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Introduction

Ceria (CeO2) has been extensively investigated in the field of
heterogeneous catalysis both as a catalyst and as a support for
noble metals. This is due to its unique redox properties and
high oxygen storage capacity (OSC), allowing it to quickly
switch oxidation state between Ce4+ and Ce3+ in the stable
fluorite structure.[1] Because of these redox properties, CeO2 is
used in a wide range of applications such as an ultraviolet (UV)

absorber in sun blocks,[2] O2 sensors,[3] and antioxidant in the
field of biomedicine.[4] CeO2 is commercially used as a catalyst
support in applications such as three-way automotive exhaust
catalysis (TWC)[5] and as solid electrolytes in low-temperature
solid oxide fuel cells (SOFCs).[6] Further, the oxidation of CO,[7]

NO,[8] hydrocarbons,[9] the low temperature water gas shift re-
action (WGS),[10] and steam reforming of bio-oil[11] have been
investigated on CeO2 and CeO2-supported catalysts.

In recent years, many studies have reported improved activi-
ty of CeO2 catalysts through synthesis of CeO2 nanostructures
with controlled morphology.[12] The controlled morphology
generates well-defined exposed crystallographic planes, which
may lead to improved catalytic activity. Synthesis procedures
for these CeO2 nanocrystals are well developed for generating
morphologies such as cubes,[13] rods,[1, 7b, 12a, 13, 14] wires,[1]

tubes,[15] octahedra,[16] spindles,[17] 3D flower-like shapes,[18] and
spheres.[14] These materials have also been studied in catalytic
reactions. The literature shows that CeO2 morphology can play
an important role in catalytic performance.[1, 7c, 12a, 14, 15b, 18] For in-
stance, CeO2 cubes were reported to exhibit excellent reduci-
bility and high oxygen storage capacity (OSC) attributed to the
presence of (100) planes.[19] CeO2 rods attracted attention be-
cause they provide a high surface area. The rods are thought
to expose (100) and (110) surfaces, which are less stable and
thus more reactive than the (111) surface.[20] It has also been
suggested that the CeO2 rods have surface defects[7a, 21] such as
vacancy clusters, pits, and a high degree of surface roughness.
CeO2 rods have been reported to exhibit enhanced reactivity
for the oxidation of CO,[1, 7b, c] NO,[8] 1,2-dicholorethane, and
ethyl acetate.[22]

The morphology of CeO2 rods was deduced in the work of
Zhou[7b] and Mai,[13] and the synthesis approach reported by

Aberration-corrected transmission electron microscopy and
high-angle annular dark field imaging was used to investigate
the surface structures and internal defects of CeO2 nanoparti-
cles (octahedra, rods, and cubes). Further, their catalytic reac-
tivity in the water–gas shift (WGS) reaction and the exposed
surface sites by using FTIR spectroscopy were tested. Rods and
octahedra expose stable (111) surfaces whereas cubes have pri-
marily (100) facets. Rods also had internal voids and surface
steps. The exposed planes are consistent with observed reac-

tivity patterns, and the normalized WGS reactivity of octahedra
and rods were similar, but the cubes were more reactive.
In situ FTIR spectroscopy showed that rods and octahedra ex-
hibit similar spectra for �OH groups and that carbonates and
formates formed upon exposure to CO whereas for cubes clear
differences were observed. These results provide definitive in-
formation on the nature of the exposed surfaces in these CeO2

nanostructures and their influence on the WGS reactivity.
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these authors has become the standard recipe for the prepara-
tion of CeO2 rods and cubes.[7c, 21–23] Most recent studies rely on
the morphology proposed in these early papers, suggesting
that CeO2 rods have exposed (100) and (110) surfaces and
grow along the [110] direction.[23b, 24] However, careful examina-
tion of the early studies shows that the limited resolution of
TEM in those days made it difficult to obtain clear images of
the surface regions. Furthermore, high-angle annular dark field
(HAADF) imaging was not used in these studies to provide de-
finitive shape information. More recently, it was suggested that
CeO2 rods can also expose (111) surfaces and it was implied
that the origin of the enhanced reactivity for CO oxidation
may not be connected with the surface facets but rather with
the defects seen in these rods, particularly vacancy structure-
s.[7a, 8, 17, 25] Likewise, Asahina et al.[26] suggested that CeO2 cubes
exhibiting (100) surfaces may actually be composed of octahe-
dral units, implying thereby that their surfaces are composed
of (111) facets. In light of these uncertainties, we decided to in-
vestigate the surfaces of CeO2 by using a combination of TEM
technique as well as surface reactivity measurements.

Previous researchers used high-resolution TEM (HRTEM) to
identify surface features and the morphology of the nanoparti-
cles. Conventional HRTEM does not allow us to visualize the
surfaces very clearly due to image delocalization and Fresnel
fringes. The development of aberration-corrected transmission
electron microscopy (AC-TEM) has pushed the resolution
below 1 �, both in TEM and STEM modes.[27] AC-TEM has re-
cently been used to investigate the beam-induced cationic
mobility on the surface of CeO2 nanoparticles.[28] In the present
study, we used a double aberration-corrected microscope
(JEOL JEM-ARM 200F) equipped with both image and probe
correctors. This combination of atomic-scale resolution in TEM
and STEM images provides insights into the nature of the sur-
faces of these CeO2 nanoshapes. As microscopy is a local tech-
nique, we have also included XRD and Brunauer–Emmett–
Teller (BET) surface area measurements to provide a better
average of the structure and morphology of these powders.
To characterize the surface reactivity, we have used the water–
gas shift (WGS) reaction as a probe reaction. In addition, FTIR
spectroscopy of adsorbed CO allows us to obtain mechanistic
insight into the surface reactions taking place on the respec-
tive CeO2 nanoshapes. This combination of techniques allows
us to present a complete picture of the nature of the surfaces
in shape-controlled CeO2 nanoparticles.

Results and Discussion

CeO2 rods and cubes were synthesized by using the approach
described by Mai et al.[13] The BET surface areas of ceria rods,
octahedra, and cubes were found to be 80, 58, and 10 m2 g�1,
respectively. The samples did not possess microporosity and
have average pore sizes larger than 10 nm. The pore volumes
of CeO2 rods, octahedra, and cubes were 0.33, 0.20, and
0.05 cm3 g�1, respectively. The surface area is consistent with
the particle sizes observed by SEM and TEM, showing that on
average the cubes are significantly larger in size than the other
two samples. Figure 1 shows the XRD patterns of the three

samples. The prominent CeO2 diffraction peaks are consistent
with the expected CeO2 reflections according to ICDD card 43-
1002.[29] The XRD peaks are broad due to the small size of the
CeO2 crystallites. Although it is difficult to derive average crys-
tallite dimensions from Scherrer analysis for particle shapes
that differ from spherical geometry, we have performed this
analysis to obtain corroboration of our TEM observations. The
sizes derived from the analysis of XRD data were as follows:
Rods 29 nm, cubes 58.7 nm, and octahedra 51.2 nm. Our XRD
data for CeO2 nanoshapes are in agreement with the work of
Mai et al.[13] (recipe we used for synthesis) as well as with the
work of Wu et al. (2010),[21] Dai et al. (2012),[22] Gamarra et al.
(2013),[30] Torrente-Murciano et al. (2013),[31] and D�saunay et al.
(2013).[32]

All three samples in Figure 1 show some degree of asymme-
try in the peak profile, as seen from the presence of a shoulder,
or second peak on the left of the (311) reflection (see the Sup-
porting Information, Figure S1; most prominent for rods).

We assign this shoulder to the existence of a bimodal parti-
cle size distribution, with the smaller particles showing a lattice
constant that is larger than bulk CeO2. The lattice expansion
can be caused by the presence of Ce3 + ions in this ionic lattice
as explained by the model presented by Tsunekawa et al.[33]

A bimodal particle size distribution can be clearly observed in
the SEM and TEM images and, hence, is consistent with this in-
terpretation. In this sample set, all samples exhibit this bimodal
particle size distribution, but we will show below that the par-
ticle size does not affect the surface termination of the CeO2

nanoshapes. To establish the surface structure and morpholo-
gy, the CeO2 nanoshapes were analyzed by SEM, AC-TEM, and
AC-STEM, the latter in bright field (BF) as well as in dark field
(HAADF) imaging modes. We also embedded the rods in
epoxy and prepared cross-section samples using an ultramicro-
tome, which allows us to analyze rods end-on. We next de-
scribe the morphology of these samples, followed by the cata-
lytic reactivity and the FTIR spectroscopy of adsorbed species
on the surface.

Figure 1. XRD patterns for controlled-morphology CeO2 powders used in
this study. The (111) reflection is highlighted with a vertical line and shows
that the rods and octahedron samples have very similar lattice constants.
The Supporting Information (Figure S1) presents an expanded view of the
(311) reflection of these samples, showing the asymmetry in peak shape (re-
lated to bimodal particle size distribution) more clearly.
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Octahedra

Figure 2 shows an SEM image of CeO2 octahedra. Well-defined,
faceted octahedra can be clearly seen. In addition, some fine-
grained material is observed of which morphology cannot be
determined at this magnification. As we show in the images to
follow and in the Supporting Information (Figures S2 and S3),
the fine-grained material has a similar morphology and ex-
posed facets as the larger particles and the octahedral shape is
the dominant one in this sample.

BF and HAADF STEM images are shown in Figure 3. The BF
image contrast can arise due to diffraction effects, for which
the orientation of each particle also matters, whereas the
HAADF image is dominated by atomic number and sample
thickness. As we are only dealing with CeO2, the differences in
contrast in the HAADF images can be directly related to
sample thickness and this allows for confirmation of the
sample morphology. As shown in the inset, the octahedron is
composed of eight {111} surfaces with the top and bottom ori-

ented along the [100] direction. As seen in the dark field
image, the prominent diamond-shaped particles are thicker in
the center than at the edges; hence, they are consistent with
an octahedron imaged edge-on. In addition to the dominant
{111} planes, we also observe that the truncated ends of the
octahedra have exposed {100} planes, as shown previously.[16, 34]

Finally, the octahedra have four sharp corners in the plane of
square symmetry, directed in the <110> directions. As illus-
trated in the model shown in the inset in Figure 3 and S3 in
the Supporting Information, we see sharp corners where
a {110} surface should have been present. The fact that we did
not see any {110} surface facets and the fact that growth
occurs along [110] direction indicates that the {110} surfaces
are not stable.

A higher magnification STEM image is shown in Figure 4.
As the beam diameter is about 0.8 � in this microscope, we
can easily resolve the CeO2 crystal lattice. The BF image is anal-
ogous to an HRTEM image; hence, contrast at these high mag-
nifications comes from phase contrast. On the other hand, the

HAADF image arises from incoherent scattering at high angles
and is dominated by atomic number contrast. The bright lines
consequently represent rows of Ce atoms, because O atoms
will be almost invisible due to their low atomic number. The
complementary BF and HAADF images allow us to see clearly
the morphology of the sample and the nature of the surfaces.
The particles are randomly oriented; hence, they are not lined
up along the low-index zone axes, which is why most of them
do not show cross fringes. Figure 4 shows that the CeO2 {111}
surfaces are smooth and free from any surface steps, defects,
or surface reconstruction. A TEM image is a projection of
a three-dimensional object. When the particle is large, some
degree of surface roughness can arise because the surface is
not perfect over large distances. The nature of the surfaces is
further confirmed by the AC-TEM images (see Figure 5), where
a large and a small octahedron are shown. The prominent
{111} facets show clearly resolved rows of Ce-atom columns
with small {100} facets. The inset is a model of the CeO2 lattice
showing that the AC-TEM image clearly resolves single-atom
columns of Ce. Approximately 20–25 images were systemati-
cally analyzed for exposed crystal planes. Care was taken to
ensure that selected regions did not contain multiple overlap-
ping particles to avoid interference when analyzing the data.
Additional images are shown in the Supporting Information
(Figures S2 and S3), showing that even the smallest particles
expose {111} facets.

Figure 2. HRSEM image of the octahedra. Well-defined, faceted octahedra of
differing size are present in this sample. This sample shows a distinct bimo-
dal size distribution, with numerous particles that are much smaller than the
large octahedra imaged here. This bimodal size distribution gives rise to the
asymmetric peaks for the (311) reflection seen in Figure S1 in the Supporting
Information.

Figure 3. (a) BF and (b) HAADF STEM images showing the octahedral
shapes. The thickness variation leads to the observed contrast change in the
HAADF image (right), confirming the octahedral shape, as the center is
thicker compared to the top and bottom (as seen from the inset). The small-
er particles also expose the same dominant (111) surface, which is seen
more clearly in the higher magnification images shown in Figures 3 and 4
and Figures S2 and S3 in the supporting information.

Figure 4. Higher magnification (a) BF and (b) HAADF STEM images showing
the nature of the (111) surface. There is no signficant surface roughness evi-
dent on these.
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Rods

Figure 6 shows a SEM image of the rods. This low magnifica-
tion view reveals that the sample contains a uniform distribu-
tion of rods with a width of 5–10 nm and a length of about
200 nm, that is, an aspect ratio exceeding 20. The low-magnifi-
cation view does not show the cross section of this rod, but it

is clear that the primary exposed surface is along the length of
the rods and that the ends contribute minimally to the total
surface area. In Figure 7, we show BF and HAADF STEM images
from these rods. The insets show fast Fourier transforms (FFTs)
that provide information on the periodicities seen in the
image. Based on the calibration of the microscope, we can
index these spots as {111} planes, implying that the rods
expose their {111} surfaces. The BF images also show character-
istic regions of low contrast that appear to follow the crystallo-
graphic directions. The fact that these regions are dark in the
HAADF image indicates less mass in those regions. These fea-
tures could arise from voids within the structure or from sur-
face steps. Recently, Florea et al. , based on electron tomogra-
phy, have assigned these low-contrast features to internal
pores in the CeO2 rods.[35] As can be seen in Figure 7 a, surface
steps are observed along the length of the rods. Therefore, we

conclude that these low-contrast features represent voids as
well as surface steps in the CeO2 rods. The shapes of these
voids follow the stable surfaces of the CeO2 structure; hence,
these voids are bounded by {111} surfaces.

The CeO2 rods grow along the [110] direction. This is con-
firmed by the lattice fringe images seen in Figure 8 c, where
we see (220) lattice fringes. We recorded numerous other
images that confirm the growth direction to be [110]; this is
consistent with the crystallography proposed in the literature
by Mai et al.[13] and Zhou et al.[7b] These authors have further
proposed a rectangular cross section for the rods that would
expose (110) and (100) surfaces. However, as can be seen in
Figures 7 and 8, our results show only {111} surfaces exposed
by rods prepared according to Mai’s recipe. In all of the
images we analyzed, we did not observe a well-defined {110}
facet in any of the rods we imaged. To visualize the top and
bottom surfaces of these rods, we prepared a cross-section
sample by embedding the rods in epoxy and using a micro-
tome to prepare a cross section. Figure S4 shows the micro-
tomed section where the rods are now embedded in epoxy.
We reasoned that some of the rods must lie end-on so we
could image their cross sections. Based on their aspect ratio
(>20), any features with significantly smaller aspect ratios must
represent rods. Because the rods are long, we could not ach-
ieve lattice resolution in the end-on views becaue the samples
become too thick. We note that there are other proposed
models for CeO2 rods based on multiply twinned structures;[36]

Figure 5. Aberration-corrected TEM images of large (a) and small (b) CeO2

octahedra. These expose the (111) facets and very small (100) facets. The sur-
face termination is abrupt, and there is no amorphous layer or surface
roughness present. The inset in (b) shows the structure of the CeO2 lattice
(Ce atoms: green; O atoms: red) and the agreement between the white
dots and the Ce atom columns.

Figure 6. HRSEM image of the nanorods. These rods have a high aspect
ratio length/width exceeding 20.

Figure 7. STEM images of CeO2 rods. (a, c) BF images, (b, d) HAADF images.
The inset in the figures is the FFT that allows indexing of the lattice planes.
The rods expose (111) surfaces and have surface steps along the length.
Areas of light contrast can be seen in the BF image and these same areas
look dark in the HAADF image. The HAADF images confirm that these low-
contrast features are voids in the CeO2 rods that are bounded by (111) surfa-
ces. The contrast variation in the HAADF image suggests a rectangular pro-
file in the cross section.
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however, because the rods all show contiguous lattice fringes
along their length, they cannot be composed of internally
twinned units. We also do not observere the diamond-shaped
cross sections suggested by Ta et al.[25] because the thickness
variation seen in our HAADF images does not agree with such
a cross section. Based on our results, we can state that the
only prominent well-defined facet visible is the {111} surface,
with the other surfaces being irregular and not well defined.

Cubes

Figure 9 shows a SEM image of the cubes. Well-defined cubic
crystals range in size from 10–100 nm. The image also shows
many smaller cubes giving rise to a bimodal particle size distri-
bution, which may explain the the asymmetric peaks seen in

the XRD pattern (see Figure S1). Figure 10 shows an image of
a cube oriented along the cube edge. It is composed of {100}
surfaces, but the corner at which a (110) surface would be ex-
pected is not well defined. We have included insets showing
the atomic arrangement of the CeO2 structure indicating that
the (100) surface is not corrugated but perfectly matches what
would be expected from a row of Ce atoms. Because the (100)
surface is polar, the charge imbalance can be compensated by
incomplete surface termination. As a result, we see incom-
pletely occupied rows of Ce atoms at the surface instead of
a fully occupied row of atoms as seen on the {111} surfaces.

WGS reactivity measurements

To investigate the catalytic be-
havior, the samples were tested
in the WGS reaction. CeO2 is
known to be an excellent sup-
port for noble metals for this re-
action.[10b] However, there are no
reports of WGS reactivity on
shape-controlled CeO2 nanopar-
ticles without added precious
metals. Researchers in the past

have tested these CeO2 shapes for the CO/NO oxidation reac-
tion, which are known to be influenced by the OSC and de-
fects in the CeO2 surfaces.[7a, 8, 21] The literature suggests that
WGS involves active hydroxyl species (�OH) on the CeO2 sur-
face.[37] We have previously reported that the interaction of �
OH species with CO depends on the specific CeO2 nano-
shapes.[23a] For this reason, WGS was chosen as a suitable
probe reaction for evaluating the role of the CeO2 surface on
catalytic activity.

WGS catalytic measurements performed at 350 8C after hy-
drogen pre-treatment (see the Experimental Section for pre-
treatment details) are shown in Figure 11. The activity of the
samples was expressed in mol CO per m2 of CeO2 to be able
to correlate the surface structure with activity. The BET surface
areas of CeO2 rods, octahedra, and cubes were 80, 58, and
10 m2 g�1, respectively. Strikingly, the specific CO conversion
rates for octahedra and rods are identical, whereas cubes are
twice more active per surface area at 350 8C. For cubes, a slight
deactivation in the first half hour was observed, but otherwise

Figure 8. AC-TEM images of CeO2 rods at two different magnifications [(a) and (b)] . Insets in the figures are FFTs
of the boxed region in the images. (c) The lattice fringes confirm that the surfaces are {111} and the growth direc-
tion is <110> . The other images likewise show only {111} surface facets.

Figure 9. HRSEM image of cubes.

Figure 10. AC-TEM image of a cube nearly oriented along its cube axis
[010]. The (100) surfaces can be clearly seen. They show single-atoms steps
but no other form of surface reconstruction [i.e. , into (111) facets] . The (110)
surface is indicated at the cube corner, but it does not appear to be a well-
defined facet. The structure of CeO2 along the [010] direction is also includ-
ed as an inset, to show the agreement with the white atom contrast on the
right side of the image. The higher magnification view shows the arrange-
ment of Ce (green) and O atoms (red).
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all three samples show stable conversion over several hours.
The CeO2 nanoshapes preserved their shapes during reaction,
as evident from TEM images of samples after reaction (see the
Supporting Information, Figure S5).

The activity trends are consistent with our observations from
AC-TEM on the exposed surfaces of the three CeO2 shapes.
The similar specific catalytic activities for rods and octahedra
can be explained by the dominance of exposed {111} surfaces.
The higher catalytic activity, generally expressed as CO conver-
sion per gram of catalyst, of rods reported in the literature[1, 7b,c]

thus may be caused by the high surface area rather than the
type of exposed crystal planes. On the other hand, CeO2 cubes
expose the highly active {100} surfaces, which clearly show en-
hanced specific WGS activity compared to the stable {111} sur-
faces. It should be recognized that the surface reactivity is not
only determined by the exposed planes but also by the sub-
surface structure and the nature of defects. These features may
also determine reducibility, oxygen-vacancy formation and cat-
alytic activity. The WGS mechanism over CeO2 nanoshapes and
the nature of the reactive surface intermediates is currently
under investigation and will be reported in the future.

FTIR spectroscopy

To characterize the chemistry of the exposed planes of the re-
duced CeO2 nanoshapes in more detail, Fourier transform infra-
red spectroscopy (FTIR) at 350 8C was performed. The experi-
mental conditions chosen for FTIR were the same as for WGS
to gain spectroscopic insight related to the interaction of CeO2

surfaces with CO/H2O molecules during WGS catalytic reaction.
The spectra have not been normalized to the surface area be-
cause the observed intensity was not only caused by the
amount of species present but also by the light scattering
properties of these nanoshapes, which are both size and shape
dependent.[38]

After H2 reduction, in flowing helium at 350 8C

Transmission FTIR data of the H2-reduced (for details see the
Experimental Section) CeO2 nanoshapes in a helium flow at

350 8C are displayed in Figure 12 (black lines). Figure 12 a–
c shows the range of O�H stretch vibrations between 3800–
3000 cm�1. The three nanoshapes show distinct �OH stretch-
ing bands, with different intensities depending on the specific
shape.

The hydroxyl stretch regions for octahedra and rods look
quite similar, showing a strong band at 3639 cm�1 for bridging
hydroxyls, with a shoulder at 3669 cm�1 arising from single-co-
ordinated hydroxyl species.[39] In addition, both samples show
multi-bonded and hydrogen bonded �OH species between
3600 and 3000 cm�1.[33a] CeO2 rods have a significant higher in-
tensity for the multi-bonded hydroxyl species at 3454 cm�1

than octahedra. The higher amount of bridging �OH groups
for rods is most likely attributable to the voids and surface
roughness observed with AC-TEM (Figures 7 and 8).

The hydroxyl region for cubes (Figure 12 c) looks more com-
plex than those for octahedra and rods. Closer examination re-
veals that cubes have the same �OH bands as rods but with
different relative intensities. In addition, three additional pro-
nounced hydroxyl bands at 3738, 3602, and 3253 cm�1 are ob-
served for cubes.

So far, these specific hydroxyl bands have not been individu-
ally assigned in the literature. The different surface termination
for CeO2 {111} and CeO2 {100} most likely explains why cubes
show specific hydroxyl bands more strongly than rods and oc-
tahedra. The CeO2 (111) surface has both Ce and O exposed in
the top layer, whereas CeO2 (100) is either O terminated or Ce
terminated (see the Supporting Information, Figure S6). These
different surface terminations will lead to hydroxyl groups with
different stretching frequency. Thus, the FTIR spectra show
that rods and octahedra resemble each other in surface termi-
nation, as evidenced by the hydroxyl vibration bands, whereas
cubes clearly have a different distribution of the surface �OH
groups.

Figure 12 d–f (black lines) show the stretching and deforma-
tion bands of carbonates (1800–800 cm�1) for octahedra, rods,
and cubes.[40] These carbonate species were formed on the
fresh CeO2 samples due to interaction with atmospheric CO2

when exposed to air.[23a, 39a] Clearly, these carbonates are stable
towards the reduction treatment in hydrogen. In comparison
to our previous work on fresh CeO2 samples at 200 8C, reduced
CeO2 nanoshapes are cleaner due to the decomposition of
some additional carbonates during hydrogen pretreatment at
higher temperatures.[23a]Although the bands look similar for
the three samples, cubes clearly exhibit sharper carbonate
bands at slightly different positions (maxima at 1392 and
1456 cm�1) than octahedra and rods (1370 and 1456 cm�1).

CO adsorption at 350 8C

After 30 min in helium flow at 350 8C, the CeO2 nanoshapes
were exposed to CO and the FTIR spectra after 30 min in CO
are shown in Figure 12 (red lines). Only subtle changes are ob-
served in the�OH region upon exposure to CO (Figure 12 a–c).
For octahedra and rods, the broad band related to multi-coor-
dinated and hydrogen-bonded hydroxyls decreased in intensi-
ty. For rods, a slight and increased intensity for bridged �OH

Figure 11. Rate of CO conversion per m2 during WGS reaction for rods (red),
octahedra (black), and cubes (blue) at 350 8C after H2 pre-treatment at
500 8C.
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groups (3639 cm�1) can be seen. For cubes, a minor decrease
in the hydrogen-bonded hydroxyl groups (3253 cm�1) was
found. All three nanoshapes show a significant decrease in in-
tensity for single-coordinated�OH groups at 3669 cm�1.

The interaction of CO with �OH groups leads to the forma-
tion of adsorbed formate species as evidenced by the band at
1580 cm�1 in Figure 12 d–f and C�H stretching bands at 2846
and 2932 cm�1 (Figure S7).[10c, 41] In addition to formates, carbo-
nates are formed upon exposure of the nanoshapes to CO
(Figure 12 d–f). The spectral fingerprint for the carbonates after
exposure to CO is very similar for octahedra and rods, with
multiple bands between 1600 and 1200 cm�1. For CeO2 cubes,
the two bands initially present increased in intensity. CO ad-
sorption on fresh CeO2 shapes at 200 8C followed a similar
trend, although exact band positions and shapes were differ-
ent.[23a] The formate and carbonate bands on cubes are rela-
tively narrow compared to the formate and carbonate on octa-
hedra and rods. This suggests, in combination with the well-re-
solved �OH vibrations, that the surface adsorption sites on
cubes are more distinct than on the other two shapes.

The AC-TEM results in this study show that rods and octahe-
dra expose {111} surface planes that result in similar catalytic
WGS activities per m2. In addition, the type of hydroxyl species
present and the surface interaction with CO on octahedra and
rods are similar, which is consistent with the identical WGS ac-

tivities per m2 (Figure 11). Cubes consist of the more reactive
{100} surface planes, which have different �OH bands and in-
teractions with CO, resulting in a higher WGS reactivity per m2.

Conclusions

We used aberration-corrected TEM and HAADF STEM to inves-
tigate the morphology of shape-controlled CeO2 nanoparticles.
Although differently shaped CeO2 particles were generated, we
found that the WGS activity normalized per m2 was identical
for CeO2 octahedra and rods, whereas CeO2 cubes were much
more reactive. Likewise, FTIR data of adsorbed CO and OH
groups show a similar surface structure and reactivity for rods
and octahedra, which were again different from the cubes.
A detailed investigation of the CeO2 nanoparticles was con-
ducted by AC-TEM and AC-STEM. The exposed surfaces were
identified, and the nature of the surfaces examined at atomic
resolution. The TEM observations help us explain the reactivity
trends, as we found that both CeO2 octahedra and rods
expose {111} surfaces. On the other hand, the CeO2 cubes
expose {100} surfaces, which are consistent with their cubic
habits. The combination of WGS reactivity and FTIR and TEM
measurements help us to reveal the true nature of the ex-
posed surfaces in these CeO2 nanoparticles.

Figure 12. Baseline-corrected in situ FTIR spectra at 350 8C of H2-reduced CeO2 rods, octahedra, and cubes in He flow (black spectrum) followed by 33 vol %
CO/He (red spectrum) from (a)–(c) 3800–3000 cm�1 (hydroxyl region) and (d)–(f) 1800–800 cm�1 (carbonates and formates region).
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Experimental Section

Catalyst preparation

All materials used were of analytical purity, obtained from Sigma–
Aldrich. CeO2 rods and cubes were synthesized through the hydro-
thermal procedure first reported by Mai.[13] Ce(NO3)3·6 H2O (2.17 g)
and NaOH (24 g) were dissolved in 5 and 35 mL deionized water,
respectively. The solutions were mixed and stirred for 30 min. This
resulted in the formation of milky slurry, which was then trans-
ferred to an autoclave (125 mL) and filled with deionized water up
to 80 % of the total volume of the autoclave. The solution was sub-
jected to hydrothermal treatment for 24 h at temperatures of 100
(for rods) and 180 8C (for cubes). Next, the fresh precipitates
(yellow color for rods and white for cubes) were separated by cen-
trifugation, washed with deionized water several times, followed
by washing in ethanol and drying at 60 8C in air overnight. The ref-
erence shape used in this study was the CeO2 octahedron (99.9 %
pure), which was obtained from Sigma–Aldrich and had an average
particle size smaller than 25 nm. The samples were calcined at
500 8C (heating rate 5 K min�1) for 4 h in synthetic air (flow rate =
50 mL min�1) and subsequently cooled down to room temperature
in air before use.

HRSEM, TEM, BET, and XRD characterization

The HRSEM and TEM images (after WGS testing) of the CeO2 nano-
shapes were recorded by using Carl Zeiss Merlin and GATAN
CM300ST-FEG electron microscope (operated at an acceleration
voltage of 300 kV), respectively. BET surface areas were determined
by performing N2 physisorption using a Micromeritics Tristar instru-
ment. The samples were out-gassed in vacuum at 300 8C for 24 h
prior to analysis.
X-Ray diffraction data were recorded with a Bruker D2 Phaser dif-
fractometer using CuKa radiation (l= 0.1544 nm). XRD patterns
were measured in reflection geometry in the 2 q range between 08
and 908.

AC-TEM and STEM measurements

The investigation was performed by using a double-aberration-cor-
rected JEOL ARM200 F operated at 200 kV accelerating voltage
equipped with a Gatan GIF Quantum with dual EELS capability as
well as an Oxford XMax 80 EDS (Energy-dispersive X-Ray spectros-
copy) detector. The TEM imaging was conducted by using a Gatan
Ultrascan USFTXP camera with the STEM imaging performed in
both BF and ADF mode. The probe used for STEM imaging had
a convergence angle of 17 mrad with a probe current density of
approximately 68 pA. The acceptance-angle range used for ADF
imaging was 68–230 mrad. The nominal probe diameter for STEM
imaging was 0.08 nm, and the point resolution for TEM imaging
was 0.11 nm. We used the Gatan Digital Micrograph software for
analysis of the images and the CrystalMaker software for visualizing
the structure of CeO2 along different crystallographic projections.

FTIR spectroscopy

Transmission FTIR measurements were recorded with a Bruker
Vector 22 by averaging 128 scans with a spectral resolution of
4 cm�1 and time intervals of 120 s. The background spectrum was
recorded by using an empty cell. The FTIR signal was recorded
with MCT (mercury–cadmium–telluride) detector. A self-supporting
pellet of about 13–15 mg of sample was pressed and added into

a homemade stainless-steel cell. The samples were pretreated in H2

flow (20 mL min�1) at 450 8C for 1 h (heating rate 5 8C min�1). After
pretreatment, the FTIR cell was cooled to 150 8C in a He flow and
then heated to reaction temperature. He was dried by using
a Varian Chromopack CP17971 gas clean moisture filter, to trap any
moisture in the gases. For CO adsorption experiments, 33 vol % CO
(Hoekloos 4.7) in He (Hoekloos 5.0, total flow 20 mL min�1) was
used. All tubes from the gas panel to the cell were preheated to
200 8C to avoid a sudden temperature drop in the FTIR cell.

Background: empty cell.

WGS catalytic activity testing

WGS catalytic activity measurements were performed in a parallel
ten-flow microreactor system. For the H2O/He stream, He was in-
troduced into an evaporator mixer unit filled with deionized water,
which was connected to a liquid flow controller and mass flow
controller (Bronkhorst) to control the H2O/He flow. All the tubes
from the evaporator unit to the microreactor was heated above
100 8C to avoid condensation in the line. High-purity gases were
used in the catalytic experiments [e.g. , H2, He (5.0) and CO (4.7,
from Linde)] . The CO/H2O reaction feed ratio used was 1:3 bal-
anced by He, and the total volume flow rate was 200 mL min�1, re-
sulting in a gas hourly space velocity (GHSV) of about
2.4·104 mL gcat.

�1 h�1. The particle size of the samples was between
125–250 mm, and the amount of catalyst used was 50 mg diluted
with 320 mg of SiC of the same sieve fraction. The reactions were
performed at atmospheric pressure and at 350 8C. The catalyst was
reduced in H2 balanced by He flow (H2/He = 1:4) at 500 8C for 1 h
prior to catalytic measurements. After pretreatment, the reactor
system was cooled to 150 8C in He flow and then heated to reac-
tion temperature in a CO/H2O/He flow. The effluent stream from
the reactor was directed to a Compact GC (Interscience) equipped
with Porapak Q (TCD—thermal conductivity detector) and Molecu-
lar sieve 5A (TCD) columns for online detection of H2, CO, and CO2

gases.
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