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Abstract

The morphology of ceria films grown on a Ru(0001) substrate was studied by scanning tunneling microscopy in combination with
low-energy electron diffraction and Auger electron spectroscopy. The preparation conditions were determined for the growth of nm-
thick, well-ordered CeO2(111) films covering the entire surface. The recipe has been adopted from the one suggested by Mullins
et al. [D.R. Mullins, P.V. Radulovic, S.H. Overbury, Surf. Sci. 429 (1999) 186] and modified in that significantly higher oxidation tem-
peratures are required to form atomically flat terraces, up to 500 Å in width, with a low density of the point defects assigned to oxygen
vacancies. The terraces often consist of several rotational domains. A circular shape of terraces suggest a large variety of undercoordi-
nated sites at the step edges which preferentially nucleate gold particles deposited onto these films. The results show that reactivity studies
over ceria and metal/ceria surfaces should be complemented with STM studies, which provide direct information on the film morphology
and surface defects, which are usually considered as active sites for catalysis over ceria.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Cerium dioxide (CeO2) is a well-known oxide material
owing to its superior oxygen storage-and-release proper-
ties, which provide a basis for its use in many catalytic
applications [1–3]. Ceria belongs to the group of so called
reducible oxides where metal cations can change the oxida-
tion state depending on ambient conditions. When sup-
ported on reducible oxides (e.g. titania, iron oxides, etc.),
noble metal particles may form interfaces very different
from those formed on non-reducible oxides (alumina, sil-
ica) (for example, see [4–6]). Recently, ceria has received
much attention as a support for gold catalysts in low tem-
perature CO oxidation and water gas shift reactions [7–10].
The nature of the active species in Au catalysts (ionic vs.
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metallic) is a matter of ongoing debates (see reviews
[11,12]). Note only, that for small metal particles and
clusters, the interaction with point defects such as neutral
or charged oxygen vacancies becomes very important
as shown, for example, for Au and Pd clusters on
MgO(10 0) [13–16]. In this respect, removal of neutral oxy-
gen from the ceria surface is thought to lead to electron
localization and, as a result, to a different chemistry [1].
Therefore, the knowledge of defect structure of the ceria
surface is inevitable towards a detailed understanding of
reactivity of the ceria surfaces and ceria supported metal
nanoparticles.

Several research groups are carrying out ‘‘surface sci-
ence’’ studies using ceria single crystals [18–22]. Since ceria
is a wide band gap (�6 eV) insulator, one has to overcome
sample charging problems, which are usually circumvented
by annealing at elevated temperatures (up to 1200 K) lead-
ing to a partial reduction of the ceria. These problems are
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less critical for thin films grown on metal single crystal sub-
strates, which provide a good electric and thermal conduc-
tivity while employing surface sensitive analytical tools. In
addition, oxygen diffusion in the thin films can be easily
controlled as opposed to the bulk crystal samples.

To date, crystalline ceria films were grown on different
metal substrates such as Pd(111) [23], Pt(111) [24–27],
Rh(1 11) [28,29], Cu(111) [30], Re(0001) [31], Ni(111)
[32] and Ru(0 001) [32–35]. The films were prepared by
physical vapor deposition of Ce in an oxygen environment
or in vacuum followed by oxidation at elevated tempera-
tures. The choice of the substrate to a lesser extent is driven
by the lattice mismatch since the lattice constants of (111)
metal surfaces (2.7–2.9 Å) are much smaller than that of
the close packed surfaces of CeO2 and Ce2O3 (3.89 and
3.82 Å, respectively). More important is a thermal stability
of the films because a high temperature annealing is typi-
cally required for preparing extended well-ordered films.
The ceria films grown on Ru(0 001) seem to show the best
characteristics: the surface does not loose oxygen at
�1000 K, and there is no evidence for cerium alloying with
Ru [32]. These films were extensively studied by Mullins
and co-workers using low-energy electron diffraction
(LEED), Auger electron spectroscopy (AES), ion scatter-
ing spectroscopy and photoelectron spectroscopy [32–35].
However, the morphology and defect structure of these
films have not been investigated.

In general, there is a lack of morphological and struc-
tural studies of ceria surfaces using scanning probe micros-
copies (STM and AFM). Nörenberg and Briggs [17,18] and
very recently Esch et al. [21] reported on STM studies of
the (111) surface of CeO2 single crystals. Iwasawa and
co-workers additionally employed non-contact AFM [20].
Basically, the STM and AFM images showed a hexagonal
lattice of protrusions assigned to the outmost close-packed
O-layer of CeO2(111). The visible defects were attributed
to the oxygen vacancies created upon vacuum annealing
at high temperatures. These vacancies may agglomerate
and form dimers and other linear defects as well as triangu-
lar trimers. Based on DFT calculations, Esch et al. have
suggested the formation of sub-surface oxygen vacancies
in order to explain the STM images observed [21]. Note,
that these surfaces were produced by vacuum annealing
of ceria single crystals at high temperatures, which partially
reduces the surface.

Regarding thin ceria films, to the best of our knowl-
edge, Berner and Schierbaum were the first who presented
STM images of ceria formed upon oxidation of Ce/
Pt(111) alloy [26]. Netzer and co-workers have recently
reported a systematic STM study of ultra-thin ceria films
formed on Rh(111) [28,29]. The authors mainly focused
on the initial stages of the film growth. Formation of
well-shaped CeO2(111) islands of ca. 15–20 nm in lateral
dimensions was observed upon annealing at �970 K.
Thicker films basically showed agglomeration of the small
crystallites, which were difficult to study with a high reso-
lution [28].
For the reactivity studies over oxide films and supported
metal particles, it is important to prepare films free of pits,
which would expose the metal substrate and possibly deter-
mine the observed chemical reactivity. For the case of ceria,
this seems to be fulfilled only for the relatively ‘‘thick’’ films
due to a large (�40%) mismatch between the ceria and the
substrate, which impedes oxide wetting. For example,
Wilson et al., using CO adsorption, have observed that
about 20% of the Pt(111) surface are exposed on the films
of three monolayers (ML) in average thickness [36]. It is
obvious that, for the thick films, the adsorption properties
will not be affected by the metal substrate, which still pro-
vides a good electric and thermal conductivity of the sys-
tem. Therefore, in this work, we focus on STM studies of
nm-thick ceria films grown on Ru(0 001), aimed at a better
understanding of the morphology and defect structure of
the ceria films. This knowledge is to be further used for
studying chemical reactivity of pure ceria and ceria sup-
ported systems.
2. Experimental

The experiments were performed in an ultra-high
vacuum (UHV) chamber (base pressure 2 · 10�10 mbar)
equipped with a STM (Omicron), Auger electron spectro-
scopy (AES), low energy electron diffraction (LEED)
(Specs) and standard facilities for surface cleaning. The
Ru(00 01) single crystal (10 mm diameter and 2 mm thick)
was supplied by Mateck. The crystal was clamped to a Mo
holder and heated from the backside of the crystal using
electron bombardment from a W filament. The tempera-
ture was controlled using a type K thermocouple spot-
welded to the edge of the crystal and a feedback system
(Schlichting Phys. Instrum). The clean surface was pre-
pared using cycles of Ar+ sputtering followed by annealing
in UHV to 1300 K. The surface exhibited a sharp (1 · 1)
LEED pattern, and the impurity level was below the detec-
tion limit of AES.

Cerium was evaporated from a tungsten crucible heated
using ceramic protected W wires wrapped around the cru-
cible. The amounts of Ce is given in monolayers (ML) of
CeO2(111) formed on the Ru surface. At thermal equilib-
rium reached by slow heating of the crucible to ca.
1500 K, the Ce flux could be controlled either by the cur-
rent passing through the heating W wire and/or with a
thermocouple spot-welded to the crucible. The deposition
rates used in this study were in the range of 0.1–0.3 ML/
min as calibrated by STM and AES on the clean Ru sub-
strate. Different preparations were tested as discussed be-
low. In order to prevent a partial reduction of ceria films,
high temperature annealing was always performed in oxy-
gen, which was pumped out after sample cooled down to
400 K.

The STM images presented in the paper were obtained
at room temperature using Pt–Ir tips (L.O.T. Oriel GmbH)
at sample bias 2–4 V and tunneling current �0.1 nA.
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3. Results and discussion

Following the preparation recipe reported by Mullins
et al. [32], the CeO2(11 1) films on the Ru(000 1) crystal
can be grown by Ce deposition at ca. 700 K in an oxygen
atmosphere. Fig. 1a presents a typical large-scale STM im-
age of the ceria films grown in 1 · 10�7 mbar of O2 at
700 K at sub-monolayer coverage, showing that ceria pref-
erentially nucleates at the steps. The area between the ceria
patches is assigned to the reconstructed Ru(0 001)-
p(2 · 2)O surface since the LEED pattern from this sample
showed a superposition of sharp p(2 · 2) spots, also ob-
served on the Ce-free samples under the same conditions,
and weak p(1.4 · 1.4) spots characteristic for ceria. The rel-
ative position of the ceria and Ru diffraction spots indicates
the alignment of the crystallographic directions of the ceria
phase with the principal azimuth directions of Ru(0 001) as
previously reported [32]. The shape and peak position of
the N5N67O45 lines in the AES spectra (not shown here)
are consistent with those reported in the literature for Ce
in CeO2 [37].

The apparent height of the ceria islands with respect to
the O/Ru surface is about 5 Å, which, following Eck et al.
[28], can be assigned to a bilayer of fluorite type CeO2(11 1)
Fig. 1. STM images of 0.6 ML ceria film deposited on Ru(0001) at 700 K (a) a
annealed in 4 · 10�7 mbar O2 at 900 K. The image (d) is a close up of the im
periodicity are rotated by 30� with respect to each other. Insets in (a) and (b) sh
and 60 · 60 nm2 (d), tunneling parameters are: (a) VS = 3.3 V, I = 0.1 nA
I = 0.12 nA.
with a distance of 3.1 Å between equivalent layers. How-
ever, the ceria surface is not atomically flat, on average.
There are many particle-like features present on the sur-
face, which must be attributed to ceria clusters since AES
spectra revealed no other elements beyond Ru, O and Ce.
Further annealing of this sample in 4 · 10�7 mbar of O2

at 900 K (see Fig. 1b) results in larger bilayer islands and
small particles, which is characteristic for sintering,
proceeding via Ostwald ripening mechanism, where large
particles grow at the expense of smaller ones. The large
ceria islands exhibit a smooth surface. In addition, the
p(1.4 · 1.4) diffraction spots of ceria become sharper, indi-
cating a better ordering upon post-oxidation. In line with
this observation, increasing the Ce deposition temperature
to 790 K promoted film ordering. The film prepared to the
same Ce coverage exposes larger islands as compared to
deposition at 700 K (see Fig. 1c). Interestingly, these is-
lands exhibited a hexagonal Moire structure with a period-
icity �19 Å (as shown in Fig. 1d), which in a first
approximation could be explained by coincidence of seven
unit cells length of Ru(000 1) (aRu = 2.71 Å) and five unit
cells length of CeO2(111) (a111 = 3.89 Å). (Note, that the
Moire structure was also reported on ceria bilayer islands
formed on Rh(1 11) (aRh = 2.69 Å) [29].) Two domains im-
nd 790 K (c) in 1 · 10�7 mbar of O2. Shown in (b) is the sample (a) further
age (c), where two domains exhibiting the Moire structure with a �19 Å
ow the corresponding LEED patterns. Image size is 200 · 200 nm2 (a)–(c)

; (b) VS = 3.6 V, I = 0.1 nA; (c) VS = 4 V, I = 0.1 nA; (d) VS = 3.8 V,
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aged in Fig. 1d are rotated by 30� with respect to each
other, thus giving rise to the growth of rotational domains
on the thicker film.

Fig. 2a and c shows 200 · 200 nm2 STM images of thick
ceria films grown at 700 K (a) and 790 K (c), respectively.
The ‘‘as prepared’’ film at 700 K exhibits a highly corru-
gated surface on a long-range scale, although LEED shows
sharp diffraction spots of ceria (the Ru substrate spots to-
tally vanish at this film thickness). The 12-members ring
observed in the LEED pattern shown in the inset of
Fig. 2a is characteristic for hexagonal structures with two
domains rotated by 30� with respect to each other. The
films grown at 790 K are better ordered (see Fig. 2c),
however, the terrace step edges exhibit an irregular shape,
indicating limited surface diffusion at these temperatures.
Deposition at even higher temperatures is accompanied
by a decreasing sticking coefficient of Ce and is, therefore,
not beneficial for film ordering.

As it is generally known, high temperature annealing is
typically required for preparing well-ordered oxide films.
When applied to ceria, the vacuum annealing above
1000 K may reduce the oxide surface or decompose the film
[23,28,30]. Therefore, post-annealing of the films was per-
formed at 980 K at higher oxygen pressure (4 · 10�7 mbar)
Fig. 2. (a) and (b) STM images of a 6 ML ceria film as grown at 700 K (a) an
790 K. (d) STM image of a 6 ML ceria film deposited at 790 K and anneale
annealing – in 4 · 10�7 mbar of O2. Inset in (a) shows a typical LEED pattern
protrusions on the ceria surface with a �4 Å periodicity. Size 200 · 200 nm2 (a
(b) VS = 3.9 V, I = 0.07 nA; (c) VS = 3 V, I = 0.1 nA; (d) VS = 4 V, I = 0.1 nA
than used for the ceria deposition (1 · 10�7 mbar). This
treatment significantly improves the quality of the films
as shown in Fig. 2b and d. The terraces become much
broader, in particular for the films grown at 790 K (see
Fig. 2d). The height of monotomic steps (�3.3 Å) and a
hexagonal lattice of protrusions with a �4 Å periodicity
(see the inset in Fig. 2d) match well those for CeO2(111)
(a111 = 3.89 Å; step height 3.1 Å). Therefore, our STM
results clearly show that, for the preparation of the
atomically smooth nm-thick CeO2(111) films on
Ru(00 01), cerium has to be deposited at elevated temper-
atures (�800 K) and subsequently annealed at �1000 K, all
in oxygen atmosphere (>10�7 mbar). It is important to
note, that the differences in the morphology of the films
shown in Fig. 2 can hardly be discriminated by conven-
tional LEED: all samples revealed essentially identical pat-
terns with sharp diffraction spots of ceria.

These ceria films often show irregularly shaped de-
pressed lines within the single terraces as shown in Fig. 3,
which have been assigned to domain boundaries. The
presence of the domain boundaries basically reflects a
Volmer–Weber growth mode of ceria on Ru(000 1), where
three-dimensional ceria islands grow independently. The
formation of a first ceria monolayer wetting the metal sub-
d annealed at 980 K (b). (c) STM image of a 3 ML ceria film as grown at
d at 980 K. The depositions were performed in 1 · 10�7 mbar of O2 and

(60 eV) of the thick ceria films. Inset in (d) shows a hexagonal lattice of
)–(d), 5 · 5 nm2 (inset), tunneling parameters: (a) VS = 3.3 V, I = 0.1 nA;
; (inset) VS = 3 V, I = 0.2 nA.



Fig. 3. STM image showing domain boundaries observed on the terraces
as depressed lines, indicated by the arrows. Size 50 · 50 nm2, VS = 4.2 V,
I = 0.1 nA.

5008 J.-L. Lu et al. / Surface Science 600 (2006) 5004–5010
strate, which would favor further epitaxial growth of the
oxide film, seems energetically unfavorable due to the large
mismatch between the oxide and the substrate. Neverthe-
less, increasing of the Ce deposition temperature leads to
the formation of larger and better ordered ceria bi-layer is-
lands (see Fig. 1) and, as a result, to larger terraces on the
thick films (see Fig. 2).

High-resolution STM images of the ceria films have
shown that the terraces exhibit a low density of point de-
fects resolved in Fig. 4a. At the tunneling parameters ap-
plied to record this image (a bias +2.4 V to the sample,
current 0.1 nA), the STM contrast originates from the
states above the Fermi level, which are unoccupied Ce 4f
states in nature [38–41]. Therefore, the protrusions on this
Fig. 4. STM image (a) and schematic presentation (b) of the point defects obse
the protrusions within the depressed areas are in in-phase registry with those on
O1–� � � are schematically shown. The surface unit cell is indicated. The defects i
(Image size 5 · 5 nm2, tunneling parameters: VS = 2.4 V, I = 0.16 nA.)
image must be assigned to the Ce atoms. The protrusions
seen within the depressed area (�0.2 Å below the surface),
are in in-phase registry with those on the regular surface
and therefore cannot be assigned to oxygen, since the O
layers above and below the Ce layer in CeO2(11 1) are in
out-phase registry and separated by �1.6 Å. Tentatively,
we have described the defects as three missing oxygen
atoms in the top layer forming a triangle as schematically
shown in Fig. 4b. Such trimer vacancies were previously
observed by Nörenberg and Briggs [17] and Esch et al.
[21] by imaging occupied states of oxygen. The 6 electrons
left by the missing O atoms in this structure could result in
the six equivalent Ce3+ ions forming a triangle. However,
independent of the oxidation state these Ce atoms are ex-
pected to appear brighter in the image since they are no
longer coordinated to the topmost O atoms screening the
electronic states of Ce, i.e., in contrast to the experimental
observation, if no other mechanisms are involved. Note,
that our STM images and the corresponding model are dif-
ferent from those observed and suggested for ultra-thin cer-
ia films on Rh(1 11) [29], where the empty states were
imaged as well, but at very different parameters (+0.5 V,
1 nA). This issue needs further investigations. For example,
the defect formation may be associated with a strong relax-
ation of the remaining surface atoms as shown by Nolan
et al. using density functional theory (DFT) [41,42]. It
should be mentioned, however, that theoretical analysis
of ceria surfaces is often controversial (see, for example,
[40]).

Nonetheless, based on the STM images, our ceria films
exhibit a low density of point defects. However, clearly vis-
ible terrace steps may contain undercoordinated Ce atoms.
Assuming roughly that all these Ce atoms on the terrace
perimeter are of 3+ character, we have estimated the per-
centage of the Ce3+ ions on the CeO2(111) surface to be
around 2%. Of course, this number will be by factor of
2–3 higher for the films exposing smaller terraces. There-
rved on the ceria films. Two crossing lines drawn over the defect show that
the regular surface. Only first layers of CeO2(111) stacked as O1–Ce–O2–

maged in (a) are assigned to the three missing O1 atoms forming a triangle.



Fig. 5. STM image of 0.1 ML of Au deposited on the 6 ML ceria film at
300 K showing that majority of the Au particles nucleate on the step
edges. Size 50 · 50 nm2, VS = 3.8 V, I = 0.13 nA.
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fore, approximately 5% may be considered as an upper lim-
it for the surface Ce3+ concentration. In principle, this
number falls into the range of values determined by photo-
electron spectroscopy of the ceria films [25,28,32]. In addi-
tion, Eck et al. [28] have found that the Ce3+:Ce4+ ratio is
strongly increased with decreasing thickness of the ceria
films most likely due to small size of ceria crystallites as re-
vealed by STM. Assuming that the noble metal particles
deposited on the ceria films will nucleate on these underco-
ordinated sites, we have employed a ‘‘metal decoration’’
approach.

Fig. 5 shows a STM image of the ceria film exposed to
�0.1 ML of Au at room temperature. The image clearly
demonstrates that almost all gold particles are located on
the step edges. Only a few particles can be found on the ter-
races at this coverage, thus indicating that the films expose
a low density of the point defects. (Note that this film was
not exposed to LEED or AES prior to Au deposition,
which may cause electron beam induced effects). It is clear
that interaction of gold with the step edges is much stron-
ger than with the O-terminated regular surface. The fact
that the terraces are mostly circular suggests that the steps
expose a variety of the undercoordinated atoms like edges,
kinks and corners, which may act as nucleation centers for
supported metal particles.
4. Summary

The morphology of the ceria films grown on a Ru(00 01)
substrate was studied by STM in combination with LEED
and AES. The results show that well ordered nm-thick
CeO2(111) films exposing atomically flat terraces, up to
500 Å in width, can be prepared by Ce deposition in
1 · 10�7 mbar of oxygen and post-oxidation at 980 K in
4 · 10�7 mbar of O2. The terraces exhibit a low density of
point defects, assigned to oxygen vacancies, and often con-
sist of several domains. A circular shape of terraces suggest
a large variety of undercoordinated sites at the step edges
which preferentially nucleate gold particles deposited onto
these films. The results show that reactivity studies over
ceria and metal/ceria surfaces should be complemented
with STM studies, which provide direct information about
the film morphology and surface defects, which are usually
considered as active sites for catalysis over ceria.
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