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Reduction Mechanism for CeO, Revealed by Direct
Observation of the Oxygen Vacancy Distribution in

Shape-Controlled CeO,

Hajime Hojo,* Kazuki Hirota, So Ito, and Hisahiro Einaga

CeO; and CeO,-based materials are widely used as catalysts and catalyst
supports for a variety of chemical reactions. The ability to form oxygen
vacancies plays an important role in the catalytic activities in these materials.
Therefore, revealing the reduction mechanism for CeO; is crucial to
understanding the catalytic activities. In this study, shape-controlled CeO,
nanoparticles are fabricated and the distribution of surface oxygen vacancies
on the (100) and (111) surfaces is systematically studied using scanning
transmission electron microscopy and electron energy-loss spectroscopy and
the response to H; reduction treatment. It is successfully demonstrated that
both catalytic activities and the ability to form oxygen vacancies are strongly
dependent on the type of lattice planes. Moreover, the present results provide
important insights into the reduction mechanism for CeO,, in which bulk
oxygen instead of the widely believed surface capping oxygen makes no small

to study the reactivity of lattice oxygen,
and, hence, the reduction process for
CeO, and CeO,-based materials.’?7 It
is well known that the H,-TPR profile
for CeO, primarily has two peaks. Based
on the H,-TPR data obtained for CeO,
with different specific surface areas, the
low-temperature peak below 600 °C is
attributed to the reduction of the “sur-
face capping oxygen” or “surface oxygen”,
while the high-temperature signal
observed above 600 °C is attributed to
removal of “bulk oxygen”.[®] Although this
interpretation has been widely accepted,
studies that directly relate the H,-profiles
and the distribution of oxygen vacancies

contribution to the initial reduction step.

1. Introduction

CeO; and CeOj-containing materials have attracted much
attention as catalysts and supports for supported metal cata-
lysts for various catalytic reactions,?l which often utilize the
ability of CeO, to easily release and store oxygen via the for-
mation of oxygen vacancies. Therefore, revealing the reduction
mechanism is crucial to understanding the catalytic activities.
Temperature-programmed reduction (TPR) measurements
using H, as a reducing agent (H,-TPR) are widely performed
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for CeO, have not been reported.
On the other hand, nanostructured
CeOy-based materials have attracted
much attention due to their peculiar
properties,” 1 and several studies have reported using shape-
controlled nanoparticles and nanorods for CeO, that the (100)
and (110) planes are more reactive than the (111) planes.[1213l
Such a different behavior is generally explained based on the
results of theoretical calculations that show that the formation
energies of oxygen vacancies are smaller for the (100) and/or
(110) planes than for the (111) plane.l® Therefore, the reduc-
tion process for CeO, can also be different depending on the
crystal planes. Experimentally, it has been reported that (100)
planes are more easily reduced than (111) planes based on UV
Raman spectroscopy!” and H,-TPR measurements.?’! How-
ever, information for the distribution of oxygen vacancies is
lacking. A recent advantage in scanning transmission electron
microscopy (STEM) has enabled us to study the valence state
of metal oxides at the atomic scale using electron energy loss
spectroscopy (EELS). STEM-EELS has been applied to CeO, to
study the distribution of Ce**, and, hence, the oxygen vacancies,
at the grain boundaries*?3 and surfaces.”*%" Although it was
suggested that fewer oxygen vacancies are present on the (111)
planes than on the (100) planes,!?>%! there has been no report
that has systemically studied the amount/distribution of oxygen

vacancies and their response to reduction treatments.

In this study, to reveal the reduction mechanism for CeO,,
we synthesized CeO, nanoparticles with cubic and octahedral
shapes, in which the (100) and (111) planes are mainly exposed,
respectively, and investigated the distribution of oxygen vacan-
cies in these nanoparticles using STEM-EELS and their
response to reduction treatments. Together with the results of
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H,-TPR measurements and the catalytic properties of these
samples, the reduction mechanism for CeO, is discussed.

2. Results and Discussion

CeO, nanoparticles with cubic and octahedral shapes were pre-
pared using a hydrothermal method (see details in the Experi-
mental Section). Figure 1a,b shows typical high-angle annular
dark-field (HAADF) images of cubic and octahedral nano-
particles synthesized in this study. The X-ray diffraction (XRD)
patterns for these samples can be indexed to a pure cubic phase
of CeO, (Figure S1, Supporting Information). Hereafter, we call
these nanoparticles c-CeO, and 0-CeO,, respectively. The size of
the c-CeO, and 0-CeO, nanoparticles ranges from =20 to 80 nm
and from =80 to 250 nm, respectively. It should be noted that
the size of 0-CeO, is defined as the cube root of the volume of
the octahedral CeO, to enable easier comparison with the size
of c-CeO,. That is, the effective size of 0-CeO,, r,, corresponds
to 0.56 X h,, where h, is the length of the octahedral diagonal.
Although some of the nanoparticles do not have well-defined
shapes when the nanoparticles are small, especially for c-CeO,,
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the degree of shape control turns out to be good enough to
observe the crystal plane dependence of the activities of lattice
oxygen, as will be discussed below. The Brunauer—-Emmett—
Teller (BET) specific surface areas for c-CeO, and 0-CeO, are 7.6
and 4.2 m? g\, respectively. The higher specific surface area of
c-CeO, reflects the smaller size of c-CeO, compared to 0-CeO,.
To investigate the reactivity of lattice oxygen in c¢-CeO, and
0-Ce0,, H,-TPR measurements were performed. The TPR of
CeO, primarily shows two peaks, as shown in Figure 1c. As dis-
cussed in the Introduction, it has been reported that the low-
temperature peak below 600 °C corresponds to the reduction of
the “surface oxygen” of CeO,, while the high-temperature signal
above 600 °C is attributed to the removal of “bulk oxygen”.[®!
Interestingly, the low-temperature peak of c-CeO, (=330 °C) is
centered at a much lower temperature than 0-CeO, (=520 °C),
indicating that the reactivity of lattice oxygen is higher for
the (100) planes than for the (111) planes. Compared to pre-
vious reports for H,-TPR for shape-controlled CeO,,>?! the
low-temperature peaks and their systematic shifts are clearly
visible, demonstrating the highly shape-controlled nature of
the ¢-CeO, and 0-CeO, used in this study. The amount of the
“surface oxygen” that contributes to the first peak was estimated
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Figure 1. HAADF STEM images of CeO, nanoparticles with a) cubic (c-CeO,) and b) octahedral (0-CeO,) shapes. c) H,-TPR profiles for c-CeO, and

0-CeO,. d) Catalytic CO oxidation over c-CeO, and 0-CeO,.
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Figure 2. a) HAADF STEM image of c-CeO,. b) Magnified HAADF image of the region marked with a yellow square in (a). c) Ce M, s-edge EELS spectra
taken from the surface region and the interior region of the nanoparticle; each region is marked with red and blue rectangles in (b), respectively.
d) Ms/M, ratio map and simultaneously obtained HAADF image taken from the region shown by the yellow-dotted rectangle in (b). €) HAADF STEM
image of 0-CeO,. f) Magnified HAADF image at the region marked with a yellow square in (e). g) Ms/M, ratio map and simultaneously obtained HAADF

image taken from the region shown by the yellow-dotted rectangle in (f).

from the filled area in Figure 1c to have a c-CeO, to 0-CeO, ratio
of 0.76:1. This result indicates that c-CeO, contains less lat-
tice oxygen that can react below =600 °C compared to 0-CeO,.
We will discuss the origin of the first peak after introducing
the STEM-EELS results. Figure 1d compares the temperature
dependence of CO oxidation activity for ¢-CeO, and o-CeO,.
c-CeO, shows higher CO oxidation activity than o-CeO,. It was
reported that CO oxidation over CeO, proceeds via the so-called
Mars-van Krevelen mechanism, in which the lattice oxygen of
CeO, is used for the reaction.™?l Therefore, this result also
demonstrates that lattice oxygen is more active for the (100)
planes.

To reveal the local distribution of oxygen vacancies at the sur-
face of c-CeO, and 0-CeO,, STEM-EELS measurements were
conducted with the nanoparticles oriented along the [001] and
[011] zone axes, respectively. Figure 2a shows a typical HAADF
image of a cubic CeO, nanoparticle with a size of =70 nm. The
magnified HAADF image shown in Figure 2b clearly dem-
onstrates that the (100) planes are mainly exposed. Figure 2c
shows the Ce M, s-edge EELS spectra taken at the surface region
and the interior region of the nanoparticle. It is known that the
Ms/M, intensity ratio is related to the valence state of Ce, and
the Ms/M, ratio is =0.90 and 1.25 for Ce*" and Ce*", respec-
tively.?!l To quantitatively determine the valence state of Ce, the
M;/M, intensity ratios were calculated using the positive part of
the second derivative of the experimental spectra. As expected
from the nominal valence state of Ce in CeO,, the M;s/M, ratio
in the interior region was determined to be 0.90. On the other
hand, the M5/M, ratio at the surface region was 1.27. This result
suggests that the valence state of Ce is close to 3+ and that
oxygen vacancies are present. To visualize the distribution of
Ce?*, the oxygen vacancies, HAADF signals, and EELS spectra
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were simultaneously recorded while scanning the electron probe
inside the red dotted box shown in Figure 2b. This technique
is called “spectrum imaging”.?®! The corresponding HAADF
image and the Ms/M, ratio map are shown in Figure 2d. The
colors in the Ms/M, ratio map indicate the valence state of Ce.
Oxygen vacancies exist not only at the very surface region but
also inside the nanoparticle with a thickness of =3.5 nm. The
results obtained for an octahedral CeO, nanoparticle with an
effective size of 100 nm are shown in Figure 2e—g. Interestingly,
the region with oxygen vacancies is narrower for the octahedral
CeO, nanoparticle with a thickness of =2.5 nm. This result is
consistent with the previous reports that it is difficult to reduce
(111) plane compared to (100) plane.['*20)

Since individual nanoparticles can have different amounts
of oxygen vacancies, EELS measurements were performed for
several nanoparticles with different particle sizes to reveal the
overall picture for the thickness of regions with oxygen vacan-
cies (Figure 3). The solid circles and squares correspond to the
results for the original samples. The open circles and squares
are the results for the samples reduced at 400 °C, as will be
discussed later. While the regions with oxygen vacancies are
thin and have a narrow thickness distribution (2-4 nm) for
0-Ce0,, they are thicker and have a wider thickness distribution
(2-9 nm) for c-CeO,. It is well known that smaller CeO, nano-
particles contain more oxygen vacancies at the surfaces.?*20l
Therefore, the difference in the thickness of regions with
oxygen vacancies can be due to the size effect since c-CeO, is
smaller than o-CeO,. However, such an effect typically mani-
fests itself in nanoparticles <15 nm in size and is not applicable
to the present nanoparticles.

EELS measurements were also performed for several nano-
particles after H, reduction at 400 °C followed by quenching
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Figure 3. Particle-size-dependence of the thickness of regions with oxygen
vacancies for c-CeO, and 0-CeO,. The solid circles and squares correspond
to the results obtained for the original samples, and the open circles and
squares are the results obtained for the samples reduced at 400 °C.

to room temperature to understand the lattice-plane-dependent
reduction process. The results are shown as open circles and
squares in Figure 3. The reduction temperature of 400 °C is
above the position of the low-temperature peak in H,-TPR for
c-CeO, but below that for 0-CeO, (Figure 1c). As expected, the
thickness of regions with oxygen vacancies is increased as a
whole only for c-CeO,, although there is some variation in the
thickness of regions with oxygen vacancies. It is interesting to
note that the regions with oxygen vacancies extend to the inte-
rior regions, indicating that the reduction of the bulk oxygen
instead of only the reduction of the surface oxygen makes no
small contribution to the low-temperature peak.
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To obtain direct evidence for the difference in activities of lat-
tice oxygen in ¢-CeO, and 0-CeO,, we tracked the change in the
amount of oxygen vacancies for identical nanoparticles before
and after the ex situ reduction treatment using TEM grids that
can endure high-temperature reduction treatments. Figure 4a,b
compares the HAADF images and the Ms/M, ratio maps at
identical regions before and after the reduction treatments at
400 °C for c-CeO, and 0-CeO,, respectively. It can be clearly
observed that the thickness of regions with oxygen vacancies is
drastically increased only for ¢-CeO,. To reveal the dependence
of oxygen vacancy formation on reduction temperature, H,
reduction treatment was also performed at 600 °C for o0-CeO,,
which is above the low-temperature peak in H,-TPR. Contrary
to our expectation, as shown in Figure S2 (Supporting Informa-
tion), the thickness of regions with oxygen vacancies remains
narrow, indicating that oxygen vacancies formed by the reduc-
tion treatment cannot be preserved for the case of the (111)
planes.

Here, the reduction mechanism for CeO, is discussed. H,-
TPR measurements reveal that the reduction of both c-CeO,
and 0-CeO, proceeds via two steps, as previously reported. The
first step is conventionally ascribed to the removal of “surface
oxygen”. However, as revealed by the systematic STEM-EELS
measurements after reduction at 400 °C, the regions with
oxygen vacancies extend to the interior regions for c-CeO,, and
there exist variations in the thickness of regions with oxygen
vacancies from nanoparticle to nanoparticle. Therefore, the
picture that the low-temperature peak is due to the reduction
of the “surface oxygen” does not appropriately describe the
reduction process of CeO,, at least for c-CeO,. Meanwhile,
according to the phase diagram of CeO,_,, it is well known

Figure 4. HAADF images and Ms/M, ratio maps at identical regions before and after the reduction treatments at 400 °C for a) c-CeO, and b) 0-CeO,.
The yellow square in each left-side figure corresponds to the area, where the magnified HAADF image at the right side was obtained. Yellow-dotted
rectangles show the regions where spectrum imaging was performed. The color legend for the Ms/M, ratio is the same as that shown in Figure 2.
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that a miscibility gap exists between Ce;;O, (CeO;g5) and
CeO,, and the maximum in the dome-shaped curve occurs at
2—x = 1.93 and 637 °C.*) Since the H,-TPR measurements are
typically performed in thermodynamically nonequilibrium con-
ditions, direct comparison of the existing phases at certain tem-
peratures is difficult, but the formation of the CeO, ;3 phase
is most likely the origin of the low-temperature peak in the
H,-TPR profile. Above 637 °C, the miscibility gap disappears,
and only the continuous reduction of CeO, proceeds, which
contributes to the high-temperature peak observed in the H,-
TPR profile. Indeed, the valence state of Ce remains almost
constant (green in the color legend) in the interior regions
after reduction treatment at 400 °C, as shown in Figure 4. This
corresponds to an Ms/M, ratio of =1.0 and an oxygen stoichi-
ometry of =CeO,g;, which is in fair agreement with CeOgig.
When CeO, 413 formation is the origin of the low-temperature
peak in the H,-TPR profiles, the different behavior of the (100)
and (111) planes, including the positions of the low-temperature
peaks, the amount of oxygen vacancies, and the stability of the
oxygen vacancies, might be explained based on the structure of
CeO;.415. We have performed preliminary nano beam electron
diffraction experiments for c¢-CeO, reduce at 400 °C along the
[100] zone axis. The typical diffraction patterns obtained from
the regions with the Ms/M, ratios of =0.9, 1.0, and 1.25 (mainly
blue, green, and orange-to-yellow in the color legend, respec-
tively) are shown in Figure S3 (Supporting Information). As
expected, the diffraction patterns obtained from the blue region
was typical of a fluorite structure (Figure S3a, Supporting Infor-
mation). The diffraction pattern obtained from the green region
was also the same as that of a fluorite structure (Figure S3b,
Supporting Information). Note that this result does not neces-
sarily mean that the crystal structure at the green region is not
the CeO; g3 phase because the CeO, g3 phase basically gives the
same diffraction pattern as an ideal fluorite structure along the
pseudocubic [100] zone axis.3% Systematic electron diffraction
observations along different zone axes are necessary to identify
the possible CeO, g;3 phase, but this is beyond the scope of this
study. Interestingly, additional diffraction spots were observed
at the orange-to-yellow region (Figure S3c, Supporting Informa-
tion), which is consistent with the CeO; 43 phase.% This result
at least indicates that more than just the removal of the capping
oxygen takes place at the surface of nanoparticles.

Finally, we will discuss the present results in light of pre-
vious reports on shape-controlled CeO,. Our EELS observations
revealed that the very surfaces (<=2 nm) of both c-CeO, and
0-Ce0, contain considerable amounts of Ce?*, but the distribu-
tion of Ce3*, and, hence, the oxygen vacancies from the surface
to the bulk regions, is different for c-CeO, and 0-CeO, especially
after the reduction treatment. The amounts of Ce** have been
investigated for shape-controlled CeO, by several authors using
X-ray photoelectron spectroscopy (XPS) with Al Ker (1.487 keV)
or Mg Ko (1.253 keV) X-ray radiations. Zhou et al. reported
that only Ce* could be detected for CeO, nanorods, which
supposedly expose (100) and (110) planes, and CeO, nanoparti-
cles, which supposedly expose (111) plane.[ Likewise, Wu et al.
found that the amount of Ce*" was very small even if Ce?" exists
and similar for CeO, nanorods, nano-octahedra and nanocubes
calcined at 400 °C.¥] Meanwhile, it was reported that the
amounts of Ce>" were =14%1% and 17%Y for both cubic and
octahedral CeO,. Note that the amount of Ce** was estimated

Adv. Mater. Interfaces 2023, 10, 2201954 2201954 (5 of 6)
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for CeO, (111) model surfaces to be 2% assuming that Ce atoms
on the terrace perimeter were of 3+ character.’?l Although
the origin of discrepancy in the amount of Ce** among these
reports is not clear, it is worth noting that the amounts of Ce*
are similar for CeO, with different shapes, indicating that the
XPS spectra are similar within each report. Since the inelastic
mean free path (IMFP) of an electron in CeO, is 2.1 nm at
1.3 keV kinetic energy,?3l XPS spectra mainly include informa-
tion from the surface region with the depth in the order of the
IMFP length. Therefore, even if the reduced area extends to
more interior regions, XPS measurements would not be able
to detect information from the interior regions and would give
essentially the same XPS spectra. Moreover, XPS measurements
give average information of whole samples. In this regard, the
advantage of EELS measurement is that we can study the depth
profile of particular lattice planes of each nanoparticle when we
observe them in edge-on conditions as long as the sample is
thin enough along the electron propagation direction.

On the other hand, Wu et al. also systematically studied the UV
Raman spectra, which is less surface sensitive technique com-
pared to XPS, of CeO, nanorods, nano-octahedra, and nanocubes
reduced at various temperatures from 400 to 600 °C. Assuming
that a shoulder peak at =560 cm™ was due to defect sites created
by reduction, they reported that the amount of defect sites in the
subsurface/bulk increased on average as the reduction tempera-
ture increased for nanorods and nanocubes while essentially no
change in the spectra feature was observed for nano-octahedra.
This is result is basically consistent with our observations. Still,
EELS measurements have an advantage that we can study the
distribution of oxygen vacancies of each nanoparticle.

3. Conclusion

In conclusion, we fabricated shape-controlled CeO, nano-
particles and systematically studied the catalytic activities of
these nanoparticles and the distribution of surface oxygen
vacancies on the (100) and (111) surfaces, including the
response to H, reduction treatment. We successfully demon-
strate that both catalytic activities and the ability to form oxygen
vacancies are strongly dependent on the type of lattice planes,
revealing direct evidence for a close relationship between the
two. Moreover, we demonstrate that bulk oxygen instead of the
widely believed surface capping oxygen makes no small contri-
bution to the initial reduction step, which can be the origin of
the low-temperature peak observed in the H,-TPR profile. Our
present study not only promotes the further fundamental study
of CeO, catalysts but is also a significant step forward for real-
izing high-performance CeO,-based catalysts.

4. Experimental Section

Synthesis of Cubic and Octahedral CeO, Nanoparticles: c-CeO, and
0-CeO, were prepared using a hydrothermal method based on previous
reportsP*3] that was optimized to yield highly crystalline and faceted
nanocrystals. For the synthesis of c-CeO,, an aqueous solution of
Ce(NO3)3-6H,0 (5 mL and 0.13 m) was added dropwise into a NaOH
solution (10 mL and 8.33 m) in a 23 mL Teflon bottle under vigorous
stirring. Excess NO*~, which is known to work as a capping agent, was
introduced by adding 8.33 g of NaNO; to the solution. After additional
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stirring for 30 min at room temperature, the Teflon bottle was sealed and
hydrothermally treated in a stainless-steel autoclave at 180 °C for 24 h.
For the synthesis of 0-CeO,, Ce(NO3);:6H,0 (5 mL and 0.40 m) was
added dropwise into Na3PO, solution (10 mL and 0.0020 m) in a 23 mL
Teflon bottle under vigorous stirring. After additional stirring for 30 min
at room temperature, the Teflon bottle was sealed and hydrothermally
treated in a stainless-steel autoclave at 200 °C for 24 h. Upon leaving the
solution to cool to room temperature, the precipitates were separated
by centrifugation, washed with distilled water and ethanol, and then
dried at 60 °C for 12 h. Both samples were annealed at 450 °C in air to
minimize possible variation in the crystallinity and/or amount of oxygen
vacancies due to the difference in the synthesis conditions.
Characterization Techniques: The crystal structure of the samples was
characterized by XRD (Rigaku, Ultima IV) with Cu-Ka radiation. The BET
surface area was measured by nitrogen sorption at 77 K on a surface area
analyzer (BELSORP-mini, MicrotracBEL Corp.). H,-TPR was carried out in
a flow of 5% H, and N, balance at a ramping rate of 5 °C min™' using a
BEL-CAT (BEL Japan). Catalytic CO oxidation was carried out with a fixed
bed flow reactor. CeO, nanoparticles (20 mg) were loaded into a U-shaped
glass tube, and the reaction gas (CO 0.5%, O, 0.25%, He balance) was
fed to the reactor at a flow rate of 500 mL min~'. STEM observation was
conducted using a Titan G2 Cubed (Thermo Fisher Scientific Inc.) operated
at 300 kV. EELS spectra were acquired by using a Quantum spectrometer
(Gatan Inc.) with monochromatic excitation to attain an energy resolution
of 0.25 eV. For STEM observations, the probe-forming semiangle was set
to 21.4 mrad. HAADF images were recorded with a detection angle range
of 38 and 184 mrad. Probe currents of 50 pA were used for both STEM
observations and EELS measurements. The spectrum images were typically
acquired by scanning in 0.5 nm steps with an integration time of 0.5 s.
Nano beam electron diffraction patterns were obtained also using Titan G2
cubed with the probe size of <=3 nm and with the probe currents of 100 pA.
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