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Abstract

We report a synthesis of two types of CeO2 nano-rods via the facile and efficient hydrothermal process free from any surfactant and

template. The synthesized nano-rods are chemically identified as CeO2 with the standard fluorite structure but their morphologies are

different. The nano-rods prepared with cerium nitrate hexahydrate and sodium phosphate are thicker and shorter with diameter of

�30 nm and length of �100 nm, and those prepared with cerium acetate hydrate and dibasic sodium phosphate are thinner and longer

with �10 nm in diameter and �400 nm in length. Microstructural analyses reveal that the two species of nano-rods have low-energy

{111} surfaces and grow along the /112S direction. As a consequence of their morphologies, the two types of synthesized nano-rods

exhibit excellent UV-absorption ability in comparison to the irregular CeO2 nanoparticles.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

As one of the most reactive rare-earth metal oxides,
ceria (CeO2) has attracted extensive attention recently due
to the hope it raises for many technological applications in
a wide range of fields. The three-way catalysts, oxygen
sensors, solid fuel cells, and UV blockers are just a few
representative examples [1–5]. To date, a number of meth-
ods have been developed for the synthesis of nanostructured
CeO2, involving high-intensity ultrasound, rapid micro-
wave, and hydrothermal process [6–9]. Of all these methods,
the hydrothermal technique is gaining increasing popularity
owing to many of its intrinsic merits such as one step, low
temperature, simple operation, low energy consumption,
and the possibility for large-scale industrialization [10].

For most of the applications, morphology of CeO2 is
widely recognized as a key to modifying its chemical and
physical properties due to surface effect. Extensive efforts
have therefore been devoted over past decades to morphology
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control of nanostructured CeO2 so as to meet practical
demands. Up to now, a wide range of CeO2 nanostructures
with tunable shape or size have been successfully synthesized,
including the nano-cubes, nano-octahedrons, nano-spheres
and other hybrid architectures [11–16]. Among all of the
CeO2 morphologies, one-dimensional (1D) structure is of
strong interest because its unique physical properties, which
are not expected in its bulk constituent, are promising for
many potential technological applications [17]. Here, two
species of 1D nano-rods of CeO2 are fabricated via a facile
hydrothermal process. Morphology of the nano-rods is
characterized systematically, based on which a growth
mechanism of the nano-rods is proposed.
2. Experimental

All chemical reagents were of analytical grade (Sigma-
Aldrich Co. Ltd.) and used with no further purification.
Two types of CeO2 nano-rods were prepared by the
hydrothermal method. One is fabricated by first dissolving
cerium nitrate hexahydrate (Ce(NO3)3 � 6H2O) and sodium
phosphate (Na3PO4) in distilled water (40 mL) under an
ll rights reserved.
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intensive stirring for 15 min (called type-I sample here-
after). H2O2 was then dropped into the solution under
strong stirring for 30 min to produce the precursor. The
relative molar ratio among Ce(NO3)3, Na3PO4 and H2O2 is
fixed to 1:0.01:0.006. Next, the solution was transferred
into autoclaves and treated at 230 1C for 24 h under
autogenous pressure. White products were eventually
obtained by centrifuging, washing with distilled water
and ethanol to remove unwanted ions, and drying at
60 1C in air. The other type of sample was prepared by
dissolving cerium acetate hydrate (Ce(Ac)3 � nH2O) and
dibasic sodium phosphate (Na2HPO4) in distilled water
with no further addition of H2O2 (called type-II sample
hereafter). The relative molar ratio of cerium acetate
hydrate (Ce(Ac)3 � nH2O) to dibasic sodium phosphate
(Na2HPO4) is adopted to be 1:0.01. To make comparison,
nanoparticles were also prepared by dissolving Ce(N-
O3)3 � 6H2O (3 mmol) and ammonium acetate
(CH3COONH4) of 2 mmol into distilled water, followed
instantly by stirring for 15 min. The polyethylene glycol
(PEG) was then dropped into the solution. The solution
was finally transferred to the autoclave and treated at
200 1C for 24 h under autogenous pressure. Microstruc-
tural analyses were performed using the x-ray diffraction
(XRD), scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). For the XRD, a
Rigaku D/Max-1200X diffractometry with the Cu Ka
radiation operated at 30 kV and 100 mA was used. Surface
morphologies were observed using the Hitachi SU 8000
SEM. Crystal structures were observed by the TEM (JEM-
2010F, JEOL Co. Ltd.) operated at an accelerating voltage
of 200 kV. The UV-shielding properties were examined
with an UV–vis spectrophotometer.

3. Results and discussion

Typical XRD spectra of the two as-prepared samples are
shown in Fig. 1, where the above pattern belongs to the
type-I sample and the lower one is the type-II sample. The
diffraction patterns of the two samples are indexed as
CeO2 with a fluorite structure. No diffraction peaks of any
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Fig. 1. XRD spectra of the two species of CeO2 nano-rods synthesized

with different chemical reagents.
other cerium-based impurities are detected, which indicates
that the synthesized samples are composed of fluorite-type
ceria alone. Fig. 2(a)–(d) presents field-emission SEM
micrographs of the as-synthesized CeO2, which reveal a
rod-like morphology for the two samples. However, the
nano-rods are thicker and shorter in the type-I sample
(Fig. 2(a) and (b)) than in the type-II sample (Fig. 2(c) and
(d)). That is, the nano-rods in the type-I sample have an
average diameter of �30 nm and an average length of
�100 nm, and the nano-rods in the type-II sample exhibit
an average diameter of �10 nm and an average length of
�400 nm. To shed light on growth mechanism of the
nano-rods, TEM observations are performed for the type-
II sample (Fig. 2(e)) because the morphology and crystal
structure are similar in the two samples. The nano-rods are
uniform with a diameter of �10 nm and a length of several
hundreds of nanometers, judging from the bright-field
TEM image. Fig. 2(g) shows an enlarged TEM image of
an individual CeO2 nano-rod, which indicates a good
crystallinity for the CeO2 nano-rods.
The high-resolution (HRTEM) images provided further

aimed at clarifying the growth mechanism of the CeO2

nano-rods. From Fig. 2(g), the interplanar distance of the
CeO2 lattice fringes parallel to the surface of the nano-rod
is determined to be 0.314 nm, in accord with the distance
between the {111} crystal planes in the fluorite-type ceria.
This suggests that surface of the nano-rods is along the {111}
crystal planes of CeO2. Fig. 2(h) presents a fast Fourier
transform (FFT) of the HRTEM image, from which the zone
axis is determined to be the [110] direction. Further compar-
ison of Fig. 2(g) with (h) uncovers that the longitudinal
direction of the CeO2 nano-rods is ð224Þ, indicating that the
nano-rods grow along the /112S direction.
Fig. 3 illustrates schematically the evolution process of

the nano-rods. Since the Na3PO4 aqueous solution is
strongly alkaline, the following hydrolysis is predominant:

Na3PO4þ2H2O-3Naþþ2OH–
þ (HPO4)

2�. (1)

In contrast, the Na2HPO4 solution is weakly alkaline,
which slows down the hydrolysis reaction process, as can
be expressed by the following equation:

Na2HPO4þ2H2O-3Naþ þ2OH2
þH2PO4

2: ð2Þ

When Ce(NO3)3 � 6H2O and Na3PO4 are taken as chemical
reagents, the Ce3þ cations, which are produced by the
dissolution of Ce(NO3)3 � 6H2O, first react with OH�

anions coming from the hydrolysis of Na3PO4 (Eq. (1)).
This process results in precipitation of the milky
Ce(OH)3 � nH2O (Eq. (3)). The as-prepared Ce(OH)3 �
nH2O is oxidized instantly to CeO2 � nH2O after the drop
of H2O2, which generates oxygen (Eq. (4)). Since the Na3PO4

hydrolysis takes place very quickly, a large amount of OH�

anions are produced instantly (Eq. (1)), which induces
reactions (3) and (4) immediately. As a result of these
reactions, a vast amount of CeO2 � nH2O precursors are
obtained in short time. CeO2 � nH2O precursors therefore



Fig. 2. (a) and (b) SEM images revealing the nano-rods in the type-I sample. (c) and (d) Corresponding SEM images of the type-II sample. (e) TEM

image of the nano-rods in the type-II sample. (f) TEM image showing an individual nano-rod in the type-II sample. (g) HRTEM image taken over the

area square marked in (f). (h) Fast Fourier transform of the HRTEM image shown in (g).

Fig. 3. Schematic illustration of the evolution process of the nano-rods

prepared with (a) Ce(Ac)3 and Na2HPO4, and (b) Ce(NO3)3, Na3PO4 and

H2O2.
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Fig. 4. UV–vis absorption spectra of the CeO2 nano-rods in the type-II

sample. The absorption spectrum of the nanoparticles prepared with

Ce(NO3)3 � 6H2O, CH3COONH4, and PEG are given as well for a

straightforward comparison.

Y. Chen et al. / Ceramics International 39 (2013) 6607–6610 6609
cannot reach equilibrium condition during growth, giving
rise to comparable growth rate along diameter and length
direction. This forms the coarse and short morphology for
the nano-rods.

On the other hand, when the Ce(Ac)3 � nH2O and
Na2HPO4 are applied as chemical reagents, the concentra-
tion of OH� is very low in the solution due to the slow
hydrolysis of Na2HPO4, which drives reaction (3) to occur
slowly. In view of the fact that no H2O2 is added and that
the oxygen solubility in liquid solution is low, the oxida-
tion of Ce(OH)3 � nH2O (Eq. (4)) (i.e., an oxygen consum-
ing process) should slow down as well. In this case, all the
reactions are dynamically slow, leading to the possibility
that the growth of CeO2 nano-rods can reach equilibrium
conditions. As a result, surfaces of the nano-rods are
exposed with the low-index and low-energy {111} planes,
which explains the observed thinner and longer nano-rods
in the type-II sample

Ce3þþ3OH�þnH2O-Ce(OH)3 � nH2O (3)

4Ce(OH)3 � nH2OþO2-
4CeO2 � nH2Oþ4H3O

þ
þ2O2� (4)

Fig. 4 presents UV–vis absorption spectra of the CeO2

nano-rods together with that of the irregular CeO2 nano-
particles as a reference [18]. The highest absorbance peak
for the nanoparticles and nano-rods appears at wavelength
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of 320 and 310 nm, respectively. In addition, a strong
absorption band emerges at UV range of 270–340 nm,
which may originate from the charge transfer between the
O 2p and Ce 4f states [19]. Evidently, the UV absorption
range is wider for the nano-rods than that of nanoparticles.
Since it is generally believed that a good UV-shielding
material should hold the ability to absorb the UV ray with
a wavelength of less than 400 nm [20], our prepared CeO2

nano-rods may act as an efficient UV-shielding candidate.
Summing up, two species of fluorite-type CeO2 nano-

rods with different sizes are fabricated through a simple yet
efficient hydrothermal method using different chemical
reagents. Surfaces of the nano-rods are determined to be
along the {111} planes and the nano-rod growth direction
is along the /112S direction. Moreover, the nano-rods in
the two types of samples present different morphologies with
diameter of �30 nm and length of �100 nm for the type-I
sample, and diameter of �10 nm and length of �400 nm
for the type-II sample. The prepared nano-rods exhibit a
wider range of UV absorption than that of the nanoparticles.
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