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Surface sites on Pt–CeO2 mixed oxide catalysts
probed by CO adsorption: a synchrotron radiation
photoelectron spectroscopy study
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Mykhailo Vorokhta,b Daniel Mazur,b Kevin C. Prince,cd Vladimı́r Matolı́nb and
Jörg Libudaae

By means of synchrotron radiation photoemission spectroscopy, we have investigated Pt–CeO2 mixed

oxide films prepared on CeO2(111)/Cu(111). Using CO molecules as a probe, we associate the corre-

sponding surface species with specific surface sites. This allows us to identify the changes in the compo-

sition and morphology of Pt–CeO2 mixed oxide films caused by annealing in an ultrahigh vacuum.

Specifically, two peaks in C 1s spectra at 289.4 and 291.2 eV, associated with tridentate and bidentate

carbonate species, are formed on the nanostructured stoichiometric CeO2 film. The peak at

290.5–291.0 eV in the C 1s spectra indicates the onset of restructuring, i.e. coarsening, of the Pt–CeO2

film. This peak is associated with a carbonate species formed near an oxygen vacancy. The onset of

cerium oxide reduction is indicated by the peak at 287.8–288.0 eV associated with carbonite species

formed near Ce3+ cations. The development of surface species on the Pt–CeO2 mixed oxides suggests

that restructuring of the films occurs above 300 K irrespective of Pt loadings. We do not find any

adsorbed CO species associated with Pt4+ or Pt2+. The onset of Pt2+ reduction is indicated by the peak

at 286.9 eV in the C 1s spectra due to CO adsorption on metallic Pt particles. The thermal stability

of Pt2+ in Pt–CeO2 mixed oxide depends on Pt loading. We find excellent stability of Pt2+ for 12% Pt

content in the CeO2 film, whereas at a Pt concentration of 25% in the CeO2 film, a large fraction of the

Pt2+ is converted into metallic Pt particles above 300 K.

1. Introduction

Fuel cells (FCs) attract significant attention as environmentally
friendly power sources producing electricity from chemical fuels,
e.g. hydrogen, methanol. Platinum is the most active catalytic
material used in FCs. Presently, the high cost of platinum is the
main factor limiting the large-scale application of fuel cell technol-
ogy. Therefore, tremendous effort is put into the development of
new catalytic materials with low noble metal content.1–7

The atomically dispersed supported noble metal catalysts
represent a new generation of cost-effective catalytic materials.1–7

The efficient use of noble metals requires the noble metal atoms
to be anchored at the surface of the catalyst. The thermal stability
of such systems must be high enough to prevent sintering and
dissolution of the noble metal into the bulk. Recently, we
demonstrated that nanostructured cerium oxide films expose
{100} nanofacets8 which can stabilize Pt atoms in the form of
Pt2+ ions.5 The {100} nanofacets expose square oxygen pockets
in which Pt2+ ions are strongly bound. The adsorption energy of
Pt2+ in the square oxygen pockets estimated by density functional
calculations is large and explains the outstanding thermal stabi-
lity of the Pt–CeO2 films.5 In order to maintain this high stability,
the number of Pt atoms in the Pt–CeO2 films must not exceed the
number of available square oxygen pocket sites. However, thermal
treatment of the films often triggers restructuring of the catalyst,
which may lead to a decrease in the density of the stable sites. As a
result it could lead to the formation of Pt particles.

Pt–CeO2 mixed oxides that contain ionic Pt species can be
prepared by several methods, including solution combustion,3,4,9,10

r.f. magnetron sputtering,11–13 and co-deposition of Pt and Ce in
the oxygen atmosphere.5 The composition and thermal stability
of these materials depend strongly on the surface structure and
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Pt concentration.5 Often formation of Pt2+ is also accompanied
by generation of Pt4+ and Pt0 species. Therefore, analysis of
surface sites is important to understand and tune the stability
of Pt–CeO2 films. CO is among the most common probe
molecules in heterogeneous catalysis,14–16 typically in combi-
nation with infrared (IR) absorption spectroscopy. In many
cases, however, the assignment of complex vibrational spectra
is not straightforward. CO and CO2 adsorption on ceria repre-
sents a particularly complex case, with a broad range of surface
species that can be formed, e.g. monodentate, bidentate, tridentate,
bridging, and chelating carbonates, carboxylates and carbonites.17–26

In such cases the identification of the species and their adsorption
sites is often assisted by density functional calculations.25–29 In
particular, interaction of CO molecules with planar CeO2(111),
CeO2(110), and CeO2(100) surfaces27 as well as CeO2 particles28

has been modelled by density functional theory (DFT). It has
been reported that CO reacts with CeO2(111) rather weakly and
does not yield carbonates.26,27,29 In contrast, formation of
bridged carbonates has been predicted on (110) and (100)
surfaces of CeO2, accompanied by reduction of Ce4+ to Ce3+.27

The authors concluded that several parameters control the
formation of carbonates, i.e. the O–O distance, coordination of
oxygen atoms, and energy of oxygen vacancy formation. Vayssilov
et al.28 pointed out that nanosized particles of cerium oxide show
higher reactivity than the flat surfaces. This can be rationalized
by the strongly reduced energy of oxygen vacancy formation.30–32

Interestingly, the comprehensive DF modeling of CO interaction
with CeO2 nanoparticles revealed that the carbonates adsorbed
in three possible tridentate configurations are more stable than
the bidentate species. The differences between the tridentate
carbonates are related to the coordination of their oxygen atoms
to cerium cations.28

In contrast to IR spectroscopy, high resolution synchrotron
radiation photoelectron spectroscopy (SRPES) allows direct
determination of the oxidation state of Pt as well as the site-
specific assignment of the adsorbed surface species. For instance,
CO molecules adsorbed on different Pt surface sites can be identi-
fied by the binding energy of the corresponding features in the C 1s
spectrum.33–36 The carbonate and carboxylate species can also be
observed by means of SRPES under UHV conditions.22,23,37,38

In the present paper we employ SRPES to monitor the
reactivity of Pt–CeO2 films towards CO. In parallel, we use
resonant photoemission spectroscopy (RPES) to monitor the
oxidation state of Ce cations during annealing. CO as a probe
molecule provides not only information on the reactive surface
sites on CeO2 and Pt–CeO2, but in parallel allows us to monitor
structural rearrangements and formation of metallic Pt particles
that may occur upon annealing of the films in UHV.

2. Experimental

High-resolution SRPES was performed at the Materials Science
Beamline (MSB), Elettra synchrotron light facility in Trieste, Italy.
The MSB, with a bending magnet source provides synchrotron
light in the energy range of 21–1000 eV. The UHV end-station

(base pressure 1 � 10�10 mbar) is equipped with a multi-
channel electron energy analyzer (Specs Phoibos 150), a rear
view Low Energy Electron Diffraction (LEED) optics, a sputter
gun (Ar), and a gas inlet system. The basic setup of the chamber
includes a dual Mg/Al X-ray source.

Two samples containing 12% and 25% of Pt in the Pt–CeO2

oxide film were prepared on a well-ordered CeO2(111) buffer layer
grown on a single crystal Cu(111) substrate. Cu(111) (MaTecK
GmbH, 99.999%) was cleaned by several cycles of Ar+ sputtering
(300 K, 60 min) and annealing (723 K, 5 min) until no traces of
carbon or any other contaminant were found in the photoelectron
spectra. Then, an epitaxial CeO2(111) layer was deposited onto
the clean Cu(111) substrate by physical vapor deposition (PVD)
of Ce metal (Goodfellow, 99.99%) in an oxygen atmosphere
( pO2

= 5 � 10�5 Pa, Linde, 99.999%) at 523 K. This preparation
method39 yielded a continuous, stoichiometric CeO2(111) film
with a thickness of 1.2 nm as determined from the attenuation
of the Cu 2p3/2 intensity. In the next step, the mixed Pt–CeO2

films were prepared by means of simultaneous PVD of Ce
and Pt (Goodfellow, 99.99%) metals in an oxygen atmosphere
( pO2

= 5 � 10�5 Pa) onto the CeO2(111)/Cu(111) at 110 K. The
low deposition temperature results in a growth of Pt–CeO2

nanoparticles on the CeO2(111) film.5

The Pt concentration of 12% and 25% in the volume of the
mixed layers was achieved by using Pt/Ce deposition rate ratios
of 1/7 and 1/3, respectively. The deposition rate ratios were
determined from the ratios of nominal thicknesses of Pt to
CeO2 deposited during the same period of time. Both Pt–CeO2/
CeO2(111) samples maintained a nominal thickness of the
Pt–CeO2 layer of 0.3 nm.

During the course of experiments, both Pt–CeO2/CeO2(111)
samples were annealed at different temperatures for 5 min
followed by cooling to 110 K. At 110 K, the Pt–CeO2/CeO2(111)
samples were exposed to 50 L of CO (Linde 99.98%). Additionally,
a reference Pt-free CeO2 thin film was deposited by PVD of Ce in
an oxygen atmosphere ( pO2

= 5 � 10�5 Pa) onto the CeO2(111)/
Cu(111) surface at 110 K. The thickness of the Pt-free CeO2 thin
film was 0.4 nm.

The C 1s, O 1s, and Pt 4f spectra were acquired with photon
energies of 410, 650, and 180 eV, respectively. The binding
energies in the spectra acquired with synchrotron radiation
were calibrated with respect to the Fermi level. Additionally,
Al Ka radiation (1486.6 eV) was used to measure O 1s, C 1s, Ce
3d, Pt 4f, and Cu 2p3/2 core levels. All spectra were acquired at
constant pass energy and at an emission angle for the photo-
electrons of 201 or 01 with respect to the sample normal, while
using the X-ray source or synchrotron radiation, respectively.
All spectral components were fitted with a Voigt profile. Pt 4f
spectra were fitted by doublet peaks with a spin orbit split of
3.3 eV and a fixed branching ratio of 1.33. Cu 3p spectra were
fitted by a doublet with a fixed spin orbit splitting of 2.42 eV and
a fixed branching ratio of 2. A Shirley background was subtracted
before fitting C 1s spectra, whereas a combination of a linear and
Shirley background was subtracted from Pt 4f spectra.

Valence band spectra were acquired at three different photon
energies, 121.4, 124.8, and 115.0 eV, that correspond to the
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resonant enhancements in Ce3+, Ce4+ ions, and to off-resonance
conditions, respectively. Analysis of the spectra obtained with
these photon energies forms the basis of RPES.32,40 The ratio
between the corresponding resonant intensities, D(Ce3+)/D(Ce4+),
is a direct measure of the degree of reduction of cerium oxide. All
SRPES data were processed using KolXPD fitting software.41

The values of total spectral resolution were 1 eV (Al Ka),
200 meV (hn = 115–180 eV), 400 meV (hn = 410 eV) and 650 meV
(hn = 650 eV). During the experiment, the sample temperature was
controlled by a DC power supply passing a current through
Ta wires holding the sample. Temperatures were monitored by
a K-type thermocouple attached to the back of the sample.

3. Results and discussion
3.1 The adsorption of CO on a Pt-free CeO2 reference sample

C 1s spectra obtained from the reference Pt-free CeO2 sample
are presented in Fig. 1a. The sample was annealed to different
temperatures, cooled again to 110 K and exposed to 50 L CO.
For each annealing temperature we show a spectrum taken
before (black) and after (green) CO exposure. The C 1s spectrum
from the as-prepared sample exhibits three peaks at 289.4 (A),
291.2 (B), and 285.0 eV (E) (top, black).

Exposure to 50 L of CO results in an increase of the peak (B) but
has almost no influence on the intensities of peaks (A) and (E).
Annealing of the sample to 150 K results in the decomposition of
the species associated with peak (B) but has no effect on peaks (A)
and (E). Subsequent cooling to 110 K and exposure to 50 L CO
results in the re-appearance of peak (B). The intensities of the
peaks (A) and (B) gradually decrease during subsequent annealing
to higher temperatures and CO exposure. After annealing to 300 K,
two new peaks emerge at 290.5 (C) and 288.0 (D).

Selected C 1s spectra showing the fitted components (A–E)
are shown in Fig. 1b. Fig. 1c shows the evolution of the integrated
C 1s intensities of peaks (A–D) as a function of annealing
temperature.

Based on their binding energies the peaks (A–C) can be
assigned to carbonates adsorbed at different surface sites on
CeO2.23,37,42,43 A tentative assignment can be given based on the
DFT study by Vayssilov et al.28 According to this work, carbonates
are formed on the CeO2 nanoparticles predominantly in bidentate
and tridentate configurations. The bidentate geometry, denoted
by Vayssilov et al. as (1.30),28 is obtained by binding a CO3

2� entity
to three Ce ions via one singly-coordinated and one threefold-
coordinated oxygen atoms. Threefold-coordinated oxygen sites
exist on {111} and {110} facets while {100} facets expose only
twofold-coordinated oxygen sites. Therefore, we assume that
bidentate carbonates may form at the defect sites (e.g. steps or
edges) on {111} or {110} facets. DFT predicts a rather low
stability of the bidentate carbonate which would be consistent
with the disappearance of peak (B) at temperatures as low as 150 K.
Alternatively, peak (B) could be assigned to physisorbed CO2.
However, the binding energy of physisorbed CO2 on CeO2(111)
and CeO2(100) surfaces was reported to be 292 eV, which is higher
than the binding energy of peak (B) (291.2 eV).32,44

Following the work of Vayssilov et al.,28 the peaks (A) and (C)
can be associated with more stable carbonate species adsorbed
in tridentate geometry. From the three geometries suggested by

Fig. 1 (a) C 1s spectra obtained from a Pt-free CeO2 film prepared at
110 K on CeO2(111)/Cu(111) annealed at different temperatures (black) and
exposed to 50 L of CO at 110 K (green); (b) C 1s spectra obtained from a
Pt-free CeO2 film after annealing to 750 K (black) and exposure to 50 L of
CO (green) fitted with components (A–E); (c) Integrated C 1s intensities of
the components (A–D) as a function of temperature. The ball and stick
models illustrate possible structures of the species (A–D) on Pt-free CeO2

film. The carbonate (C) and carbonate (D) species form by insertion into
oxygen vacancy (dashed circle).
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Vayssilov et al.,28 the species denoted as (1.21), i.e. the one that
binds to three cerium cations via one twofold-coordinated and
two singly-coordinated oxygen atoms, is formed near oxygen
vacancies. The onset of partial reduction of Pt-free CeO2 film
detected by RPES above 300 K (data not shown) coincides with
the emergence of peak (C). Therefore, we may tentatively attribute
peak (C) to this type of carbonate.

Peak (A) could then be associated with one or both of the
remaining tridentate geometries. The first species, denoted
(1.2.1),28 binds to two cerium cations via one twofold-coordinated
and two singly-coordinated oxygen atoms. The second carbonate,
denoted (1.3.1),28 binds to three cerium cations via one threefold-
coordinated and two singly-coordinated oxygen atoms. Albrecht
et al.23 reported tridentate carbonate species with a binding energy
of 290.2 eV on a flat CeO2(100) surface (exposing twofold-
coordinated oxygen sites). On the other hand, the carbonates
formed upon CO2 adsorption at low temperature on a flat
CeO2(111) surface (exposing threefold-coordinated oxygen sites)
have been reported to have a binding energy of 290 eV.42 It is
clear that carbonate species formed on different sites of stoichio-
metric CeO2 surfaces cannot be reliably resolved by SRPES.

The assignment of the species associated with peak (D) is
not straightforward. The binding energy of peak (D) (288.0 eV)
is lower than the values typically reported for carbonates
(289–291 eV)23,37,42 and higher than those of inorganic carboxylates
(286–287 eV) formed by CO2 adsorption.37,44 The species asso-
ciated with peak (D) are definitely related to the presence of oxygen
vacancies and Ce3+ cations. One possibility would be to assign the
corresponding species to a surface carbonite, (CO2

2�), species.24

These species have been identified on reduced ceria after CO
adsorption at room temperature.24

Finally, we assign the weak peak (E) at 285 eV to traces of
atomic carbon on the ceria surface formed during preparation
of the sample.44 This species vanishes from the surface after
annealing to temperatures higher than 400 K. The intensity of this
species does not increase during annealing and CO adsorption
cycles, which means that CO does not dissociate on the Pt-free
CeO2 surface under the present experimental conditions.

The changes in the morphology of the reference sample
induced by stepwise annealing are related to the abundance of
the adsorption sites that are associated with the peaks (A–D).
We observe that the number of sites associated with the peaks
(A) and (B) gradually decreases while new sites associated with
the peaks (C) and (D) are formed at 300 K. However, the total
density of adsorption sites decreases (see Fig. 1c). This observa-
tion indicates substantial restructuring of the film, most likely,
related to surface coarsening and formation of CeO2 particles
with larger, flat facets that are less reactive towards CO.

It is noteworthy that stepwise annealing of the sample to
750 K results in a gradual shift of the peaks (A–D) to higher
binding energies. This is likely to be caused by progressive
reduction of cerium oxide during the course of the experiment.

3.2 The adsorption of CO on a 12% Pt–CeO2 mixed oxide

Co-deposition of Ce and Pt in an oxygen atmosphere yields
atomically dispersed Pt2+ and Pt4+ ions in a Pt–CeO2 mixed

oxide thin film.5 The Pt 4f spectrum obtained from an
as-prepared 12% Pt–CeO2 film is shown in Fig. 2a (top,
black) and 2b (bottom, black). The spectrum contains two
spin–orbit doublets at binding energies of the 4f7/2 components

Fig. 2 (a) Pt 4f spectra obtained from a 12% Pt–CeO2 film prepared at
110 K on CeO2(111)/Cu(111) annealed at different temperatures (black) and
exposed to 50 L of CO at 110 K (green); (b) Pt 4f spectra obtained from an
as-prepared 12% Pt–CeO2 film (black) and after exposure to 50 L of CO
(green) fitted with components (I–II); (c) Integrated Pt 4f intensities of the
components (I–III) as a function of temperature.
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at 72.8 (I) and 74 eV (II) associated with Pt2+ and Pt4+ ions,
respectively.5

C 1s spectra obtained from the 12% Pt–CeO2 film after
annealing to different temperatures are shown in Fig. 3a, before
(black) and after (green) exposure to 50 L of CO at 110 K.

The C 1s spectrum obtained from the as-prepared sample (top,
black) consists of three peaks located at 289.3 (A), 291.3 (B),
287.8 eV (D), and a weak feature at 284.7 eV (E). These reveal a
striking similarity to the reference Pt-free CeO2 sample (Fig. 1a)
discussed in Section 3.1. The only difference between the two
samples is the appearance of peak (D) on the 12% Pt–CeO2 film
sample, which is detectable right from the start of the annealing
series. Similar to the Pt-free CeO2 reference sample we assign the
peaks (A) and (B) to tridentate and bidentate carbonates, respec-
tively. The small peak (E) is attributed to atomic carbon. Peak (D) is
associated with the surface carbonite, related to the presence of Ce3+

cations. As detected by RPES, formation of Pt2+ ions is associated
with partial reduction of the ceria cations.5 It is noteworthy that on
the as-prepared surface, peak (D) is not accompanied by peak (C) as
in the case of the Pt-free CeO2 film. This implies that the Ce3+

associated with the carbonite formation and the oxygen vacancies
associated with the formation of the tridentate carbonate at vacancy
sites are independent processes, i.e. they do not occur at the same
sites. The emergence of peak (C) (291.0 eV) at 400 K is associated
with formation of oxygen vacancies upon restructuring of the
Pt–CeO2 film.

A selected C 1s spectrum with fitted components (A–E) is
shown in Fig. 3b. The development of the intensities of
components (A–D) is shown in Fig. 3c. Similar to the Pt-free
reference sample, we observed a decrease in the total number
of adsorption sites on the 12% Pt–CeO2 film upon annealing.

The fact that the same species are formed on both Pt-free
CeO2 and 12% Pt–CeO2 suggests that the species formed on
these surfaces are related to cerium and oxygen sites. Also,
comparison of the Pt 4f spectra before and after CO adsorption
at 110 K (see Fig. 2a) does not reveal any noticeable attenuation
or shift of Pt2+ and Pt4+ signals. These observations suggest that
CO does not adsorb on either Pt2+ or Pt4+ ions under the present
experimental conditions.

Above 300 K, Pt4+ is quantitatively transformed into Pt2+. The
Pt2+ ions demonstrate a high thermal stability, even upon
annealing to 750 K. According to our earlier studies, the Pt2+

ions are located in {100} nanopockets, where they resist both
sintering and diffusion into deeper layers.5

Similar to Pt-free CeO2, annealing of the 12% Pt–CeO2 film
above 400 K results in restructuring of the film. At 400 K, a new
weak and broad doublet emerges in the Pt 4f region at 75 eV (III)
due to a contribution from the Cu 3p core level. The detection of
the Cu 3p signal from the Cu(111) substrate indicates restructuring
of the 12% Pt–CeO2 film, e.g. coarsening of the film similar to the
Pt-free CeO2 film discussed above. We note that the integrated
intensity of the Cu 3p peak (III) after annealing at 750 K is smaller
than that detected on the CeO2(111)/Cu(111) buffer layer prior to
deposition of the 12% Pt–CeO2 film. Therefore, we assume that
restructuring of the 12% Pt–CeO2 film does not have a large effect
on the CeO2(111) buffer layer.

3.3 The adsorption of CO on a 25% Pt–CeO2 mixed oxide

The Pt 4f spectrum obtained from the as-prepared 25% Pt–CeO2

mixed oxide is shown in Fig. 4a (top, black). It contains two
spin–orbit doublets at 72.5 (I) and 73.9 eV (II) associated with

Fig. 3 (a) C 1s spectra obtained from a 12% Pt–CeO2 film prepared at
110 K on CeO2(111)/Cu(111) annealed at different temperatures (black) and
exposed to 50 L of CO at 110 K (green); (b) C 1s spectra obtained from the
12% Pt–CeO2 film after annealing to 750 K (black) and exposure to 50 L of
CO (green) fitted with components (A–E); (c) Integrated C 1s intensities of
the components (A–D) as a function of temperature.
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Pt2+ and Pt4+, respectively. Similar to the 12% Pt–CeO2 film, Pt4+

is converted into Pt2+ upon annealing of the 25% Pt–CeO2 film
to 350 K.

The C 1s spectra obtained from the 25% Pt–CeO2 film
after annealing to different temperatures are shown in Fig. 5a,

before and after the exposure to 50 L of CO at 110 K. Similar to
the 12% Pt–CeO2 film, we find peaks at 291.3 (B), 289.3 (A),
287.8 (D) and 284.7 eV (E). Peak (C) at 291 eV and a new peak (F)

Fig. 4 (a) Pt 4f spectra obtained from a 25% Pt–CeO2 film prepared at
110 K on CeO2(111)/Cu(111) annealed at different temperatures (black) and
exposed to 50 L of CO at 110 K (green); (b) Pt 4f spectra obtained from the
25% Pt–CeO2 film annealed at 750 K (black) and after exposure to 50 L of
CO (green) fitted with components (I–V); (c) Integrated Pt 4f intensities of
the components (I–V) as a function of temperature.

Fig. 5 (a) C 1s spectra obtained from a 25% Pt–CeO2 film prepared at
110 K on CeO2(111)/Cu(111) annealed at different temperatures (black) and
exposed to 50 L of CO at 110 K (green); (b) C 1s spectra obtained from the
25% Pt–CeO2 film after annealing to 750 K (black) and exposure to 50 L of
CO (green) fitted with components (A–F); (c) Integrated C 1s intensities of
the components (A–F) as a function of temperature. The ball and stick
model illustrates the adsorption of the CO molecule in on-top geometry
on a Pt particle.
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at 286.9 eV emerge between 350 and 400 K. The C 1s spectrum
with all fitted peaks is shown in Fig. 5b. The evolution of the
corresponding intensities is plotted in Fig. 5c as a function of
annealing temperature.

We assigned the species associated with the peaks (A–D) in
Sections 3.1 and 3.2. Briefly, peak (B) was attributed to a
bidentate carbonate, peak (A) to a tridentate carbonate, peak
(C) to a tridentate carbonate near an oxygen vacancy, and peak
(D) to a carbonite species formed in the presence of Ce3+. It is
noteworthy that the amount of carbonite species (D) detected
on the as-prepared 25% Pt–CeO2 is higher than on the 12%
Pt–CeO2 film. This is consistent with the higher concentration
of Pt which also leads to a greater concentration of Ce3+ in the
25% Pt–CeO2 film.

Further differences related to the higher Pt metal loading in
the 25% Pt–CeO2 film become apparent in the C 1s spectra after
annealing above 300 K. Specifically, we observe the emergence
of a new peak (F) at 286.9 eV above 350 K (see Fig. 5a). The
intensity of this peak gradually gains intensity in the following
annealing cycles.

The emergence of peak (F) in the C 1s spectra coincides with
the occurrence of the new peak (IV) at 71.0–71.3 eV in the Pt 4f
spectra after annealing of the film above 300 K. We note that
the intensity of peak (IV) is attenuated upon CO adsorption at
110 K (compare Pt 4f spectra before and after CO adsorption,
Fig. 4a). The attenuation correlates with the emergence of a
second new peak (V) at 71.9 eV in the Pt 4f spectra after CO
exposure. Thus we can attribute these spectral changes to the
adsorption of CO on new Pt sites formed upon annealing.

From its binding energy, we attribute peak (IV) in the Pt 4f
region 71.0–71.3 eV to metallic Pt particles. The binding energy
of peak (F) in the C 1s region is consistent with assignment to
CO adsorbed at on-top sites on metallic Pt particles.33–36

Furthermore, the occurrence of peak (V) as a shifted compo-
nent of peak (IV) is consistent with the core level shift due to CO
adsorption.35,36 In Fig. 4c, the summed intensities of the peaks
(IV) and (V) characterize a growth of Pt particles during annealing.

Apparently, the observed reduction of Pt2+ to metallic Pt
particles is associated with a massive restructuring of the 25%
Pt–CeO2 film. According to the development of C 1s intensities,
the onset of peak (C), which indicates restructuring of the 25%
Pt–CeO2 film, takes place above 300 K. The appearance of peak
(III) at 75 eV associated with Cu 3p is also consistent with the
coarsening of the Pt–CeO2 film. Unlike on the 12% Pt–CeO2

film, however, the integrated intensity of the Cu 3p peak (III)
after annealing at 750 K is larger than that detected on the
CeO2(111)/Cu(111) buffer layer prior to deposition of the 25%
Pt–CeO2 film. This observation indicates that the CeO2(111)
buffer layer also undergoes restructuring upon annealing of the
25% Pt–CeO2 film. Interestingly, the onset of restructuring
coincides with the appearance of peak (F) associated with CO
adsorbed on Pt particles.

Note that metallic Pt particles do not form on the sample
with low metal loading, the 12% Pt–CeO2 film. Consequently,
we conclude that the decrease of the limited density of {100}
sites suitable for anchoring Pt2+ triggers the formation of

metallic Pt particles upon thermally activated restructuring of
the Pt–CeO2 film.

4. Conclusions

The morphology and composition of Pt–CeO2 mixed oxide films
prepared on a well-ordered CeO2(111) buffer layer on Cu(111)
have been studied by means of synchrotron radiation photo-
electron spectroscopy. CO has been used as a probe to monitor
the development of the surface composition and sites that are
exposed upon stepwise annealing of the Pt–CeO2 mixed oxide
films in UHV. The surface species formed upon CO adsorption
on Pt–CeO2 mixed oxides and Pt-free CeO2 films have been
attributed to specific surface sites and their development has
been monitored.

(1) The Pt-free nanostructured CeO2 film prepared at 110 K on a
well-ordered CeO2(111) buffer layer initially contains exclusively
Ce4+ cations. Its surface structure allows the formation of tridentate
and bidentate carbonates associated with the peaks at 289.4 and
291.2 eV in C 1s spectra, respectively. Restructuring of the film
occurs above 300 K and gives rise to a partial reduction of the
cerium oxide accompanied by the formation of oxygen vacancies.
On the restructured film, a peak at 290.5 eV indicates the formation
of tridentate carbonates formed near oxygen vacancies. At the same
time carbonite species are formed near Ce3+ cations as indicated by
a peak at 288.0 eV.

(2) On the CeO2(111) buffer layer, Pt–CeO2 mixed oxide films
were prepared at 110 K with Pt concentration of 12% and 25%,
respectively. As prepared systems contain Pt2+, Pt4+, Ce4+ and
Ce3+. The presence of Ce3+ is connected to a partial reduction of
cerium oxide upon reaction with Pt during preparation. Upon
annealing above 300 K, Pt4+ cations are converted to Pt2+. The
formation of carbonite species is not associated with the forma-
tion of the tridentate carbonate species at oxygen vacancies
suggesting that the two species are formed at different sites.

(3) CO adsorption on the 12% Pt–CeO2 mixed oxide film,
independent of the annealing temperature (110 to 750 K) does not
yield any adsorbed surface species other than those observed for
the Pt-free reference system. This implies that CO does not adsorb
on Pt2+ or on Pt4+ sites under UHV conditions at temperatures
down to 110 K.

(4) The morphological changes induced by the annealing of
the 12% and 25% Pt–CeO2 mixed oxide are similar to the Pt-free
CeO2 film and occur above 300 K. At high Pt concentration (25%
Pt–CeO2 mixed oxide) however, restructuring triggers reduction of
Pt2+ to metallic Pt particles. The formation of metallic Pt particles
gives rise to a new peak in the C 1s spectra characteristic of
molecular CO adsorption.
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