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Ceria (CeO2) nanowires have been successfully synthesized by a sonochemical method in ambi-
ent air and alkali aqueous solution from CeO2 nanoparticles without using any templates. The
results showed that both alkali concentration and ultrasonic irradiation played critical roles in the
formation of the nanowires. The crystalline structure and dimensions of the nanowires were charac-
terized by powder X-ray diffraction (XRD), transmission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED). The UV-
visible absorption spectrum result showed that the products had conspicuous shape-specific effect.
Microstructural analysis in HRTEM revealed that the preferential growth direction of CeO2 nanowires
was [110]. Moreover, the catalytic activity of Au/CeO2 using CeO2 nanowires as support for CO
conversion was higher than that obtained using bulk CeO2 as support.
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1. INTRODUCTION

Recently, one dimensional (1D) nanostructured materials
have attracted considerable attention due to their distinc-
tive geometries, novel physical and chemical properties,
and potential applications in numerous areas.1–4 Some
methods such as templates,5 microemulsion mediated sys-
tems,6 arc discharge,7 laser-assisted catalysis growth,8

solution,9 vapor transport,10 electrodeposition11 have been
employed to fabricate their fascinating structure. As most
of these methods suffer from the limits of high tempera-
tures, special equipments and conditions, or tedious pro-
cedures, sonochemical technology, in which very high
temperatures (>5000 K), pressures (>20 Mpa) and cool-
ing rates (>107K/s) can be achieved upon the collapse
of the bubble, has been extensively used in the synthe-
sis of nanostructured materials, such as heterostructured
Bi2Se3�

12 single-walled carbon nanotubes.13

Ceria is a highly refractory oxide and has the fluo-
rite structure, which is stable from room temperature to
its melting point. It has been attracting great interest due
to its unique properties and wide applications, such as
automotive catalyst utilizing its oxygen storage capacity,
oxygen gas sensor and oxygen ion conductor in solid oxide
fuel cell owing to its high oxygen ion conductivity, and

∗Authors to whom correspondence should be addressed.

additive to glass to protect light-sensitive materials because
of its strong ultraviolet absorption.14–17

Ceria and ceria-based compounds obtained in nanostruc-
tured forms are expected to show interesting properties
through shape-specific and/or quantum size effects. Yada
et al. reported the preparation of ceria nanowires by using
AOT anions and alkyl alcohols as templates and CeCl3 ·
7H2O as precursor.18 Unfortunately, the sulfur species
from the AOT template incorporated in the nanowires lim-
ited the possible applications of ceria nanowires as cata-
lysts or catalyst supports. Hu and coworkers also prepared
ordered CeO2 nanowire arrays using anodic alumina mem-
brane as template.19 However, for these two methods men-
tioned above, it is relatively complex because one has to
prepare the templates at first and remove them after the
fabrication.

In the present study, we used high-intensity ultrasound
irradiation to induce the preferential 1D growth of CeO2

along the (110) crystalline plane, and prepared CeO2

nanowires successfully. The as-prepared CeO2 nanowires
were characterized by powder X-ray diffraction (XRD),
transmission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM), selected area
electron diffraction (SAED), and the UV-visible absorption
spectrum. Moreover, the catalytic properties of Au/CeO2

were also studied.
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2. MATERIALS AND METHODS

2.1. Preparation of CeO2 Nanowires and
Au/CeO2 Catalysts

The spherical CeO2 nanoparticles with an average size of
ca. 2.6 nm were prepared by a microwave assisted heat-
ing method according to our previous paper.20 Then 20 mg
of the as-prepared CeO2 nanoparticles were dispersed in
30 mL of 7.5 M NaOH aqueous solution. During the reac-
tion, the mixture was exposed to high-intensity ultrasound
irradiation in ambient air for 2 h with a pulse of 9 s on and
1 s off at a power level of 30%. Ultrasound irradiation was
accomplished with a high-intensity ultrasound probe (Son-
ics & Materials Inc., VCX750) immersed directly in the
reaction solution. When the reaction finished, a flocculent
milk white precipitate was obtained. After cooling to room
temperature, the precipitate was centrifuged, washed with
distilled water, absolute ethanol and acetone in sequence
and dried in air. The final product was obtained and char-
acterized by XRD, TEM, HRTEM, SAED, UV-Vis spec-
troscopy, and photoluminescence measurements.

CeO2 support was prepared by calcining the as-prepared
CeO2 nanowires at 400 �C for 2 h. The Au/CeO2 with
2 wt%. Au was prepared by impregnating the support with
an aqueous solution containing the requisite amount of
HAuCl4 · 4H2O, drying in 100 �C and reducing by H2 at
300 �C for 2 h. For comparison, the bulk CeO2 support
was prepared by calcining (NH4)2Ce(NO3)6 at 550 �C for
4 h. For simplicity, the Au/CeO2 catalyst using CeO2 nano-
wires as support was denoted as Au/CeO2-wires and Au/
CeO2 catalyst using bulk CeO2 as support was denoted as
Au/CeO2-bulk.

2.2. Instrumentation

XRD patterns were obtained with a Philips X’pert
Pro diffractometer using Ni-filtered Cu K� radiation
(0.15418 nm). The X-ray tube was operated at 40 kV
and 40 mA. TEM images were recorded on a JEOL-JEM
200CX transmission electron microscope, using an accel-
erating voltage of 200 kV. High-resolution transmission
electron micrographs (HRTEM) were obtained by employ-
ing a JEOL-JEM-2010 high-resolution transmission elec-
tron microscope with a 200 kV accelerating voltage. The
samples used for TEM and HRTEM were prepared by dis-
persing the products in ethanol, then placing a drop of
the dispersion onto a copper grid coated with a layer of
amorphous carbon. A Shimadzu UV-2401PC photospec-
trometer was used to record the UV-visible absorption
spectrum of the as-prepared nanowires dispersed in dis-
tilled water homogeneously. The photoluminescence (PL)
measurements were carried out on a Shimadzu RF PC-
5301 spectrofluorophotometer at room temperature.

The catalytic activities for CO oxidation were deter-
mined in steady state, involving a feed steam with a fixed

composition 1.6% CO, 20.8% O2, and 77.6% N2 by vol-
ume. A quartz U-tube was used as the reactor and the req-
uisite quantity of catalyst (50 mg) was used. The reactions
were carried out with a space velocity of 15000 ml ·g−1 ·
h−1. Two chromatogram columns and thermal conduction
detection (TCDs) were used to analyze the products. Col-
umn A was packed with 13X molecular sieve for sepa-
rating O2, N2 and CO and column B with Porapak Q for
monitoring CO2.

3. RESULTS AND DISCUSSION

3.1. XRD, TEM, and HRTEM Analysis of
CeO2 Nanowires

The XRD pattern of CeO2 nanowires is shown in Figure 1.
The diffraction peaks correspond to the (111), (200), (220),
(311), and (222) planes, respectively, which can be indexed
to the pure cubic fluorite structure for CeO2. The positions
are in perfect agreement with the literature values (JCPDS
card No 4-0593). No peak of any other phase is detected
indicating the high purity of the product. In addition,
ascribed to nanodimensional effect, the peak correspond-
ing to the (311) plane is relatively broad compared to that
of the bulk materials and simultaneously the peak corre-
sponding to the (222) plane exhibits only a weak shoulder.

The sizes and morphologies of the CeO2 nanowires were
studied by TEM measurements. A typical TEM image is
shown in Figure 2a and reveals that the product presents
a wire-like morphology with diameter of 50–100 nm and
length of several micrometers. To investigate the ther-
mal stability of the as-prepared nanowires, the as-prepared
CeO2 nanowires were calcined at 400 �C for 2 h in air,
and the result showed that the wire-like morphology was
still reserved after calcination (Fig. 2b), indicating the good
thermal stability of these nanowires. Figures 3a and b show
a TEM image of a typical CeO2 nanowire and the selected
area electron diffraction (SAED) pattern from an individual
nanowire, respectively, and the results indicate that the as-
prepared CeO2 nanowires are single-crystalline. HRTEM
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Fig. 1. XRD pattern of the as-prepared CeO2 nanowires.
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(a) (b)

400 nm 400 nm

Fig. 2. TEM images of CeO2 nanowires (a) as-prepared, (b) calcined at
400 �C.

images recorded on individual nanowire provide further
insight into its structure, and the interplanar spacing is mea-
sured to be about 0.19 nm, which indicates that the prefer-
ential growth direction is [110], shown as in Figure 3c.

As reported elsewhere, the growth direction is interre-
lated to the surface energies of different crystallographic
orientations which gives information about relative growth
rates of the different crystal facets.21 For CeO2, the specific
surface energies have been calculated by several groups
with different methods and their calculations show the
same general increasing trends, i.e., in order of �111� <
�110��22–24 Along this line, it seems to suggest that the
(110) direction should be the favored growth direction,
which is consistence with the HRTEM results.

3.2. UV-Vis Absorption Spectrum and
Photoluminescence Spectrum Analysis of
CeO2 Nanowires

The UV-visible absorption spectrum of the as-prepared
nanowires is shown in Figure 4. An estimate of the optical
band-gap is obtained using the following equation for a
semiconductor:

��h	�= A�h	−Eg�
m/2

(a) (b)

(c)

200 nm

2 nm

0.19 nm

Fig. 3. (a) TEM image of a typical CeO2 nanowire, (b) SAED pattern
recorded on this nanowire, (c) A HRTEM image recorded on the interior
part of the nanowire.
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Fig. 4. The UV-Vis absorbance spectrum of CeO2 nanowires.

where A is a constant, � is the absorption coefficient, and
m equals 1 for a direct transition. The energy intercept of a
plot of (�h	)2 versus h	 yields Eg for a direct transition
(Fig. 5). The band-gap of the as-prepared CeO2 nanowires
calculated to be 4.12 eV is much larger than that of the
bulk CeO2 (Eg = 3�19 eV) and ceria nanoparticles syn-
thesized by microemulsion method (3.44 eV for 2.6 nm,
3.38 eV for 4.1 nm).14�25 This may be attributed to the
dimensional effect or shape-specific effect.

The photoluminescence of the CeO2 nanowires at room
temperature with exciting wavelength at 220 nm is shown
in Figure 6. A strong emission peak located at 365 nm in
the ultraviolet region can be detected and the width at half
strongest emission is about 20 nm, which indicates that
the CeO2 may have applications in light-emitting materi-
als. Compared to the strong emission peak of as-prepared
CeO2 films located at 475 nm, the blue-shifting photolumi-
nescence spectrum may be ascribed to the one-dimensional
nanostructure.26

3.3. CO Catalytic Oxidation Over Au/CeO2

As shown in Figure 7, the catalytic activities of Au/CeO2

for CO oxidation were measured to approach the catalytic
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Fig. 5. Plots of (ah	)2 vs h	 for direct transitions, the data are replotted
from Figure 4.
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Fig. 6. Photoluminescence spectrum of the CeO2 nanowires at room
temperature.

properties of Au/CeO2-wires and Au/CeO2-bulk samples.
At 200 �C, the CO percentage conversion of Au/CeO2-
wires is 75.8% and the corresponding rate is 0.406 molco/
gAu/h; while for Au/CeO2-bulk, the CO percentage con-
version is only 14.6% and the corresponding rate is
0.078 molco/gAu/h. Therefore, the rate of CO conversion
over Au/CeO2-wires is five times as high as that over
Au/CeO2-bulk. The results suggest that, for the CO oxida-
tion reaction, the activity of Au/CeO2-wires shows higher
activity than that of Au/CeO2-bulk. In addition, as reported
by Corma and coworkers, when Au is deposited on
nanocrystalline particles of cerium oxide, it is possible to
achieve an increase of two orders of magnitude in the cat-
alytic activity relative to the Au/CeO2 catalysts prepared
by coprecipitation or by Au deposition on a regular cerium
oxide support.27 Accordingly, the increasing activity may
be ascribed to the decrease of the size of CeO2.

As known to all, there are two regions of sonochemi-
cal activity, as postulated by Suslick and co-workers.28–29

One is the inside of the collapsing bubbles, where elevated
temperatures (several thousands of degrees) and high pres-
sures (hundreds of atmosphere) are produced; the other
is the interfacial region between the cavitation bubbles
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Fig. 7. Percentage conversion versus temperature plots for the oxidation
of CO of Au/CeO2.
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Fig. 8. TEM images of the products prepared in (a) 2.5 M NaOH,
(b) 5 M NaOH.

and the surrounding bulk solution. Though the temperature
in the interfacial region is much lower than the interior
of the collapsing bubbles, it is still high enough to rup-
ture chemical bonds and induce various reactions. During
ultrasound irradiation of liquid-power slurries, cavitations
and shock waves it creates can accelerate solid particles to
high velocities.30 The interparticle collisions are capable of
inducing striking changes in morphology, composition, and
reactivity of the solids. During the interparticle collisions,
the particles can be driven together at sufficiently high
speeds to induce effective melting at the point of collision.
In the present case, we propose a dissolving and recrys-
tallizable process in the formation of CeO2 nanowires.
At first, in NaOH solutions with a high concentration, the
CeO2 nanoparticles dissolved and soluble Ce(OH)x com-
pound is obtained, then dehydration action of the Ce(OH)x
compound takes place to form CeO2 nuclei under the sono-
chemical irradiation, simultaneously, large numbers of in-
suit-generated CeO2 nuclei would connect with each other
and self-assemble to the wire-like structure, high temper-
ature and high pressure produced by acoustic cavitation is
favorable for the self-assembly of these nuclei, leading to
the 1D preferential growth of the CeO2 nanowires.

The concentration of NaOH in the reaction is also a
key factor in the formation of CeO2 nanowires. When the
NaOH concentration was 2.5 M, there was no CeO2 wires
obtained (Fig. 8a); when the concentration was increased
to 5.0 M, only a little of wire-like structure was observed
(Fig. 8b). The results can be explained by that the NaOH
concentration is too low to dissolve CeO2 nanoparticles
completely and the 1D preferential growth of the CeO2

nanowires is forbidden.

4. CONCLUSIONS

In summary, a novel sonochemical method for the fabrica-
tion of CeO2 nanowires has been successfully established
by sonicating an alkali aqueous solution containing cerium
oxides nanoparticles in ambient air. It is a convenient,
mild, efficient and environmentally friendly method, free
of any templates. Both the alkali concentration and ultra-
sound irradiation play critical roles in the formation of
the nanowires. The preferential growth direction of CeO2
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nanowires is [110]. The result of UV-visible absorption
spectrum shows that the products have conspicuous shape-
specific effect. The Au/CeO2-wires catalyst shows higher
catalytic activity for CO conversion than Au/CeO2-bulk,
which may be due to the decrease of the size of CeO2

support.
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