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Abstract In this study, CeO2 hollow spheres were syn-

thesized via a facile surfactant-assisted solvothermal route.

The synthesized products were characterized by X-ray

diffraction, field emission scanning electron microscopy,

transmission electron microscopy, selected area electron

diffraction, and N2 adsorption–desorption. Different sol-

vent species has been demonstrated as the key factor

responsible for the controlled morphologies. Furthermore,

both the water and the oleic acid were crucial to the for-

mation of CeO2 hollow spheres. The possible formation

mechanism of CeO2 hollow spheres has been preliminary

discussed.

Introduction

Recently, much attention has been paid to shape controlled

nanostructures of metal oxide with unique properties

because of the theoretical and technological significance

[1–5]. Therefore, a wealth of synthetic approaches including

thermal decomposition of complex precursor [6], hydro-

thermal/solvothermal treatments [7–10], and template

directing [11] have been developed toward such shape-

controlled nanomaterials. Among these methods, the solvo-

thermal method has proven to be a very effective approach

to prepare nanostructures of different morphologies with

uniform size [12].

Fluorite-structured CeO2 has proved to be a material of

exceptional technological importance because of its unique

properties and is being extensively used for preparing

heterogeneous catalysts [13], fuel cells [14], UV blocks

[15], polishing materials [16], and especially in three-

way catalysts [17]. Much effort has been focused on the

development of synthetic approaches toward size/shape-

controlled nanostructures, such as nanocubes [18, 19],

nanotubes [20, 21], nanorods [22–25], nanowires [26], and

so forth. In addition, remarkable progress has been made

on the investigation of their controlled conversion and

morphology-dependent properties. For example, Zhou

et al. [21] reported the synthesis of large-cavity CeO2

nanotubes by etching Ce(OH)3 nanorods with H2O2, and

the nanotubes showed highly reducible properties. Yang

et al. [19] synthesized ceria nanocubes by a facile hydro-

thermal process using NaOH as precipitator, and the

nanocubes exhibited excellent reducibility and high oxygen

storage capacity owing to the higher activity of CeO2

surface (100) than that of common surface (111). However,

to the best of our knowledge, less effort has been devoted

to the fabrication of CeO2 hollow spheres [27]. In partic-

ular, the formation of CeO2 hollow spheres involves the

participation of surfactant that acts as soft template. In this

article, we report for the first time the synthesis of CeO2

hollow spheres via oleic acid (OLA)-assisted solvothermal

treatment. It is worth noting here that a small quantity of

water is a pivotal parameter to obtain hollow structures.

Experimental section

All chemicals of analytical grade were used as received

without further purification in the synthesis process,

deionized water was used throughout. For the preparation

of hollow spheres, a typical procedure was as follows:

0.216 g of Ce(NO3)3�6H2O and 0.2 g of NaOH were put

into 18 mL of absolute ethanol, subsequently 2.0 g of OLA
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and 1.0 mL of deionized water were added into the mix-

ture. The resultant system was transferred into a Teflon-

lined stainless steel autoclave of 25.0-mL capacity without

stirring, sealed, and maintained at 180 �C for 24 h. For the

synthesis of CeO2 nanocubes, the reaction procedures were

similar to those of the hollow spheres, except for the eth-

anol was substituted by n-butyl alcohol. After cooling to

room temperature, the products were collected by centri-

fugation, and washed with ethanol several times to remove

the residues. Finally, all the products were dried in an

electric oven at 60 �C for 6 h.

The morphology and structure of the products were

characterized using a transmission electron microscope

(TEM, JEM 100-CX II) with an accelerating voltage of

100 kV, and a field-emission scanning electron microscope

(FE-SEM, JEOL JSM-6700F). X-ray diffraction (XRD)

patterns collected on a Japan Rigaku D/Max-cA 200 X-ray

diffractometer with Cu Ka radiation (k = 1.541 78 Å).

N2-desorption isotherms were measured on a QuadraSorb

SI apparatus at 77 K. The surface areas were calculated by

the Brunauer–Emmett–Teller (BET) method, and the pore

size distribution was calculated from the desorption branch

using the Barett–Joyner–Halenda (BJH) theory. Fourier

transformed infrared (FT-IR) spectra were recorded on a

Nicolet 5DX FT-IR spectrometer using KBr pellet tech-

nique in the range of 400–4000 cm-1.

Results and discussion

The phase purity of the product was examined by the XRD

pattern. Figure 1 shows the XRD patterns of the synthe-

sized product. All the characteristic peaks can be indexed

to a face-centered cubic phase [space group Fm3m (225)]

of ceria (JCPDS card no. 34-0394). No diffraction peaks

from impurities are found, indicating the high purity of the

sample.

The size and morphology of the obtained products were

further examined by TEM and SEM. A typical TEM image

in Fig. 2a shows that the products consist of a large portion

of spherical particles. Furthermore, the contrast difference

between the light center and the dark edge of the spheres

indicates the hollow nature of the spheres. The diameter of

the hollow spheres was estimated to be in the range 120–

180 nm, and the shell thickness was about 40 nm. The

corresponding selected area electron diffraction (SAED)

pattern shows typical rings, indicating its polycrystalline

nature (inserted in Fig. 2a). The magnified SEM image

shown in Fig. 2b exhibited detailed morphology of the

obtained product, indicating the shells of the hollow

spheres are composed of numerous nanocrystals with an

average size of 15 nm, and the shell thickness of the hol-

low structures is about 40 nm, which is consistent with the

TEM result. However, when n-butyl alcohol was employed

as the solvent, a typical TEM image of the product is

shown in Fig. 2c. All the particles display cubic mor-

phology with a mean size of 50 nm, and the SEM image in

Fig. 2d further confirms its cubic morphology.

To investigate the as-obtained products with varied

morphologies in more detail, different alcohols with vari-

ous carbon numbers (CnH2n?1–OH, n = 2–6) were

employed as the solvent. The experimental results showed

that the solvent had a remarkable influence on the mor-

phology of the product. As can be seen from the TEM

image in Fig. 3a, CeO2 hollow spheres could also be

obtained when n-C3H7OH was used as the solvent, and the

size of the product is in the range 140–180 nm. As in the

case of alcohols such as n-C5H11OH or n-C6H13OH,

nanocubes were obtained as the main product (Fig. 3b, c).

It can be explained that, in the reaction system, the solvent

consists of both alcohol and water (1 mL). When either

C2H5–OH or n-C3H7–OH was employed as the solvent, it

can be miscible with water to form a homogeneous system.

However, the other alcohols cannot be miscible with the

water, thus a liquid–liquid interface occurs. Therefore, we

can speculate that a homogeneous system is indispensable

for the formation of hollow structures.

To further understand the formation mechanism of the

hollow structure, a series of controlled experiment were

carried out. The effect of the different water content on the

morphology of the product was investigated by TEM. It

was found that the water content was the key factor

responsible for the controlled morphology of the CeO2.

When the experiment was carried out in the absence of

water, some random nanoparticles but no hollow spheres

were obtained as the single product (shown in Fig. 4a).

Interestingly, when 0.5 mL of water was introduced into

the system, as shown in Fig. 4b, some hollow spheres

appeared, the proportion of the hollow spheres was esti-

mated to be 40%, and the size of the spheres was in a broad

range of 50–300 nm. Increasing the water volume to

0.8 mL, formation of CeO2 hollow spheres had signifi-

cantly enhanced, and the ratio of the hollow spheres wasFig. 1 XRD patterns of the as obtained hollow spheres
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about 80%, as can be seen in Fig. 4c. However, further

increasing the water volume to 2 mL, the products were

mainly random nanoparticles. Besides, the role of the OLA

was also investigated. When the experiment was carried

out without the addition of OLA, hollow spheres were not

further observed and agglomerated nanoparticles were

obtained as the sole product in Fig. 4d. Based on the

above-experimental results, the formation mechanism of

CeO2 hollow spheres was proposed as follows: in the

solvothermal reaction system, ethanol can be miscible with

water to form a homogeneous liquid phase. Subsequently

OL anions may self-assemble to form micelles due to the

amphiphilic nature of OL anions, and a small quantity of

water would transform to surface hydroxyls at elevated

temperature, which is similar to the previous report on the

fabrication of Co3O4 hollow spheres [8]. The surface

hydroxyls acted as binders, making the nanocrystals tend to

aggregate. In order to further investigate whether there was

an interaction between OLA and newly formed CeO2

nanocrystals, the FT-IR spectra was recorded as shown in

Fig. 5, the product exhibits absorption bands in the region

2800–2900 cm-1, attributed to the C–H stretching mode of

hydrocarbons, and the bands at 1454 and1544 cm-1 are

assigned to the stretching mode of COO-. These results

suggested that the interaction between the nanocrystals and

OLA occurred, which cannot be destroyed through ethanol

washing. This result can also explain that when 2 mL or

more water was introduced into the system, the excess

amount of water may disturb the structure of the soft

template.

Fig. 2 TEM (a) and SEM (b)

images of as-obtained hollow

spheres, inset in (a) is the

corresponding SAED pattern of

the hollow spheres; TEM (c)

and SEM (d) images of the

nanocubes

Fig. 3 TEM images of products obtained with different alcohols: a n-C3H7OH, b n-C5H11OH, c n-C6H13OH
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As can be seen in the FESEM image of an individual

broken sphere (Fig. 2b), the surface roughness was due

to the aggregation of CeO2 nanoparticles, leading to the

porous structure. The porous nature of the product was

further investigated by N2 adsorption–desorption. The N2

adsorption–desorption isotherm of the hollow spheres

shown in Fig. 6 exhibits a hysteresis loop in the relative

pressure range of 0.3–1.0, indicating the presence of the

mesopores, which are formed through the aggregation of

the nanocrystals. The corresponding pore size distribu-

tion curve (inserted in Fig. 6) displays a pore size dis-

tribution from 4 to 23 nm, centered at ca. 6.0 nm. The

calculated pore volume is 0.235 cm3/g and the specific

surface area is 83.2 m2/g. This high surface area may be

favorable for achieving better performance in redox

catalysis.

Based on the above experiments, we speculate that the

formation of CeO2 hollow spheres may due to the self

assembly of newly formed nanocrystals with the assistance

of OLA and water. Herein, the OLA may act as surfactant

to form micelles in the homogeneous system at elevated

temperature. When n-CmH2m?1OH (m C 4) is applied as

the solvent, an interface of the mixture occurs at room

temperature. A slight change of the particle size can be

observed, which can be attributed to the effects of the

solvent. It should be mentioned that the variation in

the particle size may result from the Ostwald ripening. The

detailed formation mechanism of nanocubes needs to be

further investigated. The whole process can be depicted as

in Scheme 1.

Conclusion

In summary, a facile OLA-assisted solvothermal process

could be used to fabricate CeO2 hollow spheres. Hollow

spheres were formed when ethanol was employed as sol-

vent, and nanocubes were formed when ethanol was

replaced by n-butyl alcohol. The detailed formation mech-

anism of hollow structure was briefly discussed. This one-

pot solution chemistry may offer a facile route to fabricate

other inorganic materials. Furthermore, the hollow structure

Fig. 4 TEM images of water content experiment: a 0 mL, b 0.5 mL,

c 0.8 mL, d is obtained in the absence of OLA

Fig. 5 FT-IR spectrum of as-obtained CeO2 hollow spheres

Fig. 6 N2 adsorption–desorption isotherm of CeO2 hollow spheres,

and inset is the corresponding BJH pore size distribution curve

Scheme 1 Schematic illustration of the possible formation process

for hollow spheres and nanocubes of CeO2
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of CeO2 may be favorable for achieving better performance

in catalysis.
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