
ARTICLE IN PRESS
0022-4596/$ - se

doi:10.1016/j.jss

�Correspond
E-mail addr

sly0726@163.co
Journal of Solid State Chemistry 180 (2007) 654–660

www.elsevier.com/locate/jssc
Carbon nanotube assisted synthesis of CeO2 nanotubes

Dengsong Zhanga,b,�, Hongxia Fua, Liyi Shia,b,�, Jianhui Fanga, Qiang Lic

aDepartment of Chemistry, Shanghai University, Shanghai 200444, China
bSchool of Material Science and Engineering, Shanghai University, Shanghai 200072, China

cCenter of Analysis and Test, Shanghai University, Shanghai 200444, China

Received 11 August 2006; received in revised form 17 November 2006; accepted 19 November 2006

Available online 23 November 2006
Abstract

CeO2 nanotubes have been synthesized facilely using carbon nanotubes (CNTs) as templates by a liquid phase deposition method. The

properties of the CeO2 nanotubes were characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM),

X-ray diffraction (XRD), X-ray photoelectron spectrum (XPS) as well as thermogravimetry and differential thermal analysis (TG-DTA).

The obtained CeO2 nanotubes with a polycrystalline face-centered cubic phase have a uniform diameter ranging from 40 to 50 nm. The

CeO2 nanotubes are composed of many tiny interconnected nanocrystallites of about 10 nm in size. The pretreatment of CNTs and

calcination temperature were confirmed to be the crucial factors determining the formation of CeO2 nanotubes. A possible formation

mechanism has been suggested to explain the formation of CeO2 nanotubes.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The one-dimensional (1-D) nanostructure has attracted
much attention since the discovery of carbon nanotubes
(CNTs) [1]. The potential applications of 1-D nanomater-
ials in the electric devices, sensors, and others have been
proposed due to their special physical and chemical
properties [2]. Up to now, the nanotubes have attracted
enormous technological and scientific interest. In the past
several years, many approaches have been applied in
synthesizing metal oxide nanotubes, such as ZnO [3], CuO
[4], MnO2 [5], TiOx [6], PbO2 [7], SiO2 [8], InO2 [9], and
GeO2 [10]. Recently, Sun et al. [11] used CNT template to
prepare a-Fe2O3 nanotubes by supercritical fluid at high
temperature and pressure. However, no reports on the
synthesis of metal oxide nanotubes using CNTs as
templates under moderate conditions have been published
to date.

CeO2 is a technologically important rare earth material
because of its wide applications as fast ion conductors,
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oxygen storage capacitors, catalysts, UV blockers, and
polishing materials [12]. The synthesis of 1-D CeO2

nanomaterials has been of great interest in recent years.
CeO2 nanorods/nanowires have been synthesized using
anodic alumina membranes as templates [13] or using a
surfactant as a structure-directing agent [14]. However, few
studies have been reported on the fabrication of CeO2

nanotubes, except that Tang et al. [15] reported to
synthesize CeO2 nanotubes from Ce(OH)3 nanotubes by
a hydrothermal method. The previous reported hydro-
thermal method needs high pressure and temperature.
Therefore, the preparation of CeO2 nanotubes in moderate
conditions still remains challenging [15].
Herein, we firstly report the simple and efficient synthesis

of CeO2 nanotubes using CNTs as templates by a liquid
phase deposition method.
2. Experimental section

The CNTs used in this work were prepared by the
catalytic decomposition of methane [16], and were �40 nm
in diameter and 1–10 mm in length. In a typical synthesis, a
given amount of CNTs was first refluxed in a 30% nitric
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acid at 140 1C for 24 h, and then the treated CNTs were
dispersed in a 0.05 g/mL Ce(NO3)3 solution with ultrasonic
radiation at room temperature for 1 h. With vigorous
stirring, a 0.005 g/mL NaOH solution was added slowly
into the above-mixed solutions until the pH value was 10.
After rinsing repeatedly and drying at 60 1C, the as-
synthesized sample was obtained. The final product was
obtained by calcination in air at a heating rate of 5 1C/min
from room temperature to 500 1C, and the temperature was
maintained at 500 1C for 0.5 h.

The morphologies of the products were observed by field
emission scanning electron microscopy (SEM, JEOL JSM-
6700F) and field emission transmission electron micro-
scopy (TEM, JEOL JEM-2010F), and powdered samples
were dispersed in absolute ethanol by ultrasonication for
10min in a KQ-250B ultrasonic bath. The powder X-ray
diffraction (XRD) measurements were performed with a
Rigaku D/MAX-RB X-ray diffractometer by using Cu Ka
(40 kV, 40mA) radiation and a secondary beam graphite
monochromator. The X-ray photoelectron spectrum (XPS)
was recorded on a PHI-5000C ESCA system (Perkin
Elmer) with Al Ka radiation. Thermogravimetry and
differential thermal analysis (TG-DTA) of the samples
was carried out with a Netzsch STA 409 PG/PC analyzer at
a heating rate of 10 1C/min from room temperature to
1000 1C. The zeta potentials of the CNTs were measured at
a concentration of 0.05mg/mL with a Zetasizer 3000HS
analyzer (Malvern, UK). The pH values of the CNT
solutions were adjusted from 2.0 to 12.0 by adding a
0.05M hydrochloric acid or sodium hydroxide solution.

3. Results and discussion

3.1. Characteristics of CeO2 nanotubes

The morphology of the obtained products was observed
with SEM. Fig. 1 shows that the obtained products have a
1-D nanostructure with a uniform diameter ranging from
40 to 50 nm corresponding to that of CNT template.
Figs. 1(b) and (c) show that the tips of the 1-D
nanostructure are open, indicating the hollow structure,
which suggests that the structure is nanotube.

Fig. 2 shows the TEM and HRTEM images of CeO2

nanotubes. The inner diameter of nanotubes is in the range
of 15–30 nm, while the outer diameter is from 40 to 50 nm.
It is noted that the nanotube is composed of many tiny
interconnected grains at various orientations and the
average grain size is of �10 nm. The crystalline nature of
the resultant CeO2 nanotubes can be verified by the
selected area electron diffraction (SAED) pattern.
Fig. 2(b, inset) shows that the SAED pattern is basically
a ring pattern. This ring pattern can be indexed using the
face-centered cubic polycrystalline structure of CeO2. The
HRTEM image in Fig. 2(c) shows the clear (111), (200) and
(220) lattice fringes of CeO2 with the interplanar spacing of
0.31, 0.27 and 0.19 nm, respectively. It should be noted
that the products were dispersed in absolute ethanol by
high-intensity ultrasonication for 1 h, and the tubular
structure still remains, indicating that the nanotubes are
stable. It can be explained that the CeO2 nanocrystals
become faceted and neighboring crystals fuse together.
The phases of the samples were further examined by

XRD. Fig. 3 confirms that the obtained CeO2 nanotubes
are pure phase products with a face-centered cubic
structure according to JCPDS 78-0694. No obvious peaks
corresponding to cerium nitrate or other cerium oxides
were observed in the powder pattern. The mean nanocrys-
tal size of CeO2 nanoparticles calculated from the half-
width of the strongest 1 1 1 diffraction peak is 10.7 nm,
corresponding to the observed size (�10 nm, Fig. 2).
The formation of CeO2 in the nanotubes was further

verified by XPS spectrum. The wide spectrum in Fig. 4
reveals the predominant presence of cerium, oxygen, and
carbon (mainly from the contaminant carbon). No other
heteroelements, including sodium and nitrogen, were
observed, which suggests that there are no unreacted
precursors in the products. According to the Ce 3d
spectrum (Fig. 4(inset)), it is obvious that the cerium
mainly exists as the Ce (IV) oxidation state (882.8 eV) [17].
In addition, the O1 s peak centered at 529.6 eV corresponds
to the O2� contribution [17]. Thus, the XPS-detected
binding energies of Ce 3d and O 1 s are in agreement with
those of the standard CeO2.
3.2. Affecting factors and mechanism of the formation of

CeO2 nanotubes

Fig. 5 shows the TEM images of the samples calcined at
various temperatures. The CNTs are first uniformly coated
with CeO2 nanoparticles by deposition from the liquid
phase, and few nanoparticles are observed to be free from
the surface of CNTs (Fig. 5(a)). After calcination at 450 1C,
the size of the nanocrystals increases and at the same time
the layers of CNT templates are attenuated gradually
(Fig. 5(b)). When the calcination temperature is further
increased to 500 1C, the nanocrystals become faceted and
neighboring crystals fuse together as a result of the
formation of CeO2 nanotubes (Fig. 5(c)). Higher tempera-
ture treatment results in the formation of discrete CeO2

nanoparticles from the collapse of tubular structure with
the growth of the particle size (Fig. 5(d)). It is clear that the
suitable calcination temperature is a key factor to the
formation of CeO2 nanotubes.
Fig. 6 shows the XRD patterns of the samples calcined at

various temperatures. The XRD pattern of the uncalcined
sample confirms that CeO2/CNT composites are first
formed by this method. The feature peak 0 0 2 of CNT
template is observed when the temperature is below 500 1C,
while it disappears when the temperature is over 500 1C,
which further confirms the above TEM analysis (Fig. 5).
It should be noted that the feature peaks of CeO2 become
sharp with increasing the temperature, indicating that the
size of nanoparticles increases due to the calcinations.



ARTICLE IN PRESS

Fig. 1. SEM images of the CeO2 nanotubes. (a) Overview of SEM image of the CeO2 nanotubes, (b) SEM image of the tips of CeO2 nanotubes, and (c)

SEM image of the tip of the single nanotube.
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According to the above analysis, the XRD-detected
features of CeO2 nanotubes are in agreement with those of
the standard CeO2. Actually, the obtained nanotubes
exhibit a light yellow color, similar to the standard CeO2,
while the sample calcined at 450 1C exhibits a slightly
grayer color. As the XRD-calculated mean nanocrystal size
of CeO2 calcined at 450 and 500 1C changes slightly (10.2
and 10.7 nm, respectively), it can be concluded by the color
that the CNT template still exists at 450 1C while
disappears at 500 1C. Fig. 7 shows the TG-DTA curves
of the CeO2 coated CNTs and pristine CNTs. The TG-
DTA curve of the CeO2 coated CNTs in Fig. 7(a) indicates
a mass loss with two steps. It is obvious that the first step
with the DTA peak around 100 1C is due to the loss of
absorbed water from the sample. The second step with the
broad peaks ranging from 450 to 630 1C is due to the
gradual decomposition of CNT template, which can be
confirmed by the test of pristine CNTs shown in Fig. 7(b).
It is well known that the decomposition temperature of
CNTs varies with the tube diameter and the sites (the tip
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Fig. 2. TEM image: (a) of CeO2 nanotubes. TEM image (b), SAED

pattern (b, inset) and HRTEM image (c) of the single nanotube.

Fig. 3. XRD patterns of CeO2 nanotubes.

Fig. 4. XPS wide spectrum and Ce 3d spectrum (inset) of CeO2

nanotubes.
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and defective sites have a higher reactivity than that of the
other sites [18]), and thus various decomposition tempera-
ture indicates the broad peaks. It should be noted that the
decomposition temperature of CNT template is lower than
that of pristine CNTs due to the high oxidation perfor-
mance of CeO2. CNT template cannot be completely
removed until 630 1C (Fig. 7(a)), which is higher than the
actual calcination temperature (500 1C). It can be explained
that the different heating rate and heat preservation time
were employed as compared with the actual preparation
process.
It is obvious that the formation of CeO2 coated CNTs is

pre-requisite to the formation of CeO2 nanotubes. In our
experiment, the preparation process employed by untreated
CNTs was also carried out. Not the uniform composites
but the mixtures of the agglomeration of nanoparticles and
CNTs were observed in Fig. 8. It can be concluded that the
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Fig. 5. TEM images of the samples calcined at various temperatures. (a)

Uncalcined, (b)calcined at 450 1C, (c)calcined at 500 1C, and (d) calcined

at 550 1C.

Fig. 6. XRD patterns of the samples calcined at various temperatures.

Fig. 7. TG-DTA curves of (a) the CeO2-coated CNTs and the CeO2-

coated CNTs pristine (b).

Fig. 8. TEM image of the mixtures of CeO2 nanoparticles and CNTs.
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pretreatment of CNTs plays an important role in the
formation of CeO2 coated CNTs. It can be explained as
follows. The zeta potential of the untreated and treated
CNTs was measured in Fig. 9. For untreated CNTs, the
absolute value of the zeta potential is smaller than 30mV,
and the isoelectric point is around pH ¼ 7, indicating the
low surface charge or few acidic groups on untreated
CNTs. The present treatment is successful because nitric
acid treated CNTs have a higher zeta potential value over a
wide pH range (3–12) and the isoelectric point is around
pH ¼ 2, indicating the high surface charge or many acidic



ARTICLE IN PRESS
D. Zhang et al. / Journal of Solid State Chemistry 180 (2007) 654–660 659
groups on treated CNTs [19]. The stability of the
dispersions is largely determined by the electrostatic
repulsion due to the surface charge [19]. It may be seen
that the separation of treated CNTs is easily achieved at
wide pH values (3–12). It should be noted that the
dispersability of treated CNTs is related to the ionization
of acidic groups introduced by nitric acid treatment
Fig. 9. Zeta potential of untreated and treated CNTs as a function of pH,

in aqueous solutions at a concentration of 0.05mg/mL.

Fig. 10. TEM images of the samples prepared with various molar ra
(CNT�COOHQCNT�COO�+H+; CNT�OHQCNT
�O�+H+) and the adsorption of ions such as Ce3+ from
the aqueous suspension [19]. The high zeta potential can
prevent the treated CNTs from aggregating and thereby
stabilizes the suspension, which is also in favor of the
formation of CeO2 coated CNTs.
A control experiment was also carried out to investigate

the effect of the molar ratio of Ce3+ to CNTs. Fig. 10
shows that the molar ratio (0.4–12) can slightly affect the
morphologies of CeO2 coated CNTs. When the molar ratio
is low, a few tiny CeO2 nanoparticles firstly deposit on the
surface active sites of CNTs and some parts of CNTs are
still naked (Fig. 10(a)). With the increase of the molar
ratio, the CNTs are uniformly coated by a layer of tiny
nanoparticles (Figs. 10(b)–(d)). Finally, some nanoparticles
agglomerate and are nearly separate from the coating
layers when the molar ratio is extremely high, which can be
confirmed by TEM shown in Fig. 10(e).
According to the above analysis, the formation mechan-

ism of CeO2 nanotubes may be suggested in Scheme 1.
CNTs are first treated by nitric acid, and then the surface
acidic groups on the nanotubes can adsorb Ce3+ and form
metal-oxygen bonds [20]. With addition of NaOH solution,
CeO2 nanoparticles are in-situ deposited resulting in the
formation of CeO2 coated CNTs. It is noted that the Ce
tios of Ce3+ to CNTs. (a) 0.4, (b) 0.8, (c) 1.2, (d) 6, and (e) 12.
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Scheme 1. The formation mechanism of CeO2 nanotubes.
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(III) oxidation state is very unstable as compared with the
Ce (IV) oxidation state especially in alkaline solution and
in the presence of air [17,21], due to the low reduction
potential of Ce(IV)–Ce(III) [22], and thus the intermediate
products, such as Ce(OH)3, are hard to exist. The previous
reports [17,21] show the direct synthesis process of CeO2 as
follows:

4Ce3þ þ 12OH� þO2 þ ð4n� 6ÞH2O! 4ðCeO2 � nH2OÞ

CeO2 � nH2O! CeO2 þ nH2O.

Our XRD measurements of the uncalcined sample
(Fig. 6) confirm that CeO2 forms directly without
observation of any other cerium compound. After calcin-
ing CeO2/CNT composites at a suitable temperature, CeO2

nanotubes are obtained by removing CNT templates.

4. Conclusions

In summary, for the first time, CeO2 nanotubes have
been synthesized using CNTs as templates by a liquid
phase deposition method. It is found that the CeO2

nanotubes with a polycrystalline face-centered cubic phase
are composed of many tiny interconnected grains at
various orientations (average grain size of 10 nm). The
pretreatment of CNTs and calcination temperature were
confirmed to be the crucial factors determining the
formation of CeO2 nanotubes. Such nanotubes are very
interesting for further studies on their physical and
chemical properties. Considering the convenience of the
procedure, this CNT template-assisted route is promising
and may be extended to fabricate other metal oxide
nanotubes.
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