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ABSTRACT: CeO, is an important support material with redox properties interesting for heterogeneous
catalysis and energy conversion applications. Here, we present a facile growth procedure for epitaxial
Ce0,(001) thin films supported by YSZ(001) suitable for combined catalytic activity and structural
investigations. The growth of the CeO, thin films was performed using standard ultrahigh-vacuum (UHV)
preparation techniques followed by tube furnace annealing in air. Thorough characterization prior to and after
the tube furnace annealing revealed that this step induces significant restructuring of the film. Complete
characterization by atomic force microscopy (AFM), X-ray reflectivity (XRR), grazing incidence X-ray
diffraction (GIXRD), cross-section high-resolution scanning tunneling electron microscopy (HR-STEM), X-
ray photoemission spectroscopy (XPS), and polarization-resolved infrared reflection absorption spectroscopy
(IRRAS) showed that the film is fully oxidized and atomically smooth with a coherent crystal lattice over the
full film thickness. A dislocation network at the CeO,/YSZ interface compensates the lattice mismatch between
film and the YSZ support, yielding a film with bulk lattice parameters. The bulk terminated surface is found to |
be defect free with negligible amount of adsorption sites and stabilized by the presence of hydroxyl groups for

polarity compensation.
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Bl INTRODUCTION control over the CeO, thin film can be achieved e.g, by
using Pr,0;(0001) buffer layer between the CeO, thin film
and a Si(111) substrate. However, sample preparation involves
hazardous materials and multiple growth steps with the need to
remove and reintroduce the sample from and to UHV.”®
Reports on the interface structure between CeO, thin films
and YSZ single crystal substrates showed that the lattice
mismatch between the two materials is relieved by
dislocations,”*” but no information on the surface structure
or chemistry is provided. Theoretical studies and experiments
on the surface of CeO,(111) showed the formation of surface
and subsurface oxygen vacancies” which are crucial for the
redox properties of CeO, and were linked to improved
catalytic activity’” and increased stabilization of adsorbed OH
species.‘%l’32

In other studies CeO, single crystals and their behavior
upon reducing or oxidizing treatments were investigated.20’33
Some studies report the observation of well-defined vibrations
of adsorbed CO on CeO, single crystal surfaces distinctly
different for different surface orientations revealed the presence

Ceria is a complex oxide material with rich structural, chemical
and catalytic properties.'* Central to many applications is the
fast incorporation (release) of oxygen into (from) the lattice.
This is possible due to the facile and reversible change in
oxidation state from Ce(IV) to Ce(III) without significant
changes to the crystal structure. Prominent examples for such
applications are solid oxide fuel cells (SOFC), gas sensors, and
the use of ceria in heterogeneous catalysis as support or
catalyst.”~® A large number of reports on structure, chemistry
and catalytic activity' *°~"7 highlight the need for detailed
structural and chemical control of CeO, model surfaces, which
also permits a direct comparison with theoretical results.
Several studies in the last decades were directed toward
understanding the growth and structure of CeO, thin films on
various oxide and metal substrates.> >* However, most studies
only focused on single aspects of the films such as interface
structure, growth mechanisms or structural and compositional
changes in oxidizing (reducing) environments. For structurally
well-defined ultrathin CeO, thin films, Ru or Pt are common
supports,'”'”?*7*> however, catalytically active support

crystals are inconvenient for operando catalytic studies. Films Received: July 3, 2024
grown on inert oxides such as MgO, Al,O;, Pr,0;, or YSZ (Y Revised:  October 21, 2024
stabilized ZrO,) are frequently manufactured by pulsed laser Accepted:  October 22, 2024

deposition (PLD), atomic layer deposition (ALD), or Published: November 6, 2024

molecular beam epitaxy (MBE) with varying structural and
chemical control."*******” High structural and chemical
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Figure 1. AFM images with identical height color map and lateral scale recorded before (A) and after (B) annealing in air for comparison. (C) line
scans (green: before tube furnace annealing in air, orange: after tube furnace annealing in air) indicated by the green, horizontal lines in (A, B) are
shown. (D) relative height as a function of the height distribution (green: before tube furnace annealing in air, orange: after tube furnace annealing
in air). For both distributions the fitted Gaussian profiles are plotted in black.

of rather homogeneous surfaces.”* >’ In other cases poor
surface quality was observed, as visualized in the scanning
micrograph of a freshly polished CeO,(111) single crystal in
Figure S1. Furthermore, in other studies CeO, single crystals
were reported to contain significant fluorine contaminations
leading to an altered surface chemistry.”>”

Here, we present a facile, straightforward growth procedure
for fully oxidized CeO,(001) thin films with atomically smooth
surfaces on YSZ(001). The resulting films were prepared using
standard UHV techniques which can be easily reproduced. We
thoroughly characterized the films’ bulk and interface structure
to the substrate using grazing incidence X-ray diffraction
(GIXRD), X-ray reflectivity (XRR), and high-resolution
scanning tunneling electron microscopy (HR-STEM). Further
information on the surface structure of the films was obtained
by atomic force microscopy (AFM), and crystal truncation rod
(CTR) analysis, while X-ray photoemission spectroscopy
(XPS) and polarization-resolved infrared reflection absorption
spectroscopy (IRRAS) were employed in order to understand
the chemical state of the film surface. This combination of
complementary techniques draws a complete picture of the
chemical, structural, and morphological features of the films’
bulk and surface properties.

B METHODS

AFM data was recorded in air using tapping mode and oxide-
sharpened silicon cantilevers with a nominal tip radius of 8 nm
and a resonance frequency of 300 kHz.*® For all measurements
a scanning speed of 0.5 Hz was used. To consider potential
sample tilts from mounting, a polynomial plane fit was applied.

CTR data was recorded at the P23 beamline of PETRA III
at an X-ray energy of 16 keV using a 5 + 2 circle diffractometer
under grazing incidence with a GaAs 2D LAMBDA pixel
detector. Throughout the measurement the sample was under
100 mL/min Ar flow at a constant pressure of 100 mbar. All
XRR and GIXRD data, except for the CTR data, were recorded

at the DESY Nanolab*’ 6-circle diffractometer using Cu Ka
radiation, a parabolic multilayer optics for focusing, and a
Lambda 750 K detector.

The X-ray photoemission spectroscopy (XPS) measure-
ments were conducted at DESY NanoLab™ using a
monochromatic Al Ka source (hv = 1486.6 eV) and a
hemispherical energy analyzer. A flood gun was used during
the measurements at an energy 2.0 eV with 20 yA emission for
charge compensation. Ce 3d core level spectra were recorded
using a pass energy of 30 eV and a step size of 0.1 eV, the
survey scan from 0 to 1200 eV recorded at normal emission in
Figure S9 was performed with a pass energy of 50 eV and a
step size of 0.5 eV.

The polarization-dependent IRRAS experiments were
conducted with an UHV apparatus combining a state-of-the-
art FTIR spectrometer and a multichambered UHV system.
This dedicated apparatus was built in a way that the
spectrometer can be attached to the experimental chamber
and guides the IR light trough the UHV chamber. Additionally,
it allows performing UHV preparation as well as IR
experiments on samples without exposure to atmosphere.

The crystal was placed on a sample holder specifically
designed for IRRAS measurements. After introduction of the
crystal into UHV (107"° mbar) the CO adsorption experi-
ments were performed for the pristine and cleaned surface.
The surface was cleaned at 550 °C, for 30 min, in the presence
of oxygen (O, 1 X 107* mbar) to get the fully oxidized,
cleaned surface. After cooling the sample to temperatures as
low as 65 K, exposure to carbon monoxide (CO) was achieved
using a leak-valve-based directional doser connected to a tube
of 2 mm in diameter, which is terminated 30 mm from the
sample surface and 50 cm from the hot-cathode ionization
gauge. The polarization-resolved IRRAS spectra were recorded
with both s- and p-polarized light at a fixed grazing incidence
of 80°. All IRRAS data shown here are difference spectra
obtained by subtracting the reference. The IR spectra were
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Figure 2. (A) AFM image of an area of the film after annealing exhibiting holes. (B) Inverted 3D view of one hole. (C) Line scan through the hole.

acquired by recording 1024 scans with a resolution of 4 cm™.

Exposures are given in units of Langmuir (L) (1L=133x%
107 mbar s).

For the preparation of the HR-STEM specimen, the sample
was first coated with 30 nm amorphous carbon in a sputter
coater and then a dual focused ion beam instrument was used
to cover the selected region of interest with an amorphous
protective Pt cover before milling a TEM lamella.

B RESULTS AND DISCUSSION

For CeO, growth, the YSZ(001) substrate single crystals with
a miscut of <0.1° and 9% Y,0; were used. After introduction
into UHV (base pressure <1 X 107'" mbar), the substrates
were heated to 600 °C with a ramp of 15 °C/min using
electron beam (e-beam) heating. After degassing at 600 °C for
30 min, the substrate was further annealed for 120 min at this
temperature in 5 X 107° mbar oxygen (99.995% purity) to
ensure a fully oxidized surface. To confirm the cleaning
procedure, the Auger electron spectroscopy (AES) data shown
in Figure S2 reveals only negligible signal of carbon
contamination (~273 eV), but strong Y and O signal. After
heating the sample to the deposition temperature of 400 °C,
the CeO, films were grown by reactive deposition at a rate of
~1.2 A/min. Ce metal with a purity of 99.9% was evaporated
from a crucible using an e-beam evaporator in an oxygen
background pressure of 5 X 107¢ mbar, supplied through an
oxygen thermal cracker providing ~10% atomic oxygen. The
atomic oxygen back pressure was maintained until the sample
reached room temperature. Due to severe charging of the
sample after the deposition, AES and low energy electron
diffraction characterization could not be performed to further
investigate the film before removing from UHV. Further
improvement of the films” structural properties was achieved
by annealing them in air in a tube furnace. The annealing
procedure consisted of a single annealing step at 1100 °C for
260 min (cooling/heating ramps of 1200 °C/h).

Surface Morphology of the CeO, Films. The atomic
force microscopy (AFM) height images in Figure 1 show the
film before (A) and after (B) annealing with the as-prepared
CeO, film likely consisting of closely packed, small crystallites
fully covering the surface. For both images, line profiles with a
width of 5.12 nm, corresponding to 10 pixels (Figure 1(C)),

19797

height distribution profiles (Figure 1(D)) showing the
frequency of a given height around the mean height, and the
root-mean-square (RMS) roughness were calculated using
Gwyddion.”" The line profiles illustrate the improvement in
surface smoothness best. Before the tube furnace annealing, the
surface has a peak-to-valley distance of ~1.2 nm. Disregarding
the small hole at x = 0.6 ym, the line profile of the sample after
annealing (orange) is significantly smoother, with a peak to
valley distance of 0.42 nm. The corresponding height
distribution profiles reflect this as well. The fwhm of the
height distribution profiles with a unimodal Gaussian shape
decreases by ~50% from 0.74 + 0.002 nm before the tube
furnace annealing to 0.39 + 0.002 nm afterward (see Table S1
and accompanying text for fit parameters). The smoothness of
the CeO, film after the tube furnace annealing is also apparent
from the AFM image in Figure 1(B) with much larger areas of

. . 1 vN 2
similar height. The RMS roughness o = /- >~ (2, — 2)°,

where N is the number of height values, z, the nth height value
and Z the average height), was calculated from the images in
Figure 1(A,B) and improved from 0.33 to 0.22 nm after
annealing. !

The large overview image in Figure S3 that also contains the
area of Figure 1 reveals that the CeO, film is interrupted by
rectangular holes. Up to this point an area without holes was
chosen to gain information on the film surface morphology
without distorting statistics by the holes interrupting the film.
In order to investigate the holes in detail, we performed AFM
measurements on another sample with the crystal principle
[100] and [010] axes aligned with the x, y image axes, as
shown in Figure 2(A). In Figure 2(B), a three-dimensional
(3D) rendering with inverted z-axis is shown, highlighting the
hole’s uniform, rectangular shape, indicating (100)-type side
facets. Figure 2(C) shows a line scan of the hole at the position
marked by the line with corresponding color in Figure 2(A).
The depth of the hole is in good agreement with the film
thickness of 14.4 nm determined by XRD (see Figure S4 and
Table S2, and accompanying text), indicating that they reach
down to the surface of the YSZ substrate. A possible origin of
the holes will be discussed further below.

Structural Properties of CeO, Films. XRR measure-
ments were employed to gain information on film thickness,

https://doi.org/10.1021/acs.jpcc.4c04438
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Figure 3. Specular reflected intensities as a function of the reflection angle 20 (black dots), with fitted curve (red, solid line). Inset: Electron
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Figure 4. (A) Rocking scans of the sample rotation y, corrected for the in-plane Bragg angle, showing 45° spacing between in-plane (200)- and
(220)-like reflections and absence of (111)-type reflections. (B) Reciprocal space maps revealing CeO,(001)/YSZ(001) cube-on-cube epitaxy
without any other phases or orientations. CeO, reflections labeled in orange, YSZ reflections in green. (C) Line scans through the CeO,(111)
Bragg peak along H,K = H (radial) and L direction (blue and pink, respectively). For all images (A—C), the top image was recorded before, the

bottom image after tube furnace annealing.

coverage, and interfacial roughness, complementary to the
AFM investigations. All XRR data was fitted using the Parratt
formalism*>** and fit results of the material parameters are
given in Table S3. To fit the data recorded before tube furnace
annealing, shown in Figure 3(A), a three-layer model was
chosen to accommodate three distinct features of the film: A
depletion region (yellow) with reduced electron density
compared to YSZ and CeO, at the interface to the substrate,
the bulk of the film with CeO, bulk electron density (orange),
and a top-layer with a reduced electron density (red)
accommodating the rough morphology of the as-prepared

19798

film. In agreement with the height distribution profiles in
Figure 1(D), a Gaussian roughness model was used to
smoothen the transitions between the layers. The total film
thickness, as determined from XRR, is 14.9 nm. The central
layer, representing the majority volume of the film, possesses
the bulk electron density of CeO,, which allows to conclude
that the YSZ substrate is fully covered by the CeO, film,
confirming the AFM observations in Figure 1(A) where no
interruption of the film was observed. The terminating layer of
the CeO, film has a thickness of 2.0 nm with a surface RMS
roughness of 0.95 nm, which exceeds the RMS roughness

https://doi.org/10.1021/acs.jpcc.4c04438
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Figure S. (A) (22L) rod of CeO,(001) thin film (black circles and error bars) with CTR model of the bulk truncated model (blue) and the CTR
model including relaxation of the surface layer along z (red). (B) Model of the relaxed surface structure of the (001)CeO, film. The dotted lines
indicate the original positions of the layers, the small black arrows the direction of the displacement.

calculated from the AFM image by a factor of nearly three. The
reason for this discrepancy can be of experimental and physical
origin. Experimentally, the limited resolution due to con-
volution of the AFM tip with surface shape and inaccuracies in
model choice can lead to smaller RMS roughness values in
AFM and larger values in XRR analysis. However, since the
roughness model fits well with the height distribution profile
and the aforementioned errors cannot account for such a large
difference, the top layer of the XRR model is not only
reproducing morphological roughness but likely reduced
density due to vacancies, loosely packed crystallites, and
amorphous CeO,.

A first, qualitative comparison of the XRR data obtained
before and after the furnace annealing (Figure 3(A,B)),
confirms the observations in the AFM measurements. The
most significant changes in the XRR curve after annealing
(Figure 3(B)) are the lack of modulation in the oscillations at
1.5° < 20 < 2.5° and an overall intensity increase due to
reduced roughness and possibly elimination of nonreflective
areas. Overall, the electron density of the film is that of bulk
CeO, before as well as after the tube furnace annealing, which
previously could not be observed in doped films grown by
PLD.*" This is the case despite the rectangular holes observed
in AFM, indicating the holes are sparse, local features that do
not contribute significantly to the average film electron density.
The model could be simplified by the removal of the low
density interfacial layer. It apparently restructured during the
tube furnace annealing leading to the sharper substrate—film
interface in the electron density profile in Figure 3(B). The
surface roughness of the top layer is 0.44 nm, less than half
compared to before annealing (0.95 nm) and matches the
AFM RMS roughness of 0.58 nm observed for the overview
image, including the holes in Figure S3. As apparent from the
comparison of the electron density profiles depicted in Figure
3(A,B), the top CeO, layer of the model reduced significantly
in width from 2.0 to 1.3 nm and in electron density. This leads
to a far more abrupt cutoff of the total electron density,
signifying a strongly reduced surface roughness. In addition,
the total film thickness is reduced from a value of 14.9 to 13.6
nm, while the thickness of the bulk CeO, layer increased from
9.07 + 0.18 to 12.28 + 0.07 nm. We explain these changes in
the film density, thickness, and roughness at both interfaces by
a significant restructuring process that involves optimization of
the interface structure between the YSZ substrate and the
CeO, thin film as well as oxidation of the film at the interface.

Next we will discuss the structural properties of the CeO,
film. In Figure 4(A), rocking scans with the rotation axis along
the surface normal are shown. For this, the detector position
was fixed at the respective in-plane Bragg angles for (111),
(200), and (220) reflections of CeO,. These scans allow us to
determine the film epitaxy and its preferential growth
directions. In Figure 4(A—C), the top panel contains data
recorded before the tube furnace annealing, while the bottom
panel displays data obtained after. Since only the (200) and
(220) rocking scans show diffraction signal and both scans
have 4-fold symmetry with a 45° spacing between them, the
film is exclusively (001) oriented. The reciprocal space maps in
Figure 4(B) reveal YSZ and CeO, (331)-type reflections in the
H, K = H, L plane indicating that the film conforms to cube-
on-cube epitaxy. No additional phases, such as Ce,Os or
metallic Ce or other orientations of CeO, were observed
neither before, nor after tube furnace annealing. However, the
peak intensity in the rocking scans increased by a factor of 2
while the peak width decreased in both radial and azimuthal
directions (Figure 4(A)). The latter indicates a change in
coherent crystallite size, which was determined by line scans
through the CeO,(111) Bragg peak along the L direction
(height) and H,K = H (radial) direction (lateral size), as
presented in Figure 4(C). Based on the fitted fwhm the
coherent crystallite size D can be calculated along the

A . 2
respective direction using AQ = 3”.45 Before the tube furnace

annealing, the lateral coherent crystallite size is determined to
be 25.3 nm and the coherent height is 12.9 nm. The large
difference to the total film thickness of 15 nm determined by
XRR, can be explained by structural heterogeneity: The film
consists of CeO, crystallites, giving rise to the characteristic
diffraction signal, as well as amorphous, (partially reduced)
CeO, only contributing to the XRR height. After the tube
furnace annealing, the coherent crystallite size grows to 14.3
nm perpendicular to the surface and laterally by roughly 25%,
to 31.6 nm. In the XRR measurement the opposite behavior, a
decrease in the total film thickness, is observed, allowing the
conclusion that amorphous parts of the film crystallize. In fact,
the coherent crystal size with 14.3 nm is slightly larger than the
observed thickness from XRR of 13.6 nm, but agrees within the
error bars of measurements and fits. We quantified the
reduction in mosaicity by the average fwhm of the in-plane
(200)- and (220) rocking scans (Figure 4A). For the as-
prepared film the fits (see Figure SS for fits and Table S6 for fit
parameters) yielded a mosaicity distribution of 1.23° for the
(200) type reflection, while after the tube furnace annealing
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Figure 6. (A) Reciprocal space map (top) and line scan (bottom) in the vicinity of the CeO, and YSZ (220) reflections. (B)(i): HR-STEM image
of the CeO, film (top) and YSZ substrate (bottom), projecting the [110] and [001] directions in the plane of the image. (B)(ii): 6, component of
the strain tensor from geometric phase analysis of the area in (B)(i). (B)(iii): +£(111) Bragg filtered image corresponding to the red rectangle in
(B)(i). Crystal axes for all HR-STEM data are indicated next to the (B) (iii). (C) Calculated coincidence lattice for CeO, (yellow) and YSZ
(green). The points indicate atomic positions of metal ions in 001-type planes (ie., the faces of the fcc unit cell) and nicely demonstrates the
deviation from a perfect coincidence lattice and hence the location of a necessary misfit dislocation.

the fwhm reduced by more than one-third to 0.80°. Similar
values were attained for the (220) type reflection indicating,
together with the increase in coherent crystallite size, a
significant restructuring process during the tube furnace
annealing to larger, well aligned domains.

From the peak positions in Figure 4(C), the lattice
parameters along the respective scan directions were
calculated. The peak positions expected from the bulk lattice
constant are indicated by the red, dotted lines. In-plane (H, K
= H), the lattice constant increases from 5.408 + 0.008 A
before to 5.418 + 0.008 A (bulk lattice constant 5.4178 A*°)
after the furnace annealing. The out-of-plane lattice constant
decreases slightly from $.46 + 0.02 to S.41 + 0.008 A before
and after annealing, indicating a relaxation of the film toward
the bulk lattice constant. The lattice constants were refined
using multiple CeO, reflections (see Table SS). Within these
error bars, lattice parameters of the films are found to be fully
relaxed to bulk stoichiometric CeO,. The lack of uniform strain
indicates that the lattice mismatch between YSZ and CeO, is
likely relieved by dislocations.

Further information on the surface structure of the film was
obtained by analysis of surface X-ray diffraction CTR data
recorded at the PETRA III beamline P23. In contrast to XRR
and AFM that probe the surface morphology, CTR analysis
probes the termination of the crystalline lattice of the film.*” In
Figure S(A), the measured (22L) CeO, CTR and the X-ray
structure factor of 2 fitted surface models are shown. Since the
film surface is much smoother than its interface, a simplified
model of only the top surface of the film was used. For the bulk
simulation (blue curve in Figure S(A)), no parameters except a
scaling factor was varied. The clear discrepancy between fitted

19800

model and data shows that the model is not representing the
surface structure well. The adapted surface model includes a
roughness parameter f, and relaxations of the atoms from their
bulk position along the surface normal. The structural model is
shown in Figure 5(B) and includes the relative displacement of
the atoms on the right-hand-side. This simulation already
yields good agreement between data and fit: The decreased
scattered intensity is due to the surface roughness represented
by the parameter 8. For comparison with other techniques, the
RMS roughness of 9.6 A was calculated using

0.5
orus(B) = lﬂ_—ﬁ-dl, where /3 is the fitted roughness parameter

and d;, = % with ay = 5.41 A is the lattice distance along the

surface normal."® The value is in reasonable agreement with
the values from XRR and AFM, indicating that the film is fully
crystalline, as only the crystalline phase contributes to 3. The
top O and Ce layers are relaxed from the original atomic
positions, as indicated by the dotted lines and arrows. The top
Ce layer is slightly compressed and the top oxygen layer is
significantly expanded along the surface normal. This is in
contrast to previous studies on single crystals and nanoparticles
where reconstruction and massive restructuring of the (001)
termination were reported.”> We attribute the displacement of
the top O layer to hydroxyl groups (see discussion below).
Due to the small contribution to the electron density, H atoms
were not included in the fit.

Interfacial Dislocation Network. Next we will discuss the
misfit relaxation mechanism between the CeO, film and YSZ
substrate. In Figure 6(A), a reciprocal space map of the [H, K
= H, L] plane in the vicinity of the in-plane CeO, and YSZ
(220) reflections is shown. The (22L) crystal truncation rod
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Figure 7. Deconvoluted Ce 3d (A) and O 1s (B) core level spectra of the thin film after tube furnace annealing at S0° emission angle (black dots)
including fit (red line) and components (colored areas). For comparison, reference core level spectra of a (111) faceted CeO,(110) single crystal
(data provided by the authors of**) and an untreated CeO,(111) single crystal, recorded at the same emission angle are shown with fitted data in
(A). In addition, the fitted peak positions of the Ce(IV) 3d core levels as well as the expected positions of Ce(III) 3d core levels from>* are shown.

(CTR) signal of CeO, exhibits film thickness oscillations,
which appear for atomically flat films with macroscopically
coherent film thickness. Between the CTRs of CeO, and YSZ
(split due to contributions of Cu K, K,,, radiation in the X-
ray beam of the laboratory source), an additional diffraction
signal can be observed. It is centered between the film and
substrate (220) reflections at H = 2.06 (see line scan at L =
0.04 in the bottom panel of Figure 6(A)). This satellite peak
occurs due to an ordered misfit dislocation network, a long-
range ordered lattice of dislocations at the interface between
CeO, and the YSZ substrate.*’ A periodicity of 7.08 + 0.10 nm
was determined from the dislocation peak position,SO relative
to the CeO, (220) reflection (see Figure S6 and Table S7 for
fits and full set of fit parameters).

Further information on the misfit dislocation network was
obtained by HR-STEM measurements shown in Figure 6(B).
For these measurements, a cross-section specimen with its
normal oriented along the [110] direction was prepared (see
Methods section). Figure 6(B) shows (i) the average
background subtraction filtered (ABSF) HR-STEM image,
(ii) the corresponding o,, component of the strain tensor
calculated by geometric phase analysis (GPA),”"** and (iii) a
Bragg filtered image isolating one of the misfit dislocations. In
the HR-STEM image, the less scattering and hence darker
bottom area corresponds to YSZ while the brighter and hence
more scattering upper area corresponds to CeO,, as labeled on
the left side. The periodically darker contrast with an average
distance of 7.58 + 1.8 nm at the interface of the two materials,
indicated by blue arrows, are attributed to dislocations. The
highly localized opposite sided strain fields with opposing signs
at those positions in Figure 6(ii) confirm the assignment as
dislocations. One of the misfit dislocations was investigated by
Bragg filtering which shows the extra half plane at the interface
of the isolated CeO, 111 and YSZ 111 planes in Figure
6(B) (ii).

In the top panel of Figure 6(C), the lattices of 001 planes of
CeO, (yellow) and YSZ (green) are shown with the circles
representing the atomic positions in that plane. The gray lines
are the dislocation distances, measured from two Bragg filtered
images using different reflection pairs of the three images in
Figure S7. The red line is the mean dislocation distance of 7.58
+ 1.8 nm. The lines are extended into the bottom panel of
Figure 6(C), where the dislocation probability density function
emphasize the unimodal distribution centered around the

19801

mean distribution value. All distances and the calculation is
given in Table S8 and the accompanying text. The average
spacing of the misfit dislocations obtained from the HR-STEM
image analysis and the value obtained from GIXRD analysis
are slightly smaller than the calculated equilibrium spacing of

7.8 nm for dislocations of Burgers vector type b = %a

CeO,[110]. In comparison with previously observed dis-
location distances for this system (4.7' and 5.1 nm”’), the
dislocation network of the here presented films are in a
significantly more relaxed state. A reason for the discrepancy
between equilibrium spacing and the observed values could be
the fact that the relaxed bulk lattices of the two materials form
a Moire pattern (Figure 6(C)) with a the 45° rotated unit cell
parameter of 6.5 nm (=18 CeO, or 19 YSZ 110 lattice planes).
The observed dislocation network spacing could be the result
of these two competing interface structures.

In the vicinity of the dislocations, the o, strain map reveals
tensile strain in the CeO, lattice and compressive strain in the
YSZ lattice. The remaining o,,, 0,,, and o,, strain tensor maps
are presented in Figure S8(A—C), respectively. The o,, strain
tensor map reveals a small, relatively homogeneous expansive
strain in the CeO, film (Figure S8(A)) of ~0.1%, well within
the error bars of the GIXRD measurements. In addition, shear
strain is also observed in the direct vicinity of the dislocation.
Sign, amplitude, and location of the o,, and 6,, components
are nearly identical (Figure S8(B,C)) and in sum, correspond
to a rotation of the interface lattice in the image plane in
counter clockwise direction. Shear strain was observed both
along and perpendicular to the interface normal (Figure
S8(B,C)) with the same sign and value indicating a rotation of
the lattice along the [110] axis or along the image plane
normal. In combination with the aforementioned rectangular
holes appearing after the tube furnace annealing we deduct a
complex relationship between out-of-plane strain, in-plane
dislocation network, holes, and twisted CeQO, lattice minimiz-
ing the interfacial energy between the two lattice mismatched
materials. The recrystallization to larger domains observed by
XRD and the increase in electron density observed by XRR
indicate significant oxygen transfer through the bulk of the film
from the environment. We suspect that the holes are
condensated oxygen vacancies forming as the film restructuring
from an oxygen deficient state (before the tube furnace
annealing) to the fully oxidized state (after the tube furnace
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annealing) occurs. In short, the restructuring to a perfect CeO,
film is faster than oxygen can be supplied by the environment
to the film. The rectangular footprint of the holes can be
rationalized by the strong interaction of the surrounding film
with the substrate and the significantly stronger oxygen
diffusion across {100} planes compared to other directions.”
In combination with the complex relaxation mechanism at the
surface this results in a strong interaction between film and
substrate at the interface which promotes the vacancy
condensation to conform to the symmetry of the substrate
and surrounding film leading to interruptions of the film at
{100} and {010} planes resulting in rectangular holes.

Film Surface Composition. XPS measurements were
conducted to analyze the chemical composition at the surface
of the CeO, film after the tube furnace annealing. After
introducing the sample to UHV, the sample was annealed at
450 °C with a backpressure of 5-107° mbar O, to remove
contaminative adsorbates. The survey scan in Figure S9 shows
that the sample is free of contaminations. In Figure 7(A), the
deconvoluted Ce 3d core level spectrum of the film is
presented alongside reference spectra obtained from CeO,
single crystal experiments (with linear background subtracted
for comparability). The light gray curve represents an
untreated Ce(111) single crystal, measured in normal
emission, while the dark gray curve corresponds to a 111
faceted CeO,(110) single crystal’* measured in grazing
incidence. For the latter, the authors reported a 35% Ce(I1I)
content. The positions of 10 overlapping peaks of CeO,_, are
shown as black (Ce(IV)) and red (Ce(III)) dotted lines in
Figure 7(A). For both cerium oxides Ce''O, and Ce," O, only
doublets are observed due to the 3ds/,/3d;, spin—orbit
splitting: One doublet for the primary photo emission (v/u for
Ce(IV), vo/u, for Ce(Ill)) process, two for shake-down
processes in Ce(IV) (v"/u”, v"’'/u"") and one for Ce(IIl) (v'/
u).
Opverall, the XPS data of the film closely resembles the bulk
spectra of the CeO,(111) single crystal (Figure 7(A), labeled
(111) SC). Obvious contributions to the spectrum from
Ce(III) (red dotted lines) like in the dark gray curve with 35%
Ce(Ill) are clearly absent. Quantification of the amount of
Ce(III) species is not trivial, especially for small amounts of
Ce(III), as previously described in,”*~>" because of the large
number of strongly overlapping, symmetric, and asymmetric
peaks, combined with Shirley-background subtraction. Fur-
thermore, extreme charging because of the large band gaps of
CeO, and YSZ (3.0 and 4.23 eV respectively’”*’) complicated
the measurement. In order to simplify the fitting procedure we
chose to restrict the fit by fixing doublet spacings to 18.4 eV,
the doublet area ratio to 2/3, and the fwhm to the same value.
An asymmetric peak profile composed of two Pseudo-Voigt
profiles was chosen for the peaks v and u.”**”°" The spacing
and fwhm between the asymmetry (indicated by blue arrows
and corresponding position in Figure 7(A)) and the main
components are equal for v and u. All components are Pseudo-
Voigt line shapes with o = 0.8 and the full set of fit parameters
is given in Table S9. The resulting best fit of the described
procedure is shown in red in Figure 7(A) and reproduces the
data very well in all areas of the core level spectrum. No
additional peaks were necessary at the expected positions of
Ce(Ill) and including them resulted in worse agreement of fit
and data, shift to Ce(IV) positions, fwhm of the order of 10
eV, or negligible peak areas, depending on the boundary
conditions of the fit. In the same way, removing or reducing

the asymmetry contribution to v and u did not yield
improvement in the fit, independent of the inclusion or
exclusion of Ce(III) components. From this, we conclude that
within the error of measurement and fit, the surface of the
CeO, film is fully oxidized. Further information on the
oxidation state and surface chemistry of the film can be
extracted from the O 1s and C 1s core levels shown in Figures
7(B) and S10, respectively. The two dominant components of
the O 1s sépectra are lattice oxygen at 529.0 eV°>” and water at
531.2 eV.°>® The spacing is in good agreement with previous
studies on the surface of CeO,(111) films supported by
Pr,0,(0001)/Si(111) or metal substrates, and CeO, single
crystals.**®° In order to fully reproduce the oxygen core level
spectrum, an additional OH peak® and a carbon-related
peak®” were added at 530.16 and 532.73 €V, respectively. In
agreement with the lack of Ce(III) signal in the Ce 3d core
level spectra and the lack of a shoulder on the CeO, lattice
oxygen peak, the addition of a lattice oxygen peak for partially
reduced CeO, did not improve or maintain fit quality (full set
of fit parameters in Table S10 and accompanying text). In
order to understand the area distribution between the H,0,
OH, and lattice O peak, a layer analysis was conducted
(detailed calculation is presented the Supporting Information
(SI)) which revealed that the film is terminated by a 1.8
monolayer thick water film followed by one monolayer (0.95 +
0.09) of OH. This clearly points toward a strongly
hydroxylated surface which is further stabilized by the thin
H,O overlayer.

Polarization-resolved IRRAS was employed, using CO as a
probe molecule, to gain further insight into the surface
chemistry of the CeO, film. The CO surface ligand IR (CO-
SLIR) approach®® has been demonstrated to be well-suited for
characterizing the surface structure of catalyst surfaces.””””"
This is because the frequency of CO stretching vibrations is
extremely sensitive to the chemical environment and varies
significantly depending on the nature of adsorption sites.
Figure 8(A) shows the corresponding p-polarized IRRAS data
as a function of CO dosage at 65 K (cooling with liquid He).
Upon CO adsorption on the cleaned CeO,/YSZ thin film, no
CO-related vibrational bands were observed in the region of

A B
Ce0,/YSZ(001) p-pol. IRRAS|  Ce0,(100) p-pol. IRRAS
Co, 65 K o, 75K
10LCo

g g

) 1LCO| &

[V} [}

O O

= c

3 0.1LCcO| 3

o o

[ w0

Ke] Q

< <

, 0.01LCO

[1x10- “ ot
clean surface ~

J\\V"\/\/V\/\d/\/"\/%,\/"\/“\" =®
o~

22I4O 22IOO 21l50 21I10 22I40 22I00 21I50 21I10
Wavenumber in [cm™1] Wavenumber in [cm™1]

Figure 8. Surface structure of the oxidized CeO,/YSZ(001) thin film
characterized by polarization-resolved IRRAS. (A) p-polarized IRRAS
data of CO adsorption at 65 K on CeQ,/YSZ(001). (B) Reference
IRRA spectrum of CO adsorption on the (2 X 2) O-terminated
Ce0,(100) single-crystal.*®
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2200—-2100 cm™' (the same is true for the s-polarized
spectrum shown in Figure S11). For comparison, the IRRAS
data of CO adsorption on the oxidized CeO,(001) single
crystal surface recorded at slightly higher temperatures (75 K)
is presented in Figure 8(B). The bulk-truncated, polar
Ce0,(001) surface is known to be inherently unstable, leading
to its reconstruction into a (2 X 2) pattern for polarity
compensation.” As shown in Figure 8(B), the charge neutral
(2 X 2) O-terminated CeO,(001) surface is characterized by
two CO bands at 2147 and 2176 cm ™', which are respectively
assigned to CO species in an on-top and a bridge
configuration, as supported by theoretical calculations using
the hybrid density functional theory (DFT) approach with the
HSEO06 functional.>® The shoulder resolved at 2168 cm™!
originates from CO bound to oxygen vacancy sites as a
minority species.””*° We note that comprehensive IRRAS
results were reported for CO adsorption on all three low-index
ceria single-crystal surfaces (CeO,(111), CeO,(110),
Ce0,(100)) in both oxidized and reduced forms.”* ™" These
data reveal that the CO stretching band is highly facet-
dependent and remarkably sensitive to the presence of O
vacancies.' >>73¢ Furthermore, blue shifts of the CO vibrations
relative to the gas phase (2143 cm™") were observed for CO
adsorption on all oxidized and reduced CeO, surfaces. Overall,
the present IRRAS results provide solid evidence that the
surface structure of the CeO,(100) thin film is rather different
from that observed for CeO,(100) single-crystal surfaces. The
absence of any CO-related IR signals, even at temperature as
low as 65 K, suggests that the surface of the CeO,(100) thin
film is stabilized by hydroxylation, where the polar instability is
removed through the formation of hydroxyl groups, in line
with XPS observations.

B CONCLUSIONS

We present a facile, stream-lined UHV growth procedure for
epitaxial, fully oxidized CeO,(100) thin films supported by
YSZ(001) and report on their crystallographic, chemical, and
morphological properties. With the presented growth
procedure we were able to reduce the number of preparation
steps compared to other studies using YSZ supports.”>” The
films exhibit a fully coherent lattice along their surface normal
over the full film thicknesses of 10 to 15 nm. The lattice is
almost fully relaxed to the bulk lattice parameter, with a small
tensile out-of-plane strain of ~0.1%. The in-plane lattice of the
film is fully relaxed via the formation of a long-range ordered
dislocation network along the [110] directions. After the tube
furnace annealing, the film is completely oxidized at both
interfaces and in the bulk, as no reduced electron density was
observed in XRR and no significant Ce(III) population could
be observed by XPS. The prepared films exhibit rectangular
holes with edges aligned with the [100] and [010] axes. These
holes are local phenomena and a result of the restructuring
process occurring during the tube furnace annealing.
Spectroscopic analysis by IRRAS and XPS as well as structural
investigation by CTR analysis show that the point defect free
surface is hydroxylated and (001) terminated. Similar to
reports on ZrO,, the surface is found to be fully hydroxylated
for char_ge compensation of the polar (001) surface of
Ce0,,”””” demonstrating its high activity toward water
dissociation, occurring likely during the tube furnace annealing
process.”* The films represent an ideal support for the
preparation of model heterogeneous catalysts by metal
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nanoparticle deposition for elucidating structure—activity
relationships.
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