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The modifications of stoichiometry, morphology and surface structure of cerium oxide

ultrathin films induced by thermal treatments in vacuum and in oxygen partial pressure were
studied using in-situ X-ray photoemission spectroscopy, scanning tunnelling microscopy and
low energy electron diffraction. The effect of the film nominal thickness, heating temperature
and heating time on the degree of reduction of the film were investigated. The reduction is
more relevant on the film surface, where different ordered surface structures were observed at
different degrees of reduction for very thin films. The obtained results are discussed taking into
account the dimensionality of the oxide and the effects of the proximity of the Pt substrate.
After reduction it was always possible to re-oxidize the films back to their original oxidation

DOI: 10.1039/X0XX00000X

www.rsc.org/

state by thermal treatments in oxygen-rich conditions.

1 Introduction

Reducible oxides are materials in which the cation oxidation
state can be reversibly changed between two or more states.
This property is connected with the facility for the material to
form and fill oxygen vacancies depending on the ambient
conditions, and gives origin to the so called oxygen storage
capacity. The reducibility of cerium oxide makes this material
very appealing for a number of applications, in particular in
catalysis', fuel cells? and biomedicine.

The control and optimization of the reducibility in oxides is a
challenging task, which requires a fundamental understanding
of the electronic properties and of their modifications induced
for example by spatial confinement, morphology, proximity
with other atomic species in the substrate, in supported
nanoparticles or as dopants. The study of reduction processes in
epitaxial films with well controlled single crystalline surfaces
allows to simultaneously determine electronic, morphological
and structural changes by means of surface science techniques
and to compare them with the results of theoretical models.**
Cerium oxide films with the fluorite structure and a (111)
surface orientation have been shown to grow epitaxially on
Pt(111)*'® and on a number of different metallic''"® and
semiconducting surfaces.'*!> The films, in general, show
atomically flat terraces with straight edges, similar to the ones
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shown by single crystal (111) surfaces.'® Ceria surfaces with
low concentration of oxygen vacancies have been obtained
either by heating in vacuum*'"'"'® or by mild electron
sputtering® and investigated to determine the mechanisms
responsible for oxygen vacancy formation in single crystalline
systems. The debates on the relative stability of surface and
subsurface oxygen vacancies and on the degree of localization
of the electronic charge left by oxygen atoms removed from the
lattice are ongoing.*>'*' High-temperature heating treatments
in ultra-high vacuum have shown to induce a significant
reduction in cerium oxide films.'*'"!*?? Heavily reduced
surfaces have been prepared also by thermal treatments in
reducing gases such as hydrogen,” ethanol** or methanol,® by
Ar" bombardment®?® and by reactive deposition of metallic Ce
in low oxygen partial pressure.”’?’ Recently, a Ce;O1, surface
phase has been stabilized on reduced thick ceria films.** At
higher reduction degrees a number of experiments report the
formation of the hexagonal a-Ce,O; structure®?’3! while the
cubic bixbiyte structure has been demonstrated to be stabilized
in a few recent studies on Si(lll)32 and on Cu(lll)33 under
specific experimental conditions, in the latter case by interfacial
reaction between cerium dioxide and metallic cerium.

In general, the mechanisms responsible for reduction, for the
modification of the structure and for the stabilization of a
specific reduced phase strongly depend on the experimental
procedure and on the specific system studied, and a thorough
understanding of the mechanisms which take place requires
further investigation.

This work is focussed on the study of reversible reduction
processes of cerium oxide films grown on a Pt(111) surface.
The reduction/oxidation is induced by thermal treatments in
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ultra-high vacuum (UHV) and oxygen-rich atmosphere and
studied by in-situ X-ray photoemission spectroscopy (XPS),
low-energy electron diffraction (LEED) and scanning tunneling
microscopy (STM). The investigation has been performed for
different film thickness, heating times, heating rates and
temperatures and provides a complete picture of the processes
taking place in this specific system.

The results allow to understand the behavior of a model system
for catalytically active materials, such as the ceria/Pt system,
and they are of help to improve the understanding of
reducibility in ceria/metal systems.

2. Experimental apparatus and procedures

The samples used for the present study have been prepared in an
ultra-high vacuum (UHV) chamber (base pressure 1x10™'" Torr),
equipped with facilities for substrate preparation, film growth and
for in-situ XPS, LEED, and STM analysis. The substrate used was a
Pt(111) single crystal surface prepared by repeated cycles of
sputtering (1 KeV, 1 pA) and annealing (1040 K), until the
concentration of surface contaminants was below the XPS detection
level and the LEED showed sharp spots with hexagonal symmetry.
The films were prepared by evaporating Ce from an electron
bombardment evaporation cell in oxygen partial pressure
(Poy=1x10" mbar), keeping the substrate at room temperature (RT).
The cell was calibrated by a quartz crystal microbalance to give a Ce
evaporation rate of ~ 0.2 A/min. To optimize surface flatness, film
stoichiometry and structural long range order, the films were
annealed at 770°C in Pp,=1x10"" mbar for 15 min after growth,
following the results of a previous work.'® The ceria film thickness is
given in terms of deposited monolayer (ML), where 1 ML
corresponds to the thickness of one O-Ce-O trilayer, i.e. 3.12 A.
Reducing thermal treatments were performed using an electron
bombardment heater. The sample temperatures were measured by a
thermocouple in contact with the sample holder very close to the
sample position and are assumed to be accurate within
approximately + 10°. To investigate also the time dependence of the
reduction process, the heating rate was modified between 20°C/min,
referred in the following as the slow heating mode, and a fast heating
mode, in which the heating rate was as fast as possible for the
sample heater and power supplies of the available setup, i.e.
180°C/min up to 500°C, 120°C/min up to 700°C, 60°C/min up to
750°C and 30°C/min up to 770°C. The cooling was also performed
in a slow cooling mode (20°C/min) or in a fast cooling mode
(180°C/min). The oxidizing thermal treatments were performed
using the same heating ramps, in an oxygen partial pressure of Pg, in
the range 2x1078 - 1x10”7 mbar.

XPS measurements were performed using a non monochromatic Al
K, X-ray source (1486.6 eV) and a hemispherical electron analyzer.
The intensities of Pt 4f and Ce 3d XPS spectra were evaluated by
measuring the area of the peaks after the removal of a Shirley-type
background. The Ce 3d XPS spectra were also fit to obtain the
relative weight of the contribution given by Ce*" and Ce*" ions.
Following the procedures exposed in references 34 and 35 the fitting
was performed using five doublets and a Shirley-type background,
with the area of the doublets as the only fitting parameter. The
absolute values of the ionic concentration obtained in this way are
not very accurate, since the origin of the spectral features has not
been fully and unambiguously assigned.*****” However, most of the
considerations made in the following are based on the relative
modifications of the ionic concentrations in the different
samples/conditions.
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The STM was operated at RT in constant current mode, using
electrochemically etched tungsten tips, degassed by thermal
treatments and sputtered by ion bombardment before the
measurements. The STM images have been processed using the
WSXM software.*®

To compare the reducibility of films with different nominal
thickness two samples, 2 and 10 ML thick, were treated by thermal
cycles as follows: heating to 770°C in UHV and keeping the sample
for 15 min at 770°C; cooling to RT in UHV. The same heating and
cooling treatment was repeated in Po,=2x10® mbar. During the
thermal cycles the samples were monitored by XPS following the
evolution of Ce 3d spectra, while at the end of each heating/cooling
branch also the Pt 4f and O 1s XPS spectra were acquired. After the
thermal treatment in UHV and in O, the samples were characterized
also by LEED and STM. Other samples of different thickness,
treated by different thermal cycles and different heating modes, have
also been studied to clarify specific issues, e.g. the dependence of
reduction on heating time, the depth distribution of reduced species
and the origin of the morphological features related to reduction.

3. Results

3.1 XPS

The aim of this study is to determine the factors which
influence reducibility in ultrathin cerium oxide films on Pt. The
degree of reduction of the different samples investigated was
determined by the analysis of Ce 3d XPS spectra. To reliably
compare the Ce®" concentration measured by XPS in different
samples, the first issue investigated is the dependence of the
measured Ce®* concentration on heating time in UHV. Fig.1 b
shows the Ce 3d spectra of a 3 ML cerium oxide sample heated
at 770°C using in the fast heating mode at different heating
times. The evolution of the shape of the spectra clearly
indicates a progressive reduction of the films with heating time:
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Fig. 1: (a) Ce™ concentration and (b) Ce 3d XPS spectra (red) and fits

(blue) measured on a 3 ML cerium oxide film measured while heating
the sample at 770°C in UHV for different times.
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the Ce*" - related feature at 916.5 eV decreases in intensity and
the shapes of the other two main spectral features at lower
binding energy also change significantly. The values of the
measured Ce®" concentration obtained by fitting of the spectra
as a function of time are reported in Fig.1a. A relevant increase
of the measured Ce’" concentration from 25% to 65% is
observed as a function of time within 100 min at 770° C
(Fig.1a). This evidence indicates that, if the heating is fast
enough, the density of oxygen vacancies formed during the
heating do not reach an equilibrium value. This is probably due
to the limited mobility of oxygen ions at the considered
temperature. In the comparison of the degree of reduction of
different samples, therefore, care has to be taken in using the
same heating cycles, not only in terms of final temperatures but
also of heating rates and duration of the heating at a specific
temperature. A dependence of the final degree of reduction on
the cooling rate was observed also on thick cerium oxide films
on Si(111)."
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Fig. 2: Ce 3d XPS spectra of a 5 ML cerium oxide film after UHV
heating at 770°C for 15 min measured at 0° (black dots) and 65° (red
dots) take-off angles. The fits are also shown as a solid line.

In order to have information on the depth localization of
reduced species, angle resolved XPS measurements were
acquired. Fig.2 shows the Ce 3d XPS spectra and the
corresponding fits for a 5 ML cerium oxide film after UHV
heating at 770°C for 15 min and cooling to RT in the fast
heating/cooling mode at take-off angles of 0° and 65° from
sample normal. We note that the Ce’* concentration measured
at grazing take-off angles (cc.;+=45%) is larger than the one
measured at normal emission (cce3+=31%), confirming that the
Ce reduction is more relevant on the sample surface. A
quantitative evaluation of the absolute amount of Ce*" in the
samples is hindered by the fact that the Ce** concentration is
expected to evolve from a minimum value in the bulk to a
maximum value on the surface, which depends on temperature
and heating time, with an unknown profile.

This journal is © The Royal Society of Chemistry 2012

To investigate the dependence of reducibility on the film
thickness, we investigated the modifications induced in Ce 3d
spectra by thermal treatments in vacuum and in oxygen partial
pressure in two samples, 2 and 10 ML thick. Fig.3a shows Ce
3d XPS spectra for the 2 ML cerium oxide film acquired during
sample heating in UHV up to 770°C in the slow heating mode.
The evolution of the shape of the spectra with T clearly shows
that the sample is reduced during UHV heating. The area of the
Ce 3d peak is not relevantly modified by the heating, allowing
to exclude any significant CePt alloy formation. Similar series
of Ce 3d spectra (not shown) have been acquired also during
sample cooling and during the thermal cycle in O,. To obtain a
quantitative evaluation of the evolution of the Ce**
concentration, we fitted each spectrum of the full heating cycles
in vacuum and in oxygen. An example of the fit quality is
reported in Fig.3b, which also shows the different components
used: three doublets originating from Ce*" ions and two
doublets from Ce** ions. The results of the fitting of the full
thermal cycle, in vacuum and in oxygen, for the 2 ML sample
are shown in Fig.3c. The Ce initial oxidation state of the 2 ML
sample is not fully 4+, as already observed for low dimensional
cerium oxide features on Pt(111),'° due to the high
concentration of low coordination sites and to a possible charge
transfer from the substrate.®* Further sample reduction starts
around 200°C, and it reaches a saturation level corresponding to
a measured Ce®" concentration of 80%. The Ce*" concentration
decreases only slightly after cooling in UHV and after heating
in O, partial pressure up to 500°C. The sample starts being re-
oxidized significantly only after heating in O, above 500°C.
Cooling in O, is necessary to bring the sample oxidation state
back to the original one. After the full cycle the ratio between
the intensity of Ce 3d and Pt 4f XPS is decreased from 0.93 to
0.76, suggesting that some modifications in morphology have
occurred after the thermal treatment. This effect has been
investigated by STM and it will be discussed in subsection 3.2.
The same heating cycle in UHV and in oxygen partial pressure
was performed on a 10 ML thick cerium oxide film. The results
of the fitting of Ce 3d XPS spectra measured during the cycles
are reported in Fig.3d. At variance with the 2 ML sample, for
the 10 ML film the measured Ce®' concentration starts to
increase only around 450°C and it reaches a saturation level of
approximately 50% above 600°C. Also in this case the
reoxidation after cooling at RT in UHV is not very relevant and
a heating treatment in O, is necessary to re-oxidize the sample.
The reversibility of the reduction process, demonstrated for the
cerium oxide films of different thickness is a very relevant
issue, which must be checked whenever dealing with the
reducibility of an oxide. In fact it was shown that some Ce-
based oxides, like for example cerium silicates, do not show
this interesting property on which the applications are based.*’
For the 10 ML sample, after the full thermal cycle, the ratio
between the intensity of Ce 3d and Pt 4f XPS is unaltered
(Ice/Ip=6.3), suggesting negligible long range modification of
the morphology after the thermal treatments.
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Fig. 3: a) Ce 3d XPS spectra for a 2 ML cerium oxide film measured at increas

ing heating temperature in UHV; b) Ce 3d XPS spectrum of a 2 ML film as

prepared (dots), fit (solid line), Shirley type background (dashed line) and components ascribed to Ce** (light blue) and Ce** (dark blue) ions; c) Ce®

concentration obtained by fitting the Ce 3d XPS spectra of a 2 ML thick

film during thermal cycles in UHV and in O, partial pressure; d) Ce*

concentration obtained by fitting the Ce 3d XPS spectra of a 10 ML thick film during thermal cycles in UHV and in O, partial pressure.

3.2 STM

The morphology of the films and its evolution with the thermal
treatments was studied by STM. The full details of the film
morphology of cerium oxide films of different thickness, grown
in the same conditions used for this study, have already been
discussed in a previous work.'” As shown in Fig.4a, after the
deposition of a nominal oxide thickness of 2 ML, cerium oxide
forms islands covering approximately 50% of the Pt surface.
The islands have atomically flat surfaces and straight borders
mainly forming angles of 120°, i.e. aligned along the surface
[110] directions. The height of the cerium oxide islands ranges
between 2 and 3 ML. Considering the average island height and
the surface coverage measured on several images, the actual
amount of cerium oxide deposited results a bit less than 2 ML.
This is probably due to some degree of instability of the Ce
evaporation cell. After the heating treatment in UHV at 770°C
and the subsequent cooling at RT the long range morphology of
the 2 ML sample changed (Fig.4b). In particular the Pt surface
coverage decreased to approximately 30% and the cerium oxide
islands height increased to up to 4 ML in some areas. This
modification accounts for the decrease in Ce 3d/Pt 4f XPS
intensity ratio observed after reduction (sect. 3.1). Furthermore,

4| J. Name., 2012, 00, 1-3

the islands surface appears corrugated, hindering the possibility
of acquiring images at a high resolution. After sample re-
oxidation by heating in oxygen partial pressure at 770°C for 15
min the morphology of the cerium oxide islands shows a further
change, as shown in Fig.4c, with some additional features
appearing. The additional features are rather high (up to 4-5
nm) and tend to show a rectangular shape. Further investigation
is needed to clarify their origin, which goes beyond the scope of
this work.

The 10 ML thick film shows a surface exposing different
cerium oxide (111) layers, with extended holes and linear
defects (Fig.4d). The maximum measured depth of the holes is
2 nm and their width ranges up to 10 nm. On the uppermost
ceria plane some topographic features with rather straight
borders forming mainly 120° angles can be observed. Their
lateral size ranges from a few nm to 25 nm approximately and
they protrude from the uppermost ceria layer by 3.1 A, i.e. one
CeO, ML. After heating and cooling in UHV the sample long
range morphology showed some modifications (Fig.4e): the
small ceria features on the surface disappeared and a number of
much smaller apparent protrusions are evident on the surface.
These features appear a few nm wide and a few A high. As
shown in Fig.4f, after annealing in oxygen partial pressure, the
small features disappear, suggesting that their presence is
connected with reduction.

This journal is © The Royal Society of Chemistry 2012
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Fig. 4: STM images of a 2 ML sample a) as prepared (I=0.08 nA V=1.6 V), b) after UHV heating at 770°C (I=0.08 nA V=1 V), c) after heating at 770°C in
0, (I=0.08 nA V=2 V) and of a 10 ML sample d) as prepared (I=0.1 nA V=3 V), e) after UHV heating at 770°C (I=0.1 nA V=2 V), f) after heating at

770°C in O, (I=0.1 nA V=3 V).

In order to get more information on the reduction-related
changes in morphology, we investigated by STM a further set
of samples, with nominally the same thickness as the previous
ones (2 and 10 ML), which were processed by different thermal
treatments, i.e. by heating at lower temperatures for longer
times. In this way, we expected to minimize large scale
morphological modifications and to be able to isolate reduction-
induced morphological modifications. Fig.5a shows the
topography of a 2 ML sample before reduction. Similar
considerations as the ones made for the 2 ML sample of Fig.4a
hold, although the coverage appears slightly higher. Fig.5b
shows the evolution of the surface morphology after heating at
500°C in UHV for 165 min. The most evident change are some
apparent protrusions on the sample surface. The observed
features have lateral size and height similar to the features
observed on the 10 ML sample after reduction (Fig.4e), a
diameter of a few nm and a height of a few A, and they cover a
large fraction of the surface of cerium oxide islands.

This journal is © The Royal Society of Chemistry 2012

Furthermore, a slight overall modification in the long range
morphology can be observed, with the islands being more
disconnected than before the annealing. The XPS indicated a
Ce’* concentration of 63% after the treatment. After reoxidation
by heating in POZ:1X10'7 mbar at 500°C for 1 hour (Fig.5c¢),

which brings the oxidation state as measured by XPS back to
the original one after preparation, the long range morphology is
rather different from the original one. The cerium oxide islands
are 3-4 ML thick in their inner parts, while a 2 ML thick region
extends at the edge between the islands and uncovered Pt areas.
The clusters disappeared from the oxide film surface after
reoxidation as shown by the inset of Fig.5c. Some 1-2 nm
features up to 2 nm high and a few nm in lateral size protrude
from the Pt surface and they possibly have the same origin as
the ones observed on the 2 ML film after heating in O, at 770°C
(Fig.4c), although they are smaller in size.

J. Name., 2012, 00, 1-3 | 5
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Fig. 5: STM images of a 2 ML sample a) as prepared (I=0.2 nA V=18 V; inset I=0.2 nA V=2 V'), b) after UHV heating to 500°C for 165 min (I=0.2 nA
V=2 V; inset I=0.1 nA V=1.8 V), e) after heating to 500°C in O, for 1 hour (I=0.2 nA V=2 V; inset I=0.39 nA V= 1.5 V).

In Fig.6a and b we show the STM images of a 10 ML film
before and after heating in UHV at 500°C for 165 min. At
variance with the case of the 2 ML film, where this thermal
treatment brought a very relevant modification in morphology
(Fig.5b), the 10 ML sample did not show evident modifications
of the surface. A temperature of 500°C lies within the range in
which reduction is negligible on 10 ML films and significant in
2 ML films (See Fig.3c and d). Consistently, the fitting of the
Ce 3d XPS spectrum (not shown) gives a Ce** concentration of
4% for this sample, consistent with the absence of relevant

Fig. 6: STM images of a 10 ML sample a) as prepared (I=0.1 nA V=3.8
V); b) after UHV heating to 500°C for 165 min (I=0.1 nA V=3 V); c) after
UHYV heating to 500°C for 330 min (I=0.1 nA V=3 V) the green arrows
indicate regions in which the clusters are preferentially located on step
edges; d) same as c, but with different bias (I=0.08 A V=-1.4 V).

6 | J. Name., 2012, 00, 1-3

surface reduction. A further thermal treatment for the same time
(165 min) at the same temperature (500°C) gives rise to a non
negligible degree of reduction as measured by XPS (cce3+=15%,
spectrum not shown). The morphology (Fig.6c) shows the
appearance of protrusions, similar in size and shape to the ones
observed in Fig.4e and 5c and d, although with a lower density.
A closer inspection shows a slight tendency for the protrusions
to be preferentially located at the step edges of the cerium oxide
features, as indicated by the green arrows in Fig.6c. The long
range morphology of the 10 ML film is not altered by the
thermal treatment.

The origin of the observed features is discussed in section 4.

3.3 LEED

To investigate possible modifications of the surface long range
order after reduction, we measured the LEED patterns of the 2
and 10 ML samples at different reduction degrees. The LEED
pattern of the 2 ML film after preparation (Fig.7a) shows the
superposition of two hexagonal patterns, one related to the
partially uncovered Pt surface (outer spots) and one related to
the CeO,(111) film surface (inner spots). The sharpness and the
geometry of the spots coming from the ceria film confirm the
good crystal quality and epitaxy of cerium oxide on Pt in spite
of the large lattice mismatch, as already observed for cerium
oxide films on a number of different substrates.”'*!* No moiré
pattern is observed, probably due to the fact that the cerium
oxide structures have a minimum thickness of 2 ML. At
intermediate reduction degrees the LEED pattern shows the
appearance of a reconstruction around the ceria-related spots.
An example is shown in Fig.7b, which reports the LEED
pattern of the 2 ML sample after a thermal treatment in UHV at
500°C for 30 min, which leads to a Ce>" concentration of 40%
as measured by XPS. It consists of a (3%3) periodicity with
respect to the cerium oxide surface cell with extra spots
between superstructure spots. An inspection of the position of
the extra spots shows that they do not lie on the line which joins
two (3x3)-related spots, being closer to the (1x1) ceria spots
and ascribed to a 9/4(V3xV3)R30° periodicity. If the film is
further reduced, i.e. for Ce®" concentration between 60% and
80%, the (3x3) periodicity disappears and only the
9/4(\3xV3)R30° periodicity is left, as shown in Fig.7¢ which
corresponds to a sample heated at 770°C for 15 min.

This journal is © The Royal Society of Chemistry 2012
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Fig. 7: LEED patterns (Ep=80 eV) of a 2 ML cerium oxide film a) as
prepared, b) after intermediate reduction by heating in UHV at 500°C for 30
min (Cce3~40%), showing the (3x3) and the 9/4(\/3X\/3)R30°phase ¢) after
strong reduction by heating in UHV at 770°C for 15 min (cce3+~60-80%)
showing the 9/4 (¥3x3)R30° phase d) after re-oxidation by heating in O, at
770 °C.

Whatever the degree of reduction, the surface structure can
always be brought back to the original one after a thermal
treatment in O, at 770°C for 15 min, as shown in Fig.7e.

The LEED pattern of the 10 ML film after preparation shows
only the CeO,-related spots (Fig.8a), since the substrate
coverage is complete. After reduction only a signal-to-
background decrease is observed (Fig.8b), indicating some
degree of surface disorder. The original surface structure also in
this case is restored after the thermal treatment in O,, as shown
in Fig.8c.

Fig.8: LEED patterns (Ep=80 eV) of a 10 ML cerium oxide film a) as
prepared, b) after UHV heating at at 770°C and c) after re-oxidation by
heating in O, at 770 °C.

4. Discussion

XPS results indicate that cerium oxide films can reduced by
thermal treatments in UHV and reoxidized by thermal

This journal is © The Royal Society of Chemistry 2012

treatments in O,, obtaining the desired Ce** concentration
within a continuous range. At the highest temperatures used in
the present study (770°C to avoid intermixing with the
substrate) the reduction is not complete (Fig.3). This evidence
is not surprising and it can be ascribed to the limited heating
temperature, which does not induce a large enough mobility to
the oxygen atoms in the inner layers.

The difference in the maximum Ce** concentration measured
for the 2 and 10 ML samples (Fig.3c and d) is not by itself an
evidence for a different absolute concentration of surface
oxygen vacancies in the two samples. In fact, it can be partly
due to the fact that reduction occurs mainly in the topmost
layers (cfr Fig.2) and to the limited probing depth of the XPS
technique. Following Tanuma et al.,*' an inelastic mean free
path of 13 A for Ce 3d photoelectrons was estimated. This
value is larger than the thickness of the nominally 2 ML film
(also taking into account the actual morphology, see section
3.2) and significantly smaller than the thickness of the 10 ML
sample. The estimate of an absolute value of surface
concentration of Ce*" is hindered by the fact that the depth
profile of the Ce*" concentration in the sample is unknown.
Therefore we cannot exclude that the different values of Ce®"
concentration measured on thinner and thicker films actually
reflect a comparable maximum degree of reduction.

The surface sensitivity of the XPS technique and the limited
mobility of the oxygen ions from the inner layers at the
considered temperature may also explain the higher degree of
reduction measured in this study compared to the one measured
for thicker films on Si in different studies.'’

The temperature at which reduction starts is lower for the 2 ML
(200°C) than for the 10 ML film (450°C). A lower oxygen vacancy
formation energy is expected for undercoordinated oxygen atoms at
steps and kinks.*> However, the STM images show that the surface
density of steps and defects is comparable in 2 ML films, formed by
cerium oxide islands which protrude from the Pt surface, and in 10
ML films, which also show an irregular surface morphology with
small ceria islands on top of cerium oxide layers with holes exposing
the underlying oxide planes (Fig.4 a and d). The oxygen vacancy
formation energy was predicted to be much smaller in systems of
nanometric size than in extended surfaces, even at step edges.** This
effect may come into play in the 2 ML film, where the vertical and
lateral size are limited to approximately 1 nm and a few tens of nm,
respectively. Another possible reason for the observed decrease in
the onset temperature for reduction in the 2 ML film is the proximity
of the Pt substrate, which is expected to transfer some charge to the
oxide® and may alter the oxygen vacancy formation energy at low
temperatures.

The temperature necessary for reoxidation is higher in the 2 ML
sample than on the 10 ML one, consistent with a lower stability of
the oxidized phase in the thinner films due to charge transfer from
Pt. The non complete oxidation of the 10 ML sample at low
temperature may be due to a high density of vacancies in subsurface
sites also in heavily reduced surfaces*’and to the limited mobility of
oxygen ions at low temperature.

A substrate-induced difference in the surface structure of the
reduced phases is observed also in the LEED patterns of the 2
and 10 ML films after the thermal treatments (Fig.7b,c and
Fig.8b). The presence of the Pt substrate probably influences
the oxygen vacancy formation energy in the 2 ML film, in
particular by modulating it within the coincidence cell and
leading to the stabilization of new bidimensional oxide phases
with ordered surface oxygen vacancies. To understand the
origin of the superstructures observed in LEED for the 2 ML
film after reduction (Fig.7b and c), the dominant epitaxial
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Fig. 9: Model of the 3:4 coincidence cell at the interface between CeO,
and Pt(111). Four Pt surface unit cells (Pt atoms are represented as light
blue spheres) coincide with three CeO, surface unit cells (interface O
atoms are represented as large red spheres, Ce atoms as grey spheres and
surface O atoms as small red spheres). The (3x3) supercell (solid line)and
the 9/4(\/3><\/3)R30° supercell (dashed lines) are also shown.

relation between cerium oxide films and Pt has to be
considered. The cerium oxide surface lattice parameter in thin

films is slightly contracted to have a 3aceo,=4ap

coincidence.®'®*  The film/substrate coincidence cell is

therefore three times larger than the surface cell of the cerium
oxide film (Fig.9). The observed (3%3) periodicity might be
caused by a substrate-induced height modulation of the film,
due to the larger in-plane interatomic distance of the reduced
phase, with some regions being more strongly bound to the
surface in the different sites of the coincidence cell. This
hypothesis however seems rather unlikely due to the fact that
the minimum thickness of the film is 2 ML and the reduction
mainly occurs at the surface. Alternatively, the (3x%3)
periodicity may be due to the preferential formation of oxygen
vacancies in specific sites of the coincidence cell, which could
be induced by a local modulation of the oxygen vacancy
formation energy, caused by the different adsorption geometries
of the film atoms with respect to the substrate within the
coincidence cell. As shown in Fig.9 also the 9/4(N3xV3)R30°
periodicity coincides with specific Pt atoms. Spiel et al. have
calculated that in a 1 ML cerium oxide film on Pt(111) the
interatomic distances and the charge transfer are locally
modulated within the coincidence cell.** These effects are
expected to induce local variations also of the oxygen vacancy
formation energy. The formation of ordered arrays of oxygen
vacancies on the surface of ultrathin cerium oxide layers was
already observed on other substrates.''*** For the cerium
oxide films investigated in the present work, however, it is not
straightforward to establish a direct correlation between the
surface superstructure and the Ce®* concentration. The
9/4(\3x3)R30° periodicity is larger than the (3x3) periodicity,
while the Ce®" concentration is higher for the 9/4( 3xVY3)R30°
phase. The different degree of reduction can be explained by
different oxygen vacancies concentration formed in the inner
layers. The observed reduced cerium oxide phases have a lower
oxygen vacancy concentration than the c-Ce,03 phase, which
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gives a (4x4) superstructure on the cerium oxide surface,”
never observed in the present study. The a-Ce,03(0001) surface
instead would give a hexagonal diffraction pattern, less than 2%
contracted with respect to the CeO,(111) one, very hard to be
resolved experimentally. A more complete understanding of the
observed phases indeed requires a three dimensional structural
characterization.

The possible presence of surface height modulations or of
surface superstructures was checked by STM. The expected
periodicity is 1.1 nm for the (3%3) reconstruction and 1.5 nm
for the 9/4(N3xV3)R30°. The apparent protrusions in the STM
images of the reduced samples are a few nm wide and their
presence probably hinders the possibility of directly observing
either ordered superstructures and/or a height modulation. The
absence of any surface reconstruction in thicker films after
reduction (Fig.8b) is due to the lack of preferential sites for
oxygen vacancy formation in thick films, where the substrate
proximity effects are much less effective. In this case oxygen
loss proceeds randomly and gives rise to the observed signal-to-
background decrease.

The bright features observed in the STM images after reduction
(Fig.4b and e, Fig.5b and Fig.6c) can originate from
agglomerations of reduced ceria, which — having a larger lattice
parameter — protrude from the surface in small clusters. The
tendency for oxygen vacancies to aggregate or repel is still a
matter of debate.® A separation between reduced and non
reduced areas might be induced by some O vacancy
agglomeration.** In this hypothesis we cannot exclude that the
reduced material in the protrusion forms the edge structure after
reoxidation (Fig.5c). It is more likely, however, that the
observed protrusions are apparent and due to local
modifications of the empty states after significant reduction. A
decrease of the band gap of cerium oxide films after reduction,
due to the filling of 4f states in the gap, and a modification of
the empty conduction band of the material have been
measured.”® Large bright protrusions in the STM, similar to the
ones observed in this study, were measured also on MgO film
surfaces and assigned to surface color centers, based on their
bias dependence.*” In a recent study by the same group ceria
surface defects were studied by scanning tunneling
spectroscopy.*® The empty conduction band was shown to be
shifted to lower biases at specific defect sites corresponding to
oxygen vacancies. The small features observed in this study,
rather than being real protrusions, could be connected with the
presence of reduced cerium sites on the surface and to the
consequent local modifications of the empty conduction band
after extensive reduction. The images shown in Fig.6a,b,c are
acquired at a positive sample bias of 3 V, i.e. probing the empty
states of ceria. Good quality images at positive sample biases
much smaller than 3 V have a much lower quality. Fig.6d is an
image of the same sample, acquired at a negative sample bias of
-1.4 V and it shows no protrusions on the surface. This allows
to preferentially assign the observed features to electronic
effects rather than to real protrusions. Of course, a conclusive
statement on the origin of the observed features requires a
measurement and/or a calculation of the empty states band
structure also on a heavily reduced ceria surface.

5. Conclusions

Epitaxial cerium oxide films on Pt(111) are significantly
reduced by thermal treatments in UHV. The reduction occurs
mainly at the surface but it extends partly also to subsurface
layers. The maximum Ce’" concentration obtained at
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intermediate temperatures depends on film thickness, due to the
influence of the Pt substrate, which modifies the energy for
oxygen vacancy formation. The Ce** concentration also
strongly depends on the heating rate and heating time, showing
that the formation of oxygen vacancies on the surface and the
thermally activated oxygen diffusion from inner layers reach an
equilibrium at each given temperature within times of the order
of hours. The surface morphology shows apparent protrusions
after significant reduction, which are possibly due to local
modifications of the cerium 5d band with reduction. The
formation of reduced cerium oxide phases with ordered surface
superstructures is observed only for thin films and it is ascribed
to the proximity of the Pt substrate, which spatially modulates
the oxygen vacancy formation energy. Reduced phases with
(3x3) and 9/4(\N3xV3)R30° surface superstructure were
observed at different degrees of reduction. The film
stoichiometry, morphology and surface structure can be brought
back to the original one after thermal treatments in oxygen.
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