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Abstract

Ceria submonolayers consisting of nanosized 2D islands on a Cu(111) surface have been prepared by oxidation of the nucleating Ce
submonolayer (0.7 ML) and characterized using XPS and STM. The reducibility of the resulting well-defined CeO2�x/Cu(111) model
system of the ‘‘inverse supported catalyst” type was studied by XPS using CO as reducing agent. In order to investigate the contribution
of the substrate in the redox process, the properties of a ceria submonolayer (0.7 ML) on Cu(111), of an optically dense layer of ceria
(1.5 ML) on Cu(111) and of a ceria submonolayer (0.7 ML) on Pt(111) have been compared. The direct comparison reveals the (metal
substrate mediated) spillover mechanism of the ceria reduction by CO in the present CeO2�x/Mefcc(111) model systems.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Ceria-based supported catalysts are widely used for
hydrogenation and oxidation reactions [1–3], for synthesis
of alcohols [4] and for automotive exhaust gas conversion
[5], where the unique ability of ceria to store and to release
oxygen during the oxidation and reduction stages is of par-
ticular interest [2,6]. Although the redox changes are
important in most of the catalytic ceria applications, the
atomistic understanding of the specific role of the cerium
oxide, the catalytic metal component and the interfacial re-
gion between them in the complex redox mechanisms is, de-
spite of great efforts, still incomplete.

Several important properties of oxide-based supported
catalysts could be revealed by studying the well-defined
model catalysts. Modern methods of nanofabrication such
as electron-beam [7,8] or colloidal [9] lithography allows a
controlled preparation of such well-defined model systems
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in the form of ordered arrays of small metal particles on a
planar oxidic support. As an alternative approach, ‘‘inverse
supported catalysts” where oxide islands cover the metal
catalyst surface may also contribute to our understanding
of processes at the metal-oxide interface during an ongoing
reaction [10].

Recently, we have succeeded in assembling a well-de-
fined CeO2�x/Pt(1 11) ‘‘inverse supported catalyst” model
system by exploiting the indirect interaction of Ce adatoms
for the initial nucleation of Ce 2D nanostructures. A sub-
sequent oxidation of the nucleating Ce submonolayer upon
warming-up to room temperature at low oxygen pressure
creates a system consisting of CeO2�x islands more or less
uniformly distributed on the Pt(11 1) surface. The CeO2�x

redox properties of this model catalytic system were stud-
ied by in situ XPS during the ongoing CO oxidation reac-
tion, whereas a pronounced redox behaviour that directly
related to the hysteresis cycle of the reaction was observed
[11].

In the present work we apply a similar approach to the
creation of a CeO2�x/Cu(111) model system in order to
compare the redox properties of CeO2�x/Cu(111) and
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CeO2�x/Pt(1 11). The idea is to vary the electronic struc-
ture of the metal component in the CeO2�x/Me system
while keeping the surface atomic geometry and the state
of the cerium oxide component similar. This might shed
light on the role of the metal substrate and of the metal-
oxide interface in the reduction and re-oxidation of CeO2�x

nanoformations.
The method of choice for monitoring variations of the

oxidation state of a metal oxide is still X-ray photoelectron
spectroscopy (XPS). It encounters, however, significant dif-
ficulties in the case of cerium CeO2�x suboxides. Although
the ground state of Ce in CeO2 is 4f0, a hybridization of the
oxygen 2p valence band and 4f orbitals induces an f-char-
acter of the valence band states. In turn, in Ce2O3 Ce is in a
4f1 state, since the potential hybridization energy is signif-
icantly lower than the energy necessary for an electron
transfer from the oxygen 2p band to the 4f state. The
extraction of a core electron in a photoionization process
results, via creation of a corresponding core hole, in a se-
vere reorganization of the valence electrons, where the
hybridization of the oxygen 2p valence band and 4f orbitals
will take place, both for CeO2 and Ce2O3. This results in
the presence of three structures in the Ce 3d5/2 lines for
CeO2 and of two structures for Ce2O3, correspondingly
[12]. Taking into account the spin-orbit splitting, the XP
spectrum for the whole Ce 3d region of a CeO2�x sample
contains therefore ten peaks. This means a total of 30
parameters, namely the peak positions, the relative peak
intensities and the FWHMs for each of the peaks need to
be considered.

The deconvolution of these complicated XP spectra is
especially difficult in the case of low-level Ce 3d signal, as
e.g. from CeO2�x submonolayers, since the possibility to
increase the intensity of the X-ray excitation or the exposi-
tion time is limited due to photoreduction effects [13,14]. In
the present study we solved this problem by calibration of
the Ce 3d peak positions using a well-defined CeO2�x mul-
tilayer with known Ce oxidation state deposited on the
same Cu(111) sample which was used later as substrate
for the CeO2�x nanoformations.

2. Experimental

Experiments were performed in an ultrahigh vacuum
(UHV) multipurpose surface analysis system operating at
base pressures 610�10 mbar. In the present study X-ray
photoelectron spectroscopy (XPS; SPECS, Phoibos-150),
scanning tunnelling microscopy (STM; Omicron, VT-
AFM/STM), as well as combined Auger electron spectros-
copy and low energy electron diffraction (AES, LEED;
SPECS, ErLEED 150) have been used.

The Cu(111) single crystal sample was a 1 mm thick
disk of 10 mm in diameter. The standard surface cleaning
procedure consisted of 1.5 keV argon ion sputtering at
room temperature followed by annealing in UHV at
970 K. After several repetitions of the above procedure
no contamination could be detected by XPS and a sharp
hexagonal LEED pattern with low background was ob-
served (Fig. 1a). The corresponding STM images show flat
20–50 nm wide terraces (Fig. 1b) separated by 0.21 nm high
steps (Fig. 1c).

The Pt(11 1) crystal used for the comparison measure-
ments was also a 1 mm thick disk of 10 mm in diameter,
and was cleaned by 1.5 keV Ar+ ion sputtering followed
by annealing in oxygen (6 x 10�8 mbar) at 750 K and flash-
ing in UHV to 1050 K.

The cerium overlayers were deposited using a commer-
cial UHV-Evaporator (Focus EFM 3, Omicron) and the
surface density of deposited cerium adatoms was estimated
by AES analysis, following the procedure described in Ref.
[15].

The XP spectra (pass energy 10 eV, step size 0.1–0.2 eV)
were recorded with a 150 mm hemispherical energy ana-
lyzer using a Mg-Ka (1253.64 eV) X-ray source for the exci-
tation. For studying the redox properties of the ceria
overlayers the differentially pumped UHV chambers were
run as constant flow reactors by admitting the reactive
gases (CO, O2) via leak valves from constant pressure res-
ervoirs under mass-spectrometric control (MKS Instru-
ments, VacCheck).

3. Results and discussion

The main goal of the present study was to study the re-
dox behaviour of ceria nanoformations on Cu(11 1) surface
in order to compare it directly with that on the Pt(111) sur-
face and to reveal in this way details of the redox mecha-
nism and the role of the metallic substrate in the redox
process.

As already mentioned in the Introduction, the determi-
nation of the Ce oxidation state in submonolayers CeO2�x

is still a difficult task because of the difficulties in choosing
proper values for the 30 parameters in the Ce 3d spectra at
low XP signal intensity (low Ce density). In the case of low
XP amplitude it appeared to be helpful to use a well-de-
fined uniform reference sample that provides an XP signal
level sufficient for a unambiguous oxidation state determi-
nation via the relation of oxygen/cerium peaks. A direct
comparison with the results of the peak deconvolution al-
lows then the proper positioning of each of the particular
Ce3+ and Ce4+ contributions. The obtained parameters
(peak positions, FWHMs and relative contributions) can
then be used for deconvolution of the low-signal spectra
from a non-uniform, heterogeneous adsorption system,
where adsorbates such as oxygen or CO might also affect
the results of evaluation. In our previous work Ar+-sput-
tered CeO2 samples (oxygen atoms in the surface region
are preferentially released under the impact of Ar+, provid-
ing partially reduced ceria) were successfully used as refer-
ence [8]. In the present study, we use a partially oxidized Ce
multilayer on Cu(1 11) which is successively oxidized to
CeO2 in an oxygen atmosphere. An example of the evolu-
tion of the particular peaks is seen in Fig. 1 where the Ce
3d spectrum of partially oxidized CeO2�x (Fig. 1e,
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Fig. 1. Epitaxial ceria multilayer on Cu(111): (a) LEED pattern of the clean Cu (111) single crystal surface obtained at an electron energy of 98 eV. (b)
STM image of the same surface (200 x 200 nm, Ubias = 0.67 V, Itip = �0.22 nA). (c) A typical atomic step profile taken along A–A’ in (b). (d) LEED
pattern of an epitaxial ceria multilayer (12 ML) on Cu(111), electron energy 98 eV. The corresponding XP spectrum is shown in (f). (e) high-resolution Ce
3d XP spectrum (and its deconvolution) of a partially oxidized Ce layer (CeO2�x, x = 0.5, 12 ML). The positions of particular peaks u(index) and v(index)

attributable to Ce4+ and Ce3+ used for the spectra deconvolution are also shown. (f) The same, but for the fully oxidized Ce layer (>95% of Ce4+

contribution).
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x = 0.5) is shown together with a spectrum obtained from
the same sample but after completed oxidation to CeO2

(Fig. 1f). The deconvolution of the obtained Ce 3d spectra
using the different Gaussian-like peaks u(index) and v(index)

(for the assignment of the individual peaks see Ref. [16]) al-
lows to adjust the exact positions of the fitting components.
Fig. 1d shows a corresponding LEED picture evidencing
an epitaxial structure of the ceria multilayer.

After the calibration of the Ce 3d XP spectra, the ceria
multilayer was sputtered off and the crystal was cleaned
using the above described procedure. Then a Ce layer of
1.5 ML was deposited on the Cu(111) surface. To suppress
the Ce–Cu alloy formation in present experiments, the Cu
sample was cooled to 125 K during the Ce deposition.
Immediately after deposition of Ce oxygen was introduced
at 10�6 mbar and the sample was simultaneously heated
from 125 to 723 K in order to achieve the partial oxidation
of the Ce layer at the lowest possible temperature. After its
entire oxidation at 723 K (pO2

¼ 10�6 mbar, 600 L, Fig. 2a)
the resulting ceria layer (cerium oxidation state 3.9) was ex-
posed to CO at 423 K and at pCO = 7 � 10�5 mbar, at
increasing CO exposures (up to �106 L), and Ce oxidation
state was XPS-monitored, but no reduction of ceria was
observed under these conditions, neither at zero detection
angle (electrons emitted normal to the surface, Fig. 2b),
nor at higher detection angles. Subsequent exposure at
523 K (at pCO = 7 � 10�5 mbar, �106 L) showed still no
reduction at zero detection angle, but revealed small
changes at a detection angle of 50� that corresponds to a
smaller information depth (Fig. 2c and d). These hardly
detectable changes are not sufficient for a quantitative esti-
mation of the Ce3+ contribution and should be treated
rather as an experimental indication of the initiating reduc-
tion process at extremely large exposures and elevated tem-
peratures. The appearance of the reduced cerium species at
increasing detection angles indicates that in the present
case the changes are caused rather by the reduction process
in the CeOx surface layer than by Ce-Me alloy formation
beneath (at the CeOx–Me interface) as was reported for
thermal treating of ceria layers in UHV on Rh(1 11) [17].
We note that studies by Pfau and Schierbaum on ‘‘thick”

ceria layers (10–40 nm, [16]) have also shown an extremely
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Fig. 2. Redox properties of an optically dense ceria layer (1.5 ML) on Cu(111): (a) Ce 3d XP spectrum (and its deconvolution) of a Ce layer oxidized at
723 K ((pO2

¼ 10�6 mbar, 600 L). (b) The same after exposure to CO at 423 K at pCO = 7 x 10�5 mbar (�106 L). (c) The same after subsequent reduction at
523 K at pCO = 7 x 10�5 mbar (�106 L), but taken at a detection angle of 50�. (d) Direct comparison of the normalized spectra (a) vs (c). The small changes
indicating the only initial stages of the reduction process are marked by dotted circles.
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low reducibility of ceria layers: an exposition to 10 bar of
H2 at 573 K was necessary to observe changes comparable
to those shown in Fig. 2d. Thus it can be concluded that
the direct interaction of the reducing atmosphere, CO in
the present case, with the surface of an optically dense
(as evidenced by STM measurements) CeO2 film (H > 1)
leads, if at all, to a hardly observable reduction of its top-
most surface layer even at very high exposures and elevated
temperatures.

The possible role of the substrate in the reduction pro-
cess can be studied by creating a ceria submonolayer where
the Cu(111) substrate is also exposed to the reducing
agent. For this purpose, a ceria submonolayer covering
ca. 70% of the substrate surface was prepared using the
same procedure as previously for the ‘‘thick” layer and
controlling the Ce coverage by AES as described in Ref.
[11]. A nanoscale visualisation of the created CeO2�x/
Cu(111) system by STM (see inset in Fig. 3b) confirms
the coverage value and shows a similar topography as the
recently studied CeO2�x/Pt(111) inverse catalyst model
system: 2D islands of 5–10 nm size are distributed stochas-
tically over the surface [11]. The corresponding XP spec-
trum is shown in Fig. 3a together with the spectrum of
the ‘‘thick” ceria film (12 ML). The comparison of the Ce
3d XP intensities of the CeO2�x submonolayer and the
‘‘thick” ceria film illustrates the difficulties in the deconvo-
lution of the obtained ‘‘low intensity spectra”. Neverthe-
less, by using the calibration data obtained for the
epitaxial ceria multilayer, it was possible to deconvolute
the Ce 3d spectra: the corresponding deconvolution of
the ‘‘low signal” XP spectrum of the oxidized ceria sub-
monolayer is shown in Fig. 3b and provides an initial oxi-
dation state of cerium about 3.7. It seems to be the highest
possible oxidation state achievable under present UHV
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Fig. 3. Redox properties of a ceria submonolayer (0.7 ML) on Cu(111): (a) Comparison of the XP intensity for the oxidized Ce submonolayer (0.7 ML,
lower curve) with that of a ceria multilayer (12 ML, upper curve) illustrating the difficulties in the deconvolution of the ‘‘low intensity spectra”. The middle
curve corresponds to the lower one (submonolayer) magnified by a factor of 10. (b) Deconvolution of the above Ce 3d XP spectrum for the oxidized Ce
submonolayer. The insets show a corresponding STM image (234.5 x 234.5 nm, Ubias = �0.55 V, Itip = 0.26 nA) and a typical 2D ceria island profile taken
along A–A’ (a marginal number of double-height islands was also observed). (c) The same as in (b), but after prolonged exposure to CO at 423 K
(pCO = 7 x 10�5 mbar, �106 L). Ce4+ content is reduced from 71% to 64%. Absolute intensities of the Ce 3d signal and the signal-to-noise ratio in this
figure are not directly comparable with those in Fig. 4 (ceria submonolayer on Pt) because of differing XPS adjustments and larger background pressure in
the Cu case due to prolonged reduction attempts.
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conditions, i.e. after the oxidation performed using same
procedure as for 1.5 ML layer. The reason for this lies, in
our opinion, in the interaction of Ce atoms (especially of
those at island borders) in 2D islands with both, Cu- and
O-atoms, whereas in thicker ceria layers only Ce atoms in
the ‘‘bottom” layer are involved in such a ‘‘double”

interaction.
As in the case of the 1.5 ML ceria film, the ceria sub-

monolayer was consequently exposed to CO at 423 K
and at pCO = 7 � 10�5 mbar, at increasing CO exposures
(up to �106 L), and Ce oxidation state was XPS-moni-
tored. In contrary to the dense ceria layer, the reduced
CeO2�x submonolayer shows a clearly detectable increase
in its Ce3+ content from 29% to 36% (Fig. 3c). This result
makes evident that the reducibility of the ceria submono-
layer by CO as reducing agent is much higher than for
the dense ceria layer on Cu(11 1). It is clear that the sub-
strate may play a deciding role in this finding, namely, a
spillover mechanism of the diffusive CO transport to the
CeO2�x nanoformations is conceivable.

This supposition can be verified by replacing the Cu(111)
surface by another one of different CO adsorption activity.
To avoid a possible effect of the atomic surface geometry,
the (111) surface of another fcc metal would be preferable.
Platinum is a suitable candidate, since it has a close lattice
constant of aPt = 0.39 nm (aCu = 0.36 nm) but exhibits in
the case of the (111) surface drastically different adsorption
properties with respect to CO [18,19].

A ceria submonolayer (0.7 ML) was prepared on the
Pt(11 1) surface using the same procedure as for the
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Cu(1 11) surface and was exposed subsequently to CO at
423 K (pCO = 1.3x10�6 mbar, 300 L). The results are
shown in Fig. 4: despite the much lower exposure to the
reducing atmosphere (in comparison to the CeO2�x/
Cu(1 11) system) the average cerium oxidation state has al-
ready changed from 3.92 to 3.65 (Fig. 4a vs 4b). A subse-
quent exposition to CO under the same pressure and
dosage but at a higher temperature of 523 K causes a fur-
ther remarkable evolution of the Ce oxidation state from
3.65 to 3.43. No changes of the Ce oxidation state were ob-
served in turn, when the present system was thermally trea-
ted in the same way in UHV. This excludes a meaningful
contribution of the additional processes, such as e.g. ther-
mal decomposition of ceria or Ce–Pt alloy formation in
the increase of the Ce3+ fraction.

The spectra shown in Figs. 3 and 4 demonstrate a dra-
matic discrepancy in the reducibility of ceria submonolayers
of the same coverage (0.7 ML) on two densely packed fcc
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Fig. 4. Redox properties of a ceria submonolayer (0.7 ML) on Pt(111): (a) Ce
(0.7 ML) on the Pt(111) surface. (b) The same after exposure to CO at 423 K
68%. (c) The same, but after a further exposure to CO at 523 K (pCO = 1.3 x 1
(111) surfaces of closely related surface corrugation (Cu
vs Pt). Since the direct interaction of CO with the ceria sur-
face itself does not lead to an observable reduction in UHV
conditions (see Fig. 2), the adsorption properties of both
electronically differing metallic substrates must be responsi-
ble for such a striking difference. In the case of Cu(111) the
relatively low binding energies of CO in the range of 35–
38 kJ/mol for high coverages and of 44–50 kJ/mol for low
coverages, correspondingly, [20,21], hinder the CO adsorp-
tion under UHV conditions at the given temperatures
(>300 K): the ‘‘high-temperature” thermodesorption peak
for CO on Cu(111) is found at 170 K [19]. This also inhibits
e.g. effectively the CO oxidation reaction on Cu(1 11) in
UHV, as was evidenced in demostrative PEEM experiments
on the Cu-modified Pt(111) surface [22].

In turn, the much higher binding energies of CO on
Pt(111), ranging from 92 kJ/mol [23] at high to 145 kJ/
mol [24] at low coverages, respectively, coupled with a high
890 880

v0v’v’’’ v’’ v

rgy [eV]

3d XP spectrum (and its deconvolution) of the oxidized Ce submonolayer
(pCO = 1.3 x 10�6 mbar, 300 L). The Ce4+ content is reduced from 92% to
0�6 mbar, 300 L). The Ce4+ content is further reduced from 68% to 43%.
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initial sticking coefficient (0.84 at 300 K, [25]) provide an
effective uptake of CO even at elevated temperatures [26].
In addition, highly mobile surface CO species emerge at
higher CO coverages [27]. The presence of a mobile CO
layer is the difference between the CeO2x/Pt(1 11) and
CeO2�x/Cu(11 1) systems in our experiments in which ceria
on Pt(111) turned out to be much easier reducible than on
Cu(11 1). This allows us to postulate a substrate-mediated
spillover mechanism for the ceria reduction by CO in the
present CeO2�x/Me(111) model systems. Although such
a spillover mechanism (metallic particles activate gas mol-
ecules allowing them to diffuse to the oxide support sub-
strate surface) has been suggested for the hydrogen
species on ceria-supported Pt and Pd catalysts [28], and
the principal possibility for the CO species to spillover from
metal clusters to an oxide was mentioned e.g. for Pt/ZrO2

catalysts [29], detailed studies on the CO spillover effect in
redox processes have to our knowledge still been lacking.

In conclusion, we note that inverse supported model
catalysts prepared on well-defined single crystal metal
surfaces are more suited for studying direct (from metal
to oxide) spillover effects than the systems consisting of
metal clusters deposited on a planar oxide surface, since
both the adsorption and diffusion properties of reducing
agents such as CO or hydrogen are well-studied for the
single crystal surfaces of most of the platinum group
metals.

4. Summary

A well-defined CeO2�x/Cu(111) model system of the
‘‘inverse supported catalyst” type has been fabricated by
oxidizing nucleating Ce 2D islands on the Cu(111) surface,
and the reducibility of the resulting submonolayer ceria
film (coverage 0.7 ML) by CO was investigated with
XPS. The obtained results demonstrate an essential role
of the metallic substrate in the redox process: a direct com-
parison of the reducibility of the ceria submonolayer with
that of an optically dense ceria film on Cu(111) allows to
suggest a spillover mechanism of the CO supply from the
metal surface towards the CeO2�x islands. To prove this
suggestion, the reducibility of a 0.7 ML CeO2�x/Pt(1 11)
model system has been studied under the same conditions.
The comparison of the results obtained for both submono-
layer systems, which differ significantly in the electronic
properties of the metal substrate but have an almost iden-
tical surface geometry, confirms the substrate-mediated
spillover mechanism for the ceria reduction by CO in the
present CeO2�x/Mefcc(11 1) model systems. This demon-
strates the suitability of the used type of inverse model cat-
alysts prepared on well-defined single crystal metal surfaces
for the investigation of direct (from metal to oxide) spill-
over effects.
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