of CO on a neighboring Pt is dramatically reduced. These
findings as well as some information on the competitive adsorption behavior are discussed in the context of
designing CO-tolerant Pt catalysts.
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INTRODUCTION

The oxidation of CO is a key aspect of low temperature
fuel cell operation. CO can exist as an impurity in the fuel
itself �e.g., in a Proton Exchange Membrane Fuel Cell� or be
produced in the process of fuel oxidation �e.g., in a Direct
Methanol Fuel Cell�.1–3 Unoxidized CO binds strongly to Pt
and poisons the catalyst by removing sites that can partici-
pate in the catalysis. In general, alloying Pt with other metals
tends to improve the CO tolerance of the catalyst, and one of
the most effective alloys is Pt-Ru.4 The effect of alloying on
the CO tolerance of Pt is likely to be complex though some
facets of it are understood: CO is removed from the surface
by oxidation to CO2 and the activation barrier for a reaction
between CO and an adsorbed oxidant on the surface has been
found to depend directly on the adsorption energy of both
species.5–8 Hence, it is critical to understand the adsorption
energies of the species under complex conditions, such as
segregation of alloying elements and coadsorption of other
species. Several groups have focused on the direct changes in
the Pt-CO bond strength when Ru is nearby in the surface
layer. While it is known experimentally that alloying Ru re-
duces the CO poisoning of Pt electrodes,4,9–12 first principles
calculations point to a complex picture: A computational
study performed by Ge et al.13 indicates that the CO adsorp-
tion energy decreases �i.e., binds less strongly� on the surface
of a bulk Pt-Ru alloy, but increases when Ru is only present
in the surface layer of an otherwise pure Pt bulk material.
Furthermore, they argued that the surface strain induced by
the size mismatch of Pt and Ru increases the adsorption en-
ergy for CO on Pt, when Ru is present nearby in the surface
layer. While instructive, it is not clear that such pure surface
calculations are relevant to fuel cell operation conditions
where various chemical species, such as CO, O2, O, OH and
water are available to adsorb on the surface. We recently
found that under most practical conditions Ru on the surface
of Ru-Pt alloys is oxidized and that this oxidation can even
drive the segregation of Ru to the surface.14 A limited
amount of work has been done on the effect of coadsorption
of other species on the Pt-CO bond strength.6,15–18 Bleakely
et al.18 concluded from ab initio density functional theory
�DFT� studies that the interaction between CO and O on a

Pt�111� surface is localized and that there is no bonding com-
petition between CO and O on the Pt�111� surface. Our work
shows somewhat different results and indicates stronger and
more long range coadsorption effects through the relaxations
that adsorption induces in the surface layer �not considered
in Ref. 18�. There is considerable evidence that coadsorption
and oxidation of the surface modifies the CO oxidation rate
significantly.5,19–21 In a key paper, Hendriksen et al.21 ob-
served experimentally that CO oxidation on pure Pt becomes
faster as the O2 pressure is increased. In addition, oxides
have considerably better CO oxidation properties than
metals.5,22 In this paper, we investigate the effect of Ru al-
loying, and coadsorption of O and OH on the CO adsorption
energy on Pt. We find that adsorption of O or OH weakens
the Pt-CO bond strength. On the other hand, alloying Ru in
the bare surface layer of Pt�111� slightly enhances or leaves
the CO adsorption energy on Pt unchanged. However, the
adsorption of OH or O on the surface Ru atoms �common in
most environments� reduces the CO adsorption energy on Pt.
Hence, the adsorption energy of CO on Pt is a complex func-
tion of the environment.

MODEL AND METHODOLOGY

Adsorption energies are calculated on a six layer fcc slab
of Pt or �Pt, Ru� atoms with a �111� surface. Periodic bound-
aries are imposed with varying periodicities in the surface
layer. The slab is augmented with 14 Å of vacuum �equiva-
lent to the thickness of six layers of slab� perpendicular to
the surface, and periodic boundary conditions are imposed
on the slab+vacuum unit. The atoms of the top four layers
and adsorbates are fully relaxed, while the atoms of the bot-
tom two layers are fixed to their bulk positions. All DFT
energies were calculated with the projector augmented wave
�PAW� method23,24 using the generalized gradient approxi-
mation �GGA� with Perdew-Wang exchange correlation
functional25,26 as implemented in VASP.27,28 These pseudopo-
tentials and exchange correlation functional give a calculated
lattice parameter of 3.98 Å for bulk fcc Pt which agrees rea-
sonably well with the experimental value of 3.92 Å.29 A
plane wave basis set with cut-off energy of 275 eV was used.
Reciprocal space integrations were done on a 21�21�1
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grid for a �1�1� surface unit cell and proportionally smaller
meshes for larger supercells. All adsorption energies are cal-
culated with respect to the atom/molecule in vacuum, unless
otherwise stated. Figure 1 shows the different adsorption
sites on a Pt�111� surface.

RESULTS

Coadsorption of CO and O

Experimentally, CO has been observed to form p�4�4�
or p�8�8� structures on Pt�111� at low CO coverage,30 but a
p�2�2� cell has been found to provide enough dilution to
approximate the adsorption energy of an isolated CO
molecule.31,32 Hence, the adsorption of CO on a Pt�111� sur-
face was studied in a Pt�111�-p�2�2� surface unit cell. The
surface geometry of Pt�111�-p�2�2�-CO is shown in Fig. 2.

The adsorption energy for CO is calculated on the atop
site, where CO is observed experimentally to adsorb,30,33

even though it is not the most stable site in the GGA
approximation.34,35 The adsorption energy for an adsorbate
�ad� is defined as

Ead
ads = − �Ead/Pt − EPt�surface� − Ead� ,

where Ead is the energy of the isolated molecule in a super-
cell of dimension 8�8�1. Hence, a more positive Ead

ads

value in our calculation indicates stronger adsorption on the
surface. Our results in Table I for CO on pure Pt�111� �ECO

ads

�1.75 eV� agree well with previous calculations35 and with
experimental data.36

Atomic oxygen was placed in various sites but only found
to be stable in the fcc, hcp, and atop sites. The oxygen atom
is unstable at the bridge site and slides off to the fcc site. We
find that the fcc site is preferred for oxygen with an adsorp-
tion energy of about 4.7 eV referenced to atomic oxygen in
vacuum which is in good agreement with other
experimental37,38 and theoretical investigations39–41 �Table
I�a��.

To study O and CO coadsorption in a p�2�2� cell, two
geometries are possible �Figs. 3�a� and 3�b��. We chose the
configuration displayed in Fig. 3�a� as it is energetically
more favorable by approximately 0.63 eV than that in Fig
3�b�.

The CO adsorption energy in the presence of adsorbed
oxygen �bottom line in Table I�b�� is reduced from its value
for a pure Pt surface. The reduction we find ��200 meV� is
considerably larger than what has been found by Bleakely et
al. ��40 meV�.18 We believe this discrepancy is due to the
different computational approximations. In Ref. 18 Pt atoms
were not relaxed as CO and O adsorb, while all Pt atoms in

FIG. 2. �Color online� Surface geometry of a Pt�111�-p�2�2�
surface unit cell with CO at the top site. �a� a top view, �b� a lateral
view.

FIG. 1. �Color online� Relevant adsorption sites on a Pt�111�
surface: �-ATOP, �-FCC, �-HCP, and �-BRIDGE site. The dot-
ted line is a p�2�2� supercell.

TABLE I. Adsorption energy of O �a�, and �b� CO with and without adsorbed oxygen. For CO-Pt
experimental data �in parenthesis� are also given for comparison.

�a� O on Pt�111�

Site
Chemisorption energy

�eV� d�O-Pt� �Å�

FCC 4.67 2.05

HCP 4.19 2.06

ATOP 3.08 1.84

�b� CO on Pt�111� with or without presence of O

Surface Chemisorption
energy �eV�

d�O-Pt�
�Å�

d�C-Pt�
�Å�

d�C-O�
�Å�

CO-Pt 1.75
�1.66±0.08�

�Ref. 36�

3.04 1.84
�1.85±0.10�

�Ref. 42�

1.20
�1.15±0.05�

�Ref. 42�
CO-Pt-O 1.57 2.06 1.85 1.19
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the top four layers of our six layer slabs are relaxed. Indeed,
by freezing the Pt atoms in the slab we also find a much
smaller coadsorption effect ��70 meV� similar to that of
Bleakely et al.18 �Table II�. The significance of surface relax-
ations in the coadsorption energy shift can be seen by com-
paring Fig. 4�a� �only CO adsorbed� with Fig. 4�b� �CO and
O coadsorbed�. In Fig. 4�a� the Pt atom on which CO adsorbs
is pulled out from the surface by about 0.13 Å with respect
to the bare Pt �having no CO�. However as O coadsorbs with
CO �Fig. 4�b��, less surface corrugation occurs since oxygen
adsorbed on the fcc site pulls up Pt around it by 0.08 Å and
CO displaces Pt by only 0.03 Å with respect to the bare Pt.
Hence, under coadsorption the surface tends to be flatter.

To evaluate more in detail the effect of relaxation on the
coadsorption effects Table II illustrates the adsorption ener-
gies of CO for relaxed, and unrelaxed three layers Pt�111�
slabs �the same model system as that of Ref. 18�. Without
surface relaxations, the CO adsorption energies on the
Pt�111�-p�2�2�-O surface differ from the clean Pt�111�
only by 70 meV. But once the top surface is allowed to

relax, the differences increase to approximately 170 meV.
Hence, coadsorption of CO and O decreases the adsorption
energy of CO with respect to the clean Pt�111� regardless of
the surface relaxation. However, with surface relaxation the
bond strength of Pt-CO is much weaker and the coadsorption
effect is enhanced. Thus we find that the effect of surface
relaxations is important in mediating the interaction between
adsorbants.

It is notable that even though oxygen coadsorption re-
duces the energy for CO adsorption by almost 0.2 eV, the
�C-Pt� bond distance is practically unaffected by the O ad-
sorption. This result is consistent with the recent explanation
that different orbitals are involved in for controlling the bond
length and stiffness of Pt-C-O than for the adsorption
energy43 and similar to what has been observed in the com-
bined cyclic voltammetry, NMR study of Lu et al.44 who
observed that the changes in electronic structure of the
CO-Pt bond and its bond strength were somewhat indepen-
dent. The lowering of the CO adsorption energy that we find
when oxygen coadsorbs is in agreement with the experimen-
tal observation that the CO oxidation rate increases under
oxidizing conditions.21

FIG. 3. �Color online� Two possible geometries for the coad-
sorption of CO and O in a p�2�2� supercell �dotted line�. The
structure �a� is more stable than �b� by approximately 0.63 eV.

TABLE II. Effect of O coadsorption on ECO
ads with and without surface relaxation. With surface relaxation

the bond strength of CO-Pt is weakened ��170 meV� more than without relaxations ��70 meV�.

All Pt atoms are fixed
Pt atoms on the top layer

are allowed to relax

�Eco
ads

�meV�
d�C-Pt�

�Å�
d�C-O�

�Å�
�Eco

ads

�meV�
d�C-Pt�

�Å�
d�C-O�

�Å�

−76 1.86 1.20 −173 1.84 1.20

FIG. 4. The surface structures of Pt�111�-p�2�2� with only
adsorption of CO in �a� and coadsorption of CO and O in �b�. The
coadsorption of CO and O reduces the surface corrugation.
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Coadsorption of CO and OH

A hydroxyl group �OH� is another important chemical
species in the oxidation of CO. It is observed experimentally
as an intermediate of water dissociation on the
Pt-electrode.45,46 Within the context of the bifunctional
mechanism it plays an important role as an adsorbate facili-
tating CO oxidation by providing a source of oxygen on the
surface. A p�2�2� supercell was used to study OH
�coverage=0.25� adsorption, which is similar to the cell
choice in previous work.45,47,48 All degrees of freedom were
relaxed so that the OH molecule can also change its orienta-
tion with respect to the surface plane. Table III shows the OH
adsorption energy on various Pt�111� surface sites with their
equilibrium bond lengths and bond angles. The most stable
configuration of OH is on the bridge site with the OH bond
rotated towards the surface by about 70° from the surface
normal direction. Its energy is only slightly below that on the
atop site, in agreement with previous theoretical work.48

When increasing the OH coverage to 1/3 �in a p��3��3�
cell� OH is actually a bit more stable on the atop site than on
the bridge site. Hence, we used the atop site to study OH
adsorption on Pt�111�. In the fcc and hcp hollow sites, the
Pt-OH bond is perpendicular to the surface though these sites
have considerably weaker adsorption. Compared to the clean
Pt�111� surface, OH coadsorption reduces the energy for CO
adsorption by 0.12 eV although the C-Pt bond distance re-
mains practically the same as in the case of oxygen coad-
sorption.

Figure 5 shows the surface structure of Pt�111� with OH
in �a�, and with coadsorption of CO and OH in �b�. The
surface Pt atoms are displaced up by OH �0.15 Å� and by
CO �0.22 Å� as compared to a clean Pt�111� surface.

Alloying of Ru in Pt

Two mechanisms are generally called upon to explain the
increased CO-oxidation rate when Ru is alloyed into Pt elec-

trode particles: In the bifunctional mechanism adsorbates
play a direct role by providing oxygen on the surface for CO
oxidation.1,10 The electronic effect on the other hand focuses
on the direct effect alloying may have on the weakening of
the Pt-CO bond strength.50,51 We have tried to separate these
effects by performing calculations on PtRu�111� surfaces
with and without adsorbates. Calculations are performed in a
p�2�2� supercell with one Ru at the surface and all layers
below the surface pure Pt. The adsorption energies for CO on
the surface Ru atom, and Pt next to it, are given in Table IV

TABLE III. Adsorption energy on the Pt�111� surface for OH �a� and �b� CO in the presence of OH �all
in a p�2�2� supercell�. Bond lengths and angles are compared with previously calculated values �Ref. 49� in
parenthesis.

�a� OH on Pt�111�

Site

Chemisorption
energy
�eV�

d�O-Pt�
�Å�

d�O-H�
�Å� �Pt-OH�

BRIDGE 2.89 2.16 1.00 66°
�67°�

ATOP 2.85
�2.31�

2.00
�2.01�

0.99
�0.98�

73°
�73°�

FCC 2.61 2.21 0.99
�0.98�

0°
�0°�

HCP 2.36 2.30 0.99
�0.98�

0°
�0°�

�b� CO on the Pt�111� surface with the presence of OH on atop site of Pt

Surface Chemisorption
energy
�eV�

d�O-Pt�
�Å�

d�O-H�
�Å�

d�C-Pt�
�Å�

d�C-O�
�Å�

�Pt-OH�

CO-Pt-OH 1.64 2.01 0.99 1.86 1.19 72.3°

FIG. 5. The surface structures of Pt�111�-p�2�2� with only OH
in �a� and coadsorption of CO and OH in �b�.
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with their relevant bond lengths and angles. Figure 6 shows
the surface structures of CO-PtRu and CO-RuPt. In both
cases CO binds on the atop site.

Alloying Ru in the surface does not weaken the bond
strength of �CO-Pt�. In fact it slightly enhances the adsorp-
tion of CO on Pt �+6 meV higher than for pure Pt�. Ge et
al.13 studied the adsorption of a CO on the PtRu�111� alloy
and claimed that the surface strain induced by the size mis-
match of Pt and Ru �Ru is smaller than Pt by about 5%�
increases CO adsorption. To quantitatively estimate the sur-
face strain effect on the CO adsorption on PtRu�111� we
recalculated the adsorption energy of CO in a supercells,
p�2�2� having all atoms fixed at the positions that atoms
would have for a pure Pt surface except for CO. In this way,
we can remove any strain effect from the variation in adsorp-
tion energy. Table V shows the CO adsorption energy on the
frozen slabs.

As expected, as the surface relaxation is removed, the
Pt-CO bond strength is reduced by about 120 meV on pure
Pt�111�. But more importantly, without relaxation, Ru lowers
the CO adsorption energy on Pt. Hence, it is the relaxation in

the surface that makes bare Ru increases the CO adsorption
energy on Pt. Given that the strain plays such an important
role in the effect Ru has on the Pt-CO bond strength, our
results may be somewhat affected by the choice and size of
the supercell and Ru coverage. Hence, the increase of the
Pt-CO adsorption energy by 6 meV should be taken to indi-
cate the general effect is small.

The bare Ru result may not be that important because
under typical fuel cell conditions oxygen containing species,
such as O or OH, are present on Ru islands. We show in the
next section that such oxidized Ru is much more potent in
reducing the Pt-CO bond strength than bare Ru might be.

Simultaneous coadsorption and alloying

While many studies have investigated the effect of Ru on
adsorption on Pt in vacuum conditions, it is more likely that
in realistic electrode conditions, Ru sites are covered with
oxygen or with hydroxyl groups. Indeed, our previous analy-
sis, in which PtRu surfaces were equilibrated in environ-
ments with varying oxygen chemical potential, shows that
under most conditions Ru islands on the surface are covered
with oxygen.14 Hence, we study the effect of Ru on the
CO-Pt bond strength under the condition that either O or OH
is adsorbed near the Ru site. Calculations are performed in a
p�2�2� supercell. The atop site is used for OH adsorption
whereas the oxygen atom adsorbs on the FCC site. Figure 7
illustrates the calculated surface structures and Table VI
shows the variation of the CO-Pt bond strength/angles with
varying alloying and adsorption conditions. All �Eads are
calculated with respect to the reference of CO on a pure
Pt�111� surface. While alloying Ru only has a weak �en-
hancement� effect in the Pt-CO bond strength �see Table VI�,
its effect becomes more pronounced as Ru is oxidized by O
or OH. In all cases the Pt-CO bond strength is reduced with-
out any significant modification to the bond length and angle,
corroborating the idea that different orbitals are responsible
for the bond length and bonding energy.43

Our results would indicate that the largest component of
the electronic effect of Ru as an alloying element is indirect.

TABLE IV. Adsorption energies, bond lengths for CO on the Pt-Ru alloy surface. �Eads is the difference
with the CO adsorption energy on the pure Pt�111� surface.

Surface
Eads

�eV�
�Eads

�meV�
d�C-Pt�

�Å�
d �C-O�

�Å� �Pt-CO�

CO-
PtRu

1.75 +6 1.84 1.20 0°

CO-
RuPt

2.31 +561 1.85
d�C-Ru�

1.20 0°
�Ru-CO�

FIG. 6. Surface structure of CO-PtRu�111�-p�2�2� in �a� and
CO-RuPt�111�-p�2�2� in �b�. While adsorption of CO on the atop
site of Pt induces surface corrugation, binding with Ru keeps the
surface flat.

TABLE V. Adsorption energy of CO on the PtRu�111� surface
without surface relaxation. �Eads is the difference in the adsorption
energy of CO on PtRu�111� and on pure Pt�111� �both unrelaxed�.

Supercell Eads �eV� �Eads �meV�

P�2�2� 1.63 −123
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It is only when Ru becomes oxidized that a significant bond
strength reduction of the neighboring Pt-CO occurs. Hence
the bifunctional mechanism �having Ru-O�H� close to the
Pt-CO�, and the electronic mechanism �having Ru-O�H� re-
duce the Pt-CO bond strength� both benefit the CO oxidation
and may not be separable in experiments where only the
overall CO throughput is measured. An elegant combination
of cyclic voltammetry �CV� and temperature programmed
desorption �TPD� did separate the two effects concluding
that the bi-functional mechanism is about four times more
effective in reducing the activation barrier for CO oxidation
than is the ligand field effect.44 Since our results point at the
interfaces of Ru-Pt on the surface as important places for CO
oxidation, the island structure predicted by our recent Monte
Carlo simulations under mild oxidizing conditions may be
particularly interesting for making electrodes with high
activity.14 Surface Ru with O�H� bonded to it is beneficial for
CO oxidation for two reasons: It reduces the Pt-CO adsorp-
tion, and provides an oxidation source for CO. The reduction
of the CO-Pt adsorption energy that we find is somewhat
larger, but in reasonable agreement with the value suggested
by Lu et al. ��2 kcal/mol�.44

Competitive adsorption on Ru and Pt

So far we have assumed that CO is bonded to surface Pt,
and Ru on the surface is covered by either O or OH. This is

a reasonable assumption as in methanol oxidation CO is gen-
erated on the Pt sites. This does not however represent the
thermodynamically favored state. Table VII shows the en-
ergy for exchanging CO or OH between Pt and Ru sites. The
surface consists of all Pt except a single Ru near to Pt, and all
atoms in the sub-surfaces are Pt. Both of the adsorbates favor
Ru and hence they will compete in bonding. If both CO and
OH are present the thermodynamically favored state has CO
on Pt and OH on Ru. If there are no adsorbates on the PtRu
surface except for CO, it has a strong driving force to move
from Pt to Ru. If the suggestion in the literature that the
activation barrier for CO diffusion on PtRu�111� surface is
low52–54 is correct, the displacement of CO from Pt toward
Ru is kinetically feasible. Hence the displacement of CO
from Pt towards Ru is not only thermodynamically driven
but also kinetically feasible. Under coadsorption of CO and
OH, Ru relatively binds OH more strongly than CO. Hence,
Pt will remain more exposed to CO.

DISCUSSION

Figure 8 summarizes the variation of CO chemisorption
energy on a Pt�111� surface as a function of coadsorption and
Ru alloying. The coadsorption of O or OH reduces the bond
strength of Pt-CO under all circumstances. While some of
this effect is electronic, our controlled calculation on frozen
surfaces indicates that a substantial part of this coadsorption
interaction may be attributed to surface relaxation effects. A
crucial factor seems to be whether CO can “isolate” the Pt to
which it binds by pulling it out of the surface. The difference
between the calculation with and without surface relaxation

FIG. 7. �Color online� Surface of CO-PtRu�111�-p�2�2�-O in
�a� and CO-PtRu�111�-p�2�2�-OH in �b�.

TABLE VI. Adsorption energy of CO on Pt �or Ru� when coadsorption on nearby Ru �or Pt� is present.
All �Eads are referenced to the adsorption energy of CO for pure Pt�111� surface.

Surface
Eads

�eV�
�Eads

�meV�
d �C-Pt�

�Å�
d�C-O�

�Å�
d �Ru-O�

�Å�
d�O-H�

�Å� �Ru-OH�

CO-PtRu-O 1.63 −123.4 1.85 1.20 1.94 — —

CO-PtRu-OH 1.62 −132.1 1.85 1.20 1.94 1.00 61.9°

FIG. 8. The variation of adsorption energies of CO on the
Pt�111� surface as a function of coadsorption and alloying of Ru
into Pt surface. While coadsorption of O or OH always decreases
the bond strength of CO-Pt, alloying Ru into Pt�111� surface en-
hances it. But once Ru is oxidized by O�H� the adsorption energy of
CO reduces dramatically.
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�Table II� confirms that CO strengthens its bond to Pt when
the latter comes up from the surface. This can be understood
by the bonding competition a Pt atom experiences between
the CO adsorbed on Pt and its neighbors in the surface. Pull-
ing the Pt out of the surface reduces the competition from the
neighboring Pt atoms and makes a stronger Pt-CO bond. All
of the adsorbates, �CO, O, and OH� pull surface Pt atoms up,
but because oxygen bonds to three neighboring Pt atoms at
the fcc site, it makes the surface more flat than OH, which
adsorbs at the top site of a single Pt. This difference in sur-
face strain explains why O is slightly better in reducing the
adsorption energy of CO on Pt than OH. Hence, our results
indicate that surface relaxations caused by coadsorption are
very important in understanding the CO adsorption energy.
While these relaxation effects are important on flat surfaces
as studied here, they are even more likely to be significant in
nanoparticle catalysts where the relaxation of surface atoms
is less constrained.

Campbell et al.6 reported that the rate of CO2 production
increases and its activation energy decreases as the oxygen
coverage increases on the Pt�111� surface. They argue that
the reduction of the adsorption energy is due to the repulsive
interaction between the adsorbates, reducing the metal −2�*
CO electron back donation by oxygen. Gland et al.16 also
observed that the activation energy of CO2 formation
changes as a function of the surface concentration of oxygen
and CO, from 40 kcal/mol on an almost clean Pt�111� sur-
face to 17 kcal/mol at the saturation coverage. They attrib-
uted this decrease to the repulsive interactions between CO
and O. They also observed both CO and O to form an island
structure on the Pt�111� surface, with the oxidation reaction
occurring as CO diffuses into the boundaries of the island
structure of oxygen atoms. These results are consistent with
our findings. The reduction of the CO-Pt adsorption energy
by O is equivalent to a repulsive interaction between the two
adsorbed species.

When surface relaxation is prohibited the presence of Ru
near Pt decreases the CO adsorption energy, but surface re-
laxation washes this effect out and actually turns it slightly in
the other direction. The effect of pure Ru is in each case
rather small and likely not relevant under practical catalyst
operating conditions: However, once Ru is oxidized by O or
OH adsorption �a likely scenario� the CO adsorption energy
on a neighboring Pt is reduced by 0.12–0.13 eV.

All species preferentially adsorb on Ru when both Ru and
Pt are present in the surface, though the simultaneous ad-
sorption is more complicated. When both CO and a stronger
oxidizing species such as O or OH are present on the surface,
CO prefers Pt, and OH and O prefer Ru. Assuming CO is
formed on Pt—a reasonable assumption in the catalysis of
hydrocarbons—its possible migration to a Ru site depends
on the external �electro� chemical potentials of O and OH. If
these are high enough to cause adsorption on Ru, CO will

remain on Pt and the surface will consist of CO-Pt and Ru
with O or OH coverage. In this case CO removal from Pt can
only proceed by oxidation to CO2 �likely to occur at the
boundary between Pt and Ru islands�. For low O or OH
chemical potentials, CO is at least thermodynamically fa-
vored to migrate from Pt to Ru. It seems from these approxi-
mate arguments that an ideal situation would be one where
Ru is somewhat covered with O or OH to provide oxidants
but not fully covered so that CO can still migrate there from
Pt.

CONCLUSION

We studied the adsorption energy of CO on Pt�111� sur-
face as a function of varying chemical conditions, such as the
coadsorption of O�H� and alloying with Ru. Our results show
that coadsorption of either O or OH always decreases the CO
adsorption energy for both pure Pt and a Pt-Ru surface alloy.
The surface relaxation effect is a key factor that transfers the
interaction between adsorbed CO and O or OH. Alloying Ru
to a Pt�111� surface in fact enhances CO adsorption slightly,
but once Ru next to Pt is oxidized by O�H� the bond strength
of Pt-CO decreases dramatically. Considering that the adsor-
bates can induce surface segregation of Ru and form island
structures,14 the boundaries of these structures can be very
important place for the chemical reaction of CO oxidation.
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TABLE VII. The energy for exchanging CO or OH, either sepa-
rately or together between the Pt and Ru sites. The structure having
a positive �E is energetically more stable. For example, CO-
PtRu-OH is thermodynamically more favored structure to the CO-
RuPt-OH by 200 meV.

System �E �meV�

CO-PtRu 0.00

CO-RuPt +561.43

OH-PtRu 0.00

OH-RuPt +702.60

CO-PtRu-OH 0.00

CO-RuPt-OH −201.89
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