
PRL 95, 106102 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
2 SEPTEMBER 2005
Water-Enhanced Catalysis of CO Oxidation on Free and Supported Gold Nanoclusters
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The enhancement by water molecules of the catalytic activity of gas-phase and supported gold
nanoclusters toward CO oxidation is investigated with first-principles calculations. Coadsorption of
H2O and O2 leads to formation of a complex well bound to the gold cluster, even on a defect-free
MgO(100) support. Formation of the complex involves partial proton sharing between the adsorbates, that
in certain configurations results in proton transfer leading to the appearance of a hydroperoxyl-like
complex. The O-O bond is activated, leading to a weakened peroxo or superoxolike state, and
consequently the reaction with CO to form CO2 occurs with a small activation barrier of �0:5 eV. A
complete catalytic cycle of the water-enhanced CO oxidation is discussed.
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Unlike supported particles of larger sizes, or extended
surfaces [1,2], small supported metal clusters were found
to exhibit unique properties that originate from their highly
reduced dimensions [3–6]. Recent joint experimental stud-
ies and theoretical investigations [6–8] using first-
principles simulations on size-selected small gold clusters,
Aun (20 � n � 2), adsorbed on well characterized
MgO(100) surfaces under ultra-high-vacuum conditions,
revealed that gold octamers (Au8) bound to oxygen va-
cancy F centers of the magnesia surface, are the smallest
known gold heterogeneous catalysts that can oxidize CO
into CO2 at temperatures as low as 140 K. The same
clusters adsorbed on a MgO defect-free surface are cata-
lytically inactive for CO combustion [6–8]. In these inves-
tigations charging of the adsorbed metal cluster through
partial electron transfer from the substrate F-center defect
and subsequent occupation of the antibonding 2�� orbital
of O2 occurs. This and the consequent activation of the O-
O bond of the molecule adsorbed on the cluster (resulting
in formation of peroxo or superoxo states), have been
identified as underlying the catalytic activity.

Unlike other common catalysts [9], the presence of
moisture is beneficial to gold catalysts [9–13], increasing
their activity by up 2 orders of magnitude [9,12]. However,
to date only a few experiments (focusing on high moisture
levels) addressed the water enhancement mechanisms [9–
13], and theoretical studies and/or microscopic understand-
ing are lacking.

Here we investigate with the use of first-principles cal-
culations the microscopic origins of the remarkable en-
hancement due to water of the catalytic activity of gold
nanoclusters adsorbed on a perfect MgO(100) surface (or
in the gas phase). We find that an adsorbed H2O molecule
serves as an ‘‘attractor’’ of O2 to its vicinity, with the
coadsorbed molecules forming a complex strongly bound
to the gold cluster (even in the absence of defects, i.e., F
centers, and consequent charging effects that, as mentioned
above, play an important role under dry conditions).
Formation of the complex involves partial sharing of a
proton between the coadsorbed molecules, which in certain
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adsorption configurations is fully transferred to the O2

molecule leading to a hydroperoxyl-like complex and a
hydroxyl group. The calculations show that H2O favors
partial charging of the O2 molecule through population of
the antibonding molecular orbital, resulting in activation of
the O-O bond, whose length extends to values character-
istic of superoxo or peroxolike states. A reaction channel
of the O2 � � �H2O complex (formed on the top facet of the
supported gold octamer) with gaseous CO, occurring via
an Eley-Rideal mechanism with an energy barrier of about
0.5 eV, is described, and a complete catalytic cycle is
discussed. We also discuss briefly a Langmuir-
Hinshelwood reaction path (with a similar barrier height),
involving an H2O molecule adsorbed on the MgO substrate
near the supported cluster, with O2, and CO molecules
coadsorbed at the gold/MgO interface.

The quantum mechanical ab initio calculations [14] are
based on spin-density functional theory with generalized
gradient corrections (GGA) [15]. The wave functions are
expanded in a plane-wave basis with a kinetic energy cut-
off of 25 Ry. The core-valence interactions for Au, O, and
H are described through the use of ultrasoft pseudopoten-
tials [16] (with Au treated scalar relativistically [6–8]), and
a norm-conserving pseudopotential is used for Mg [17].
The Brillouin zone of our simulation cell is sampled at the
� point.

To focus on the influence of water on the chemical
activity of gold in nanocatalytic reactions, we selected to
treat here model systems that do not exhibit charging
effects originating from excess electrons (as in free Au
cluster anions [18–20]) or from defects at the metal-oxide
surface [6–8]. Accordingly, we consider two free neutral
Au clusters (Au8 and Au30), and in the case of a surface-
supported cluster we model a gold octamer, Au8, adsorbed
on a defect-free MgO surface described by a two-layer
MgO�100� � �3� 3� slab; properties of the perfect
MgO(100) surface and the corresponding oxygen vacancy
are well reproduced by a two-layer film [21].
O2 adsorption on free and supported gold clusters.—

While molecular oxygen does not adsorb on clean Au(110)
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and (111) extended surfaces [22], it has been suggested that
the adsorption propensity of O2 to finite size Au particles is
increased, particularly at low-coordinated sites [19,23,24].
For each of the relaxed configurations of O2 at the various
adsorption sites on the Au8 and Au30 clusters, we obtain the
adsorption energy, defined as the difference between the
optimized energy of the combined system, Aun 	 O2, and
that of the separated relaxed components, Aun and O2. Our
calculations show that O2 does not bind to Au8 and for the
larger cluster the adsorption energies at the various sites
range only up to 0.4 eV (Table I).

Next we consider the properties of the gold octamer
adsorbed on a defect-free MgO(100) surface. The presence
of the support causes broadening of the O2 adsorption
energies distribution. Two spatial regions may be identi-
fied: (i) the top facet of the cluster, where O2 adsorbs
weakly (adsorption energies up to 0.1 eV), in agreement
with other first-principles calculations [6,23,25], and
(ii) peripheral sites (at the Au8=MgO interface), where
O2 adsorbs with energies larger than 0.3 eV and up to
0.8 eV (Table I), with the O-O bond extended to 1.37–
1.49 Å (i.e., in the range typical of superoxo, or peroxo
states).

Coadsorption of O2 and H2O on free and supported gold
clusters.—It has been established experimentally that ex-
tended clean gold surfaces are hydrophilic [26]. Our cal-
culations show that water adsorbs (relatively weakly) on
free and supported Au clusters (Table I), with adsorption
energies that vary from 0.2 to 0.6 eV, and without apparent
correlation between the adsorption strength and the coor-
dination of the adsorption site. We also find that an ad-
sorbed H2O is an attractor for molecular O2. Indeed, in the
presence of an adsorbed water molecule O2 preferentially
adsorbs (in a singlet spin state) at a neighboring site (Fig. 1,
top). Moreover, the coadsorbed O2 does not show prefer-
ence to particular sites on the gold cluster, and may take
place even at sites where the adsorption of O2 (without
coadsorbed H2O) is energetically unfavorable. In the case
of free Au8 and Au30 clusters our calculations give a range
of coadsorption energies of 0.4–0.9 eV (Table I). These
values are larger then the sum of the adsorption energies of
the two separated species on the Au clusters, indicating
TABLE I. Energies (in eV) for the adsorption and coadsorp-
tion of O2 and H2O on free (Au8 and Au30) clusters and on a gold
octamer supported on MgO(100), i.e., Au8=MgO. In the case of
the Au8=MgO system, results are given for both the adsorption
on the top facet of the gold cluster (-T) and at the peripheral
interface of the cluster with the substrate (-P).

O2 H2O O2-H2O

Au8 Unbound �0:3 0:4–0:9
Au8 
 0:4 0:3–0:6 0:7–0:9
Au8=MgO-T 
 0:1 0:2–0:3 0:5–1:2
Au8=MgO-P 0:3–0:8 0:4–0:6 1:3–2:1
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that the coadsorption of H2O and O2 exhibit a synergetic
effect, and implying possible formation of a stable com-
plex of the two adsorbed molecules.

In the coadsorbed state on the free clusters the O2

molecule shows peroxolike characteristics, with a bond
length of about 1.45 Å (18% larger than the gas-phase
value); comparison with the properties of O2 adsorbed
under dry conditions highlights the enhanced O-O bond
activation induced by the H2O molecule. In the coadsorbed
configurations (see Fig. 1, top) the O-H bond of the H2O
molecule pointing toward the nearest oxygen atom of the
O2 elongates to 1.1 Å, with the distance between the two
oxygens on the two sides of the proton being close to 2.5 Å
(partial proton sharing). To estimate possible electronic
charge rearrangement and charging effects in the coad-
sorbed system, we focus on the specific adsorption com-
plex shown for Au8 (see atomic configuration at the top left
of Fig. 1). For this particular set of nuclear positions we
calculate the difference between the electronic charge
density of the full system and the sum of the densities of
FIG. 1 (color). Relaxed atomic configurations of H2O and O2

coadsorbed on free Au8 and Au30 clusters (top), and on
Au8=MgO�100� (bottom). For the free and supported Au8 cases
we display difference-charge density between the complete
adsorption system and the separated Au8=MgO�100� and
O2 � � �H2O complex, superimposed on the atomic configuration.
Charge depletion is shown in blue and charge accumulation in
gray-white. Yellow, red, white, and green spheres correspond to
Au, O, H, and Mg atoms, respectively.
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the separated components (the Au8 cluster and the
O2 � � �H2O species, respectively, keeping the geometries
as found for the adsorption system). This procedure
allows us to assess the charge redistribution occurring by
joining the Au cluster and the coadsorbed species. We find
that electronic charge depleted in the region of the Au8
cluster accumulates at the location of the adsorbed O2

molecule (in particular in the originally empty 2�� orbital,
see gray-white lobes in Fig. 1, top left). Integrating over
the semispaces defined by the normal plane bisecting the
Au-O bonds yields an estimated charge transfer of about
0:27e.

The optimized configurations of H2O and O2 coad-
sorbed on the top facet of Au8=MgO are generally similar
to those found for the unsupported clusters. However, in
some occasions we observed that the proton (partially)
shared by the H2O and O2 molecules may actually be
considered as transferred to the O2 species (see, e.g.,
bottom of Fig. 1). In such instances coadsorption leads to
the formation of an OH and a hydroperoxyl-like (HO2)
group. The distance between the O atoms flanking the
proton takes a value of about 2.49 Å, and for the H-O-O
(hydroperoxyl) the H-O distance is 1.1 Å and the O-O bond
length reaches a value of about 1.48 Å (that is 21% larger
than in a free molecule), reflecting a very high degree of
bond activation. The electronic charge density of the com-
bined system, referenced to that of the separated Au8=MgO
and OH � � �HO2 components (Fig. 1, bottom), exhibits a
charge redistribution pattern similar to that described
above for the free Au cluster (Fig. 1, top left). In particular,
charge analysis shows that an amount of approximately
(a) (b) (c)

FIG. 2 (color). Relaxed atomic configurations displaying several st
top facet of a Au8 cluster supported on MgO(100), and the subsequen
H2O molecule to the cluster. (b) Coadsorbed H2O (right) and O2 (left
H2O and partial proton sharing. (c) CO induced proton transfer re
hydroxyl (right). (d) Transition-state configuration with the CO bindi
one of the oxygens of the transition-state complex (left) and the hyd
H2O, and the CO2 product desorbs from the surface, leaving an adsor
to yield a second CO2. Yellow, red, white, green, and aquamarine s
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0:31e is transferred from the Au8=MgO system to the
coadsorbed species; from similar analysis applied to the
bare Au8=MgO complex we estimate that upon adsorption
an electronic charge of about 0:4e is transferred from the
MgO substrate to the adsorbed Au8 cluster.

These results suggest that the coadsorption of H2O and
O2 stabilizes partially charged highly activated states of the
adsorbed oxygen molecule (with the extra electronic
charge donated by the underlying supported gold cluster).
Such activated states include the hydroperoxyl-like inter-
mediate shown at the bottom of Fig. 1, as well as a partially
negatively charged oxygen molecule in a superoxo or
peroxo state (with an O-O bond elongated by 0.1 to
0.2 Å, respectively, with reference to the free molecule),
stabilized through a partial proton-sharing mechanism. No
such bond activation is found for the adsorption of O2 on
the top facet of the supported gold octamer without water
coadsorption (recall the small adsorption energies given for
the Au8-MgO-T configuration in Table I).

MgO surfaces are hydrophilic and H2O molecules ad-
sorb with energies of about 0.4 eV. In the vicinity of the
peripheral interfacial sites of the Au cluster we find that the
adsorption energy of H2O increases by 0.1–0.2 eV (de-
pending on the particular site and adsorption configura-
tion); thus the gold cluster acts as an attractor for adsorbed
water (reverse spillover). Hence, at the interface between
the Au cluster and the MgO surface, peripheral sites show a
high propensity to bind both H2O and O2 (Table I). The
markedly larger binding energies of the coadsorbed com-
plex (compared to the individual adsorbates) reflect a
synergetic effect, expressed through the occurrence of the
(d) (e)

ages in the simulation of the coadsorption of H2O and O2 on the
t reaction with gaseous CO to form CO2. (a) The approach of an

) with an approaching CO. Note the preferential orientation of the
sulting in formation of a hydroperoxyl-like group (left) and a
ng to the activated species. The proton is about midway between
roxyl (right). (e) The proton shuttles back to reform an adsorbed
bed oxygen atom that reacts in the next step with a CO molecule
pheres correspond to Au, O, H, Mg, and C atoms, respectively.
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aforementioned partial proton-sharing and proton-transfer
processes.

To address the reactivity of O2 coadsorbed with H2O on
the top facet of the adsorbed gold cluster we display in
Fig. 2 a sequence of adsorption and reaction steps that
result in the catalytic oxidation of CO. Starting from the
bare Au8=MgO system we adsorb first a H2O molecule
[Fig. 2(a)] and subsequently coadsorb an O2 and expose the
system to incident CO [see the proton-sharing configura-
tion in Fig. 2(b)]. In Fig. 2(c) a proton-transfer process,
induced by the incoming gaseous CO molecule, is shown,
leading to formation of a hydroperoxyl-like complex.
Upon reaction of the CO molecule with the complex the
proton shuttles back toward the hydroxyl group [Fig. 2(d)],
with the process culminating in the desorption of a CO2

molecule and reformation of an adsorbed H2O molecule
that is preferentially oriented with respect to the remaining
adsorbed oxygen atom, Fig. 2(e). The above Eley-Riedel-
like reaction mechanism involves relatively low barriers,
which we estimate from a constrained molecular dynamic
approach [27]. We find that formation of the transition state
[shown in Fig. 2(d)] entails a readily accessible energy
barrier of �0:5 eV. An added CO molecule reacts readily
(a barrier of 0.1 eV) with the single adsorbed oxygen atom,
and the (barrierless) desorption of the CO2 product closes
the catalytic cycle.

In the above we focused on reactions occurring on the
top facet of the Au8 cluster, since in this case the enhance-
ment effect of the H2O is illustrated most dramatically (i.e.,
without the coadsorbed H2O, binding of O2 to the cluster is
exceedingly weak, see Table I). Nevertheless, for com-
pleteness we note that a peripherally adsorbed O2 reacts
with a CO molecule adsorbed in its vicinity with a
Langmuir-Hinshelwood reaction barrier of 0.4 eV (with
or without a neighboring coadsorbed H2O molecule). The
barrier for desorption of the CO2 product which is 0.6 eV
under dry conditions is lowered to 0.3 eV with coadsorbed
H2O.

In summary, our first-principles investigations revealed
a significant enhancement of the binding and activation of
O2, occurring upon coadsorption of O2 and water on small
Au clusters supported on defect-free MgO(100), as well as
on gas-phase neutral clusters. Underlying the water-
induced increased catalytic activity of gold nanoclusters
toward oxidation of CO, is the formation of a complex
between the adsorbed molecules involving partial proton
sharing, or proton transfer resulting in the appearance of a
hydroperoxyl-like intermediate. The activated (weakened)
O-O bond in the complex shows superoxo or peroxolike
characteristics (e.g., increase in the bond length by 0.1–
0.2 Å compared to the gas-phase value), and consequently
the reaction with CO may occur readily with a relatively
low barrier of 0.5 eV (either through an Eley-Rideal or
Langmuir-Hinshelwood mechanism, depending on the ad-
sorption site). A complete catalytic cycle of the water-
10610
enhanced CO oxidation was discussed. We trust that these
findings would provide the impetus for future theoretical
and experimental investigations of the effect of water on
nanocatalytic processes.
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