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1. INTRODUCTION

Since Haruta et al.1,2 first reported that gold nanoparticles
supported on metal oxides exhibited high activity toward low-
temperature CO oxidation, the studies of oxide-supported gold
catalysts have received significant attention.3 Despite great pro-
gress made in the studies of gold-catalyzed reactions, the origins
of the catalytic activities, interfacial structures, and the nature of
Au chemical states related to the oxide-supported Au catalysts are
still subjects of debate. For example, it has been recognized for a
long time that Au nanoparticles supported on reducible oxides
(e.g., TiO2, CeO2) exhibit much higher activity than those on
irreducible oxides (e.g., MgO, Al2O3, SiO2) for CO oxidation.4�6

It was therefore thought that the oxide supports play a vital role in
the catalytic reactions. However, this correlation between the
activity of supported Au catalysts and the type of oxide supports
(reducible/irreducible) has been questioned by recent experi-
ments. Liotta and co-workers observed that the catalyst of Au
supported on irreducible oxide Al2O3 shows higher CO oxida-
tion activity in the presence of hydrogen at low temperature as
compared to that of Au on reducible oxide TiO2.

7 Moreover,
Ivanova et al. reported that Au supported on Al2O3 has higher
activity in preferential oxidation of CO than it does supported on
reducible oxide CeO2.

8 Obviously, the differences in the above-
mentioned catalysts’ activities cannot be solely attributed to the
effects of the oxide supports and are still not well understood.
Furthermore, among the Au catalysts, the oxidation states of Au
species are still under discussion. Some authors ascribed the
active Au component of Au/ceria catalysts in the water gas shift
(WGS) reactions to the cationic Au sites,9,10 whereas others
attributed the active phase of gold to small metallic particles.11,12

Therefore, the clarification of the chemical states of oxide-
supported Au species and the studies of the Au�oxide support
interaction are of great importance.

Zirconium oxide is of significant interest in catalytic applica-
tions, especially as catalyst supports for various reactions because
of its ideal chemical and mechanical properties.13�15 The most
important catalytic application of ZrO2 is used as an additive in
the three-way catalyst (TWC), where it serves to improve ceria
stability and its oxygen storage capacity (OSC).16,17 Highly
dispersed gold supported on zirconia has been reported to show
exceptional catalytic properties for a number of reactions such as
CO oxidation,18,19 WGS reactions,13,20 and selective hydrogena-
tion of unsaturated organic compounds.21,22 The perimeter
interface between Au and ZrO2 plays an essential role in
determining the catalytic reactivity.23 Zhang et al. found that
increasing Au�ZrO2 contact boundaries by reducing the sizes of
zirconia nanoparticles can enhance the catalytic activity for CO
oxidation.24 This finding is in good agreement with the result of
Idakiev and co-workers, where they attributed the high WGS
activity to the contact boundaries between Au and zirconia.13 In
addition, it has also been found that the chemical state of gold,15

the sizes of both gold and zirconia,24,25 and the zirconia crystal
phase14 have great impacts on the catalytic activity. Therefore, it
is very important to study the structure and properties of the
Au�ZrO2 interface. However, few studies of the Au�ZrO2

interface can be found. Zafeiratos et al. studied experimentally
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ABSTRACT:The growth, electronic properties, and thermal stability
of Au nanoparticles on ordered ZrO2(111) thin film surfaces were
investigated by low-energy electron diffraction (LEED), X-ray photo-
electron spectroscopy (XPS), and synchrotron radiation photoemis-
sion spectroscopy (SRPES). The thin ZrO2(111) films were grown
on a Pt(111) substrate. At room temperature, Au initially grows as 2D
islands on the ZrO2(111) thin films up to 0.1 ML, followed by 3D
growth with a number density of ∼1.4 � 1012 particles/cm2. The
binding energy of the Au 4f peaks shifts monotonically toward a
higher binding energy with decreasing the Au particle size by 0.4 eV,
which can be attributed to the contribution from both the initial- and
final-state effects. Au atoms most likely form Auδ� initially and
become metallic states as the coverage increases. Thermal annealing experiments demonstrate that Au particles experience
significant sintering before desorption from the ZrO2(111) surface. In addition, Au particles are more thermally stable on the
sputtered ZrO2(111) surface than on the pristine ZrO2(111) surface due to the stronger bonding of Au atoms on the surface defect
sites. Moreover, large Au particles are more thermally stable than small ones on the ZrO2(111) surface.
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Au deposition on yttria-stabilized ZrO2(100) (YSZ) and found
that the interaction between Au and ZrO2 is very weak,

26 which is
also confirmed by Munoz et al.,27 where the strength of the bond
at the Au�YSZ interface calculated by the contact angle is very
weak. The adsorption of Au atoms at well-defined ZrO2(111)
surfaces and the small Au clusters at various zirconia surfaces
have been investigated theoretically by Grau-Crespo et al.28 and
Wang et al.,29 respectively. To our knowledge, no experimental
work on the growth of Au on pure ordered ZrO2(111) surfaces
under ultrahigh vacuum (UHV) conditions can be found so far.

In our previous work, well-ordered ZrO2(111) films epitaxi-
ally grown on Pt(111) were successfully obtained.30 Such films
have been proven to present a cubic phase,31,32 which can be
stabilized only at 2650�2950 K for pure zirconia or at low
temperature by doping with lower-valence cations (e.g., Ca2þ,
Mg2þ, and Y3þ).33 Herein, we extend the application of the
stable cubic ZrO2(111) films as model surfaces for surface
science studies of Au interaction with ZrO2 at room temperature.
Synchrotron radiation photoemission spectroscopy (SRPES),
X-ray photoelectron spectroscopy (XPS), and low energy elec-
tron diffraction (LEED) have been employed to investigate the
growth, structure, and interfacial electronic properties of Au on
ZrO2(111), with the aim of gaining a deep insight into the
relationship between the structure and the chemical properties of
zirconia-supported gold catalysts at an atomic level.

2. EXPERIMENTAL SECTION

All of the experiments were performed on a UHV system
located at the photoemission endstation at beamline U20 in the
National Synchrotron Radiation Laboratory (NSRL) in Hefei,
China. The beamline is connected to a bending magnet and
equipped with three gratings that cover photon energies from 60
to 1000 eV with a resolving power (E/ΔE) better than 1000. The
UHV system consists of three separate chambers for sample
analysis, preparation, and quick load-lock. The analysis chamber,
with a base pressure less than 2� 10�10 Torr, is equipped with a
VG SCIENTA R3000 electron energy analyzer, a twin anode
(Mg and Al) X-ray source, a retractable four-grid optics for low
energy electron diffraction (LEED), and an Arþ sputter gun. The
preparation chamber has a base pressure of∼3� 10�10 Torr and
houses with a four-pocket electron beam evaporator for Zr,
where a stable and long-term evaporation can be easily achieved
via a flux controller, and a home-built evaporator for Au. The
sample quick load-lock port is connected to the preparation
chamber.

The sample was clamped to a molybdenum holder by two
spot-welded Ta strips and heated from the backside of the sample
using electron-beam bombardment. The sample temperature
was monitored using a K type thermocouple that was fixed on the
edge of the sample holder plate. The reading of this thermo-
couple was calibrated separately by another thermocouple that
was spot-welded directly to the edge of the sample. The Pt(111)
single crystal (10 mm diameter and 1 mm thick, purchased from
Mateck GmbH, Germany) was cleaned by repeated cycles of Arþ

ion sputtering, annealing in 1� 10�7 Torr of oxygen at 800 K to
remove carbon, and then flashing to 1300 K to remove oxygen,
until no contamination was detected by XPS and a sharp (1� 1)
LEED pattern was achieved.34

The thin ZrO2(111) film was grown by evaporating Zr metal
from a Mo crucible using the electron beam evaporator onto the
clean Pt(111) surfaces in oxygen atmosphere at 550 K, followed

by annealing. Details of the preparation and characterization of
the ZrO2(111) films have been described previously.30 The
evaporation rate was limited to 0.06 nm per minute. From the
attenuation of Pt 4f signals, the thickness of the ZrO2(111) film
was estimated. In the present study, the ZrO2(111) film was
controlled to be about 3�4 nm thick to avoid the surface
charging.30

The deposition of Au onto ZrO2(111) was performed at a
sample temperature of 300 K by evaporating high-purity Au
(better than 99.999%) from a homemade electron beam eva-
porator in the preparation chamber. A very slow evaporation rate
(0.12 ( 0.01 Å /min) of Au was used in our experiments. The
evaporation rate was kept constant in all cases and was estimated
from the attenuation of the Pt 4f peak intensities after Au was
directly deposited on Pt(111). The Au coverage was presented in
this article as equivalent monolayers (ML), which are defined as
the density of close-packed Au(111) layer, that is, 1 ML = 1.4�
1015 atoms/cm2. The monolayer thickness is approximately 2.6
Å.33 After each deposition, the sample was quickly transferred to
the analysis chamber for the photoelectron spectroscopy (PES)
measurements.

The photoemission spectra were collected at 10� emission
from the surface normal. Au 4f spectra were measured with a
photon energy of 150 eV. Al KR (1486.6 eV) was used to probe
Zr 3d and O 1s core levels. Valence spectra were recorded with a
photon energy of 70 eV. All of the binding energies (BE) were
referenced to the Au 4f7/2 peak position at 84 eV from a clean
polycrystalline Au foil, which was mounted below the sample
position on the sample holder.

3. RESULTS AND DISCUSSION

3.1. Thin ZrO2(111) Films. The detailed preparation proce-
dure of ZrO2 films on Pt(111) has been reported previously.30

The quality of the films was verified by XPS and LEED.
Quantitative analysis of XPS suggested that stoichiometric
ZrO2 was obtained. On the basis of previous reports,30,31,35

continuous ZrO2(111) films of high quality are formed when the
film thickness is above 2 nm. Part a of Figure 1 displays a sharp
LEED pattern of the clean Pt(111) surface. After deposition of a
3.4 nm thick ZrO2 film, a nonrotated hexagonal p(1 � 1) of
ZrO2(111) structure that coexists with a (2 � 2) pattern is
observed yet without the diffraction pattern of the Pt(111)
substrate (part b of Figure 1), indicating that the ZrO2 film of
high structural order are continuous and cover the whole Pt(111)
surface. This film provides a good model surface for bulk ZrO2,
which is used as the substrate for Au deposition in this study.

Figure 1. LEED patterns at 64 eV for (a) clean Pt(111) and (b) 3.4 nm
thick ZrO2 film on Pt(111). The characteristics of the hexagonal
p(1 � 1) and p(2 � 2) structures of ZrO2(111) are indicated in (b).
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3.2. Growth Mode of Au on Thin ZrO2(111) Films. Figure 2
shows Au 4f and Zr 3d core-level photoemission spectra as a
function of Au coverage on the ZrO2(111) thin film surface at
room temperature. As expected, the Au 4f peak intensities grow
with increasing Au coverage, whereas the intensity of the Zr 3d
peak decreases. When the Au coverage increases to 6.25 ML, the
intensity of Zr 3d decreases by a factor of 0.54 ( 0.05.
Simultaneously, almost the same attenuation of O 1s intensities
is observed in the O 1s XPS spectra (not shown). If Au grows two
dimensionally on ZrO2(111), both Zr 3d and O 1s signals should
only remain 34.6% of the original intensities after 6.25 ML Au
deposition. The fact of that the intensity of the substrate signal is
kept by ∼46% after deposition of 6.25 ML Au may suggest that
Au grows three dimensionally on ZrO2(111).
To further address the growth mode of Au on ZrO2(111),

the Au 4f intensities during the successive Au deposition on

ZrO2(111) at room temperature are plotted as a function of Au
coverage, as shown in Figure 3. The closed circles represent the
experimental data of Au 4f7/2 intensities that have been normal-
ized to a bulklike Au signal on ZrO2(111). It is clear that the
intensity of the Au peak increases continuously with the Au
coverage without any distinct breaks. Using a layer-by-layer
growth model36 and a 3D-particle (hemispherical cap) growth
model with an assumption of constant island density,37 we have
calculated the expected results. The intensity ratios in these two
models are given as follows, respectively:

IAu
IAuð¥Þ ¼ 1� expð� d=λAu cos θÞ ð1Þ

IAu
IAuð¥Þ ¼ nR2π

� 2πnλ2Aucos
2θ 1� 1þ R

λAu cos θ

� �
exp ð� R=λAucos θÞ

� �

ð2Þ
where IAu represents the Au 4f7/2 intensity and IAu (¥) is the Au
intensity from a thick bulklike Au layer on ZrO2(111), d is the Au
thickness, λAu is the mean free path of Au photoelectrons, θ is the
detection angle with respect to the surface normal (θ = 10� in this
work), and R and n are the radius and the number density of the
hemispherical Au particles, respectively. Here, in the hemisphe-
rical cap model, the number density is assumed to be indepen-
dent of coverage and treated as a constant for fitting. Thus, the
average diameter and volume of Au particles are set by this
density at any given Au coverage. For example, at 0.4 ML the
average Au particle size is calculated to be 3.0 nm in diameter.
The inelastic mean free path used is 0.4 nm, obtained from a
fitted curve according to the data reported by Tanuma et al.38

As can be seen in Figure 3, in the early stages of Au deposition
(<0.1 ML) on ZrO2(111) at room temperature, the Au signals
change along a slope close to that expected for layer-by-layer
growth, suggesting that Au initially may grow two dimensionally
on ZrO2(111). As the coverage increases to 0.1 ML and above,
the increase of Au signal clearly deviates from that expected for
the layer-by-layer model. Instead, the signal fits very well with the
hemispherical cap model with an assumed constant number
density of 1.4 � 1012 islands/cm2, again demonstrating that
Au grows as 3D islands on the ZrO2(111) substrate. A similar

Figure 2. Au 4f (a) and Zr 3d (b) spectra for Au growth on ZrO2(111) at room temperature at different Au coverages. The photon energies for Au 4f
and Zr 3d are 150 and 1486.6 eV, respectively.

Figure 3. Integrated Au 4f7/2 (b) intensity normalized to that of bulk
Au versus Au coverage for the room temperature growth of Au on a
3.4 nm thick ZrO2(111) film grown on Pt(111). The solid curves
correspond to what is expected if the Au film growth in a layer-by-layer
growth model or a hemispherical cap growth model with an island
density of 1.4 � 1012 islands/cm2, respectively. The inelastic mean free
path used for calculating the two solid curves is 0.4 nm, taken from the
fitted curve in ref 38.
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growth mode has also been observed for Au deposition on
TiO2

39,40 and YSZ(100)26 at 300 K.
It is known that the growth mode of a metal on an oxide

surface can be also thermodynamically predicted from the surface
free energies of deposited metal (γm), the oxide (γox), and
the metal�oxide interface (γm�ox).

41 If γox < γm þ γm�ox, the
growth of metal on oxide follows Volmer�Weber (VW) or 3D
growth mode. Otherwise, a continuous metal film is formed; the
metal growth follows layer-by-layer (Frank van der Merwe, FM)
or layer-followed-by-clusters (Stranski�Krastanov, SK) mode.
The surface free energy of Au is 1.13 J/m2,42 which is much larger
than that of ZrO2 (∼0.7 J/m2).43 Thus, in the absence of kinetic
limitations, a continuous Au film formation on ZrO2(111) is not
thermodynamically possible, unless the interfacial free energy
γm�ox between Au and ZrO2(111) is a large negative value.
Usually, the real interfacial energies at themetal�oxide interfaces
are positive, even good bonding between phases at the interface
of metal�oxide would lead γm�ox to be small positive values.41

Therefore, a 3D growth of Au on ZrO2(111) is thermodynami-
cally favored. This is in accordance with our experimental result.
At very low coverages (<0.1 ML), however, Au grows as 2D
islands, probably due to the fact that Au initially populates the
defect sites such as step edges and kinks.44 This is very common
for metal growth on oxide films.41 This 2D growth observed at
very low coverages can be interpreted as a consequence of surface
kinetic constraints.39,44�46 The relative low island density of Au
on ZrO2(111) at room temperature compared to Au on other
oxides40,47,48 or other metal�oxide systems such as Ag/CeO2�x-
(111)49,50 and Pt/CeO2�x(111)

51 suggests that the interaction
between Au and ZrO2 is rather weak.
It should be mentioned here that, although both the experi-

mental results and thermodynamic prediction strongly suggest
that the growth of Au on ZrO2(111) follows VWmode, it would
be helpful to be further confirmed by STM observations that
provide more direct structural/morphological information.

3.3. Interfacial Interaction of Au with ZrO2(111). The
electronic structure of small metal clusters may be different from
the bulk because of the quantum size effects and/or specific
metal�substrate interfacial interaction. The interfacial interac-
tion between the adsorbed metal clusters and the underlying
oxide support can be probed by photoemission spectroscopy.
From Figure 2, one can clearly see that in addition to the intensity
changes, the Au 4f peaks shift to a higher binding energy (BE) as
the Au coverage decreases. There is also a pronounced broad-
ening of Au 4f peaks with decreasing Au coverage. In parts a and b
of Figure 4, the Au 4f7/2 BE and full width of half-maximum
(fwhm) that were read out from curve-fitting results and varied
within 0.05 eV in the repeated experiments are plotted versus Au
coverage at room temperature, respectively. At 0.04 ML, the Au
4f spectrum exhibits a broad feature with the 4f7/2 peak position
centered at 84.41( 0.05 eV. As the coverage increases, both the
Au 4f7/2 BE and fwhm gradually shift toward the values of bulk
metallic Au, which are 84.00 and 1.13 eV, respectively. At 6.25
ML Au coverage, each approaches the bulk value.
In principle, the BE shifts for small metallic particles deposited

onto poorly conducting substrates can be contributed from
either the initial-state (intrinsic size effect due to reduced average
coordination number and charge exchange between metal and
the substrate)52,53 or final-state (relaxation and screening)54,55

effects, or both. Auger parameter method56,57 has been regarded
as an effective approach for differentiating the initial- and final-
state effects in core-level BE shifts. In the present work, however,
it is difficult to use this method to distinguish the initial- and final-
state effects in the Au 4f7/2 BE shifts because the Au Auger peaks
are too weak at very low coverages to identify the peak positions.
Nevertheless, it is worth emphasizing here that the Au 4f7/2 BE
shifts only by 0.41 ( 0.05 eV from very low (0.04 ML) to high
(6.25 ML) Au coverages. This value is smaller than those
observed for Au on similar irreducible oxides such as SiO2

58

and Al2O3
59 where only the final-state effects were found to be

responsible for the core-level BE shifts. In general, a core hole
created during the photoionization of the core electrons in the
metal clusters could be effectively screened if the substrate is a
conductor, an electron from the substrate hops onto the cluster
to neutralize the instantaneous charge produced during the time
relevant to the photoemission.60 That is the case of a complete
hole delocalization.61 However, if the metal clusters deposited
onto a relatively less conductive substrate, the core-level shifts are
probably larger due to the hole localization in the final state.62

This means that, if only the final-state effects are taken into
account for the core-level BE shifts, the core holes in the metal
clusters are better screened on the more conductive substrates,
leading to a smaller BE shifts. It was found that different Au 4f7/2
BE shifts were observed for Au clusters on different oxides:
0.6 eV on TiO2,

63 0.3 eV on CeO2,
64 1.4 eV on Al2O3,

59 1.6 eV on
SiO2,

58 and 0.65 eV on YSZ.33 In the present case, the largest Au
4f7/2 BE shift from small clusters to bulk that we found is
substantially smaller than the shifts for Au on other irreducible
oxide substrates (e.g., Al2O3, SiO2, YSZ) but is rather analogous
to the shifts observed for Au on reducible oxide substrates (e.g.,
TiO2, CeO2). Considering the fact that reducible oxides are
usually more conductive than irreducible oxides due to the easy
formation of oxygen defects, the reducible oxides should have
higher abilities of active substrates to shield the final-state core
holes via extra-atomic relaxation than irreducible oxides.65 Pro-
vided there was no initial-state contribution to the Au 4f peak
shifts, the final-state screening would lead to the Au 4f7/2 BE shift

Figure 4. (a) Variation in the Au 4f7/2 binding energy as a function of
Au coverage, (b) variation in the Au 4f7/2 fwhm as a function of Au
coverage.
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for Au on ZrO2(111) being as large as or close to those on other
irreducible oxide substrates, other than analogous to those on
reducible oxide substrates. To a first approximation, the core-
level BE of Au should be raised by e2/2R with respect to that of
bulk Au, where R is the radius of metal particles.67 As mentioned
above, the average radius of Au particles can be estimated at any
given Au coverage by assuming a constant island density. At 0.04
ML of Au, the average diameter of Au particles is 14.2 Å, and thus
the shift of Au BE should be about 1.02 eV relative to the bulk Au.
Therefore, the small BE shift of Au 4f7/2 observed for Au on
ZrO2(111) provides a strong evidence for the contribution of
initial-state effects. As mentioned above, the initial-state con-
tribution may originate from: (1) intrinsic size effects due to
reduced metal�metal coordination, and (2) electron charge
transfer between metal and substrate. When the particle size is
very small, the surface atoms dominate, leading to the lower
coordination number compared to bulk atoms. Thus, the initial-
state contribution to the Au 4f BE shifts originated from the
reduced metal�metal coordination number would be equivalent
to the surface core-level shifts (SCLS) of Au metal, which was
reported to be �0.4 eV.66 This is the main contribution to the
initial-state effects. Besides this, there should be another factor
that can compensate more than �0.2 eV because the total Au 4f
BE shift is only 0.4 eV. We attribute this to the formation of
negatively charged Au at very low coverages. Similar gold species
have also been observed previously for Au growth on YSZ-
(100)26 and thinMgO/Fe(001) films,67 where Au carries initially
a negative charge relative to the bulk. However, during the
deposition of Au on ZrO2(111), the binding energies of Zr 3d
(part b of Figure 2) and O 1s (not shown) show no shifts until
2.17 ML Au. Afterward, they both shift to low BE by 0.22( 0.05
eV when the coverage reaches 6.25 ML, which can be explained
by the effective screening from the large gold clusters on the
zirconia film.57,68 Because both Zr 3d and O 1s show no BE shifts
at low coverages, the chief cause of negatively charged Aumay be
the result of Au initially bonding to the surface defect sites such as
oxygen vacancies or steps/kinks, leading to the partial charge
transfer from zirconia to gold.

The line width of the Au 4f7/2 peak increases with decreasing
particle size (part b of Figure 4). The increased line width can
mainly result from the particle size and particle size distri-
bution.69,70 That is, when the particles are very small in size
and have a broad size distribution, the line width gets broader. As
the Au coverage increases, the Au particles grow larger in size
and become more homogeneous as compared to those at low
coverages. Accordingly, the line width of the Au 4f7/2 peak is
narrowed.
Part A of Figure 5 shows the valence band spectra of Au/

ZrO2(111) at various Au coverages at 300 K with an excitation
energy of 70 eV. For comparison, the spectrum from a clean Au
foil is shown as the top curve. As can be seen, the valence band of
the clean ZrO2(111) surface is dominated by the O 2p and Zr 4d
orbitals locating at 3�10 eV below EF, in good agreement with
previously reported results.30,71 After Au is deposited, because of
the contribution of the Au 5d band, the valence band between 3
and 10 eV changes in shape and becomes broader. Because of the
fact of serious BE overlapping between Au 5d andO 2p and Zr 4d
bands, it is difficult to identify the Au 5d itself alone just from the
spectra. To differentiate the Au 5d band, we took the difference
spectra with respect to the clean ZrO2(111) surface. The results
are plotted in part B of Figure 5. It is known that Au exhibits a
well-defined d-band doublet (5d5/2 and 5d3/2) in the valence
band. With increasing Au coverage, this doublet splitting can be
clearly seen. Moreover, similar to the observation of Au 4f, both
peaks of Au 5d5/2 and 5d3/2 gradually shift toward the Fermi edge
(i.e., lower BE), but the shift of Au 5d5/2 is more evident and
larger than the shift of Au 5d3/2. In other words, the splitting of
Au 5d becomes larger and larger as the Au coverage increases.
Nevertheless, there is a still significant difference in the Au 5d
spectra between the Au particles and pure Au metal. This
difference can be interpreted as the redistribution of the Au 5d
valence band with decreasing particle size. A similar phenomen-
on has also been found for Au on other oxide surfaces.33,72�76

Because the Au 5d5/2 and 5d3/2 splitting is strongly dependent on
the average coordination number of Au nearest neighbors or Au
cluster size (the splitting value varies from 1.5 eV for single Au
atoms to 2.7 eV for bulk Au),33,61,65 the coverage-dependent Au
5d splitting observed here can be used to estimate the average

Figure 5. (A) Valence band spectra of Au on ZrO2(111) at room
temperature for Au coverage of 0.04, 0.21, 0.46, 0.63, 0.83, 1.25, 2.08,
4.17, and 6.25 ML, which are labeled as (a)�(i), respectively. (B) The
difference spectra from (A) with the clean ZrO2 surface subtracted. The
top curve shows the valence band spectrum from a clean Au polycrystal
sample.

Figure 6. Au 4f peak areas of 0.25 and 1 ML Au, normalized to their
initial values respectively on the ZrO2(111) surface as a function of the
annealing temperature.
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coordination number of Au atoms in the particles. As the Au
coverage increases to 0.46 ML, the Au 5d splitting in part B of
Figure 5 starts to become distinguishable and exhibits a value of
∼2.5 eV; it reaches to∼2.7 eV when the coverage increases up to
6.25 ML. According to the literature,65,33 the Au 5d splitting of
2.5 and 2.7 eV corresponds roughly to the mean coordination
number of Au atoms of 10 and 12, respectively. The coordination
number of 10 at 0.46 ML suggests that, at this coverage the
average Au particle size is already large, consistent with the
above-mentioned observation of small island density. However,
the reduced coordination number at low coverages as confirmed
by the observation of Au 5d again supports the above discussion
of initial-state effects in the Au 4f BE shifts.
3.4. Thermal Stability of Au/ZrO2(111). To investigate the

thermal stability of Au nanoparticles on ZrO2(111), we annealed
the ZrO2(111) surface covered with Au particles at 300 K to
elevated temperatures, after which photoemission spectra were
collected at 300 K. The data of annealing experiments on ZrO2-
(111) covered with 0.25 and 1 ML Au are illustrated in Figure 6,
respectively. The Au 4f peak areas were normalized to their own
initial values with the purpose of clearly displaying the variation
trend of Au 4f peak intensities as a function of the annealing
temperature. Upon heating, the Au 4f intensities decrease for
both surfaces but more rapidly on 0.25 ML Au-covered ZrO2-
(111). The sharp decrease in Au 4f intensities occurs at tem-
peratures above 950 and 1000 K for the surfaces covered with
0.25 and 1 ML Au, respectively. By annealing to 1090 K, no Au
signal is detected for both Au/ZrO2(111) surfaces.
The interpretation of the decrease of Au 4f peak intensities at

elevated temperatures can be related to many factors, such as an
encapsulation of Au clusters by ZrO2, diffusion of Au into the
substrate, aggregation of Au small particles into large particles
(i.e., sintering), and desorption of Au from the surface. Here,
within the temperature region between 300 to 950 K for 0.25ML
Au and 300 to 1000 K for 1 ML Au, the gradual decrease in Au 4f
intensities can be attributed to the sintering of Au particles
instead of encapsulation and diffusion because there is no change
in the position and the line width of Zr 3d XPS peaks (spectra not
shown). In addition, Arþ-sputtering depth profile experiments

also rule out the possibilities of encapsulation and diffusion.
Moreover, with increasing annealing temperature both Au 4f BE
and fwhm (spectra not shown) decrease, suggesting that Au
particles sinter into large ones. Further annealing to above 1000 K
causes a sharp decrease of Au 4f peak intensity. This correlates
with Au desorption from the ZrO2(111) surface. The desorption
of Au from oxide surfaces above 1000 K has been also found for
Au/SiO2

58 and Au/TiOx.
77�79 From Figure 6, one can clearly

see that at higher coverage the Au particles are more thermally
stable. Alternatively speaking, the larger Au particles are more
thermally stable than the smaller ones on ZrO2(111), which
might be explained by the fact that the small Au particles undergo
sintering not only by the Ostwald ripening but also by facile
diffusion on the surface and coalesce, whereas the large particles
might sinter mainly through the Ostwald ripening.80 Moreover,
the small particles desorb more easily than the large ones because
of the lower coordination number of Au atoms and decreased
surface tension in the small particles.58

To examine the effects of surface defects on the thermal stabi-
lity of Au nanoparticles on ZrO2(111), we deposited 0.25ML Au
on the sputtered ZrO2(111) surface at 300 K and thenmonitored
the Au 4f intensities at different annealing temperatures. The
results are shown in Figure 7. For comparison, the results of
similar experiments with the same coverage of Au on the pristine
ZrO2(111) surface are also shown here. The sputtered ZrO2-
(111) surface was obtained by dosing 1.1 MLE Arþ ions with a
kinetic energy of 1000 eV on ZrO2(111) at 300 K, where 1 MLE
represents a dosage of 1.4 � 1015 ions/cm2. As can be seen, the
Au particles are obviously more thermally stable on sputtered
ZrO2(111) than on pristine ZrO2(111). Apparently, the sput-
tered ZrO2(111) surface exhibits sinter resistance of supported
Au particles. It is well-known that surface sputtering createsmany
kinds of surface defects such as oxygen vacancies, kinks, and
holes. The higher thermal stability of Au particles on the
sputtered ZrO2(111) surface can thus be attributed to the
stronger bonding of Au to the defect sites. This agrees very well
with previous results where surface defects were found to play an
important role in the nucleation, growth, and stability of metal
clusters on oxide surfaces.81

4. CONCLUSIONS

In this work, we studied the growth, electronic properties,
and thermal stability of Au nanoparticles on the ZrO2(111)
thin films, which were grown on the Pt(111) substrate, using
LEED, SRPES, and XPS. At room temperature, Au most likely
grows two dimensionally on ZrO2(111) up to 0.1 ML followed
by 3D growth. The Au 4f7/2 BE shifts toward a higher BE with
decreasing the Au particle size by 0.4 eV, which can be attributed
to the contribution from both the initial- and final-state effects.
The initial-state effects, which mainly exist at very low coverages,
include the reduced coordination number of Au atoms and
probably the charge transfer from ZrO2(111) to Au particles.
At high coverages where the particle size increases, the final-state
effects dominate. No strong interfacial interaction between Au
particles and ZrO2(111) can be observed. Annealing of Au/
ZrO2(111) under UHV conditions leads to significant aggrega-
tion of Au small clusters into large particles before they desorb
from the surface. Surface defects are proven to be able to enhance
the thermal stability of Au particles on ZrO2(111) due to the
stronger bonding of Au atoms on these sites.

Figure 7. Au 4f peak areas of 0.25 ML Au, normalized to the initial
values, on the ZrO2(111) and sputtered ZrO2(111) surfaces as a
function of annealing temperature. The details for the sputtered ZrO2-
(111) surface preparation can be found in the text.
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