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Abstract Porous hollow CeO2 microspheres were fabri-

cated using negative-charged PS microspheres as templates

by a facile method. The hollow CeO2 microspheres were

characterized by X-ray diffraction (XRD), Fourier-trans-

form infrared (FT-IR) spectroscopy, field emission scan-

ning electron microscopy (FESEM), transmission electron

microscopy (TEM) and N2 adsorption–desorption. The

results showed that the as-synthesized hollow CeO2

microspheres are well monodisperse and uniform in size.

The porous shells of hollow microspheres are relatively

rough and composed of tiny nanoparticles. The external

diameter, internal diameter, and shell thickness of hollow

CeO2 microspheres are about 190, 160, and 15 nm,

respectively. A possible mechanism for the formation of

hollow CeO2 spheres was also discussed.

Keywords Hollow CeO2 microspheres � Porous �
Template

1 Introduction

Hollow microspheres have a unique microstructure, char-

acterized by a hollow center surrounded by a porous or

non-porous shell [1]. In recent years, well-defined hollow

inorganic microspheres (SiO2, ZnO, TiO2, ZnS, etc.) have

attracted more attentions due to their unique properties

such as low density, large surface area, excellent loading

capacity, high permeability, and potential applications in

catalysis, fillers, microreactors, waste removal, drug/gene

storage, and controlled release [2–8]. Various methods

including template-assisted synthesis and template-free

routes are proposed to fabricate hollow microspheres. In

comparison, the template-assisted method is more con-

trollable. The core templates include solid particles, soft

emulsion droplets, vesicles, aggregates, and gas bubbles.

After removing the template cores, hollow microspheres

can be finally achieved.

CeO2 is a technologically important rare earth material

because of its wide applications as fast ion conductors, oxy-

gen storage capacitors, catalysts, UV blockers, and polishing

materials [9]. To date, considerable efforts have been focused

on the CeO2 with special morphologies and microstructures.

Hollow CeO2 microspheres have received considerable

attention recently. Guo and coworkers [10] synthesized CeO2

hollow microspheres with controlled shell thickness using

silica microspheres as templates. The as-synthesized CeO2

hollow microspheres exhibit strong absorption properties in

the ultraviolet range. Wang and coworkers [11] prepared

porous hollow microspheres of crystalline ceria via carbon

sphere template method. The results indicated that the as-

prepared ceria hollow microspheres possess porous structure

and high surface area. Li and coworkers [12] prepared CeO2

hollow spheres via a layer-by-layer (LBL) method using

carbon spheres as sacrificial templates, and the catalytic

activity of the CeO2 hollow sphere was evaluated by CO

oxidation. Yang and coworkers [13] fabricated CeO2 hollow

microspheres using L-asparagine as both OH—provider and

templates, and a hollowing growth mechanism was proposed.

Besides, Zhang and coworkers [14] synthesized single/mul-

tiwall hollow CeO2 microspheres by self assemblage through

hydrothermal method. Zhang and coworkers [15] synthesized
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CeO2 hollow spheres via sequential process of a hydrother-

mal reaction and heat treatment. Although many success

examples of synthesis of hollow CeO2 microspheres are

reported, whereas great care should be taken to avoid for-

mation of unwanted and irregular aggregates of CeO2.

Polystyrene (PS) microspheres are typical solid cores for

the preparation of various hollow microspheres. However,

there are few reports on the fabrication of hollow CeO2

microspheres using PS microspheres as templates, except

that Kartsonakis and coworkers [16] reported a compli-

cated procedure to synthesize hollow ceria nanospheres

using polystyrene lattices. Herein, we described a simple

and efficient route to prepare hollow CeO2 microspheres

using negative-charged PS microspheres as template. The

whole process required neither surface treatment for PS

microspheres nor additional surfactant or stabilizer.

2 Experimental

2.1 Materials

Styrene (St) was purchased from Shanghai Chemical

Reagent Co. (China) and purified by treatment with a 5

wt% aqueous NaOH solution to remove the inhibitor.

Chemicals used in the synthesis were divinylbenzene,

potassium persulfate (KPS), methylacrylic acid, cerium

nitrate hexahydrate (Ce(NO3)3�6H2O), and hexamethy-

lenetetramine (HMT). The above chemical reagents were

of analytic grade and used without further purification.

Deionized water was employed in the present study.

2.2 Synthesis of PS latex

The PS microspheres were synthesized by soap-free

emulsion polymerization. The typical synthesis was intro-

duced as follows. 80 mL water, 20 mL St, 2 mL divinyl-

benzene and 1 mL methyl acrylic acid were charged into a

250 mL flask equipped with a mechanical stirrer and a

condenser at room temperature. The mixture was vigor-

ously stirred at about 300 rpm for about 30 min to form

homogeneous aqueous solution, and then the flask was

heated to 125 �C gradually in an oil bath for 5 min. After

that, 0.5 g KPS (dissolved in 20 mL water) was added to

initiate polymerization. Finally, the polymerization was

maintained for 2 h, and then the emulsion was cooled to

room temperature to stop the polymerization.

2.3 Synthesis of hollow CeO2 microspheres

In a typical procedure, 4 mL PS colloids were dispersed

into 100 mL water with ultrasonic vibration for about

10 min, and then 1.009 g Ce(NO3)3�6H2O (dissolved in

50 mL water) and 1.629 g HMT (dissolved in 50 mL

water) were added. The resulting mixture was initially

dispersed by means of an ultrasonic bath for 15 min to

form homogeneous suspension. The obtained aqueous

suspension was reacted at 75 �C for 2 h under magnetic

stirring, and the CeO2 coated PS (PS/CeO2) composite

microspheres were obtained. The resulting composite par-

ticles precipitates were separated by centrifugation and

washed with water and ethanol, then dried at 80 �C in air

for 2 h. Finally, the composite microspheres were calcined

at 600 �C in air for 2 h. After these treatments, the hollow

CeO2 microspheres were formed.

2.4 Characterization

The crystalline phases of the products were analyzed using

a Rigaku D/max 2,500 X-ray diffractometer with Cu Ka
radiation. The SEM images of the resulting samples were

obtained on a Hitachi S-4800II field emission scanning

electron microscope. The TEM images, as well as the

selected area electron diffraction (SAED) patterns, were

obtained via Philips Tecnai-12 and JEOL JEM-2,100

transmission electron microscope. Fourier-transform

infrared (FT-IR) spectra of the samples were recorded on a

Nicolet Avatar 370 spectrometer. The nitrogen adsorption–

desorption analysis was carried out at on a Micromeritics

TriStar II 3,020 apparatus. The analytical data were pro-

cessed by the Brunauer–Emmett–Teller (BET) equation for

surface areas.

3 Results and discussion

Fig. 1 shows the FESEM image of the PS microspheres

that we used as templates. The spherical PS microspheres

are reasonably uniform with an average diameter of

160 nm. As we know, the morphology and dispersibility of

the core material are crucial to the final hollow spheres

products. Herein, PS latex with narrow size distribution

was successfully synthesized.

The IR analysis provide some insights into the compo-

sitions of the pure PS (a), PS/CeO2 composite microspheres

(b), CeO2 hollow microspheres (c), and the results are

presented in Fig. 2. The characteristic adsorption peaks of

PS at ca. 3,100–2,900, 1,600–1,350, and 700 cm-1 can be

attributed to the stretching vibrations of aromatic C–H in-

plane, stretching vibrations of aromatic C–C, and bending

vibrations of aromatic C–C out-of-plane, respectively [4].

Compared with the spectrum of PS, the PS/CeO2 com-

posite microspheres (Fig. 2b) not only clearly exhibit

characteristic absorption bands attributed to the PS core,

but also show an adsorption bands at ca. 690 cm-1 corre-

spond to the Ce–O–Ce stretching vibrations [17], which
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indicated that PS microspheres cores are fully encapsuled

by CeO2 particles, and the PS/CeO2 composites are

formed. As shown in Fig. 2c, the typical adsorption peaks

of PS are not observed, which further demonstrate that PS

template is thoroughly removed from the composite

microspheres by calcinations.

The XRD patterns of the PS microspheres (a), PS/CeO2

composite microspheres (b) and hollow CeO2 microspheres

(c) are shown in Fig. 3. An obviously broadened diffraction

peak is presented at about 20� (Fig. 3a), which is a typical

XRD character of amorphous PS materials [18]. Based on

Fig. 3a, characteristic diffraction peak at 2h (Brag angle) of

28.6, 33.1, 47.5 and 56.3�, which are assigned to (111),

(200), (220) and (311) (JCPDS 34-0394) lattice planes of

CeO2. Furthermore, the spectrum of the composite particles

reveals a little amorphous peak at around 2h = 20�, attri-

butes to the introduction of organic PS core. Based on the

above analysis, it is confirmed that CeO2 particles are

successfully coated on the surface of the PS microspheres.

The formation of crystalline CeO2 with hollow micro-

spheres is also confirmed by XRD analysis (Fig. 3c). The

position of the peaks of the pattern, their intensity, and the

fact that they are very narrow suggest that crystalline CeO2

are produced by calcining the composite particles at

600 �C. No other peaks appeared, indicating that the

structured CeO2 microspheres are of high purity.

Fig. 4 shows the FESEM and TEM images of the as-

synthesized PS/CeO2 composite microspheres. Compared

with the smooth surface of PS particles, the outer surfaces

of the composite microspheres exhibited very rough

appearance (Fig. 4a), indicating that tiny particles appear

to evenly deposit on the surface of the PS spheres. As

shown in Fig. 4b, it was clearly observed that the strong

contrast between the PS core and the shell. The grey part in

the center represents the organic PS cores, while the out-

side black part is considered to be the aggregation of

inorganic the CeO2 particles.

Fig. 5 shows the FESEM image of the hollow CeO2

microspheres. As shown in Fig. 5a, the as-prepared hollow

CeO2 microspheres exhibit a regular spherical shape with

the average diameter about 200 nm. From the higher-res-

olution image (Fig. 5b), it is clearly observed that there are

partial cave-in on the surfaces of some hollow micro-

spheres as indicated by arrows in Fig. 5b, indicating the

hollow structure of the samples.

More detailed structural characterization of the hollow

CeO2 microspheres was performed by TEM analysis.

Fig. 6a shows a TEM image of the hollow CeO2 micro-

spheres fabricated by using the PS microspheres in Fig. 1

as templates. Removal of the PS cores gives the hollow

microspheres transparent look. The shells are sufficiently

Fig. 1 FESEM image of PS microspheres
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rigid to largely maintain their spherical shape after removal

of the core and escape of gases. Practically no separate tiny

CeO2 particles are observed outside the hollow micro-

spheres. The strong contrast between the core and edge

indicates that the CeO2 microspheres are hollow. These

hollow microspheres were with an average external diam-

eter of about 190 nm and their internal diameter and shell

thickness were about 160 and 15 nm, respectively. The

corresponding selected area electron diffraction (SAED)

pattern of the hollow CeO2 microspheres is presented in

Fig. 6b. The polycrystalline diffraction rings correspond

to the (111), (200), (220), and (311) peaks of the XRD

pattern, which indicates that the shell of the hollow

microsphere is made up of CeO2 nanoparticles. Further

higher-resolution TEM analyses on individual hollow

CeO2 microspheres were conducted. As shown in Fig. 7a, a

rough shell surface is evident, and the wall thickness is

about 15 nm. It can also be clearly observed that the shell

was composed of a lot of tiny particles and constituted a

porous framework. Furthermore, all the microspheres

exhibited loose state and even some interparticle voids can

be clearly observed. To get further insight into the atomic

order of the CeO2 particles in the shell, high-resolution

TEM image was recorded. Fig. 7b shows an edge portion

of a hollow microsphere. The HRTEM image shows well-

developed lattice fringes, which are randomly oriented with

respect to each other, confirming the SAED results. The

average size of the CeO2 nanoparticles composing the

shells of the hollow microspheres is about 5–8 nm as

estimated from the HRTEM image. Two sets of lattice

Fig. 4 TEM image (a) and

FESEM image (b) of PS/CeO2

composite microspheres

Fig. 5 FESEM image hollow

CeO2 microspheres

(111) 

(220) 
(311) 

(200) 

(a) (b)
Fig. 6 TEM image (a) and

SAED pattern (b) of hollow

CeO2 microspheres
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fringes with d spacings of 0.31 and 0.27 nm are measured,

which can be corresponded to the (111) and (200) planes,

respectively, of cubic CeO2 [13, 19, 20].

Fig. 8 shows the nitrogen adsorption–desorption iso-

therms of the hollow CeO2 microspheres samples. A dis-

tinct hysteresis loop can be observed between the

adsorption and desorption branch, indicating the porous

structure of ceria hollow microspheres. N2-sorption indi-

cates that the as-synthesized hollow CeO2 microspheres

exhibit a type II isotherm. The total surface area and pore

volume are 65.76 m2/g and 0.1875 ml/g, respectively. As

suggested by the large uptake at high relative pressures in

the isotherm, the detected pore volume is mainly contrib-

uted by the interparticle voids and the hollows [21].

A possible mechanism of the formation of the hollow

CeO2 microspheres is described in Scheme 1. The syn-

thesis of the hollow CeO2 microspheres consists of three

experimental steps. The first step involves the preparation

of negative-charged polystyrene microspheres. For this

reason, the reagent KPS is used as the initiator in order for

the styrene monomers to be polymerized [16]. During the

second step, Ce3? cations can be absorbed onto the sur-

faces of the negatively charged PS microspheres. Under

slow hydrolyzing of HMT, the opposite-charged OH- is

released in the solution. Ce3? combined with OH- slowly

hydrolyzed from HMT driven by electrostatic attraction.

Then, Ce3? hydrolyzes to form gelatinous hydrous cerium

hydroxide (Ce(OH)3�xH2O) on the surface of the PS

microspheres, forming a core–shell structure [11]. Fol-

lowed by dryness process in air, Ce3? was oxidized to

Ce4? due to its intrinsic crystallization tendency [13]. The

third step involves the formation of the hollow CeO2

microspheres, which are prepared by calcinations where

the internal PS cores are burnt out. During a calcination

process, the PS microspheres are removed in the form of

carbon dioxide and vapor, which depart from the core

through the shell. Meanwhile, the osmotic pressure may

result in the formation of the hollow microspheres along

with a number of pores on the shell.

4 Conclusions

Porous hollow CeO2 microspheres were fabricated using

PS spheres as templates via a facile and efficient method.

The samples were characterized by XRD, FT-IR, FESEM,

HRTEM and N2 adsorption–desorption. The results reveal

that the as-prepared hollow CeO2 microspheres are com-

plete and homogeneous, and the porous shells of the hollow

microspheres are relatively rough and composed of tiny

nanoparticles. The external diameter, internal diameter,

and shell thickness of the hollow CeO2 microspheres

are 190, 160, and 15 nm, respectively. The size of the

CeO2 nanoparticles is about 5–8 nm, as demonstrated by

HRTEM result. The approach presented here can be

applied to fabricate hollow CeO2 microspheres with

desired void size by selecting the PS sphere templates with

suitable diameter.
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Fig. 7 High-magnification TEM image (a) and high-resolution TEM

image (b) of a single hollow CeO2 microsphere
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