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In order to explain the experimentally found catalytic characteristics of Au1–4 /MgO�100� we have per-
formed a comprehensive density functional study of these systems and their ability to �co�adsorb CO and O2

molecules. Starting from the carefully determined ground-state structures we have analyzed binding mecha-
nisms, the influence of spin-orbit coupling, and charge redistributions in Au1–4 /MgO+CO�O2�. Experimentally
Au1,2 /MgO were found to be inactive under a mixed atmosphere. We show that O2 strongly binds to Au1 /MgO
that prevents coadsorption. Although a catalytic reaction cycle towards CO oxidation, analogous to the gas
phase reaction involving Au2

−, is energetically possible for Au2 /MgO, the cluster will get blocked by a
strongly bound CO. On the other hand, the catalytic activity of Au3,4 /MgO could be explained by their ability
to coadsorb CO and O2, hence indicating the occurrence of a Langmuir-Hinshelwood-type reaction mechanism
for these clusters.
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I. INTRODUCTION

Nanometer-sized gold particles received much attention
after the discovery of their substantial catalytic potential for
the low-temperature oxidation of carbon monoxide.1–4 Even
really small gold clusters in the gas phase and on a metal-
oxide support, e.g., Au2

− and Au8 /MgO, show an interest-
ingly high CO oxidation activity.5–8 During recent years
much, predominantly theoretical, work has been carried out
on small supported gold clusters revealing the importance of
the cluster/substrate interaction.9,10 In particular, the charging
of gold clusters as a result of an electron redistribution in the
cluster/substrate system has been found to be crucial for the
chemical reactivity.11–14 It has also been established that the
presence of surface oxygen vacancies8,15,16 and underlying
metal support17 can play an important role in charging the
gold clusters.

Magnesium oxide is one of the most studied substrates
used for gold cluster deposition because of its stability and
simplicity to be handled both in theory and experiment.7,18

Although MgO is considered a comparably inert substrate,
Sanchez et al.7 found a surprisingly high catalytic activity of
Au8 on defective MgO�100�. This finding was later on ex-
plained in greater detail by Yoon et al.,8 who suggested that
MgO color centers, i.e., oxygen vacancies, under the cluster
donated extra charge to Au8 and hence led to the observed
enhanced catalytic activity. Despite a number of studies de-
voted to the CO and O2 adsorption on very small free6,19–23

and supported gold clusters7,8,14,24–26 their catalytic proper-
ties for CO oxidation are not fully understood yet. To our
knowledge very few studies exist25,27 where the adsorption
of CO on Au adatoms on a regular MgO support has been
studied, although experimental data exist for the whole range
of Aun /MgO clusters �up to n�20�.7

Here, we concentrate on the four smallest gold clusters
and offer an explanation of the experimental observations in
Ref. 7 why the two smallest systems, Au1,2 /MgO, have
not shown any catalytic activity at all and why the next
bigger ones, Au3,4 /MgO, have demonstrated a very limited

activity only. We address these issues by performing a de-
tailed theoretical study based on density functional theory
�DFT� of the adsorption of CO and O2 molecules on
Au1–4 /MgO�100�. We have chosen to work with a perfect
MgO surface as it seems doubtful that an oxygen vacancy
beneath a cluster as small as Au1–4 could survive under an
atmosphere containing substantial amounts of O2. Moreover,
recent infrared spectra measurements on CO adsorbed on
Au1 /MgO have revealed that the activation of CO is stronger
when the Au adatom is bound to a regular terrace site com-
pared to Au1 on a MgO color center.25 Recent combined
theoretical and experimental investigations of single Au ada-
toms on 20 monolayers �ML� MgO on Mo and of small Aun
clusters on 2 ML MgO on Ag have shown that theoretical
results based on DFT calculations correctly describe the
properties of these systems.28,29 DFT methods have also been
employed successfully to study the catalytic CO oxidation
cycle.6,30 Therefore, we feel confident that DFT is an appro-
priate theoretical tool to study the adsorption and activation
of CO and O2 molecules on supported gold clusters.

The paper is outlined as follows. Section II presents the
computational details. In Sec. III the ground-state properties
of Au1–4 on a regular MgO surface are discussed. The fol-
lowing section �Sec. IV� shows the results for carbon mon-
oxide and oxygen molecules absorbed on the Au1–4 /MgO
systems. In Sec. V the catalytic potential of these systems is
analyzed in greater detail. Finally, Sec. VI gives a summary
and conclusion.

II. COMPUTATIONAL DETAILS

The ab initio DFT calculations were performed using the
projector augmented wave method31,32 as implemented in
VASP.33,34 The exchange-correlation interaction was treated in
the general gradient approximation �GGA� in the parametri-
zation of Perdew et al.,35 which was found to be most appro-
priate for the systems under consideration.36

The MgO�100� surface was modeled in a supercell ap-
proach with a 2 ML thick 3�3 MgO slab. The repeated
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slabs were separated from each other by 27 Å, of vacuum.
Such a large separation between the surfaces was necessary
to ensure that it did not become smaller than 20 Å once gold
clusters with adsorbed CO and O2 molecules were attached
to one side of the slab.37 The unit cell was constructed using
the equilibrium lattice parameter of MgO �4.235 Å� ob-
tained in the corresponding bulk calculations. In order to
show that the two layer thick slab adequately represented the
MgO�100� surface for the considered systems we carefully
checked the convergence of the adsorption energy �Eads� of
the Aun clusters with respect to the slab thickness and lateral
size. Convergence of Eads within 2 meV/Au atom with re-
spect to the number of k points and cutoff energy was
reached for the Monkhorst-Pack 2�2�1 mesh and 450 eV,
respectively. All the atoms in the unit cell were allowed to
fully relax without any constraint and the relaxation cycle
was stopped when the Hellman-Feynman forces had become
smaller than 10−2 eV /Å. In order to minimize the computa-
tion time the structural relaxation was initially performed
without spin polarization. We carefully checked that the re-
sulting structures were virtually identical to those obtained
with spin polarization, and even spin-orbit coupling �SOC�,
taken into account during relaxation. The total energies of
thus obtained ground-state structures were recalculated with
SOC included. The charge distributions and transfers were
analyzed by means of the Bader method.38

III. MgO-SUPPORTED SMALL GOLD CLUSTERS

As an initial step in our study we determined the favored
binding sites and ground-state geometries of the Au1–4 clus-
ters on the regular MgO�100� surface �see Fig. 1�. In accor-
dance with earlier studies10,11,17,39,40 we found that gold pre-
fers to bind on top of the surface oxygen atoms Os. In the
search for the ground-state configurations of Au3 and Au4 we
started the relaxation procedures from four different initial
cluster configurations already adsorbed on the surface. For
some selected cases a soft landing of free cluster structures
onto the surface was tested and did not give any new geom-
etry. All the Au1–4 /MgO structures earlier reported in the
literature15,16,41 were also calculated.

Our results for the Au1,2,4 /MgO systems, i.e., binding
sites, adsorption energies, and geometries, agree very well
with earlier theoretical works �see Table I�.15,16 The situation
for Au3 /MgO is more delicate since two groups previously
reported two different ground-state configurations for this
system.16,41 Our results, however, suggest yet another struc-
ture. Having calculated the geometries proposed in previous
works we found that the one from Ref. 41 was just 25 meV
higher in energy, whereas the geometry from Ref. 16 was
230 meV higher in energy than the Au3 /MgO structure
found by us.

Figure 2�a� shows the calculated adsorption energies Eads
of Au1–4 on MgO. Clearly Eads increases the bigger the clus-
ter becomes. However, when recalculated per Au-Os bond
�not shown� the binding energy oscillates indicating a stron-
ger bonding for the clusters containing an even number of
Au atoms. Accordingly, Au-Os bond distances also oscillate
being shorter for “even” clusters and longer for “odd” clus-
ters �see Table I�.

The introduction of the SOC term does not change the
Au1–4 cluster geometries on MgO or the amount of the trans-
ferred charge but influences their adsorption energies �Fig.
2�a��. The difference between the adsorption energies,
�Eads=Eads

SOC−Eads
sp , shown in Fig. 2�b�, decreases rapidly

with increasing cluster size, i.e., for Au4 the difference is
already smaller than 10 meV. At first glance the gold trimer
seems to be at variance with the general trend of Eads

SOC being
a bit lower than Eads

sp . But its exceptionally high adsorption
energy for the spin-polarized calculation without SOC arises
solely from the different ground-state geometries in the gas
phase found in spin-polarized calculations with SOC �regular
triangle� and without SOC �stretched base triangle�, whereas
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FIG. 1. �Color online� The ground state geometries of Au1–4

�yellow balls� on top of a regular MgO�100� terrace �green and
small red balls, respectively�. Also shown are the Bader charges
�Ref. 38� and relevant interatomic distances. Additionally, cuts
through the charge density redistribution �� are shown. They were
calculated by subtracting the sum of the charge density of the clus-
ter, ��Aun�, fixed in the positions corresponding to the adsorption
geometry, and surface, ��MgO�, from the total charge density of the
cluster/substrate system, ��Aun /MgO�.
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the geometries of Au3 /MgO obtained from both types of
calculations are identical. In conclusion, neglecting the SOC
term for bigger gold clusters, as it is routinely done in the
majority of work, appears to be justified. The most important
change in the electronic structure due to SOC occurs for the
Au 5d states, whose center of mass moves upward in energy,
promoting the contribution of these states to chemical bond-
ing.

As a general trend we observe the formation of negatively
charged clusters, Aun

−�, in agreement with previously re-
ported results.17 Figure 2�c� and Table I show the total charge
donation �Q to the clusters. Note that for the small clusters
considered here the charge transfer scales roughly linear with
the number of Au-Os bonds, i.e., �0.3e− per bond. The
analysis of the charge redistribution �Fig. 1� shows that the
charge donation from the surface to the gold clusters is well
localized to the binding surface oxygen atoms Os, i.e., be-
tween 80% and 87% of the extra charge on the clusters
comes from these atoms.15 For Au2,4 one can observe a no-

ticeable charge accumulation along the Au-Os bond, indica-
tive of covalent bonding. This explains the relatively high
binding energies per Au-Os bond and shorter Au-Os bonding
distances observed for the adsorbed Au2,4 clusters.

The Au-Os bonds show an odd-even hybridization pat-
tern: Au1,3 have an unpaired 6s electron, which constitutes
the highest occupied states for these clusters hybridizing
with the 2pz states of Os. In the case of Au2,4 the highest
occupied states are 5d states, which, in particular the dz2

states, hybridize with the pz states of Os. The oscillations of
properties due to the changing parity of the number of Au
atoms were previously observed for low-dimensional gold
structures.44,45

IV. ADSORPTION OF CO AND O2

We studied the adsorption of single carbon monoxide and
oxygen molecules on Au1–4 /MgO�100� starting from the ear-
lier determined ground-state geometries �cf. Fig. 1�. The
fully relaxed structures of Au1–4 /MgO+CO�O2� are shown
in Fig. 3. The figure also shows cuts through the charge
redistribution due to the adsorption of a molecule, ��
=��Aun /MgO+CO,O2�−��Aun /MgO�−��CO,O2�. A com-
pilation of the most interesting properties calculated for the
systems is given in Tables II and III. Note that for compari-
son the binding energies of CO and O2 molecules on
MgO�100� are shown in the tables as well. In agreement with
previous studies46–48 both molecules are found to bind on top
of a surface magnesium atom. These studies also found a
high mobility at finite temperatures for both molecule spe-
cies.

In accordance with previous studies of CO adsorption on
bigger gold clusters supported by MgO, e.g., Ref. 9, we
found that the carbon atom binds to Au and the oxygen atom
points away from the cluster. The Au adatom donates almost
all the additional charge received from the MgO support to
the CO molecule. Although the bigger clusters, Au2–4, donate
a smaller fraction of their extra charge, CO appears to bind
significantly stronger to these clusters than to Au1 �cf. Fig.
4�a��. A substantial fraction of the charge assigned to CO by

TABLE I. Compilation of calculated quantities for Au1–4 /MgO and, for comparison, available data from
the literature. Eads is the adsorption energy of Aun �eV�, d�Aun-Os� is the gold-surface bonding length �Å�,
and �Q is the charge donation from the substrate into Aun calculated by the Bader analysis �e−� �Ref. 38�.
Note that all values are obtained for spin-polarized calculations including spin-orbit coupling.

Aun Eads
a d�Au-Os� �Q�Aun�

1 −0.89 �−0.89�b 2.32 �2.28�b 0.29 �0.29�c

2 −1.44 �−1.49�b 2.15 �2.18�b 0.33 �0.31�c

3d −1.52 �−1.69,−1.15�c,e 2.35 0.61 �0.36�c

4 −1.75 �−1.45�c 2.18, 2.28 0.57 �0.52�c

aReferences 15 and 41 used the Perdew-Wang 91 GGA parametrization and Ref. 16 used the revised Perdew-
Burke-Erzernhof parametrization �Refs. 42 and 43�.
bReference 15.
cReference 16.
dReferences 16 and 41 found different ground-state geometries that are at least 25 meV higher in energy in
our calculations.
eReference 41.

FIG. 2. �Color online� �a� Adsorption energies Eads of Au1–4 on
a regular MgO�100� terrace. For comparison the results of spin-
polarized calculations including spin-orbit coupling �squares� and
those of spin-polarized calculations without SOC �circles� are
shown. Inset �b� �Eads=Eads

SOC−Eads
sp . �c� Total charge transfer from

the MgO substrate to Aun.
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the Bader analysis is actually located in between Au and C
�cf. Fig. 3� indicating the formation of a covalent bond. Fur-
thermore, due to the adsorption on the cluster, an intramo-
lecular charge redistribution from oxygen towards carbon is
seen for the CO molecule. This is somewhat different from
the electron distribution in the free CO molecule, where the
two carbon 2p electrons, forming the bond with oxygen,
have a higher expectation value in the vicinity of O.

The binding mechanism is different for the oxygen mol-
ecule adsorbed on Au1–4 /MgO. Except for Au3 /MgO+O2,
where both oxygen atoms bind to the top Au atom, only one
of the O atoms binds to gold. Due to the much higher elec-
tron affinity of O2 �1.16 eV� compared to that of CO �0.29
eV� more charge is transferred from Au1–4 /MgO to O2 than
to CO �Fig. 4�c��. In the case of Au1 /MgO+O2 this charge
even exceeds the charge transferred from the substrate to the
Au adatom almost by a factor of 2. The substrate oxygen still
donates 0.27e−, but now also the Au adatom donates addi-
tional 0.22e− to the adsorbed O2. For the other three clusters
between 70% and 80% of the additional charge received
from the substrate is passed onto the O2 molecule. Most of

this donated charge tends to concentrate as far away from the
cluster as possible �Fig. 3�.

The adsorption of CO and O2 on the gold clusters leads to
a stretching of their intramolecular bonds �Tables II and III�,
as the extra charge fills antibonding molecular orbitals. Al-
though the intramolecular bond of O2 is stretched by up to
8%, thereby substantially exceeding the oxygen-oxygen
separation in O2

− in the gas phase �1.26 Å�, we could not
find any trace of a dissociation of the O2 molecule upon
adsorption. For comparison we also present the correspond-
ing values for Au2CO− and Au2O2

− �Tables II and III� as the
CO oxidation cycle with Au2

− in the gas phase has previ-
ously been studied in detail.5,6,30 Au2

− has one extra electron,
which is significantly more extra charge compared to the
amount Au2 gets from the substrate. Therefore, it is not sur-
prising that the charge donation from Au2

− to CO and O2 is
about 0.3e− larger than that from the supported Au dimer.
Consequently, the molecular bond stretching was found to be
more pronounced for CO and O2 adsorbed on Au2

−.
The CO and O2 adsorption also influences the structure of

the gold cluster/substrate system. For instance, the Au-Os

Au1/MgO + O2Au1/MgO + CO

+0.03

-0.03

0.0

Au2/MgO + CO Au2/MgO + O2

Au4/MgO + O2Au4/MgO + COAu3/MgO + CO Au3/MgO + O2

(a) (b)

(c) (d)

FIG. 3. �Color online� The ground-state ge-
ometries of Au1–4 /MgO+CO�O2�. Also shown
are cuts through the charge density redistribution
��. They were calculated by subtracting the sum
of the charge density of the cluster, ��Aun�, the
molecule CO�O2�, fixed in the positions corre-
sponding to the adsorption geometry, and surface,
��MgO�, from the total charge density of the
cluster/substrate plus molecule system
��Aun /MgO+CO,O2�.

TABLE II. Compilation of calculated quantities for Aun /MgO+CO and, for comparison, available data
from the literature. Eads is the adsorption energy of CO �eV�, d is the interatomic distances �Å� �note that
d�C-O�=1.14 Å in gas phase�, and �Q is the charge donation from Aun /MgO into CO calculated by the
Bader analysis �e−� �Ref. 38�. Note that all values are obtained for spin-polarized calculations including
spin-orbit coupling. For comparison CO on pure MgO is included in the last row.

Aun+CO Eads d�Au-C� d�C-O� �Q�CO�

1 −0.73 �−0.64�a 1.90 1.18 0.31

2 −1.34 1.95 1.15 0.05

Au2
−�GP� −1.07 �−0.96�b 2.02 1.19 0.37

3 −1.33 1.94 1.16 0.10

4 −1.14 1.94 1.16 0.08

CO on MgO −0.17 �−0.2�c 1.14 0.10

aReference 27.
bReference 5.
cReference 46.
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distance decreases by more than 10% for the Au adatom,
whereas it increases by 5% for the dimer, when CO is ad-
sorbed. For Au3,4 /MgO the molecule adsorption leads to a
geometry change that is best seen for Au3 /MgO �Fig. 3�c��.
In this case it results in the shrinkage of the triangle base,
which is most prominent for CO adsorption, where one of

the gold atoms even changes the binding oxygen site. The
shape variation of Au4 due to molecular adsorption is less
dramatic but still noticeable �Fig. 3�d��.

The analysis of binding energies shows that CO binds
stronger to Au2–4 /MgO than O2 does �Fig. 4�a��. For
Au2–4 /MgO the adsorption energies of CO are rather similar
and significantly higher than those for Au1 /MgO. Oxygen
molecules, on the other hand, bind much weaker to
Au2–4 /MgO than to the supported Au adatom. Furthermore,
the adsorption energies of oxygen follow an odd-even oscil-
lation pattern that is not observable for CO. The spin-orbit
coupling term has the highest impact on the adsorption en-
ergies of the molecules on the smallest clusters �see Fig.
4�b��. SOC plays a much smaller role for Aun /MgO+O2,
�Eads�50 meV, than it does for Aun /MgO+CO, �Eads
�220 meV. Furthermore, the effect of SOC for Aun /MgO
+O2 is rather independent of the cluster size, whereas it is
most significant for Au1 /MgO+CO and quickly diminishes
as the cluster size increases.

Figure 4 also contains results for Au2CO− and Au2O2
−.

Opposite to what we find for Au2 /MgO oxygen binds stron-
ger to the anion dimer compared to CO. Interestingly, the
inclusion of SOC has a little effect on molecular Eads only,
lowering them by less than 50 meV.

V. COADSORPTION ON Au1−4 ÕMgO AND CATALYTIC
ACTIVITIES

After studying the adsorption of single CO and O2 mol-
ecules on Au1–4 /MgO�100�, we look upon the coadsorption
of these molecules and attempt to shed some light on the
experimentally found catalytic characteristics of the clusters.
In a systematic experimental study of Aun clusters �n
=1, . . . ,20� Au8 /MgO has been discovered to be the smallest
effective catalyst for CO oxidation.7 Thereby it has also been
found that Au1,2 /MgO do not show any catalytic activity at
all, whereas Au3–6 show at least some activity. In contrast,
the free gold dimer anions have been shown to exhibit a
considerable catalytic activity.5,6,30 In particular, in the joint
experimental and theoretical study6 the following the Eley-
Rideal reaction mechanism for the CO oxidation with Au2

−

as a catalyst has been suggested,

TABLE III. Compilation of calculated quantities for Aun /MgO+O2 and, for comparison, available data
from the literature. Eads is the adsorption energy of O2 �eV�, d is the interatomic distances �Å� �note that
d�O-O�=1.23 Å in gas phase�, and �Q is the charge donation from Aun /MgO into O2 calculated by the
Bader analysis �e−� �Ref. 38�. Note that all values are obtained for spin-polarized calculations including
spin-orbit coupling. For comparison O2 on pure MgO is included in the last row.

Aun+O2 Eads d�Au-Om� d�O-O� �Q�O2�

1 −1.32 2.02 1.32 0.54

2 −0.23 2.10 1.28 0.24

Au2
−�GP� −1.40 �−1.39�a 2.10 1.33 0.60

3 −0.64 2.23, 2.27 1.32 0.41

4 −0.09 2.01 1.30 0.47

O2 on MgO −0.03 �0.01�b 1.23 0.00

aReference 5.
bReference 48.

FIG. 4. �Color online� Adsorption energies and charge transfers.
�a� Eads of a single CO �circles� and O2 �squares� molecule on
Au1–4 /MgO�100�. Also shown are Eads for CO �open triangle� and
O2 �solid triangle�, on the Au dimer anion in the gas phase. �b�
Difference �Eads between the calculations including spin-orbit cou-
pling and calculations only taking spin polarization into account. �c�
Charge transfer �Q to the CO �circles� and O2 �squares� molecules
from Aun /MgO. Note that in the case of Au2CO /O2

− �open and
solid triangles, respectively� the available extra charge is one elec-
tron, compared to a maximum of 0.61e− in the case of Au4 /MgO;
hence, the significantly higher charge transfer to the molecules
takes place.
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Au2
− + O2 → Au2O2

−,

Au2O2
− + CO � Au2�CO�O2

−,

Au2�CO�O2
− + CO → Au2

− + 2 CO2.

For supported clusters a Langmuir-Hinshelwood �LH� re-
action scheme, where adsorbents can thermalize and long-
lived transition species exist, would be expected instead. We
compare in detail the energetics of a CO oxidation reaction
path for the free anionic Au dimer and an analogous reaction
path for Au2 /MgO. Since the suggested reaction mechanism
demands the coadsorption of O2 and CO molecules on the
gold dimer, forming a carbonatelike state, we started with
Au2

−+O2 and coadsorbed an additional CO molecule on
Au2O2

−. The intermediate carbonatelike product, Au2CO3
−,

has also been found in experiment.6 The energies for the
reaction path, including the intermediate steps, i.e., energy
gains and products, are shown in Fig. 5. Except for the ge-
ometry of Au2CO3

− and its binding energy our results agree
very well with those reported in Ref. 6. On the other hand,
the authors of Ref. 30 found the same structure for Au2CO3

−

as we did.
Figure 5 illustrates that all but the final dissociation step,

i.e., Au2CO2
−→Au2

−+CO2, are exothermic and barrier free.
The endothermic release of the second CO2 demands 0.58
eV according to our calculations. This value should be com-
pared to 0.53 eV from Ref. 6 and 0.28 eV reported in Ref.
30. This endothermic step has usually not been considered an
obstacle for the reaction since the energy gained in the pre-
vious reaction steps is an order of magnitude higher and our

calculations did not show an additional barrier, in agreement
with Refs. 6 and 30.

Next we studied an analogous reaction path for Au2 /MgO
�Fig. 5�. Obviously the start and end points must be the same
since their difference is the energy released during the oxi-
dation of two CO molecules. Interestingly, here the last en-
dothermic step of the reaction demands only 80 meV, which
is much less than the corresponding value for Au2

−. Similar
to the dimer in the gas phase no additional barrier exists for
this endothermic step.

According to these results a catalytically enhanced reac-
tion should work for both systems, i.e., the free Au2

− and the
supported dimer. So why has no catalytic activity been ob-
served for Au2 /MgO? The answer is twofold. First, the bind-
ing energy of CO to Au2 /MgO is more than 1 eV higher than
that of O2. Hence, in a mixed CO /O2 atmosphere one could
expect CO to more readily adsorb on the gold dimers. Sec-
ond, in our calculations we find carbonatelike states starting
from preadsorbed O2 and adding a CO molecule. But all our
attempts to find a similar state starting from preadsorbed CO
and then adding oxygen failed. Thus, we can expect that in a
mixed CO /O2 atmosphere the gold dimers on MgO surface
are to a large extent blocked by CO hindering the coadsorp-
tion of O2.

We obtain similar results for Au1 /MgO: when either O2
or CO is preadsorbed on the adatom it appears to be impos-
sible to coadsorb a second molecule. This blocking of the
supported gold adatom and dimer by the initially adsorbed
molecule inhibits a reaction and could explain the absence of
any catalytic activity for these systems.7

Looking at the adsorption energies of the molecules on
the two bigger clusters �Fig. 4�, one might again assume that
in a mixed CO /O2 atmosphere CO binds first on
Au3,4 /MgO. But in contrast to the two smaller clusters it is
now possible to coadsorb a second molecule onto the
cluster+molecule /substrate system �Fig. 6�. However, we
could not find a carbonatelike configuration in these cases
either.

The adsorption energies for the additional O2 were
−0.32 eV �−0.13 eV� for Au3 �Au4�. Hence, the coadsorbed
oxygen molecule actually binds stronger to Au4 than O2 ad-
sorbed alone �see Fig. 4 and Table III�. In Fig. 6 also the
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FIG. 5. �Color online� Differences �E0 in the total energy for all
steps during a catalytic cycle for the carbon monoxide oxidation by
means of Au2

− in the gas phase �circles� and Au2 /MgO �squares�.
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FIG. 6. �Color online� Carbon monoxide and molecular oxygen
coadsorbed on Au3 /MgO �left� and Au4 /MgO �right�. O2 was ad-
sorbed after CO. Also shown are the intramolecular distances and
the extra charges gained due to the adsorption on the gold cluster.
The Au atoms binding to the molecules were depleted by an accord-
ing amount of charge.
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intramolecular distances of the adsorbed molecules and their
additional charge due to adsorption are shown. These values
are comparable to what was found earlier for single adsorbed
molecules �Tables II and III�. The additional charges on the
molecules were donated from the Au atoms they bind to. Our
findings indicate that LH-reaction-type mechanism, i.e.,
coadsorption of two molecules on different sites of the clus-
ter and their reaction with each due to their movement on the
clusters, as suggested for Au8 /MgO,8 could be possible. By
means of a LH reaction path it is understandable that
Au3,4 /MgO showed at least some catalytic activity in Ref. 7.
We therefore suggest that a LH reaction type becomes in-
creasingly important for bigger clusters.

VI. SUMMARY AND CONCLUSIONS

Small gold clusters on regular MgO�100� and the adsorp-
tion of CO and O2 on these systems have been studied. The
obtained ground-state properties of the Aun /MgO clusters
are in good agreement with available experimental data and
earlier calculations. We show that the impact of SOC is most
important for the smallest clusters and it quickly diminishes
as the cluster size increases. We find that the charge transfer
from the MgO substrate to the clusters scales approximately

as 0.3e− per cluster/substrate bond and it plays an important
role for molecular adsorption and activation. We have care-
fully studied the CO and O2 adsorption on Aun /MgO ana-
lyzing binding sites and energies, charge redistribution, bond
stretching in the molecules, and changes in the cluster/
substrate geometries. We show that the coadsorption of CO
and O2 on Au1 /MgO is not possible, whereas a carbonatelike
state can form on Au2 /MgO if oxygen could adsorb first.
However, due to the higher binding energies of CO on
Au2 /MgO the adsorption of carbon monoxide is likely to be
preferred in a mixed CO /O2 atmosphere that should block
the formation of the carbonatelike state. These findings sug-
gest that a LH-type catalytic cycle is not possible for the
Au1,2 /MgO systems. Although a carbonatelike state could
not be formed on Au3,4 /MgO either, it appears to be possible
to coadsorb CO and O2 at different sites of these clusters
indicating that a LH reaction could occur in these systems.
This would explain the catalytic activity experimentally
found for these systems.
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