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a b s t r a c t

We report a method to prepare composites based on carbon nanotubes (CNTs) and CeO2 nanoparticles

(NPs). The CeO2 NPs were attached to CNTs by hydrothermal treatment of Ce(OH)4/CNT mixture in

NaOH solution at 180 1C. It was found that larger CeO2 NPs were formed in the presence of CNTs. Grain

size of CeO2 NPs in the composites can be reduced when NaNO3 was added in the hydrothermal process.

Electrochemical characterizations have shown that the composites possess a specific capacity between

those of CNTs and CNTs mechanically mixed with CeO2. These CeO2/CNT composites could serve as

promising anode materials for Li-ion batteries.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Nanocomposites of carbon nanotubes (CNTs) and inorganic
nanoparticles (NPs) have attracted much attention owing to their
unique properties and a wide range of applications in catalysis
[1,2], sensing [3,4], and energy storage [5–7]. In the composite,
CNTs can serve as high-performance support because of their
large surface area, exceptional electrical properties, unusual
mechanical stability, and unique hollow tubular herringbone
structures. NPs can be uniformly dispersed on the sidewalls of
CNTs and have electronic charge transfer with CNTs in either
covalent or noncovalent interactions [8,9]. As a result, the
composites of NPs and CNTs can provide NP-based materials with
significantly improved performance.

Because of its unique redox properties, high oxygen storage
capacity, and strong ultraviolet absorption, CeO2 has been
extensively applied in catalysis [10], solid oxide fuel cells [11]
and optics [12]. For instance, CeO2 is an indispensable component
in three-way catalysts to reduce air pollution in automobile
exhaust. The formation of oxygen vacancies, which reduces Ce4+ to
Ce3+, plays a critical role in the catalytic reactions. Recently, it was
found that the reduction capability of the oxygen vacancies was
enhanced in CeO2 NPs [13], providing a very promising route to
produce high-activity catalyst.

To incorporate the unique properties of CNT and CeO2, many
efforts have been made to prepare composite materials of CNTs
ll rights reserved.
and CeO2 NPs, including precipitation in solution [14–17],
hydrothermal process [18], and ultrasonic preparation [19]. For
example, Wei et al. [15] deposited Ce(OH)3 precipitate on CNTs
and then heated the product at 450 1C in air to obtain CeO2/CNT
composites. Although the aggressive thermal oxidation can
efficiently convert Ce(OH)3 to CeO2, CNTs could be damaged and
even completely destroyed [14]. Relatively mild hydrothermal
route [18] is more advantageous, because it can prepare NPs with
high-degree crystallinity, homogeneous composition and control-
lable morphology while avoiding the damage to CNTs. However,
the reported hydrothermal treatment temperature is still high (up
to 390 1C), therefore limits its application [18]. In the present
study, we report the hydrothermal treatment of Ce(OH)4/CNT
precursor at a relatively low temperature (180 1C) to prepare
CeO2/CNT composites. We show that composites of crystalline NPs
and undamaged CNTs can be synthesized and the morphology of
NPs can be adjusted by controlling hydrothermal treatment
conditions. We examined the composites with electrochemical
charge/discharge cycle to explore their usage as battery materials.
2. Experimental

2.1. Synthesis

CNTs with diameters of 10–20 nm were purchased from
Shenzhen Nanotech Port Co. Ltd., China. The CNTs were oxidized
by refluxing at 130 1C in concentrated nitric acid for 12 h to
introduce carboxyl and hydroxyl groups on the ends and sidewalls
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of CNTs [20]. All the other starting materials were analytical grade
and used as purchased.

The CeO2/CNT composites were prepared by hydrothermal
treatment of the mixture of ceria precursors and CNTs. CeCl3 and
(NH4)2Ce(NO3)6 were used as the ceria precursors, respectively. In
experiments with CeCl3 as the precursor, 10 mg of oxidized CNTs
dispersed in 20 mL deionized water was mixed with 15 mL 0.02 M
CeCl3 solution. After the mixture was sonicated for 20 min,
1%(w/w) NaOH was used to titrate pH to �10 under constant
magnetic stirring. The slurry product was stirred for two more
hours and then exposed for over 20 h to oxidize the Ce(OH)3/CNT
to Ce(OH)4/CNT thoroughly.

With (NH4)2Ce(NO3)6 as the ceria precursor, Ce(OH)4 was
precipitated on the sidewalls of CNTs in a short time. The mixture
was separated by centrifugation. The Ce(OH)4/CNT product was
then mixed with 10 mL 5 M NaOH solution and transferred into a
stainless steel autoclave with a Teflon liner of 20 mL volume. After
heated at 180 1C for 45 h, the solution was separated by
centrifugation, washed with deionized water for three times,
and then dried at 60 1C. For comparison, CeO2 NPs were also
prepared with the same process except for the absence of CNTs.
2.2. Characterization

Transmission electron microscope (TEM, JEOL-200 CX) and
high-resolution transmission electron microscope (HRTEM, Tecnai
F30) were used to determine the size and morphology of the
CeO2/CNT composites. In total, 100 CeO2 NPs were measured in
TEM images to obtain the average particle size. X-ray diffraction
(XRD) measurements were performed on a Rigaku Dmax-2000
X-ray diffractometer with CuKa radiation (l ¼ 1.5406 Å) at an
accelerating voltage of 40 kV. Crystallite size of the CeO2 NPs was
calculated from diffraction patterns with the Scherrer equation.

Cyclic voltammetry in 0.1 M H2SO4 was used to characterize
electrochemical performance of the composites with a CHI 660A
electrochemical working station (CH Instrument, Inc.) in a regular
three-electrode cell. A glassy carbon (GC) electrode (diameter ¼ 4
mm) was used as the working electrode, a platinum wire was used
as the counter electrode, and a KCl-saturated calomel electrode
served as the reference electrode. Typically, 5 mg of the composite
was dispersed in 5 mL deionized water under sonication for 2 h
and 15mL suspension was cast on the GC electrode. Finally, the GC
electrode was dried under an infrared lamp.

The electrochemical charge and discharge tests of the products
were performed on a Land battery test system. To prepare the
composite electrode, 80% (w/w) composite, 10% (w/w) acetylene
black, and 10% (w/w) of polytetrafluoroethylene binder were
thoroughly blended in alcohol and then rolled into a 0.2 mm thick
sheet. The sheet was then punched into a 7 mm diameter disk. Li
metal foil was used as the counter electrode with a Celgard 2400
microporous polypropylene film as the separator. A total of 1 M
LiPF6 in ethylene carbonate/diethyl carbonate/ethyl methyl carbon
(1:1:1 by volume) solution was used as electrolyte. Finally, the
electrodes were assembled into Swagelok cells at 25 1C in a dry
room with relative humidity of �1%.
3. Results and discussion

3.1. CNT-induced size increase of CeO2 NPS

TEM and HRTEM images of the CeO2/CNT composites prepared
from Ce(OH)4/CNT precursors and CeO2 NPs from Ce(OH)4

precursors in the hydrothermal processes were shown in
Fig. 1a–g, respectively. When CeCl3 was used as the cerium
source, CNTs were densely coated with CeO2 NPs. Clear lattice
fringes were observed in HRTEM images, indicating that crystal-
line particles formed in the hydrothermal process. In contrast, the
composites prepared from (NH4)2Ce(NO3)6 as cerium precursor
possessed sparely dispersed CeO2 NPs anchored on the sidewalls
of CNTs. The average sizes of the CeO2 NPs in the CeO2/CNT
composites prepared from CeCl3 and (NH4)2Ce(NO3)6 are
16.275.0 and 18.774.2 nm, respectively. In the absence of CNTs,
the size of CeO2 NPs is �7.5 nm. It is clear that the presence of
CNTs can significantly increase the size of CeO2 NPs.

CNT-induced size increase of CeO2 NPs was also confirmed by
the XRD measurement (Fig. 2). The CeO2/CNT composite and free
CeO2 NPs derived from the hydrothermal treatment had well-
defined diffraction peaks ascribed to fluorite-structured CeO2.
Weak and broad peaks corresponding to (111), (200), (220), and
(311) crystal facets in fluorite structured CeO2 (JPCDS 34-0394)
were clearly observed from the CeO2 NPs converted from Ce(OH)3

precipitation with CeCl3 as precursor and with no CNTs. However,
relatively sharp peaks were observed from the CeO2/CNT
composites, indicating that the CNT-supported CeO2 NPs signifi-
cantly increased grain size and possessed higher degree of
crystallinity. Estimated with the Scherrer formula, the average
grain size of CeO2 NPs in the CeO2/CNT composite was �16.1 nm.
The size was remarkably larger than that of the CeO2 NPs prepared
in the absence of CNTs (�7.1 nm). Similar trend has also observed
from the XRD patterns obtained from the samples prepared with
(NH4)2Ce(NO3)6 as the cerium source (Figure S1 in Supplementary
data).

Wu et al. [21] explained the reason why small-sized CeO2 NPs
could be obtained from the hydrothermal treatment of Ce(OH)4

precursor in basic solution by a dissolution–recrystallization
mechanism. However, it is obvious that their explanation could
not be applied to explain the larger CeO2 particles formed in
presence of CNTs in our observation. Furthermore, we replaced
CNTs with nylon fiber to investigate the influence of hetero-
geneous nucleation at the same experimental conditions. Nylon
polymer contains repeat units of amide linkages, which can also
provide the heterogeneous nucleation sites for CeO2 NPs. How-
ever, the size increase of CeO2 NPs in the composites was not
observed (Figure S2 in Supplementary data), which means the
influence of heterogeneous nucleation should be excluded.

Here, we attributed the size increase of CeO2 NPs on CNTs to
redox reaction between CNTs and CeO2 NPs during the hydro-
thermal process. According to our examination, within 12 h,
particles formed from the Ce(OH)4/CNT precursor had similar
size as those from the Ce(OH)4 precursor, which was consistent
with the results reported in literature [22]. Based on this
observation, we concluded that CeO2 NPs were nucleated in the
early stage during the hydrothermal treatment, and then grew
larger via a subsequent ripening stage.

It is obvious that negatively charged functional groups such as
carboxylic group on the sidewalls of CNTs can absorb positive
charged Ce(IV) species, which may act as the nucleation center
[23]. Those nuclei could initiate the growth of CeO2 NPs, which
were attached tightly to CNTs. It is known that CeO2 can both
store and release oxygen depending on the redox potential of the
adsorbate on its surface through the conversion between Ce4+ and
Ce3+ [24]. It has been reported that soot particles are more likely
to be oxidized by the active lattice oxygen atoms in CeO2 than
oxygen in air at 400 1C [25]. For the CeO2 NPs/CNT composite, in
the early stage of hydrothermal treatment, small CeO2 NPs were
formed on the CNT sidewalls, and a large portion of oxygen atoms
with higher activity were exposed on the surface. In addition,
CNTs are more active than soot because of the p-orbital mismatch
caused by an increased curvature of the nanotube surface [26].
Therefore, the oxygen atoms of CeO2 NPs could interact with the
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Fig. 1. TEM and HRTEM images of CeO2/CNT composites and CeO2 nanoparticles obtained via the hydrothermal treatment of Ce(OH)4/CNT precursors (a, b, e, f) and Ce(OH)4

precipitates (c, d, g, h) in the presence of 5 M NaOH at 180 1C for 45 h with CeCl3 (a–d) and (NH4)2Ce(NO3)6 (e–h) as the cerium source.

C. Li et al. / Journal of Solid State Chemistry 181 (2008) 2620–26252622
curved sp2-hybridized carbon atoms of CNTs and became weakly
bonded. Once the oxygen vacancies are formed, the neighboring
Ce4+ ion is reduced to Ce3+ ion. As the number of Ce3+ ions
increased in a concentrated basic solution, anisotropic Ce(OH)3

nuclei would be formed and reach a new dissolution–deposition
equilibrium. Though the Ce(OH)3 nuclei are unstable and easy to
be oxidized to CeO2 at 180 1C, they could serve as nuclei for larger
crystalline CeO2 particles [22]. We suggest that the formation of
Ce(OH)3 nuclei promoted by CNTs eventually lead to the larger
CeO2 NPs in the final stage. To verify our hypothesis, we
introduced a number of reducing reagents including hydrazine
hydrate, hydroxylamine hydrochloride, 1,4-phthalaldehyde, and
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Fig. 2. XRD patterns of Ce(OH)4 precursor dried at 60 1C (a), CeO2 NPs (b, d) and

CeO2/MWNT composites (c, e) prepared by hydrothermally aging Ce(OH)4 and

Ce(OH)4/CNT precursors at 180 1C for 45 h, respectively. (b, c) Without the addition

of NaNO3, (d, e) in the presence of NaNO3. CeCl3 was used as the cerium source.

Fig. 3. Cyclic voltammetry (CV) graph of CeO2/CNT composite(a, a0), the mixture of

hydrothermal-treated CeO2 and oxidized CNTs (b, b0), oxidized CNTs (c, c0), CeO2

nanoparticles (d, d0), and bare GCE (e, e0).
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hydroquinone to react with CeO2 NPs. As expected, the obtained
CeO2 particles had various degree of increase in diameters (Figure
S3 in Supplementary data). Furthermore, with fresh Ce(OH)3

precursors prepared from CeCl3 and NaOH in the same hydro-
thermal treatment, the resultant CeO2 NPs were much bigger
than those formed with Ce(OH)4 precursors (Figure S4 in
Supplementary Data). However, the CeO2 NPs in CeO2/CNT were
smaller than those just with Ce(OH)3 which might be due to the
weaker reducing ability of CNTs and therefore less Ce(III) was
formed.

Owing to the oxidation by the active lattice oxygen of CeO2

NPs, CNTs with the oxygen-containing surface groups could
possess different redox potentials. To examine the potential of
the composite, we performed cyclic voltammetric (CV) measure-
ments of glass carbon (GC) electrodes functionalized with CNTs,
CeO2 NPs, CeO2/CNT composite, and CNTs mixed with CeO2 NPs,
respectively, in H2SO4 (Fig. 3). Here, CeO2 NPs and CeO2/CNT
composites were both obtained at hydrothermal conditions using
(NH4)2Ce(NO3)6 as the cerium source. For CNTs, the reduction and
oxidization peaks associated with the oxygen-containing surface
groups were at 0.240 and 0.288 V, respectively. In contrast, the
oxidation peak of CNTs in the CeO2/MWNT composite was shifted
to 0.363 V, and the reduction peak to 0.317 V. These shifts were
not caused by the redox reactions of CeO2 NPs for no electro-
chemical signal of CeO2 NPs appeared in the corresponding
potential range. Additionally, the mechanically mixed CNTs and
CeO2 NPs give the same peak potential as those with pure CNTs.
Therefore, the increased oxidation potential of CNTs undoubtedly
resulted from the oxidization of CNTs during the hydrothermal
process [27]. This result further proves that during the aging
process in hydrothermal treatment, CeO2 can be reduced to Ce(III)
species by the CNTs, which will result in the morphological
change of the CeO2 NPs.

3.2. Effects of NaNO3 on the particle size

We introduced commonly used salts including NaCl, Na2SO4,
CH3COONa, and NaNO3 into the hydrothermal process to
investigate their influences on the morphology of the CeO2 NPs.
Only the addition of NaNO3 remarkably affected the size of CeO2
NPs. When CeCl3 was used as the cerium source, CeO2 NPs were
closely packed on the CNT surface, and the particle size
dramatically decreased with increased concentration of NaNO3,

as shown in Fig. 4a–d. When 5 M NaNO3 was added, the HRTEM
image in Fig. 4e revealed that quasi-spherical CeO2 particles of
�8 nm were closely attached to CNTs and were highly crystallized.
When (NH4)2Ce(NO3)6 was used as the cerium source, the NPs
attached to CNTs seemed sparser, and the size of CeO2 NPs also
decreased when NaNO3 was added (Fig. 4f). XRD analysis
indicated that the composites obtained at the NaNO3-assisted
hydrothermal conditions still obtained cubic fluorite ceria (Fig. 2).
The grain size calculated by the Scherrer equation was 8.3 nm,
close to 7.6 nm for CeO2 NPs formed in absence of CNTs.

The influence of NaNO3 can be understood by considering the
adsorption of NO3

� groups on the surfaces of CeO2 nuclei. When
the concentration of NO3

� is low in a basic solution, the OH� ions
are the predominate absorbates on the surfaces of nuclei [28] and
the influence of NO3

� can be neglected. However, as the
concentration of NO3

� is increased, a large number of NO3
� anions

are adsorbed on the surfaces of nuclei and replace OH� anions to
coordinate with cerium atoms. The NO3

� on surface could be
decomposed and form surface peroxide [29]. And Sholes et al. [30]
recently have found that the presence of Z2–O2

2� species could
decrease the CeO2 crystallite size when H2O2 concentration
was increased. They suggested that the O2

2� coordinated to
Ce(IV) play a key role in preventing the formation of a more
extended crystalline CeO2 network. In our case, the surface
peroxide groups resulted from the absorbed NO3

� might play a
similar role [30].

3.3. Electrochemical performance

We examined electrochemical charge/discharge cycles of the
composites prepared using CeCl3 as the cerium source. These
composites contained higher loading of CeO2 NPs on CNTs than
the composites prepared with (NH4)2Ce(NO3)6 as the cerium
source. Fig. 5 showed the discharge and charge curves, and Table 1
listed the corresponding data. The composite of larger CeO2 NPs/
CNT obtained without NaNO3 was denoted as CeO2(L)/CNT, and
the composite of small-sized CeO2 particles and CNTs obtained in
the presence of 5 M NaNO3 was denoted as CeO2(S)/CNT. The CNTs
had the largest capacity of 700 mA h g�1, while the pure CeO2 NPs



ARTICLE IN PRESS

Fig. 4. TEM images of CeO2/CNT composites prepared with CeCl3 as the cerium source under different concentrations of NaNO3: (a) 0.1 M, (b) 1 M, (c)3 M, (d) 5 M, (e)

HRTEM image corresponding to (d), (f) TEM images of CeO2/CNT composites hydrothermally prepared with 5 M NaNO3 and (NH4)2Ce(NO3)6 as the cerium source.

Fig. 5. Initial discharge (a) and charge (b) curves of CNTs (solid circles), CeO2(S)/CNT composite (solid triangles), CeO2(L)/CNT composite (cross), mechanical mixture of

CeO2 and CNTs (open circles), and CeO2 NPs (open triangles).

C. Li et al. / Journal of Solid State Chemistry 181 (2008) 2620–26252624
had the lowest capacity of 247 mA h g�1. For CeO2/CNT composites
and mechanical mixture of CeO2 with CNTs, the capacities were
from 327 to 364 mA h g�1, which were between the values of CNTs
and CeO2 NPs. In addition, it appears that the CeO2(S)/CNT
composite has higher capacity. The improvement in the capacity
of the CeO2/CNT composites can be attributed to the enhanced
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Table 1
Data on electrochemical performance of various active materials

CeO2 NPs CeO2(L)/CNT composite CeO2(S)/CNT composite Mixture of CeO2 and CNT CNTs

Discharge (mA h g�1) 247.2 339.5 363.6 327.0 700.2

Charge (mA h g�1) 96.7 126.7 133.1 113.4 138.6

Efficiency (%) 39.1 37.3 36.6 34.7 19.8

C. Li et al. / Journal of Solid State Chemistry 181 (2008) 2620–2625 2625
conductivity of the samples owing to the presence of CNTs. The
NPs in the composites were closely connected by the highly
conductive CNTs, which acts as pathways for long-range electron
transfer. Therefore, the composites possess higher electrical
conductivity than either pure CeO2 NPs or the mechanical mixture
of CeO2 NPs and CNTs [31,32]. For the CeO2(L)/CNT composite,
although its electron conductivity was improved, the Li insertion
was hindered by the limited diffusion due to the larger size of the
NPs [33].

Similar trend was also observed in the charging process. For
anode materials of Li-ion batteries, the initial charge capacity
(reversible capacity) is more important than the initial discharge
capacity, because the latter might include larger irreversible
capacity loss due to side reactions and formation of interphase
membrane [34]. The initial coulombic efficiency, which refers to
the ratio of charge capacity to discharge capacity during the first
cycle, is also a very important parameter to evaluate the electrode
performance. The reversible capacities for CeO2(S)/CNT and
CeO2(L)/CNT were 133.1 and 126.7 mA h g�1, respectively, which
are both lower than that of CNTs under the same condition
(138.6 mA h g�1). However, efficiencies of the CeO2(S)/CNT (36.6%)
and CeO2(L)/CNT (37.3%) are both higher than that of CNTs (19.8%),
suggesting that more capacities in the CeO2/CNT composites can
be used than that of the CNTs during the charge/discharge cycles.
So the CeO2/CNT composites may serve as better materials for Li-
ion batteries.
4. Conclusions

CeO2 NPs/CNT composites were prepared by the hydrothermal
treatment of Ce(OH)4/CNT precursors at a moderate temperature
of 180 1C. Due to the redox reaction between the CeO2 nuclei
and CNTs under the hydrothermal conditions, the size of the
CeO2 NPs in the composites was increased compared with
those obtained without CNTs. The mechanism of the size
increase was further verified by the cyclic voltammetry measure-
ments. Addition of NaNO3 can reduce the size of CeO2 NPs. The
test of charge/discharge cycle showed that the CeO2/CNT
composites have higher capacity than the mechanically mixed
CeO2 NPs and CNTs while their coulomnic efficiency is higher than
that of CNTs.
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