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Abstract

Density-functional theory has been used to study the CO oxidation reaction at model Au/MgO catalysts modified by either Na (a
donor) or Cl (an electron acceptor) dopants. In agreement with experimental observations, Cl is found to act as a poison, makin
adsorption of O2 and the formation of the CO· O2 intermediate complexes that mediate the formation of CO2 on these model catalysts mo
difficult. The poisoning effect of Cl has a long-ranged character, reaching at least two Au sites away from the adsorbed Cl atom. On
hand, Na is found to be a promoter, enhancing both O2 binding and CO· O2 formation. Its promotive character is, however, local, involv
the formation of strong Na–O bonds.
 2004 Elsevier Inc. All rights reserved.

Keywords: Model catalysts; Gold catalysts; Particles; Coadsorption; Nanocrystals; Promoter; Poison; Sodium; Chlorine; Kinetics; Surfaces; Energy; Reaion
barrier; CO oxidation; DFT
yti-
ay
c-
e

oor

l re-
up-
, and
it is

ize-

n
te
eti-
isms

ech-
e-
O

for
sed,

s
r–
e
xy-
s
the

red
r-
1. Introduction

While the surfaces of bulk gold are known to be catal
cally inactive[1], oxide-supported Au nanoparticles displ
remarkable catalytic properties for several interesting rea
tions [2,3], with low-temperature CO oxidation being on
of the most extensively studied examples[4–16]. The cru-
cial step in catalytic oxidation is O2 adsorption, and the
inertness of gold bulk surfaces is understood from the p
affinity toward molecular oxygen[17–21]. Much effort has
been dedicated to understand the origin of the unusua
activity of nanosized Au particles. The influence of the s
ported catalysts’ properties such as size, type of support
method of preparation has been explored. As a result,
now generally accepted that a small particle-size distribution
(< 5 nm) is necessary to obtain active catalysts. Also, s
able differences between active (e.g., TiO2 or Fe2O3) and
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E-mail address: p.broqvist@fy.chalmers.se(P. Broqvist).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.07.009
nonactive (e.g., MgO and Al2O3) oxide supports have bee
measured[9], with a superior ability to attract and activa
molecular oxygen for the former ones. Recently, theor
cal studies have indicated that different reaction mechan
are dominating in the two cases[13–16]. Due to the weak
O2 binding, it has been suggested that the reaction m
anism for CO oxidation involves the formation of interm
diate CO· O2 complexes, prior to the oxidation of the C
molecule and CO2 formation [12,13,22]. On a nonactive
support material, an Eley–Rideal reaction mechanism
CO oxidation at the Au/MgO perimeter has been propo
showing low reaction barriers for both CO· O2 and the sub-
sequent CO2 formation[13,14]. In contrast, studies of thi
reaction at the Au/TiO2 perimeter reveal that a Langmui
Hinshelwood mechanism is possible, mainly because of th
increased ability of the support to attract and activate o
gen molecules[15,16]. However, common for both case
is the active character of low-coordinated Au atoms at
Au/support perimeter interface.

For the supported Au systems, one rather unexplo
topic is the influence of coadsorbates on the catalysts’ pe
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formance. The activity for COoxidation has been shown
depend crucially on the catalyst preparation. In particu
the activity is sensitive to traces of chlorine, left from t
catalyst synthesis when using, e.g., HAuCl4 as precursor
The poisonous effect of Cl is believed to be twofold[23]:
First, during the calcination of the prepared catalyst, Cl
hances sintering of Au particles. Secondly, Cl hinders re
tant adsorption by site blocking and/or by long-ranged e
trostatic interactions. Furthermore, electronic effects co
be important, where Cl drain electrons from the Au parti
The site-blocking scenario is supported by measuremen
an activity suppression for the CO oxidation reaction a
Cl/Au molar ratio even as low as 0.0006[23]. The elec-
tronic effect modifies the activation of adsorbed reacta
and especially the activation of the adsorbed O2 molecules,
where the formation of a superoxo or a peroxo ion is cru
for the continuous reaction. In contrast to Cl, other co
sorbates could act as promoters. For example, Häkkine
al. [6] have recently studied the effect of adding an elec
donor (Sr) to small MgO-supported Au clusters. It was fou
that the addition of Sr significantly increases the amount
CO2 produced per deposited cluster. This was explaine
enhanced adsorption and activation of O2 on the Sr-doped
systems.

In this paper, we use a first-principle technique to st
the effect of adding either Cl (a one-electron acceptor) o
(a one-electron donor) to a model Au/MgO catalyst. By
ing two different catalyst modifiers, we are able to study b
poisoning and promoting effects within the same comp
tional scheme. Several aspects regarding the catalyticall
tivated CO oxidation reaction will be considered, includ
adsorption of Cl/Na on the Au/MgO model system, co
sorption of CO and O2 together with Cl/Na, and CO+ O2

reaction in the presence of Cl/Na. The selection of MgO
support is based on two considerations: First, the struc
simplicity of MgO reduces the size of the model systems
lowing for an extensive study. Second, the effects due to
poisoning or promotion of the Au nanoparticles by the
selves are expected to be largest on a nonactive mater
MgO.

2. Computational method

All calculations are performed using the density-fu
tional theory (DFT) in the implementation with plane wav
and ultrasoft pseudopotentials[24]. The results are obtaine
in the GGA-RPBE density-functional formalism[25]. RPBE
is known to improve the description of molecules and
adsorption of molecules on surfaces over other GGA formu
lations[25]. More specifically, we believe that the bindin
of oxygen to gold is better described with this function
as it reduces the overbinding found with other GGAs[26].
Nonlocal ultrasoft pseudopotentials[27] have been used t
describe the interaction between the valence electrons a
f

t

-

l

s

Fig. 1. (a) Front, side, and top view of the used Au/MgO model c
lyst. In this figure, the Au atoms kept frozen in the model are for cla
colored white. The integrated charge difference calculated fromδρ(z) =∫
(ρAu/MgO − ρAu − ρMgO)dxdy is given in units of e−/Å. (b) Front view

of Na adsorption on a bridge Au–Au site. (c) Front view of Cl adsorp
on a bridge Au–Au site.

the core electrons.1 The cutoff energy for the expansion
the electronic wavefunctions was set to 25 Ry.

The model consists of a Au rod supported on a per
MgO(100) surface (discussed further below). Two diff
ent unit cells have been used, namely thep(4 × 3) and the
p(4 × 4) unit cells for the MgO(100) surface, cf.Fig. 1.
The large size along thex direction ensures a small inte
action between periodically repeated Au rods, as they
separated by more than 6 Å. All calculations reported
fer to thep(4 × 3) unit cell unless the use of thep(4 × 4)

unit cell is stated. The lattice constant for the geometry o
mized bulk MgO (4.30 Å) has been used for the construc
of the model. The Au rod is created by geometry optim
tion of a 3-layers-thick Au film on top the MgO(100) surfa
(kept fixed), and then removing atom by atom to create
desired Au/MgO model. The Au–Au bond length is th
strained in thex–y directions to some extent compared
Au bulk (the Au/MgO lattice mismatch is∼ 3%), while the
interlayer distance is slightly reduced. For the continu
study, the back of the Au rod is kept fixed to simulate
nanoparticle edge (seeFig. 1a), as well as the MgO(100

1 Number of electrons treated explicitly are: Mg(2), O(6), C(4), Na
Cl(7) and Au(11).
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Table 1
Calculated and experimental[33] bond lengths (d) and binding energies
(D) of some relevant diatomic molecules

dcalc (Å) dexp (Å) Dcalc (eV) Dexp (eV)

Na2 3.11 3.06 0.79 0.71
Cl2 2.00 1.99 2.54 2.48
O2 1.24 1.21 5.50 5.12
CO 1.16 1.13 10.94 11.10

surface. Fixing atoms will affectthe absolute values for th
calculated adsorption energies to some extent. Howeve
MgO, surface relaxation is minimal[28], and error cancel
lation enables us to make accurate comparisons betw
adsorption energies calculated for the different scenario
vestigated. A 10 Å vacuum width is used together with
dipole layer, to correct the differences in work function b
tween the two slab surfaces. Depending on the length o
model Au rod, either 1× 4 (for thep(4 × 3) cell) or 1× 2
(for the p(4 × 4) cell) rectangulark-point sampling grids
were employed. With this computational setup, the ads
tion energy of CO to the clean Au model is converged
within 0.05 eV. The structural relaxation is performed us
the Broyden–Fletcher–Goldfarb–Shanno (BFGS) algori
[29]. The geometries are converged when the residual f
on the moveable atoms is less than 0.05 eV/Å and when the
change in absolute energy is less than 1× 10−4 eV.

The computational scheme has been tested by calc
ing the bond lengths and bond strengths of some rele
diatomic molecules (Table 1). The agreement with exper
mental values is good. We also find a good performanc
the computational setup on the evaluation of MgO and
bulk properties (lattice parameters of 4.30 and 4.22 Å, o
2–3% larger than the experimental values).

Reaction barriers are calculated by constraining a cho
reaction coordinate, e.g., in the case of CO·O2 formation the
O2–CO distance, and then allowing the atoms to relax un
this constraint. The reaction barrier is found at the maxim
of the calculated potential energy curve as a function of
introduced constraint. It was checked that continuous r
tion paths were obtained by plotting the energy versus
integrated displacements of the whole system.

Some of us have previously studied the CO+ O2 reaction
at similar Au/MgO model systems[13,14], finding some-
what lower adsorption energies than reported herein. Th
due to the choice of a thinner Au rod together with a low
adsorbate coverage in the present study. Qualitatively, h
ever, our results for the clean Au edge are in agreement
Refs.[13,14].

3. Model systems: Au/MgO, Na/Au/MgO, and
Cl/Au/MgO

Different aspects of modeling Au/MgO interface boun
aries have been discussed in Refs.[13,14]. In this study, the
main focus is on the CO oxidation reaction over a modifi
-
t

Au/MgO model catalyst. The aim is to explore the effect
coadsorbates on the stabilities of the involved species
activation energy for the CO+ O2 reaction. As mentioned
in Section 1, both a single electron donor (Na) and a s
gle electron acceptor (Cl) areused as catalyst modifier. Th
model catalyst systems are shown inFig. 1. Fig. 1a shows the
clean Au/MgO model, similar to the “Type II” interface i
Refs.[13,14]displaying the lowest activation energy barr
for the CO oxidation reaction, using an Eley–Rideal type
mechanism. The model can be regarded as resulting from
formation of a truncated Wulff polyhedron, and consists
a Au rod (continuous in they direction) supported on a pe
fect MgO(100) surface. The election of this model relies
the fact that a majority of the catalytically active sites arou
a nanometer-sized particle are described by it. In Refs.[13,
14] the unreactive character of Au(100) and Au(111) fac
was demonstrated, as well as the enhanced activity of
coordinated corner sites. However, given the low abunda
of this type of sites for a 2- to 3-nm Au particle, and the d
ficulties of treating them in our computational setup (as t
require the use of a much larger model like the Au34 clus-
ter used in Ref.[14]) we will not discuss them in this pape
The interaction between the Au rod and the MgO suppor
volves a partial charge transfer from the support to the m
as displayed in the charge difference plot inFig. 1a. The
charge difference is most evident in the interfacial reg
in line with previous observations of MgO-supported me
particles[13,14,28,30–32]. The binding of the Au particle to
the MgO(100) surface can be characterized as a polariz
bond.

When adding Na to the Au/MgO model, charge is tra
ferred from the Na adsorbate to the Au rod. The Na–
interaction is ionic and a long bond distance is calcula
between Na and the Au edge (2.93 Å to the closest Au a
2.52 Å to the Au rod). The adsorption potential energy
Na bonded to the Au rod is calculated to−2.19 eV/Na in
the most stable adsorption configuration, depicted inFig. 1b.
Adsorption energies calculated for Na adsorption at dif
ent sites on the edge, i.e., first and second row of Au,
nearly degenerated (within∼ 0.05 eV). Decreasing the N
coverage using ap(4 × 4) unit cell slightly increases th
adsorption energy (−2.26 eV/Na). The Na–Au bond is con
siderably stronger than the binding energy in the Na2 dimer,
cf. Table 1. These results suggest that clustering of Na
the Au edge should not occur, as the positively charged
ions will repel each other at the edge. This scenario is s
ported by calculations at a higher Na coverage. Having
Na atoms in thep(4 × 3) unit cell results in an adsorptio
potential energy of−2.11 eV/Na and an optimized Na–N
distance of 3.65 Å. In this case, the adsorbed Na atoms
in a slightly off-bridge position (Au–Au distance is 3.04 Å

Experimentally, alloying of Na and Au has been obser
at high Na coverages[34]. At lower coverage (θ ∼ 0.6 ML)
and low temperatures, Na adatoms can form a physica
overlayer corresponding to a Na–Na next nearest neig
distance of 3.75 Å[34]. This distance is similar to wha
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we calculate at the Au edge inthe case of high coverag
(3.65 Å). To investigate the stability of Na adatoms on
surfaces, calculations have been performed where a Na
was placed on a Au(111) surface (modeled by a 4-la
slab in ap(2 × 2) unit cell), either as an adatom or mix
into the first or second Au layer. We find that it is favo
able by ∼ 0.2 eV to swap the positions of a Na adato
and a surface Au atom. Moreover, having Na in the sec
atomic layer is even more stable (by∼ 0.2 eV). Thus, ther-
modynamically, a small driving force exists for Na ato
to diffuse into the Au bulk. Explicit calculations show th
the same situation applies for the Au edge. Furthermore
cent calculations indicate that Na+ ions can bind strongly
to the MgO(100) terrace[35]. Thus, migration of Na+ ions
from the Au nanoparticle to the MgO support could b
possible situation. However, as mentioned above, from
calculations there is no additional energy gain when the
atom is adsorbed over a surface O2− site close to the Au
edge compared to the configuration displayed inFig. 1b.
Consequently, Na adatoms correspond to a metastabl
uation which could be created, for example, by doping p
formed Au catalysts with small amounts of Na. Howev
careful preparation methods to avoid alloying seem ma
tory.

For Cl, adsorption energies are higher. Cl binds with
adsorption potential energy of−2.60 eV/Cl in the configu-
ration shown inFig. 1c. The bond distances between Cl a
the Au rod are shorter (2.56 Å to closest Au atom, 2.0
to the Au rod) than the distances reported for Na. Sim
to the Na adsorption, the adsorption energy is slightly
creased when decreasing the Cl coverage (−2.66 eV/Cl)
using thep(4 × 4) unit cell. The Cl–Au binding energy i
almost twice the binding energy calculated for the Cl2 mole-
cule (cf.Table 1). Adsorption in a bridge site is calculated
be∼ 0.2 eV more stable than is adsorption atop Au or clo
to the support material.

Further characterization of the adsorption of Na and
can be obtained by calculating the induced dipole mom
from

(1)�µ =
∫

x�ρ(x)dx,

where

�ρ(x) =
∫

(ρX/Au/MgO − ρAu/MgO − ρX)dydz,

(2)X = Na, Cl.

ρ is the electron density and theadsorbates are positioned
lowerx values relative the Au rod.�µ is calculated to 2.78
and−1.00 D (1 D= 3.336× 10−10 C m [33]) for the Na
and Cl system, respectively. In a simplistic model, these
ues infer a work-function decrease in case of Na adsorp
corresponding to a charge donation from the adatom to
substrate, while for the Cl adsorption, a small work-funct
increase is expected together with a negatively charge
ion.
-

l

4. Adsorption of reactants

In this section, the relevant steps preceding the actua
oxidation reaction are discussed. The main focus is on
ative stabilities among the reacting adsorbates, CO and2,
adsorbed at the modified Au/MgO edge.

4.1. Molecular and atomic adsorption of oxygen

4.1.1. Molecular adsorption
From experiment and theory, the interaction of molec

oxygen with Au single crystals is known to be weak[17–21].
In contrast, based on thermal desorption data assuming
order desorption, Stiehl et al.[36] have recently reporte
a binding energy of 0.35 eV for the adsorption of O2 on
TiO2-supported Au. Increased affinity of O2 for nanosized
Au particles has previously been suggested[5,11,12,20,21].

The most stable adsorption site for O2 on the clean
Au/MgO model is in a bridge position with the O2 molecule
parallel to the Au edge (cf.Fig. 2a) giving a weak adsorp
tion potential energy of−0.13 eV. The adsorption of th
O2 molecule is accompanied by a decreased magnetic m
ment from 2µB, calculated for the isolated O2 molecule, to
1.20µB. This infers that the adsorbed O2 is in a superoxo

Fig. 2. Front view of the stable configuration for O2 adsorption on (a) the
Au/MgO model catalyst, (b) the Na-decorated edge, and (c) the Cl-dec
rated edge. Front view of atomic O adsorption on (d) the Au/MgO mode
catalyst, (e) the Na-decorated edge, and (f) the Cl-decorated edge. Tran
parent parts are the periodic repetitions inserted for further clarificatio
the model.
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like state (O2
−). This is also seen in the O–O bond leng

which is calculated to be 1.31 Å. The formation of a sup
oxo ion prior to O2 dissociation has been found earlier
theoretical studies of O2 adsorption on Pt(111)[37].

Molecular oxygen adsorption on the Na-decorated
edge is associated with a potential energy of−0.33 eV. The
most stable adsorption configuration is displayed inFig. 2b.
The origin of the enhanced adsorption energy is the for
tion of a Na–O2 chemical bond together with the addition
electron provided by the Na atom, leading to a higher cha
donation capability from the Au rod to the O2 molecule. The
larger amount of charge transferred to O2 is reflected in a
lowering of the magnetic moment (0.67µB) together with an
elongation of the O–O bond length (1.37 Å) for the adsor
O2. These results suggest that a superoxo ion is formed a
Na-decorated edge. This behavior should be similar w
adding other types of electron donors, cf. Ref.[6].

At the Cl-decorated Au edge, no stable oxygen adsorp
site is found for thep(4 × 3) unit cell. The adsorption po
tential energy is calculated to+0.20 eV for the most stabl
configuration, displayed inFig. 2c. This can be rationalize
by the fact that in this case, two electrons need to be
tracted from the Au rod, forming Cl− and O2

−. A sign of
decreased charge transfer to the O2 molecule is the calcu
lated magnetic moment, which now becomes 1.33µB. The
O2 bond length is 1.28 Å, again demonstrating the lower
pability of charge donation for the Cl-decorated edge. More
over, the repulsive Coulomb interaction between O2 and Cl
forces the Cl atom to an unfavorable atop site. To investi
the range of the poisoning effect of Cl, calculations with
lower Cl coverage were made using thep(4 × 4) unit cell.
Owing to the larger unit cell, Cl is able to remain adsorb
on a bridge site upon O2 adsorption, and the O2 adsorption is
therefore stabilized slightly, the adsorption potential ene
becoming+0.02 eV, i.e., still endothermic. Thus, the pois
nous effect of Cl toward O2 adsorption does not only affe
the closest adsorption sites but also at least two bridge
further. The results for oxygen adsorption are summarize
Table 2.

4.1.2. Atomic adsorption
The most stable configuration for the adsorption

atomic oxygen on the clean Au model is found at the low
Au edge, on top of a Mg2+ cation (seeFig. 2d). This is un-

Table 2
Calculated adsorption potential energies for O2, O, and CO on the modified
and unmodified Au/MgO models

Au/MgO (eV) Na/Au/MgO (eV) Cl/Au/MgO (eV)

O2 −0.13 −0.33 +0.20
O −0.13 −0.84(−0.07) −0.03(−0.13)
CO −0.75 −0.52 −0.60

For atomic oxygen, the adsorption energies for both nearest and
nearest (in parentheses) neighbor are given. All results are calculat
the p(4 × 3) unit cell. The atomic oxygen adsorption energy is calcula
with respect to gas-phase O2.
derstandable, as it represents epitaxial growth of O2− on
the MgO surface. The structure is depicted inFig. 2d. The
adsorption potential energy with respect to gas-phase m
cular oxygen is calculated to−0.13 eV/O, meaning tha
dissociation of adsorbed O2 is thermodynamically favorabl
at the Au edge. However, the dissociation barrier on a sim
system is high (∼ 1.7 eV using RPBE in the most favorab
case[14]). High barriers have also been calculated for sm
Au cluster anions[38].

For the adsorption of atomic oxygen on the Na-decora
edge, two different cases were studied: with and without
formation of a Na–O chemical bond. The adsorption po
tial energies calculated for the two cases were−0.84 and
−0.07 eV/O, respectively. As was the case with the mol
ular oxygen, a large energy gain is associated with the
mation of a Na–O bond. The most stable configuratio
displayed inFig. 2e. Also, comparison with molecular a
sorption at the Na-decorated edge reveals that dissoci
adsorption of oxygen is a thermodynamically more sta
situation.

The atomic oxygen adsorption on the Cl-decorated
edge displays similar energetics as for the clean Au e
Also in this case, two different Cl–O adsorption config
rations were investigated. The adsorption potential ener
were calculated to−0.03 and−0.13 eV/O for the neares
and next-nearest neighbor Cl–O configurations, respecti
The next-nearest neighbor adsorption energy is the sam
the one calculated for the clean edge, indicating that the e
tronic effect of the Cl interaction to the Au rod has sm
effect on the adsorption energy of the atomic oxygen.
most stable adsorption configuration found is displaye
Fig. 2f.

4.2. CO adsorption

CO adsorption on late transition metal surfaces can be
scribed by the Blyholder model[39–42]. In this model, the
CO molecule adsorbs by donating its 5σ lone electron pair
into empty states of the metal d band together with back
nation from the metal d band to the antibonding 2π∗ orbital
on the CO molecule. The backdonation decreases the
strength in the CO molecule and prepares the adsorbed
for reaction with oxygen to form CO2.

The energetics for the CO adsorption on the three mo
are reported inTable 2. Binding of CO at the clean Au edg
leads to an adsorption potential energy of−0.75 eV while
adsorbing CO at the Na- and Cl-decorated edges yield
adsorption potential energy of−0.52 and−0.60 eV, respec-
tively. The CO binds atop an edge Au atom as depicte
Fig. 3 for the three models. Decreasing the coverage,
increasing the unit cell to ap(4 × 4) unit cell, has very lit-
tle effect on the CO-adsorption energy (0.02 eV in the c
of the Cl-decorated edge). Thus, lateral repulsive electrosta
tic interactions should not be the cause for the decreas
CO adsorption energy. Using the d-band model[43], these
adsorption energies suggest that the d-band center is sh
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Fig. 3. (a) Front, side, and top view of the stable configuration for CO
sorption on the Au/MgO model catalyst. (b) Front view of CO adsorption
the Na-decorated edge. (c) Front view of CO adsorption on the Cl-deco
edge.

toward lower energies in the DOS upon Na and Cl ads
tion. For CO adsorption on Pt, a linear relationship betw
the CO adsorption energy and the d-band center has
observed[43]. For the models studied here, we observ
small lowering of the d-band center with respect to the Fe
level, calculated to−0.09 and−0.06 eV, for the Na- and
Cl-decorated Au/MgO models, respectively, compared to th
clean Au/MgO model. The trendin the d-band center shi
is consistent with the observed lowering in adsorption
ergy for CO adsorption at the Na- and Cl-decorated ed
Finally, in all cases a small elongation (≈ 0.5–1.0%) of the
C–O bond length is found upon adsorption, indicating so
occupation of the CO 2π∗ orbital and the existence of a we
backdonation bond according to the Blyholder model
cussed above.

4.3. Coadsorption of CO and O2

As already mentioned, and in agreement with other s
ies of the CO+ O2 reaction over Au-based catalysts[12–14,
22], the affinity toward oxygen for the Au/MgO model cat
lyst is low. Therefore, the CO oxidation reaction most lik
involves some kind of intermediate complex of CO and2.
In Refs.[13,14], a particular stable configuration of CO a
O2 coadsorbed at the perimeter of an Au/MgO catalyst
found, with a low barrier of formation. The stability of such
complex will be even more important when Cl is introduc
in the system, due to the lowering of the oxygen adsorp
energy. Therefore, the stability of the CO· O2 complex is
investigated in the presence of Na and Cl. An important
terion for discussing feasible reaction pathways is that
stability of the formed CO· O2 complex should be highe
than that of CO alone.
n

.

Fig. 4. (a) Front and side view for simultaneous adsorption of CO and O2 in
the stable configurations displayed inFigs. 2 and 3for the clean Au edge
(b) Front and side view of the stable CO·O2 complex on the clean Au edg
(c) Front view of the CO· O2 complex on the Na-decorated edge. (d) Fr
view of the CO· O2 complex on the Cl-decorated edge. The distan
between the oxygen molecule and the support for the different CO· O2
configurations are given in Å. The O–O bond length is 1.34 Å in (a)
∼ 1.47 Å in (b), (c) and (d).

First, coadsorbing CO and O2 in the stable configuration
discussed previously was tested on the bare Au/MgO e
(cf. Fig. 4a). The adsorption potential energy for both C
and O2 is calculated to−0.71 eV, which should be compare
to the adsorption energy for the CO alone (−0.75 eV) and
the sum of CO alone and O2 alone,−0.88 eV (ECO

ads+ E
O2
ads)

at the lower coverage (cf.Table 2). Consequently, molecula
O2 adsorption is not enhanced by prior CO adsorption.
situation is different when a CO· O2 complex is formed; on
the bare Au/MgO model catalyst, the CO· O2 complex ad-
sorption potential energy is calculated to−0.90 eV, which
gives a 0.15 eV energy gain compared to the adsorptio
CO alone and having O2 in gas-phase. The adsorption co
figuration is displayed inFig. 4b. Decreasing the coverag
using thep(4 × 4) unit cell increases the adsorption ene
slightly (−0.98 eV). The binding of the CO·O2 complex can
be understood as a peroxo-like O2 (with a O–O bond length
of 1.47 Å and no magnetic moment) and an activated CO

The adsorption potential energy calculated for the CO·O2
complex adsorbed on the Na-decorated Au edge is−1.62 eV.
This is almost twice the adsorption energy calculated for
CO· O2 complex on the clean Au edge. From the analysi
the adsorption configuration (displayed inFig. 4c), it is con-
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cluded that the reason for the increased stability is the for
tion of a Na–O2 bond, as was also the case for the molecu
and atomic oxygen adsorption. The location of the CO· O2
complex is moved up to be parallel to the Au edge, while
complex in the case of the clean Au edge was formed cl
to the MgO(100) surface. To test the effect of removing
Na–O2 chemical interaction, wecalculated the adsorptio
of the CO· O2 complex in thep(4 × 4) unit cell. In this
larger cell, the adsorption potential energies with either
rect Na–O2 contact or no contact are−1.42 and−0.86 eV,
respectively. Thus, the increased stability is mainly due
the formation of a direct chemical bond between the Na
and the O2 molecule, with the enhancement effect of Na b
ing short ranged.

The formation of the CO· O2 complex on the Cl-
decorated Au edge is less energetically favorable tha
the former cases. In fact, the CO· O2 complex is less stabl
(adsorption potential energy of−0.49 eV) than CO alone
(−0.60 eV) on the Cl-decorated edge. The relaxed st
ture is displayed inFig. 4d. The low adsorption energy
in line with the results obtained for adsorption of molecu
oxygen. As for O2, the effect of Cl coverage was studied
using thep(4×4) unit cell. Two different scenarios were in
vestigated, one with the same Cl–CO· O2 distance as in the
p(4×3) cell, and another with Cl moved to the next bridgi
Au–Au site on the edge. The adsorption potential ener
for the CO· O2 complex are−0.46 and−0.67 eV, respec-
tively. Even at the furthest distance from Cl, the stability
the CO· O2 complex decreases by∼ 0.3 eV with respect to
the clean edge. This highlights the long-range poisonou
fects of Cl already discussed in the case of O2 adsorption.
Table 3summarizes the energetics for the CO· O2 complex
formation on all systems.

One often discussed issue is the role played by the
port material for the activity of Au particles. To investiga
this and study whether the MgO substrate acts differe
when Na or Cl is coadsorbed with the CO· O2 complex at
the Au edge, we have calculated the induced charge de
due solely to the interaction between the CO· O2 complex
and the MgO support. Following Refs.[13,14], such MgO-
induced charge density is defined as

�ρ = ρCO·O2/X/Au/MgO − ρCO·O2/X/Au − ρX/Au/MgO

(3)+ ρX/Au

and is obtained as the difference between the induced ch
densities for CO· O2–Au/MgO and Au/MgO (in our nota

Table 3
Coverage dependence on the stability of the CO· O2 complex

p(4× 3) (eV) p(4× 4) n (eV) p(4× 4) nn (eV)

Au/MgO −0.90 – −0.98
Na/Au/MgO −1.62 −1.42 −0.86
Cl/Au/MgO −0.49 −0.46 −0.68

n is nearest neighbor to the O2 molecule, nn is next-nearest neighbor to t
O2 molecule (closer to the CO molecule). n and nn are only relevant fo
Na- and the Cl-decorated edges.
e

tion, the extra symbol “X” has been added, labeling eit
Na or Cl dopants). The results are reported inFig. 5. The
plots are 2D representations, meaning that the charge
ferences are integrated in they direction and projected in
thex–z plane. For all the models, we observe a charge
pletion from a region close to the support and a charge
cumulation at the O2 part of the CO· O2 complex. There
are, however, important differences between the three c
The density difference is similar for the clean edge as fo
the Cl-decorated edge, suggesting similar stabilization of the
complex from the MgO support without or in the presen

Fig. 5. 2D plots showing the MgO-induced charge density, calculated fro
Eq.(3) (integrated alongy projected in thex–z plane), for the CO· O2 for-
mation on (a) the clean Au/MgO, (b) the Na-decorated Au/MgO, and (c

Cl-decorated Au/MgO edge. Unit is e−/Å
2
. Positions of the substrate a

well as the Au layers are indicated with black lines.
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of Cl. For the Na-decorated edge, the influence of the
port is significantly smaller (compare (b) with (a) and (c)
Fig. 5). This is not surprising, since Na increases the ch
ing the O2 part of the complex making the charge trans
from the substrate unnecessary.

5. CO oxidation reaction

Having established the adsorption energetics for the
volved reactants, we now continue with the actual CO
idation reaction. To close the catalytic cycle, the import
following oxygen abstraction reaction step will also be c
sidered subsequently.

5.1. CO + O2 reaction

Following the work in Refs.[13,14], the most plausible
reaction pathway for CO oxidation on these model syst
consists of two reaction steps. Starting with preadso
CO on the edge, we have first the CO· O2 formation. This
step is followed by an elongation of the O–O bond toge
with CO2 formation. The reason for a stepwise Eley–Rid
(ER) mechanism is the poor binding of molecular oxyg
together with high barriers for O2 dissociation[13,14]. How-
ever, at the Na-decorated Au edge, other reaction steps
be of interest. The enhanced adsorption energy for the m
cular oxygen together with a lowered adsorption energy
CO suggests the possibility of a secondtype of ER mech-
anism where CO directly reacts with a preadsorbed oxy
molecule.

The minimum energy paths (MEP) calculated for CO·O2
formation on the three different model systems are displa
in Fig. 6a. For the clean edge and the Na-decorated edge
barrier is calculated using thep(4× 3) unit cell. For the Cl-
decorated edge, thep(4 × 4) unit cell is used because th
CO· O2 formation is unstable with respect to CO adsorpt
in thep(4 × 3) unit cell. The initial states are CO adsorb
as inFig. 3and O2 approaching from the gas phase. The fi
states are the intermediate CO· O2 complexes displayed i
Figs. 4b–d.

For the clean Au edge, a barrier is found for approach
O2. The reaction barrier for CO· O2 formation is calculated
to ∼ 0.3 eV at a O2–CO distance of∼ 1.8 Å. For a similar
reaction pathway, no reaction barrier is calculated when
is added to the edge (cf.Fig. 6a). In this case, there is inste
an attraction between Na and the O2 molecule from the star
of the reaction path, and the main reason for the nonexis
reaction barrier is the larger affinity toward oxygen for
Na-decorated edge. For the Cl-decorated edge, the bar
similar to the one calculated for the clean edge,∼ 0.3 eV
(cf. Fig. 6a). The barrier is located at a similar O2–CO dis-
tance (∼ 1.8 Å) as for the clean model. Also, the atom
configurations corresponding to the highest energy along
MEP are similar for the two cases, with O–O bond leng
of 1.32–1.33 Å and magnetic moments slightly smaller t
d
-

e

s

Fig. 6. (a) MEP for CO· O2 formation on the discussed models. T
MEPs for the clean model and the Na-decorated model are calculated
p(4× 3) unit cell, while the barrier for the Cl-decorated edge is calcula
in thep(4× 4) unit cell. The structures for the final points are displayed i
Figs. 4b–4d. (b) MEP for CO2 formation via the second Eley–Rideal-typ
mechanism with O2 preadsorbed at the Na-decorated edge. The rea
coordinate is the O2–CO distance.

1µB. Thus, the origin of the barrier seems to be the form
tion of the peroxo ion, i.e., adding the second electron
the O2 molecule. This rationalization explains the abse
of barrier in the case of the Na-decorated edge, where
additional electron can easily be provided by the Na ato

The next step in the reaction path is to continue from
adsorbed complex with an elongation of the O–O bond
the formation of CO2. In this case, the introduced constra
is on the O–O bond length. The reaction barrier for the2
bond breakage is similar for all studied cases, calculate
∼ 0.3 eV with the barrier located at a O–O bond length
∼ 1.75 Å. This is in agreement with previous studies[13,
14].

As discussed above, a second scenario could be of int
for the Na-decorated edge, with O2 preadsorbed on the edg
(and close to a Na ion) reacting with CO approaching fr
the gas phase. In this case, no CO· O2 complex formation
is possible due to steric effects; i.e., the O2 molecule blocks
the adsorption site for CO. The initial configuration for th
reaction is displayed inFig. 2b and the calculated MEP
plotted inFig. 6b. We find a barrier for direct CO2 formation
of 0.4 eV, originating from the breaking of the O–O bo
(occurring at a O–O distance of∼ 1.75 Å, as above).
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5.2. CO + Oads reaction

An efficient removal of leftover oxygen atoms from t
above discussed CO oxidation reaction is important in o
to close the reaction cycle and prevent oxygen poison
Oxygen abstraction from a similar model as the clean e
has been shown to display a very low barrier for CO2 forma-
tion from adsorbed CO and atomic oxygen via a Langm
Hinshelwood (LH) mechanism[13,14]. However, for the
Na-decorated edge, this step could become crucial, du
the very stable binding of atomic oxygen on this model.

Adsorbing CO on the clean model with preadsorbed o
gen (depicted inFig. 2d) leads to similar energetics as f
CO adsorption at the clean Au edge. Furthermore, the
sorption energy is similar (within 0.05 eV) for adsorpti
atop the Au atom above the preadsorbed oxygen atom
adsorption at neighboring Au atoms. The initial config
ration used for the calculation of the reaction barrier
oxygen abstraction at the clean edge is shown as an ins
Fig. 7a. For the Na-decorated edge, an increased adsor
energy of−0.82 eV is calculated for CO on the upper A
edge, at a Au–Au bridge position close to the preadso
Na–O complex (see inset inFig. 7b). As CO adsorption
is slightly stronger than at the clean Au edge (−0.75 eV)

Fig. 7. Barrier for CO2 formation on the clean O–Au/MgO model (to
panel) and the O–Na/Au/MgO (bottom panel) model catalyst as a fun
tion of OC–Oadsdistance. Front views of the initial configurations for C
adsorption are shown as insets.
(and much stronger (∼ 0.3 eV) than at the Na-decorate
edge), the Na–O complex is expected to act as a CO at
tor.

The reaction barriers for the oxygen abstraction are
culated using the OC–O bond length as reaction coordin
The MEPs calculated for the clean and Na-decorated edg
are given inFig. 7 together with the initial configurations
The barrier for the Cl-decorated edge is not included bec
the stability of the atomic oxygen is similar to the one c
culated for the clean edge, suggesting similar barriers.
the clean edge with a preadsorbed oxygen atom, the ba
is very low (< 0.1 eV, cf.Fig. 7a). This is in agreement wit
previous studies[13,14] and confirms that no deactivatio
should occur due to leftover oxygen atoms at the Au/M
interface. More interesting is the oxygen abstraction fr
the Na-decorated edge, where the stability of the oxy
atom close to a Na ion is higher. The MEP for oxygen
straction is displayed inFig. 7b. The calculated barrier i
∼ 0.45 eV, starting from the adsorbed CO molecule. Th
the removal of oxygen atoms is slightly more difficult at t
Na-decorated edge. However, all points on the MEP are
low the reference energy for CO(g), which together wit
moderate barrier and a large heat of reaction suggests
there should not be any poisoning of the catalyst due to
over oxygen atoms.

6. Conclusion

The effect of coadsorbates (Na and Cl) on the CO ox
tion reaction over a Au/MgO model catalyst has been stu
using density-functional theory, investigating both prom
ing and poisonous effects. The interaction between Na
Cl with the Au/MgO catalyst is found to be strong. Char
transfer is observed between the Au metal and the coad
bates, indicative of an ionic binding forming a Naδ+ and a
Clδ− upon adsorption. The formation of charged adato
prevents clustering at the edge. For Na, a more critical p
lem is to avoid alloying with Au as well as migration of Na+
ions to the MgO support; the results of test calculations s
gest that special care during the preparation of a prom
catalyst is needed.

For the binding of CO to the modified catalysts, there
relatively little influence of either Cl or Na; on the contra
in the case of O2 the influence is drastic, with Cl clearl
acting as a poison and Na acting as a promoter. The re
for this is the sensitivity of the O2 binding to the presenc
of electronic charge available to be transferred to the m
cule. Interestingly, we find the promoter effect of Na to
local, while the poisonous effect of Cl is long ranged. T
is understood from the fact that the poisonous effect of C
electrostatic, and thereby declining as a power law, while
promoting effect of Na requires overlap of orbitals and
creation of a chemical bond.

Similar poisoning/promoter effects occur for the form
tion of a CO· O2 complex at the Au/MgO perimeter. Th
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stability of such a complex is significantly enhanced at
Na-decorated Au edge compared to the clean edge. Th
hancement is mainly due to the formation of a Na–O2 bond.
Furthermore, the increased affinity toward oxygen for
Na-decorated edge leads to a barrier-free path for the
mation of the CO· O2 complex. For the Cl-decorated ed
at the higher coverage, formation of the CO· O2 complex is
unlikely since it is less stable than CO adsorbed plus O2 in
the gas phase. Subsequent CO2 formation from the formed
complex has a moderate activation barrier of∼ 0.3 eV for
all models. Due to the higher affinity toward O2 at the Na-
decorated edge, a second Eley–Rideal mechanism was
sidered, using preadsorbed O2 and CO approaching from th
gas phase. In this case, a direct CO2 formation is possible
with a reaction barrier of∼ 0.4 eV, without the formation o
a CO· O2 complex. To complete the reaction cycle, also b
riers for leftover oxygen abstraction have been calcula
These calculations show that at the clean edge, atomi
adsorbed oxygen can be easily removed by CO, with
small or no reaction barriers (< 0.1 eV). At the Na-decorate
edge, abstraction of atomic oxygen is slightly more diffic
(0.45 eV activation barrier), but still feasible at moder
temperatures.

To conclude, the activity of CO oxidation over Au/Mg
is predicted to be significantly increased by providing
“oxygen attractor”, in this case Na, which results in very l
barriers for the CO+O2 reaction via Eley–Rideal type of re
action mechanism. The activation of O2 at the Na-decorate
edges is similar to what has been reported for O2 adsorp-
tion on Au supported on more active support materials
TiO2. The poisonous effects of Cl have also been inve
gated, finding that they extend at least two bridge sites a
from the Cl. The poisoning is mainly observed in a decrea
stability of the adsorbates. The reaction barrier for, e.g.
CO· O2 complex formation at the lower coverage seems
to be affected. Thus, the poisonous effect seems to b
site-blocking character together with long-ranged Coulo
repulsion rather than electronic.
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