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Catalytically Stable and Active CeO2 Mesoporous Spheres
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A facile one-step strategy has been developed for preparing mono-
disperse CeO2 mesoporous spheres with high surface areas,
uniform size distributions, and well-defined pore topologies. These
mesoporous spheres have been demonstrated to be catalytically
stable and active for CO oxidation.

Ceria is a useful promoter and an important component
for three-way catalysts because of its unique redoxproperties,
strong oxygen storage, and release capability via facile con-
version between Ce3þ and Ce4þ oxidation states.1-3 Re-
searchers have discovered that the catalytic performance of
CeO2materials has been greatly influenced by their structural
properties, such as surface area, naked crystal planes, and
surface states.4-6 CeO2 mesoporous spheres have been of
increasing interest in catalysis for their unique structural
properties, such as high surface area, special interfaces, uni-
form size distribution, and well-defined pore topology. The
penetrable shells allow the diffusion of chemical reagents
toward the inside of the structure, the high surface area is
helpful for the high metal dispersion, and the pore channels
help in the adsorption and desorption of reactants and
increase the effectiveness of the contact between catalysts
and reactants. Thus, CeO2 mesoporous spheres with narrow
pore distributions, high surface areas, well-defined morphol-
ogies, and rigid frameworks should have great advantages in
confined-space and environmental catalysis.7-9

For the construction of CeO2 mesoporous materials, the
most common approach is the use of hard or soft sacrificial
templates.10-15 For example, Corma and co-workers have
synthesizedmesostructuredCeO2materials usingCeO2 nano-
particles as starting materials and a EO20PO70EO20 triblock
copolymer as the soft template.9 Stucky and co-workers used
MCln as the metal source and poly(ethylene oxide)-based
triblock copolymers as soft templates in an ethanolic solution
to synthesize mesoporous metal oxides.15,16 CeO2 mesopo-
rous materials have been synthesized by using SBA-15 and
KIT-6 as sacrificial templates.17 However, there are limited
reports for the direct and template-free synthesis of CeO2

mesostructures, especially mesostructures with narrow pore
distributions, rigid frameworks, and well-defined morpholo-
gies until now. Developing an effective, direct, and template-
free synthetic approach for CeO2 mesostructures is desirable.
Herein, a reproducible and one-step synthetic strategy

has been developed for preparing nearly monodisperse CeO2

mesoporous spheres using simple inorganic salt Ce(NO3)3 3
6H2O and organic acids C2H5COOH as starting materials
without any other complex surfactants. Under the designed
conditions, uniform CeO2 mesoporous spheres with high
surface areas, well-defined morphologies, narrow size distri-
butions, and good thermal stability could be obtained in large
quantities.
In a typical synthesis, 1.0 g of Ce(NO3)3 3 6H2O was

dissolved in 1 mL of deionized water. Then, 1 mL of C2H5-
COOH and 30mL of glycol were added with stirring to form
a uniform solution. The mixed solution was sealed and
heated at 180 �C for 200 min to get the products. Transmis-
sion electron microscopy (TEM) images of the products
(Figure 1a-c) showed that the samples were spheres with
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narrow size distributions and an average size of 130 nm. It
can be seen from the high-resolution TEM (HRTEM) image
(Figure 1d) that the spheres are comprised of many small
particles with a crystallite size of 3-5 nm, and there are clear
voids with diameter 3-5 nm among the small particles, re-
vealing the mesostructure of the CeO2 spheres. X-ray diffrac-
tion (XRD) patterns of the samples (Figure S3 in the Support-
ing Information, SI) clearly show that all of the peaks can be
indexed as arising from the pure phase of face-centered-cubic
CeO2 (JCPDS 65-2075). The crystallite size estimated by the
Scherrer equation from thewidth of the strongest (111) line in
the XRD pattern is 3.7 nm, which corresponds well with the
crystallites size measured from the HRTEM micrographs.
The formation process of the CeO2 mesoporous spheres

was demonstrated to bewell-assistedwith a two-stage growth
model.18,19 As shown in Figure 2, in the first stage, the Ce3þ

ions hydrolyzed and were oxidized by NO3
- to form CeO2

nanosized crystalline precursors in a supersaturated solution
under solvothermal conditions. Then, in the second stage, the
initially formed small particles self-assembled into larger
secondary particles. Ethylene glycol can be absorbed on
the surface of the nanosized crystalline precursors. On the
other hand, propanoic acid could react with ethylene glycol
by esterification, which enlarged the surface modification
effect of these small molecules on the surface state. Gas
chromatography-mass spectrometry (GC-MS) analysis of
the reaction media confirmed the formation of the ester
(Figure S9 in the SI). Ethylene glycol and ester act as
structure-directing agents to regulate the surface state of
the nanosized precursors, further influence the nucleation
and aggregate process of thenanoparticles, and finally lead to
the formation of mesoporous structures.
Experiments have shown that these CeO2 mesoporous

spheres could not form in the absence of propanoic acid.
As discussion above, the surface modification effect of pro-
panoic acidwouldbe the key effect leading to the formation of

these mesoporous spheres. Therefore, other organic acids
with similar structures and groups would also lead to the
formation of mesoporous structures. By using CH3COOH
and n-C3H7COOH instead of propanoic acid, similar CeO2

mesoporous spheres have been obtained (Figure S4 in the SI),
sustaining the growth mechanisms to some extent.
The textural porosities of the mesoporous spheres were

examined by N2 adsorption and desorption analysis. The N2

adsorption and desorption isotherms and mesopore size
distribution plots for CeO2 mesoporous spheres are given in
Figure 3. CeO2 mesoporous spheres have high surface areas
(SBET = 216 m2/g). CeO2 mesoporous spheres displayed a
type IV N2 adsorption/desorption isotherm, implying the
mesostructure. CeO2 spheres have an obvious strong and
narrow peak at about 3.8 nm calculated by Barrett-Joyner-
Halenda (BJH) analysis using the desorption branch of
the isotherm, proving that the spheres have narrow pore size
distributions. The results are well consistent with HRTEM
and XRD analysis. Besides the well-defined mesopores, CeO2

mesospheres showed interparticle porosity, which was evi-
denced by the adsorption step at high relative pressures (>0.8).
Thermal stability is an important evaluation criterion

for catalysts. Figure S5 in the SI displays TEM images of
the CeO2 mesoporous spheres calcined at 300 and 500 �C.
It can be seen that the morphology of CeO2 mesoporous
spheres remained well under the annealing temperature of
500 �C, revealing the good thermal stability of the CeO2

mesoporous spheres. All of the samples have type IV N2

adsorption/desorption isotherms, confirming the mesopore
structures (Figure S6 in the SI). The Brunauer-Emmett-
Teller (BET) surface area of CeO2 mesoporous spheres
exhibits no significant change under different annealing tem-
peratures (204 m2/g at 300 �C and 199 m2/g at 500 �C). From
the pore size distribution plots, it can be seen that the pore
size distributions are almost the same for the samples without
annealing andwith annealing at 300 �C.There are strong and
narrow peaks in the region of 3-5 nm. For the samples
annealed at 500 �C, there is still a strong peak in the region of
3-5 nm. The intensity of the wide peak corresponding to the
internanparticle porosity at 30 nm increased, revealing that

Figure 1. (a-c) Typical TEM images of CeO2mesoporous spheres with
different magnifications. (d) HRTEM image of the CeO2 mesoporous
sphere.

Figure 2. Illustration of the formation process of CeO2 mesoporous
spheres.

Figure 3. (a) N2 adsorption and desorption isotherms of CeO2 meso-
porous spheres. (b)BJHpore sizedistribution curves ofCeO2mesoporous
spheres.
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the CeO2 mesoporous spheres slightly aggregate with each
other during calcination at relatively high temperature.
The narrow pore distributions, high surface areas, good

adsorbabilities, and relatively high thermal stabilities endow
the CeO2 mesoporous spheres as great candidates for catalyst
support to construct catalytically active and stable nanoreac-
tors compared with other morphologies. Monodisperse Ag
nanoparticles were selected to be doped in CeO2 mesoporous
spheres to demonstrate the catalytic performance of CeO2

mesoporous spheres based on nanoreactors for their relatively
low cost compared with other noble metal catalysts. CeO2

mesoporous spheres have shown high absorbability formono-
disperse Ag nanoparticles. By the simple addition of CeO2

mesoporous spheres into a monodisperse Ag nanoparticles
colloid with stirring, the Ag nanoparticles were readily and
rapidly absorbed by the CeO2 mesoporous spheres (Figure S7
in the SI). TEM images of the CeO2 mesoporous spheres
absorbed by Ag nanoparticles are displayed in Figure 4a,b. It
can be seen that there are all spheres in the image, which
reveals that Ag nanoparticles were completely absorbed in the
mesopores of theCeO2 spheres.Elemental analysiswas carried
out by an energy-dispersive X-ray analysis (EDXA) line scan-
ning across a single sphere, which confirmed the existence and
the good dispersity of Ag nanoparticles in the mesoporous
spheres (Figure 4c,d). These CeO2 mesoporous spheres have
also shown good absorbability for Au nanoparticles (Figure
S8 in the SI), revealing that these CeO2 mesoporous spheres
were good supports for various metal nanoparticles to con-
struct novel catalytically nanoreactors.
The CO oxidation reaction was selected as a model reac-

tion to examine the catalytic performance of the as-prepared
nanoreactors. The conversion profiles of CO versus tempera-
ture results are shown in Figure 5, revealing the excellent
performance of CeO2 mesospheres and CeO2 mesosphere-
based nanoreactors for CO oxidation. T90 of the undoped
CeO2 mesoporous spheres is 330 �C. Compared with the

undoped CeO2 spheres, the Ag/CeO2 spheres (Ag molar
content 10%) are more active for CO oxidation. The
conversion-temperature curve revealed that the catalyst is
temperature-sensitive for the CO oxidation reaction. At a
narrow temperature interval, the percentage of CO conver-
sion increased from 10% at 55 �C to 90% at 68 �C. At 70 �C,
the percentage of CO conversion was 96.5% over Ag-doped
CeO2 spheres. The results are better than some reported
data.20,21 Compared with other morphologies, such as nano-
rods and nanoparticles, the CeO2 mesoporous spheres show
superior catalytic properties (Figure S10 in the SI).
In conclusion, we have developed an effective method for

the fabrication of CeO2 mesoporous spheres. Only small
molecular organic acids were used as structure-directing
agents without any other complex surfactants. This novel
synthetic strategy should offer good suggestions for other
kinds ofmetal oxidemesoporous sphere systems, such as rare
earthoxides, and soon.BecauseCeO2 are usefulmaterials for
catalysis, these mesoporous CeO2 spheres have great poten-
tial in the field of confined-space and environmental catalysis
for their high surface areas and unique porosity structures. It
was demonstrated that mesoporous CeO2 spheres have of
excellent catalytic performance for theCOoxidation reaction
compared with the reported results. These CeO2mesoporous
spheres should be good candidates for catalyst support to
construct catalytically stable and active nanoreactors in the
field of confined-space and environmental catalysis.
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Figure 4. (a and b) TEM images with different magnifications of CeO2

mesoporous spheres supported by a Ag nanoparticle catalyst. (c) Dark-
field scanning TEM image of a single CeO2 mesoporous sphere. (d)
Compositional line profile across the single sphere (from A to B) probed
by EDXA line scanning.

Figure 5. Catalytic performance of CeO2 mesoporous spheres for CO
oxidation.
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