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a b s t r a c t

Monodisperse CeO2 nanospheres with the average size of 40 nm, self-assembled by well-crystalline CeO2

ultrafine nanoparticles were synthesized through a facile solvothermal route using n-butanol as solvent
in the absence of any surfactant or template. The formation process of the monodisperse self-assembly
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CeO2 nanospheres is briefly discussed. The key function of n-butanol is investigated by comparative
experiments. It is found that n-butanol not only serves as solvent, but also acts as surfactant in the
formation of monodisperse self-assembly CeO2 nanospheres. Raman and XRD spectra show that the
sample is pure cubic fluorite type of structure. Compared to the bulky CeO2 materials, the prepared CeO2

nanospheres exhibited an obvious blue-shifting in UV absorbance. The direct band gap energy of the
obtained sample increases by exceeding 10%. Our study provides an effective approach to control CeO2

otent
urfactant/template-free morphology which has p

. Introduction

In the past decade, extensive research efforts have been devoted
o the design and preparation of nanomaterials with different
hapes/sizes due to their particular shape/size-dependent prop-
rties and their promising application in electronics, optics, and
agnetic [1–4]. As a well-known functional rare earth material,

eO2 has a wide range of applications including ultraviolet (UV)
lockers, abrasives, catalysts and solid oxide fuel cells [5–8].

Nanostructured CeO2 possesses the superior physical and chem-
cal properties compared with its bulk counterparts [9,10]. Thus,

any progresses have been made in the study of the syn-
hesis of CeO2 nanomaterials and in the investigation of their
orresponding novel properties. Up to now, well-defined CeO2
anostructures with various morphologies including nanoparticles
11,12], nanorods [13,14], nanoflowers [15], and hollow struc-
ures [16,17] have been successfully fabricated. Very recently, a
nique morphology, self-assembly CeO2 nanospheres which are
omposed of crystalline CeO2 nanoparticles have aroused increas-
ng attention, because they are expected to exhibit much stronger

ltraviolet absorption, remarkable catalytic activity and excellent
lectrochemical properties as anode material in lithium ion bat-
ery. At present, fabrication of high quality self-assembly CeO2
pherical crystallites is an important topic. Caruso et al. [18] have

∗ Corresponding author. Tel.: +86 431 85168256; fax: +86 431 85168256.
E-mail address: liubb@jlu.edu.cn (B. Liu).

925-8388/$ – see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All ri
oi:10.1016/j.jallcom.2010.05.047
ial application in synthesis of other nanomaterials.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

obtained spherical CeO2 at micrometer scale utilizing porous poly-
meric beads as templates by sol–gel method. Yu and co-workers
[19] have further decreased spheres size from micrometer into the
range of 100 nm using PVP as the surfactant via solution method.
Lately, the effective hydrothermal method has been employed
in the synthesis of CeO2 nanospheres. Zhou et al. [20] reported
the size could be controlled in the range from 100 to 800 nm by
PVP-assistant hydrothermal route; Shen et al. [21] employed a
urea-hydrothermal route to prepare CeO2 nanospheres with an
average size of 320 nm and with a relatively narrow diameter dis-
tribution. However, to get higher specific surface area and further
improve their properties, people need to further reduce their size
to less than 100 nm and with a relatively narrow size distribution,
more important, it is still a challenging topic to get monodisperse
and highly crystalline sample for this particular material. Addition-
ally, in the aforementioned approaches, they have been employed
templates or surfactants to control the morphology and in most of
cases, further calcination treatment is usually inevitable. Therefore,
it is necessary to avoid employing other additives in the synthesis
process and to find a new straightforward and general approach
in synthesis of monodisperse CeO2 spherical nanocrystallites with
smaller sizes by one step.

As a facile and effective technique, solvothermal method instead

of hydrothermal process has been widely employed in the synthe-
sis of various nanomaterials due to its extraordinary advantages
of one-step synthesis, controllable dispersion and crystallization
[22–25]. Recently, it has been found that adopting appropriate
alcohol in solvothermal process could tailor the shape and size

ghts reserved.
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To precisely determine the crystal structure of the as-prepared
sample, we carried out XRD analysis. Fig. 2 exhibits the XRD pat-
tern of the self-assembly CeO2 nanospheres. All the detectable
peaks in the pattern can be indexed to the pure cubic fluorite CeO2
with a lattice constant a = 0.5420(2) nm (JCPDS Card NO. 81-0792).
Fig. 1. TEM micrographs and ED pattern of the typical product: (a) low

f nanostructures without any other additives. For instance, Yang
t al. [26] fabricated highly crystalline and monodisperse TiO2
anocubes of pure anatase phase in an n-butanol system; Ma et
l. [27] even prepared column-like ZnO microcrystals with vari-
us sizes by utilizing different alcohols as solvents. Their studies
otivated us to synthesize self-assembly CeO2 nanospheres by

sing solvothermal method with alcohols as solvents. In addition,
t should be pointed out how these alcohols influence the morphol-
gy and the formation mechanism are open questions so far. Thus,
ur study also helps us to understand the effect of alcohol in the
ormation of nanomaterials with various morphologies.

In the present work, we report the first study on the syn-
hesis of monodisperse self-assembly CeO2 nanospheres with an
verage size of 40 nm, aggregated by well crystallization nanopar-
icles using solvothermal method adopting n-butanol as solvent,
ithout any other additives. The as-prepared nanospheres have

een characterized by transmission electron microscopy (TEM), X-
ay diffraction (XRD), Raman spectroscopy, FTIR spectroscopy and
V–vis spectroscopy. It is found that our sample has strong UV
bsorption and exhibited an obvious blue-shifting. The effect of
-butanol in the formation of CeO2 nanospheres has been investi-
ated by adjusting the volume ratio of ethylene glycol to n-butanol.
e found that n-butanol is not only employed as solvents in the

ormation process but also serves as surfactant which plays an
mportant role in the formation of self-assembly CeO2 nanospheres.
ur study provides an effective approach to control CeO2 mor-
hology which has potential application in synthesis of other
anomaterials.

. Experimental details

All the reactants used were analytical grade without any further purification
efore the experiment. A Teflon-lined stainless steel cylindrical closed chamber
ith 50 mL capacity was used to synthesize the CeO2 nanocrystals in the follow-

ng detailed process. In a typical synthesis, 1 mmol Ce(NO3)3·6H2O was loaded into
he Teflon-lined chamber which was filled to 80% of its total capacity with 40 mL n-
utanol. After being fully stirred to obtain a transparent solution, the autoclave was
ealed and put into an oven which was maintained at 120 ◦C for 15 h and then cooled
o room temperature naturally. The resulting yellow precipitates were separated by
entrifuging, washed with ethanol and distilled water several times, respectively.
hen, the final product was dried in air at 60 ◦C for 12 h and was collected for further
haracterization.

The (HITACHI H-8100) transmission electron microscope (TEM) with acceler-
tor voltage of 200 kV was employed to observe the morphology of the product.
-ray powder diffraction (XRD) was used to characterize the product with Cu K�
adiation (� = 0.15418 nm). When characterized by XRD, a scanning rate of 0.02◦ s−1

as applied and the scanning range is 10–90◦ . Raman spectrum was excited by radi-

tion of 514.5 nm from a Renishaw inVia Raman spectrometer. FTIR spectrum was
btained on Bruker FTPL (Vertex 80V) FTIR spectrometer with a resolution of 4 cm−1.
he UV–vis spectrum of the product was recorded on a UV-3150 spectrophotome-
er using a quartz cell (1 cm path length). The as-prepared powder was dispersed in
thanol at a concentration of around 0.2 g L−1 and then sonicated at room temper-
ture for 10 min to obtain a transparent colloidal solution. Ethanol was taken into
nification image; (b) high magnification image and ED pattern (inset).

account for blank. The optical absorption coefficient ˛ was calculated according to
the following equation: ˛ = 2303A�/lc, where A is the absorbance of the sample, � is
the real density of CeO2 (7.28 g cm−3), l is the path length of the quartz cell (1 cm),
and c is the concentration of the ceria suspensions [28]. The product for UV–vis
spectrum was calcined at 500 ◦C for 2 h in order to removing the residual organic
reagent. The product maintained its original morphology after calcination.

3. Results and discussion

The morphology and structure of the self-assembly CeO2
nanospheres were characterized by TEM and electron diffraction
(ED) technique. The representative TEM micrographs of the typi-
cal product are shown in Fig. 1(a) and (b). These graphs reveal that
all of the synthesized CeO2 nanocrystals are monodisperse CeO2
nanospheres with an average size of 40 nm and a narrow diameter
distribution. Comparing with the previous works, it is clearly seen
that the as-prepared CeO2 nanospheres exhibit much smaller size
and finer dispersion [19,20]. High magnification image (Fig. 1(b))
reveals a clear grain boundary on the product surface, indicating
that the as-fabricated CeO2 nanospheres are assembled by crys-
talline CeO2 nanoparticles. The size of the compositive ultrafine
CeO2 nanoparticles is in the range of 3–8 nm. ED pattern (inset
in Fig. 1(b)) determines the polycrystalline nature of the product
and well crystalline with cubic fluorite structure without further
calcination.
Fig. 2. XRD pattern of the self-assembly CeO2 nanospheres.
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metastable aggregated particles. Similar evolution process has been
ig. 3. (a) Raman spectrum of the synthesized CeO2 nanospheres; (b) the second
rder Raman peaks of the synthesized CeO2 nanospheres.

his value is in good agreement with the result for the previous
tudy of nanoparticles with the size of 4.7 nm [28]. According to
ebye–Scherrer formula, the strongest peak (1 1 1) at 2� = 28.535◦,

he peak (2 0 0) at 2� = 33.062◦, the peak (2 2 0) at 2� = 47.368◦ and
he peak (3 1 1) at 2� = 56.230◦ are used to calculated the average
article size of the self-assembly CeO2 nanospheres, determined
o be around 5 nm. These results are consistent with that obtained
y TEM and ED analysis. No impurity was detected from the XRD
pectrum, indicating that the self-assembly CeO2 nanospheres with
igh purity could be prepared by the current synthetic system.

In order to further confirm the formation of the cubic structure in
he synthesized CeO nanospheres, Raman spectroscopy was also
2
erformed. Raman spectrum of the synthesized CeO2 nanospheres

s shown in Fig. 3(a). CeO2 with cubic fluorite type of structure
elongs to the O5

h
(Fm3m) space group [29]. The typical sample

xhibits only one first order Raman peak (∼463 cm−1) in the spec-

Fig. 4. TEM images and ED patterns (inset) of the samples collected
mpounds 503 (2010) 519–524 521

trum, which can be assigned to F2g symmetry as a symmetrical
stretching mode of the Ce–8O vibrational units. The second order
Raman peaks (shown in Fig. 3(b)) for the CeO2 nanospheres are 602,
832 cm−1. These results are consistent with the previous studies of
the pure cubic fluorite CeO2 nanomaterials [30].

To investigate the formation process of the self-assembly CeO2
nanospheres, samples were collected at different reaction times
and were characterized by the TEM and ED analysis. Fig. 4 shows
the TEM images and ED patterns of the samples collected at dif-
ferent reaction times. These images clearly reveal the evolution
from nanoparticles to nanospheres. At the initial stage, it is obvious
that the small nanoparticles are mainly produced in the reaction
system (Fig. 4(a)). When increasing the reaction time to 5 h, the
spherical crystals emerged but aggregated with the size about
20 nm (Fig. 4(b)). With further increasing the reaction time, the
size of the nanospheres increases obviously and the dispersion of
the nanospheres are well improved (Fig. 4(c)). When the reaction
time is 15 h, the monodisperse self-assembly CeO2 nanospheres
are successfully obtained, and the size increases finally to 40 nm
(Fig. 4(d)). Particularly, it is noticed that ED patterns (inset in Fig. 4)
show all the samples are ceria crystals with cubic fluorite crystal
structure in all reaction stages. This result is contrast to previous
studies, in which cerium precursors such as metal alkoxide, cerium
hydroxide carbonate and cerium format were usually formed and
calcination was thus necessary for the formation of ceria with two
steps [19,31,32]. Therefore, our study clearly reveals that the evolu-
tion from CeO2 nanoparticles to monodisperse self-assembly CeO2
nanospheres is a one-step process.

Based on the above results, the formation of monodisperse CeO2
nanospheres might be explained by a self-assembly process of the
presented in the synthesis of TiO2, SnO2, etc. [33,34]. Here we pro-
pose the process of the formation of CeO2 nanospheres shown in
Fig. 5. In the early stage of the synthetic process, ceria can be formed
easily. The newly formed CeO2 nanoparticles have high surface

at different reaction times: (a) 1 h; (b) 5 h; (c) 10 h; (d) 15 h.
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Fig. 5. Schematic illustration of the formation of CeO2 nanospheres.
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[36], a possible function of n-butanol can be proposed as follows:
n-butanol may serve as not only solvent but also surfactant in our
solvothermal synthesis.
ig. 6. TEM images and ED patterns (inset) of CeO2 samples using different solvent
c) n-butanol.

nergy, which make them highly reactive, and tend to aggregate
nto bigger crystals to reduce their surface energy and to reach a
hermodynamically equilibrium status. In our synthetic route, the
pplication of n-butanol plays an important role in the formation of
he monodisperse self-assembly CeO2 nanospheres. To Figure out
he effect of n-butanol, comparative experiments were carried out.
n previous studies, ethylene glycol has been extensively adopted to
repare inorganic metallic oxide in solvothermal synthetic systems
ue to its strong reducing powder and relatively high boiling point
35]. In particular, spherical cobalt has been successfully prepared
n PVP-assistant solvothermal process adopting ethylene glycol as
olvent [36]. We thus investigated the function of n-butanol using
thylene glycol as solvent in solvothermal process. The effect of
-butanol in the formation of CeO2 nanospheres was investigated
y adjusting the volume ratio of ethylene glycol to n-butanol. In
omparative experiment (1), ethylene glycol is used instead of n-
utanol, and other synthetic parameters are kept the same as these

n the typical synthesis. The resulting product exhibits random
gglomeration without the assistance of n-butanol (Fig. 6(a)). In
omparative experiment (2), a mixture of n-butanol and ethylene
lycol 1:1 volume ratio is selected as solvent, while other synthetic
arameters are unchanged. It is obvious that the mainly product

s spherical morphology and is well dispersed under the assis-
ance of n-butanol (Fig. 6(b)). Attractively, when pure n-butanol
as used as solvent, only monodisperse CeO2 nanospheres are pro-
uced (Fig. 6(c)). ED patterns (inset in Fig. 6(a) to 6(c)) confirm all
he products are cubic fluorite type CeO2.

To further figure out the effect of n-butanol on the formation of
onodisperse self-assembly CeO2 nanospheres, FTIR spectrum of

he typical sample was carried out. Fig. 7 shows the IR spectrum of
he synthesized CeO2 nanospheres. The typical peaks of n-butanol

nd CeO2 are clearly exhibited in Fig. 7. Three peaks at 2970, 2930
nd 2874 cm−1 are characteristic of C-H stretching modes for CH2
nd CH3 groups and the peaks at 1087 and 1052 cm−1 are charac-
eristic of C–OH stretching modes for alcohol. These typical peaks
ndicate that the sample is coated by n-butanol [37,38]. Attrac-
thylene glycol; (b) a mixture of n-butanol and ethylene glycol in 1:1 volume ratio;

tively, the peak located at 480 cm−1 owing to Ce–O stretching band
exhibits great shifting than previous reports [19,39]. The above
results strongly exhibit the modification of n-butanol. In addition,
the peaks at 2361 and 2341 cm−1 attribute to CO2. The peak at ca.
3400, 1645, 1540 and 1436 cm−1 correspond to the water on the
sample [38–40].

The above analysis clearly validates the important role of n-
butanol in the formation of monodisperse self-assembly CeO2
nanospheres. Under the modification of n-butanol, the random
aggregation is avoided. With increasing the volume radio of n-
butanol, the morphology and dispersion of the product are well
improved owning to the steric effect of n-butanol [41]. Therefore,
comparing the effect of PVP in the formation of spherical structures
Fig. 7. FTIR spectrum of the typical sample.
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ig. 8. (a) UV spectrum for annealed CeO2 nanospheres; (b) plot of ˛1/2 vs photon
eO2 nanospheres.

Optical properties of the typical sample were characterized by
V absorption spectrum. Fig. 8(a) shows the typical absorption

pectrum of the synthesized CeO2 nanospheres. A strong blue-
hifting absorption below 400 nm can be observed for the typical
ample, which originates from charge-transfer between the O 2p
nd Ce 4f states in O2− and Ce4+ [42,43]. For indirect interband
ransitions, ˛ near the absorption edge can be expressed in the
ollowing equation [44]:

˛ ∝ (h� + Ep − Ei)
2

(eh�/�T − 1)
+ (h� − Ep − Ei)

2eh�/�T

(eh�/�T − 1)

here Ei is the band gap energy for indirect transitions and Ep is the
honon energy, � is Boltzmann constant, and T is the absolute tem-
erature. The plot of ˛1/2 vs photon energy of CeO2 nanospheres is
hown in Fig. 8(b). The intersection of the extrapolated linear por-
ion gives the indirect band gap energy (Ei). The Ei value of the CeO2
anospheres was obtained as 2.89 eV. The value is consistent with
he previous study of CeO2 nanoparticles [44].

For direct transitions, ˛ near the absorption edge can be
xpressed in the following equation [44]:

∝ (h� − Ed)1/2

h�

here Ed is the band gap energy for direct transitions and h� is
hoton energy. The plot of (˛h�)2 vs photon energy of the CeO2
anospheres is shown in Fig. 8(c). From the intersection of the
xtrapolated linear portion, the Ed value of the CeO2 nanospheres
as determined as 3.51 eV. Compared to the pure bulk crys-

al (Ed = 3.19 eV) [45], the direct band gap energy of the CeO2
anospheres increases by exceeding 10%. By contrast, the previ-
us studies of the CeO2 nanospheres with the average size about
00 nm, the direct band gap energy was 3.46 eV, due to the quan-
um size effect [19]. The larger blue-shifting of the obtained CeO2
anospheres in our work may be contributed to the smaller size of
he building units. Therefore, the synthesized self-assembly CeO2
anospheres with excellent performance for UV absorption are
minent materials that can prevent some damage from ultraviolet
ays. Additionally, the obtained sample combined with other CeO2
anomaterials exhibiting different absorption edges could adjust
he absorption of light in UV region.

. Conclusions

In summary, we have synthesized monodisperse CeO2
anospheres self-assembled by well-crystalline CeO2 ultrafine

anoparticles, with an average diameter of 40 nm via a facile
olvothermal method using n-butanol as the solvent without any
urfactant or template. The formation process of the monodisperse
elf-assembly CeO2 nanospheres is briefly discussed. The key func-
ion of n-butanol is investigated by comparative experiments. It is

[

[
[

[

for annealed CeO2 nanospheres; (c) plot of (˛h�)2 vs photon energy for annealed

found that n-butanol not only serves as solvent, but also acts as
surfactant in the formation of monodisperse self-assembly CeO2
nanospheres. With the modification and steric effect of n-butanol,
CeO2 nanoparticles aggregated to highly compacted nanospheres.
Raman and XRD spectra show that the sample is pure cubic flu-
orite type of structure. Compared with the bulk materials, the
blue-shifting in the UV absorption spectra was clearly observed for
the obtained CeO2 nanospheres. The direct band gap energy of the
obtained sample increases by exceeding 10%. The excellent perfor-
mance for UV absorption makes the sample an optimal candidate
that can prevent the damage from ultraviolet rays.
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