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Gold clusters have garnered intense interest because of their
catalytic activities towards chemical reactions of industrial
and environmental importance.!!! The most investigated
chemical reactions on gold clusters are those involving
molecular oxygen (O,). Activation (adsorption and dissocia-
tion) of the O, molecules on the gold surface is a key limiting
factor in the catalytic processes because of the thermody-
namically unfavorable formation of the chemisorbed O,~
intermediate.”) Much research has studied the effects of
quantum confinement,” cluster geometry,? and charge trans-
fer™ to illustrate the enhanced catalytic activity of metal
oxide supported gold systems for carbon monoxide (CO)
oxidation. The electronic structure of oxide supported gold
clusters can provide critical clues to the mechanisms for their
catalytic activity and descriptions of the valence band
structure and may explain the electronic origin in these
catalyzed reactions.’! Gold atoms have an electronic config-
uration of [Xe]4f'*5d"%s'. The relativistic effects in gold,
however, stabilize its 6s orbital and destabilize its 5d
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orbitals.[”! Thus, for gold clusters, these effects, together with
upward shift of the 5d orbitals to the Fermi level, lead to
a decrease in the s—d energy gap and hence allow the
theoretically expected hybridization of the 5d and 6s orbi-
tals.l®*”! These s—d hybridized orbitals (or bands) essentially
increase the number of free dstates (number of d holes)
available for bonding with incoming reactant molecules and
lowering the transition state energy to promote the reac-
tions.[*) Though the importance of the valence band hybrid-
ization in gold-cluster-based catalysts has been long postu-
lated, this electronic structure has yet to be observed in active,
supported gold cluster catalyst systems.

In this study, we investigated s—d hybridization in catalyti-
cally active gold clusters supported on ceria nanorods
(0.01 at. % Au:CeO,_,), by applying resonant photoemission
spectroscopy (RPES). The RPES results establish the exis-
tence of a 5d-hole population in these gold clusters through
the observation of resonant enhancements for the 5p-to-5d
and 4f-to-5d electronic transitions. Owing to the strong
interactions between the oxygen atoms and gold clusters in
low gold concentration systems,”®! we are able to study the Sp-
to-5d and 4f-to-5d transitions of the gold clusters indirectly by
examining the photoemission of the O 2p derived states.
Density functional theory (DFT) calculations were per-
formed on two ceria slab supported gold cluster models to
elucidate the detailed 5d and 6s weighted band structure and
provide theoretical support to both validate and delve into the
origin of the hybridization between these bands in low gold
concentration Au:CeQO,_, catalysts.

Catalytically active 0.01 at. % Au:CeO,_, nanorods were
prepared by a wet impregnation method to deposit gold
clusters onto ceria nanorods using a modified hydrothermal
method.”) Detailed morphology and concentration character-
izations are in the Supporting Information. Extended X-ray
absorption fine structure (EXAFS) analysis of the Ce-L; edge
absorption spectrum of the sample indicated the presence of
a high density of oxygen vacancy sites in the ceria nanorods as
suggested by the low coordination number (CN = 6.6) of Ce-
O in first shell when compared to that of the perfect CeO,
structure (CN =8). Our low gold concentration Au:CeO,_,
sample has a high catalytic activity towards the oxidation of
CO with a light-off temperature (T, 50 % CO conversion) at
approximately 100°C, while that of ceria nanorods (CeO,_,)
is at approximately 200°C (see Supporting Information).

The local structure of the gold clusters in the 0.01 at. %
Au:CeO,_, nanorods was studied using X-ray absorption near
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Figure 1. a) Normalized Au L;-edge XANES spectra of 0.01 at. %
Au:CeO,_, nanorods and the reference gold metal foil. b) Fourier
transformed Au L;-edge EXAFS data in (a). The inset data are the
corresponding EXAFS functions in k space. (Thick lines: data; thin
lines: fittings, spectra vertically offset for clarity.)

edge structure (XANES). Figure 1a shows the
normalized Au L;-edge XANES data of the @
catalyst and a gold metal foil. The absorption
spectrum from the gold clusters in the catalyst
exhibits similar features to that of the refer-
ence gold metal foil, except that the spectrum
for the catalyst has a more intense white line (a
feature at the top of the sharply rising part of
spectrum at ca. 11.92 keV). Since the intensity
of the resonance at the threshold (white line) is
associated with a 2ps;,-to-5ds),,;3, dipole tran-
sition, the more intense white line indirectly
suggests an increase in the d-hole population
in the gold clusters of the Au:CeQO,_, cata-
lyst.[1%!

EXAFS data in Figure 1b demonstrates
the presence of metal-substrate bonds in the
Fourier transformed spectrum for the
0.01 at. % Au:CeO,_, because of an increase
in density of states in the radial distribution
function at very low radii. In general, it should
be noted that the spectra of the oxide supported clusters look
similar to that of the gold foil. This metal-substrate bond can
be attributed to a Au—O bond with an average length of
2.02 A (Table SI-1), indicating a strong interaction between
the gold clusters and their ceria supports.®! A slightly shorter
Au-Au atomic distance (2.83 A) and lower coordination
number (CN = 8.9) were observed in the catalyst than those of
the reference gold metal foil. (Table SI-1) The shorter
average Au—Au bond length indicates the small gold cluster
sizes in the catalyst. This small size effect which has been
proposed to increase the d-hole population in gold clusters'”
is also supported by the more intense white line observed in
the Au XANES data.

The electronic structure and valence band spectra (VBS)
of the 0.01 at. % Au:CeO,_, were investigated using RPES to
determine if resonant enhancements of the valence band
electronic transitions occur for the gold clusters at photon
energies corresponding to the gold 5p and 4f threshold, an
indication of both 5p-to-5d and 4f-to-5d transitions. The
existence of such resonances is a direct evidence for the
existence of 6s—5d hybridization. The photoelectron spectra
were acquired at different photon energies from 65 to 105 eV
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for the RPES of the O 2p states from the ceria support. Owing
to the strong interactions between gold clusters and the ceria
support,®>*1l we focused on investigating the O 2p derived
states to elucidate the gold resonance in the catalyst sample
and confirm the existence of strong gold interaction with the
catalyst support (ceria nanorods).

Figure 2a shows the normalized intensity of the VBS
recorded at different incident photon energies. (Binding
energies are denoted in terms of E—Eg) In Figure 2b it is re-
plotted and interpolated using false color in a two-dimen-
sional manner to demonstrate the intensity change of photo-
emission corresponding to the photon energy variation. To
evaluate the electronic properties and contributions of differ-
ent bonding and nonbonding orbitals to the VBS, three
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Figure 2. a) Fitted valence band resonant photoemission spectra for the 0.01 at. %
Au:CeO,_, nanorods taken at photon energies in the range of 65-105 eV. b) Interpolated
2D false color plot using data in (a). White dashed line: Binding energy at —5.7 eV.

c) Plot of photoemission intensities at —5.7 eV binding energy as a function of photon
energy for the Au in Au:CeO,_, using the fitting data for Peak B. Binding energies are
denoted in terms of E—E;.

Gaussian peaks were fitted to model the RPES spectra in
Figure 2a. These spectra consist of a peak appearing at
a binding energy of approximately —2 eV (labeled as Peak A)
and a broad band stretching from —10 eV to —4 eV (Peaks B
and C), which correspond to the primarily O 2p derived states
of the ceria support.'” Peak A is attributed to the emission of
electrons from the localized Au 5d state, whose weak intensity
is due to the low loading of gold on the catalyst surface. The
valence band state enhancement for our catalyst is broad-
ened, between —8eV and —2¢eV, in the resonant photo-
emission spectra, while that of bulk gold is from —6¢eV to
—3eV."¥l This broadening of the valence band features,
a typical feature for small-sized gold clusters, is the result of
increased inhomogeneity of gold atoms in the clusters and the
presence of more localized unoccupied d states at the Fermi
level.'”! The changes in the valence spectral density is
consistent with the Au L;-edge XANES data that indicates
an increase in the d-hole population in the gold clusters of
Au:CeO,_,. In Figure 2, Peaks B and C in the broad band
(—10eV to —4 eV binding energy) arise from the photo-
emission from the O2p, O 2p, orbitals (—5.7eV binding
energy) and O 2p, orbital (—7.7 eV binding energy), respec-
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tively." The photoemission originating from Au 5d band is
expected to yield an emission at around —6 to —4 eV binding
energy or in the region of these peaks but closer to the Fermi
level in the smaller gold clusters.

Although it is difficult to identify photoemission originat-
ing strictly from Au 5d band, owing to the trace amount of
gold in our catalyst, the resonant enhancement of the valence
band in the photoemission from gold clusters can be clearly
observed in the plot of the intensities of Peak B as a function
of photon energy at the Au 5p and 4f thresholds (Figure 2b).
The maximum intensities in the photoemission spectra occur
at roughly Au 5p,, (74.2 eV) and 4f;, (87.6 V) core thresh-
old binding energies, and are indicative of the 5p;,-to-5ds,
and 4f;,-to-5d,, transitions of bulk gold, respectively."”! Since
the electronic configuration of a gold atom ([Xe]4f"“5d"°6s")
indicates a full 5d subshell, these transitions can only occur if
there is partial, not complete, occupancy of the valence Au 5d
band. This d-hole population deduced from the RPES data is
ascribed to the hybridization of 5d and 6s states in the gold
clusters.

The existence of s—d hybridization in the Au:CeO,_,
catalyst is also predicted in our density functional theory
(DFT) models composed of gold clusters on cerium oxide
slabs. A 19-atom-layered Au(111) slab model was used to
simulate the electronic structure of bulk gold. Two different
structures of gold clusters composed of 19 gold atoms,
tetrahedral Au,, (t-Au,y; the most stable Au,, cluster)!'® and
planar Au,, (p-Au,y; strongly favored by relativistic effect),ll’]
were considered to represent two extreme cases of
Au,y:CeQO,_, models.

The 6s-5d hybridization in the Au,, clusters of the two
Au,y:CeO,_, models and their catalytic potential were
revealed in the computed total and partial density of states
(DOS) of these systems. The optimized structure of the t-
Au,y:CeO,_, model shown in Figure 3 was found to be slightly
negatively charged (—3.21e™ or —0.17¢™ per gold atom) from
Bader charge analysis. Our results agree well with the
previous study of Au,;g on a MgO film (—3.54¢™ and —0.2¢"
per gold atom).'® The excess charge in the t-Au,, cluster is
probably derived from the electron density of the oxygen
vacancies in the defective ceria slab support.®® Comparisons
between the total density of states of the CeO,_, slab, t-Au,y,
and t-Auye:CeO,_, in Figure 3¢ and Figure SI-4 suggest that
the interaction of t-Auy, with the ceria support possibly
introduces the pin-in gap state feature (or metal-induced gap
states (MIGS)) present below the empty Ce 4f states and the
Fermi level. By analyzing the partial density of states (PDOS)
of t-Auyy:CeO,_, (Figure 3d), we find that these MIGS are
mainly composed of Au 5d and 6s states, consistent with our
photoemission findings. The similarities among the shapes of
these 5d and 6s band structures in the MIGS region further
confirm the strong s—d hybridization in this supported t-Au,,
cluster. A larger d-hole population is also evident in the
PDOS of t-Au,y:CeO,_, when compared with that for the
Au(111) slab in Figure 3d. Similar s—d hybridization and d-
hole population features were also observed in the band
structure of the p-Au,;y:CeO,_, model (Figure SI-4 and -5).

The location of the d-band center with respect to the
Fermi level of a transition-metal-based catalyst has been
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Figure 3. a) Top view of a DFT-optimized structure of a t-Auyq cluster
adsorbed on a defective 9-atom-thick ceria(111) slab (CeO,_,). Blue
circles: oxygen vacancy sites. b) Calculated charge distribution of the t-
Auyy:CeO,_, model in (a). c) Black: Total surface density of states.
Blue: density of states of Au 5d band for top: a 19-atom-thick Au(111)
slab, middle: isolated t-Auy,, and bottom: t-Au,s:CeO,_,. d) Partial
density of states (PDOS) for the 6s, 6p, and 5d orbitals of Au in

top: Au(111) slab, middle: isolated t-Au,s, and bottom: t-Au,4:CeO,_,.
6s orbital of Ce and 2p orbital of O in t-Au,,:CeO,_, are in the bottom
figure. Red dash lines: Au 5d band centers. Black dash lines: Fermi
levels with respect to vacuum at E=0 eV.

proposed to strongly influence its catalytic activity."! The up-
shift of the d-band center towards the Fermi level will
enhance the formation of chemical bonds between the
catalyst and reactant because of the increased availability of
symmetry-allowed and energetically favored electronic states
from the dband. In our catalyst, the Au5d band center
locations with respect to vacuum level for the isolated t-Au,
and t-Au;:CeO,_, are —7.76 and —7.45eV, respectively.
These up-shifted values are in contrast to the energy of
—8.85 eV for the Au 5d band center location for the Au(111)
slab. This offers a possible explanation for the observed high
catalytic behavior of our Au:CeO,_, catalyst for CO oxidation
at low temperatures. The t-Auy, cluster exhibits a stronger s—d
hybridization and up-shift of the d-band center than the Au
slab. This s—d hybridization can promote the electron transfer
necessary for bonding and back-bonding between the sup-
ported Au clusters and O, molecules. Similar results are
obtained from the p-Au,, cluster (Figure SI-5).

Our results for the Au,y:CeO,_, model suggest a non-zero
transfer of electrons from the defective ceria to the Auy
cluster. Such a negative charge transfer has also been
predicted to increase the availability of valence electron
density of gold for bonding to chemisorbed molecules and
affect the strength of highly directional s—d hybridized
orbitals.“**! In the case of oxygen, negatively charged gold
clusters can provide more electrons to transfer to st* orbitals
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of the O, molecules, which again affects the adsorption energy
and dissociation of O,, leading to higher catalytic activity for
CO oxidation. Our computational models also indicate the d-
band center up-shifts in small gold clusters, a larger d-hole
population in the Au 5d band of our catalyst, and the resulting
hybridized s—d orbitals found in our experiment.

In summary, the existence of s—d hybridization in gold
clusters of a catalytically active 0.01 at. % Au:CeO,_, catalyst
was demonstrated using resonant photoemission spectrosco-
py and model calculations. Significant 5p,,-to-5d;, and 4f;,-
to-5d;, resonant electronic transitions observed in our
Au:CeO,_, catalysts indicate the presence of an unfilled 5d
subshell (or 5d holes) in the gold clusters of the catalyst and
thus provide the evidence for the s—d hybridization. Our
approach to investigating the electronic structures of sup-
ported low concentration gold catalysts illustrates an alter-
nate pathway to investigate other metal oxide supported
metal systems and gain further insights into their structure—
reactivity relationship.
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