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ABSTRACT: We present a density functional theory study of
the CO oxidation reaction at a Au24 cluster supported on a rutile
TiO2(110) slab. The global minimum structure of the Au24
cluster is found using a genetic algorithm search. Catalytic sites
are found at the perimeter of the Au−TiO2 interface but with
strong dependence on the surface direction. It is shown how the
CO oxidation reaction only happens along the [11̅0] direction
of the support and not along the [001] direction. This effect is
attributed to a too weak CO binding energy along the [001]
direction caused by the charge state and Au−Au coordination of
the Au atoms along this direction.
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■ INTRODUCTION

Supported gold nanoparticles have been extensively inves-
tigated for a number of catalytic applications since the discovery
in the late eighties of nanometric gold’s high catalytic
activity.1−6 Gold clusters show great promise in hydrogen
purification for fuel cells, synthesis of fine chemicals, and for a
number of organic reactions.7,8 The most studied reaction on
supported Au clusters is probably the CO oxidation
reaction.3,5,9−12 This seemingly simple reaction is effectively
catalyzed by Au clusters supported on a reducible oxide like
rutile TiO2, but the full atomic understanding of the active site
remains elusive.
Many studies during the past decade have established

experimentally2,3,13−15 and through the support of
theory16−18 that the active site for CO oxidation is at the
perimeter between the TiO2 support and the Au cluster. Some
studies show that O2 is adsorbed and activated in a dual-
catalytic site coordinating to both Ti in the support and Au at
the cluster,18,19 whereas other studies propose that O2 is
directly activated at the Au structure.20,21 Although the O2
activation is debated, there is a consensus that CO is supplied
through adsorption and diffusion either along the Ti trough of
the support or from low-coordinated Au atoms at the cluster.
Although the overall reaction mechanism has been

established, it remains a challenge to determine which
properties of the catalyst controls the catalytic activity. From
a geometrical point of view, the governing factors are under-
coordinated Au atoms,22 the structural fluxionality of the Au
clusters,23,24 and the presence of specific sites at the perimeter
between the support and the Au cluster.3,18 From an electronic
point of view, the governing factors are the presence of loosely
bound excess electrons from reducing defects in the oxide25

and the charge state of the Au atoms.26,27 It is now believed
that it is a positive interplay between several of these properties
that enhances the catalytic activity. To operate optimally, the
catalyst thus needs to have both the correct local atomic
geometry and available charge such that the O2 molecule can be
activated and the CO molecule can react with the O.
In a recent paper, we theoretically described the high thermal

stability of interfacial oxygen between supported Au clusters
and the TiO2 support,27 which conforms with experimental
observations of nanosized Au oxide structures.28−31 The O
atoms at the interface adsorb on top the 5-fold coordinated Ti
atoms (5f-Ti) at the surface and thus coordinate to both Au and
Ti atoms simultaneously. This interfacial oxygen is stabilized by
reducing defects in the support, but it is stable regardless of
crystal reduction. One effect of this oxide layer is that all Au
atoms at the perimeter along the [001] direction of the
substrate are cationic. Because of this cationicity and the
predicted high Au−Au coordination of the Au atoms along this
direction, it was shown how the perimeter along the [001]
direction of the support does not contribute significantly to the
catalytic activity.
The specific aim of this study is to establish the catalytic

activity of the [11̅0] perimeter direction compared to the [001]
one. As the [11 ̅0] direction is perpendicular to the [001]
direction, we can simultaneously investigate the properties of
the two by employing a sufficiently large cluster model. We
choose to investigate a Au24 cluster, because it is large enough
to contain significant amounts of both directions while at the
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same time being within a size range (≈1 nm) tractable on
current computational hardware.
After a description of the relevant methods in the

Computational Details, a detailed determination of the atomic
structure of the Au24 cluster adsorbed on a preoxidized surface
is discussed. Then the adsorption of CO is considered and
understood in terms of the charge state and coordination of the
Au cluster, and lastly, full catalytic cycles are determined both
along the [11 ̅0] direction and at the corner between the two
directions. The results of this analysis are compared to previous
results for the CO oxidation reaction along the [001] direction
and finally CO coverage effects are discussed.

■ COMPUTATIONAL DETAILS
All calculations were performed using the grid-based projector
augmented wave (GPAW) program.32,33 The structural searches
were done on a two trilayer thick TiO2(110) slab together with the
PBE functional34 using a linear combination of atomic orbitals
(LCAO) dzp-basis.35 For the calculation of binding and reaction
energies, a four trilayer thick slab is used together with the M06-L
functional36,37 and a real space grid basis with a grid spacing of
approximately 0.18 Å. Reaction barriers are established using the
climbing image−nudged elastic band (CI−NEB) method.38 Due to
the size of the supercell, only a two trilayer thick slab is used for these
calculations. It has been verified that only small changes in the binding
energies exist using this thinner slab and that the reaction energies
only change by a similar magnitude when probing the well
characterized odd−even effect with respect to the number of TiO2
trilayers39,40 (see Figure S1). For all calculations, the only k-point
considered is the Γ-point and no ZPE energy contributions will be
included.
All energetics presented in this paper are calculated using the M06-

L functional. This functional is used due to its improved description of
both bulk and cluster properties of Au41 and because of its precise
prediction of the formation energy of O2 (see ref 24).
The supercell used in this study is a p(5 × 3) supercell with H

adsorbed at each bridging O at the back of the slab (see Figure 1a). It
was established in ref 27 that reducing the TiO2 crystal increases the
stability of the interfacial oxide layer, and the degree of reduction used
in this study is the same as in that study. This degree of reduction is
chosen in order to mimic a TiO2 crystal prepared under surface
science conditions. The p(5 × 3) supercell is sufficiently large that a
Au24 cluster can fit onto the surface without significant self-interaction.
For all calculations, one Ti atom at the back of the slab is kept fixed.
Due to the size of the Au cluster and Au’s large structural

fluxionality, it is a significant challenge to reliably predict the global
minimum (GM) of the Au24 cluster adsorbed on the surface. To solve
this challenge, we employ a first-principles-based genetic algorithm
(FP-GA) to establish the structure of the adsorbed clusters.24,42

Compared to our previous studies, the only addition made to the FP-
GA method is the inclusion of a mirror mutation which mirrors a
cluster through a plane randomly oriented perpendicular to the surface
and positioned through the cluster’s center of mass. This mutation is
applied to 15% of the proposed clusters.

■ RESULTS AND DISCUSSION

Starting now with a determination of the global minimum
structure of the Au24 cluster adsorbed onto the preoxidized
surface. The structure of the adsorbed Au24 cluster is
established assuming two different amounts of O preadsorbed
on the surface. Figure 1b shows the predicted GM for the
cluster adsorbed on a pattern of eight O atoms adsorbed on 5f-
Ti sites (six of the eight atoms are visible with the remaining
two directly below the cluster). Figure 1c shows the GM when
12 O atoms are preadsorbed in a 4 × 3 pattern on the surface.
The FP-GA has tested more than 1300 structures in order to

find the two GM structures shown in Figure 1b,c (see Figure S2
and Figure S3 for more structures). By comparing the energy of
the structures in Figure 1b,c we see that the additional two O2
molecules undergo a potential energy change of ΔE = −2.43
eV/O2. This confirms a strong bias toward oxidizing the
interface between the TiO2 support and the Au cluster.
Comparing the two structures in Figure 1b,c shows how the

Au cluster transforms from a three-layer cluster when
coordinating to eight O atoms to a more flat pseudo two-
layer structure when coordinating to 12 O atoms. This
flattening of the Au cluster confirms the high structural
fluxionality of the Au cluster; the energy gained by the
additional O outweighs the cost of reducing the overall Au
coordination.43 A further flattening may be expected if even
more O2 is provided; however, as the scope of this study is to
investigate the edges of the Au clusters, we refrain from
pursuing this.
Having determined the structure of the Au24 cluster adsorbed

on the 4 × 3 O pattern, we now turn to the systematic
investigation of CO adsorption. In ref 27, we established the
weak adsorption of CO along the [001] direction, with the
most stable adsorption site close to the perimeter being a 3-fold
site. This adsorption site is shown in Figure 2a,b, and it is
confirmed that this site remains a weak CO adsorption site for
the Au24 cluster. The binding energy is increased by 0.14 eV
adsorbing CO at a cluster, but compared to a calculated CO

Figure 1. (a) Surface used for all studies of adsorbed Au24. O atoms
are drawn as large spheres and Ti atoms as small. (b) Four O2 are
preadsorbed on 5f-Ti atoms on the surface (6 O are visible in the
figure with the remaining two below the Au cluster). The Au24 cluster
is optimized on top. (c) Six O2 are preadsorbed on 5f-Ti atoms in a 4
× 3 pattern. The Au24 cluster is optimized on top.
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adsorption potential energy of Eb = −0.78 eV on the top Ti
atoms in the trough, it is still a weak binding site.
Figure 2c shows the overall most stable adsorption site found

at the Au24 cluster with an adsorption potential energy of Eb =
−1.21 eV. The adsorption site is at the corner of the Au24
cluster with CO coordinating to two very under-coordinated
cationic Au atoms (see Figure 3). Further along the [11̅0]
direction, a second strong adsorption site is found with an
adsorption potential energy of Eb = −0.91 eV. This adsorption

site is interesting, because it is along the [11 ̅0] direction and
not at a corner, thus confirming the presence of strong CO
adsorption sites along this perimeter direction. The perimeter is
interesting compared to corners, because at larger clusters the
number of edge sites increases compared to the number of
corner sites.44 All tested CO adsorption sites not shown here
are shown in Figure S4 of the Supporting Information.
Figure 3a shows the number of nearest Au neighbors for each

Au atom and Figure 3b the Bader charge assigned to each Au
atom.45 The Bader charge analysis is in agreement with ref 27,
showing that only Au atoms in direct contact with O atoms are
cationic; the rest of the Au atoms are close to neutral. When
comparing the CO adsorption sites in both Figure 2 and Figure
S4, it is seen that our results confirm previous results showing
that CO preferentially binds at low coordinated Au atoms.46

Comparing Figure 2a and Figure 2b, it is evident how the Au
cluster, even for this small cluster size, resembles the periodic
close packed structure along the [001] direction.27 The cluster
thus quickly forms a closely packed inert structure in this
direction at which CO cannot bind. This however does not
happen along the [11 ̅0] direction, because the perpendicular
bridging O atom rows presented here create a more open
structure.
Having established the existence of strong CO adsorption

sites along the [11̅0] direction, we now turn to an investigation

of the catalytic activity along this direction. Figure 4 shows a full
reaction cycle for the

+ →2CO O 2CO2 2 (1)

reaction. The reaction starts in Figure 4a with the bare Au24
cluster. CO then adsorbs at the site shown in Figure 2d (Figure
4b). From there, the CO molecule moves toward the O at the
perimeter and forms CO2 which desorbs (image b to c). The
activation energy for this reaction is Ea = 0.61 eV. In the O
vacancy between the support and the Au cluster, an O2
molecule adsorbs (images c−d), and a second CO subsequently
adsorbs in the same site as the first CO (image e). To complete

Figure 2. (a) CO adsorbed along a periodic Au rodthe structure is
taken from ref 27. Twenty-four of the Au atoms are colored bright for
easy comparison. (b) CO adsorbed along the [001] direction of the
substrate. (c) CO adsorbed at the corner of the Au24 cluster. (d) CO
adsorbed along the [11 ̅0] direction of substrate. C is colored black.

Figure 3. (a) Coordination number of each Au atom. (b) Bader charge
for each Au atom. For the O and Ti atoms, the charge is shown for one
unique representative of each coordination and type. The coloring of
the Au atoms reflects the coordination (a) and charge state (b),
respectively.

Figure 4. Full catalytic cycle for the O2 + 2CO → 2CO2 reaction at
the [11̅0] edge of the Au24 cluster. The reaction goes via the
configuration in Figure 2d. Only the relevant part of the supercell is
shown in color.
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the catalytic cycle, the CO molecule aids the splitting of the O2
molecule to form CO2 with an activation energy of Ea = 0.73 eV
(image e to a). This last part is the step with the highest
transition state energy, and the corresponding CI-NEB
calculation is shown in Figure S5.
All reaction steps appearing in Figure 4 have a transition state

energy below the adsorption energy of the individual reactants.
In our previous study of the catalytic activity along the [001]
direction, this was not the case due to the weak adsorption of
CO along the [001] direction.
The reaction along the [11 ̅0] direction can be compared to a

similar reaction at the corner of the Au24 cluster. Figure 5 shows

the same reaction steps as in Figure 4 only starting from the
CO molecule in Figure 2c. The activation energy for this
reaction is almost the same as along the edge, again with the
reaction step from image e to a being the one with the largest
activation barrier. The step with the largest activation energy is
the same for the two reactions, but the nature of this step is
somewhat different. Figure S5b shows the transition state for
the reaction along the [11̅0] direction. The barrier for this step
stems from breaking the O2 bond. For the reaction at the
corner the energy barrier is instead determined by the energy
cost of moving the CO molecule away from its strongly bound
starting point and close to the O2 molecule (see Figure S6).
Figure 6 summarizes the reaction steps with the largest

activation barriers for the two reactions shown in Figure 4 and
5. The figure also shows the transition state with highest energy
from our previous study of Au rods along the [001] direction.27

The figure clearly shows how reactions along the [001]
direction are prohibited because of the too weak adsorption of
CO, and it also shows how both the corner and the [11̅0]
direction are catalytically active. The reaction along the [11̅0]
direction involves two barriers. The first barrier (dotted line) is
associated with breaking the O2 molecule, whereas the second
originates from reacting CO with O. At the corner, the CO
molecule can react directly with the O2 species, and there the
barrier is instead associated with moving the CO molecule away
from a very stable starting point.

The Au cluster model explored in the present work differs
from previous studies of the Au/TiO2 catalyst because we
employ a global minimum structure for Au and because we
completely oxidize the interface between the cluster and the
support.3,16,18,19,47,48 The reaction cycles found here do
however have many similarities to the ones described in the
literature. Some studies start from CO at the cluster,16,18,47,48

but others propose that CO is supplied from the support.3,19 If
in our work CO is supplied from the trough, the activation
energy changes to Ea = 0.79 eV, compared to the Ea = 0.61 eV
in Figure 4, for the reaction along the [11 ̅0] direction. This
shows that the activation barriers for the two processes are
fairly close but subject to change if the support structure and
reduction conditions are modified. For the CO oxidation
reaction at the corner (Figure 5), we predict that CO reacts
directly with the activated O2 complex, which is also the case in
refs 3, 16, 18, 19, 47. Along the [11 ̅0] direction, however, we
calculate that it is favored to dissociate the O2 molecule before
reacting it with CO. This is because the O atom between the
Au24 cluster and the support gains a significant amount of
energy by being in its optimal position.
A highest activation energy of Ea ≈ 0.7 eV seems high

compared to the observed experimental activation energies
reported in the literature of 0.16 eV to 0.59 eV for the CO
oxidation reaction at Au clusters on TiO2(110).

3,12,19,49,50

There are several reasons for this: First, the employed model is
based on a global minimum structure which is inherently very
stable and thus less reactive than higher energy structures.47

Second, Au’s structural fluxionality, which has been shown to
reduce reaction barriers, is not considered.51 Lastly, CO
coverage effects are not included even though results for CO
on Pt show an exponential dependence of the CO adsorption
energy with coverage.52

Figure 5. Full catalytic cycle for the O2 + 2CO → 2CO2 reaction at
the corner of the Au24 cluster. The reaction goes via the configuration
in Figure 2c.

Figure 6. Summary of the reaction steps with the highest activation
barriers for each catalytic cycle investigated. The reactions along the
[11 ̅0] direction and at the corner are detailed in Figures 4 and 5,
whereas the reaction along the [001] direction is described in ref 27.
The graph in (a) shows the energetics along the path and the drawings
in (b) (c) schematically show the transition states marked with a filled
disk in (a). The dashed part of the blue line indicates an O2
dissociation, whereas the other transition states stems from CO
reacting with the O atom ([001]) or with the O2 molecule (corner).
The point annotated with a triangle in (a) is shown in Figure S5b.
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To probe coverage effects, we simultaneously adsorb a CO
molecule on each corner of the cluster, as shown in Figure S7.
The adsorption energies are calculated by removing one CO
molecule at a time, and they turn out to be reduced by only
0.04 to 0.09 eV, compared to having one CO adsorbed at a
time. The adsorption energy is still well above the adsorption
energy of CO in the trough, which shows that the cluster will
be covered by significant amounts of CO before CO covers the
TiO2 surface. Because of the reduced CO adsorption energy, it
is likely that the reaction barrier for the reaction at corner sites
will be reduced by at least 0.05 eV if coverage effects are taken
into account and possibly by a higher value if the cluster is
covered by even more CO packed closer together.

■ CONCLUSION
In this article, we have investigated the consequences of O on
top and 5f-Ti atoms below TiO2(110)-supported Au clusters.
Such interfacial oxygen is stabilized by reducing defects in the
substrate and by charge transfer from the adsorbed Au cluster.27

By using the global minimum Au24 structure, we predict the
presence of CO at the Au cluster along the [11̅0] direction of
the substrate while the [001] direction remains void of CO.
Both the [11 ̅0] direction and the corner of the Au24 cluster are
predicted to catalyze the CO oxidation reaction with an
activation energy of 0.7 eV. Lastly, it is predicted that an
increased CO coverage will reduce this barrier by at least 0.05
eV at corner sites.
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