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ABSTRACT: A detailed atomic scale description of the interfaces between cerium oxide

and metals is necessary for a clear understanding of interfacial interactions, and it may

open the way to the optimization of the properties of the combined material in view of its

applications. In this study the interface between cerium oxide epitaxial films and the (111)

surface of platinum is studied by aberration-corrected scanning transmission electron

microscopy and by ab initio density functional theory calculations. Local modifications

of the registry between the cerium oxide and platinum lattices and the occurrence of

nanometric platinum islands at the interface are detected by high-angle annular dark field

imaging. Moreover, the preferential adsorption sites of Ce and O atoms at the interface

are determined by comparison of the images acquired in annular bright-field mode and

the results of density functional theory calculations. The presence of a non-negligible

concentration of Ce3+ ions at the interface is detected by electron energy loss spectroscopy

and it is rationalized in terms of interfacial charge transfer as evidenced by the calculations.

This work provides an insight into the atomic and electronic structure of the technologically

relevant CeO2/Pt interface and it helps to clarify the properties of the combined material.

1. Introduction

Materials that combine metal nanoparticles and cerium oxide
have shown to be very active in a number of catalytic reactions,
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not only due to the individual properties of the metal particles
and the oxide, but also for the peculiar properties arising from
interfacial interactions. In other words, the atomic scale contact
between the metal and the oxide support generates a material
that is different from the mere combination of the two. It is even
possible to design catalysts with enhanced metal/oxide inter-
action by maximizing the interfacial sites, thereby improving
also the activity, stability, and selectivity toward a number of
reactions.[1–3] For example, the performance of cerium oxide
combined with platinum nanoparticles toward the water-gas-
shift reaction can be significantly increased using suitably engi-
neered core–shell nanoparticles.[1] In a recent study, Cargnello
et al. designed Pd@CeO2 core–shell particles with a much
higher reactivity toward methane conversion at lower temper-
atures with respect to catalysts made only of Pd or cerium
oxide.[3]

It is therefore extremely important to investigate the atomic
scale details of the interface between cerium oxide and noble
metals, to have more insight into the nature of their interaction,
and to understand the origin of the different properties, also
in view of their optimization for the applications. The use of
model systems simplifies the task, allowing one to investigate
the fundamental properties on systems which are less complex
than real materials.
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Since the (111) surface is the most stable one for cerium
oxide,[4] a large number of studies have focused on the growth
and properties of model systems in the form of CeO2 films with
(111) orientation supported on metal surfaces with threefold
symmetry, like (111) fcc and (0001) hcp metal surfaces.[5–12]

In spite of the significant lattice parameter mismatch be-
tween most metal surfaces with threefold symmetry and the
CeO2(111) surface (30%–40%), good quality epitaxial cerium
oxide films with the fluorite structure and atomically flat
terraces have been obtained.[7–12] Interesting properties of
metal/cerium oxide interfaces are evident when the oxide film
is ultrathin, i.e., below ≈1 nm thickness, where metastable
phases with peculiar properties have been stabilized.[13–15] For
example, Castellarin-Cudia et al.[13] showed that reduced ultra-
thin ceria films on Rh(111) present an ordered pattern of O
vacancies, probably stabilized by the interaction with the sub-
strate, which spatially modulates the oxygen vacancy formation
energy within the coincidence cell. A single layer of cerium ox-Q2
ide grown on a Cu(111) substrate was reported to form a (2 ×

2) array of interfacial oxygen vacancies[14] and on the same sub-
strate, using a specific growth procedure, a metastable cubic
Ce2O3 phase in the form of a thin film has been stabilized.[15]

For 1 monolayer (ML) thick cerium oxide films on Pt(111) den-
sity functional theory (DFT) calculations identified different
local interfacial bond lengths and a significant charge redistri-
bution between the substrate Pt atoms and the Ce and O atoms
of the oxide overlayer.[16]

Our previous studies of cerium oxide ultrathin epitaxial
films on Pt(111) surfaces evidenced the presence of platinum
oxide islands at the interface, which could mediate the epi-
taxial growth of the cerium oxide layer.[12] Furthermore, we
determined that ultrathin CeO2 layers have the fluorite struc-
ture with an in-plane contraction, ascribed to the formation of
a 3:4 coincidence lattice with the substrate—i.e., to the match-
ing of three oxide surface unit cells and four Pt surface unit
cells, and that the contraction is released in thicker films.[17] Af-
ter vacuum thermal treatments, we observed the formation of
highly reduced phases with peculiar surface reconstructions,
possibly also stabilized by the presence of the Pt substrate,
and we showed that the highly reduced phases can be easily
reoxidized.[18]

In this work we report a study of the structure and charge
configuration of the interface between cerium oxide and plat-
inum, performed by aberration-corrected scanning transmis-
sion electron microscopy (STEM) and electron energy loss
spectroscopy (EELS), combined with DFT+U calculations. The
combination of high-resolution STEM measurements, to get
insight into the atomic scale structure and chemistry of a buried
interface—not easily accessible with other techniques, with a
correct modeling of the system allowed us to clarify important
aspects that determine the nature of the interaction between the
two materials. In particular this work shows that a definite—
though locally variable—registering is established between the
oxide and the metal, it determines the preferential absorption
geometry for the oxide and it explains why a significant fraction
of interfacial cerium ions are reduced.

Figure 1. Cross sectional HAADF image of the CeO2/Pt(111)
interface along the [110] zone axis. The blue lines indicate the
interface coincidence registry that varies locally from 3:4 to 2:3
and 5:7. The red rectangle indicates an interfacial region with the
periodicity of Pt atomic rows and a lower contrast, comparable
to the one in the CeO2 layer.

2. Results

Figure 1 shows a representative high-angle annular dark-field
(HAADF) image of the interface along the [110] zone axis. The
low density of defects and the sharpness of the bright features
in the CeO2 region is an indication of the good structural qual-
ity of the film. The symmetry and interatomic distances are
compatible with the bulk fluorite structure in the (111) growth
orientation. Different in-plane orientations between the sub-
strate and the overlayer, ascribed to cerium oxide (111) domains
rotated by 180◦ with respect to each other, have been detected
in different areas of the interface (see Figure S1, Supporting
Information). The atomic scale details of the interface can be
clearly detected and the interfacial registry between cerium
oxide and platinum can be precisely determined. Some coin-
cidence cells are highlighted by the blue lines in Figure 1. A
statistical analysis of the sizes of the coincidence cells showed
that the registering changes locally from 3:4 to 2:3 and 5:7
without a preferential coincidence cell size. The three config-
urations imply different in-plane local strain for the cerium
oxide interfacial layer, namely, a 3.3% compressive strain for
the 3:4 coincidence, an 8.8% and a 1.5% expansive strain for
the 2:3 and 5:7 coincidence structures, respectively.

In some areas of the sample, such as the one enclosed by
a red rectangle in Figure 1, it is possible to identify an in-
terfacial layer that has the periodicity of the atoms of the Pt
substrate and a much lower contrast, closer to the one showed
by the columns of the cerium oxide layer. Such areas extend up
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Figure 2. Cross sectional HAADF images of the CeO2/Pt(111)
interface: a) along the [110] zone axis and b) along the [112] zone
axis. Simulated images, obtained using the atomic positions of
the model after structural relaxation, are shown in (c) and (d).
An interfacial layer with the same periodicity as Pt and a much
lower contrast can be identified.

to ≈10 nm and they are typically separated by several tens of
nanometers. To have more information on the origin of the dif-
ferent interfacial contrast HAADF images were acquired along
the [110] and [112] zone axes in regions in which the different
contrast is very evident and compared by simulated HAADF
images obtained using the atomic positions of the model after
structural relaxation (Figure 2). A good agreement in terms
of contrast and periodicity of the interface layer was obtained
assuming a model in which the interfacial layer contains both
CeO2 and Pt in roughly the same percentage. More precisely,
the contrast modification originates from the presence of CeO2

and Pt stacked along the view direction, and it is ascribed to the
formation of platinum oxide islands of single layer thickness on
the Pt surface, already observed in ref. [12]. Since the intensity of
each interfacial spot is related to the number of Pt atoms along
the [110] direction,[19] information on the 2D size and on the
shape of the interfacial islands can be obtained from the spot
intensity profile along the interfacial layer, as shown in Figure
3. A similar approach has shown to give reliable results also for
the reconstruction of the 3D shape of nanoparticles.[20–23] If we
assume for example an approximate mirror symmetry of the
island, we are able to extract the 2D shape of the island. An ex-
ample of an interfacial island constructed using this method is
shown in Figure 3c. Its shape and size are well compatible with
the islands observed by STM and ascribed to PtO2 formation,
which mediates the CeO2/Pt(111) epitaxy.[12]

Q3
To have more insight into the interaction between CeO2

and Pt it is very important to determine the preferential ad-
sorption geometry. To this aim we have calculated the relaxed
atomic structures in the three different interface configurations
as shown in Figure 4, Oi-top, Ce-top, and Os-top (see the Ex-
perimental Section), assuming the 3:4 interface coincidence.
Although the differences in energy of the three configurations
after structural relaxation are quite small, the Oi-top configu-
ration results in slightly more stable than the Ce-top and the

Figure 3. a) HAADF image of the CeO2/Pt interface along
the [112] zone axis. b) Left: intensity profile of the interfacial
spots (dots) and smoothed intensity profile (line); right: island
shape obtained from the smoothed intensity profile assuming
a mirror symmetry. c) 3D view of the interfacial island obtained
by STEM CELL using the smoothed spot intensity profile.

Os-top (1E(Ce-top)-(Oi-top) = 9.1 meV, 1E(Os-top)-(Oi-top) = 22.8 meV
per interfacial CeO2 unit). The higher stability of the Oi-top
configuration can be explained by considering the bonds be-
tween Pt and O atoms at the interface. The three configurations
differ in the average length of interfacial Pt-O bonds. In par-
ticular, the number of Pt-O bonds shorter than 2.2 Å within
the supercell is 7, 6, and 4 for the Oi-top, Ce-top, and Os-top
configurations, respectively. Therefore, the stability of the Oi-
top configuration is linked to the stronger bonding between
Pt and O atoms at the interface. The shortest O bonds are ob-
tained through a rumpling of 0.3 Å of the interfacial Pt atoms
toward the cerium oxide layer. The distance between the aver-
age position of Pt atoms in the topmost substrate plane and the
average position of Ce atoms in the interfacial layer is compara-
ble (and amounts to 3.07–3.10 Å) for the three configurations
(Figure 5). Notice that dispersion forces are not included in
the calculations and that for this reason these distances can be

Adv. Mater. Int. 2015, 00, 3–9 c© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 3
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Figure 4. Top: top view of the three different interfacial con-
figurations assumed in the calculations. Only a single Pt layer
and the interfacial O-Ce-O trilayer are shown. The Pt atoms are
sketched in gray, the interfacial O atoms in red, the Ce atoms
in blue, and the O atoms in the third atomic layer in green.
Bottom: side view of the three configurations shown in the top
part.

slightly overestimated. The Ce–Ce interplanar distance in the
oxide film is slightly increased compared to the interfacial layer
(Figure 5). These values have been compared with the value of
the lattice strain perpendicular to the interface, calculated ex-
perimentally from the HAADF-STEM images (Figure 5). The
interplanar distance along the growth direction, measured on
five different images, shows a substantial increase at the in-
terface and a slight decrease in the cerium oxide film (Figure
5). The agreement between the calculated and experimental
interplanar distances is good within the oxide film, where the
values obtained from the experimental images are compatible
with the ones calculated by theory, and with the value calcu-
lated for an unsupported 6 ML oxide film (Figure 5). At the
interface the slight discrepancy between the theoretical and ex-
perimental distances can be ascribed to the fact that the model
considers only the 3:4 coincidence, while in the real system
the epitaxy is more complex and the defects concentrate at the
interface, together with the lack of dispersion forces in the DFT
calculations.

To have more information on the interfacial configuration
assumed by the cerium oxide film, we collected annular bright-
field (ABF) images and HAADF images, which allow us to
visualize light and heavy atoms in the structure[24, 25], and we
compared them with image simulations using the atomic posi-
tions obtained from the calculations after structural relaxation.
The simulated STEM images of the interface in the three geo-
metric configurations are very similar if the HAADF imaging
mode is used (see Figure S2, Supporting Information). A typi-
cal ABF image obtained is shown in Figure 6a. The contrast has
been inverted to make it more similar to HAADF mode where
atomic columns appear bright. In the cerium oxide layer the
spots are more structured than in the images acquired in the
HAADF mode, very likely due to scattering from O atoms, al-
though, since the image formation process in the ABF mode

Figure 5. Strain perpendicular to the interface evaluated from
HAADF images (blue dots) and from the theoretical model in
the three interfacial configurations (solid lines). The strain is
normalized to the Pt interplanar distance and plotted as a func-
tion of the number of layers (0 represents the position of the
last Pt layer). The red dashed line indicates the value of the in-
teratomic distance calculated for an unsupported 6 ML cerium
oxide film.

is quite complex, the observed features cannot be simply and
directly related to the position of the oxygen columns. The sim-
ulations show indeed that the peaks in inverted ABF images are
related to both Ce and O position in CeO2. In particular, in the
experimental ABF image the interfacial layer shows periodic
triangular symmetric features (marked by the white ellipses in
Figure 6a). At the interface, where a superposition of Pt, O,
and Ce atom columns is present, it is even more difficult to
univocally attribute a feature in the image to a single atomic
species (see Figure S3, Supporting Information), however the
observed features can be compared to the simulated images.
In fact, this image mode is affected by strong contrast change
with parameters as thickness and defocus, and requires a work
of extensive simulation for correct image interpretation. We
found however a large region of parameters where the main
contrast features appeared very similar to the experimental
image. To properly compare the experimental and simulated
images, 3:4 coincidence regions have been highlighted in the
experimental image by yellow lines. The ABF simulated im-
ages show symmetric interfacial features for the Oi-top and
Os-top configurations (white ellipses in Figure 6c,d), while for
the Ce-top configuration a clear asymmetric feature is observed
(red ellipse in Figure 6b). Based on this comparison, we can
exclude the Ce-top configuration from the possible interfacial
configurations assumed by the system.

The calculations also evidence no net charge at the interface
for these configurations. The small computed negative charge
on the Pt substrate amounts to −0.15 e per unit cell, resulting

4 wileyonlinelibrary.com c© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. Int. 2015, 00, 4–9



admi201500375.xml Generated by PXE using XMLPublishSM September 24, 2015 19:4 APT: WF JID: ADMI
F

u
llP

ap
er

Author Proofwww.AdvMatInterfaces@wiley-vch.de

Figure 6. a) Inverted ABF-STEM image of the CeO2/Pt(111)
interface measured along the [110] zone axis and simulated
images in b) the Ce-top, c) the Oi-top, and d) the Os-top con-
figurations. 3:4 coincidence areas are evidenced by yellow lines
in the experimental and simulated images. The white ellipse in
(a), (c), and (d) highlights a symmetric interfacial feature, while
the red one in (b) highlights an asymmetric feature.

in a small positive charge in the oxide (+0.02 e/CeO2). Notably,
we observed a modulated charge redistribution, in particular
in the Pt interfacial layer. The Pt atoms involved in the shortest
bonds with O are partly oxidized and show a positive charge
of +0.10 e per atom, while the other Pt atoms carry a nega-
tive charge of −0.13 e per atom. Sizeable charge redistribution
also occurs inside the oxide film. Indeed, the interfacial oxygen
atoms are less reduced (1q = +0.06 e/O), while the interfacial
Ce atoms get a transferred charge of 1q = −0.04 e, resulting
in an average negative charging of the interfacial Ce layer of
1.7%. These calculations, which neglect the effect of the tem-
perature, demonstrate that no spontaneous formation of Ce3+

takes place at the interface at low temperature. However, they
do not exclude that other configurations containing Ce3+ could
also be stable. To explore this possibility, we have recomputed
the Oi-top configuration starting from a film structure with
one of the nine Ce ions in the interfacial layer reduced to the

3+ state. This corresponds to an 11% average reduction of Ce
ions in the interfacial layer. After the geometry optimization,
this configuration maintains one electron in the Ce 4f states
as demonstrated by the spin density (Figure S4, Supporting
Information). Interestingly, this structure is essentially isoen-
ergetic with the Oi-top configuration (within 10 meV), although
a barrier separates the two. While further studies are needed
to explore the stability of different reduced configurations and
to evaluate the barrier, this result proves that, if the system has
enough energy to overcome the barrier, a fraction of Ce3+ ions
can be present at the interface with Pt.

Information on possible local modifications of cerium ox-
idation state at different distances from the interface was ob-
tained by collecting STEM-EELS spectrum images at the Ce
M4,5 edge. Figure 7a,b shows the HAADF signal and the cor-
responding Ce/Pt chemical map. In particular, the scale from
green to red indicates the increasing amount of Ce evaluated
from the total intensity of the M lines. In Figure 7c we show the
Ce3+ concentration map obtained by fitting the local M4,5 edge
with reference spectra from samples containing Ce only in 3+

(CeF3) and 4+ (CeO2) oxidation states, obtained from Turner et
al.[26] A non-negligible Ce3+ concentration is observed at the in-
terface layer, and it amounts to an average value of 15% ± 4%.
Figure 7d shows two representative Ce M4,5 edge EELS spectra
acquired at the interface and in the film bulk, respectively. The
interface spectrum (red line) is clearly shifted toward lower en-
ergy loss and has a higher M5 to M4 branching ratio compared
to the bulk one (blue line), as expected when the contribution
from Ce3+ ions has a more relevant weight.[26]

3. Discussion and Conclusions

This work demonstrates the potential of STEM-based imaging
and spectroscopic techniques, combined with DFT+U calcula-
tions, for the study of interfaces between two materials. This is
particularly important in systems as the one investigated here,
in which the atomic scale details of the interface are expected
to determine the properties of the combined material in the
applications. For the specific CeO2/Pt case, a complete picture
of the interface may help for example in designing systems
that contain only (or mainly) atoms in the active phases, thus
minimizing the amount of expensive noble metal employed in
the catalysts.

The investigation of a model epitaxial system has allowed us
to obtain a clear atomic scale picture of the interface between
cerium oxide and platinum, and it has helped us to clarify sev-
eral aspects of the interaction between the two materials. The
calculations have given information on the relative stability of
the different configurations and determined the relaxed atomic
positions, used as an input for a proper comparison between
measurements and simulated images. The sensitivity of ABF
imaging mode also to lighter elements has been effective in
discriminating the interfacial geometry assumed by the sys-
tem. The theoretical calculations in turn have shown that the
determinant parameter for the higher stability of the Oi-top
configuration is the higher number of short bonds between Pt
and O atoms. At variance with the result obtained in this study,

Adv. Mater. Int. 2015, 00, 5–9 c© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 5
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Figure 7. a) HAADF image of the CeO2/Pt(111) interface; b)
Ce/Pt chemical map obtained by STEM-EELS; c) map of Ce3+

concentration at the interface obtained by fitting the Ce M4,5

edge spectra with spectra from reference samples containing
Ce only in the 3+ (CeF3) and 4+ (CeO2) oxidation states; d) Ce
M4,5 edge spectra acquired at the interface (red line, average of
the spectra measured in the area enclosed by the red rectangle
in (c)) and in the CeO2 film bulk (blue line, average of the spectra
measured in the area enclosed by the blue rectangle in (c)).

Spiel et al. in a theoretical study on a single cerium oxide ML
on Pt(111) found the Os-top interfacial configuration to be the
most stable.[16] However, in the case of a single cerium oxide
layer, both the interface and the surface determine important
modifications of the atomic positions, which give origin to a
2D system with a structure which is very different from the
bulk or from thicker films.

Our previous studies showed that 2 ML thickness films
have the fluorite structure with an in-plane structural com-
pression of a few percent, compatible with the 3:4 coincidence
between CeO2 and Pt, which is released when the thickness of

the cerium oxide film is increased to 10 ML.[17] This work has
demonstrated that a local epitaxial relation is maintained also
when the film is several tens of atomic layers thick, although
the strain relaxation implies the formation of areas that show
also 2:3 and 5:7 local interfacial registries.

The evaluation of the interface charge configuration is cer-
tainly a crucial aspect to correctly describe the properties of the
combined cerium oxide/Pt system. In general, the presence of
Ce3+ ions in cerium oxide can be related to the formation of
oxygen vacancies and/or to charge transfer from neighboring
metal phases. In the present case of a buried interface between
a metal support and a cerium oxide film, grown in highly oxidiz-
ing conditions, we considered the formation of oxygen vacan-
cies rather unlikely and we examined the charge configuration
of the interface between the Pt surface and the stoichiometric
film. On model systems made of Pt nanoparticles supported
on CeO2, Vayssilov et al. found that the formation of Ce3+

ions is induced on the oxide, and they ascribed it to a charge
transfer from the metal nanoparticles to the support.[27] This
charge transfer is very relevant for the formation of the catalyt-
ically active Pt-O sites, which enhance the performance of the
Pt/CeO2 system.[28] The calculations exposed in this work help
us to get more insight into the factors that determine the charge
transfer from Pt to cerium oxide. In the epitaxial system with
3:4 coincidence, a modulated redistribution of charge is ob-
served at the epitaxial interface, without a net charge transfer.
Indeed, the formation of polar Pt-O bonds at the interface pro-
duces a positive charge on the involved Pt atoms. On the other
hand, the other interfacial Pt atoms bear a negative charge such
that the two effects compensate. However the calculations also
demonstrate that the reduction of a fraction of interfacial Ce is
possible, although the formation of localized interfacial Ce3+

ions implies an energy barrier.
The metal work function has been shown to determine the

charge transfer at the interface between ultrathin oxide films
supported on single crystalline metal surfaces.[29–31] There-
fore, the larger charge transfer reported between CeO2 films
and other metal supports, like Cu(111),[14, 31–33] Ag(111),[31] or
Au(111)[31], can be explained by considering the lower work
function of Cu, Ag, and Au compared to Pt. Moreover, the
value of the structural mismatch between the oxide and the
metal has been suggested to play a role in the stability of Ce3+

sites at the interface.[31] Being the mismatch larger in the case
of CeO2/Pt(111) than in the case of CeO2/Cu(111), this might
also explain the higher degree of reduction observed in cerium
oxide films on Cu(111) compared to Pt(111). The differences
in charge configuration at the CeO2/Pt(111) interface and in
Pt nanoparticles on CeO2

[27] allow us to further infer that the
specific electronic and atomic structures of very small particles
are essential in promoting the Pt-CeO2 charge transfer.

A non-negligible charge transfer from supported Ag
nanoparticles and Ag layers to cerium oxide films has also
been observed to take place.[34] Since the cerium oxide films
here investigated are covered by a thick Ag layer, we have con-
sidered the possibility of charge hopping from the Ag/CeO2 in-
terface to the CeO2/Pt(111). The barrier for electron hopping in
cerium oxide was measured[35] and confirmed theoretically[36]

to be ≈0.4 eV. Though the value of this barrier would allow

6 wileyonlinelibrary.com c© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. Int. 2015, 00, 6–9
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charge hopping at room temperature, a clear driving force for
electron migration through a 7 nm cerium oxide film from the
Ag/CeO2 interface to the CeO2/Pt could not be identified.

The possibility that some degree of reduction of Ce ions
can be induced by the high intensity and high energy electron
beam used for the STEM-EELS measurements has indeed been
considered. However, we believe that this effect does not con-
tribute significantly to the reduction observed at the CeO2/Pt
interface, since the oxidation state of Ce ions in the film bulk
results in being mainly 4+ across the scan. Furthermore, theQ4
presence of interfacial cerium ions evidenced experimentally
is corroborated by the theory, which demonstrated that Ce3+

ions in cerium oxide in proximity with platinum are stable.
In this study the quality of the HAADF-STEM images al-

lowed us also to obtain a tentative 3D picture of interfacial is-
lands, compatible with the one observed by scanning tunneling
microscopy in the case of ultrathin films.[12] With two images
in different directions it would have been possible to perform
a discrete tomography reconstruction with a less stringent a
priori assumption. However, the aim here was only to give a
reasonable approximation of the island shape. The appearance
of approximate facets demonstrates that the result is not far
from the one expected with an explicit energy minimization
constraint, and it confirms that the potential of STEM-based
techniques can be extended far beyond the mere 2D imaging
of interfacial cross sections.

In conclusion, this work reveals interesting aspects of the
atomic scale structure of the interfaces between cerium ox-
ide and platinum. Among these, the tendency for the atoms
in cerium oxide to adopt precise—though locally different—
matching with interfacial platinum atoms, the stabilization of
the adsorption geometry which maximizes the number of short
bonds between platinum and oxygen and the formation of Ce3+

ions at the interface between the oxide and the metal. These as-Q5
pects certainly determine the overall properties of the CeO2/Pt
system, making this study of interest also for understanding
related cerium oxide/metal systems.

4. Experimental SectionQ6

The interface investigated in this study was grown and char-
acterized in an ultrahigh vacuum system equipped with facili-
ties for substrate cleaning, growth by reactive molecular beam
epitaxy, in situ X-ray photoelectron spectroscopy (XPS), and
low-energy electron diffraction (LEED) analysis. An ultrapure
Pt(111) single crystal was used as a substrate. It was cleaned
by repeated cycles of sputtering (1 µA, 1 keV) and annealing
(1040 K) until the intensity of surface contaminants was be-
low the XPS detection limit. The cerium oxide film was grown
by evaporation of metallic cerium (evaporation rate R = 0.3 Å
min−1, measured by a quartz microbalance) in O2 atmosphere
(PO2 = 1 × 10−7 mbar), followed by annealing in the same oxy-
gen partial pressure to optimize stoichiometry, structure, and
surface morphology.[12] The oxygen pressure used to grow the
cerium oxide film was at least one order of magnitude higher
than the pressure needed to have the CeO2 stoichiometry in the
films. The nominal film thickness is 7.2 nm, as estimated from

the Ce evaporation rate and the deposition time, enough to
prevent possible damage at the interface induced by the subse-
quent processing steps. The film stoichiometry was checked by
XPS and the surface structure by LEED, which showed a CeO2

stoichiometry and a high quality (111) surface orientation, re-
spectively (see Figures S5 and S6, Supporting Information).
The film was capped by a Ag layer with a nominal thickness
of 12.6 nm, to protect it from damage during the subsequent
treatment. A cross sectional lamella was cut out of the sin-
gle crystal ex situ using a Dual Beam apparatus (FEI Strata
DB235M) and the focused ion beam lift-out method, with the
procedure outlined in detail in the Supporting Information.

Aberration-corrected STEM was performed in an FEI Titan
operated at 300 keV and equipped with a high-brightness field
emission gun (X-FEG), a CETCOR probe corrector from CEOS,
and a Tridiem Image Filter/Spectrometer 866 ERS from Gatan
Inc. for EELS. HAADF and ABF imaging were carried out
with a Fischione 3000 and an FEI annular dark field detector,
respectively. For the HAADF detector the inner semi-angle
used was 55 mrad and the outer one was 300 mrad, while
for the ABF detector 25–26 mrad outer and 12–13 mrad inner
semi-angles were used.

The strain analysis of HAADF images was performed using
the Peak Pair algorithm to calculate the local changes in the
distances between atomic columns and to obtain strain maps
along the direction perpendicular to the film plane. The Peak
Pair analysis was carried out using the dedicated tool within
STEM CELL software package.[37]

Spatially resolved information on the oxidation state of
cerium ions was obtained by STEM-EELS spectrum imaging.
In particular, the local Ce3+ concentration was derived from
the shape of the M4,5 absorption edges, following ref. [26]. The
local EELS spectra were fit using a linear combination of the
spectra of two reference samples containing Ce ions only in
3+ (CeF3) and only in 4+ (CeO2) oxidation state to obtain the
local concentration of Ce3+ ions with respect to Ce4+. The two
reference spectra were obtained from Turner et al.[26] and con-
volved with a Gaussian peak with an FWHM of 0.7 eV, to take
into account the experimental energy resolution.

DFT+U calculations for 3 ML thick CeO2 films on a Pt(111)
surface were performed to provide additional information on
the investigated system. One cerium oxide ML is defined here
as an O-Ce-O trilayer. The DFT + U method[38] with PBE
functional[39] and a U-J value of 4 eV applied to the Ce f states
were used,[27] as implemented in the VASP code.[40, 41] The Q7
electron–core interaction was treated by using the projector
augmented wave method[42] with a plane waves energy cutoff
of 400 eV. Atomic charges were estimated with the Bader de-
composition method.[43, 44] The chosen supercell was made of
3 × 3 CeO2(111) surface unit cells superposed to 4 × 4 Pt(111)
surface unit cell, sampled with a 2 × 2 × 1 Monkhorst–Pack
k-points mesh in the reciprocal space. The cerium oxide lattice
in this configuration was compressed by 3.3%. The Pt surface
was represented by a four-layer slab, with the two bottom lay-
ers fixed, while the surface layers and the oxide film were fully
relaxed until all atomic forces were lower than 0.01 eV Å−1.
The oxide was adsorbed on one side of the slab. A vacuum
layer of at least 10 Å separated the replicated slab and a dipole
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correction was applied. Three different interfacial geometries
were considered as shown in Figure 4. The three configura-
tions differed in the relative position of the film with respect to
the substrate and were identified in the following depending
on the atom of the interfacial O-Ce-O trilayer located on top of
the Pt atom on the upper left of the surface cell: an interfacial
O atom for the Oi-top configuration, a Ce atom for the Ce-top
configuration, and an O atom in the third atomic layer for the
Os-top configuration. A configuration in which one of the Ce
ions is reduced to Ce3+ was also obtained starting from a locally
distorted structure, as detailed in the Supporting Information.

Based on the atomic positions obtained by DFT+U after
structural relaxation HAADF and ABF simulations were per-
formed using the STEM CELL software.[45]

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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