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Theoretical study of CO oxidation on Au nanoparticles supported by MgO„100…
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We present a density-functional-theory~DFT! study of the reactivity towards CO oxidation of Au nanopar-
ticles supported by MgO~100!. We model two geometrical aspects of the Au particles, the low index facets of
the Au particles, and the Au-MgO interface boundary. The precise structure of the interface boundary depends
on the size of the Au particles, and different models with either small or large Au-MgO contact angles are
introduced. For all Au systems, we find that the CO oxidation reaction proceeds via CO adsorption, trapping of
O2, leading to the formation of a metastable CO•O2 reaction intermediate, which dissociates into CO2 and
adsorbed atomic oxygen. The atomic oxygen reacts directly with gas phase CO. No separate O2 molecular or
dissociative adsorption is found to be favorable. Important differences were found in the reactivity of the
various Au-MgO interface boundaries. This is explained in terms of two properties: the Au-Au coordination
determining the local reactivity of the Au atoms and the presence of the MgO support that, besides providing
excess electrons to the Au clusters, forms ionic bonds to the peroxo part of the CO•O2 reaction intermediate.
We find that the type of interface boundary likely to be predominant for medium-sized nanoparticles provides
the optimal degree of low-coordinated Au atoms in the neighborhood of the MgO support. Our DFT study
therefore provides a rational for why the reactivity per site may reach a maximum at a critical particle size as
has been observed experimentally for similar systems.

DOI: 10.1103/PhysRevB.69.155424 PACS number~s!: 68.47.Jn, 82.65.1r, 68.43.Fg, 68.35.Np
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I. INTRODUCTION

The possibility of using supported Au nanoparticles
efficient catalysts at low temperatures has attracted an e
mous interest, since the discovery in 1987 by Haruta1,2 of
high reactivity towards CO oxidation in gold deposited
various metal oxides at and below room temperature. A
oxide-supported Au catalysts were recently found to be
tive for a number of interesting reactions, such as prop
epoxidation,3 reduction of nitrogen oxides,4 and dissociation
of SO2.5 A vast amount of experimental works have studi
the origin of this reactivity as well as the influence of seve
factors~particle size, substrate, method of preparation, e!
on the catalysts performance.6 A key factor to influence re-
activity is the particle size. On a variety on supports,
particles have been extensively reported to only become
active at sizes below'5 nm.7,8 More interestingly, Good-
man and co-workers9 have even observed an optimum pa
ticle size of '3 nm diameter for the low-temperatur
combustion of CO on Au model catalysts supported on
TiO2 surface. They also noted that these clusters appear
only 2–3 Au layers thick. In addition, Bondzieet al. found
that the adsorption of atomic oxygen on small Au partic
becomes stronger as the size of the particles decreases.10 The
high activity of such very small particles has been interpre
by Mavrikakiset al.11 in terms of the enhanced proportion
low-coordinated sites~edges, corners! at the cluster surface
their simulations show a clear correlation between decre
ing Au coordination and enhanced adsorbate bind
strength. Recent calculations for a free Au10 cluster by Lopez
and No”rskov have further confirmed this point.12

Together with the particle size, the nature of the arran
ment of the particles seems to be crucial. Haruta has poi
out indications of a superior performance of hemispher
particles strongly attached to the substrate, in contras
0163-1829/2004/69~15!/155424~22!/$22.50 69 1554
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other more spherical shapes with lower reactivities for co
parable average sizes.13 Recently, Pietronet al.14 have shown
that relatively large (;6 nm) Au particles can be very activ
on Au-TiO2 aerogels due to the enhancement of the Au/Ti2

contact area. These facts give strong support to the hyp
esis of the Au/substrate interface boundary as the active
gion for CO oxidation.15 Further support to this idea come
from the fact that sizable differences in reactivity are o
served between particles of similar size supported on dif
ent substrates.7

Despite all these advances, many aspects related to
mechanisms of the reaction and the detailed nature of
active sites are still under debate. Consequently, we h
decided to perform a theoretical study based on dens
functional theory~DFT! of the reactivity towards CO oxida
tion on supported gold clusters, with particular emphasis
the behavior of the particle-substrate interfacial region. T
DFT method has previously been used successfully for
description of CO oxidation over transition- and noble-me
surfaces.16–23We have chosen MgO as support for a numb
of reasons. First, its structural simplicity makes it very su
able for computational purposes since it provides great fl
ibility when choosing the computational cell and allows f
the use of rather thin supporting slabs. Second, nanome
~nm! sized Au clusters on MgO show sizable activities24

again at small sizes~2–3 nm!. Finally, very small~of the
order of tens of atoms! Au clusters on MgO have also bee
shown to be active by Sanchezet al.25 In this latter case, the
role of the oxide as something more than a mere struct
promoter has been identified and discussed in terms
charge transfer from the support to the metallic cluste
Charging of these tiny clusters in the gas phase has b
found important for their ability to bind and activate O2,
both theoretically26,27 and experimentally.28

The paper is outlined as follows. First, we will describ
©2004 The American Physical Society24-1
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the construction of the models employed for Au clusters
the study of their reactivity. The arrangement of the clust
on the substrate is not a trivial matter, and we theref
present the results for a range of Au systems~atoms, dimers,
thin films, and rods! in various positions and configuration
over the MgO~100! surface. Second, the reactivity of a num
ber of different sites around supported 2D~two-dimensional!
and 3D particles will be studied, including Au~100! and
Au~111! facets, a 2 ML~monolayer! thin film, and edges
both in close contact with the substrate and far away from
This covers most of the surface of the possible particles, w
the only exception of cluster corners. The reactivity of su
sites is expected, however, to be comparable to that of
cluster edges included in our study. The 2D thin-film stru
ture is included, despite the experimental evidence that
structures are more likely to form, since we find it interesti
from a fundamental point of view to evaluate the effects
the reduced dimensionality of Au. 2D growth may be imp
tant for other substrates, judging, e.g., from Goodman
co-workers9 who conclude the most reactive Au cluste
found on a TiO2 surface to be only 2–3 Au layers thick
Finally, we will perform an extensive analysis of the resu
obtained, and of the several effects found due to the pres
of the substrate. A brief account of parts of the present w
was recently given elsewhere.29

II. MODEL

Thefirst-principlesDFT calculations are performed usin
a plane-wave basis set,30 ultrasoft pseudopotentials,31 and a
spin-polarized, nonlocal density gradient approximation
the treatment of exchange-correlation~XC! effects. An en-
ergy cutoff of 25 Ry is employed for the plane-wave expa
sion of the wave functions. We will mainly discuss the r
sults in terms of the revised Perdew-Burke-Ernzer
~RPBE! XC functional,32 since this functional seems to b
more reliable for the description of molecular binding en
gies and bonding of adsorbates to surfaces.32,33 For consis-
tency with the literature however, and in order to show t
most of the results and conclusions are independent of
choice of functional, we provide the energetics calcula
using the Perdew-Wang-91~PW91! XC functional34 as well.
For the calculations of 2D thin layers, truly self-consiste
PW91 energies and non-self-consistent RPBE values ar
ported, whereas in the case of 3D clusters, truly s
consistent RPBE energies are given. We have checked
the results are independent of which functional is chosen
self-consistency~that is, non-self-consistent RPBE energi
are calculated typically to be within 0.03 eV of the tru
self-consistent values!. Test calculations for simple mol
ecules show a great improvement in the comparison w
experimental binding energies when using the RPBE ra
than the PW91.33 In Table I we report the calculated bindin
energies of CO, O2, and CO2, and the resulting reaction
energy of the 2CO1O2→2CO2 reaction at both the PW91
and RPBE levels.

Structural relaxation is performed using the Broyde
Fletcher-Goldfarb-Shanno algorithm.36 For identifying tran-
sition state~TS! configurations and a subsequent evaluat
15542
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of reaction energy barriers, a constrained minimization te
nique is employed.17 For each reaction, a relevant bond di
tance between the reactants is chosen as reaction coord
and kept frozen at several values, while allowing the rema
ing degrees of freedom to relax. Then, TS is found when
energy reaches a maximum along the reaction coordin
and a minimum with respect to the other degrees of freed
~as judged from a nearly zero atomic force!. In the case of
the more complex reactions~i.e., CO1O2), a broad number
of different relative orientations between the molecules
considered; this is found to be crucial in order to ensure
finding of the TS, as changes in orientation are observe
strongly influence the stability of the TS~more than 0.2 eV
changes in several cases!. In each case, care is taken th
continuous reaction paths are indeed obtained, despite
use of a constrained relaxation search. This is done by p
ting the potential energy along the reaction path as a func
of the total change in the atomic coordinates~the change in
the square root of the sum of all the Cartesian coordina
squared! rather than as a function of the constrained coor
nate only.

III. MORPHOLOGY OF Au PARTICLES ON MgO

Before undertaking the study of the reactivity towards C
oxidation, it is necessary to clarify in precisely which wa
Au atoms and particles arrange themselves on the MgO~100!
surface. Gas phase Au clusters have been characterize
great detail for small sizes, showing a tendency for pla
structures up to 10—15 atoms.37,38At larger sizes 3D struc-
tures are preferred, with a preference for close-packed c
octahedral, icosahedral, or decahedral shapes.39 Recently, a
very interesting tetrahedral shape linked to a closed-s
electronic structure has been found for Au20.40 Oxide-
supported clusters are less well characterized, but some
perimental studies of the structural features of nanosized
clusters on MgO show that, in many cases, perfectly reg
Au particles are able to grow epitaxially on the substra
exposing a Au~100! facet at the top,41–44 meaning that a
Au~100!/MgO~100! interface is formed. The reason for th
can be traced back to the rather small mismatch between
experimental lattice parameters of bulk Au~4.08 Å! and
MgO ~4.20 Å!, meaning that only a 3% strain is necessa
for the epitaxy to occur. With our theoretical approach,
reproduce this small mismatch with theoretical lattice para

TABLE I. PW91 and RPBE binding energies~in eV! for O2,
CO, and CO2. For the latter, the heat of dissociation into CO a
atomic O is given. The experimental values~quoted after the re-
moval of zero-point energies! are taken from Ref. 35. Also given
are the resulting reaction energies for the 2CO1O2→2CO2 reac-
tion.

PW91 RPBE Expt.

O2 5.88 5.53 5.23
CO 11.27 10.91 11.24
CO2 6.32 5.99 5.63
2CO1O2→2CO2 6.76 6.45 6.03
4-2
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TABLE II. Adhesion potential energy and formation energy~both in eV! of several Au adsorbate struc
tures on MgO~100!. See Fig. 1 for sketches of each structure. The formation energies are given per a
the Au system, whereas the adhesion potential energies are calculated per Au atomin contact with the
substrate. The bulk Au cohesive energy per atom is shown for comparison. The Au-Au coordination n
of Au in contact with the MgO surface is given for each system.

Au-Au Au Adhesion energy Formation energy
System coordination no. layers RPBE~PW91! RPBE ~PW91!

Au atoma 0 1 20.56(20.89) 20.56(20.89)
Au2

b 1 2 20.99(21.36) 21.54(21.86)
Au3

b 2 2 20.44(20.68) 21.36(21.74)
Au rod a 3 1 20.05(20.24) 21.46(21.90)
Au rod b 5 2 20.16(20.38) 21.78(22.30)
1 ML Au a 4 1 10.01(20.14) 21.73(22.20)
2 ML Au b 8 2 20.14(20.31) 22.10(22.67)
3 ML Au b 8 3 20.12(20.29) 22.25(22.83)
5 ML Au b 8 5 20.10(20.27) 22.33(22.93)
Bulk Au 22.46(23.08)

aAll Au atoms at Au/MgO interface.
bOnly some Au atoms at the Au/MgO interface.
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eters of 4.22 Å~4.18 Å! for Au and 4.30 Å~4.25 Å! for MgO
with the RPBE~PW91! XC description. We therefore choos
in this paper to focus on the Au~100!/MgO~100! epitaxy.

A. The AuÕMgO interface

We start by considering the properties of the Au/Mg
interface, addressing the questions of the Au-MgO alignm
at the interface and the energetics of the Au-MgO adhes
as a function of the Au coverage. In Table II we summar
the results obtained for the adhesion of a single Au atom
Au2 dimer, one-dimensional Au rods, and extended Au t
films to MgO~100!. A two-layer-thick MgO slab was em
ployed in the calculations, as we checked that an increas
the oxide slab thickness up to four layers, only leads to t
changes~smaller than 0.01 eV! in the adhesion energies. Fo

FIG. 1. ~Color online! RPBE and PW91 adhesion potential e
ergies as a function of the Au-O bond distance. Sketches show
different structures studied.
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some of the systems considered, three locations of the
atoms relative to the MgO~100! substrate were studied, wit
Au atoms either on top of oxygen or magnesium atoms, o
a hollow site. The results of this investigation are presen
in Table III. In all cases studied, the O-top site is strong
favored. When constructing reasonable models for nm-si
Au clusters on MgO, Au atoms can therefore be assume
be in registry with the oxygen atoms. Returning to Table
several interesting effects are noticed. First, let us comp
the two following types of systems:~a! absolutelyall the Au
atoms are in contact with the substrate and~b! other arrange-
ments consist ofseveralAu layers. The systems belonging t
the ~a! category appear much more weakly bound to Mg
than those of the~b! category. This becomes apparent wh
comparing relatively analogous situations, i.e., a single
atom and a Au2 dimer oriented perpendicularly to the su
face, a one-dimensional Au rod two atoms wide, either o
or two layer thick, or an extended Au monolayer and lay
two or more atoms thick. A beneficial effect is achiev
when Au atoms are on top of the ones in contact with
substrate. As a consequence, 3D growth of Au on MgO
clearly favored, even for very small clusters. The presenc

he

TABLE III. RPBE ~PW91! adhesion potential energies for A
atoms or ML at several sites of the MgO~100! surface~in eV!.

System O top Hollow Mg top

Au atom 20.57 20.44 20.31
(20.88) (20.72) (20.51)

1 ML Au 10.01 10.02 10.02
(20.14) (20.12) (20.09)

2 ML Au 20.14 20.04 10.02
(20.31) (20.17) (20.08)

3 ML Au 20.12 20.03 10.07
(20.29) (20.17) (20.06)
4-3
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L. M. MOLINA AND B. HAMMER PHYSICAL REVIEW B 69, 155424 ~2004!
this effect also indicates that the planar structures found
small free Aun clusters (n&10) ~Refs. 38, 45 and 46! are
likely to arrange perpendicular, and not parallel, to the M
substrate when adsorbed over it. We have checked that th
indeed the case for Au3, which binds in a perpendicular a
rangement with two Au atoms on top of two substrate
atoms and the third Au atom on top of them, rather than a
flat lying triangle. Finally, let us note that this happens wh
substrate vacancies are absent: for TiO2, indications point to
preferred ‘‘lying down’’ configurations for very small Au
clusters whenever vacancies are present.47 The second effec
is a general increase in adhesion as the Au-Au coordina
of the Au atoms in contact with the substrate decreases.
statement does not, however, always apply: the binding
hancement due to having two-layered systems is always
perposed to the coordination effect and can even overrul
For example, an extended Au monolayer binds more wea
than a bilayer, although the coordination in the first case
and in the second case 8. The same happens with Au2 and
Au1, or with the~a! and~b! types of 1D Au rods. Comparing
analogous situations with the same number of ‘‘layer
however it is clear that less coordinated Au atoms bind m
strongly to MgO. Finally, for extended Au overlayers th
adhesion energy slowly decreases with the number of la
~leaving aside the anomalous case of 1 ML!.

It is interesting to note that a direct correlation betwe
the calculated adhesion energies and the Au-O equilibr
distance is found~see Fig. 1!. Shorter Au-O bond distance
result in a stronger Au-substrate binding. In order to stu
the origin of the adhesion between Au and MgO, and
clarify the strong changes that occur as the Au-Au coordi
tion or number of Au layers vary, we plot in Fig. 2 the in
duced electron charge densities for several model syste
The induced charge densities are defined as the differen

FIG. 2. ~Color online! Induced charge densities~see text! for
various continuous and discrete Au structures adsorbed on M
rmax and rmin denote the maximum and minimum charge-dens
differences, andDr the interval between contours.
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% ind5%~Au/MgO!2%~Au!2%~MgO!,

between the charge density of the complete Au/MgO sys
and the ones for the Au and MgO subsystems. This dif
ence is positive in the regions where the electronic cha
accumulates upon formation of the complete system,
negative where the charge is depleted. The charge-den
contours are shown for 1 ML Au, 2 ML Au, one free A
atom, and a Au2 dimer. For an easier visualization, the 3
charge densities have been averaged along they coordinate
and plotted alongx andz. A sizable charge transfer from th
oxygen atoms in the first layer of the oxide to Au can
observed. Comparing 1 and 2 ML of gold, or 1 Au atom w
a Au2 dimer, it becomes clear that the presence of extra
atoms above the contact region enhances the charge tran
and consequently the adhesion. Also, a comparison of 1
Au with a single Au atom clearly shows that the magnitu
of the charge transfer becomes larger as the coordina
decreases, resulting again in a stronger binding.

Concluding the adhesion study, we note that the cal
lated adhesion potential energy is generally small, which
in agreement with a bonding mechanism based mainly
polarization and weak ionic bonding.48,49 Using the most fa-
vorable value,20.31 eV ~or 20.55 J/m2) per Au contact
area~obtained for the 2 ML thin film at the PW91 level!, this
energy is clearly too moderate to cause 3D structures
spread over the support since this would simultaneously
ate more Au~100! surface which we calculate to cost 0.46 e
per Au atom (0.84 J/m2). We must stress that these valu
must be taken as approximate, since systematic errors
calculating DFT surface energies may occur.50,51 The ratio
Eadh to Esurf is, however, expected to be reasonably corre
Our density-functional-theory calculations thus show,
agreement with experiments, that the growth of Au on Mg
should occur in the form of 3D particles, and not as extend
2D structures.

B. Modeling AuÕMgO interface boundaries

We now focus on the problem of modeling the Au-Mg
interface boundary for nm-sized Au particles. In order
construct meaningful models, it is essential to discern h
these particles arrange on MgO. The Wulff-Kaiche
construction52,53 provides some help for this, predicting th
shape of large metal particles in thermodynamical equi
rium on a support in terms of a few parameters: the surf
energy of the crystal facets and the metal-oxide adhes
energy. Also, in the case of particles surrounded by an at
sphere, the adsorption bond strength of molecules from
gas phase should be taken into account.54 The Wulff-
Kaichew construction translates the minimization of t
~free! energy of the supported cluster into the geometri
prescription illustrated in Fig. 3. The clusters become po
hedral, exposing only low-index crystal facets. In the case
Au, packing requirements and the higher energy of
fcc~110! facet result in structures exposing only fcc~100! and
fcc~111! facets.55–57The presence of the substrate results i
truncation of such polyhedra, with the degree of truncat
determined by the metal-oxide adhesion energy.58,59 The
shape in Fig. 3~a! is derived using our theoretical values fo

O.
4-4
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THEORETICAL STUDY OF CO OXIDATION ON Au . . . PHYSICAL REVIEW B 69, 155424 ~2004!
the surface energies and the adhesion energy. In Figs. 3~b!–
3~f! we illustrate how the shape changes as the ratio betw
the surface energy and the adhesion energy changes.
larger the value of adhesion energy with respect to the
face energy of the interface facet, the larger the degre
truncation. When the adhesion energy equals the surface
ergy of the interface facet of the particle, the polyhedra
cut in half exactly~this is the limit of hemispherical shape
for supported liquid droplets!. When the adhesion energ
equals or exceeds the sum of the surface energies of
interface facet and the top facet, the limit of complete w
ting, i.e., 2D growth, is reached.

TEM observations by Pauwelset al.42 of Au nanoparticles
on MgO indeed show the formation of truncated Wulff pol
hedra similar to the sketch shown in Fig. 3~a!. The authors,
however, also provide evidence for the existence, at v
small sizes~1–2 nm!, of truncated pyramids with stronge
wetting. This is not at all surprising, since for small particl
the Wulff-Kaichew construction becomes uncertain: the ex
contribution for the formation energies of edges and corn
becomes important, as does the strain due to lattice mism

FIG. 3. ~Color online! ~a! Illustration of the Wulff-Kaichew con-
struction. For all crystalline planes, vectors normal to the planes
plotted starting at the origin, having lengths proportional to
surface~free! energy of the planes~typically only low Miller index
planes are relevant!. At the apex of every vector a normal plane
plotted, and the polyhedron enclosed by these planes shows
equilibrium shape of the unsupported cluster. For the suppo
cluster the shape is derived by letting the vector normal to
interface plane be proportional to the surface energy of this p
minusthe adhesion energy.~b!–~f! Truncated Wulff polyhedron in
the case of~b! very small wetting (Eadh!Esurf); ~c!–~e! increasing
degree of wetting (Eadh50.5Esurf , Eadh5Esurf , Eadh51.5Esurf); ~f!
complete wetting (Eadh.2Esurf).
15542
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between Au and the oxide, in the case of epitaxial growth
this regime, alternative structures begin to compete w
truncated Wulff polyhedra. For very small cluste
(,50 atoms) it is possible~although computationally very
demanding! to use DFT to compare the stability of compe
ing cluster shapes. In Fig. 4 we present the relaxed struct
of two different isomers of supported Au34: ~1! the truncated
Wulff polyhedron@Fig. 4~a!#, corresponding to the calculate
Esurf to Eadh ratio, and~2! the alternative, truncated pyram
dal cluster@Fig. 4~b!#, which looks more like a truncated
Wulff polyhedron with theEsurf5Eadh relation. The first
structure shows a smaller degree of wetting than the sec
structure. We find Au34 to be the ideal cluster size that allow
for the construction of both types of structures without intr
duction of defects in any of them. The latter feature is p
ticularly important, since it renders a direct comparison
the relative stabilities possible. In both cases, 2 ML of Mg
with a p(635) unit cell are used as the substrate; this e
sures a minimum cluster-cluster distance of 6 Å, lar
enough to make intercluster interactions negligible. T
PW91 self-consistent results show that both arrangem
have very similar stabilities, with the pyramidal one pr
ferred by about 0.2 eV, thereby confirming a transition
very small sizes from truncated Wulff polyhedra conformi
with the surface and adhesion energies to other structu
possibly with a larger degree of wetting. The same behav
has been demonstrated by semiempirical calculations fo
clusters on MgO,60 where the transition was observed to o
cur at'2 nm cluster diameter.

In order to gain insight into the reasons for this behavi
we have calculated the total energies of each isomerwithout
the MgO substrate, in the frozen structure corresponding
the final relaxed configuration with the presence of the s
port. The truncated Wulff polyhedron is more stable by 1.
eV than the truncated pyramid due to its more regular a
rounded shape~sharp corners are energetically unfavorab
except in very particular cases, cf. Ref. 40!. The evaluation
of the respective adhesion energies to the support results
much larger binding (24.38 eV) to MgO for the pyramid

re

the
d
e
e

FIG. 4. ~a! and ~b! Top and side views of two relaxed isome
~calculated using DFT at the PW91 level! of Au34 supported on
MgO~100!, with different degrees of partial wetting.
4-5
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L. M. MOLINA AND B. HAMMER PHYSICAL REVIEW B 69, 155424 ~2004!
than for the truncated Wulff polyhedron (22.72 eV) due to
the larger contact area in the former case~16 atoms! than in
the latter one~nine atoms!. Such extra binding compensate
for the intrinsic loss in structural stability, making the tw
structures almost equally stable. The non-self-consis
RPBE results differ slightly from the self-consistent PW9
favoring the truncated Wulff polyhedron by 0.35 eV due to
smaller value of the adhesion energies at the RPBE level~see
Table II!; the lack of extra stabilization provided by th
larger contact area results in a preference for the intrinsic
more stable shape. Leaving functional problems aside,
fundamental conclusion is that for these small sizes b
types of shapes are extremely close in energy and are li
to appear.

Having realized that the shape of the Au clusters va
with the cluster size, the relative abundance of possible
tive sites on the facets and at edges and corners betw
facets obviously varies with the cluster size as well. Mo
interesting, however, is the situation at the periphery of
Au-MgO interface region, where special types of sites app
for clusters in certain size ranges only. In modeling the
sites, we shall not describe very large clusters since
would be too CPU demanding~the structural relaxation o
the Au34 clusters above represents several weeks of e
parallel PC CPU’s!. Also, we shall not be using clusters o
more limited sizes, since for these we expect corner and e
effects to dominate. Rather, we will describe the straight s
tions of the Au/MgO interface boundary of nm-sized pa
ticles by the infinite, straight boundaries between o
dimensional Au rods and the MgO support. These syste
lend themselves to a representation in small periodic su
cells as required already by our use of a plane-wave basi
the electronic states. In Fig. 5 the Au rod system is illustra
and the structures of the four specific interface bound
models, type I-IV, are shown. Ap(532) MgO unit cell is
used as support, large enough to avoid spurious interact
both in thex direction ~due to interactions between the a
sorbates at the interface and the back of the model Au!
and in they direction. We checked that by enlarging the u
cell of the type-II interface fromp(532) to p(533) ~three
Au atoms per unit cell iny instead of two!, the RPBE ad-
sorption potential energy of a CO•O2 reaction intermediate
~to be discussed later! changes only from20.65 eV to
20.80 eV. From this, we judge that the finiteness of the u
cell will not affect the main conclusions of the study. Th
models reflect the different possibilities that are likely to a
pear as the cluster size increases. In the first place, term
tions like the one labeled type I are expected for very sm
clusters with a large degree of wetting. At a given size
transition should occur to the type-II interface, where
edge between two facets is in close proximity to the s
strate. This edge is in what can be thought of as the ‘‘eq
torial plane’’ of the Wulff polyhedron. Clusters of larger size
will have metal-oxide interfaces, as characterized by
type-III interface, where the edge is located further from
surface. Since the Au edge for the type-III interface is
from the substrate, this edge represents a good approx
tion to other edges formed by the intersection of~111! facets
around a large nanoparticle. Finally, we have explored
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other situation similar to the type-I case with a restrict
cluster height of 2 Au monolayers; this case is labeled
type IV. According to the discussion above, the~equilibrium!
formation of this type of interface would require a large a
hesion energy compared to the surface energy, which co
be achieved either through a high defect concentration in
oxide or through a large adsorption energy of adsorbate
the surface of the particle.

The four systems in Fig. 5 represent most of the situati
likely to be encountered in a regular Au particle supported
MgO. As we expect the general phenomena to be alre
present for these systems, we omit two other relevant ca
edges formed by an intersection of~111! and~100! facets at
the top of the particle and the perpendicular intersection
tween a~100! facet and the MgO substrate. In all cases, so
of the gold atoms around the edge~highlighted in the figure!
are relaxed freely. The remaining atoms are kept frozen at
equilibrium positions they attain in a calculation where
extended five-layer slab on top of MgO is allowed to rela
The procedure is necessary as the small difference in la
parameters between Au and MgO produces some chang
the Au interlayer distances. It must be stressed that the m
drawback of the present approach is the neglect of descri
corner sites. Although such sites are much less abun
~compared to edge sites! for a Au particle of;2 –3 nm di-
ameter, they are nevertheless expected to have a sizable
tribution to the overall particle reactivity, due to the lo
coordination. To gain some insight into the relative activiti
of corner and edge sites, we have simulated the adsorptio
CO around a Au34 cluster. A somewhat simplified mode

FIG. 5. ~Color online! ~a! Schematic illustration of the Au rods
used in modeling different Au/MgO interface boundaries.~b! Ball
and stick models of the four models considered.
4-6
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THEORETICAL STUDY OF CO OXIDATION ON Au . . . PHYSICAL REVIEW B 69, 155424 ~2004!
with only one MgO layer as support, has been employed
order to reduce the high computational cost of these sim
tions. The results are shown in Fig. 6. A clear distinction
observed between the activity of corner~c–e!, edge~f, g!,
and facet~h, i! sites, with larger CO binding energies fo
lower-coordinated sites. As corner sites are fairly active,
expect that an important part of a particle’s reactivity can
attributed to its corners~but, as stated already, for comput
tional reasons we focus in the remainder of this work on
reactivity of Au edges!. Apart from the coordination effect
we also find in Fig. 6 a sizable decrease in the CO bindi
energy for sites in the first Au layer~e, g!. We will show later
that this behavior can be understood in terms of a st
repulsion of CO by the MgO support.

In order to compare the electronic structure of finite clu
ters and the extended 1D rods used in our work, we pre
in Fig. 7 the total and local densities of states~LDOS! for the
two competing isomers of supported Au34, as well as for two
1D extended rods with shapes matching the ones of the fi
clusters. For an easier visualization, the LDOS’ are avera
along thex and y direction, and plotted as isocontours d
pending on energy and the heightz. In order to establish a
direct comparison of the values of the DOS around the Fe
level, for each case the LDOS values are scaled by a fa
related to the total number of electrons in the system, si
the calculations for the different systems considered invo
a variable number of atoms. As expected, the results sho
slightly more conductive character for the supported ro
than for the finite clusters. Also, it is interesting to note th
the values of the DOS at the Fermi level are larger for s

FIG. 6. ~Color online! ~a,b! Top and side views of a supporte
Au34 cluster, with labels marking several possible CO binding si
~c–i! Relaxed structures and adsorption potential energies~in eV!
for CO adsorption at Au34; each panel is labeled by the correspon
ing site, defined in the upper panels.
15542
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tems~both clusters and rods! with a stronger degree of partia
wetting. The moderate difference between finite clusters
1D rods gives us confidence in the reliability of the pres
approach.

Finally, as mentioned in the Introduction, we will stud
the reactivity of Au~100! and Au~111! facets. In this case, we
approximate finite cluster facets by extended Au slabs f
layers thick~with the first two relaxed!. Since these system
are not supported we use here the Au lattice constant, m
ing that we model cluster facets without strain, which is t
appropriate condition for large clusters.61

IV. CO OXIDATION REACTION

In this section we present the calculated adsorption
reaction configurations for O2 and CO and related specie
along the reaction path for the catalytic oxidation of CO. W

.

-

FIG. 7. ~Color online! Local ~lower panels! and total ~upper
panels! densities of states around the Fermi level~0 eV! for a sup-
ported Au34 cluster~a and b!, one-dimensional Au rods~c and d!,
and Au slabs seven atoms thick~e!. Labels in they axis indicate the
position of each atomic plane. See text for details.
4-7
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L. M. MOLINA AND B. HAMMER PHYSICAL REVIEW B 69, 155424 ~2004!
will be working with the implicit assertion that a low adso
bate coverage situation is of relevance for the working ca
lyst. One adsorbate at a time is brought into contact with
various Au surfaces. At a first glance at the overall reacti

CO1 1
2 O2→CO2,

it seems likely that the reaction will proceed as a Langmu
Hinshelwood reaction with separate CO adsorption and
sociative O2 adsorption steps, followed by CO1O recombi-
nation and CO2 desorption steps:

O2→2O~a!,

CO→CO~a!,

CO~a!1O~a!→CO2.

We will refer to this set of reaction steps aspathway I. As
will become apparent below, our calculations suppor
slightly more elaborate set of reaction steps,pathway II, in-
volving a CO•O2 reaction intermediate:

CO→CO~a!,

CO~a!1O2→CO•O2~a!,

CO•O2~a!→CO21O~a!,

CO~a!1O~a!→CO2.

Each reaction step will be discussed in detail below.

A. Molecular and atomic oxygen bonding

Since the formation of surface oxides has been identi
as an important factor in the catalytic activity towards C
oxidation on transition and noble metals,62–66we start out by
investigating the adsorption of molecular and atomic oxyg
at each of the several Au and Au/MgO systems conside
The special character of the low-coordinated sites at
edges of Au clusters makes the possibility of a high oxyg
binding at those sites an interesting matter of considerat
The results, however, show that molecular O2 binds very
weakly to every type of edge site. In Fig. 8 we plot the m
stable bonding configurations for O2 at the type-I, -II, -III,
and -IV interfaces. With small differences, in all the cases
self-consistent RPBE potential energies indicate an endot
mic adsorption reaction, whereas the non-self-consis
PW91 data only show a weakly exothermic adsorption
havior ~cf. Table IV!. The same weak O2 adsorption is found
for both Au~100! and Au~111! facets and for 2 ML thin films
of Au on MgO. Along with the weak adsorption energetic
we find O2 adsorbed in a superoxo state, with its bond len
enlarged from 1.24 Å~gas phase value! to ;1.35 Å, having
a magnetic moment of;0.8mB . This is consistent with O2
adsorption simulations for O2 at Pt, where a similar superox
state is found~now strongly bound!, together with a peroxo-
like state of similar stability and with a;1.43 Å bond length
and zero magnetic moment.67,68

The most stable configurations~and corresponding RPBE
adsorption potential energies! for atomic oxygen adsorbed o
15542
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type I-IV edges are shown in Fig. 9. The atomic oxyg
shows a marked tendency to bind at low-coordinated e
sites. Binding energies at Au~100! or Au~111! facets are
much smaller~see Table IV!. A coordination effect clearly
exists11,12 that will be examined in further detail in th
Analysis section. Besides, the atomic oxygen always pre
to attach at bridge sites between two Au atoms; only in
case of Au~100! facets hollow sites become competitive.
all cases, top sites are strongly unfavorable. O-binding
preferences at transition metals have been interpreted by

TABLE IV. RPBE reaction energies~in eV! for molecular and
dissociative O2 binding at different types of edges and facets. PW
results are shown in parentheses. In all cases, the energies a
ferred to O2(g). The adsorption sites are described for most syste
in Figs. 8 and 9. For Au~100! and Au~111!, the adsorption sites are
the bridge site for atomic O@with the hollow site rather close in
energy for Au~100!# and a bridging site with the molecular ax
parallel to the surface for molecular O2.

Type I Type II Type III Type IV~a!

O2→O2(a) 10.21 10.10 10.09 10.05
(20.16) (20.20) (20.19) (20.31)

Type IV ~b! 2 ML Au/MgO Au~100! Au~111!

10.05 10.22 10.13 10.11
(20.18) 10.01 (20.02) (20.01)

Type I Type II Type III Type IV~a!

O2→2O(a) 20.29 10.19 10.71 20.82
(20.77) (20.40) (10.28) (21.26)

Type IV ~b! 2 ML Au/MgO Au~100! Au~111!

10.50 10.39 10.97 11.54
(10.02) (20.09) (10.41) (10.97)

FIG. 8. ~Color online! Lowest-energy arrangements and se
consistent RPBE adsorption potential energies of molecular O2 at
type I-IV edges.
4-8
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THEORETICAL STUDY OF CO OXIDATION ON Au . . . PHYSICAL REVIEW B 69, 155424 ~2004!
belman in terms of an interplay between screening and in
layer bonds.69 Let us highlight that, with very few excep
tions, O2 dissociation into adsorbed atomic oxygen is
endothermic process~in agreement with the nobleness
gold!.70 The exceptions are extremely interesting, as th
always occur when oxygen is found at sites in direct con
with the substrate. In such cases@Figs. 9~a!, 9~b!, and 9~e!#
oxygen binds to both low-coordinated Au atoms and a
substrate ion. The short O-Mg distance~2.2 Å, very close to
the 2.15 Å O-Mg bond distance in bulk MgO! strongly sug-
gests an O22 electronic configuration for the adsorbed
atom. We will later analyze the origin of this effect. Finall
we must comment that the system formed by two Au mo
layer thin film on MgO possesses some special features
cerning the binding of atomic oxygen. The extremely th
character of the Au overlayer results in a sizable increas
atomic O binding with respect to a Au~100! surface. This fact
can be attributed to several simultaneous effects: first,
epitaxial growth of extended Au layers expands the Au eq
librium lattice parameter by;2% ~i.e., the difference be-
tween Au and MgO!, making the overlayers slightly mor
reactive. We have checked this point by performing ad
tional calculations on a Au~100! surface modified by expand
ing the unit cell in thex andy directions in such a way as t
match the lattice expansion for the Au/MgO system. T
RPBE ~PW91! adsorption potential energy of atom
oxygen changes from10.97 eV (10.41 eV) to10.83 eV
(10.27 eV), i.e., in the direction of less endothermic rea
tion energetics. Other effects that must be responsible for
remaining binding enhancement are the reduced dimens
ality of the overlayer and the possibility of adsorbate-ox

FIG. 9. ~Color online! Self-consistent RPBE adsorption pote
tial energies of atomic oxygen at several sites of type I-IV edg
The energies are calculated asEads5E(O/Au/MgO)2 1

2 E„O2(g)…
2E(Au/MgO).
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interactions through the Au film. The latter has been iden
fied and analyzed for N adsorption at Pd films supported
MgO.71

B. O2 dissociation

From the adsorption energetics of molecular and ato
oxygen adsorption just presented, it follows that althou
molecular O2 does not easily bind to Au, its dissociation in
atomically adsorbed oxygen can in some cases be ener
cally favorable. This, in principle, could represent the fi
stage of the CO oxidation reaction, as outlined above.
order to be kinetically feasible at low temperatures, the a
vation energy barrier for the O2 dissociation must be low
Therefore, we have calculated the energy barrier for s
process at a variety of configurations in the case of the typ
interface, a situation which shows a relatively strong bind
of atomic oxygen. The results for the most favorable ca
~that is, the one with the lowest barrier! are presented in Fig
10. The barrier is, even in this seemingly favorable ca
rather large~more than 1 eV!, and the relevance of process
involving direct splitting of O2 will hence be low around
room temperature. The TS is located at O-O bond distan
around 2 Å. Also rather large barriers have been calcula
by Yoon et al. for the O2 dissociation at small unsupporte
Au clusters.27

Additional calculations for the dissociation of O2 at a
Au~100! surface show that the energetics of this reaction
very sensitive to the structural details. Placing molecular2
in a hollow site~see Fig. 11! and breaking it into two oxygen
atoms at bridge sites results in an energy barrier~1.50 eV
with RPBE, 0.95 with PW91! which is lower than that found

s.

FIG. 10. ~Color online! PW91 and RPBE potential-energ
curves along the dissociation pathway for O2 at the type-I interface.
The sketches represent the initial and final states. The large di
ence~more than 0.5 eV! between RPBE or PW91 barriers~calcu-
lated with respect to gas phase O2) reflects the great differences i
the PW91 and RPBE descriptions of the O2-Au binding. When the
intrinsic activation energy for dissociation is calculated with resp
to preadsorbed O2, similar results are obtained with the two func
tionals.
4-9
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L. M. MOLINA AND B. HAMMER PHYSICAL REVIEW B 69, 155424 ~2004!
at the type-I interface. This is due to the relative proxim
between two favorable bonding situations for both the ini
~superoxo O2

2 molecule with each oxygen atom slight
bonded to two Au atoms in a near-bridge configuration! and
final ~each separate oxygen atom placed at a bridge site
most stable location! states. It must be remarked that a n
ticeable difference between the binding energy of the fi
state and the one for two adsorbed oxygen atoms is s
indicating a sizable O-O repulsion between the two co
sorbed oxygen atoms in the final state.

The potential-energy surface of O2 along the reaction path
shows some interesting features. At distances relatively
(.3 Å) from the surface, the O2 properties resemble th
ones of a free molecule, with an equilibrium bond length
1.24 Å and a magnetic moment of 1.9mB . No sizable bind-
ing of O2 to Au is found at this stage. As the molecule a
proaches the surface, it loses its magnetic moment and
comes trapped in a metastable superoxo O2

2 state with a
bond length of 1.37 Å. Although the short O-Au distanc
~2.4 Å! indicate the presence of some binding~and its meta-
stable character further confirms this!, the disappearance o
the magnetic moment reduces the overall binding ene

FIG. 11. ~Color online! Reaction potential energy and spin fo
the dissociation of O2 at a Au~100! surface and at two extended A
layers adsorbed on MgO. The sketches represent the various
figurations along the path. The triangles represent the values o
magnetic moment for the O2 molecule.
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resulting in a nonbinding character of adsorbed O2 in this
configuration. From that point, the energy along the react
path increases as the O-O bond distance is enlarged, an
TS state is found again at a distance of 1.9–2.0 Å. At t
point we observe a quite striking behavior for the magne
moment, which is quickly recovered at O-O distances arou
the transition state. This helps us to stabilize the TS and
lower the energy barrier for dissociation. A further enlarg
ment of the O-O bond distance leads again to a decreas
the magnetic moment, which is nearly lost for the final st
with two oxygen atoms bonded on neighboring bridge si
and separated 3.0 Å from each other.

In the case of the two Au monolayer films adsorbed
MgO, the low dimensionality of the system has the effect
substantially reducing the energy barriers to values betw
0.5 and 1 eV~see Fig. 11!. This is, we believe, the mos
interesting result, showing how finite-size effects may pos
bly increase the reactivity of a metal cluster. For our pres
purposes, modeling clusters of Au supported to MgO,
must, however, note that the thin Au film is an unlike
model, serving here only the purpose of a gedanken sys
Also, we note that even with the relatively low barrier for O2
dissociation, this Au system is not likely to show an over
high CO2 formation along pathway I in comparison wit
what will be presented below for the type-II interface alo
pathway II. The deficiency of the monolayer film stems fro
a slightly endothermic O2 dissociation and a weak adsorptio
of CO on the film.

C. CO bonding

The binding of CO at Au edges shows a very differe
behavior from the one calculated for O2. In Fig. 12 we show
the relaxed configurations for each of the Au edges un
study. The corresponding adsorption potential energies
reported in Table V. In the case of the type-II, -III, and -I
interfaces, we obtain fairly large CO-Au binding energies

on-
he

FIG. 12. ~Color online! Most stable configurations of CO at th
type I-IV interfaces, with the corresponding RPBE adsorption p
tential energies. For the type-IV case the upper~a! and lower~b!
arrangements of CO are shown.
4-10
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THEORETICAL STUDY OF CO OXIDATION ON Au . . . PHYSICAL REVIEW B 69, 155424 ~2004!
about 0.4 eV on top of Au atoms at the edge. CO show
marked tendency to bind in the ‘‘equatorial plane’’ relative
the Au edge, and any inclination out of this plane leads t
sizable loss of stability. On the contrary, CO is found
diffuse very easily along the edges, with binding energ
only marginally smaller at Au-Au bridge sites. In contra
for very small Au clusters a clearer preference for top s
has been found,72 but of course in this latter case corn
effects are expected to dominate~cf. Fig. 6!. CO binds at the
type-IV edge@configuration~a!# slightly more strongly than
at type-II or -III edges. This is probably due to the sam
low-dimensional effect that makes adsorbates bind m
strongly to 2 ML Au/MgO than to a Au~100! surface. The
binding of CO at Au~100! or Au~111! facets, or 2 ML Au/
MgO, is much weaker than at the edges. CO therefor
expected under reaction conditions to be strongly conc
trated at the edges~and corners! of Au nanoparticles. Inci-
dentally, we have checked that the binding of CO at the M
substrate can be neglected, with only20.13 eV~PW91! and
10.05 eV~RPBE! adsorption potential energies on top of
Mg atom ~the most stable site!. The significant binding at
low-coordinated Au atoms agrees well with experimen
evidence for edge atoms as the only active sites availab
CO adsorption on titania-supported Au clusters.73 Neverthe-
less the values obtained are moderate enough to con
that, at room temperature, CO will reversibly adsorb at th
sites. Low CO desorption temperatures have been meas
on small supported Au particles by Shaikhutdinovet al.,74

who also note that adsorption of CO exhibits a size effec
that small particles adsorb CO more strongly. Finally,
situation at the type-I and type-IV edges@conformer~b!# de-
serves special attention. In this case, CO shows an ano
lous low binding of 0.2–0.3 eV and attains a bent config
ration. This finding has important implications for th
reactivity of type-I interfaces: as both CO and O2 bindings
are weak, the production of CO2 based on pathway II will be
strongly hindered, as the first stage of the reaction~CO bind-
ing! is difficult to attain. For the type-IV case, this is not s
dramatic, as the possibility of strong CO bonding exists
the upper configuration.

D. CO¿O2 reaction

As we have already seen that CO is able to bind at lo
coordinated Au sites, from now on we will focus on th
study of CO2 formation following pathway II, along which
an adsorbed CO molecule reacts directly with an O2 from the

TABLE V. RPBE and PW91 adsorption potential energies
CO ~in eV!.

Type I Type II Type III Type IV~a!

RPBE 20.21 20.37 20.41 20.48
PW91 (20.50) (20.69) (20.72) 20.80

Type IV ~b! 2 ML Au/MgO Au~100! Au~111!

RPBE 20.31 20.21 20.21 10.02
PW91 (20.61) (20.62) (20.60) (20.26!
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gas phase. Starting from the most stable configuration
CO in each case, we have simulated the approach and b
ing of molecular O2 to CO for all systems under study@type
I-IV edges, Au~100! and Au~111! facets, and 2 ML Au/
MgO#. The energetics for the reaction are shown in Fig.
~see Table VI for numerical values!. The reaction proceeds in
several stages. First, the reaction of O2 with adsorbed CO
leads to the formation of a rather stable CO•O2 reaction
intermediate. In Fig. 14 we plot the most stable configu

f

FIG. 13. RPBE reaction energetics for the CO1O2→CO2

1O(a) reaction.~a! Type I-II Au/MgO interfaces;~b! type III-IV
Au/MgO interfaces;~c! Au~111! and Au~100! facets and 2 ML Au/
MgO.
4-11
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L. M. MOLINA AND B. HAMMER PHYSICAL REVIEW B 69, 155424 ~2004!
tions of this complex at the four different Au-MgO inte
faces. It is noteworthy that for the type-II interface two po
sible conformations with comparable stabilities exist, o
completely perpendicular to the edge~and slightly more
stable! and another at an oblique orientation with respec

TABLE VI. Reaction energiesDE and activation energiesEa

for the two stages of the CO~a!1O2(g)→CO21O(a) reaction, cal-
culated at the RPBE and~PW91! levels ~in eV!.

CO(a)1O2→CO•O2(a)
Type I Type II a Type II b Type III

DE 20.46 20.40 20.28 20.04
(21.01) (20.99) (20.83) (20.46)

Ea 0.32 0.50 0.14 0.28
(20.14) (0.07) (20.14) (20.01)

Type IV 2 ML Au/MgO Au~100! Au~111!

DE 20.25 20.01 0.00 10.11
(20.71) (20.47) (20.47) (20.43)

Ea 0.41 0.29 0.29 0.35
~0.10! ~0.00! ~ 0.02! ~0.03!

CO•O2(a)→CO21O(a)
Type I Type II a Type II b Type III

DE 22.69 22.57 22.45 22.40
(22.27) (22.20) (22.04) (22.06)

Ea 0.33 0.23 0.27 0.24
~0.34! ~0.28! ~0.28! ~0.17!

Type IV 2 ML Au/MgO Au~100! Au~111!

DE 22.87 22.70 22.51 22.56
(22.48) (22.26) (22.21) (22.21)

Ea 0.37 0.33 0.40 0.41
~0.38! ~0.35! ~0.40! ~0.39!

aPerpendicular conformer@Fig. 14~b!#.
bOblique conformer@Fig. 14~c!#.

FIG. 14. ~Color online! CO•O2 relaxed structures at~a! the
type-I, ~b! type-II ~perpendicular conformer!, ~c! type-II ~oblique
conformer!, ~d! type-III, and ~e! type-IV interface boundaries. Fo
each structure the corresponding RPBE potential energy@calculated
with respect to CO~g! and O2(g)] is given.
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the edge. This CO•O2 intermediate is characterized b
;120° O-C-O and O-C-Au angles and an O-O peroxo bo
of about 1.45 Å~and zero magnetic moment!. From a chemi-
cal point of view, the formation of the complex involves tw
major changes:~1! the transformation of the triple C-O bon
in CO to a double bond, accompanied by the formation o
strong single bond between CO and O2, and~2! the change
from a double O-O bond in O2 to a peroxo bond, togethe
with the formation of a strong O-Au single bond. The findin
that CO•O2 forms as a reaction intermediate is in acco
with the identification of this very complex by vibrationa
spectroscopy for the CO1O2 reaction on gas phase A
monomers at very low temperatures,75 with the observation
of cooperative CO and O2 adsorption on various anionic Au
clusters,76,77 and with recent density-functional theor
calculations.78

The most remarkable fact about the formation of t
CO•O2 reaction intermediates is the very low-energy bar
ers involved. Only CO•O2 at either the type-II interface in a
perpendicular orientation~0.5 eV! or at the type-IV interface
~0.4 eV! is slightly more difficult to form, with RPBE acti-
vation energies of the order of 0.2–0.3 eV for the rest of
interfaces~only 0.14 eV in the oblique configuration at th
type-II interface!. It is also remarkable that in most cases t
non-self-consistent PW91 results providenegativeactivation
energies based on the RPBE-derived transition states, m
ing that at the PW91 level the process is not activated,
O2 can even bind to CO without having to overcome a
barrier. This shows a marked tendency of CO bonded to
to incorporate O2 and to form the CO•O2 intermediate. Fig-
ure 15 shows the potential energy~RPBE and PW91! along
the reaction path for the formation of CO•O2 in its oblique
configuration at the type-II interface. The energy referenc
taken as the total energy of the interface with CO adsor
and O2 in the gas phase. The potential-energy surface is v
flat up to a point past the transition state, where the OC-
single bond is formed and the energy suddenly decrease

FIG. 15. ~Color online! Potential energy along the reaction c
ordinate for the formation of CO•O2 at the type-II interface in the
oblique orientation. The inset shows the structure at the transi
state, indicating relevant interatomic distances.
4-12
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THEORETICAL STUDY OF CO OXIDATION ON Au . . . PHYSICAL REVIEW B 69, 155424 ~2004!
the CO•O2 intermediate is formed. As just mentioned, no T
is found at the PW91 level, with CO•O2 being formed
smoothly from gas phase O2.

The larger value of the energy barrier to form CO•O2 in
its perpendicular configuration at the type-II interface can
rationalized in terms of a too close distance in the TS of
O2 and the MgO substrate~see Fig. 16!. It is important to
stress that molecular O2 by itself does not bind to MgO; we
calculate ~PW91 self-consistent! an equilibrium height of
3.15 Å above the surface~in the absence of Au! with a very
weak physisorption minimum (10.02 eV with RPBE,
20.04 eV using PW91!. In the configuration shown in Fig
16, the lower oxygen atom in O2 is located 2.26 Å above the
surface, which is energetically unfavorable. The effect
completely reversed once the O2 is part of a CO•O2 inter-
mediate, in which case~as we show below! a fairly strong
attractive interaction to the substrate occurs. We have
plored the possibility of the perpendicular orientation of t
CO•O2 intermediate to be formed by a rotation of the pr
formed intermediate in its oblique configuration~see Fig.
14!, instead of direct bonding of gas phase O2 to adsorbed
CO. The results show the presence of a rather high-en
barrier~larger than 0.5 eV! for the O2 capture via the rotation
pathway. The large barrier builds up because the rota
involves the breaking of the strong bond between the ter
nal oxygen atom in CO•O2 and a bridge site between two A
atoms; in the TS that terminal oxygen atom is placed on
of a Au atom, which is not a very stable location~as seen
before, either atomic oxygen or terminal oxygen atoms
CO•O2 intermediates strongly prefer to bind at bridgin
sites!. Therefore, it can be concluded that although a rema
ably stable perpendicular configuration can be formed at
type-II interface, the special geometrical features of the s
tem prohibit its formation and leave the formation of t
~also relatively stable! oblique configuration more likely to
occur.

FIG. 16. ~Color online! Structure of the transition state for th
formation of CO•O2 at the type-II interface, in its perpendicula
orientation. The structure of the final-state configuration is sketc
as dashed circles.
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The structures and the relative stabilities of the CO•O2

complexes vary strongly with the structure of the Au-Mg
interface. For the I and II cases, the complex binds very n
to the MgO support with an enhanced binding between
and 0.4 eV larger than the binding of CO alone. On t
contrary, on interface III the CO•O2-MgO distance in-
creases, and a sizable decrease of the stability of the in
mediate occurs. In this latter case the reaction CO(a)1O2
→CO•O2(a) becomes nearly thermoneutral. The react
energetics at the type-IV interface boundary shows b
large CO and CO•O2 stability, but here a sizable barrier i
present for the CO•O2 formation. Altogether, reaction
through the oblique CO•O2 conformer at interface type I
@thick full line in Fig. 13~a!# appears to constitute the mo
favorable reaction path. We return to the cause of this in
Analysis section.

Moving to the CO•O2 formation at the planar Au facets
we show in Fig. 13~c! the reaction energetics for the thre
extended systems under study: 2 ML Au on MgO, Au~100!,
and Au~111!. The reaction appears to be able to proce
without particularly high barriers, but in comparison with th
interface systems considered above we note two effects
will effectively hinder a high reactivity of the planar sys
tems: first, CO shows a rather weak binding and, second,
formation of the CO•O2 intermediate~see structures in Fig
17! is a thermoneutral or slightly endothermic process. T
Au monolayers on MgO show a slight enhancement of
binding with respect to the Au~100! case, but the overal
picture is the same. We therefore conclude that in the cas
thin 2D Au clusters adsorbed on MgO, only the Au/Mg
interface boundary would seem to be able to catalyze
reaction.

The last stage of the reaction involves the breaking of
CO•O2 intermediate into CO2 and atomic oxygen left behind
adsorbed in the Au particle. The energy barrier for this re
tion is fairly constant for all systems studied, and amounts
around 0.3–0.4 eV@see Fig. 18 for TS structure and energi
in the type-II~oblique! case#. The TS is found for an OCO-O
bond distance of about 1.7 Å. This is not at all surprisin
since this barrier is strongly related to the intrinsic propert
of the peroxo O-O bond within the CO•O2 complex. The
unstable character of the peroxo O-O bond makes
CO•O2 intermediate work as a ‘‘trapping state,’’ since on

d

FIG. 17. ~Color online! Side and top views of CO•O2 relaxed
structures at~a! 2 ML Au/MgO, ~b! Au~100!, and~c! Au~111! sur-
faces.
4-13
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L. M. MOLINA AND B. HAMMER PHYSICAL REVIEW B 69, 155424 ~2004!
the complex is formed the only way out of it is the dissoc
tion into CO2 and O~a!. These reasons support the idea of t
rate-limiting step in the reaction to be the capture of O2 by
CO. After overcoming the moderate energy barrier, the C2
part of the intermediate quickly distorts to the linear shape
the free CO2 molecule, breaking at the same time the C-A
bond. CO2 immediately desorbs with an energy release
about 2.5–3 eV, depending on the Au/MgO system at wh
the reaction takes place.

E. CO¿O„a… reaction

In order to complete the study of the catalytic cycle po
sibly performed by Au clusters, it is important to ensure th
atomic oxygen left behind after the reaction between CO
molecular O2 does not pollute the active sites. Therefore,
have studied in detail the reaction between adsorbed ato
oxygen and CO, in a variety of environments. Figure 19~a!
shows the pathway involving the lowest-energy barrier
the reaction at the type-I interface. Trying different orien
tions of CO relative to O for the initial state~at a neighboring
edge site and at a neighboring facet site, being preadso
on top of a Mg atom in the substrate, or coming directly fro
the gas phase!, we find the latter possibility to be the pre
ferred one. The smallness of the barrier~0.30 eV using
RPBE or 0.05 eV using PW91! means that any atomicall
adsorbed oxygen can readily be reacted off by CO from
gas phase, thereby closing the catalytic cycle.

The type-II interface constitutes a very interesting ca
The rather hidden location of the adsorbed O atom could
principle, be considered as an obstacle for its detachm
The situation however is exactly the contrary. The calcula
binding energy of CO to a Au edge siteexactly on top of the
adsorbed Ois actually slightly larger (20.41 eV with RPBE
and 20.74 eV employing PW91! than the corresponding
binding energy at a completely clean edge. Oxygen-cove
edges therefore to some extent work as attractors for
Furthermore, calculations for the reaction between a pre

FIG. 18. ~Color online! Potential energy along the reaction pa
~in eV, referred to gas phase CO and O2) and view of the structure
at the transition state~with some relevant bond distances indicate!,
for the breaking of the CO•O2 intermediate into CO2 and atomic
oxygen at the type-II interface~oblique conformer!.
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FIG. 19. ~Color online! Reaction energetics and paths for th
reaction between CO and the atomic oxygen left after the reac
between CO and molecular O2, for ~a! type-I and~b! type-II inter-
faces, and for~c! 2 ML Au on MgO and~d! Au~100! surfaces. The
potential energy is calculated with respect to 2 CO and O2 in the
gas phase.
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THEORETICAL STUDY OF CO OXIDATION ON Au . . . PHYSICAL REVIEW B 69, 155424 ~2004!
sorbed CO and O show that the CO molecule easily dist
from its location at the equatorial plane and binds to O,with-
out any distinguishable barrier. After the formation of the
OC-O bond, the CO2 molecule becomes ‘‘trapped’’ at
nearly metastable state@see Fig. 19~b!# strongly resembling
the perpendicular configuration of the CO•O2 intermediate at
the type-II interface~but one oxygen atom short!. Neverthe-
less, such a state is calculated to be 0.8 eV less stable
the free CO2 molecule, and desorption is therefore expec
to take place without difficulty. In fact, the calculated rela
ation pattern obtained for a CO2 molecule shows a tendenc
towards desorption after passing through an extremely
potential-energy surface region.

Similar calculations performed on either the 2 ML Au o
MgO or the Au~100! surface also indicate a very reactiv
character of adsorbed atomic oxygen that can be very ea
removed by an incoming CO molecule@see Figs. 19~c,d!#. In
both cases, CO can adsorb at a bridge site in the vicinity
the preadsorbed O, with binding energies very close to
ones associated to adsorption at an originally clean surf
Afterwards, as CO and O approach each other, the en
steadily decreases with the formation of CO2 without the
buildup of any energy barrier. Along such a pathway the C
changes its orientation progressively and in the intermed
stages of the reaction a CO•O complex is being formed
characterized by;120° angles and analogous to the o
appearing at the type-II interface. The main difference w
respect to this case is that now the pseudometastabilit
absent, and the complex@whose formation from CO2(g) is
more endothermic than for the type-II interface# readily de-
sorbs into CO2(g). This fact indicates a much less reacti
character of either Au~100! faces or thin Au layers on MgO
than for the type-II interfaces.

It is worth noting the similarities between the net rea
tions CO1O2→CO21O(a) and CO1O(a)→CO2. In both
cases CO attains an additional oxygen atom and transfo
to CO2 in two stages~see Fig. 20!: first, a single bond is
formed between carbon and oxygen; at this stage the ca
atom changes its hybridization fromsp to sp2, forming a
double bond with one oxygen atom and another single b
with Au. The result is the formation of either CO•O2 or
CO•O intermediates with varying stabilities depending
the environment. In the second stage, the attachment of
CO is completed, with a change from a single to a dou
bond. This phenomenon occurs simultaneously with
breaking of the C-Au bond, the breaking of either the O-O
O-Au bond, and the transformation of the bent O5CuO
group into the linear geometry of the free CO2 molecule.
Although the energetics strongly vary with the type of sy
tem considered, we can very roughly estimate the ene
gain associated with the first stage~formation of the single
C-O bond and an intermediate complex! to be of the order of
1 eV, whereas the completion of the reaction with format
of CO2 in general represents an energy gain of around 2
These estimates seem to hold~with a notable scattering, a
we have just mentioned! for both CO(ads)1O2(g) and
CO(ads)1O(ads) reactions.
15542
ts

an
d

at

ily

of
e
e.
gy

te

h
is

-

s

on

d

to
e
e
r

-
y

n
V.

V. ANALYSIS

In this section we will focus on the analysis of the resu
obtained for the type I-IV interfaces, and on the quali
tive differences between them. More specifically, we are
terested in discerning the physical origin of, first, t
anomalously low binding of CO at type-I and type-IV inte
faces~lower configuration! and, second, the enhanced stab
ity of the CO•O2 intermediate at type-I, -II, and -IV inter
faces, but absent at the type-III interface. Besides, we
also discuss the important effect of Au coordination on
reactivity of the different systems. Finally, another intere
ing issue to be investigated is the strikingly low value~0.14
eV! of the energy barrier leading to the formation of th
CO•O2 intermediate at the type-II interface~in its oblique
conformer!.

A. CO anomalous low binding for type-I and type-IV
interfaces

We start with the calculated lower binding of CO to typ
I and type IV compared to type-II and -III interface boun
aries. From a mere Au-Au coordination point of view, th
type-I Au atoms ought to be more reactive than the type
and -III Au atoms, since for type I the Au atoms are on
fivefold coordinated while they are at least sevenfold coor
nated in the other cases. It turns out, however, that the
atoms at a sharp edge in direct contact with the substrate
the least reactive towards CO adsorption. The influence
the presence of the substrate may be studied by perform
calculations for CO binding atunsupportedtype-I or type-IV
clusters. In the case of the type-I cluster, removing the M
support, keeping the equilibrium orientation of CO at t
supported edge, results in a negligible gain in binding ene
of 0.01 eV @see Fig. 21~a!#. When the substrate is abse
however such a configuration is no longer stable, but sp
taneously relaxes to the arrangement depicted in Fig. 21~b!.
The relaxation leads to a further 0.20 eV stabilization, with
final CO adsorption potential energy of20.41 eV. As ex-
pected, CO is placed again at the equatorial plane betw
the two facets intersecting at the edge. We therefore conc
that the anomalously low CO binding at the type-I interfa
is simply due to a sterical repulsion of CO by the substra
which forbids CO to attain its most stable arrangement re
tive to the edge. Once the~hypothetical! optimal configura-
tion of CO is realized by removing the substrate, the bind
strength of CO becomes comparable to that at the type-I

FIG. 20. Schematic representation of the reactions CO~a!
1O2(g)→CO2(g)1O(a) ~upper panel! and CO~a!1O~a!
→CO2(g) ~lower panel!.
4-15
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L. M. MOLINA AND B. HAMMER PHYSICAL REVIEW B 69, 155424 ~2004!
-III interfaces. The same effect is observed for CO at
type-IV edge also@see Figs. 21~c,d!#; rotation of CO around
the edge again leads to an improved binding. More st
ingly, the same behavior can also be seen for the CO•O2
intermediate bonded at the type-I edge@see Figs. 21~e,f!#. In
this latter case, however, the effect is completely masked
the attractive interaction between the reaction intermed
and the substrate~to be analyzed in the following section!,
and the net effect of the presence of the substrate is now
enhancement~by around 0.2 eV! of the stability of the inter-
mediate.

B. Oxygen-MgO attractive binding

The CO•O2 configurations for the type-I and-II interfac
boundaries@see Figs. 14~a!–14~c!# show remarkable proxim
ity of the CO•O2 complex to the MgO substrate. Cons
quently, the interpretation of the enhanced CO•O2 binding at
those sites in terms of an attractive CO•O2-MgO interaction
arises naturally. Also the high stability of the complex at t
type-IV boundary could, in principle, be related to the clo
proximity to the substrate. In order to substantiate such
assertion, we again proceed to the comparison between
sorption potential energies at both supported and uns
ported systems. In Fig. 22 we show the RPBE CO•O2 ad-

FIG. 21. ~Color online! Frozen~a! and relaxed~b! configura-
tions and potential energies of CO around an unsupported ty
edge. The same for CO at the type-IV edge~c, d! and for the CO
•O2 reaction intermediate at the type-I edge~e, f!.
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sorption potential energies for all four I-IV interface
employing either MgO-supported or unsupported clus
boundaries. The CO•O2 binding is clearly enlarged for the
supported systems. More interestingly, an apparent corr
tion between the CO•O2-MgO distance and the magnitude o
this effect is found. For the first two cases~a, b!, in which the
terminal O atom at the CO•O2 group is in close contact with
a Mg atom in the topmost MgO layer, the extra bindin
amounts to around 0.15–0.20 eV. For the type-II situat
with oblique orientation, the terminal oxygen is positioned
little further from the substrate, which is reflected in
slightly smaller value of the extra binding;0.1 eV caused
by the substrate. Finally, for the type-III interface the d
tances involved become very large and the additio
CO•O2-MgO binding appears to be only residual;0.05 eV.
The type-IV interface constitutes a very peculiar case; c
trary to intuitive expectations, the additional substra
induced binding is also residual~0.05 eV!. Apparently, the

-I

FIG. 22. ~Color online! Comparison of RPBE CO•O2 adsorp-
tion potential energies~in eV! at supported and unsupported froze
Au cluster boundaries.~a! Type I; ~b! type II, perpendicular;~c!
type II, oblique;~d! type III; ~e! type IV.
4-16
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THEORETICAL STUDY OF CO OXIDATION ON Au . . . PHYSICAL REVIEW B 69, 155424 ~2004!
two gold atoms in the lower edge where the terminal oxyg
is found are very efficient in ‘‘shielding’’ it from the sub
strate.

Atomic oxygen adsorbed at the Au-MgO interface b
haves very similarly to the terminal oxygen in the CO•O2
intermediate complex. In Fig. 23 the results of a similar
of calculations for O at the type-I and type-II systems a
presented, with analogous conclusions. In each case,
oxygen-interface boundary binding strength decreases
0.17 eV when the substrate is removed. Molecular oxyg
on the other hand, does not behave in this way. A too cl
contact between adsorbed O2 and the MgO substrate lead
instead to a decrease in the binding. The RPBE adsorp
potential energy of O2 at the type-I interface~10.21 eV,
endothermic! improves slightly to10.14 eV when the sub
strate is removed. This also explains the somewhat ano
lous adsorption potential energy of10.2 eV at that site, in
contrast to a fairly constant10.1 eV ~endothermic! adsorp-
tion potential energy found for the rest of the systems@type-
II and-III interfaces, Au~100! and Au~111! facets#. For the
type-IV interface, the slightly different geometry of the A
edge in contact with the substrate results in a not so c
distance of O2 to the substrate@see Fig. 8~d!#, and conse-
quently no signs of an extra decrease of binding caused
the substrate are seen. Finally, let us comment that the at
tive interaction between the terminal oxygen and the oxid
also present for the nearly metastable state formed by

FIG. 23. ~Color online! Comparison of RPBE oxygen adsorp
tion potential energies~in eV, positive values indicating endothe
mic adsorption! at supported and unsupported type-I~a! and type-II
~b! cluster boundaries.~c! The same comparison for the metastab
state formed during the reaction between CO and adsorbed O a
type-II boundary.
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and atomic oxygen at the type-II interface~see Sec. IV E!.
By removing the substrate, the adsorption potential energ
that complex~with respect to CO2 in the gas phase! changes
from 11.08 eV to11.21 eV, with a net stability loss of 0.13
eV @see Fig. 23~c!#. It must be noted that, even with the ext
stabilization induced by the presence of the substrate,
CO-O complex is intrinsically unbound with respect
CO2~g!, and is therefore expected to desorb easily, as is
deed observed.

The effects described above can be very simply und
stood in terms of electrostatic interactions and charge tra
fer from the MgO substrate to either the atomic oxygen
the terminal oxygen in CO•O2. In Figs. 24~a! and 24~b! we
plot the substrate-induced electron-density profiles for
type-II interface boundary with and without the CO•O2 com-

the

FIG. 24. ~Color online! ~a,b! Induced charge densitie
(y-integrated! for the configuration in Fig. 14~c! in units of e2/Å 2;
~a! %ads/Au5%(CO•O2 /Au/MgO)2%(CO•O2 /Au)2%(MgO), ~b!
%Au5%(Au/MgO)2%(Au)2%(MgO). Same scale for both plots
~c–h! Difference in MgO-induced charge densities with and witho
adsorbate,%ads/Au2%Au for ~c! CO•O2 at the type-II interface in its
oblique conformer@Fig. 14~c!#, ~d! the same for the perpendicula
orientation@Fig. 14~b!#, ~e–g! CO•O2 at the type-I, -III, and -IV
interfaces, respectively, and~h! nearly metastable CO•O complex at
the type-II interface.
4-17
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L. M. MOLINA AND B. HAMMER PHYSICAL REVIEW B 69, 155424 ~2004!
plex adsorbed in the oblique orientation. For the sake
clarity, the 3D electronic densities are averaged along thy
direction, in the same way as in Fig. 2. In both cases, e
trons are seen to flow from the magnesia O22 atoms buried
under the Au rod to the first-layer Au atoms. The differen
between the two plots reflects the CO•O2-MgO interaction,
shown in Fig. 24~c! along with similar plots for the type-
@Fig. 24~e!#, type-II ~perpendicular conformer, Fig. 24~d!,
type-III @Fig. 24~f!#, and type-IV@Fig. 24~g!# systems. For
the type-I and type-II interfaces~both oblique and perpen
dicular conformers!, the presence of the substrate causes
terminal peroxo oxygen atom to accumulate electrons.
magnitude of the effect varies, however. The largest conto
appear for the perpendicular conformer at the type-II int
face, but the other type-II conformer and the type-I interfa
also show a strong CO•O2-MgO interaction. The type-III
interface shows rather weak complex-support interaction~in
terms of the amount of charge transfer! which is easily ex-
plained by the large complex-MgO separation occurring
this system. The fact that the complex-MgO distance is
deed a good indicator for the interaction strength is s
ported by the identification of the shortest distance from
terminal oxygen atom to the support magnesium atom for
system of strongest interaction, i.e., the perpendicular c
former at the type-II interface. Here the OCOO-Mg distan
is 2.20 Å, to be compared with the 2.15 Å separating oxyg
and magnesium ions in bulk MgO. Finally, in agreeme
with the energetics reported in Fig. 22~e!, the CO•O2 com-
plex at the type-IV interface shows a negligible interacti
with the substrate@see Fig. 24~g!#.

The same type of charge-transfer effect is also respons
for the enhanced binding of the CO•O nearly-metastable
state at the type-II interface shown in Fig. 23~c!. In Fig.
24~h! the samey-integrated induced charge density is plott
for that situation. The results are completely analogous to
induced charge densities observed for the CO•O2 reaction
intermediate in its perpendicular orientation at the same
terface@see Fig. 24~d!#.

FIG. 25. Adsorption potential energy of CO, O2, O, and
CO•O2 as a function of the Au coordination.
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C. The role of coordination

In this section, the relationship between the bindi
strength of different adsorbates and the Au-Au coordinat
of the Au sites to which they are attached will be discuss
A correlation between them has been identified in previo
theoretical investigations of similar adsorbate-go
systems11,12and more general adsorbate-transition and nob
metal systems.79 This is particularly important for many
chemical reactions predicted to occur preferentially at step
kink sites80–83 In Fig. 25 we plot for several adsorbates th
adsorption potential energies versus the Au-Au coordina
number of the Au atoms at the adsorption sites. These
fivefold for the type-I interface, both fivefold and sevenfo
for the type-IV case, sevenfold for type II and III, and eigh
fold and ninefold for Au~100! and Au~111!, respectively. The
adsorption potential energy of O2 is seen to be essentiall
independent of the Au coordination. This can be attributed
the absence of a chemical bond in the O2-Au interaction. For
adsorption of CO, O, and CO•O2, where covalent bonds
indeed form, a clear trend of increased binding with decre
ing coordination is evidenced by the figure.

In the case of CO adsorption, the trend of stronger bo
with smaller coordination is broken for the type-I an
type-IV interfaces due to the steric repulsion with the su
strate already identified. For O2, a small repulsion from the
MgO builds up over the type-I interface~10.2 eV instead of
10.1 eV!. This repulsive interaction is responsible for th
large activation barrier for the formation of the CO•O2 in-
termediate in its perpendicular orientation at the type-II
terface (;0.5 eV, in contrast to the 0.14 eV value for th
oblique orientation!. In order to attain such perpendicula
orientation, O2 must approach and bind to CO following
pathway too close to the substrate, as discussed in con
tion with Fig. 16 above.

Combining all the arguments given above, it becom
clear that the special reactivity of the type-II interface can
explained as a combination of favorable circumstances
this interface, two parallel Au edges meet to provide a va
ety of stable bonding configurations for the CO•O2 interme-
diate. Besides, the proximity of the substrate allows for
attractive electrostatic CO•O2-MgO interactions to appear
enhancing even more the ability of CO to bind O2. Last, but
not least, the lifting from the substrate by one Au layer of t
low-coordinated Au atoms in the type-II interface with r
spect to the type-I system helps us to avoid undesirable
substrate steric repulsions. The elaborate structure of
highly reactive site resembles the reaction centers in
zymes encountered in biochemistry.84 Also, such a compli-
cated shape offers a possible reason for the high select
found in oxide-supported Au clusters for more complicat
reactions including propylene epoxidation and hydrogena
of unsaturated hydrocarbons.13

In order to further illustrate the importance of low coo
dination for the creation of active sites, we have perform
an additional calculation of the stability of the CO•O2 inter-
mediate at the type-III interface, now placing it right at th
Au-MgO interface in a perpendicular orientation~see Fig.
26!, in the same fashion as for the most stable configura
4-18
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at the type-II interface. The calculation shows that some
tra CO•O2-MgO interaction results from moving the com
plex closer to the substrate; now 0.21 eV is lost upon rem
ing the substrate, while for the most stable configuration@see
Fig. 22~d!# only 0.06 eV is lost. Despite this enhance
complex-substrate interaction, the overall adsorption po
tial energy of the CO•O2 to the Au/MgO system is only
20.27 eV~relative to separate CO and O2 molecules in the
gas phase!, which is 0.5 eV less favorable than for the ana
gous arrangement at the type-II interface~and 0.18 eV less
favorable than the most stable arrangement for the type
interface!. Comparing both situations, the main differen
between them is the coordination of the Au atom to wh
CO is attached. This coordination increases from seven~edge
atom! for the type-II system to nine~facet atom! for the
type-III case of Fig. 26. We see then how the failure of o
of the optimum conditions attained for the most favora
system strongly affects the overall reactivity.

Low coordination is an important influence in the case
the type-IV interface. Here, as we have seen, attractive in
actions with the MgO substrate play absolutely no role
explaining the high stability of the CO•O2 intermediate at
that interface. On the contrary, such high stability is e
plained by the ability of the intermediate to bind to the ed
under very favorable circumstances, with the carbon a
bound to a sevenfold coordinated edge Au atom and the
minal oxygen atom bound at a bridge site between two fi
fold coordinated edge Au atoms. Extremely low coordin
tion, a very symmetrical structure, and the favorable fac
the terminal oxygen positioned at a bridge site~test calcula-
tions for the binding of a H-O-O- radical to a type-I interfa
showed a marked preference of around 0.2 eV for the br
ing site in contrast to a toplike configuration! result alto-
gether in a rather high overall stability. A comparison of th
situation with the one found for the type-I interface is inte
esting. In the latter case, both carbon and oxygen bind

FIG. 26. ~Color online! Bonding configuration of CO•O2 at the
type-III interface, with the intermediate bound to the substrate.
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fivefold coordinated Au atoms; however, now steric rep
sion with the substrate@see Figs. 21~e,f!# forbids the
CO•O2 complex to rotate around the edge and attain its m
favorable orientation. Besides, the terminal oxygen is c
strained to bind atop of a Au atom. Although the attracti
CO•O2-MgO interaction provides some stabilization for th
complex, at the end the overall potential ener
(20.66 eV) is only slightly smaller than the one correspon
ing to the type-IV case (20.73 eV). The fact that the reac
tivity of a given site is a combination of different factors
thereby highlighted; in the case of the type-IV interface, t
absence of attractive complex-CO•O2-MgO interaction is
compensated by a low Au coordination and a favora
geometry.

D. Effect on the activation energies of the adsorbate-MgO
interaction

In order to clarify the origin of the exceptionally low
energy barrier~0.14 eV! obtained for the CO1O2 reaction at
the type-II interface~oblique orientation!, we have per-
formed an extensive analysis of the influence caused by
presence of the MgO substrate on the potential energie
the transition states found for the reaction at the differ
Au/MgO interfaces. Following the same procedure of eva
ating the potential energies at anunsupportedAu cluster ter-
mination, the analysis can be done accurately by relaxing
structures obtained for the transition states~TS’s! for the sup-
ported systems~but now without the MgO support! while
keeping the C-O bond length frozen at the value for wh
the TS was found in the supported system. The results
type I-IV interfaces are summarized in Fig. 27. By removi
the substrate, we observe that the activation energies for
I-III interfaces increase by various amounts, indicating so
attractive interaction between the O2 molecule~which in ev-
ery case attains a superoxo state with 1.30–1.35 Å b
lengths and a magnetic moment of the order of 1mB) and
the substrate. More interestingly, the type-IV interface do
not benefit at all from the presence of the substrate, w

FIG. 27. RPBE activation energies for the formation
CO•O2 at various Au/MgO interfaces, calculated with or witho
the MgO substrate.
4-19
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negligible differences in the energy barrier calculated with
without the substrate. Comparing all four interfaces, the
ceptionally low barrier of 0.14 eV at the type-II interface c
be largely attributed to a favorable influence of the supp

By performing an induced charge-density study analog
to the ones reported in Sec. V B~oxygen-MgO attractive
binding!, we find the origin of the enhanced stability of th
TS for the type-II interface to be of electrostatic charac
involving again a sizable charge transfer from the magne
O22 anions to the O2 molecule~see Fig. 28!. Therefore, in
the case of type-II interfaces, it can be concluded that th
attractive interactions are not only responsible for the sta
lization of already formed CO•O2 intermediates, but also ar
extremely important in facilitating its formation. We hav
also compared the induced charge-density plot obtained
the type-II interface with the one for the type-IV interfac
which shows ~again! a complete absence of stabilizin
oxygen-MgO interactions, a fact which helps us to und
stand the relatively high~0.4 eV! value of the energy barrie
obtained for the type-IV interface.

VI. SUMMARY AND CONCLUSIONS

In the present paper, several important features have b
found concerning the structure of Au nanoparticles depos
on MgO, and their ability to catalyze the oxidation of carb
monoxide at low temperature. First, we have calculated r
tively low Au-MgO adhesion energies, a finding that strong

FIG. 28. ~Color online! Same as in Fig. 24, for the transitio
states at the~a! type-II ~oblique! and ~b! type-IV interfaces.
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suggests a preference for three-dimensional growth of Au
MgO. Furthermore, extremely thin~one atom thick! Au clus-
ters are seen to be energetically very unfavorable, with v
small Au clusters found to grow at least two layers thick. F
nm-sized particles, epitaxial growth involving the formatio
of a Au~100!/MgO~100! interface is expected, in agreeme
with several experiments. The marked preference for Au
oms to be positioned on top of substrate~anionic! oxygen
atoms, the corrugation of the potential-energy surface,
the small difference~2%! in lattice parameters between A
and MgO are responsible for this. According to the Wul
Kaichew construction, this means that the equilibrium sha
of Au nanoparticles will be truncated polyhedra. For ve
small ~1–2 nm in diameter! particles, however, calculation
show that the actual equilibrium shape may differ from t
truncated polyhedral, and truncated square or rectang
pyramids can compete or even be favored. All shapes
cussed are theequilibrium ones, and the actual shapes a
pearing for real catalysts can differ substantially from the
and show a sizable amount of structural defects, with
possible appearance of multiple-twinned particles. We
pect, however, that even in such cases the main conclus
obtained in the present study on the reactivity at differ
sites around more regular particles would apply.

The interaction of O2 with Au nanoparticles proved to b
very weak, in agreement with the nobleness of gold. Mole
lar oxygen does not adsorb to Au, and dissociative adso
tion is hindered both by unfavorable energetics~in most
cases! and by rather high activation barriers. As the intere
in Au-supported nanoparticles stems from their ability
catalyze the oxidation of CO at low temperatures~room tem-
perature and below!, we focused on the search for alternati
pathways not involving O2 dissociation. Surprisingly, our re
sults show that adsorbed CO is very likely to react w
molecular O2 and form a metastable CO•O2 complex from
which CO2 very easily can be formed. Such a reaction c
in principle, occur at any site around Au nanoparticles~the
energy barriers at either edges or facets are never larger
0.5 eV!, but a careful analysis of the reaction energetics
dicates that important differences among the different s
indeed exist. Two essential conditions exist that need to
met in order to make such pathways feasible. First, the
sorption of CO must be relatively strong. The calculatio
have shown that this only happens at low-coordinated e
sites where CO can reversibly adsorb, whereas at ei
Au~100! or Au~111! facets only a negligible presence of C
can be expected, making these facets essentially inert
important exception is the case of Au edges in direct con
with the substrate~type-I interfaces! for which steric effects
are responsible for an anomalous low binding of CO. From
general perspective, the coordination argument alone h
us to understand why Au particles must be small to be re
tive; as it has been already pointed out by Mavrikakis a
collaborators,11 only for very small sizes the amount of edg
and corner sites begins to represent a sizable amount o
total number of surface sites in the particle. The second c
dition is the existence of a sizable driving force for the ca
ture of molecular O2 and the formation of CO•O2 interme-
diates. This only occurs at very special places, namely, ed
4-20
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of the particle placed near the oxide substrate. These pl
are therefore expected to be highly reactive. The origin
this behavior is the presence of an additional attractive in
action between CO•O2 intermediates and the MgO substra
which helps not only to stabilize such complexes but also
favor their formation by stabilizing the transition state
well. If we take into account the problems that exist with C
bonding in the case of type-I interfaces, the type-II interfa
are left to be the only sites where both conditions are pr
erly met. We must mention that the type-II interfaces poss
also very special geometrical features, bringing together
Au edges and rendering the formation of two different co
formers of the CO•O2 intermediate possible. The type-I
interfaces also possess such features on which rather s
CO•O2 intermediates can form; they are hence expected
show sizable reactivity. Besides, the problem with weak
binding characteristics of the type-I case disappears as st
CO binding is possible at the higher type-IV Au edge. It mu
however be stressed that, unlike the type-II case, the
strate cannot stabilize the transition state for the formation
CO•O2, which results in a higher activation energy a
therefore an expected smaller reactivity at the type-IV int
face. Finally, given the high activity found towards CO a
sorption, any corner site~and specially the ones near MgO!
can presumably be active as well for the CO(ads)1O2(g)
reaction.

Adding these results to the expected evolution of
shape of a supported cluster as a function of size~derived
from the Wulff-Kaichew construction and the results o
tained in Sec. III!, it can be concluded that a certain critic
size exists at which the Au particles are expected to be hig
t.

ak
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reactive. According to experiments, this happens for dia
eters around 2–3 nm, where a high concentration of lo
coordinated surface sites occurs and the interface bounda
likely to resemble our type-II model. The theoretical resu
also agree with the larger activities observed for hemisph
cal Au particles, in contrast to spherical ones.13

Finally, another interesting result is the highly reacti
character of atomic oxygen adsorbed on Au particles. T
fact that this adsorbate is not very tightly bound to Au allo
for an easy removal by CO with negligible or no barriers
all. We believe that this behavior is closely related to t
ability of Au to catalyze oxidation reactionsat low tempera-
ture. More ‘‘active’’ transition metals~such as Pt! can very
easily dissociate O2 and bind strongly both atomic oxyge
and CO, which in principle must facilitate the reaction.
the same time, however, such more tightly bound adsorb
are expected to overcome sizable barriers to react, rende
the reaction rates to be significant only at higher tempe
tures. On the contrary, gold appears as a special case w
the reactants are rather loosely bound~and only under very
special circumstances; in most cases, e.g., at the facets,
do not bind at all!. This means that if special requiremen
are met, the adsorbates are likely to react with very sm
activation energies, making the reaction possible at very
temperatures.
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