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I Nanodisk Catalysts

Cobalt-Doping-Induced Synthesis of Ceria Nanodisks
and Their Significantly Enhanced Catalytic Activity

Xiao-Hui Guo,* Chao-Chao Mao, Ji Zhang, Jun Huang, Wa-Nv Wang, Yong-Hui Deng,
Yao-Yu Wang, Yong Cao, Wei-Xin Huang, and Shu-Hong Yu*

Dimension- and shape-tunable nanoarchitectures have
attracted rapidly growing interest due to their structure-
dependent properties and important technological appli-
cations in the past few decades.'?l The manipulation of
nanomaterials with specific structures possessing exceptional
physics and chemical properties, via conveniently modulating
the synthetic conditions, is one of the challenging issues in
materials science.’] Recently, much attention has been paid
to shape- and size-controlled synthesis of metal oxide nano-
structures (e.g., rare earth compounds!* and transition metal
oxides®l) with unique performances.

As an important rare earth oxide, ceria (CeO,) has
attracted considerable attention due to its extensive applica-
tions in catalysts, three-way catalysts (TWCs), solid oxide fuel
cells, gates for metal-oxide semiconductor devices, biosensors,
and phosphors.[®8] In addition, it is abundant and has min-
imal toxicity and low cost, which makes it suitable for opto-
electronic and photocatalytic applications.[’l Meanwhile, much
effort has also been devoted to developing new synthetic
methodologies for controlled synthesis of CeO, nanocrys-
tals, such as thermal decomposition,'”) flash combustion,!!!
mechanochemical processing,'2 homogeneous precipita-
tion,l'! electrochemical synthesis['¥ and hydrothermall'”!
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and solvothermal processes.['®! More recently, Inoue et al.
prepared ultrafine 2 nm ceria nanoparticles (NPs) by oxida-
tion of cerium metal under solvothermal conditions.'”] Yan
et al.l'% synthesized highly dispersible polyhedron-like ceria
NPs via thermolysis of benzoylacetonate complex precursors
in oleic acid/oleylamine solvents. In particular, colloidal cubic
CeO, particles can be obtained via a simple green chemistry
approach.['! Uniform spherical, wire, and tadpole-shaped
ceria nanostructures have been synthesized by a nonhydro-
lytic sol-gel process.'”] However, a unique two-dimensional
(2D) flakelike ceria nanostructure has been rarely reported.
Usually, the single-crystalline ceria nanosheets synthesized in
the aqueous phase turned out to be of low quality and low
yield,?") which may limit their further applications.

It is well known that many applications of ceria NPs
arise from the low-temperature redox potential between the
Ce* and Ce*" states and the high mobility of oxygen vacan-
cies in the nanoscale regime. Upon reduction of the size of
ceria particles, the lattice constant and Ce** concentration
increases accordingly.?!] To maintain the charge neutrality,
oxygen vacancies could be created, which increases oxygen
diffusion and thereby increases the ease with which the mate-
rial can absorb and release oxygen. Besides, recent work
has demonstrated that selective doping can improve the
electron-transfer or redox properties of bulk ceria, which
can significantly reduce the grain boundary resistance and
the activation energy.®®??l Generally, the addition of triva-
lent elements can enhance the formation of oxygen vacan-
cies by replacing two Ce* ions with two trivalent cations
in the ceria lattice. Reddy et al.?! prepared Zr**- and AIP*-
doped CeO, nanocatalysts by a wet impregnation method,
and Mao et al.?¥l synthesized nitrogen-doped ceria NPs by
a wet-chemical route. It has been reported that calcia-doped
ceria with amorphous silica synthesized by using a seeded
polymerization technique has excellent UV-light absorp-
tion properties and shows higher catalytic performance for
the oxidation of organic materials than undoped ceria.l?’]
Dense Ce4Pr;,0, 6 ceramic membranes with micrometer
grain sizes can be synthesized at 1000 °C by minor doping of
cobalt oxide and behave with higher levels of oxygen perme-
ability.?! Particularly, CeO, can act as an oxygen buffer by
releasing/restoring oxygen through redox processes involving
the Ce*/Ce** couple, which plays an important role in many
oxidation reactions. Recently, various ZnO nanostructures
with tunable optoelectronic properties, such as tetrapods and
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ultrathin nanowires,[?’l have been synthesized by simply var-
ying the Mg dopant amount in the range from 0 to 50 at.%.
Thus, desirable doping could improve the properties and con-
trol the morphologies of many metal oxide nanostructures.

Although doped ceria systems have been extensively
investigated in the literature, the influence of doping in ceria
NPs with various low-dimensional nanostructures at a wide
range of doping levels (even higher than 20-25 at.%) has not
been systematically investigated.[?! 2D ceria nanostructures
have stimulated enormous interest because of their novel
properties associated with morphology or surface structure
and their significant promise as building blocks for functional
materials, devices, and systems.[2029]

Herein, we report a facile synthesis of unique ceria
nanostructures with triangular column, triangular slab, and
disklike shapes by simply tuning the cobalt nitrate doping
levels under mild hydrothermal conditions. Particularly, the
prepared ceria nanostructures can be used as desired low-
temperature catalysts for CO oxidation, and show signifi-
cantly enhanced catalytic activity and higher stability than
commercial ceria powder. A systematic investigation of the
cobalt doping effect on the catalytic activity of the prepared
ceria samples through morphological and structural variation
will be reported.

Ceria samples with different morphologies can be prepared
by adjusting the doping level of cobalt nitrate in solution under
hydrothermal conditions at 160 °C for 24 h, followed by calci-
nation at 550 °C for 6 h (Figure 1, and Supporting Informa-
tion Figure S1). When doped with 2 wt.% cobalt nitrate, a kind
of irregular triangular columnlike ceria particle is obtained
(Figure 1a), which displays an obviously layered feature.

If the doping amount of cobalt nitrate was increased to
5 wt.%, triangular slablike ceria particles with porous features
on their surfaces could be obtained (Figure 1b); the average
thickness of the slablike particle was =260 nm. Interest-
ingly, when the doping amount of cobalt nitrate was further
increased to 10 wt.%, incomplete disklike structures were
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observed (Figure 1c). The obtained sample was composed of
incomplete disklike particles and a small number of irregular
epitaxial patches, and the mean thickness and diameter of
the disklike ceria particles were =75 nm and 1.15 um, respec-
tively. When the doping amount was increased to 20 wt.%,
well-defined and high-quality disklike nanostructures were
obtained (Figure 1le), and the nanodisks displayed very
smooth surface features and their mean thickness was =70 nm
(Figure le). However, if no cobalt source was added, only
irregular layered triangle-like ceria structures with a broader
size distribution were obtained (see Supporting Information
Figure S2). In contrast, pure Co;0, product could be pre-
pared when no cerium source was introduced (Figure 1f and
Supporting Information Figure S3). The as-obtained Co;0,
exhibited typically porous and bulk cubelike features.

After calcination at 550 °C for 6 h, the ceria-based precur-
sors prepared by a hydrothermal process at 160 °C for 24 h
show no change in morphology (see Supporting Information
Figure S1). The prepared ceria precursor before calcina-
tion can be readily indexed to the pure orthorhombic phase
of cerium hydroxide carbonate (JCPDS card no. 52-0352;
see Supporting Information Figure S4). In addition, all the
obtained ceria samples after calcination can be indexed to
pure fluorite-like cubic-phase ceria (see Supporting Informa-
tion Figure S5), and thus no diffraction peaks of Co;0, were
observed even when the cobalt nitrate doping amount was
up to 20 wt.%, which implied that elemental Co was highly
distributed in the ceria sample rather than incorporated into
the ceria lattice. Therefore, it can be inferred that 2D disk-
like ceria nanostructures can be easily tailored by altering the
doping amount of cobalt nitrate.

Uniform and porous disklike ceria can be clearly
observed in the the transmission electron microscopy (TEM)
image in Figure 2a. The high-resolution TEM (HRTEM)
image in Figure 2b of a typical disklike ceria particle shows
well-defined crystal lattice stripes, and the spacings are
measured to be 3.02 and 1.82 A, corresponding to {111} and

Figure 1. Scanning electron microscopy (SEM) images of ceria particles prepared by changing the doping amount of cobalt nitrate: a) 2, b) 5, c,d)
10, e) 20, and f) 100 wt.%. The samples were prepared by hydrothermal reaction at 160 °C for 24 h, followed by calcination at 550°C for 6 h.
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Figure 2. Structural analysis of typical porous ceria nanodisks formed by doping with 20 wt.% cobalt nitrate. a) TEM image; b) HRTEM image of
nanodisks (arrows represent dislocations); c) SAED pattern; d) EDS of the ceria nanodisk; €) schematic illustration of a ceria particle with obvious

surface defects on the crystal surface.

{220} planes, respectively, which agree well with the X-ray
diffraction (XRD) pattern and selected-area electron diffrac-
tion (SAED) results (Figure 2c). In addition, the presence of
Co, Ce, and O elements in the energy-dispersive spectroscopy
(EDS) results further confirms the validity of the obtained
cobalt-doped ceria sample (Figure 2d). In particular, some
dislocations or grain boundaries among the crystal lattices
were observed in Figure 2b, which are visually depicted by
the white micro-areas located in Figure 2e.

On the other hand, we investigated the formation process
of such unique ceria nanodisks, which show obvious advan-
tages in catalytic performance for CO oxidation. Time-
dependent experiments were performed to investigate the
formation process of the disks (see Supporting Informa-
tion Figure S6). The ceria NPs formed at an early stage can
undergo a transformation from spherical to thicker slabs, and
finally to nanodisks as the reaction proceeds. After 2 h of
reaction, the obtained ceria particles were spherical in shape
and polycrystalline (see Supporting Information Figure S7).
When the reaction was prolonged to 4 h, a kind of uniform
and porous slablike intermediate was formed (see Supporting
Information Figure S8). Interestingly, imperfect nanodisklike
structures can be obtained when the reaction time is up to 8 h,
and the particles are single-crystalline (see Supporting Infor-
mation Figure S9), but distinct grain boundaries can be clearly
observed. Similarly, directed growth of ZnO and WOj; nano-
disks exploits this adsorption of molecules to certain crystal
facets with great success.?Y In addition, ceria nanosheets can
be formed through 2D self-organization of initially formed
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small ceria nanocrystals and a subsequent recrystallization
process.?l Xiao et al. reported that layered Sm,0; nano-
disks could be obtained by a nonaqueous sol-gel process, by
considering that the initially formed irregular aggregates at
an early reaction stage tended to grow into spherical aggre-
gates, and then further self-assembled into individual porous
nanodisks through an oriented attachment process.*!] Based
on these observations, we propose that the formation of ceria
nanodisks is mainly driven by the preferential adsorption of
cetyltrimethylammonium bromide (CTAB) onto the (110)
crystal facets and inhibition of its crystallographic growth,
and it further undergoes the oriented attachment process
along {220} planes and fusion of primary spherical NPs.

The chemical states of the Ce and O species on the catalyst
surface were investigated by X-ray photoelectron spectros-
copy (XPS; see Supporting Information Figure S10). The main
O 1s peak at around 529 eV was assigned to lattice oxygen
of CeO, (see Supporting Information Figure S10a). A higher
binding energy shoulder was observed for all samples at about
531 eV, which can be assigned to a mixture of surface hydroxyl
and carbonate groups. The Ce 3d XPS spectra exhibit multiple
states arising from different Ce 4f level occupancies in the
final state (see Supporting Information Figure S10b, wherein
V and U refer to the 3ds, and 3d;, spin-orbital components,
respectively). The Ce™/CeY atomic ratio in various catalysts
that indicates the concentration of surface oxygen vacancies
was also calculated by the peak area of Ce''V/the total area of
Ce!V peaks. Additionally, the Co 2p peak at around 825 eV
was observed (see Supporting Information Figure 10c), which
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Figure 3. Catalytic activity of CO oxidation over different ceria catalysts
prepared by varying the cobalt nitrate doping level by hydrothermal
reaction at 160 °C for 24 h, followed by calcination at 550 °C for 6 h:
a) 2, b) 5, ¢) 10, d) 20 wt.%, and e) commercial ceria powder.

implies that the elemental Co was completely doped into the
ceria sample. Additional information on the surface electronic
states of different ceria samples can also be obtained from
UV/Vis diffuse reflectance measurement (see Supporting
Information Figure S11A). The bandgap of the obtained ceria
can be estimated. The bandgaps of the ceria samples prepared
with cobalt nitrate doping amounts of 2, 5, 10, and 20 wt.%
are 2.55,2.47,2.29, and 2.37 eV, respectively (see Supporting
Information Figure S11B). Raman spectroscopy was used to
determine the exact phase or crystal structure of the cobalt-
doped ceria samples (see Supporting Information Figure
S12). The presence of the characteristic peak at =461 cm™! for
the fluorite ceria structure is observed (see Supporting Infor-
mation Figure S12), which is in good agreement with that of a
previous report.[3?!

The catalytic performances of the cobalt-doped CeO,
catalysts in CO oxidation are shown in Figure 3. It is clearly
found that ceria nanodisks are more active than the other
three ceria samples, as well as commercial ceria powder. At
171°C, the percentage of CO conversion is 40% over CeO,
nanodisks but only 18 and 7% for imperfect nanodisk and
triangular slablike particles, respectively. The reaction tem-
perature for 100% CO conversion over the disklike ceria
particles is measured to be =210 °C, which is much lower
than that of previous reports.'3233] In addition, the catalytic
activity for the Co-doped ceria increases with the increasing
of cobalt doping level, corresponding to the decrease of the
bandgap. Also, the light-off temperature T, corresponding
to 50% conversion of CO, is shown in Table 1. All of these
data demonstrate that the CeO, nanodisk is more active than

the reported ceria nanostructures.

For comparison, the activities of the parent ceria are also
included in Figure 3 and Table 1. It is clear that the activities
of Au-containing catalysts are remarkably higher than those
of the corresponding parent ceria support materials (see Sup-
porting Information Figure S13). The temperature at which
the conversion was 50% (77,,) for ceria nanodisks is 449 K,
which is 175 K higher than that for Au—ceria nanodisk catalyst,

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Summary of crystal structural parameters, pore features, and
CO conversion over ceria catalysts prepared by varying the doping
amount of cobalt nitrate.

Sample Dopingamount  Cell parameter D> Seer” Tso

[wt.%] (Al [nm] m2gl  [°d
19 0 5.4112 374
2 2 5.4083 2.15 50.0 243
3 5 5.4082 2.16 49.3 221
4 10 5.4080 6+66.89 37.2 196
5 20 5.3972 8.1 31.6 176

@Sample 1 represents commercial ceria; YD represents pore diameter; Sy represents
specific surface area. The crystal cell parameter was calculated based on MDI Jade software.

PSample 4 possesses two sets of pore size distributions, 6 and 66.8 nm.

thus showing its enhanced low-temperature catalytic activity
for CO oxidation. Moreover, the catalytic activity of the Au-
loaded ceria nanodisks can be kept without loss throughout
the oxidation reaction process performed at 25 °C for 18 h
(see Supporting Information Figure S14), thus implying their
remarkable catalytic stability. Based on the above results, it
was found that the surface microstructure of the CeO,-nano-
disk support displayed advantages by avoiding diffusion or
mass-transfer limitation.

It is well known that catalytic nanomaterials with high
specific surface area, and numerous crystal facets, edges, and
corners, which are conventionally considered as active sites
for the adsorption of reactants,’®! should display better cata-
lytic performance. Nevertheless, among the present CeO,
nanostructures, ceria nanodisks with lower surface area and
larger diameter are especially more active and possess stable
redox properties. As a result, these unusual results for novel
ceria nanostructures inspired us to explore the key factors
that are responsible for the enhanced CO oxidation activity.

Itis reported that the formation energy of anion vacancies
for different CeO, surfaces follows the order {110} < {100} <
{111} according to theoretical molecular calculations.[*]
Therefore, since less energy is required to form an oxygen
vacancy on these surfaces, it can facilitate accommodation
and sequentially involve reaction with CO,33 which implies
that many more Ce* components can be produced and sta-
bilized around the oxygen vacancies on the surface of ceria.
Herein, when doping with 2 wt.% cobalt nitrate, the obtained
ceria particles always expose highly stable {111} planes (see
Supporting Information Figure S15). At the same time, the
obtained ceria particles in the case of doping with 5 wt.%
cobalt nitrate finally expose {111} planes (see Supporting
Information Figure S16). However, if the cobalt nitrate
doping amount was increased to 10 wt.%, the prepared ceria
sample always exposed mostly {111} planes and a small frac-
tion of {220} planes (see Supporting Information Figure S17).
Notably, it was easily observed that the exposed planes of the
obtained ceria nanodisks in the case of doping with 20 wt.%
cobalt nitrate are {220} planes in the majority of cases and
some of them are {111} planes (Figure 2b), since the {220}
planes can significantly increase the oxygen diffusion rates
and the ease of formation of many more oxygen vacancies
on the surface of ceria.[?>! As a result, the ceria nanodisks are

small 2012, 8, No. 10, 1515-1520
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more active than other cobalt-doped ceria samples in the CO
oxidation.

Additionally, we also investigated the shape effect of
single-crystalline CeO, on the redox behavior of a series of
hydrothermally derived CeO, materials. Yan et al.l??l dis-
closed that the CeO, nanorod is much more active for CO
oxidation than CeO, nanopolyhedra. Li et al.’*! demon-
strated that CeO, nanorods with preferable {001} exposure
planes exhibit enhanced redox properties for CO oxidation
compared to normal ceria materials. This can facilitate the
migration of oxygen vacancies from the bulk to the ceria sur-
face. Our results confirm that, by exposing more reactive sur-
faces or oxygen vacancies of the crystalline ceria nanodisks, it
is feasible to design new improved ceria-based catalysts with
enhanced redox properties.

On the other hand, the prepared nanostructured ceria sam-
ples after the CO catalytic oxidation reaction can be indexed
to a mixture of the rhombohedral phase of Ce;O;, and a
trace amount of fluorite cubic ceria (see Supporting Informa-
tion Figure S18), which means that most Ce*" ions have been
changed into Ce* through oxygen redox reaction, namely,
many more oxygen vacancies can be formed on the surface
of ceria. That is indeed essential for CO catalytic oxidation.
Moreover, if the ceria support can be loaded with Au NPs to
form Au-ceria catalyst, then the Au-ceria catalyst after CO
oxidation can be indexed to an almost rhombohedral phase
of Ce;0y, (see Supporting Information Figure S19), which
can directly verify that the Ce*" has been completely changed
into Ce* in the presence of Au NPs. Consequently, we can
infer that almost all the Ce** ions can take part in the O~
formation process in this case. This can well explain why the
low-temperature catalytic activity of nanodisklike ceria loaded
with Au NPs behaves much better than pure nanodisk ceria.

To address the role of surface defect effects in mediating
the catalytic activity for CO oxidation, electron paramagnetic

. ce3+

320 340 360 380
Magnetic field (mT)

Figure 4. Representative EPR spectra of the ceria sample prepared
by doping with 20 wt.% cobalt nitrate via hydrothermal treatment at
160 °C for 24 h, followed by calcination at 550 °C for 6 h: a) before
catalytic reaction; b) after catalytic reaction. All EPR measurements were
performed at room temperature.

280 300
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resonance (EPR) spectra were obtained for the nanodisk
ceria sample formed by doping with 20 wt.% cobalt nitrate
before and after the CO oxidation reaction (Figure 4). The
strongest signal peak is observed due to the typical charac-
teristic of Ce* ions containing unpaired electrons.’®l The
observed variation in the EPR signal intensity corresponding
to Ce**-O—Ce*-type defect sites was recorded for ceria
nanodisks before and after CO catalytic oxidation occurred.
It was found that the EPR signal intensity g, was 1.96 before
catalytic reaction, which corresponded to the surface Ce**
concentration, wherein the number of Ce’* ions obtained
from integrating the EPR spectra can reflect the real con-
centration of oxygen vacancies.’”] This case can also be evi-
denced from Figure 2b. However, the EPR signal intensity
almost disappears after the CO catalytic oxidation reaction is
complete (Figure 4b). This result demonstrates that the Ce**
defect site concentration on the surface of the ceria sample
can significantly exert a redox ability over the CO oxidation.
The presence of defects can result in the generation of micro-
strain in the ceria crystal lattice. From the XRD patterns and
Table 1, although we can see that the triangular slablike ceria
particles possess the highest lattice strain compared with
the other three samples, the imperfect nanodisks follow, and
their catalytic activity is not the highest, which means that the
enhanced catalytic activity for ceria is mainly dominated by
the exposed highly active {220} planes rather than lattice dis-
tortion effects.

In summary, we have reported a facile synthesis recipe for
the preparation of high-quality CeO, nanodisks by control-
ling the doping amount of cobalt nitrate in a hydrothermal
reaction. The CeO, nanodisks show not only excellent cata-
lytic activity but also enhanced catalytic stability. Compared
with commercial ceria powder, these cobalt-doped CeO,
nanostructures behave with the characteristics of uniform
2D disklike nanostructures, with exposed {220} planes as
well as a large number of oxygen vacancies on the surface
of the ceria, which are responsible for the improved catalytic
activity in CO oxidation. The presented synthesis approach
can be applied to the synthesis of other rare-earth nanostruc-
tures with specific morphology and textures. Furthermore,
this finding will open a new avenue for the preparation of
transition-metal-doped ceria with improved catalytic activity,
and may serve as an excellent model of both theoretical and
practical interest in high-temperature catalytic systems.

Experimental Section

Chemicals: Ce(NO;3);-6H,0 (Beijing Chem. Corp., China)
was used as the cerium source. Cobalt nitrate (Co(NO;),-6H,0,
Shanghai Chem. Corp., China) was used as cobalt dopant source.
Cetyltrimethylammonium bromide (CTAB; Aldrich) and ethanol
(C,H¢0, >99.7%) were used as received.

Synthesis of the Ceria Samples: In a typical synthesis, 0.85 g
Ce(NO;)5-6H,0 and different amounts of cobalt nitrate (0.012-
0.14 g) were dissolved in deionized water (40 mL). Then, CTAB
(0.25 g) was added to the solution and magnetic stirring was con-
tinued. After that, urea (4.80 g) was added to the obtained solu-
tion to form a milky solution. The resultant homogeneous solution
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was dispersed in a Teflon-lined autoclave with a volume of 80 mL
for different reaction times at 160 °C, and then the autoclave was
cooled to room temperature. The obtained light-yellow precipitates
were separated by centrifugation, washed with deionized water and
ethanol several times, and dried at 60 °C in air overnight. Finally,
the obtained yellow powders were calcined at 550 °C for 6 h at a
heating rate of 2 °C min~! to obtain white-brown ceria samples.
Preparation of Au-CeO, Catalyst: The deposition of Au NPs
onto the ceria nanodisks was performed by using a routine deposi-
tion—precipitation method originally developed by Haruta et al.’®!
Briefly, the CeO, substrates were dispersed in an aqueous solu-
tion of HAuCl, at a fixed pH of 10. The nominal Au loading was
3.0 wt.%. The suspension was aged at 333 K for 2 h and washed
with deionized water several times. The final Au-containing ceria
material was obtained by calcination in air at 523 K for 2 h.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author. It includes results from characterization, SEM,
XRD, TEM, HRTEM, EDS, XPS, Raman spectroscopy, UV/Vis spectros-
copy, and the CO catalytic oxidation tests.
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