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We present a study of temperature dependent growth of nano-sized ceria islands on a Cu (100) substrate. Low-
energy electron microscopy, micro-electron diffraction, X-ray absorption spectroscopy, and photoemission elec-
tron microscopy are used to determine the morphology, shape, chemical state, and crystal structure of the grown
islands. Utilizing real-time observation capabilities, we reveal a three-way interaction between the ceria, sub-
strate, and local oxygen chemical potential. The interaction manifests in the reorientation of terrace boundaries

on the Cu (100) substrate, characteristic of the transition between oxidized and metallic surface. The reorienta-
tion is initiated at nucleation sites of ceria islands, whose growth direction is influenced by the proximity of the
terrace boundaries. The grown ceria islands were identified as fully stoichiometric CeO, (100) surfaces with a

(2 x 2) reconstruction.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Model ultra-thin oxide catalysts grown on metallic supports have
been a longstanding source of inspiration for the development of real-
life catalysts [1]. Metal-supported ceria films are a prime example of a
model heterogeneous catalyst related to industrial-scale chemical con-
version, previously studied by numerous groups using a plethora of ex-
perimental and theoretical techniques [2-4]. The bulk of those stud-
ies were performed on substrates with three- or six-fold symmetries,
which predominantly stabilize the (111) terminated cubic ceria phase
[5-8]. Recently, several studies demonstrated the growth of (100) termi-
nated ceria nanostructures on the three- or six-fold symmetric substrates
[9-12], but the complexity of the yet unresolved interface presents an
obstacle for understanding fundamental mechanistic steps of chemical
conversion on/over these systems and poses a major challenge in their
theoretical modeling. On the other hand, using a metallic substrate with
four-fold symmetry offers a possibility to stabilize the energetically un-
favorable (100) surface of ceria through a much more straightforward
metal-oxide interface. This simplification could enable future coupling
to theory and bring answers to many open questions, especially since
the (100) surface in nanostructured samples is known to be more cat-
alytically active in several reactions.

The defining feature of the (100) surface of ceria is that all the possi-
ble bulk terminations, either on an oxygen or a cerium plane, are “type
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3” polar surfaces according to Tasker’s classification [13] and the dipole
moment at the surface gives rise to compensating reconstructions. In the
case of a thin film the most straightforward reconstruction involves ter-
mination of both surfaces on oxygen planes that have 50% of oxygen
vacancies [10]. This keeps both the symmetry and stoichiometry of the
CeO, (100) film. However, several other reconstructions were reported
in the literature, specifically c(2 x 2) and (2 x 2) [9-12]. The two recon-
structions are present as a function of various variables: ambient con-
ditions, film thicknesses and consequently, substrate-ceria interactions.
The interpretation of these is still under contention, but most recent
density functional theory calculations indicate a preference for substoi-
chiometric models of the reconstructions [9].

Here, we focus on the growth of epitaxial ceria films on a Cu (100)
substrate as a means to reduce the complexity of the ceria-metal inter-
face. By varying the deposition conditions, we explore growth modes
of (100) terminated ceria on Cu (100) and demonstrate the flexibility
of the physical vapor deposition in inducing different properties in the
grown structures. Utilizing in-situ observation capabilities of a photoe-
mission electron microscope (PEEM), we reveal a close connection be-
tween the growth mechanism and oxygen spillover between the metal
substrate and supported oxide. The connection is realized through the
surface chemical potential of oxygen that determines the orientation of
steps on the copper single crystal. The as-grown ceria (100) islands ex-
hibit a (2 x 2) reconstruction, revealed by low energy electron diffrac-
tion (LEED) measurement, while keeping the stoichiometry of CeO,,
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Fig. 1. LEEM images of Cu (100) substrate: a) 850K in a vacuum, b) 850K in 5x 10~ mbar O,.

in contrast to previously proposed substoichiometric (2x2) termina-
tions of the polar ceria (100) surface [9,4]. The relative simplicity of
the ceria (100)/Cu (100) interface opens up a new explorable part of
the structure-activity phase space of the cerium—oxygen—copper system,
which can be utilized in bottom-up rational design of ceria-based het-
erogeneous catalysts.

2. Results and discussion

Cu (100) crystals were cleaned and conditioned by several cycles of
Ar* sputtering and annealing in UHV and in oxygen, see the Methods
section for details. As the last preparation step before the ceria growth,
the clean Cu (100) crystals were annealed at 850K and exposed to an
oxygen ambiance of 5x 1077 mbar at the elevated temperature. The
crystal step boundaries before and after oxygen exposure were imaged
using low energy electron microscopy (LEEM), see Fig. 1a and 1b. The
crystallographic orientations were determined using diffraction plane
imaging, which provides equivalent information to the conventional
LEED.

There is a stark difference in the shape and orientation of the step
boundaries as the oxygen gets chemisorbed onto the Cu (100) surface.
The clean Cu (100) surface exhibits step boundaries which are paral-
lel to (011) crystallographic directions of the Cu crystal (Fig. 1a). The
mean terrace size, in this case, was ~ 50 nm, without any other visible
impurities or defects. On the other hand, the adsorbed oxygen causes
a significant growth in terrace size and, more importantly, a change in
the prevalent orientation of the step boundaries by 45°.

Similar effects were observed on various metallic crystals upon ad-
sorption of different species [14], including the study of Mo (110) using
low-energy electron microscopy [15]. The explanation of this phenom-
ena lies in the preferred step boundary orientations of the metallic and
the oxidized Cu (100) surface. For the metallic surface, the prevalent ori-
entation of step boundaries is along the crystalline close-packed (011)
direction [16]. However, the exposure of Cu (100) to oxygen at elevated
temperatures leads to the formation of surface oxides [17] that prefer
step boundaries oriented along the (001) direction (which is rotated
by 45° with respect to the (011) direction) [18,19]. The reorientation
of step boundaries is accompanied with a dramatic increase in the ter-
race size, from ~50 nm to ~500 nm, that can be interpreted in the light
of recent observations of increased mobility of surface atoms of metal
single-crystals in the presence of oxygen [11].

Interestingly, after removing the oxygen ambiance from the cham-
ber and keeping the sample at an elevated temperature above 800 K, the
step boundaries spontaneously reorient back to be parallel to (011) crys-
tallographic direction. Studies examining the Cu (100) oxidation found
that for temperatures in the range of 670 to 870K, copper oxides be-
come reduced in UHV [20,21]. Therefore, the repeatable step boundary

reorientation by 45° is an indication of the oxidation and reduction of
the Cu (100) surface.

The substrate temperature is one of the key growth parameters since
it is directly connected to the mobility of the deposited material. There-
fore, it is expected to have a dramatic impact on the ceria islands’ growth
mode. In our experiments, we used three substrate temperatures in the
range between 720 and 850 K.

The growth at the lowest deposition temperature (720 K) did not lead
to the formation of resolvable islands in the LEEM images, therefore
they are not shown. The lateral resolution of images shown in Fig. 1a
and 1b is around 10nm. On top of that, electron diffraction did not
reveal any new structural phase on the surface, excluding the possibility
of a continuous epitaxial thin film of ceria. However, X-ray absorption
spectroscopy (XAS) confirmed the presence of cerium atoms in 4 + state,
which was deducted by the comparison with Ce3* and Ce** reference
spectra presented in the Fig. 2b having the well-known characteristic
shapes for their respective states [26,27]. The XAS measurement also
revealed that ceria was distributed uniformly on the sample within the
achieved spatial resolution. Therefore, we conclude that the deposited
film consists of a largely dispersed material with features too small to be
resolved by our microscopic means and lacks the long-range ordering,
otherwise detectable by LEED. This is well aligned with the low expected
mobility of the deposited atoms and a pseudo-2D layer growth.

The results of the growth at the intermediate substrate temperature
(800K) are shown in the panels of Fig. 3. The Fig. 3a depicts the sub-
strate surface right before the beginning of the deposition. Crystallo-
graphic directions of the substrate are again shown by two arrows in the
top right corner and point out the preferential alignment of the terrace
boundaries to be parallel to (001). As the growth progresses, the first
changes in the step boundary preferential direction can be observed, al-
though there is no clear direct observation of the deposited ceria islands
(Fig. 3b). The growth was finished after 15 min of cerium deposition,
which corresponds to 0.5 ML of the metal (Fig. 3c). In the course of
cerium deposition, practically all of the step edges align with (011) di-
rections. Even more interestingly, almost all of the ceria nanoislands
(small dark objects in the microscopic image) reside in the corners of
the terraces. The interpretation of the terrace step reorientation can be
made in terms of the changed chemical environment, when the pres-
ence of cerium and sub-stoichiometric cerium oxide islands creates an
oxygen-poor environment on the copper surface. One can assume that
the nucleation of the cerium oxide islands happens at the terrace steps
and, consequently, the boundary reorientation starts at these nucleation
centers. As a result, the terrace step edges are pinned to the coalescing
islands. XAS again confirmed the presence of the cerium oxide predom-
inantly in its fully oxidized CeO, form (Fig. 2a). It is important to say
that similar boundary reorientation was also observed upon the growth
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