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Homogeneously Dispersed Ceria Nanocatalyst
Stabilized with Ordered Mesoporous Alumina

By Quan Yuan, Hao-Hong Duan, Le-Le Li, Zhen-Xing Li, Wen-Tao Duan,
Le-Sheng Zhang, Wei-Guo Song, and Chun-Hua Yan*

As one of the most important functional rare earth oxides, ceria
(CeO,) has been widely applied in catalysis, fuel cells, optical
materials, gas sensors, and so forth. In particular, nanostructured
ceria plays an active role in catalysis applications because of its
reduced dimensions, increased relative surface area, highly active
facets large number of active sites, and changeable valence
state.” In the past decade, the controlled synthesis of ceria
nanocrystals has become one of the essential topics in rare earth
materials science, since high selectivity and activity can be
achieved by size and morphology design.””! One of the well-known
cases is the role of CeO, in CO oxidation. In this case, traditional
bulk ceria materials had been reported to be inadequate for CO
oxidation as a catalyst support.”) However, as shown by Corma
et al. the activity for CO oxidation increased by two orders of
magnitude when the particle size of ceria decreased to the
nanosize region.”! Hydrothermal, solvothermal, and thermolysis
approaches, all of which are based on solution-phase methods, are
widely utilized for nanostructured ceria synthesis.”) Recent
examples showed that sub-10-nm ceria can be synthesized using
capping agents. Using oleic acid as the stabilizing agent, Gao and
coworkers obtained monodisperse ceria nanocubes with an
average size of approximatley 4 nm.*" However, an obstruction
for further application lies in that CeO, nanoparticles with a size
smaller than 5nm tend to aggregate during thermal treatments,
forming secondary large particles, and thus, the active sites
decrease rapidly owing to reduced surfaces. Therefore, up to now,
the synthesis of thermally stable ceria nanoparticles with a
uniform small size still remains as a challenge.

In the case of catalysis reaction, catalyst deactivations caused by
sintering of catalysts at high temperature are very common, which
may hinder their further industrial applications. Confinement
effect can be a solution to address this tough problem. Materials
with different nanostructures, especially those that have pores or
hollows, are ideal candidates to provide confined microenviron-
ments. With ordered channels of 2-50 nm, mesoporous struc-
tured materials are very suitable for this purpose. Current
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methodologies for the assembly of metal or metal oxide
nanoparticles in mesoporous materials include, for example,
conventional incipient wetness impregnation,’® post-grafting,”!
and metal-organic chemical vapor deposition.®! Somorjai et al.
incorporated Pt nanocrystals into SBA-15 silica during hydro-
thermal synthesis.””’ The Pt particles were observed to be located
within surfactant micelles during silica formation, which led to
their dispersion throughout the silica structure. Bao and
co-workers reported an in situ autoreduction route for the
fabrication of monodisperse silver nanoparticles on silica-based
materials.”) Features of the mnarrow channels in hexagonal
mesostructures (for example MCM-41, SBA-15) being utilized,
one-dimensional nanomaterials such as nanorods or nanowires
can be anticipated. Gold nanowires have been reported in the
channels of mesoporous SBA-15 by hydrogen flow reduction,*”
electroless reduction,'” and seed-mediated growth processes.
CeO, nanoparticles were also embedded into mesoporous SiO,
during the mesostructure formation and then stabilized by this
ordered mesostructure.'*) Although many efforts have been
devoted to explore the confinement effect of mesoporous
materials, almost all of these works are focused on silica-based
mesoporous materials except for a few works on carbon-based
cases. Despite its obvious virtues, the lack of acid/base sites as well
as the chemical inactive inertness of the silica surface limits its use
for the purpose of catalysis application.

As a promising candidate for a three-way catalyst, CeO,~Al, 03
composites have attracted world-wide attention. The sol-gel
process was employed to synthesize the ceria-doped alumina
materials reported by Viveros et al." In our previous study, the
ordered mesoporous aluminas have proved to possess wide
applications in catalysis with the benefits of their large surface
areas, high thermal stability, large surface Lewis acid sites, and
tunable pore size.">! They are proposed to be good candidates for
the fabrication and stabilization of nanometer-scaled ceria, since
the channels can prevent the possible growth and reuniting of
nanocrystals. Based on all the advantages mentioned above,
herein, using the sol-gel method combined with an evapor-
ation-induced self-assembly process, we explore a new strategy to
synthesize uniform ceria nanocatalysts stabilized by ordered
mesoporous alumina.

Using the sample with 8 mol% Ce (denoted as meso-8CeAl) as
an example, evidence for the formation of mesostructures is
provided by small-angle X-ray diffraction (XRD) patterns shown in
Figure la. The sample calcined at 400 °C shows a very strong
diffraction peak around 1.0° and one weak peak around 1.7°,
which, associated with transmission electron microscopy (TEM)
observation, can be attributed to p6mm hexagonal symmetry. The
mesoscopic ordering is sustained well even after calcination at
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Figure 1. a) Small- and b) wide-angle XRD patterns of meso-8CeAl cal-
cined at different temperatures. TEM images of meso-8CeAl calcined at
400 °C viewed along the c) [001] and d) [110] direction.

higher temperatures of 600, 800, and 900 °C, respectively. This
indicates that the introduction of Ce in this one-step synthesis does
not affect the formation of the mesoporous structure. However, it
stabilizes the ordered mesoporous structure at high temperature.
Figure 1b shows the corresponding wide-angle XRD patterns of
meso-8CeAl calcined at different temperatures. Calcination at
400°C gives a mesostructure with an amorphous wall, and
thermal treatment at temperatures higher than 800 °C gives rise to
a y-AL,O3 phase (JCPDS Card No. 10-0425). The appearance of
crystalline CeO, particles can be expected according to the
diffraction peaks of (111), (200), (220), (311), (400), and (331),
which correspond to a pure fluorite CeO, phase (JCPDS 34-0394,
space group Fm3m). The CeO, particle size is estimated to be
around 3—-4nm calculated from the Scherrer equation. TEM
images confirm the typical 2D hexagonal mesostructures with a
regular array of cylindrical mesopores viewed from the [110]
direction (Fig. 1c) and an ordered hexagonal arrangement of pores
along the [001] direction (Fig. 1d), which are in full agreement with
the images of pure alumina in the aforementioned article.”
Varying the content of cerium, a series of ordered mesostructures
is obtained (Fig. S1 and Fig. S2).

High-angle annular dark-field scanning transmission electron
microscopy (HAADF STEM) is known for its great sensitivity to
the atomic number Z, which affords better contrasts than the dark
and bright field operation modes. Figure 2a is the HAADF image
of the meso-8CeAl sample. A very large number of bright spots
can be detected on the mesoporous Al,O; base, presumed to be
CeO, nanoparticles which are highly dispersed on the external
surface or in the mesopores. The HAADF image of meso-16CeAl
shows a larger number of bright spots (Fig. 2b) and indicates that
more CeO, nanoparticles form at a higher content of Ce, in
accordance with the increased intensity of diffraction peaks in the
wide-angle XRD data when the Ce/Al molar ratio increases. The
average diameter of these particles is measured to be around
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5nm. The selected-area electron diffraction (SAED) pattern
(Fig. 2c) shows a fluoride cubic structure, which is consistent with
the phase of CeO,. Lattice planes with a spacing of 0.31 nm are
also present in the high-resolution TEM (HRTEM) image of an
individual nanoparticle (Fig. 2d), which can be attributed to the
(111) plane of CeO,. Under the mode of HAADF STEM,
energy-dispersive analysis of X-rays (EDX) is taken at different
parts of the meso-8CeAl sample (Fig. S3). For the three positions
selected as examples, the Ce/Al molar ratios calculated from the
EDX data are 10.4, 9.0, and 10.7%, respectively (Table S1 in the
Supporting Information), all of which are similar to that of the
original molar ratio 8%. This indicates that the ceria particles are
distributed homogeneously in the framework of the mesos-
tructure, further confirming the observed results from HAADF
STEM images.

To understand the chemical state of CeO, nanoparticles
stabilized by mesoporous alumina, electron energy loss spectra
(EELS) analysis in the M-edge region of cerium, which carries
information of the initial-state 4f occupancy, is performed (Fig. 2e
and 2f). Since electron-beam irradiation for extended periods risks
damage with the valence change of Ce ions from Ce*" to Ce*", we
used a short EELS acquisition time of 2 s. For comparison, a pure
CeO, thin film is also detected by EELS (Fig. 2e). The M, 5 edges
reflect transitions of 3d core electrons to unoccupied states of p-
and flike symmetry. EELS of the Ce L; edge spectrum of
meso-8CeAl is close to that of Ce*" (Fig. 2f). By normalizing Ce**
and Ce*™ M, 5 edges to the continuum above the edges, the Ce*"/
Ce®" ratios can be determined. In this way, the integrated areas of
the M, 5 edges are quantifiably related and are able to reflect the
ratio of f-holes of Ce*™ and Ce*". The spectrum of the CeQ, thin
film gives a M,/M; intensity ratio of 0.93, which is the
characteristic of Ce*"; whereas the meso-8CeAl sample gives a
ratio of 1.17. From the composition of these two ratios, the
existence of Ce*" in the obtained nanoparticles is confirmed and
the fraction of Ce*" is estimated to be 65%.1') Furthermore, X-ray
photoelectron spectroscopy (XPS), which is a surface chemical
composition analysis technique, is used to determine the chemical
valence of Ce on the material surface (Fig. S4b in the Supporting
Information). Six Ce 3d binding-energy peaks are consistent with
the previous report of Ce**,l'”) indicating that the main valence of
cerium in the sample is +4. Meanwhile, two peaks due to a pair of
doublets (noted as uy, uy’), which lie at 885.7 and 904.1eV, are
observed, which are characteristic of Ce*" 3d states."® The above
characterizations reveal the existence of Ce*" in both the bulk and
surface of this material.

To investigate the catalytic properties of this material, the CO
oxidation activity was examined for Au nanoparticles supported on
meso-8CeAl and for comparison, on pure mesoporous alumina as
well as pure ceria nanoparticles. TEM characterizations (Fig. S6)
show that Au particles on the meso-8CeAl and meso-Al,0;
supports possess narrow unimodal size distributions with the
same mean diameters of 7 nm, indicating similar Au dispersions
on both supports. The evolution of the CO conversion as a
function of temperature is presented in Figure 3a. The sample
1wt% Au/meso-Al gives 100% CO conversion when the reaction
is performed at 150 °C while 1 wt% Au/CeO, gives a higher activity
with 100% conversion at 120 °C. Loaded with the same amount of
Au nanoparticles (Table S2), our material meso-8CeAl exhibits
excellent catalytic activity at room temperature with 100%
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Figure 2. HAADF STEM images of a) meso-8CeAl and b) meso-16CeAl calcined at 400 °C. ¢) SAED and (d) HRTEM image of meso-8CeAl calcined at

400 °C. EELS of €) a CeO, thin film and f) meso-8CeAl calcined at 400 °C.

conversion occurring at 26 °C, which is much better than the other
two catalysts. This could be attributed to the strong synergistic
interaction between the noble metal Au and CeO,. The nature of
the support plays a very important role in determining the metal
catalysts’ activity because of the interaction between the support
and the catalysts."**'¥) In the case of the Au-supported catalyst,
previous researchers have proven that this interaction effect can
obviously change the state of Au,*” which results in different
catalytic properties.**!! High-resolution Au 4f XPS spectra
(Fig. S4c) show that the sample contains a mixture of cationic
and metallic gold. The curve-fit analysis indicates three com-
ponents in the Au 4f spectrum, with contributions of Au’, Au'"

and Au’", respectively.?**?? The existence of cationic Au results
in a high degree of CO adsorption and promotes the CO oxidation
reactivity,?®! consistent with previous reports of enhanced catalytic
activity of cationic gold.** Though there are only small amounts of
CeO, nanoparticles embedded in the mesostructure, the catalytic
activity is significantly enhanced. CeO, nanoparticles could supply
reactive oxygen by releasing/taking up oxygen through a redox
process involving the Ce*"/Ce** couple, which can promote the
oxygen adsorption and activation, and thus promotes the catalyst
reactivity.””) Besides the high catalytic activity, this novel catalyst
also shows high stability. Figure 3b shows the histogram of CO
conversions of Au/meso-8CeAl at 30°C treated at different
temperatures. With increasing annealing temperature, the
conversion rate decreases slowly. However, this catalyst exhibits
>80% conversion activity even after annealing at a high
temperature of 650 °C. Recycle reactions were also performed
to test the long term stability of the catalyst (Fig. S7). After five
additional reaction tests, 90% CO conversion activity can still
be achieved at room temperature. Therefore, we infer that the
monodispersed CeO, nanocatalyst stabilized by ordered mesopor-
ous alumina will be useful in the design of novel materials with
enhanced catalytic activity for oxidation reactions.

Adv. Mater. 2010, 22, 1475-1478

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In this report, we demonstrate, for the first time, that
homogeneously dispersed CeO, nanocatalysts can be synthesized
and stabilized under a high treatment temperature by the
confinement effect of ordered mesoporous alumina. It is a
one-step synthesis method, easier to carry out compared with
grafting or impregnating methods. The homogeneous distribu-
tion of CeO, nanoparticles with a size of 3-5nm is observed.
Employed as catalyst support for Au in CO oxidation reaction, this
novel material exhibits an excellent catalytic activity with 100%
conversion at room temperature. The stability of the CeO,
nanocatalyst within mesostructed materials fulfils the important
requirements for their applications in catalysis. We envisage that
this established approach is significantly expandable to the
controlled synthesis and stabilization of other nanocatalysts.

Experimental

Synthesis of Meso-CeAl: Pluronic P123 (1.0 g) was dissolved in ethanol
(20mL) at room temperature (RT). Citric acid (0.84 g), AI(NO3);-9H,0
(3.75 g), and quantitative Ce(NOs3)s - 6H,O were then added with vigorous
stirring. The mixture was covered with polyethylene (PE) film, stirred at RT
for at least 5h, and then placed into a 60 °C drying oven to undergo the
solvent evaporation process. After two days aging, the solution turned into
a light yellow solid. Calcination was carried out by slowly increasing the
temperature from RT to 400°C (1°Cmin~' ramping rate) and heating at
400 °C for 4 h in air. The high-temperature treatment was carried out in air
for Th with a temperature ramp of 10°Cmin~".

Synthesis of CeOz (NH4),Ce(NOs)g (2.74g) and CH;COONa (10g)
were dissolved in deionized water (70 mL) and then CH;COOH (10 mL)
was added to the solution. After stirring for Th at RT, the mixture was
transferred to a Teflon bottle, subsequently held in a steel vessel autoclave,
and then subjected to hydrothermal treatment at temperatures at 220°C
for 12h. After the hydrothermal treatment, yellow precipitates were
separated by centrifugation, washed with deionized water and ethanol
several times, followed by drying at 60 °C in air overnight.

Catalyst Preparation: Au/meso-CeAl, Au/meso-Al, and Au/CeO, were
synthesized according to literature methods [5d]. Typically, meso-CeAl
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Figure 3. a) Catalytic activity of Au/meso-Al, Au/meso-8CeAl, and Au/
CeO, for CO oxidation. b) Conversion at 30 °C after annealing at different
temperatures. The error bars show the conversions in three experiments.

powder (0.3 g) was dispersed in deionized water (15 mL) while stirring and
1M aqueous (NH,4),COj solution (7.5 mL) was then added. HAuCl, - 3H,0
(2.32x 107 m, 7.5mL) was then added to the above solution dropwise.
The pH value was kept at 8-9 during the whole process. The resulting
precipitate was aged at RT for 1h, and then filtered and washed three times
with deionized water at 6070 °C. The product was dried in an oven at
70-80°C overnight and then calcined in air at 400 °C for 4 h.

Catalytic Test: Aflow reactor system was built for the catalytic testing. In
a typical CO oxidation experiment, Au/meso-CeAl was used as catalyst, and
the experiment was carried out under the flow of the reactant gas mixture
(1.0% CO, 16% O,, balanced with N,) with a rate of 100mLmin~". The
weight of catalyst powder was 0.1g and it filled the middle of the quartz
tubular reactor. The composition of the gas was monitored on-line by gas
chromatography.
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