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ABSTRACT: Atomic surface structures of CeO2 nanoparticles are
under debate owing to the lack of clear experimental determination
of the oxygen atom positions. In this study, with oxygen atoms
clearly observed using aberration-corrected high-resolution elec-
tron microscopy, we determined the atomic structures of the
(100), (110), and (111) surfaces of CeO2 nanocubes. The
predominantly exposed (100) surface has a mixture of Ce, O,
and reduced CeO terminations, underscoring the complex
structures of this polar surface that previously was often
oversimplified. The (110) surface shows “sawtooth-like” (111) nanofacets and flat CeO2−x terminations with oxygen vacancies.
The (111) surface has an O termination. These findings can be extended to the surfaces of differently shaped CeO2 nanoparticles
and provide insight about face-selective catalysis.
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CeO2 has wide applications ranging from catalysis1−4 to
solid oxide fuel cells (SOFCs).5−7 Most of the interesting

properties of CeO2 are related to its atomic surface structures.
For example, surface oxygen vacancies are expected to promote
catalytic metal particle dispersion when CeO2 is used as a
catalytic support.8,9 Under reducing conditions, O vacancies
start to form on the surface, which accompanies the reduction
of neighboring Ce4+ ions to Ce3+. This reduction is believed to
facilitate oxygen vacancy formation.10 Moreover, Ce3+ and O
vacancies can behave as the active sites for many catalytic
reactions.11−13 CeO2 has also been explored as a SOFC anode
material, where electro-catalytic activity occurs most prom-
inently at the CeO2/gas interface.

14

The literature on CeO2 surface structures is extensive. Most
surface studies have focused on CeO2 single crystals, especially
the (111) surface, using scanning probe microscopy.15−17

However, the atomic surface structures of catalytically more
relevant CeO2 nanoparticles are still not clear. High-resolution
electron microscopy (HREM) is often used to study the atomic
surface structures of nanoparticles.18−20 Recently, aberration-
corrected HREM studies were able to image the Ce atoms at
the surface of CeO2 nanoparticles

21−23 but not the O atoms.
The conclusions of these studies appear to be contradictory for
the (100) surface structures. A significant problem in the
previous HREM studies was that they were unable to image the
O atoms. Moreover, most of the previous surface studies were
on irregularly shaped CeO2 nanoparticles with the {111} facets
predominantly exposed. Studies have shown that the (100) and
(110) surfaces have superior oxygen storage capacity24 and

catalytic activity compared to the (111) surface of CeO2.
25−27

Atomic-level characterization of the CeO2 nanocubes (with
mostly {100} facets exposed) could lead to an understanding of
surface stabilization mechanisms of the high energy (100)
surface as well as the structure of active sites for catalysis. In the
present work, with the O atoms clearly resolved, we describe a
comprehensive study on the atomic surface structures of CeO2

nanocubes using chromatic (Cc) and spherical (Cs) aberrations
corrected HREM.
The CeO2 nanocubes were synthesized via a hydrothermal

method as detailed elsewhere.28 Figure 1 shows the general
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Figure 1. Exposed facets of CeO2 nanocubes. The left one is a
simplified shape and the right one is more realistic. Besides the
predominantly exposed {100} facets, {110} and {111} facets exist as
minor facets.
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shape of CeO2 nanocubes. Although they are called “cubes”,
there are a small portion of {111} and {110} facets on the
nanocubes. Under the [110] zone, the {111} and {110} facets
are clearly observed in our experiment, as shown in Figure 2a.

The as-prepared nanocubes were mixed with ethanol and
deposited onto a lacey carbon film supported with a copper
grid. The HREM experiments were carried out using a FEI
Titan 80-300 microscope operated at 200 keV with Cs and Cc
corrected, using the profile imaging mode.18−20 All the low
order aberrations (up to C5) were tuned to an acceptable level
(Cs ∼ 0 μm, Cc < 1 μm, astigmatisms ∼ 0 μm) before image
recording. A Cc corrector enhances resolution and localization
of HREM images29 and assists with imaging light atoms. For
CeO2, with a lattice constant of 5.4 Å the spacing between
oxygen columns is 1.9 Å for the [110] zone axis. The atomic
columns are well enough separated to be resolved by a typical
Cs corrected microscope with subangstrom resolution.30,31

However, a heavy element such as Ce will induce strong
channeling contrast32,33 in HREM images. Thus the interpret-
ability is very sensitive to the sample tilt with respect to the
crystal zone axis. In this study, we performed HREM image
simulations34 for the experimental images and found that the
sample tilt was only approximately 1.5 mRad off from the
crystal zone axis. In practice, noise from the supporting thin
film can also reduce resolution and decrease oxygen contrast. In
this study, we intentionally examined nanocubes not supported

by a carbon film (see Figure 2a) and obtained HREM images
with minimum noise. For all the experimental images shown in
this study, we performed HREM image simulation (see
Supporting Information) using the MacTempasX program
based on the multislice method34 and conventional nonlinear
imaging35 theory to understand the surface contrast.
Figure 2 shows the atomic surface structures of the {100}

facets of a CeO2 nanocube. Owing to the cubic shape of the
particle, there are two visible {100} edges under the [110] zone
axis, indicated by the white and blue boxes in Figure 2a. Figure
2b shows the HREM image of the region indicated by the blue
box. Two distinctive edge-on contrasts are present in Figure 2b,
as indicated by yellow and red bars. The one indicated by the
yellow bar is a surface with a Ce termination with the simulated
HREM image shown in Figure 2c. The red bar indicates a
surface with an O termination, which matches well with the
simulated HREM image with the O-terminated surface, as
shown in Figure 2d. Therefore, both O and Ce terminations
can exist on the same surface.
On the other (100) facet (indicated by white box in Figure

2a), a larger surface area is observable, as shown in Figure 2e.
At the right part of Figure 2e (region IV), the sample is thin
and the weak phase object approximation (WPOA) is
approximately valid: the bright spots are atoms for a small
overfocus. Thus, the surface is Ce-terminated for region IV.
The simulated image of region IV is shown in Figure 2i. When
the thickness is larger, the electron channeling contrast
becomes dominant. Therefore, in the regions I−III of Figure
2e, the Ce columns become black spots in the bulk and the O
columns are brighter than those in region IV. The exceptions
are from the surface and subsurface atom columns. The bright
spots of the surface and subsurface Ce columns indicate low
occupancies. Figure 2f−h are the simulated HREM images for
regions I−III respectively. The experimental and simulated
images match reasonably well. For Figure 2f, we used the (√2
× √2)R45° reconstructed CeO model (half of the outermost
surface O are removed in a checkerboard style,36 the atomic
model is overlaid) with the detailed surface occupancies shown
in the Supporting Information. An image taken under slightly
less defocus at the same area can further confirm the CeO
termination (see Supporting Information). Figure 2g,h shows
simulated HREM images using a Ce-terminated model with
different surface atom occupancies (see Supporting Informa-
tion). The simulated images from the surfaces with 100%
occupancy, which are very different from the experimental
contrast, are also shown in the Supporting Information. The
surface spot positions in Figure 2f,g are more ordered than the
ones in the experimental image. This is expected as low
occupancy indicates vacancies in crystal. The disordered
vacancies can result in lattice relaxation and breaks the ordered
symmetry in real samples. The simulation program only treats
low occupancies by lowering crystal potential and the column
positions are fixed. It is worth noting that the partial occupancy
of the outermost layer results in the exposure of the subsurface
layer. Therefore, in terms of the exposed surface layer, it can be
the CeO, Ce, or O layer.
A feature of {100} surfaces observed in this study is the

hopping of atoms on the surface, which is in agreement with
previous HREM studies on CeO2 nanoparticles.21,23 The
surface atoms are diffusing on the surface (see Supporting
Information), which results in random and unpredictable
surface atomic rearrangements. However, similar features to
Figure 2b,e are present in almost all of our HREM images.

Figure 2. The {100} surfaces of CeO2 nanocubes. (a) A HREM image
on a typical CeO2 nanocube at the [110] zone axis with the FFT of the
region of interest (the area highlighted with white box) shown in the
inset. (b) A magnified HREM image of the (100) surface of (a),
highlighted with the blue box. (c−d) Simulated HREM images of (b)
using Ce and O terminations respectively. The atomic models are
directly overlaid on the atom positions of the HREM images. (e) A
magnified HREM image of the (100) surface of (a), highlighted with
the white box. (f) A simulated image of the region I in (e) using the
(√2 × √2)R45° reconstructed CeO model (overlaid). (g−i)
Simulated HREM images of region II, III, and IV in (e) using a Ce-
terminated model.
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Therefore, this single image represents the general features on
the surface. We also reduced the electron beam intensity (from
4 × 103 to 5 × 102 e/Å2s) to probe electron beam effects on the
surface diffusion; however the surface hopping seems to be
unavoidable. To test whether the observed surface structures
are due to electron beam irradiation, we also performed
infrared spectroscopy (IR) studies (see Supporting Information
and ref 37). The results indicate the presence of the multiple
surface structures (Ce, O, and CeO terminations) as well
without the electron beam. We will return to the IR results
later.
The bulk-terminated (100) surface of CeO2 is a type-III

unstable polar surface according to Tasker’s polar surface
notation.38 Simplified models using an O-terminated surface
with half of the outermost O atoms removed were often
assumed to compensate for the dipole moment.36,39 However,
the exact surface termination is still under debate. A well-
ordered √2/2(3 × 2)R45° surface reconstruction was
observed on CeO2 (100) single crystal using scanning
tunneling microscopy.40 When it comes to nanoparticles,
Kirkland et al. used HREM with exit wave reconstruction
(EWR) and concluded that the (100) surface is Ce-
terminated.22 In contrast, Möbus et al. concluded that the
(100) surface of CeO2 consists of hopping CeO chains based
on their HREM and molecular dynamics simulation.21,23

From the present study, we conclude that the half O missing
model is oversimplified. The exposed surface has mixed
terminations of Ce, O, and CeO. The reconstructed region
can extended to ∼1 nm deep from the outermost surface, as
indicated by the partial occupancies of surface atoms in Figure
S2j−m in the Supporting Information. The combination of the
mixed outermost surface terminations as well as the partially
occupied near-surface region is believed to quench the surface
dipole moment. Mixed terminations are usually present when
the energy difference among different structural configurations
is small (less than 0.1 eV/1 × 1 cell). Taking entropy of mixing
into account, the combination of locally ordered different
structures can result in a thermodynamically stable surface (low
Gibbs free energy).41,42 Indeed, a DFT study of CeO2 (100)

has suggested that the energy difference between the different
reduced surface models is quite small, and the authors
suggested that deviation from a perfect atomic arrangement
could easily alter the order of low energy surface config-
urations.36 Our study is also in agreement with a recent XPS
study on Sm-doped CeO2 (100) surface, which showed higher
Ce3+ concentrations near the surface than in the bulk.43 The
authors attributed the higher concentration of surface Ce3+ to
the higher partial molar entropy of surface oxygen, suggesting
the presence of different configurations in near-surface regions
as well. This study shows that O vacancies are present as deep
as ∼1 nm from the surface. This is consistent with a previous
EELS-STEM study,44 which shows reduced shells on the
nanoparticles. As a cross-check for the surface structures, we
performed IR studies of methanol adsorption on ceria
nanocubes (see Supporting Information and ref 37). The
multiple modes of adsorbed methanol, that is, on-top, bridging,
and triply bonded methoxy species, suggest that the surfaces of
CeO2 nanocubes contain more than just one type of
termination. Instead, the presence of multiple surface structures
and the existence of local Ce terminations on CeO2 nanocubes
have to be invoked for the observation of a variety of methoxy
species. Although {110} and {111} corners and edges are
present on the CeO2 nanocubes, the contribution of these sites
to the total methoxy adsorption should be negligible (see
Supporting Information). These mixed surface terminations
should be intrinsic to the pristine {100} surfaces of the
nanocubes.
A typical HREM image of the (110) surface is shown in

Figure 3a. The surface has mixed terminations of flat CeO2‑x
layers and “sawtooth-like” (111) nanofacets (indicated by the
white arrows in Figure 3a). We investigated the HREM images
of 3 different nanocubes, and found the (111) nanofacets are
often ∼1 nm in length and contribute approximately 40% of the
area of the {110} facets of CeO2 nanocubes. The (110) surface
of the nanocubes is very thin along the [110] direction; our
simulation shows that the thickness is approximately 1.5 nm.
Figure 3b shows the simulated HREM image with a CeO2-
terminated (110) surface while Figure 3c shows the one with a

Figure 3. The (110) surfaces of CeO2 nanocubes. (a) An experimental HREM image on a (110) surface of CeO2 nanocubes at [110] zone axis. The
white arrows indicate (111) nanofacets. (b) A simulated HREM image of the CeO2 (110) surface with a CeO2 surface termination. The structural
model is overlaid on the atom positions. (c) A simulated HREM image of the CeO2 (110) surface with a Ce termination. (d) Integrated line profiles
from A1 to A2 indicated in (a). O vacancies are indicated by the squares (□).
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Ce-terminated (110) surface. As the noise of Figure 3a is only
from the vacuum, which is rather low, an undetectable contrast
of the O column can be directly interpreted as O vacancies.
Figure 3d shows the line profile of the surface layer from A1 to
A2 (DigitalMicrograph, with line widths of 7 and 9 pixels). The
averaged line profile intensity on the vacuum area is shown in
Figure 3d, which is approximated to the noise level. Therefore,
on the flat part (CeO2‑x part) of the CeO2 (110) surface, there
are many surface O vacancies. Using the same analysis for two
other nanocubes, we found there are approximately 30%
oxygen vacancies on the CeO2‑x part of the (110) surface. It is
worth noting the ratio of the oxygen vacancies may change with
oxygen vapor pressure and electron beam irradiation. Never-
theless, the ratio indicates the relative ease of oxygen vacancies
formation compared to the CeO2 (111) facet (a point we will
return later) and surfaces of other oxide nanoparticles.19,20

Along the [110] direction, the ceria crystal consists a stack of
identical neutral CeO2 planes, which results in zero net dipole
moment. However, the surface energy of the (110) surface is
higher than the (111) surface.39,45,46 The rearrangement of the
surface to (111) nanofacets can reduce the high surface energy.
The (111) nanofacets were observed by previous HREM
studies on CeO2 nanoparticles

47 and on a CeO2 single crystal.
48

Moreover, the (110) surface with high concentration of O
vacancies as observed in this study is in accordance with our
previous IR and UV Raman studies,28,37 in which a large
amount of defect sites were observed on the ceria nanorods,
which is presumably represented by {110} facets.
The (111) facet is O-terminated, based on the comparison

between the experimental image and the two simulated HREM
images with O-terminated and Ce-terminated surfaces, as
shown in Figure 4a−c, respectively. The simulation with the O-

terminated surface matches with the experimental surface
contrast much better than the simulation with the Ce-
terminated surface. Usually the (111) surface is classified as a
type-II nonpolar surface. It is worth noting that this
classification is only based on the assumption that the surface
is O-terminated, as the cation layer termination will result in a
type-III surface.38 Therefore, the O termination was assumed.
The previous study22 using HREM with EWR indicates the
(111) surface of CeO2 is O-terminated as well. In this study,
the surface O atoms are directly observed. The uniform surface
termination of the (111) facet is consistent with the methanol
probing experiment on {111} facets exposed ceria nano-
octahedra where only on-top methoxy is observed.37

The present results demonstrate that HREM can image both
heavy and light elements simultaneously at atomic resolution.
However, understanding the contrast of the atoms is not always
straightforward. Ce atoms become black spots at the thick
region while O atoms maintain white spots. Image simulation
should be carefully conducted to understand HREM contrast.
Other electron microscopy based techniques such as
aberration-corrected dark field STEM (HAADF-STEM) is
capable of detecting atoms49−52 and often the contrast can be
directly understood. However, HAADF-STEM has relatively
low sensitivity to light elements such as O atoms when heavy
elements are present.22,44 It is worth noting bright-field STEM
(BF-STEM) can image the O atoms clearly;53 the contrast
should be understood using image simulation as well, because
BF-STEM and HREM have the reciprocity relationship and
image contrasts are equivalent.54 Oxide surfaces are usually
more complex than surfaces of metals. Different imaging modes
in electron microscopy,18,22,55 as well as other nonelectron
based techniques can all help to fully understand oxide surfaces.
In summary, we have directly observed the atomic surface

structures of CeO2 nanocubes by resolving both the O and Ce
atoms with aberration-corrected HREM. The predominantly
exposed (100) surface has mixed terminations with Ce, O, and
CeO on the outermost surface as well as the partially occupied
atoms in the near surface region. It is interesting to compare
the surface stabilization mechanisms of the other materials with
polar surfaces, particularly for nanomaterials, as the atomic
surface structures of most oxide nanoparticles are still unclear.
The (110) and (111) facets are also studied in the present
work. The (110) surface has (111) nanofacets as well as
CeO2−x terminations. The (111) surface is ideally truncated
with an O termination. Since face-selective catalysis is
becoming an active research topic, these data are of particular
significance when correlating the catalytic performances of
nanoshapes to their corresponding exposed surface facets. The
CeO2 nanocubes ({100}-facet-dominated), nanorods ({110}-
facet-dominated), and nanooctahedra ({111}-facet-dominated)
often show significant differences in many catalytic reac-
tions.27,56−58 The results here highlight that oxide nanocrystals
are not always perfectly structured, in contradiction to previous
assumptions. Instead, surface reconstruction, nanofaceting, and
surface vacancies have to be taken into account when
constructing the structure-catalysis relationship for oxide
nanomaterials.

■ ASSOCIATED CONTENT
*S Supporting Information
Parameters for HREM simulations, occupancies used in HREM
simulations, HREM simulations with 100% occupancy of the
surface atoms, an experimental HREM image with less defocus,

Figure 4. The (111) surfaces of CeO2 nanocubes. (a) An experimental
HREM image on a (111) surface of CeO2 nanocubes at [110] zone
axis. (b) A simulated HREM image of the CeO2 (111) surface with an
O termination. The structural model is overlaid on the atom positions.
(c) A simulated HREM image of the CeO2 (111) surface with a Ce
termination.
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experimental time-series images show the atoms hopping on
the surface, and detailed IR studies on the CeO2 nanocrystals.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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