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ABSTRACT:

Compact CeO,(111) films grown on Ru(0001) can be transformed into well-shaped nanoparticles
by annealing them in an oxygen-poor environment. With increasing temperature, the particles
undergo a distinct shape evolution that finally leads to crystallites exposing wide (100) facets.
The atomic structure of the (100) termination is determined with a combination of high-resolution
scanning tunneling microscopy and density functional theory. Two surface reconstructions are
identified that are compatible with the need to compensate for the intrinsic dipole of the (100)
plane and with a substantial reduction of the oxide material. Our study provides insights into the
rarely explored (100) surface of ceria, which can be considered as model system for studying

chemical processes on the polar termination of reducible oxides.



1. INTRODUCTION

Cerium dioxide is a prototype material of a reducible oxide and stands as such in the focus of
intense experimental and theoretical research.!! Its facile reducibility gives rise to unique catalyt-
ic properties, being exploited in technologically relevant processes, such as the water-gas-shift
reaction, the oxidation of hydrocarbons and the methanol conversion. The microscopic origin of
reducibility has been identified in the comparable stability of Ce** and Ce** ions in the oxide lat-
tice, a fact that facilitates formation of oxygen vacancies.’? The ceria surface therefore allows for
effective oxygen exchange with the gas phase, explaining its high oxygen storage capacity and its
suitability as catalyst in Mars-van-Krevelen type of reactions.

The oxygen storage capacity of ceria is tightly connected with the energetics of O vacancy
formation, which in turn depends on the local binding environment of the O% ions.”! From a
thermodynamic point of view, defect formation is most costly on the closed-packed (111) surface
that, not surprisingly, features the lowest free-energy of all ceria planes.”*®! Oxygen removal be-
comes easier on the open and less stable (100) and (110) planes, where the O ions have reduced
coordination numbers. Also, the CeO,/Ce,03 phase transition proceeds more easily on these sur-
faces. The chemical activity of the different ceria planes essentially mirrors the energy barrier for
oxygen removal. For example, Mullins et al. observed a much higher propensity for hydroxyla-
tion on the open (110) compared to the close-packed (111) surface.l’"® A similar conclusion was
drawn from density functional theory (DFT) calculations, addressing the CO oxidation over vari-
ous low-index ceria planes. Also these studies successfully correlated the Gibbs free energy of a
given termination with the respective reaction yield.™

The most active, hence least stable ceria planes are typically not the ones that can be prepared
and explored in experiment. In fact, most fundamental studies have been performed on
Ce0,(111) that is easily prepared on Cu, Pt and Ru supports.*®*? In contrast, the (110) and (100)

surfaces were mainly explored on powder samples, implying that the desired low-stability planes



always occurred in combination with stable (111) regions.™**! Experiments on ceria (100) are
further hampered by the intrinsic polarity of this termination,™ and cancellation of the polar di-
pole often produces undefined surface configurations. So far, atomic-scale measurements on
Ce0,(100) has been reported in a single scanning tunneling microscopy (STM) study,*”! while
mainly transmission electron microscopy was used to characterize the (110) facets of ceria nano-
particles.[*® 1]

In this work, we discuss the structural and morphological properties of ceria crystallites that
develop from flat CeO,(111) films grown on Ru(0001) in a high-temperature dewetting process.
The particles expose wide (100) planes, suitable for atomic-scale imaging with the STM. Appro-
priate structure models, accounting for the polar nature and possible non-stoichiometric composi-
tions of the (100) termination, are derived from DFT calculations. Our work unravels unique

properties of the rarely explored (100) surface of ceria.

2. RESULTS and DISCUSSION

2.1. Temperature dependent structure and morphology of ceria nanoparticles

The evolution of the ceria-covered Ru(0001) surface upon annealing is displayed in Figure 1.
Starting from 800 K, hexagonal holes open up in the initially flat and homogenous CeO,(111)
film (Fig. 1a). At 900 K, the film dewets and exposes large areas of the pristine Ru support.[?!
The remaining oxide islands are typically 100 nm in diameter and 1.5-1.8 nm in height. Their tri-
angular or hexagonal shape indicates that the underlying lattice is still three-fold symmetric,
hence of CeO,(111) type. This assumption is supported by atomically resolved images, display-
ing the hexagonal arrangement of the surface Ce** ions (Fig. 1a, inset). At temperatures above
900 K, a new island type appears on the surface. It is distinguishable from the (111) patches by a
larger height-to-diameter ratio and the presence of right-angled base planes (Fig. 1b). Apparently,

the hexagonal (111) lattice is not the underlying structural element anymore. One of the two or-



thogonal axes of the new islands always aligns with the hexagonal Ru(0001) lattice, and three

island orientations rotated by 120° can thus be found in the STM.
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Figure 1. (a-d) Temperature series showing the evolution from a flat CeO,(111) film to nanoparticles cov-
ered with (100) facets (5.0 V, 20 pA, 150 x 150 nm?). The maximum annealing temperature is depicted in
the panels. The inset in (a) displays the atomically resolved CeO,(111) surface. (e) Ratio between flat
Ce0,(111) islands and compact 3D crystallites as well as mean volume of the 3D deposits as a function of

temperature. (f) Height histogram of the crystallites prepared by 1100 K annealing.

The new deposits are of pyramidal or prismatic shape and have square or rectangular base
planes, respectively (Fig.2a). Their lateral size is restricted to 5-10 nm for annealing temperatures
below 900 K, but increases to 25 nm upon 1000 K annealing. This enlargement is accompanied
by changes in the particle shape that resembles more and more a truncated pyramid with flat top
facet. Above 1000 K, the hexagonal islands completely disappear and the right-angled deposits
become the dominant surface species. Their aspect ratio starts decreasing from 0.5 at 900 K to
0.25 at 1100 K, reflecting the development of flat top facets with up to 20 nm side length. In ad-
dition, the right-angled base planes of the deposits become octagonal and new side facets develop

along the truncated edges (Fig. 2a).



Figure 2. (a) 3D STM representations of ceria crystallites, as they appear at the given temperatures (5.0 V,
20 pA, left panels: 20 x 20 nm?, right panels: 60 x 60 nm?). (b) Corresponding structure models indicating

the likely termination of exposed facets.

The end-point of this development is reached at 1100 K, when only 3D deposits with either oc-
tagonal or rectangular shape are found on the surface (Fig. 1d). Their lateral diameter has in-
creased to 20-40 nm; their height converged to a surprisingly narrow range of 7£2 nm, equal to
~20 atomic planes (Fig. 1f). The particle top-facets are now large enough to image them with
atomic resolution in STM, as shown below. Sample annealing beyond 1100 K causes the particles
to shrink again, as ceria evaporation becomes a dominant process. Figure 1e summarizes the tem-
perature evolution of the number density and volume of 3D ceria deposits with respect to flat
(111) islands. Apparently, the transition to the square oxide patches starts at 800 K, but becomes
significant only at temperatures above 1000 K.

After discussing the growth morphology, we focus on the atomic configuration of the ceria
crystallites. STM images of their top facets unambiguously reveal a square lattice that corre-
sponds to a (100) termination and mirrors the right-angled particle shapes (Fig. 3). The square
atom arrangement deviates from the hexagonal symmetry of Ru(0001) and CeO(111), indicating
a negligible template effect of the substrate. Two different terminations are identified in our
study. The dominant one exhibits a square pattern with 7.4 A periodicity, corresponding to a

(2x2) superstructure with respect to the primitive (1x1) cell of CeO, (Fig. 3a, b). Its vertical cor-



rugation amounts to 1.4 A when measured across a surface defect. This value is larger than the
height modulation within a single (100) plane, suggesting that more than one atomic layer is ex-
posed. The second termination is less abundant and appears mainly on top of small crystallites or
along domain boundaries and step edges inside the (2x2) phase (Fig. 3a, c). Also here, a square
lattice is revealed, however with reduced periodicity (5.4 A) and vertical corrugation (0.3 A). The
pattern is titled by 45° against the (2x2) phase and can thus be assigned to a c(2x2) superstructure
with respect to the ideal (100) lattice. In addition to the two reconstructions, various surface de-
fects have been identified in our data, as shown in Fig. 3d. The most prominent defect in the
(2x2) phase is one missing building block, leaving behind a surface depression. Occasionally, the
isolated minima merge to a defect line, which exhibits a new fine structure along its axis. As dis-

cussed below, these 1D defects mark a local transition from the (2x2) to the c(2x2) termination.

(2x2) &
Defects

Figure 3. (a) Atomically resolved image of a large ceria crystallite exposing the (2x2) and c(2x2) surface
pattern (5.0 V, 20 x 20 nm?). (b, ¢) Close-up images of the (2x2) to a ¢(2x2) reconstruction with indicated
unit cells. The image in (b) has been taken with an unusual tip and displays a slightly different contrast in
which local defects have a cross-like appearance. (d) Atomically resolved (100) plane with typical surface
defects (5.0 V, 12 x 12 nm®).

Atomically resolved facets of the ceria crystallites always display one or the other surface re-
construction. This trend reflects the polar nature of the (100) plane in both, stoichiometric (CeO,)

and reduced ceria (bixbyite Ce,03). In the two configurations, the (100) plane comprises alternat-



ing layers of cations and anions and develops a finite dipole moment. Structural changes that re-

move this surface dipole and stabilize the polar termination are discussed in the next paragraph.

2.2. Modeling of the (100) termination of ceria

Any surface model that aims at rationalizing the experimental results needs to account for the
polarity of the (100) termination. The oppositely charged atom planes in the calcium fluorite lat-
tice are equally spaced along the [100] direction and the polarity therefore cancels if the surface
contains exactly half of the bulk charges.™® As a starting point, we consider only Ce** and 0%
ions to be present in the surface and neglect possible reduction phenomena. With this constraint,
the following complete set of structure models for the polar-compensated (2x2) CeO,(100) plane
can be developed (Fig. 4):

A0: (bulk CeOy,) - 4Ce - 80 - 2Ce (single-layer Ce-terminated)
BO: (bulk CeOy) - 4Ce - 80 - 4Ce - 40 (single-layer O-terminated)
CO: (bulk CeOy) - 4Ce - 60 - 1Ce (two-layer Ce-terminated)

DO: (bulk Ce0,) - 4Ce - 80 - 3Ce — 20 (two-layer O-terminated)

The single-layer models A0 and BO have already been developed in the past, using either atom-
istic 2> 24 or ab-initio calculations.® ® %! In both cases, the O termination was found to be
thermodynamically preferred over the Ce termination and therefore used to explain the experi-
mental results on CeO,(100).% 2”1 Only for the (100) facets on ceria nanoparticles, as resolved in
TEM,™ a combination of O and Ce terminations was proposed. Beyond these early calculations,
by performing a systematic structural optimization including position changes of all surface and
sub-surface ions, we have revealed the following stability order for the stoichiometric (2x2) (100)
structures as shown in Fig. 4: yco = 0.102 eV/A? < ygo = 0.105 eV/A? < ya0 = 0.111 eV/AZ? < ypo =
0.120 eV/A% The two-layer Ce-terminated surface (C0) turns out to be the most stable, although
the energy difference between yco and ygo is relatively small. On the other hand, the A0 and DO

structures are unlikely candidates for the experimental patterns given their higher Gibbs energy.



Model DO Model C2
Figure 4. Polarity compensated, stoichiometric (A0-DO0) and sub-stoichiometric (B2, C2) surfaces of CeO,

(100). The small red and large yellow spheres denote the O and Ce ions, respectively. Each model covers
a (2x2) unit cell.

In a second step, oxygen-lean configurations, representing the reduced oxide, have been ob-
tained by removing O atoms from the stoichiometric surfaces. The resulting terminations contain
both, Ce** and Ce** ions, in order to preserve charge-neutrality. Based on the four stoichiometric
cases A0-DO, we have developed structure models An-Dn (n = 1-3), containing one, two or three
O vacancies per (2x2) cell. We have systematically tested possible locations for the O defects in
order to identify energetically preferred configurations. The calculations show that the stability
order of the stoichiometric surfaces is, to a large extent, maintained in the oxygen-deficient struc-
tures (Fig. 5). This concerns, in particular, the two most stable structure families, CO-C3 and BO-
B3, which are energetically favored over the entire range of O, chemical potentials. Moreover,
type-C structures are systematically more stable than type-B ones. In the following section, we
will discuss the two surfaces in detail and compare the computational and experimental results.

All type-C terminations are characterized by a single protrusion per (2x2) surface cell (Fig. 4).
In the stoichiometric CO surface, the maximum comprises a single nano-pyramid with a top-most
Ce ion and four anions in the layer below. Such an atom arrangement is known as Wolf recon-

struction,'”® and represents the common polarity compensation scheme for rocksalt (111) surfac-



es, e.g. MgO(111) and NiO(111).”% In the oxygen-poor C1 and C2 structures, the pyramidal pro-
trusion is preserved, while additional O defects occur in the surface layer. At higher degrees of
reduction, surface and sub-surface vacancies become close in energy, resulting either in pyramids

with three O% ions in the second layer or in four-atom based pyramids plus a subsurface defect.
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The type-C configurations perfectly reproduce the experimental (2x2) pattern found on large
(100) facets (Fig. 3a). However, even atomically resolved STM images are unable to distinguish
between CO to C3 structures, although the oxygen-poor C2 termination (Fig. 4) shows the best
match due to its ideal four-fold symmetry. The latter contains a single maximum per (2x2) cell,
now assigned to a CeO, pyramid, and features a height corrugation that is compatible with a two-
layer structure. Moreover, the dominance of the (2x2) reconstruction in the experiment is in line
with the systematic energetic preference of type-C structures in the calculations.

The c¢(2x2) reconstruction observed in STM can be linked to the second most stable, type-B
configurations. The stoichiometric BO structure contains 50% of the bulk O% ions in a chess-
board-like arrangement and preserves the primitive (1x1) cell of CeO,(100) (Fig. 4). Although
considered to be the most stable polar-compensated (100) plane in the past,*®?™ its symmetry is
in conflict with our findings. To reconcile symmetry properties with the experimental c(2x2) cell,
O vacancies need to be introduced into the surface. Among the considered models, only the B2

structure in Fig. 4 shows perfect c(2x2) periodicity. Its single-layer nature matches the low height
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corrugation (0.3 A) found in the experiment. Also, the calculated energetic ordering, yco< ygo, i
in line with the experimental preference of the (2x2) with respect to the c(2x2) phase, the latter
being exclusively found on small islands and along boundaries in the main termination. Note that
the B3 structure with three O vacancies per (2x2) cell features a c(2x2) lattice only in the top
plane, while a subsurface O defect breaks symmetry in the subsequent layers.

The C- and B-type configurations discussed above also account for defects in the (100) planes
of the ceria crystallites (Fig. 3d). Both, line and point defects may be explained with confined
swaps between the nano-pyramidal (C-type) and the isolated-anion (B-type) termination. Such
transitions are realized by adding (removing) neutral CeO, units to (from) a given surface. For
example, the C2 structure [layer sequence: bulk - 4Ce - 40 - 1Ce] transforms into a B2 termina-
tion [bulk - 4Ce - 20] by removing one CeO, building block per (2x2) cell. Similarly, a nano-
pyramid of the C2 structure is produced by adding a CeO, unit to a B2 surface and shifting an O
ion by one lattice position (Fig. 6).

a —

-
65D ,00,100 00

-
" 0 O -

d "o Y S| N |
! b bt ) kg .
/ " - s

Figure 6. (a) Scheme for a local B2—C2 transition induced by adding the CeO, units marked with (+) to
the surface and moving O% ions to adjacent lattice positions (see arrows). (b) Local C2—B2 transition,
realized by desorbing the CeO, units marked by (-). (c) STM topography (3x2 nm?) and corresponding

ball model of a line defect in the (2x2) reconstruction.
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Defects in the (2x2) reconstruction are tentatively assigned to such confined termination swaps
(Fig. 6¢). An isolated depression hereby reflects a missing CeO, unit, a change that neither alters
the stoichiometry nor the dipole cancellation scheme. If adjacent CeO; blocks desorb, a trough
appears in the surface that exposes a series of faint protrusions in out-of-phase positions with re-
spect to the former nano-pyramids. The new maxima may represent bridge-bonded O? ions that
have been shifted from their initial positions in the C2 structure. Continued desorption of CeO,
units leads to the development of O-terminated (100) patches, a process that is however hindered
by the unfavorable energetics of this termination. The ¢(2x2) domains therefore remain local per-
turbations in the main (2x2) phase, as corroborated by the experimental results.

The computational models of oxygen-deficient ceria surfaces reproduce the main properties of
experimental (100) patches. In particular, the C2 and B2 structures explain well the periodicity,
symmetry, and corrugation of the (2x2) and c¢(2x2) reconstruction found in STM, respectively.
Despite this good correspondence, the reduction state of the ceria crystallites remains an open
question in our study. Several indications point to a substantial reduction of the oxide during the
annealing procedure. A first argument comes from the temperature-driven shape evolution that
proceeds from exclusively (111)-terminated particles at 800 K to deposits with large (100) and
(110) facets at higher temperature (Fig. 2b). Such geometry crossover is not compatible with the
equilibrium shape of stoichiometric CeO,, as predicted by the Gibbs-Wulff theorem.B” In fact,
the high surface energy of stoichiometric (100) compared to (111) planes (0.10 versus 0.05
eV/A2) does not support the presence of (100) facets from a thermodynamic point of view. The
formation of (100) and (110) planes rather indicates a progressive oxide reduction upon anneal-
ing. Secondly, the reduced configurations anticipated here (A3-D3) all contain O vacancies in the
subsurface region. Their stability gain with respect to surface defects is a common trend and
marks the transition from the CeO, to the Ce,Oj lattice.* In fact, a (100)-oriented oxygen layer

in bixbyite Ce,O3 contains 6 anions per unit cell and can thus be considered as a (2x2) CeO,(100)
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plane with two missing O% ions. Given this similarity, the (100) termination of calcium-fluorite
(Ce0,) and bixbyite lattices (Ce,O3) may not be distinguishable in STM.

As the reduction state of the ceria crystallites cannot be deduced from the experiment at this
point, we will address the hypothesis of a full reduction by theoretical means. Starting from the
bulk structure of bixbyite (100), composed of equidistant layers with either 4Ce®*" or 60 ions per
unit cell, only two polar-compensated terminations can be constructed:

I. (bulk Ce,03) - 4Ce - 60 - 2Ce (single layer Ce-terminated)
I1. (bulk Ce,03) - 4Ce - 30 (single layer O-terminated)

The single-layer oxygen termination is model (1) is similar to the type-B configurations dis-
cussed before. However, an additional O vacancy would be necessary to produce the c(2x2) peri-
odicity found in experiment, requiring a further reduction of the Ce,O3 lattice. Conversely, the
single-layer nature of model (I) with its two Ce protrusions per unit cell is neither consistent with
the type-C structures nor with the experimentally observed (2x2) reconstruction. This suggests
that, despite the highly reducing conditions of the experiment, a complete transition from calci-
um-fluorite to bixbyite ceria has not yet occurred in the nanoparticles, justifying their description

with surface-reduced CeO, models.

3. CONCLUSIONS

Well-shaped ceria crystallites exposing wide (100) facets have been prepared by annealing a
Ru-supported CeO,(111) film to temperatures above 800 K. Two surface reconstructions were
identified that both compensate for the electrostatic dipole of the bulk-cut (100) plane. While the
main (2x2) phase is composed of pyramidal CeO, units, similar to the Wolf reconstruction, an O
termination has been determined for a c(2x2) minority phase. Both structures are further stabi-
lized by oxygen removal from the stoichiometric surfaces. A gradual reduction of the ceria lattice

is also relevant for explaining the shape evolution of the nanoparticles upon thermal treatment.
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The ceria crystallites analyzed here open an interesting route to explore adsorption phenomena

and chemical reactivity of open and polar oxide surfaces in the future.

4. EXPERIMENT and THEORY

All experiments were carried out in a liquid-helium cooled STM equipped with standard tools
for sample preparation and analysis. Ceria crystallites with desired (100) termination were pro-
duced in a two-step procedure. First, a (111)-oriented CeO; film of five trilayer thickness was
grown by depositing elemental cerium in 1x10°® mbar O, onto a sputtered and annealed Ru(0001)
surface at 300 K.[*? The deposition rate was set to 0.2 trilayer /min. In a subsequent annealing
step to 800 - 1100 K in 1x10°® mbar of oxygen, the compact film was converted into an assembly
of oxide crystallites exposing wide (100) facets.

Structure and stability of these facets were analyzed with DFT+U calculations as implemented
in VASP.BY 32 The U-J parameter was set to 4.5 eV.¥ The interaction between valence electrons
and ionic cores was treated with the projector augmented wave method.** **! The Kohn-Sham
orbitals were developed on a plane-wave basis set with 400 eV energy cut-off. Ceria surfaces
with (2x2) unit cells have been modeled on eight-layer thick, asymmetric (100) slabs. One side of
the slab was covered with % oxygen monolayer, while the other exposed the surface structure of
interest. To avoid spurious interactions between periodic images, the slabs were separated by 10
A of vacuum and a dipole correction scheme was applied. A (3x3x1) Monkhorst Pack grid was
used for k-point sampling of the Brillouin zone. The positions of all atoms in the five topmost

layers of the slab were relaxed until residual forces dropped below 0.01 eV/A.
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