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Abstract

Nanosized cerium dioxide (CeO2) powders have been synthesized using coprecipitation methods and cerium nitrate hexahydrate (Ce
(NO3)3 � 6H2O) as the starting material. The growth and optical properties of nanosized CeO2 powders were investigated using X-ray diffraction
(XRD), transmission electron microscopy (TEM), selected area electron diffraction (SAED), nano-beam electron diffraction (NBED), high
resolution TEM (HRTEM), and ultraviolet–visible (UV–vis) absorption spectrophotometry. The XRD result shows that the dried CeO2 precursor
powders (both before and after calcination at various temperatures and times) contained a single crystalline phase of CeO2. In the dried precursor
powders, the crystallites of CeO2 measured 10.4 nm and 66.8 nm before and after calcination at 1273 K for 240 min, respectively. The indirect
band gap energy (Ei) of CeO2 decreased from 3.03 eV to 2.68 eV as the crystallite size increased from 10.4 nm to 66.8 nm, whereas the direct
band gap energy (Ed) of CeO2 also decreased from 3.79 eV to 3.38 eV.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Materials based on cerium dioxide (CeO2) are important due
to their extensive use in applications, such as gas sensors [1],
solid oxide fuel cells [2,3], auto exhaust emission control [4,5],
catalytic wet oxidation [5], photocatalytic oxidation of water
[6], glass polishing materials [7], ultraviolet (UV) absorbents
and filters [8], optical, electro-optical, microelectronic and
opto-electronic devices [9]. Recently, nanosized particles have
attracted considerable attention because their physical and
chemical properties are significantly different from those of
the bulk materials [10]. CeO2 nanocrystallite powders have
considerable potential for use as UV absorbents and high-
activity catalysts.
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When using CeO2 for UV absorbents and filters applica-
tions, the crystallite size and morphology significantly influ-
ence the absorption properties. Recently, numerous routes for
synthesizing nanosized CeO2 particles with promising control
of properties have been reported, such as hydrothermal [11],
sonochemical [12], sol–gel [13], microwave [14], microemul-
sion [15], reverse micelles [16], and homogeneous precipita-
tion. Among these routes, homogeneous precipitation is one of
the most promising techniques because of its low cost, easy-to-
acquire apparatus, simple synthesis process, and nanometric
precursor particles.
The synthesis of CeO2 rhombic microplates prepared at room

temperature via ultrasonication using polyethylene glycol as a
structure-directing agent has been reported by Zhang et al. [17].
The authors noted that polycrystalline CeO2 nanorods with
5–10 nm diameters and 50–150 nm lengths were obtained.
In addition, Hassananzadeh-Tabrizi et al. [18] proposed that the
activation energy of CeO2 nanopowder growth is 14.6 kJ/mol for
the precursors obtained using the reverse precipitation synthesis
process. The activation energy of 56.42 kJ/mol has been reported
ghts reserved.

www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2013.08.059
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2013.08.059&domain=pdf
www.elsevier.com/locate/ceramint
http://dx.doi.org/10.1016/j.ceramint.2013.08.059
http://dx.doi.org/10.1016/j.ceramint.2013.08.059
http://dx.doi.org/10.1016/j.ceramint.2013.08.059
mailto:mcwang@kmu.edu.tw
mailto:opluse@whut.edu.cn


H.-H. Ko et al. / Ceramics International 40 (2014) 4055–40644056
by Yang et al. for CeO2 growth from precursor powders obtained
via coprecipitation routes [19]. Conversely, Liu et al. [20] used a
facile one-step hydrothermal process to prepare CeO2 nanosheets
with a (110) dominated surface that exhibits an obvious blue-shift
in UV absorbance compared to bulk CeO2. Moreover, Lu et al.
[21] noted that the absorption edge for octahedrons and spheres
red-shifted and that the absorption edge of the octahedrons was
near the visible region.

Although the precipitation technique has been widely used
for CeO2 nanoparticle synthesis, most studies were focused on
the effects of the cerium precursors, ligands, additives, and
reaction media on CeO2 nanocrystallite formation. However,
the growth and optical properties of nanosized CeO2 crystal-
lites have not been studied in detail. In this study, the
crystallite growth and optical properties of CeO2 precursor
powders prepared from cerium nitrate via coprecipitation
routes were investigated in detail. Characteristics of the
CeO2 powders were determined using X-ray diffraction
(XRD), transmission electron microscopy (TEM), selected
area electron diffraction (SAED), nano-beam electron diffrac-
tion (NBED), high resolution TEM (HRTEM) and UV–vis
spectrophotometry.

The purposes of this investigation were (i) to study the
growth behavior of CeO2 powders of the dried precursor
powders after calcination, (ii) to study the effect of crystallite
size on the optical properties of CeO2 powders, and (iii) to
examine the TEM microstructure of uncalcined and calcined
CeO2 powders.

2. Experimental procedures

2.1. Sample preparation

In this study, cerium nitrate hexahydrate (Ce(NO3)3 � 6H2O,
purity Z99.0%, supplied by Sinopharm Chemical Reagent
Co., Ltd., China) was used as the starting material. Polyethy-
lene glycol (PEG, MW 600, supplied by Sinopharm Chemical
Reagent Co., Ltd., China) was used as a dispersant. Cerium
nitrate hexahydrate was dissolved in a solution of deionized
water and ethanol at a volume ratio of 4:1. A concentration of
Ce(NO3)3 equal to 0.1 mol/L in solution was prepared, and
1 wt% PEG was added as a dispersion agent for reducing
agglomeration. The mixed solution was stirred by a magnetic
stirrer at 293 K. Next, NH4OH (supplied by Sinopharm
Chemical Reagent Co., Ltd., China) was slowly added into
the solution until a pH value of 9 was obtained. After
precipitation, the precipitates were repeatedly rinsed with a
large amount of deionized water and ethanol. Subsequently,
the precursor powders were dried at 313 K in an oven. Finally,
the cerium dioxide dried precursor powders after calcination at
various temperatures and durations.

2.2. Sample characterization

The crystalline phase was identified using X-ray diffraction
(XRD, Rigaku D/MAX-RB X-ray, Tokyo) with Cu Kα
radiation and a Ni filter operating at 40 kV, 50 mA, and a
scanning rate (2θ) of 11/min. The average crystallite size of the
dried cerium oxide precursor powders after calcination at
different temperatures for various durations was determined
using Scherrer's equation [22] as follows:

Dhkl ¼
0:89λ
β cos θ

ð1Þ

where Dhkl denotes the average crystallite size of the CeO2

powders, λ¼0.15405 nm is the X-ray wavelength of Cu Kα, β
is the full-width at half maximum intensity (FWHM) of the
peak, and θ is the Bragg's angle of the peak.
The ultraviolet–visible (UV–vis) (UV-3600, Shimadzu Co.,

Japan) diffuse reflectance spectra were performed under
ambient conditions with an integrating sphere. BaSO4 was
used as a reference, and spectra were recorded over the range
of 200–600 nm.
The UV–vis absorption spectra of the dried cerium oxide

precursor powders and the products of calcination dispersed in
water were recorded for the determination of the band gap
energies. The optical absorption coefficient, α, was calculated
using the following equation [11,23–25]:

α ¼ 2:303� 103Aβ
lc

ð2Þ

where A is the absorbance of the product sample, β is the real
density of CeO2 (7.172 g/cm3), l is the path length of the
quartz cell (1.0 cm), and c is the concentration of the product
sample in the suspensions.
The morphology of the dried cerium oxide precursor

powders before and after calcination was examined using
transmission electron microscopy (TEM, JEM-2010 Electron
Microscope, JEOL Co., Tokyo, Japan) operating at 200 kV.
The TEM sample was prepared by dispersing the CeO2

powders in an ultrasonic bath and then collecting on a copper
grid. SAED and NBED examinations were also made on the
TEM sample.

3. Results and discussion

3.1. The growth behavior of the cerium dioxide dried
precursor powders after calcination

XRD patterns of the dried cerium dioxide precursor powders
after calcination at various temperatures for 240 min are
presented in Fig. 1. The XRD pattern reveals reflection peaks
of (1 1 1), (2 0 0), (2 2 0), and (3 1 1) for the dried precursor
powders before calcination as dried precursor powders, which
correspond to cerium dioxide (CeO2). This phenomenon is
attributed to crystalline CeO2 in the dried cerium oxide
precursor powders. However, the broad and weak intensity
of the dried CeO2 precursor powder peaks showed poor
crystallinity and/or a composition of finer crystallites in the
nanometer to submicron range [26,27]. When the calcination
temperature was increased to 673 K, the XRD pattern still
exhibited broad and weak peaks that were nearly unchanged.
This result occurred because the CeO2 powders maintained
poor crystallinity and finer crystallite size when the calcination



Fig. 1. XRD patterns of CeO2 dried precursor powders after calcination at
various temperatures for 240 min.

Fig. 2. XRD patterns of CeO2 dried precursor powders after calcination at
1073 K for various times.

Fig. 3. The average crystallite sizes of the dried cerium dioxide precursor
powders before and after calcination at various temperatures for 240 min.
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temperature was below 673 K; however, the reflection peaks
became sharper and stronger when the dried precursor powders
after calcination at 1073 K and 1273 K. This result occurred
because the crystallite size increased and crystallinity
improved for CeO2 powders as the calcination temperature
increased.

Fig. 2 shows the XRD patterns of the cerium oxide dried
precursor powders after calcination at 1073 K for various
times. The XRD pattern of dried precursor powders after
calcination at 1073 K for 15 min shows broad and weak peaks,
which is attributed to the CeO2 powders maintaining poor
crystallinity and fine crystallite [28,29]. When the duration
increased to 60 min, the peaks became obviously sharp. As the
duration further increased to 120 min, the intensity of the
reflections only increased slowly. These results reveal that the
crystallite size and crystallinity growth of CeO2 rapidly
increased with increasing time from 15 min to 60 min, then
the rate of crystallite growth only increased slowly.

Fig. 3 shows the crystallite size of the dried cerium dioxide
precursor powders after calcination at various temperatures for
240 min, which reveals that the crystallite size remained
almost unchanged for calcination temperatures below 673 K,
whereas the crystallite size of CeO2 obviously increased when
the calcination temperature was greater than 873 K. The
crystallite size of CeO2 has an exponential dependence on
the calcination temperature because the growth of the CeO2

crystallite was diffusion controlled [19,28]. Moreover, Lai
et al. [29] also noted that the relationship between crystallite
size and calcination temperature has an exponential depen-
dence because the impurities usually exist in the interface
regions and slow the crystallite growth front for nanostructure
ceramics.

The crystallite size of the dried CeO2 precursor powders
after calcination at various temperatures for 240 min was
determined using XRD line broadening of the reflection.
The crystallite size of CeO2 remained almost unchanged when
the calcination temperature was below 673 K. In contrast, the
crystallite size underwent an obvious increase when the
calcinations temperature was greater than 873 K. Li et al.
[21] noted that the crystallite size of CeO2 showed an
exponential dependence on the calcination temperature
because the growth of CeO2 crystallites was controlled by
the diffusion.
Fig. 4 shows the crystallite sizes of the CeO2 dried precursor

powders after calcination at various temperatures for various
durations. It reveals that the crystallite size only increased
slightly from 10.4 to 11.2 nm (only an increment of 7.7%)
after calcination at 673 K for 5 to 240 min. In addition, the
crystallite size rapidly grew from 18.1 nm to 46.4 nm when the
dried precursor powders after calcination at 1073 K from 5 to
120 min. The crystallite sizes were 43.0 nm and 54.8 nm when
the crystallite sizes of the dried CeO2 precursor powders after
calcination at 1273 K for 5 min and 15 min, respectively.
Next, the crystallite size only grew slowly (from 57.2 nm to
66.8 nm) as they calcined at 1273 K from 30 min to 120 min.



Fig. 4. The average crystallite sizes of the dried cerium dioxide precursor
powders after calcination at various temperatures and durations. Fig. 5. The UV–vis absorption spectra of cerium dioxide precursor powders

after calcination at different temperatures for 240 min.
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In contrast, the crystallite size increased rapidly as the duration
increased from 5 to 60 min when the calcination temperature
was greater than 1073 K. This result suggests that the pores in
the interior of the dried precursor powders were rapidly
eliminated under these conditions.
3.2. The effect of crystallite size on the optical properties

The UV–vis absorption spectra of the cerium dioxide dried
precursor powders before and after calcination at various
temperatures for 240 min are shown in Fig. 5. All the samples
exhibited a strong and distinct absorption band between 270
and 340 nm in the UV region due to the charge-transfer
transitions from O 2p to Ce 4f, which swamped the well-
known f–f spin orbit splitting of the Ce 4f state [30,31]. No
absorptions were detected for wavelengths longer than 500 nm.
In addition, Fig. 5 also shows that the edge absorption obtained
by tangent method which shows red-shifted a small amount
from 326.7 nm in the dried precursor powders to 390.0 nm for
dried precursor powders after calcination at 1273 K for
240 min. Moreover, the absorption intensity increased with
increasing calcination temperature. This result was observed
because the higher calcination temperature causes the particle
size to increase, leading to intense absorption.

de Lima et al. [32] have studied the ultrafine systems of
ZnO:CeO2¼9:1 for use as ultraviolet filter. They pointed out
that the synthesized samples display low reflectance in the all
region of 280–320 nm, which means high absorption. In the
range of 320–400 nm, the synthesized samples display high
absorption from 320 to 350 nm, and the reflectance starts to
increase at 350 nm for compounds. However, this behavior
was more pronounced in the ZnO, which present a steeper
slope than all the other samples, therefore the synthesized
samples were really promising. In addition, TiO2 fine particles
were embedded with sunscreens into the skin to effectively
attenuate UV-B radiation also reported by Popov et al. [33].
They pointed out that TiO2 particles of 62 nm were found to be
the most effective in protecting skin against UV-B radiation of
307–311 nm. In the present study, the spectrum of each sample
shows that most of the UV light (200–350 nm) was blocked
allowing CeO2 nanopowders to be used as UV blockers.
Knowledge of the wavelength-dependent absorption coeffi-

cient allows for the determination of the band gap energy of
the dried cerium oxide precursor powders before and after
calcination. Electronic transitions occurred from the valance
band to the conduction band when the energy of the photon
exceeded the band gap energy. These transitions can take place
through either a direct or an indirect process [34]. A direct
transition is one where only a photon is involved in exciting an
electron to the conduction band. An indirect transition is a
process which involves a photon and also a phonon that is
either emitted or absorbed in the excitation event [34].
To estimate the indirect (Ei) and direct (Ed) band gap energies
of dried cerium oxide precursor powders before and after
calcination, we calculated α1=2 versus photon energy (hν) and
ðαhνÞ2 versus photon energy (hν) for the product samples,
respectively.
The indirect band gap energy (Ei) for the CeO2 nanocrys-

tallites is determined by fitting the absorption data to the
following equation [35]:

α¼ Biðhν�EiÞ2 ð3Þ

where α is the optical absorption coefficient, hν is the photon
energy, Ei is the indirect band gap energy and Bi is a constant
for indirect transition.
The plot of α1=2 vs photon energy (eV) for CeO2 crystallites

is shown in Fig. 6(a). From the intersection of the extrapolated
linear portion, the indirect band gap energy (Ei) values of the
cerium oxide dried precursor powders was determined, before
and after calcination at various temperatures for 240 min, as
3.03, 2.96, 2.78, and 2.68 eV. Fig. 6(a) also shows that the Ei

value decreased with increasing the calcination temperature.
Moreover, these values also indicated that the Ei value of dried



Fig. 6. (a) The dependence of α1=2 and photon energy of CeO2 nanoparticles
for the dried precursor powders after different calcination temperatures for
240 min, (b) the relationship between the indirect band gap energy (Ei) and
crystallites size of CeO2 for the dried precursor powders after calcination at
various temperatures for 240 min.
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cerium precursor powders before calcination was slightly
larger than the Ei value of bulk CeO2 (3.01 eV) [36]. However,
other Ei values of samples after calcination were smaller than
3.01 eV. This result revealed that the value of Ei depended on
the crystallite size. Therefore, the dependence of the Ei value
on the crystallite size of CeO2 is shown in Fig. 6(b). This trend
reveals that the values of Ei decreased from 2.96 eV to 2.68 eV
as the crystallite size increased from 11.1 nm to 66.8 nm.
These values are within the range reported in the literature. For
example, changes in Ei values from 2.88 eV to 2.72 eV have
been reported by Taguchi et al. for CeO2 nanoparticles
prepared by displaying one carboxyl group on the surface of
the nanocrystals [25]. They also observed the Ei values
ranging from 2.82 eV to 3.01 eV for CeO2 nanoparticles
synthesized using a hydrothermal process [11].
A red-shift of the UV absorption spectra of CeO2 nanos-
tructures has previously been observed [21,36–39]. However,
Lu et al. [21] also noted that the true mechanism of the red-
shift of CeO2 nanoparticles is still not clear. In the recent years,
two types of mechanisms have been demonstrated to explain
the red-shift of the optical band gap of CeO2 nanostructures:
one mechanism is the presence of defects resulting in charge
transfer between Ce3þ and Ce4þ ions, which is the generally
accepted mechanism for the red-shift of CeO2 films
[21,34,37,38]. In addition, Patsalas et al. [40] have proposed
that the red-shift of the optical band gap of CeO2 films is
correlated with an increase in the Ce3þ concentration, and the
defects are directly proportional to the concentration of Ce3þ .
Localized states in the band gap, resulting from defects, will
expand with an increase in Ce3þ , which causes a red-shift.
The other mechanism is the size effect. The optical band gap
will be blue-shifted with a reduction in particle size due to
quantum confinement [16,21,24], but the effect of quantum
confinement may be ruled out when the size is greater than
10 nm [21]. Chen and Chang [38] have revealed that the red-
shift phenomenon for CeO2 nanoneedles is due to the size
effect. In this study, the size of CeO2 crystallites increases
from 10.4 to 66.8 nm when raising calcinations temperature
from 673 K to 1273 K. It is seen that the absorption of CeO2

powders in the UV range had a red-shift effect with raising the
calcinations temperature. This phenomenon is due to the
quantity of photos reaching the core of a particle depends
on the size and the optical properties of CeO2 crystals.
The penetration of light into a particle is influenced by the
superficial morphology of the particles, particles formed from
larger crystals have a smoother surface than those made from
small crystals. On a smooth surface, the incident photons
are scattered and mostly lost by reflection have reported by
Maris et al. [41]. Moreover, a rough surface allows a greater
number of scattered photons to penetrate into the particle [42].
Therefore, based on the above discussion, it is reasonable to
conclude that the red-shift of the absorption edge is caused by
size effect.
The energy of direct band gap can be determined by fitting

the absorption data to the direct transition equation and
extrapolating the linear portions of the curves to an absorption
of zero [43,44]:

α ¼ Bdðhν�EdÞ1=2=hν ð4Þ
where Ed is the band gap energy of direct transitions, and Bd is
a constant for direct transition.
The dependence of ðαhνÞ2 on the band gap energy of CeO2

nanopowders is shown in Fig. 7(a). From the intersection of
the extrapolated linear portion, the Ed values of the CeO2

nanopowders were determined to be 3.79 eV for dried pre-
cursor powder and 3.70, 3.45, and 3.38 eV for the dried
precursor powder after calcination for 240 min at 673, 1073,
and 1273 K, respectively. These values of Ed are within the
range reported in the literature. Maensiri et al. [23] have noted
that the correlated direct band gap energies were 3.61, 3.59,
and 3.57 eV for CeO2 samples after calcination at 673, 773,
and 873 K, respectively. The Ed values ranged from 3.03 to



Fig. 7. (a) The relation of ðαhνÞ2 and photon energy of CeO2 nanoparticles for
the dried precursor powders after calcination at different temperatures for
240 min, (b) the dependence of the direct band gap energy (Ed) on crystallites
size of CeO2 for the dried precursor powders after calcination at various
temperatures for 240 min.
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3.08 eV for CeO2 nanoparticles prepared using a sonochemical
process [12]. Ho et al. [45] also reported that the Ed values
ranged from 3.36 to 3.62 eV for mesoporous CeO2 nanos-
tructures prepared via a polyol method. The Ei values of
present study corresponded with the values reported by
Maensiri et al. [23].

The dependence of Ed on the particle size of dried CeO2

precursor powders after calcination at various temperatures for
240 min is shown in Fig. 7(b) and reveals that the Ed values
decreased from 3.79 to 3.38 eV as the particle size increased
from 10.4 nm to 66.8 nm.

Compared to the Ed value of 3.19 eV for the bulk CeO2

powders determined by UV–vis spectroscopy [35], the crystal-
lite sizes of 10.4 nm, 11.1 nm, 48.0 nm, and 68.8 nm showed
an increase in Eg of 0.60, 0.51, 0.26, and 0.19 eV, respectively.
Tsunekawa et al. [30] have noted that the Ed values were 3.60,
3.90, and 4.12 eV for nanoparticles with average diameters of
3.2 nm, 2.7 nm, and 2.2 nm, respectively. The results of
Tsunekawa et al. [30] also revealed that the Ed values were
increased by 0.30 and 0.22 eV when the average diameter
decreased from 3.2 nm to 2.7 nm and 2.7 nm to 2.2 nm,
respectively. On the other hand, Maensiri et al. [23] also
reported that the Ed values were increased by 0.02 eV when
the crystal size was decreased from 20 nm to 5 nm, indicating
the existence of quantum confinement effects.
The size-related -shift in the band gap of semiconductor

nanocrystals can be quantified, which makes the calculation of
the particle size from the optical band gap possible [46]. The
relation between the effective band gap energy (Eg;ef f ) and
particle size of a nanoparticle is given as [23,31]:

Eg;ef f ¼ Eg;bþ
πh2

2R2

1
mn

e

þ 1
mn

h

� �
� 1:8e2

εR
ð5Þ

where Eg;b is the bulk band gap energy (3.19 eV), R is the
particle radius, mn

e and mn
h are the effective masses of the

electron and hole, respectively, with mn
e=m

n
h=0.4 m0 (m0 is

the mass of a free electron), h is Planck's constant, and ε is the
bulk optical dielectric constant.
When the size is comparable to the Bohr radius, where R is

very small, the ð1=R2Þ term becomes dominant and the band
gap energy increases with decreasing size (i.e., R). Previous
investigations reported quantum size effects in CeO2 nanos-
tructures [23,24,30,47]. Masui et al. [16] noted that the band
gap energies of 4.1 and 2.6 nm CeO2 nanoparticles prepared
via reverse micelles are 3.38 and 3.44 eV, respectively. The
band gap energies of 5.8 and 3.6 nm CeO2 nanoparticles
synthesized using sonochemical process are 3.03 and 3.68 eV,
respectively, as reported by Yin et al. [47].
However, in the present study, the Ed values increased by

0.09 eV and 0.07 eV when the crystallite size decreased from
11.1 nm to 10.4 nm (673–298 K) and from 66.8 nm to 48.0 nm
(1273–1073 K), respectively. The crystallite sizes were in the
range of 11.1–68.8 nm in this study. These values are very
larger compared to the Bohr radius, causing the ð1=R2Þ term to
approach zero. Therefore, the effect of quantum confinement
could be ruled out for sizes larger than 10 nm [21]. However,
the results of this study revealed that the Ed values increased
by 0.41 eV when the particles have a nonquantum confinement
effect (i.e., shape effect) for the present CeO2 nanocrystallites.

3.3. TEM microstructure of the nano-sized cerium oxide
powder

The size and morphology of the dried cerium dioxide
precursor powders, analyzed using TEM, are shown in Fig. 8.
Fig. 8(a) and (b) shows the bright field (BF) and dark field (DF)
images of cerium oxide nanocrystallites with sizes in the range
of 6.0–10.0 nm, which is essentially identical to the results
calculated from the XRD pattern. Fig. 8(a) and (b) shows that
the CeO2 crystallites prepared using coprecipitation routes are
agglomerated, which makes discriminating individual particles



Fig. 8. TEM microstructure and electron diffraction patterns of dried cerium dioxide precursor powders: (a) bright field (BF) image, (b) dark field (DF) image, (c)
SAED pattern with indexing corresponding to CeO2 crystalline, and (d) HRTEM image with a d400-spacing of CeO2 equal to 0.135 nm, and (e) NBED pattern with
indexing corresponding to crystalline CeO2 with ZA¼[001].
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difficult. The crystallinity and crystallography of the products
were proven using SAED as shown in Fig. 8(c). The SAED
measurements show that the particles crystallized with diffrac-
tion rings matching the XRD peaks very well. The high-
resolution TEM (HRTEM) images of the dried cerium dioxide
precursor powders provided further insight into their structure as
shown in Fig. 8(d). It indicated that a plate shape and lattice
image with a d400-spacing of 0.135 nm. Fig. 8(e) shows the
NBED pattern of the site in Fig. 8(d) denoted by a circle
(07nbdp). Only a small number of crystallites had been
incorporated and crystallized. The NBED pattern indexing
corresponds to CeO2 with a zone axes (ZA) of [001].



Fig. 9. TEM microstructure of dried CeO2 precursor powders after calcination at 1073 K for 240 min: (a) BF image, (b) DF image, (c) SAED pattern with indexing
corresponding to crystalline CeO2, and (d) HRTEM image with a d111-spacing of CeO2 equal to 0.312 nm.
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Fig. 9 shows the TEM images, SAED pattern and HRTEM
image of cerium dioxide dried precursor powders after
calcination at 1073 K for 240 min. Fig. 9(a) and (b) shows
the BF and DF images of the calcined products. Although the
agglomerated particles were difficult to resolve because of their
small size, it was evident that the particles are approximately
plate shaped and their size increased before calcination. Some
Moiré fringes could be observed in the images, and revealed
the presence of crystalline material. Fig. 9(c) shows the SAED
pattern of the cerium dioxide precursor powders after calcina-
tion at 1073 K for 240 min. The SAED pattern also provides
evidence for the formation of crystalline CeO2. Fig. 9(d) shows
the HRTEM image of the CeO2 particles. It reveals that the
calcined product exhibited good crystallinity and clear lattice
fringes. The calcined product consisted of 31.6–51.6 nm
nanoparticles. The HRTEM image also shows a d200-spacing
of 0.278 nm.
4. Conclusions

The growth behavior and optical properties of nanosized
cerium oxide (CeO2) powders were investigated using XRD,
TEM, SAED, NBED, HRTEM and UV–vis absorption spec-
troscopy. The XRD results indicate that dried cerium dioxide
precursor powders only contain single phase of CeO2 before
and after calcination. When the dried precursor powders after
calcination at various temperatures for 240 min, the crystallite
size growth of CeO2 had a nearly exponential model. The UV–
vis absorption spectra revealed that the absorption edge had a
small red-shift from 326.7 nm for the dried precursor powders
to 390.0 nm for the dried precursor powders after calcination at
1273 K for 240 min. In addition, the indirect band gap energy
(Ei) decreased from 3.03 eV to 2.68 eV as the crystallite size
increased from 10.4 nm to 66.8 nm, and the direct band gap
energy (Ed) also decreased from 3.79 eV to 3.38 eV.
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