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Abstract: The catalytic properties of Au/CeO, systems are sensitive to the nature of Au clusters; however,
atomic information on Au clusters is sparse. In this work, we use density functional theory to investigate
the nucleation of small Au clusters (up to Auy;). By depositing Au atoms one by one at a reduced CeO,{111}
surface, we present detailed nucleation patterns. Although relatively small in size, the nanoclusters obtained
exhibit interesting characteristic features. In addition to the face-centered cubic (fcc) geometry, reminiscent
of bulk Au, we also find the existence of novel hexagonal close-packed (hcp) structures. Furthermore, the
facets of the nanoclusters are versatile, comprising {111}/{100} combinations for the fcc-like clusters and
{1011}/{0001} combinations for the hcp-like. Electronically, the contact layer Au atoms that bond with surface
O atoms are positively charged, which could have significant implications in catalysis.

1. Introduction

Ceria-supported gold clusters have recently attracted much
research attention, primarily due to their excellent activities for
the low-temperature water—gas shift (WGS) reaction, which is
a crucial step in many applications including the production of
hydrogen for fuel cells.) 3 Despite extensive studies, some
fundamental issues remain disputed, such as the catalytic roles
of the Au and the ceria support and the relative importance of
different WGS reaction mechanisms.* The existence of such
controversies is not entirely surprising, as the catalytic properties
of Au/CeO, systems are sensitive to the nature of Au clusters.
CO adsorption (i.e., one of the initial processes in the WGS
reaction) may be taken as a simple example: the molecule
adsorbs more strongly on less-coordinated corner sites, which
are more abundant on smaller clusters, whereas the adsorption
at edge or terrace sites, which are more abundant on larger
clusters, is less strong.>® Another example is the WGS reaction
mechanism itself, which also has a strong dependence on the
size and shape of the clusters. Theoretical studies on Auy/
CeO {111}, Aus/Ce0,{111}, and Auyg systems showed dis-
tinctly different reaction paths’~® (e.g., the formate mechanism
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versus the associative carboxyl mechanism®*) and different
rate-determining elementary steps.

In addressing the catalytic properties of Au/CeO, systems,
detailed knowledge of Au structure is undoubtedly of great
importance. Several experiments were carried out to characterize
the clusters on CeO,{111}.*>"** The consensus from those
studies is that Au exhibits a three-dimensional growth model,
the shape of Au clusters is hemispherelike, and clusters are well-
faceted with the top facet possessing a hexagonal shape
suggesting a {111} surface. There is also a suggestion that the
side facet of the clusters has a {100} feature.*® In addition, it
was proposed that Au preferentially nucleates at defects of the
support and the clusters are fairly stable toward sintering.*? On
the theory side, however, the study of Au clusters on ceria is
scarce. WGS pathways have been studied on Auz and Auy
clusters (both on ceria) and on a pure Auy, cluster.””° However,
there has been so far no theoretical study concerning Au
nucleation, and structures of Au clusters on ceria have not been
established yet. In this work, we carry out a density functional
theory (DFT) study on the nucleation of small Au clusters on
ceria, which provides atomic insights into the structural proper-
ties of the clusters. This work builds on our previous studies
on reduced CeO,{111} surfaces and singly adsorbed Au on the
surfaces.*> "
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2. Methodology

We carry out spin-polarized calculations within the DFT
framework, as implemented in the Vienna ab initio simulation
program (VASP), a plane-wave pseudopotential DFT package.*~2°
We use the projector-augmented wave method to describe the effect
of the core electrons on the valence electrons in the system.?*??
The Ce 5s, 5p, 5d, 4f, and 6s electrons, the O 2s and 2p electrons,
and the Au 5d, 6s, and 6p electrons are treated as valence electrons.
For the electron exchange—correlation functional, the generalized
gradient approximation (GGA) of Perdew and Wang?® is used. It
is known that the stability of pure Au clusters, in particular the
transition between the planar (2D) and three-dimensional (3D)
structures, is sensitive to the choice of density functional. At
surfaces, however, the issue may not be acute because of the
influence exerted by the surface on the clusters. This is demonstrated
in the Supporting Information, where calculations on a series of
Au clusters on ceria with the PBEsol functional are reported. By
comparing results obtained from different functionals, we find that
the general trend of stabilities remains the same. In all the
calculations, we choose the DFT-+U methodology,?*2° which has
been shown to be essential in descriptions of reduced ceria
systems.?® In this approach, the Hubbard parameter, U, is introduced
to account for the strong on-site Coulomb repulsion among the
localized Ce 4f electrons. The value of the U term is chosen to be
5.0 eV, which is the same as (or close to) that used in many previous
studies on ceria systems.>’ 33 We note that some authors use
GGA+U (U = 3 eV) with the lattice parameters calculated with
LDA+U (U = 5eV) to study ceria surfaces.®* This is questionable,
particularly in studying the reduced CeO,{111} surface, because
previous studies showed that GGA+U (U = 3 eV) would lead to
electron delocalization in those situations,*>* which is a physically
incorrect behavior. Furthermore, the lattice parameters calculated
with LDA+U (U = 5 eV) are smaller (by ~1.3%) than those
calculated with GGA+U, a fact that would actually facilitate further
the electron delocalization.

The CeO,{111} surface terminates in stoichiometric O—Ce—0
trilayers stacked along a (111) direction and is the thermodynami-
cally most stable facet. A (3 x 3) unit cell is mainly chosen in
studying the Au nucleation. For some large clusters, a (4 x 4) unit
cell is also used in order to minimize the interaction between cells.
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We find that although there are some energy differences from the
calculations conducted in the two different cells, the main geo-
metrical and electronic features obtained are very similar. The slab
used in the calculations has nine atomic layers, which is a common
choice in studying the CeO,{111} surface.®*3* The vacuum
regions for the slabs are generally around 12 A. During structure
optimizations atoms are allowed to relax until the forces are smaller
than 0.01 eV/A, except those in the lowest three layers that are
constrained to the equilibrium positions calculated for the defect-
free supercell. The sampling of the Brillouin zone was performed
with a2 x 2 x 1 Monkhorst—Pack k-point mesh, and the number
of plane waves used to expand the Kohn—Sham orbitals is
controlled by a cutoff energy of 400 eV, which is sufficient to obtain
converged results.

In the Au nucleation, we position one Au atom at a time at the
surface, followed at each stage by a geometry optimization. We
note, however, that when the Au clusters become large, there would
be too many possible geometries to be taken fully into account.
Thus, to investigate Auy (x is the number of Au atoms), we only
choose several most stable (or most representative) geometries found
for Au,_; as the starting configurations and subsequently search
for the stable geometries of the newly arrived xth Au atom. This
procedure is repeated until Auy, or Auy; clusters form. Although
this method may not categorically produce the most stable Auy
cluster, we consider that the clusters obtained are certainly
representative. We also note that Auyo (or Auy) is the largest and
the most stable cluster that can be studied in the (3 x 3) unit cell;
larger clusters would need a larger unit cell (and thus much larger
computational effort) to accommodate them. However, the study
of Auyg or Auy; clusters, albeit relatively small in size, does reveal
some interesting and characteristic structural features, as will be
seen later.

We should also mention that adding one Au atom at a time in
our calculations is not inconsistent with the usual experimental
preparation method for Au nanoparticles (i.e., the deposition
precipitation method or the vapor deposition method).**2** Of
course, an alternative calculation strategy could be to position a
Au cluster somewhere above the surface, followed by a dynamics
simulation to locate the energy minima. However, the choice of
shape for the cluster would be quite arbitrary, not to mention the
greater cost of dynamics calculations in comparison to static ones.
That being said, we have performed dynamics calculations on the
two Auy clusters obtained from our static calculations, in order to
check their stabilities (to be discussed below). Another point of
note in our calculation is the spin distribution on Ce ions. Typically,
our calculations are carried out with two or three different initial
spin arrangements. In all cases, the total energy differences are small
and the effects on the averaged Au adsorption energy are negligible,
which is consistent with previous calculations on surfaces and singly
adsorbed Au.*®*~7 Thus, we did not attempt to exhaust all the
possibilities for spins.

3. Results and Discussion

The formation of Au clusters is believed to be seeded at Au
atoms embedded into the ceria lattice, so that the clusters can
be resistant to sintering and do not lose their integrity during
reactions.>* The intimate contact between the cluster and the
surface suggests that the former must anchor at surface defects.
Meanwhile, ceria is well-known for its remarkable O-storage
capability, that is, the ability to undergo rapid redox cycles
by releasing and storing O, implying that O vacancies are always
present. Furthermore, there is also experimental evidence to
suggest the importance of O vacancies in Au/CeO, catalysts.
For example, Wang et al.*® observed a Ce3* peak in synchrotron-
based photoemission spectra, indicative of the presence of O
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Figure 1. Nucleation of Au clusters (top views). Au, O, and Ce atoms are in gold, red, and gray respectively. In black and white print, the atoms can be
distinguished by their sizes. The first and second layers of the substrate are O and Ce layers, respectively; for clarity, the remaining substrate is shown in

white.

vacancies, and they further showed that, under WGS conditions,
the active sites should involve small Au clusters in close contact
with O vacancies. From our recent studies,”*® we have shown
clearly that, under WGS conditions, Au prefers an O vacancy
site at a reduced CeO {111} surface to any site at the perfect
surface. When all this is taken into account, it is therefore
reasonable to consider that the O vacancy is the Au nucleation
site. We note that, in addition to the single vacancy, O vacancy
clusters could also be the Au nucleation sites;*>3"3 however,
these are neglected in this work due to their complexity. Besides,
we also neglect the Ce vacancy that was suggested to be the
anchoring site for Au clusters from some studies;*® this
suggestion is likely to be incorrect, because under WGS reaction
conditions, O vacancies are much easier to form and much more
stable than Ce vacancies, and Au strongly prefers the O vacancy
site to the Ce vacancy site, as we showed in a recent study.*’

3.1. Nucleation of Auy (x = 1—11). Starting with the {111}
surface at which an O vacancy presents, the nucleation has been
modeled sequentially. As schematically shown in Figure 1, the
first Au atom (Au;) adsorbs at the O vacancy position: it sits
~1.3 A above the surface (with respect to the averaged position
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2005, 109, 22553.

of the surface O atoms) and the Au—Ce distances are ~3.2 A.
To illustrate the adsorption strength, we report in this section
the averaged adsorption energy (AEZ), which can be expressed
as

AEY = (Eduy — Egp — XE,)/X 1)
where E&%, Esian, and Ea, are energies of Au,/CeO,, the pure
surface, and an isolated Au atom, respectively. Thus, for a given
number of Au atoms (x), AEg'shows the relative stability for
possible Auy structures that could form via different growth
mechanisms. For Au;, we found that the adsorption at the
vacancy site is much stronger than that at the perfect surface:
AEf is —2.25 eV for the former and —1.14 eV for the latter.

The second Au atom sits beside the first one, and it also forms
a bond with a neighboring O atom (2.12 A bond distance). Such
a geometry is much more favorable than one with the second
Au atom sitting directly above the first without bonding to any
surface atom, although AEZY (—2.08 eV) is somewhat less
negative than AE{.

For Aus, there are several ways to arrange the Au atoms at
the surface. In Figure 1 we show only the two most stable
configurations: (i) the third Au atom, like the second one, also
sits beside the first Au atom and forms an extra bond with a
neighboring O atom [denoted as Auf¥]; (ii) the third Au atom
sits above the first two Au atoms, forming no bond with any
surface O [denoted as Aus]. These two configurations may be
viewed as the beginnings of two very different modes of growth:

J. AM. CHEM. SOC. m VOL. 132, NO. 7, 2010 2177
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Figure 2. Averaged adsorption energies (AEZ"), as defined in eq 1. Solid
and dashed curves represent AEZ for the most stable structures formed via
the 3D growth mechanism, namely, Au,® and Au{®, respectively; the dotted
curve represents those formed via the 2D growth mechanism (Au®). The
results for Au® (x = 5) are obtained in the (4 x 4) cell and the rest are
obtained in the (3 x 3) cell.

layer-by-layer (2D) growth (i.e., adsorbates tend to spread at
surfaces and a new atomic layer does not start until the preceding
layer is complete) and three-dimensional (3D) island growth
(i.e., adsorbates prefer to form multiple atomic layers). Au{® is
—0.17 eV more stable than Au?, suggesting that the 3D island
growth may be preferred. The comparison between the two
mechanisms is made in Figure 2, where the solid and dotted
curves represent results for those structures formed via the 3D
island and 2D layer-by-layer growth modes, respectively. As
will be seen later, the 3D growth becomes more favorable in
general.

Upon the arrival of the fourth Au atom, many possible
configurations of Au, can be envisaged. It gradually becomes
clear that it would be a formidable task to exhaust all
possibilities, particularly when the cluster becomes much larger.
Thus, in the following we choose several most stable and most
representative configurations of Auy—; and subsequently search
for stable configurations for the xth Au atom. On the basis of
the two most stable Aus clusters, we identify two Au, clusters,
one of which [Auf?] follows the layer-by-layer mechanism and
the other of which [Aus®] follows the 3D island growth mode.
In the most stable configuration [Au®], the fourth Au atom
sits above the other three Au atoms, forming a pyramidal
structure; only one of the basal Au atoms (the first) occupies
the vacancy site. Note that, in Auf®, the first Au atom has some
lateral geometrical shifts toward the rest of the Au atoms,
reflecting the significant Au—Au bonding.

Formations of Aus and Aug exhibit similar features: the
pyramidal geometry is largely preserved in the 3D island growth
[AuPand Augd™], and the pyramidal geometries are more stable
than the structure that tends to spread over the surface. Another
salient feature in Auf®and Aug® is that the first Au atom, initially
at the O vacancy site, moves significantly away from the surface:
with respect to the surface O atoms, the vacancy-adsorbed Au
atom now sits more than 2.0 A higher. As a result, the first Au
atom even protrudes ~0.5 A beyond its adjacent Au atoms that
are attached to the surface O atoms. As will be seen, this feature
remains for the larger clusters. For the convenience of discus-
sion, we will henceforth use the phrase “the first-layer Au” to
refer to the first Au atom and all other Au atoms that directly
bond to the surface. We note that the upward shift of the first
Au atom also occurs in Auf® (x > 3). This is because in Aud,
for example, the first Au atom bonds to two other Au atoms at
edges while the latter Au atoms themselves must also bond with
their neighboring surface O atoms (Figure 1). Such a bonding
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structure means that the first Au atom cannot be accommodated
at its original vacancy position, because the resulting Au—Au
distances would be a little too large to be stable. Therefore, it
is the intrinsic surface structure that is mainly responsible for
the upward movement of the first Au atom.

As the cluster grows larger, it is necessary to examine the
finite size effects in our calculations. To this end, we calculate
the 2D clusters [AufYand Aud®] in the larger (4 x 4) unit cell,
which are reported in Figure 2. We find that while the
geometrical features remain almost the same in the calculations
conducted in the two cells, the adsorption energies become more
negative by 0.02 and 0.03 eV in the (4 x 4) cell for Au® and
Aul®, respectively. Despite the noticeable energy differences,
the 2D clusters are still less stable than their 3D counterparts
[Aus® and Aud], as can be seen from Figure 2, where the
adsorption energies for Au® (x > 5) in the (4 x 4) cell are
shown. Furthermore, the 3D clusters in the (4 x 4) cell would
also have somewhat more negative adsorption energies due to
the similar finite size effect, which means that the 3D clusters
would be even more stable than the 2D counterparts (see also
Supporting Information, where the calculations with PBEsol are
carried out in the 4 x 4 cell). Hence, we did not attempt to
calculate those 3D clusters in the larger cell.

Moving to Au;, we display three structures in Figure 1. In
addition to the 2D structure that tends to spread over the surface
[Au?], we also identify two other configurations [Au® and
Au9], both falling into the category of 3D island growth mode.
The Au/® and Au{® clusters have very similar energies but differ
only by the numbers of first- and second-layer Au atoms; such
is also often true for larger clusters. AEZ for Au{® is shown in
the dashed curve in Figure 2. An interesting feature at x =7 is
that the 2D cluster [Au{?] appears to be slightly more stable
than the 3D ones: Aufis ~0.03 eV more stable than Au/® in
Figure 2, where the result for the latter is obtained in the (3 x
3) cell; Auf? is ~0.01 eV more stable than Au/Pwhen the latter
is calculated in the (4 x 4) cell (not shown). This feature can
be also seen from the PBEsol results in Supporting Information.
Furthermore, Au{? is even more stable than Aug?, although the
latter is indeed less stable than its 3D counterpart, as shown in
Figure 2. The result that Auf® is particularly stable may be
understood from its peculiar geometry. In Au®, each of the six
Au atoms at edges bonds with three other Au atoms and one
surface O atom; either removing or adding one Au atom would
result in some less-coordinated Au atoms [i.e., those in Au{and
Aug?], thus reducing the overall stability. In Au/®, on the other
hand, the Au atom at the second layer forms three Au—Au
bonds, but it loses the bond with a surface O atom compared to
the situation in Auf®.

From Figure 2, Au” is more stable than Aug® but clearly
less stable than Aud®or Aud?, even though the results of the
3D clusters are obtained in the (3 x 3) cell. We therefore
considered that it was not necessary to calculate the 3D clusters
in the larger cell. We did not investigate any larger 2D clusters
in the (4 x 4) cell either, as the effect of finite cell size would
become significant. For the 3D island growth, we could add
one more Au atom on top of Au®) to create Au®), because the
addition is along the (111) direction, causing no significant
lateral repulsion between cells. However, any further addition
to Au® or Auff in the (3 x 3) cell would result in a less stable
cluster.

3.2. Stabilities of the 3D Clusters. From Figure 2, the 3D
island growth mechanism is clearly more favorable than the
layer-by-layer one (with the exception of Au;), owing to the
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fact that the Au—Au bonding is much stronger than the Au—0
bonding. Figure 2 also suggests a trend for AEZ in the 3D
growth mechanism: with the exception of Au; — Au,, AEY
decreases monotonically with increasing number of Au atoms.
This is plausible, since AEZ is defined to be the energy gain
with respect to the isolated Au atom and the pure surface, and
the adsorption of an isolated Au atom would tend to lower the
total energy of the system due to new bond formation. As many
Au atoms are largely undercoordinated in Auy, (or Aus;) clusters,
adsorption of more Au atoms is likely to further lower AEY".
Eventually, AEZ” should approach the cohesive energy for bulk
Au (—3.03 eV),*® which may be viewed as the upper limit of
the averaged Au adsorption energy. A question therefore arises
as to whether the clusters obtained are realistic sizes of clusters
for the ceria surface.

We answer the above question from the following three
aspects. We first note that Au nanoclusters reported in experi-
ments have varied sizes, ranging from ~1 to ~6 nm in
diameter.»**34 For example, Fu et al.* reported that Au species
on ceria, which are active for the WGS reaction, have a mean
particle size of ~5 nm; with X-ray techniques, however, Tibiletti
et al.*® suggested that the active Au cluster is much smaller,
containing about 50 atoms (2—3 nm). The uncertainty of the
nanoparticle size in experiments is not surprising, as both active
and inactive species could coexist; active species could take
different forms; and active species could also be beyond the
resolution limit of some techniques. Interestingly, Herzing et
al.,** using state-of-the-art scanning transmission electron
microscopy, which is an ideal instrument to examine species
present in highly active samples, showed recently that the active
Au nanoclusters, on iron oxides, were identified to be ~0.5 nm,
containing only ~10 atoms. Thus, we consider that small and
active Au clusters are also likely to be present on ceria. Clearly,
it is highly desirable that the same experimental technique is
applied on Aul/ceria systems to clarify the issue. Second, we
also note that entropic effects could become important at
moderate and high temperatures in assessing the relative stability
of these clusters and the bulk limit, in particular, the configu-
rational contribution. In view of the uncertainties surrounding
the choices of the precise number of vacancies and clusters,
and of the sizes of vacancy and clusters, we do not attempt to
calculate this entropy. Qualitatively, however, one would expect
that the smaller clusters present more ways of arranging
themselves on a given number of oxygen vacancy sites than
the larger clusters. In other words, the effect from the configu-
rational entropy would favor the formation of smaller clusters.
Third, even if the clusters thus obtained are indeed thermody-
namically unfavorable compared to larger clusters or the bulk
limit, they could still be kinetically viable. To demonstrate the
kinetic stability, we carried out molecular dynamics (MD)
calculations on Au® and Au{§ at a constant temperature T =
1000 K. This high temperature was chosen so that we can assess
the Kinetic stability of the two systems subject to a large thermal
fluctuation. The time step used in the MD simulation was 0.1
fs: the small time step was chosen because of the difficulty in
the electronic optimization at larger time steps. In a total of ~8
ps of MD simulation, no new configuration has been found and
the characteristic geometries of Au® or Auf§ have remained
unchanged.
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Figure 3. Second energy difference (OE,), as defined in eq 2, for Auf®
(left) and Au® (right).

Returning to Figure 2, we continue to discuss the relative
stability of Au,® and Au® at a given x. As briefly mentioned
in the last section, Au,® and Au®, in general, have quite similar
energies; for example, AEZ" for Au) and Auf§ differs by less
than 0.01 eV. The only relatively large difference lies at x = 8:
AEY for Aug® is 0.05 eV less negative than that for Aud®. This
may be understood from the less favorable structure in the
former cluster. Compared to Aug?, more Au atoms are present
in the second-layer of Aud®, which would have to form bonds
with fewer first-layer Au atoms. Thus, significant bonding
competition would occur among the second-layer Au atoms,
and consequently these atoms do not adsorb directly above the
3-fold hollow site of the first layer (i.e., the most stable
adsorption site), as can be seen from Figure 1.

Sometimes, however, one also needs to consider the relative
stability of clusters with differing numbers of atoms. A good
example is the study of the so-called magic number for some
metal clusters: those metal clusters with the magic number of
atoms are particularly stable.*>*® The relative stability of clusters
with different numbers of atoms is difficult to extract from the
results of AE2 alone. Instead, a so-called second energy
difference (OE,) is often used in the literature for this purpose,**
given by

O, = Ejay™ + By — 2Bl 2
where the terms on the right-hand side are energies of Auys/
CeO,, Auy—1/Ce0,, and Au,/CeO,, respectively. Here, as is well-
known, OE, is the relative binding energy of a cluster with x
atoms with respect to those with x + 1 and x — 1 atoms. When
OEy is plotted, therefore, its peaks represent relatively more
stable clusters. We show OEy in Figure 3 for the two 3D cluster
sequences. Clearly, for Auf®, Au,, and Aug are the relatively
more stable clusters; for Auf®, Au,, and Auy are the relatively
more stable clusters.

The existence of those magic numbers (4, 7, and 8) may also
be understood from the geometries of the corresponding clusters.
Let us take Auf as an example; other cases can be rationalized
in a similar fashion. As can be seen from Figure 1, every Au
atom in Auf? is less coordinated than that in Auf”, and the
newly arrived Au atom in Auf® [from Auf”] is much less
coordinated than the rest of the Au atoms. In other words, Au
atoms in Auf® are more saturated than those in Auf? or Aud?,
and thus the former is more stable.

3.3. Geometries, Packing Orders, and Facets of the Nanoclus-
ters. Clear and characteristic regular geometrical features emerge
in the larger clusters, which may be related to close-packed bulk

(42) Knight, W. D.; Clemenger, K.; de Heer, W. A.; Sauders, W. A.; Chou,
M. Y.; Cohen, M. L. Phys. Rev. Lett. 1984, 52, 2141.

(43) Neukermans, S.; Janssens, E.; Tanaka, H.; Silverans, R. E.; Lievens,
P. Phys. Rev. Lett. 2003, 90, 033401.

(44) Harbola, M. K. Proc. Natl. Acad. Sci. U.SA. 1992, 89, 1036.
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structures. In AufY and Aufg, for instance, we see that the atoms
of each successive layer occupy 3-fold hollow sites formed by
the layer beneath. In fact, these clusters are just large enough
for us to identify the beginnings of a face-centered cubic (fcc)
structure in Au{g (i.e., ABC stacking) and of a hexagonal close-
packed (hcp) structure in Auf? (i.e., ABA stacking). Taken to
the extreme of a sufficiently large cluster, we would expect the
fcc geometry to be energetically favored, since the bulk cohesive
energy of Au in the cubic arrangement is calculated by us as
3.03 eV, whereas for the hexagonal arrangement it is 2.98 eV.
These values are sufficiently close, however, to suggest that
the case may not be entirely clear-cut for very small clusters.
Indeed, for the clusters studied here, the Auf® and Auf®
examples generally have very similar binding energy per atom
for any given x large enough to distinguish between the two
types of geometry; moreover, where a notable difference does
occur, for x = 8, it is the (b) geometry that is favored over the
(c) geometry (i.e., the proto-hcp is favored over the proto-fcc).
Clearly it would be desirable to conduct calculations for rather
larger clusters, to determine over what range of sizes the fcc
and hcp structures are competitive. Unfortunately, the compu-
tational cost of doing so is currently prohibitive, so we must
resort to plausibility arguments. Extrapolating the curves in
Figure 2 toward higher x, on the basis of the approximate
linearity observable between x = 4 and x = 11, we estimate
that the bulk cohesive energy would be reached at cluster sizes
in the vicinity of 35 Au atoms. If the actual approach to bulklike
behavior is more asymptotic than abrupt, then it is reasonable
to assume that the cluster energies differ considerably from those
of the bulk until at least this size is reached. In Figure 4, we
show a variety of different plausible clusters showing either
fcc-like or hep-like stacking within this size range. In the fcc-
like clusters, we suggest that the exposed facets are likely to be
of {111} character [similar to those exposed in the Aufg cluster]
or of {100} character (similar to those observed experimentally
for larger clusters™®). For the hcp-like clusters, we propose that
exposed facets are likely to be of {1011} character [as found
in our calculated Au{Y cluster] or of {0001} character (typically
the lowest energy surface for hexagonal metals). Incidentally,
the {0001} and{10z11} surfaces are notable as being, respec-
tively, the only flat hcp surface and the simplest stepped hcp
surface after {1010}.%°

Another interesting point of note is the size evolution of
Au—Au bond distances. As shown in experiments,*®*” the
interatomic distance decreases as the cluster size decreases.
Although the sizes of the clusters in the experiments are
generally larger than those in our simulations, we find that this
trend still appears to be true in our relatively small clusters.
Figure 5 displays the average length of the Au—Au bonds, which
is often used for this purpose,*®° for each of the most stable
Au clusters [i.e., the Au{® series]. As can be seen, the Au—Au
bond distance increases in general (with the exception of Aug
and Au,) with increasing size of the clusters. A closer look at
Au® and Auf? reveals that the longer Au—Au bond distances
in the clusters always involve the first Au atom that adsorbs at
the O vacancy site. This is because the first Au atom sits in a
significantly lower position than the rest of the Au atoms, the
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Figure 4. Possible fcc and hcp geometries of Au nanoclusters, with exposed
planes marked in the largest cases. Additional numerals adjacent to each
cluster indicate the number of Au atoms.
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Figure 5. Average length of Au—Au bonds in Auf® (x = 2—11).

latter being bonded with O atoms at the surface top layer. This
feature disappears from Aud, because the vacancy-absorbed
Au moves upward with respect to the surface, as discussed
earlier.

3.4. Electronic Analysis. We first discuss the Au oxidation
state. This is because the Au oxidation state links closely to
the catalytic activity for the WGS reaction, and there is also a
vigorous debate on the nature of the active form of gold, i.e.
whether it is cationic or metallic, in the literature.* Thus, it would
be interesting to examine what oxidation state those Au clusters



Gold Nanoclusters on Reduced Ceria ARTICLES
Table 1. Au Charges (e) in Various Au Clusters®
1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th 11th nee®t e e

Auy —0.62 1 —0.62  0.062
Au, —0.36 +0.09 2 —0.27 0.083
Aud? —0.59 +0.09 —0.16 1 —0.66 0.052
Aufd —0.61 +0.17 —0.08 +0.17 2 —0.35 0.059
Au®  —021 4022 —0.04 +019  +0.00 3 +0.16  0.058
Au®  —0.08 +0.17 —0.06 4022 +0.03 +0.14 4 +0.42  0.049
Auf®  —0.08 4003 —-012 +0.14 +0.12 +0.18 —0.05 4 +0.22  0.058
Au®  —010 4020 —-0.05 +0.13 +0.02 +011 —0.09 +0.14 4 +0.36  0.056
Au®  —002 4019 —-0.06 4009 +0.07 +007 —0.06 +0.14  +0.03 4 +0.45  0.053
Aufp —0.27 +0.14 —0.10 +0.15 +0.14 +0.14 —0.09 +0.14 +0.15 —0.09 4 +0.31 0.058
Auf® —0.03 +0.17 —0.03 +0.16 +0.17 +0.17 —0.02 +0.16 +0.18 —0.03 —0.12 5 +0.78 0.042

@The labels of Au atoms are indicated in Figure 5. For each cluster,

the total charge of Au (e)), the number of reduced Ce ions (nc.®") and the d

electron difference (Y, defined as the number of d electrons per Au in each cluster subtracting the number of d electrons per Au in the bulk) are also

included.

Figure 6. Labels of Au atoms in Au{®. The Au atoms are drawn in different
sizes from those in Figure 1, so that the labels can be seen clearly.

have to offer. We summarize in Table 1 the Au charges in Auy
(x = 1—11), which are calculated via Bader’s method.*>° For
the labeling reference, we redraw Au{f in Figure 6, where the
Au atoms are labeled according to the sequence that they are
added. As can be seen there, the first Au atom is the one from
which the nucleation starts (i.e., at the original vacancy site);
the second, fourth, fifth, sixth, eighth and ninth are the first layer
Au atoms; the third, seventh, and tenth are the second layer Au
atoms; the 11th is the third layer Au atom, which is not shown
because it would block the view of the first Au atom. To
simplify matters, we list just one type of cluster [i.e., Auf® (x
= 3—11)] in Table 1 [the other type of cluster (i.e., Auf® (x =
7—10)] shows the same qualitative picture). Table 1 also
includes the total charge of our Au clusters and the number of
Ce ions reduced upon Au adsorption.

Several interesting results can be seen from Table 1. First,
the first Au atom is always negatively charged (i.e., Au®"). As
shown in our previous study and others, at the reduced surface
with an O vacancy, the two excess electrons left behind by the
removed O would localize on two Ce ions and the partially
occupied f states sit just below the Fermi level.”***2734 Upon
the adsorption of an Au atom, some of the electrons in the
occupied f states would enter into the Au 6s state so that Au’~
forms.”*® Second, the first Au atom in Au;_, clusters is generally
more negatively charged than in Aus—_io clusters; in fact, the

(50) Bader, R. F. W. Atomsin Molecules: A Quantum Theory; Clarendon:
Oxford, U.K., 1990.

total charges in the former have a different sign (negative) from
those in the latter (positive). These features coincide with the
geometries described earlier: the first Au atom more or less stays
at the original vacancy site in Au;—4, but it moves upward
significantly in Aus_;. Clearly, the upward geometrical change,
induced by the strong Au—Au interaction, prevents to some
extent the electron transfer to the first Au atom. Third, the
remaining Au atoms in the first layer are all positively charged
(i.e., Au’™) in all the clusters. This result, we believe, is highly
plausible. As shown in our previous study, Ce** has empty f
states just above the Fermi level (i.e., able to accept electrons);
when a Au atom forms bonds with an O atom at the surface,
some electronic charge would transfer from Au to Ce, resulting
in oxidation of Au and reduction of Ce.*® Fourth, larger clusters
generally tend to have more Au®™ because more Au atoms are
attached to surface O atoms, and simultaneously more Ce atoms
are reduced. With the exception of Au,, the number of Ce®*
ions increases from 1 to 5 with increasing cluster size. Fifth,
the second-layer Au atoms are somewhat negatively charged.
In Auf®, where the second-layer Au atoms do not constitute
the outermost layer, the negative charges are very mild. This
suggests that, in larger clusters, the second-layer Au atoms are
more metallic than ionic.

We comment further on one of the above results: the presence
of Au®" at the first Au layer just above the surface. Although
our clusters are small, we expect that this electronic feature is
likely to be true in much larger clusters: as the first-layer Au
atoms bond directly with the surface, electron transfer to the
surface could always readily occur; moreover, Table 1 shows
that the positive charges of the first-layer Au atoms are rather
insensitive to the increase in total number of Au atoms. More
importantly, we consider that the presence of Au®" at the first
Au layer could have important implications in catalysis. As
shown previously,” in the WGS reaction, CO would preferen-
tially adsorb at Au®™ rather than anionic or metallic Au, because
the bonding involving 50 (CO) donation to 6s (Au) benefits
from an empty 6s orbital, as in Au’*. Hence, we expect that
CO adsorption would most likely occur at the first-layer Au
atoms. In other words, Au®" still has an important catalytic role
to play, even when the majority of Au atoms in each cluster
are metallic or negatively charged. Another point of note is that
Au®T obtained at the reduced surface in this work is generally
charged to around +0.1e to +0.2e. This is clearly different from
either the pure Au cluster without the support, where metallic
Au is expected, or the Au cluster model based on a Ce vacancy
site where the Au that substitutes the Ce is very strongly
positively charged (+1.2e), or even Au at the perfect surface,
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Figure 7. Total density of states (DOS) (top) and the DOS projected onto
Au s, p, and d orbitals (bottom) of Au;, Auf®, and AufY). A Gaussian
broadening of 0.05 eV is used. The Fermi levels of each system are aligned
and set to 0.

where Au sits at an O bridgelike site with a charge of +0.32¢.
We believe that there will be different CO—Au bonding
strengths in these various situations. Clearly, this difference
would have significant implications in determining the reaction
mechanisms.

We also plot in Figure 7 the total density of states (DOS) of
several representative clusters [Auf®, Aud?, and Au{] and the
total DOS projected onto Au s, p, and d oribtals. As can be
seen, increasing size of the cluster increases the interaction
between Au atoms and consequently the width of d-bands (i.e.,
d states appear at both lower and higher energy levels). This
agrees with previous DFT calculations on pure Au clusters.*®
On the other hand, increasing the size of the cluster increases
the occupancy of the f (Ce) orbitals, as indicated in the DOS.
This is because the original empty f orbitals of Ce**, which are
just above the Fermi level,*® now accept electrons from Au
atoms, as discussed above. We also note that the Au d states
closest to the Fermi level (e.g., ~ —1.0 eV) in the larger cluster
are largely due to the Au atoms at the contact layer. This result
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therefore lends further support to above suggestion that the
contact-layer Au atoms, which are positively charged, should
be relatively more active.

Experimentally, below about 3 nm, the number of d electrons
was observed to be greater than in bulk Au in the XANES
spectra.*® It is therefore interesting to examine the behavior of
d electrons in our clusters. We calculate the number of d
electrons by integrating the occupied DOS projected onto the
Au d orbitals. In order to compare with the XANES result, we
subtract the number of d electrons per Au in the bulk from the
number of d electrons per Au in each cluster and compile the
result (denoted as eq) in Table 1. As can be seen, the number
of d electrons in the clusters is indeed larger than that in the
bulk, consistent with the experiment, although there is no evident
trend within the clusters themselves. The enrichment of d
electrons in the clusters may be understood from the fact that
the relatively small Au—Au distance in the clusters (compared
to the bulk) increases the overlap of d-bands and lowers the
energies of d-bands, which makes more d occupancy favorable.

4. Conclusion

There is a clear need to understand the structure of Au clusters
on ceria, which is relevant to investigations of their catalytic
properties and to clarification of reaction mechanisms. By
depositing Au atoms one by one at the ceria surface, this work
examines the initial Au nucleation. From the clusters obtained,
we identify both fcc and hep packing features. Where we have
been able to do the calculation, the fcc-like and hcp-like clusters
have similar energies, with the latter situation favored, if
anything. Ultimately, however, the fcc-like stacking must be
favored for the largest clusters. We speculate that fcc/hcp
polymorphism may be exhibited for cluster sizes up to around
35 Au atoms. Although these are not likely to be thermody-
namically favorable (compared to the bulk), they may be
kinetically stable and potentially highly relevant to catalysis.
From an electronic standpoint, we find that contact-layer Au
atoms that form bonds with surface O atoms are probably
charge-positive, even when overlaid by other Au atoms within
a large cluster. The importance of positively charged Au to
catalysis need not, therefore, be limited to ultrasmall clusters.
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