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Double-shelled CeO2 hollow microspheres (4­5¯m) were synthesized through a facile one-step hydrothermal
treatment of Ce(NO3)3¢6H2O in the presence of citric acid and hexamethylenetetramine (HMTA), and scanning and
transmission electron microscopies demonstrated the samples are hollow spheres with litchi-like surfaces. The assembly
of the hollow spheres was contributed to coordination effect of additives employed in the reaction system and the ripening
growth in the process. Meanwhile, two other spherical structures including polyhedron-constituted and porous
microspheres assembled with nanocrystals were also synthesized by varying the experimental parameters in the synthetic
route. The UV­vis spectroscopic investigation demonstrated that the absorption edge of the three samples was blue shifted
accordingly with their constituted primary crystallite sizes. In addition, investigation showed that the catalytic activities
for CO oxidation of the three spheres types were considerably higher than those of commercial CeO2 powders, and their
activities were in the order of porous > litchi-like double-shelled hollow > polyhedron-constituted, consistent with their
BET surface area of 33, 22, and 10m2 g¹1. Specially, the litchi-like double-shelled hollow spheres showed much better
catalytic properties per unit weight catalyst.

Recently, functional hollow spheres of metal oxide with
nanometer- to micrometer-scale dimensions have been receiv-
ing much attention due to their wide applications, such as
oxygen sensors,1 drug delivery,2 protection of sensitive
biomolecules,3 microcapsule microreactors,4 water treatment,5

and as a good potential electrode material for photochemical
solar cells.6 Generally, the most common synthetic method
involves different templates-directed protocols, typically sili-
ca,7 polymeric beads,8 or carbon particles9 which are described
as hard templates, and vesicles,10 emulsions,11 as well as block
copolymer micelles12 described as soft templates are primarily
applied. However, hollow spheres with double-shells have been
less reported.13­15

Ceria, as a typical type of rare earth oxide, has always been
the focus of intense attention since it is widely applied to
electronic materials, catalysts, optical and chemical materials,
electrolyte materials of solid oxide fuel cells, ultraviolet-
blocking materials, and solar cells. Because the properties of
rare-earth oxides depend strongly on their size and morphol-
ogies, ceria with different shapes and size have been
synthesized, for example as nanorods,16 nanowires,17 nano-
tubes,18 hollow nanocubes,19 nanosheaves,20 microplates,21 and
other uncommon shapes including twofold-shaped dendrites,22

flower-like nanostructures,23 and spherical structures.24 In
addition, hollow ceria with single shell have also been
synthesized by using different hard templates such as carbon

spheres,25,26 carbonaceous polysaccharide spheres,27 silica
spheres,28 and anionic PSA latex particles.29 Recently, Yang
et al. fabricated CeO2 hollow microspheres by using a
hydrothermal approach.30 However, to the best of our knowl-
edge, there has been no report on the synthesis of double shell-
like ceria-based hollow microspheres. Such a distinct structure
of cerium oxide would bring forth new properties, and could be
a promising material in desirable chemistry.

Herein, we report a facile hydrothermal process for the
formation of the ceria double-shelled hollow spheres with the
use of citric acid and HMTA as additives. In the reaction
system, HMTA served as a structure-control additive,31 and
citric acid as a pH regulator, and they both could be employed
as coordinators, and coordinate with Ce ions to form
corresponding complexes in aqueous solution in the current
synthetic process. Thus, these as-synthesized complexes are
favorable for the assembled aggregation of small nanoparticles,
generated at elevated temperatures, to form hollow spheres due
to the balance of solution thermodynamics and growth kinetics.
This route provides an alternative process for the growth of
hollow spherical crystals, and also it is to be noted here that
both HMTA and citric acid are economical and environmental-
friendly materials and thus of valuable prospect for commercial
production. Meanwhile, two other spherical structures includ-
ing polyhedron-constituted and porous microspheres were also
synthesized by varying the experimental parameters in the
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system. The three as-synthesized products indicate good UV­
vis properties, which are related to their constituted primary
crystallite size. The catalytic activity of the three kinds of CeO2

spheres was probed by CO oxidation. The polyhedron-
constituted, litchi-like, and porous structure CeO2 spheres are
much more catalytically active than commercial CeO2 powder,
and the litchi-like double-shelled hollow product exhibits the
highest specific catalytic reaction rate, demonstrating that it has
the best redox behavior.

Experimental

Materials. Cerium nitrate (Ce(NO3)3¢6H2O, ²99.0%),
citric acid (C6H8O7¢H2O, Analytical reagent (A. R.) grade),
and hexamethylenetetramine (=1,3,5,7-tetraazatricyclo-
[3.3.1.13,7]decane, HMTA, (CH2)6N4, A. R. grade) were
purchased from National Chemical Reagent Cooperation Ltd.,
Shanghai, and used without further purification.

Synthesis of Litchi-Like Double-Shelled Hollow Spheres.
In a typical synthesis, Ce(NO3)3¢6H2O (2.0mmol) and HMTA
(0.75mmol) were dissolved in deionized water (20mL) with
magnetic stirring, then citric acid (1.0mmol) was added,
forming a transparent solution with pH 2.3. This solution was
stirred for about 1 h and then transferred into a 30mL Teflon-
lined autoclave which was sealed and kept at 195 °C for 20 h.
After the autoclave was cooled to room temperature naturally,
precipitation was separated by centrifugation, washed with
deionized water and absolute alcohol several times and dried in
an oven at 60 °C overnight.

Characterization. The phase purities of the products were
characterized by X-ray diffraction (XRD) performed on a
Philips X’Pert diffractometer with graphite-monochromatized
CuK¡ radiation (­ = 1.54178¡) at a scanning rate of 0.02
degree s¹1 in the 2ª range from 10 to 70°. The surface
morphology of the samples was observed by scanning electron
microscopy (SEM, S-4800, Hitachi Co., Japan). Transmission
electron microscopy (TEM) images and high-resolution TEM
(HRTEM) images were obtained on a JEOL-2010 with an
accelerating voltage of 200 kV. X-ray photoelectron spectrosco-
py (XPS) measurements were carried out on a VGESCALAB
MKII X-ray photoelectron spectrometer with an exciting source
of AlK¡. The UV­vis diffuse reflectance spectroscopy (DRS)
was performed on a Hitachi U-4100 UV­vis­NIR spectropho-
tometer with the integration sphere diffuse reflectance attach-
ment. The Brunauer­Emmett­Teller (BET) tests were per-
formed with a Micromeritics ASAP-2000 nitrogen adsorption
apparatus. The catalytic activity for CO oxidation was
measured with a continuous flow reactor at atmospheric
pressure and a gas mixture (1 vol% CO, 99 vol% air) was
fed at a flow rate of 20mLmin¹1 to the reactor which contained
30mg samples.

Results and Discussion

Characterizations of Typical Sample. The phase purity
and crystallinity of the as-synthesized CeO2 sample were
investigated by XRD. All of the diffraction peaks shown in
Figure 1 indicate the good crystallization of the sample and can
be exactly indexed as a pure face-centered cubic phase [space
group: Fm3m (No. 225)] with lattice constant a = 5.412¡,
which is consistent with the value of standard card (JCPDS 81-

0792). Based on the Scherrer equation, the average crystallite
size is about 37.3 nm in diameter for the sample, evaluated via
the calculation of the half-width of the (111) diffraction peak.

The oxidation state of Ce in ceria can be examined by XPS
(Figure 2), the six Ce3d binding energy peaks corresponded to
a previous report of Ce(IV),32 suggesting the valence of cerium
in the typical system was +4. The binding energy at 883.1,
889.3, and 898.7 eV are attributed to Ce 3d5/2, and 901.5,
907.8, and 917.2 eV are signed to Ce 3d3/2. Therefore, the XPS
investigation further confirmed the chemical formula of the as-
synthesized sample is CeO2.

The morphologies of the product were characterized by SEM
and TEM. Figures 3a and 3b show some typical SEM images
of double-shelled CeO2 spheres. The low-magnification image
(Figure 3a) shows that the as-prepared CeO2 product is mainly
composed of spheres with a mean diameter of 4­5¯m with
hollow interiors, which can be seen from the broken ones. The
high-magnification image (Figure 3b) shows that most of the
spheres were largely made up of two layer structured shells
with litchi-like surfaces. A typical TEM image of the hollow
spheres is shown in Figure 3c, there was a clear hollow center
with shell thickness of about 300 nm which is featured by the
apparent distinction between the dark edge and light center,

Figure 1. XRD pattern of the product obtained at 195 °C
for 20 h in a typical synthesis.

Figure 2. XPS spectrum of an as-synthesized ceria sample.
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while the double shells were not clearly observed possibly
because the two shells are very close. Obviously, the hollow
spheres are assembled by nanostructured crystals of about
30 nm in diameter. Figure 3d exhibits a HRTEM image for the
product with interplanar spacing of 0.272 nm, indicating that
the assembled nanocrystals within the spheres show single-
crystal nature.

Formation Mechanism. To understand the growth
mechanism of the double-shelled hollow spheres, a set of
time-dependent experiments were carried out. The SEM images
of the products obtained at varied reaction times are shown in
Figure 4. It is noted that the product collected at 1 h (Figure 4a)
mainly consists of random distributed small nanocrystals.
When the reaction time was extended to 3 h, some small CeO2

nanocrystals assembled into regular spheres with a larger
diameter of about 4­5¯m, and the assembled spheres appeared
with thin layers while most of the spheres would crack into

fragments as shown in Figure 4b. When reaction time was
further prolonged to 6 h, the thin-shelled hollow spheres
structure grew thick and the fragments could not be observed
in samples, still, there were some small particles of about
500 nm mixed with the spheres. After reaction of 20 h, the
small particles disappeared thoroughly via ripening growth and
single-shelled structures translated into double-shelled entirely
and the microspheres present with litchi-like surfaces, as shown
in Figure 4d.

On the basis of the above investigation, an assembly growth
model can be proposed for the double-shelled hollow spheres.
The formation of CeO2 involves the following steps: that is,
Ce(III) first coordinated with citric acid forming stabilized
complex cerium citrate (Ce(III)­citrate), and then at elevated
temperatures, HMTA decomposed to formaldehyde and am-
monia through acid hydrolyses due to its relatively low
decomposition temperature compared with citrate acid. No
doubt Ce(III)­citrate decomposed in the same process over
prolonged time. Meanwhile, CeO2 was synthesized via the
oxidation of Ce(III) with oxygen involved in the reaction
system under the equilibrium between coordination and
decomposition of citric acid, which would be favorable for
the assembly of the double-shelled spheres. The main reactions
involved in the reaction system could be illustrated as follows:

→ ð1Þ

→ ð2Þ

→ ð3Þ

It is noted here that citric acid is used as a pH regulator and
capping agent,33 and HMTA as a structure-control additive,31

and they both play important roles in the formation of CeO2

spheres. Generally, citric acid is of spatial structure and it can
coordinate with central metal ions to form metal complexes
with a centrosymmetric34 or a disordered structure,35 although
the structures of rare earth citrates are not well documented,36

in which the citric root can be seen as a tie or bond between the
nanocrystals for the assemblies of these nanocrystals. Previ-
ously, ceria nanoparticles were hydrothermally obtained in the
presence of citric acid at 180 °C for 24 h,37 however, there were
not any regular assemblies achieved without the use of HMTA.
Similarly, we could not obtain spherical assemblies either at the
absence of HMTA via a number of experiments. So, the effect
of HMTA cannot be ignored in the present process. As we
know, HMTA as a water-soluble, nonionic tetradentate cyclic
tertiary amine can also act with Ce ions in aqueous solution
even though the Ce­HMTA complex was not reported
previously. Based on hard­soft acid­base theory, the action
between Ce ions and nitrogen atom from HMTA is weaker than

Figure 3. SEM images of double-shelled CeO2 micro-
spheres: (a) low magnification and (b) high magnification
of double-shelled CeO2 spheres, (c) TEM image of a single
CeO2 hollow microsphere, and (d) HRTEM image of the
CeO2 product.

Figure 4. SEM images recorded during the different
reaction times of the two-layer structures: (a) 1, (b) 3,
(c) 6, and (d) 20 h.
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that of oxygen within citric acid. As a sequence, there will be a
balance or equilibrium between the two coordinative reactions
of the Ce ions with the two ligands. So at the initial reaction
stage, both the carboxy group of citric acid and the amine of
HMTA would coordinate with cerium ion to form their
corresponding Ce(III) complexes, of which cerium citrate was
stable in a wide range of temperatures kinetically in the process
while Ce­HMTA comparatively unstable. Meanwhile, it is
noted that HMTA can also connect to the citric acid by
hydrogen bond38 to enhance the steric hindrance which was
also favorable for the assembled growth of nanocrystals with
spherical shapes.33 Almost at the same time, Ce(III) was
oxidized to CeO2 in the reaction system accordingly accom-
panied by the assembly of spheres at elevated temperatures
with reaction time prolonged above 3 h (Figures 4b­4d).

It is concluded that the formation mechanisms of the double-
shelled hollow spheres should be mainly attributed to self-
assembly through the balance between thermodynamics and
kinetics in the system. In detail, low-temperature molecule
coordinated complexes lead to the assembled aggregation of
small nanoparticles generated at elevated temperature via
Brownian motion,19 to form hollow spheres in the presence
of HMTA as a structure-control additive.33 In the initial stage,
the aggregated hollow spheres grew with rather coarse surfaces
kinetically, and interestingly, most hollow spheres produced in
this stage showed incomplete shapes (Figure 4b), since the
layer was thin and thus the spheres crack into fragments easily
which can be seen from Figure 4b. With the reaction time is
prolonged, the broken spheres cannot be observed with the
thick layer, and at the same time the shell of the spheres would
rearrange from one thin shell spheres to double thick spheres
via long time mass transfer during growth. As a result, the
double-shelled hollow spheres with smooth surface were
acquired due to the mass transfer under the conditions between
the balances of thermodynamics and kinetics in the current
coordinative system. In other words, both citric acid and
HMTA act with Ce ions to form their corresponding com-
plexes. The two complexes possess different complexation
constants, space effects, and thermal stability, and these
variations between the two complexes result in the dynamic
balance of complexation, dissociation between the complexes,
and the nucleation and growth of crystals at about 200 °C for
20 h, which lead to the assembly of hollow spherical structures
under the conditions of thermodynamic and kinetic regime.

The XRD pattern in Figure 5 shows the as-prepared porous
surface and polyhedron-constituted sphere samples listed in
Table 1 are pure CeO2. Based on the Scherrer equation, the
average crystallite size is about 60.7 nm in diameter for

porous sample (Figure 5a), 30.3 nm for polyhedron-consti-
tuted (Figure 5b), and 37.3 nm for litchi-like microspheres
(Figure 1), respectively, evaluated via the calculation of the
half-width of the (111) diffraction peak.

Figure 6a shows the SEM image of the previously men-
tioned double-shelled CeO2 hollow spheres with litchi-like
surface. The high-magnification SEM image of a single sphere
in Figure 6b shows the surface of the sphere was made up of
extremely small crystals, which were close-pack arrayed to
form a litchi-like structure on the surface. Figure 6c exhibits
the SEM image of the porous CeO2 spheres, with a uniform
diameter of 2­3¯m. Likewise, Figure 6d depicts the high-
magnification SEM of a single sphere. Clearly, the surface of
the spheres was full of broken holes, and some holes broken
under the surface, which is similar to skeleton structure.
Figure 6e reveals the SEM image of the 2.5¯m polyhedron-
constituted CeO2 and the high-magnification SEM of the
surface are shown in Figure 6f. Obviously, a whole sphere
consisted of innumerable close-arranged polyhedrons. It is
possible that as the citric acid decreased relatively and thus the
“bond or tie” reduced in the solution, only a relatively loose
structure with multiple holes in the whole spheres is formed
ultimately. Likewise, a relatively dense litchi-like microsphere
is synthesized as the proportion of citric acid is increased. In
addition, the formation of polyhedron-constituted material is
mainly attributed to the heating under stirring, which intensifies
the nucleation step in comparison with the process without
calefaction.

Properties of the Three Samples in the System. Figure 7
presents the UV­vis absorption spectra for the three as-

Figure 5. XRD patterns of different surface shape:
(a) porous surface and (b) polyhedron-constituted micro-
spheres.

Table 1. Reaction Conditions of the Three Types of CeO2 Samples (20 h)

Ce(NO3)3¢6H2O
/mmol

HMTA
/mmol

Citric acid
/mmol

Stirring temperature
/°C

Reaction temperature
/°C

Products morphology

2.0 0.75 1.0 20 195 litchi-like double-shelled
hollow spheres

1.5 0.75 0.5 20 220 porous spheres
1.0 0.125 0.5 100 220 polyhedron-constituted

spheres
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prepared CeO2 powders in the system. It is revealed that the
onsets of the strong absorption edges located at 358, 336, and
292 nm for the polyhedron-constituted, double-shelled, and
porous spheres, respectively. They all shifted to lower wave-
length in the spectra comparing with the bulk material, which
are induced by charge-transfer transition from O2¹ (2p) to Ce4+

(4f) orbital in CeO2.39 Considering CeO2 as a direct band gap
semiconductor, the decrease in particle size leads to the blue
shift of absorption peak.40 According to XRD calculation, the

particle size reduced in the order porous > litchi-like double-
shelled > polyhedron-constituted spheres. It can be seen that
there is a blue shift in the spectrum from polyhedron-
constituted to litchi-like double-shelled, and then to porous
spheres.

Figure 8 presents the nitrogen adsorption­desorption iso-
therms of the three kinds of the CeO2 spheres. The adsorption
and desorption isotherms for the three kinds of spherical
structure shows a H2-type hysteresis loop. The BET specific
surface area of the three samples (Figures 8a­8c) was calcu-
lated to be 33, 22, and 10m2 g¹1 for porous, double-shelled,
and polyhedron-constituted CeO2 spheres, respectively. It is
reasonable that the porous CeO2 with rich pore structures
displays the largest BET surface area whereas the polyhedron-
constituted CeO2 spheres with the close-packed structure shows
the lowest BET surface area.

CeO2 has nice redox behavior because of the existence of a
Ce(III)/Ce(IV) redox cycle and thus has been widely applied
as the catalyst component for catalytic oxidation reactions.
CeO2 is a key component in the three-way catalyst used for
automotive exhaust gas conversion in which CO oxidation is
one of the main catalytic reactions. Therefore, the catalytic
activity of CeO2 spheres with different surface shapes in CO
oxidation was evaluated. Figure 9a shows the activity of
commercial CeO2 powders. Figures 9b­9d displays the activity
of porous, litchi-like, and polyhedron-constituted CeO2

spheres, respectively. As shown in Figure 9, the CO conversion
increased with increasing reaction temperature for all of the
samples, and the as-prepared CeO2 spheres showed a higher
catalytic activity than nanoparticles. Generally, the sequence of
catalytic activity is the order of porous > double-shelled >
polyhedron-constituted spheres, which is in accordance with
their BET surface areas. The specific reaction rates shown in
Figure 10 demonstrate that the litchi-like double-shelled CeO2

spheres exhibit the highest specific reaction rate. It is generally
accepted that CO oxidation under stationary conditions over
ceria follows the Mars­van Krevelen-type mechanism, where

Figure 6. SEM images of microspheres with different
structure: (a) low magnification and (b) high magnification
of litchi-like double-shelled hollow CeO2 microspheres,
(c) low magnification and (d) high magnification of porous
microspheres, (e) the image of the polyhedron-constituted
CeO2, and (f) the corresponding detailed surface shape.

Figure 7. UV­vis absorption spectra of the three CeO2

microspheres: (a) polyhedron-constituted, (b) litchi-like
double-shelled hollow microspheres, and (c) porous ones.

Figure 8. Nitrogen adsorption­desorption isotherms of the
three kinds of CeO2 microspheres: (a) porous CeO2

microspheres (dark line), (b) double-shelled litchi-like
CeO2 microspheres (blue line), and (c) polyhedron-
constituted CeO2 microspheres (red line).

J. Ma et al. Bull. Chem. Soc. Jpn. Vol. 83, No. 12 (2010) 1459



reaction involves alternate reduction and oxidation of the oxide
surface with formation of surface oxygen vacancies (as the key
step) and their replenishment by gas-phase oxygen.41 There-
fore, the litchi-like double-shelled CeO2 spheres should have a
better redox behavior than porous and polyhedron-constituted
CeO2 spheres that could be related to their morphology and
structure. These results suggest that the reducibility and
catalytic activity of CeO2 catalysts can be tailored more or
less by means of morphology control.

Conclusion

In conclusion, the litchi-like double-shelled CeO2 hollow
spheres were synthesized through a facile one-step hydro-
thermal oxidation of cerium nitrate in the presence of citric acid
and HMTA at 195 °C for 20 h, and two other morphologies
were also acquired in the system with the variation of reaction
conditions. The formation mechanism of the double-shelled
hollow CeO2 spheres is mainly attributed to aggregation and

assembly of the preformed nanocrystals. The UV­vis proper-
ties of the three morphologies are related to their primary
constituted crystal size, and the CO catalytic activity of three
samples is excellent compared to commercial CeO2 powders,
and the litchi-like double-shelled hollow spheres show superior
catalytic properties. This work provides a convenient, one-step
method for the synthesis of the double-shelled hollow spheres,
which showed considerably higher catalytic conversion of
carbon monoxide to carbon dioxide than those of commercial
CeO2 powders. Specially, the litchi-like double-shelled hollow
spheres showed superior catalytic properties per unit weight
than other spheres did in the catalytic process.
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