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Atomic layer reversal on CeO: (100) surface

Jinglu Huang', Yunbo Yu***, Jing Zhu' and Rong Yu'

ABSTRACT The structure and properties of CeO, surfaces
have been intensively studied due to their importance in a lot
of surface-related applications. Since most of surface techni-
ques probe the structure information inside the outermost
surface plane, the subsurface structure information has been
elusive in many studies. Using the profile imaging with
aberration-corrected transmission electron microscopy, the
structure information in both the outermost layer and the
sublayers of the CeO, (100) surface has been obtained. In
addition to the normal structures that have been reported
before, where the surface is Ce- or O-terminated, a metastable
surface has been discovered. In the new structure, there is an
atomic layer reversal between the outermost layer and the
sublayer, giving a structure with O as the outermost layer for
the stoichiometry of normal Ce-terminated surface. The
charge redistribution for the polarity compensation has also
been changed relative to the normal surface.

Keywords: surface structure, ceria, atomic layer reversal, aber-
ration-corrected TEM, first-principles calculations

Materials based on CeO,, owing to their outstanding
physical and chemical properties, have played important
roles in solar cells [1], solid-oxide fuel cells [2,3], UV
blockers [4-6] and a variety of catalytic reactions like
three-way automotive catalytic converters, the production
and purification of hydrogen [7-10]. Many of these ap-
plications are closely related to the specific local structures
on CeO, surface such as islands, steps, oxygen vacancies
and Ce™ ions. For instance, the high capacity of CeO, in
oxygen storage-release is largely contributed by the oxygen
vacancies that can be quickly formed and eliminated [11];
the abundant oxygen vacancies in Ru/CeO, catalysts serve
as the active site for CO, activation [12] and also behave as
the active sites for many catalytic reactions with the ac-

companied reduction of Ce** ions [13]; the high activity of
Au/ceria catalysts in the water-gas shift reaction has been
traced back to the ionic Au species that only strongly as-
sociated with cerium-oxygen surface [14,15]. Hence, CeO,
surfaces have been attracting large amount of investiga-
tion. In previous studies on the surface of CeO,, single
crystals were usually chosen as the main research objects.
Scanning tunneling microscope (STM) and atomic force
microscope (AFM) were commonly used in structural
characterization [16-18]. Most of research findings are
focused on the (111) surface of ceria single crystals or
epitaxial thin films. Namai et al. [16,17] observed the
structure and dynamic behavior of CeO, (111) surfaces in
STM, and visualized the surface oxygen atoms, oxygen
point defects, and multiple oxygen defects on oxygen-
terminated CeO, (111) surface through noncontact AFM.
Esch et al. [18] unraveled the local structure of oxygen
vacancies on the (111) surface and subsurface combining
high resolution STM with density functional calculations.
They found that the electrons left behind by released
oxygen localized on and reduced cerium ions, primarily by
inducing subsurface vacancies, which played a crucial role
in the formation of vacancy clusters on ceria substrates.
In real applications, most catalytic materials are used in
the form of micro- or nano-crystals. Due to the size effect,
there would be many differences between the surface
structure of single crystals and those of micro- or nano-
crystals. A recent example is the formation of the hcp
structure in Rh nanoparticles, although the bulk Rh has the
fcc structure [19]. In order to have a deeper understanding
about the local structures and properties of ceria in en-
gineering applications, we need to pay more attention to
ceria with different sizes and morphologies. High resolu-
tion transmission electron microscopy (HRTEM) has been
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used to study the atomic structures of the surfaces of CeO,
nanoparticles, and has revealed structural details with in-
creasing spatial resolution. Recently, aberration-corrected
transmission electron microscopy (TEM) has been able to
distinguish the Ce columns at the surface of CeO, nano-
particles. Lin et al. [20] successfully observed the Ce and O
atom columns on {100}, {110} and {111} ceria surfaces
with aberration-corrected TEM. The {100} surfaces were
shown to have a complex structure, with mixed Ce-, O-,
and CeO-terminations. The {110} surfaces have large
amount of oxygen vacancies and easily form {111} nano-
facets to lower the surface energy. The {111} surfaces were
always terminated by O atoms. Haigh et al. [21] also
characterized several low index surfaces of CeO, in AFM
and aberration-corrected TEM. They found that the O-
terminated {111} surfaces could keep stable, while the Ce-
terminated {100} surfaces were unstable.

In this study, the (100) surfaces of CeO, have been in-
vestigated combining aberration corrected TEM and first-
principles calculations. Various surface structures have
been identified. In addition to the normal (100) surface
that has Ce or O as the outermost layer, a new surface
structure with the atomic layer reversal has been revealed.

The CeO, nanoparticles were prepared though a hy-
drothermal process, using Ce(NO;);:6H,O and NaOH
solution with a concentration of 1 mol L™ as the reactants.
The specific synthesis steps were introduced in the re-
ference [22]. HRTEM images were taken on an FEI Titan
80-300 microscope equipped with a CEOS image aberra-
tion-corrector. The operating voltage was 300 kV and the
spherical aberration was set to —13 um. The image simu-
lation of relaxed surface models was performed using the
MacTempasX software.

Calculations of the bulk and surface relaxations of CeO,
were carried out using the projector augmented-wave
(PAW) method [23] within the density functional theory
(DFT), as implemented in the VASP code [24,25]. In order
to consider the strongly correlated 4f electrons of Ce in
CeO,, calculations were performed using the GGA+U
approximation, with the on-site Coulombic interaction
parameter U set to be 5 eV. As noted by Andersson et al.
[26] and Zhang et al. [27], although suggestions of U va-
lues vary in literature, the optimal ones appear to be
around 5.0 eV for GGA+U. For the (100) surface, super-
cells of 3.873 A x 3.873 A x 47.387 A was used. The su-
percells have a crystal slab of about 27 A thick, and a
vacuum layer of 20 A thick.

Fig. la shows an experimental aberration-corrected
TEM image of the (100) surface of a CeO, nanoparticle.
Fig. 1b shows the simulated images of CeO, in the same
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Figure 1  (a) Experimental aberration-corrected TEM image of the
CeO, (100) surface, viewed in the [011] zone axis. (b) Simulated images
of CeOQ, in the [011] zone axis. Two types of surface structure can be
identified in the experimental image, as labelled N (normal) and R
(reversed), respectively.

direction, with the focus in the range of 0 and 10.0 nm, and
the thickness in the range of 0.3 and 2.7 nm. The com-
parison between the experimental and simulated images
indicates that the focus and thickness for the experimental
image is about 7.0 and 1.9 nm, respectively. At this con-
dition, there is a one-to-one correspondence between the
intensity maxima in the image and the projected atomic
positions in the viewing direction. The strong and weak
spots are Ce and O atom columns, respectively. They are
well resolved, enabling us to perform accurate measure-
ments and structural analysis.

Two types of surface structures can be identified in Fig.
la, as labelled N and R, respectively. Fig. 2a shows the
enlarged N area. As can be seen, the atomic configuration
extends from the bulk up to the outermost layer, indicat-
ing that a cleaved surface is formed. The spacing between
the first and the second Ce atomic layers was measured to
be 2.69 A, which is very close to the corresponding to the
bulk value (2.71 A).

The (100) surface of CeO, is a type 3 polar surface ac-
cording to Tasker’s classification [28]. The polarity needs
to be compensated to lower the surface energy. To com-
pensate the polarity of the Ce-terminated surface, negative
charges 2e” per surface unit cell are required, which can be
realized by reducing two Ce" ions to Ce’. For the O-
terminated surface, an O vacancy per surface unit cell is
required. The ordering of the vacancies would lead to the

(v/2 x v/2) R45° reconstructed CeO structure.
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Figure 2 (a) The enlarged image of the cleaved (100) surface of CeO,,
with a slight inward relaxation of the surface layers; (b-d) The simulated
images of the Ce-terminated, full O-terminated, and half O-terminated
[(v/2x+/2) R45°] surfaces, which are relaxed with first-principles cal-
culations. The corresponding models are shown in (e-g).

%

Considering the experimental observations and above
discussion, three types of surface models were constructed,
with Ce-termination, full O-termination, and half O-ter-
mination, respectively. Prior to the relaxation of the sur-
face models, the lattice parameter of bulk CeO, was
optimized first. The results give a = 0.548 nm, slightly
(1.3%) larger than the experimental value (0.541 nm),
consistent with usual error given by the PBE functional.
Fig. 2e-g show the relaxed models for the three surface
models, respectively. For the Ce-terminated surface, the
topmost Ce relaxes inward by 8 pm, and the O sublayer
relaxes outward by 16 pm, shortening the spacing between
the first two atomic layers from 1.37 to 1.12 A. For the full
O-terminated surface, the topmost O relaxes inward by
4 pm, and the Ce sublayer relaxes outward by 12 pm,
shortening the spacing between the first two atomic layers
from 1.37 to 1.21 A. Larger relaxations occur for the half
O-terminated (v/2 x v/2) R45° surface, and the spacing
between the first two atomic layers was shortened from
1.37 to 1.04 A.

For both full and half O-terminated structures, the
surface atoms have slight changes in the charge state. For
the Ce-terminated surface, however, the first two Ce atoms
were reduced from Ce** to Ce’, consistent with the pre-
diction for the polarity compensation. Due to the localized
4f electron on the Ce’* ions, the convergence in the cal-
culations of the Ce-termination is much lower than the
other two surfaces.
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Figure 3 (a) The enlarged image of the reversed (100) surface of CeO,,
with a huge inward relaxation of the outermost Ce layer. (b) and (c) The
simulated image of the model relaxed with first-principles calculations
shown in (d) and (e), respectively.

There is a weak contrast above the topmost Ce atomic
layer, indicating that the surface can be viewed as Ce-
terminated one with O adatoms, or O-terminated one with
O vacancies. In order to discriminate the three models,
accurate measurements of the image intensity and the
positions of the atomic columns are required. The signal to
noise ratio of Fig. 2a is not high enough for this purpose.
As noted before [20,29-32], however, the mobility of
atoms at ceria (100) surface is quite high and the three
types terminations discussed above could coexist at the
surface. In fact, the mobility of oxygen inside CeO, is also
high, making it a good oxygen reservoir in catalytic ap-
plications or ionic conductor in solid oxide fuel cells [33].
The contribution of entropy to the structural stability and
polarity compensation is also important for such surfaces
with a lot of adatoms or vacancies [34,35].

Fig. 3a shows the enlarged R area. In contrast to the
cleaved surface that has slight relaxation, there is a sur-
prisingly huge relaxation of the topmost Ce layer in the R
areas. The spacing between the first two Ce layers was
measured to be 1.49 A, much less than the bulk value
(2.71 A).

Based on the experimental measurements, several
models have been built considering the stacking sequence
of O and Ce layers and the amount of oxygen vacancies.
The models were then optimized with the first-principles
calculations. Two of the relaxed structures are shown in
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Fig. 3d, e. Most of the structures are not able to reproduce
the huge relaxation of the outermost Ce layer. Fig. 3d is an
example, where the spacing between the first two Ce layers
is 3.42 A, much larger than the experimental value
(1.49 A).

The only structure that can reproduce the huge relaxa-
tion is the model shown in Fig. 3e. The corresponding
simulated image is given in Fig. 3¢, which matches rea-
sonably well the experimental image. The spacing between
the first two Ce atomic layers was 1.87 A, close to the
experimental value (1.49 A). The structure has the same
surface stoichiometry as the Ce-terminated surface, but
the original O sublayer moves cross the Ce layer to form
the new outermost O layer.

As a metastable structure, the reversed surface has an
energy higher than the normal Ce-terminated surface by
1.5 ] m ™ The charge redistribution for the polarity com-
pensation is also different. For the normal Ce-terminated
surface, the reduction of the surface Ce*" ions involves
primarily the occupancy of the 4f orbitals of the surface Ce
ions. Due to the change of the coordination of the outer-
most Ce ion in the reversed surface, however, the reduced
Ce ions have more occupancy in the 5d orbitals, and have
no local magnetic moment. The Ce ions in the sublayers
have more occupancy in the 4f orbitals, and have a local
magnetic moment of 0.9 Bohr magneton.

The formation of the reversed surface can be rationa-
lized considering the bonding between the neighbors, and
the valence change of the subsurface Ce atoms. For the
normal surface, each Ce atom has 8 O neighbors and each
O atom has 4 Ce neighbors. This neighboring relation
remains in the reversed surface. The main difference lies in
the elongated Ce-O bonds in the reversed surface com-
pared with the normal surface, leading to the higher en-
ergy of the reversed surface. The Ce-Ce distance in the
reversed surface is also shorter (although not as apparent
as the projection shown in Fig. 3) than those in the normal
structure, which would also contribute to the higher en-
ergy of the reversed structure. The valence change de-
scribed above is an indication of the existence of covalence
and weak ionicity. For the oxides with weak ionicity, the
energy penalties for shorter bonds between like atoms are
smaller than those in the oxides of strong ionicity. As a
result, density-functional theory calculations show that the
reversed structure is metastable. The force on all the atoms
in the relaxed structure is zero, and the simulated image of
the relaxed structure matches well with the experimental
image.

In conclusion, two types of {100} surfaces of CeO, have
been investigated combining aberration-corrected TEM
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and first-principles calculations. For the normal Ce- and
O-terminated surfaces, the atomic relaxation is less than
0.2 A. A huge surface relaxation has been revealed, with
the spacing between the outermost Ce layer and the Ce
sublayer reduced 50% relative to the bulk value. The
structure has the same surface stoichiometry as the normal
Ce-terminated surface, but the original O sublayer moved
cross the original Ce outermost layer, forming a reversed
structure with O as the termination.
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