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The growth and oxygen adsorption of Ag on an ordered Al2O3 film, prepared on Mo(110) substrate, have
been studied in situ under ultrahigh-vacuum condition using X-ray photoelectron spectroscopy, ultraviolet
photoelectron spectroscopy, and low-energy electron diffraction. The results show that Ag particles/clusters
are formed on alumina film at initial coverages, and the binding energy of the Ag 3d5/2 line for Ag clusters
is higher than that of bulk Ag, arisen from the size effect. Exposure of Ag clusters to∼10-7 mbar O2 leads
the clusters to spreading over the substrate. It is of importance in many application areas to understand the
origin of oxygen-induced metal-cluster changes in morphology and size.

1. Introduction

Metal clusters/particles have received considerable attention
due to their tremendous importance in both fundamental research
and applications, for instance, in heterogeneous catalysts. A
metal cluster represents an intermediate state of matter between
isolated atoms and bulk material, involved in the transition from
the discrete energy levels of free atoms to the continuous energy
band of bulk metals. Many noble metals, chemically inert in
bulk form, are active chemically in clusters. For instance, small
Ag clusters supported on oxides have been used as catalysts
for selective oxidation for ethylene and formaldehyde,1-5 and
for lean-NOx reaction.6,7

Due to the complexity of real catalysts used in the industry,
it is difficult to understand their catalytic processes in detail.
For the sake of model catalysts with consideration of bulklike
property, ordered metal oxide films have been prepared under
ultrahigh-vacuum conditions. Thus, the metal clusters supported
on oxide films, including Ag clusters supported on Al2O3, have
been investigated extensively.8-19 The previous studies were
mainly focused on the Ag growth mode and interaction between
Ag and oxide substrate, as well as desorption temperature of
Ag. A recent study has reported that under oxygen-rich
conditions, some transition metal catalysts may be covered by
thin “surface-oxide” overlayers and found to be catalytically
more active than the pure metal surface that was traditionally
assumed.20

In this work, we present our recent studies on Ag supported
on an ordered alumina film, which was prepared in situ on
Mo(110) substrate, followed by exposure to oxygen. The
experiments were performed in ultrahigh-vacuum using X-ray
photoelectron spectroscopy (XPS), ultraviolet photoelectron
spectroscopy (UPS), and low-energy electron diffraction (LEED).
The results show a formation of Ag clusters at initial coverages
of Ag on alumina films. The binding energy (BE) shift of
Ag 3d5/2 core level at initial Ag coverage shows cluster size

dependence. The exposure of supported Ag clusters to oxygen
leads to a formation of smaller clusters spreading over the
alumina substrate.

2. Experiment

The experiments were carried out in an ultrahigh-vacuum
system (ESCA-LAB 5, VG Scientific Ltd., U.K.), which is
equipped with reverse view optics for LEED, dual-anode X-ray
sources (Mg and Al) for XPS, a He(I) source for UPS and
various sources, including aluminum, silver, and oxygen. The
base pressure of the ultrahigh-vacuum system was 2× 10-10

mbar.
The Mo(110) substrate (a 10 mm diameter disk with thickness

of 0.5 mm) was fixed to the manipulator with a Ta wire spot-
welded to its edge. Temperatures were monitored with a
thermocouple (W-5%Re/W-26%Re) spot-welded to the edge
of the Mo(110) crystal. An e-beam heater was assembled at
the rear side of the Mo sample which provided capability for
heating to 2500 K. Prior to the growth of alumina film, the
Mo(110) substrate was cleaned by heating to∼2000 K, then
annealed at 1200 K in 8× 10-8 mbar O2 subsequently followed
by flash to∼2000 K to remove surface oxide. After several
cycles of such treatment, a well-ordered (1× 1) LEED pattern
with sharp spots was obtained, and no impurity was detected
by XPS.

The aluminum source was made of high-purity (99.999%)
aluminum wire filled in a high-purity alumina tube. The tube
was heated by a tungsten wire. A resistively heated tungsten
wire wrapped with Ag wire, purity of 99.99%, was used for
the silver source. Aluminum and silver sources were thoroughly
degassed before deposition.

The ordered alumina film was synthesized in ultrahigh-
vacuum by exposing the Mo(110) surface to Al vapor in 8×
10-8 mbar O2 ambience at∼600 K followed by annealing under
the same temperature and O2 pressure to enhance oxidation.
Then the film was annealed to 1150 K without O2 for surface
ordering before characterization by LEED, XPS, and UPS. A
typical thickness of the alumina film is 3-5 nm.

The deposition rate of Ag was carefully calibrated via
Ag/Mo XPS intensity ratio versus the Ag deposition time. Since
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the Ag is not necessarily grown on alumina as a layer-by-layer
mode, we prefer to use monolayer equivalent (MLE) as a unit
of the amount of Ag deposition (1 MLE) 1.4 × 1015 atoms/
cm2 for Ag(111) and 1.2× 1015 atoms/cm2 for Ag(100)). All
depositions of Ag were carried out at room temperature (RT).
The oxygen dose was taken from uncorrected ion gauge
reading. XPS measurements were performed using the Mg KR
(1253.6 eV) X-ray source. The BE was carefully calibrated by
a standard method using pure metallic Au (4f7/2, BE )
84.0 eV) and Cu (2p3/2, BE ) 932.7 eV). All data were recorded
at RT.

3. Results

Figure 1 shows the results of XPS and LEED for an ordered
Al2O3 film grown upon Mo(110) in ultrahigh-vacuum. The BE
of Al 2p line is 76.0 eV, agreeing well with that of stoichiometric
Al2O3 films.21,22We noticed that the BE of Al 2p is higher than
the bulk Al2O3 in literature.23 This BE shift is not caused by
surface charging effect, but a film thickness-dependent effect
as observed previously.21 From the LEED, a hexagonal pattern
of the Al2O3 surface (inset in Figure 1) was obtained, indicating
either a (0001) surface ofR-Al 2O3 or a (111) orientation of
γ-Al2O3.24,25Then, the Ag was deposited on the ordered alumina
film in situ at RT and followed exposure of oxygen with
different oxygen pressure and the temperature.

From a clean alumina film, the BE of the O 1s line is
532.9 eV. After deposition of 1 MLE of Ag, the BEs of O 1s
and Al 2p lines from substrate are shifted to 532.8 and
75.9 eV, respectively. At this initial coverage, the BE of Ag
3d5/2 is located at 369.4 eV as shown in Figure 2a, 1.1 eV higher
than that of metallic Ag.23 After exposure of the 1 MLE Ag/
Al2O3 to 8 × 10-7 mbar oxygen at RT for 15 min, the BE of
Ag 3d5/2 shifts to 369.9 eV (Figure 2b), and the BE of O 1s
and Al 2p are shifted to 532.7 and 75.8 eV, respectively. The
BEs of O 1s and Ag 3d5/2 were not changed with further oxygen
exposure at RT (see Figure 2c). More oxygen exposure at
700 K for 30 min does not change the BE value of O 1s, but
the Ag 3d5/2 core level peak is shifted to 370.1 eV as seen in
Figure 2d.

The change of BE of Ag 3d5/2 with different coverage before
and after exposure of oxygen is shown in Figure 3. By increasing
Ag coverage from 0.5 to 5 MLE, the value of BE decreases
from 369.4 to 368.7 eV. The results clearly reveal that at RT
the BE is changed as a function of Ag coverage. After exposure

of the samples to 8× 10-7 mbar oxygen at RT, the BEs of
Ag 3d5/2 shift to the values in the range from 369.6 to
369.9 eV. For a thick Ag (>60 MLE) on Al2O3, its BE is
368.3 eV, charactering a typical feature of metallic Ag.23

However, it is notable that this value is not changed after
exposure of oxygen. This suggests that for an initially deposited
Ag on alumina it is more chemically active than thick Ag.

In XPS measurements, the Auger parameterR, R ) EB(XPS)
+ EK(Auger), whereEB is the BE of the most intense core level
photoemission peak andEK is the kinetic energy of the most
intense Auger transitions, can be used to distinguish chemical
states of the element of interest and to differentiate the
contributions of final and/or initial state effects.26 In the case

Figure 1. XP spectra and LEED pattern (inset,Ep ) 86 eV) of Al2O3

film on Mo(110).

Figure 2. XP spectra of Ag 3d: (a) 1 MLE Ag deposited on Al2O3

film; (b) a after 8× 10-7 mbar oxygen for 15 min at RT; (c) a after 8
× 10-7 mbar oxygen for 30 min at RT; (d) a after 8× 10-7 mbar
oxygen for 30 min at 700 K. The vertical line indicates the Ag 3d5/2

position of 370.1 eV.

Figure 3. Changes of BE of the Ag 3d5/2 level as a function of Ag
coverage before and after exposure to∼10-7 mbar O2 at RT for
15 min each step: (9) before oxygen exposure; (0) after oxygen
exposure.
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of Ag, however, the Ag 3d5/2 core level and M4VV (the less
intense Auger transition) are the lines cited because the M4VV
Auger line is narrower and more easily measured accurately
than the M5VV, the most intense Auger transition of Ag. In the
literature, theR value is around 726 eV for a bulk Ag and in
the range of 724-725 eV for Ag oxides.23,27,28We monitored
the change of theR as a function of Ag coverages before and
after oxygen exposure. The value of theR increases from 724.0
to 725.5 eV with increasing coverage from 1 to 5 MEL (Figure
4) before oxygen exposure. This indicates convincingly that the
R value is increased with an increase of coverage. After exposure
of a sample with 1 MLE coverage to 8× 10-7 mbar oxygen at
RT for 15 min, theR value is shifted to 724.3 eV. For the
samples with 2-5 MLE coverages, the values of theR are not
obviously changed after O2 exposure. The result fromR
measurement contrasts with that of the 3d core level energy
shift, as shown in Figure 3. However, for a thick Ag, theR
value is also not changed before and after oxygen exposure,
consisting with the result of XPS, indicating that the thick Ag
is not active as initially deposited Ag clusters is. This is in a
good agreement with the results of prior work.29

Figure 5 shows the UP spectra for a clean alumina film and
Ag deposited on the film as a function of Ag coverage. A broad
and unresolved peak in the range of BE from 5 to 14 eV features
the valence band from a clean Al2O3 (bottom spectrum in Figure
5), comprised mainly of Al 3s and O 2p states.30 With increasing
Ag coverage, this broad peak is shifted to lower energy in BE.
For a thick Ag, the dominated peak is at∼5 eV. The inset in
Figure 5 shows the detailed spectra in the range 0 to 4 eV below
Fermi level (EF). The density of the state (DOS) nearEF is
gradually increased with an increase of coverage of Ag. At initial
depositions of Ag, no DOS nearEF appeared, demonstrating a
nonmetallic Ag, due to small Ag particles formed on the surface
of the alumina film (see below in Discussion). That continual
increasing Ag coverage causes the DOS nearEF to be more
intense, and a sharp Fermi edge can be observed from a sample
with thick coverage, being character of the metallic Ag.31

Figure 6 shows the XPS results for 5 MLE Ag/Al2O3 after
treatment in 8× 10-7 mbar oxygen for 15 min at different
temperatures. After exposure to O2 at RT, the BE of Ag 3d5/2

is shifted from 368.8 eV (Figure 6a) to 369.7 eV (Figure 6b).
No obvious changes of the Ag 3d5/2 line andR are observed at

the temperatures less than 500 K (Figure 6c,d). A higher
temperature treatment, 600 and 700 K, results in a slight shift
of the 3d5/2 line to 369.8 eV, as shown in Figure 6e,f. After
annealing the sample without oxygen at 850 K, the BE of
Ag 3d5/2 is shifted back to lower value meaning that the oxygen-
induced BE shift of Ag is partly reversible.

4. Disscussion

Our results strongly suggest that the BE of Ag 3d5/2 is shifted
as a function of Ag coverage. Several reasons are believed to
result in a shift of core level peak in photoelectron emission
spectroscopy, e.g., charging effect, chemical bonding, and size
effect. For an insulator sample, it exhibits positive character
during XPS measurement because negative electrons are emitted
due to photoemission, which will cause all XPS lines to shift

Figure 4. Changes ofR of Ag as a function of Ag coverage before
and after exposure in∼10-7 mbar O2 at RT for 15 min each step: (b)
before oxygen exposure; (0) after oxygen exposure. Figure 5. UP spectra of Ag/Al2O3 as a function of Ag coverage. The

inset shows the detailed change from 0 to 4 eV.

Figure 6. XPS of Ag 3d from 5 MLE Ag on the Al2O3 surface: (a)
before oxygen exposure; (b-f) after 8 × 10-7 mbar oxygen for 15
min at RT, 400, 500, 600, and 700 K, respectively. The vertical line
indicates Ag 3d5/2 position of 369.7 eV.
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to higher BE with the same value. In our experiments, the
ultrathin film (<5 nm) of the alumina is prepared on a metal
substrate, which can entirely circumvent the surface charging
problem. Also, while the Ag 3d5/2 core level peak is shifted to
higher BE after exposing Ag/Al2O3 to oxygen (Figure 2), the
O 1s peak from the substrate is not shifted, meaning that in our
case the charging effect takes no account.

A chemical bonding involving charge transfer after oxi-
dation or reduction can result in a shift of BE. After ex-
posing Ag/Al2O3 with small depositions of Ag,e5 MLE, to
∼10-7 mbar O2 at RT, the peak of Ag 3d5/2 shifts to higher in
BE, ranging from 369.6 to 369.9 eV (Figure 3). It is well-known
that in the case of bulk Ag and Ag oxides, the shift of Ag 3d5/2

to higher BE implies a reduction.32-38 It seems that the BE shift
to higher BE in Figure 3 is caused by a reduction of Ag clusters.
Obviously, it is chemically unreasonable that Ag clusters are
reduced in oxygen environment.

From previous studies, we know that the Ag is grown on the
alumina as clusters, e.g., a formation of Ag clusters on alumina
film has been observed by scanning tunneling microscopy
(STM) technique.15 The BE shifts to higher value with decreas-
ing size by∆BE ∼ 1 eV from bulk metal to small clusters on
insulating supports have been observed8,39,40 to be correlated
with the quantum size effect due to initial state or/and final
state.8,10,15,41,42The contributions of initial state effect and final
state effect are different; the former one is related to the real
evolution of the electronic structure of the metal clusters, and
the latter is related to the screening of the photoemission core
hole which depends strongly on the cluster size and the shape
as well as on the nature of the substrate.9

The contribution of the final state can be evaluated fromR
measurements. It has been found that the difference in the Auger
parameter (∆R) for a given element in two different environ-
ments is approximately twice the difference in final state effect
(∆R), ∆R ) 2∆R.43 In our experiments, the BE of Ag 3d5/2

from a sample with 1 MLE coverage is 1.1 eV higher than that
of bulk Ag (Figure 2), and the∆R of Ag is 2.1 eV. From the
equation above, we conclude that the shift of the core level BE
of Ag is mainly contributed to the final state effect, which
coincides with a previous study.15 We have also noticed that
the initial state effect may originate from an interfacial chemical
reaction. Since its interaction is weak between Ag and alumina,15

which further supports our result. As a matter of fact, the initial
state contribution is only important for small clusters;9 this may
mean that the clusters of the Ag on the alumina film in our
study are not very small.

Similarly, the size-induced core level BE shifts for Cu and
Sn, for instance, have been reported.44,45 Recent studies have
been also shown that the extent of core level shift depends on
both the original core level position of the isolated atom and
the reduced particle size, and a quantitative bond order-length-
strength (BOLS) correlation mechanism has been developed to
elucidate the origin for core level BE shift caused by the reduced
particle size.46-48 Using the BOLS model, the size-deduced BE
shift can be calculated from the exact particle size and a set of
XPS data. Although we do not know the exact size of the Ag
particles in our study, it is obviously that the shift of the BE of
Ag 3d5/2 is the size dependence of Ag clusters.

A detailed change in the valence band for the sample with a
coverage of 3 MLE is presented in Figure 7. For a clean surface
of alumina film, its valence band is empty from 0 to 4 eV
(Figure 7a). An initial growth of Ag on alumina causes a new
peak at about 1.8 eV belowEF, which is an evidence of a
formation of Ag clusters due to size effect as discussed above.

After exposure of oxygen at RT for 15 and 30 min, the peak at
1.8 eV is diminished (see Figure 7c,d). The oxygen adsorption
of Ag depends on the different faces and the substrate temper-
ature. For instance, in the case of oxygen adsorption on
Ag(110), oxygen is chemisorbed in the temperature range
between 40 and 150 K, and oxygen molecules dissociate at the
temperature>150 K.49,50 A previous UPS result from a single
crystal of Ag(111) sample shows a sharp cure atEF, a typical
metallic Ag character.31 However, after exposure of oxygen, a
new feature appears at 3 eV belowEF, and the intensity of the
peak at EF position is diminished due to an oxidation of
Ag(111) surface.31 In our study, the disappearance of the peak
of 1.8 eV after oxygen exposure suggests an oxidation of Ag.
After 700 K oxidation, no obvious change of valence band was
found (Figure 7e), implying the entire oxidation of Ag clusters.

Oxygen-induced particles change has been observed in other
systems. For example, it was found that after Fe islands, grown
on oxide substrate, were exposed to oxygen, a flat film was
obtained.51 This has been explained as due to the fact that the
metal oxides have significantly lower surface free energies than
those of the metals; the oxygen-induced spreading of the Fe
film is not caused simply by adsorption of oxygen, but by the
oxidation of Fe. Also, that exposure of Cu and Ni clusters
supported on TiO2(110) to oxygen leads the Cu and Ni 3D
clusters to decreasing into two-dimensional (2D) structure and
oxidizing.52,53Moreover, an initial oxidation of Pd nanoparticle
on Fe3O4 in ∼10-6 mbar oxygen can result in a formation of a
thin Pd oxide layer at the particle/support interface,54,55and its
oxidation mechanism gives rise to pronounced particle-size
effects. Those studies are very similar to what as we found in
the Ag/Al2O3 system. The morphology of Ag or Ag oxide on
alumina depends on the surface and interface free energy.56-58

For the system of Ag on alumina, the surface free energy of
alumina (γox, 0.69 J m-2), is lower than the sum of the surface
free energy of Ag (γAg, 1.3 J m-2), and the interface free energy
of Ag/alumina (γAg/ox, 0.69 J m-2),59-61 i.e.γox < (γAg + γAg/ox),
the Ag clusters form on alumina film. In case of Ag oxide on
alumina, the surface free energies of Ag oxide are 0.28 J m-2

for AgO and 0.33 J m-2 for Ag1.83O,20 which are lower than
that of Ag and Al2O3. Therefore, 2D Ag oxide growth mode is
expected and thermodynamically favorable. A previous study

Figure 7. UP spectra from (a) clean Al2O3 film; (b) 3 MLE Ag
deposited on Al2O3 film; (c) b after 8× 10-7 mbar oxygen for 15 min
at RT; (d) b after 8× 10-7 mbar oxygen for 30 min at RT; (e) b after
8 × 10-7 mbar oxygen for 30 min at 700 K.
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has been pointed out that the interaction between Ag clusters
and alumina is weak,15 differing from that of Ag oxides on
alumina.

Interestingly, at initial coverages,e5 MLE, the values ofR
are not changed obviously after O2 exposure at RT, as shown
in Figure 4. The energy shift of Auger electron is sensitive to
the size of the clusters, the smaller Ag clusters cause the value
to shift to lower energy in kinetic energy (higher BE). However,
after O2 exposure, the core level BE is shifted to higher value
in XPS (see Figure 3). This makes a compromise between the
shift of the Auger transition and the BE shift for the samples
with a certain coverage, resulting in a nonshift of theR value.

The origin of the BE shift of the core level of Ag 3d to higher
position after exposure of oxygen might be attributed to a size
effect; i.e., it is most likely that the induced oxygen led AgOx

clusters to spread over the surface. A slight increase of the
intensity ratio of Ag to Al in XPS after O2 adsorption further
proves that the AgOx clusters become smaller. The clusters are
thermally stable at the temperatures< 500 K, as monitored by
XPS. Oxygen-induced metal particle changes in size and
chemistry play an important role in many application areas.
However, detailed studies on the morphological change of Ag
clusters with oxygen exposure by STM or atomic force
microscopy methods in situ are expected.

5. Conclusion

The growth and O2 adsorption of Ag clusters on Al2O3 films
have been studied in situ under ultrahigh-vacuum condition
using surface analysis techniques. At initial coverages, less
than 5 MLE of Ag on Al2O3 surface, the BE of Ag 3d5/2 is
0.4-1.1 eV higher than that of bulk Ag due to size effect. After
exposure of oxygen, Ag clusters are oxidized and spread over
the alumina surface, resulting in smaller particles. That the
oxygen-induced morphology change in Ag/oxides observed in
this study is widely existed in metal/oxide systems. The study
on the origin of the BE changes as a function of metal oxide
clusters in nanosize is important in many application areas,
especially in catalysis.
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