
CERAMICS
INTERNATIONAL

Available online at www.sciencedirect.com
0272-8842/$ - se
http://dx.doi.org/

nCorrespondin
E-mail addre
Ceramics International 40 (2014) 25–30
www.elsevier.com/locate/ceramint
Cerium carbonate hydroxide and ceria micro/nanostructures:
Synthesis, characterization and electrochemical properties

of CeCO3OH

Fatma Hrizi, Hassouna Dhaouadin, Fathi Touati

Laboratoire des Matériaux Utiles, INRAP, Technopôle Sidi-Thabet, Tunis 2020,Tunisie

Received 5 March 2013; received in revised form 26 April 2013; accepted 27 May 2013
Available online 31 May 2013
Abstract

Cerium hydroxide carbonate (CeCO3OH) nano and microcrystals were synthesized by the hydrothermal method at 180 1C using cerium nitrate
(Ce(NO3)3 � 6H2O) as the cerium source, urea as both an alkaline and carbonate source with cetyltrimetylammonium bromide (CTAB) as the
directing agent. By varying many of the experimental parameters such as the molar ratio CTAB/Ce(NO3)3 � 6H2O [CTAB/Ce], cerium hydroxide
carbonate nanomaterials with different morphologies were obtained. However, cerium oxide (CeO2) micro/nanostructure is obtained through the
thermal decomposition of CeCO3OH at 300 1C for 1 h. X-ray powder diffraction (XRD), scanning electron microscopy (SEM) and thermal
analyses (TG-DTA) were the techniques used to study the resulting products. The CeCO3OH microstructure exhibits an excellent electrochemical
reversibility, which is an important feature with many applications such as in lithium ion batteries.
& 2013 Published by Elsevier Ltd and Techna Group S.r.l.
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1. Introduction

Cerium oxides and their derivative compounds have
received much attention due to their novel electronic and
optical properties, and to their chemical characteristics arising
from the 4f electrons from the cerium element [1]. Cerium
oxide (CeO2) nanocrystals are an important material because
of their applications as an oxygen ion conductor in solid oxide
fuel cells [2] and oxygen monitors [3] but also as a catalytic
support of automotive exhaust systems due to their high
oxygen conductivity [4]. In recent years, ceria with different
morphologies and microstructures has been synthesized,
including nanoparticles [5], nanowires [6], nanofibers [7],
nanotubes [8], nanorods [9], nanocubes [10], solid spheres
[11] and hollow spheres [12]. Furthermore, the synthesis of
CeCO3OH has become representative of the cerium compound
because, not only does it provide unique optical properties
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related to its different phase structures and morphologies, but
also becomes the template precursor for synthesizing ceria
with different morphologies through the thermal decomposi-
tion of CeCO3OH [13].
Shape-controlled ceria and cerium carbonate hydroxide with

different morphologies have been prepared using various methods
such as homogeneous precipitation, the hydrothermal method,
sol–gel, microemulsion or reverse micelles and the microwave-
hydrothermal method [14]. Among these preparation methods,
the hydrothermal one is regarded as an effective process due to its
low reaction temperature, because it is environmentally friendly,
economic, and easy to be implemented [15].
Microstructure and photoluminescence studies have already

been published on CeO2 and its derivates [16–18]. Few
researchers are devoted to the investigation of the electro-
chemical properties of CeO2 [19,20]. Due to the direct and fast
transformation of Ce(III) and Ce(IV), CeO2 is believed to be a
good candidate as an anode material for lithium ion batteries.
However, there are still no reports on the electrochemical
properties of the CeCO3OH nanomaterial. In this work, an
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attempt has been made to study the electrochemical perfor-
mance of CeCO3OH for its use as an electrode for lithium ion
batteries.

Here, we report the synthesis and the characterization of
cerium carbonate hydroxide nanocrystalline using the hydro-
thermal method in the presence of CTAB as the structure-
directing template. Ceria micro/nanostructures were prepared
by the thermal conversion of CeCO3OH in air at 300 1C. A set
of experiments was carried out to study the influence of the
[CTAB/Ce] molar ratio on the morphology and size of cerium
carbonate hydroxide nanomaterials. The electrochemical prop-
erties of the CeCO3OH were also studied.
2. Experimental

2.1. Hydrothermal synthesis

The synthesis was carried out according to the following
procedure: 0.27 mmol of Ce(NO3)3 � 6H2O and a stochiometric
amount of carbamide (CO(NH2)2) were placed in distilled
water to form a clear solution, which was stirred strongly at
room temperature for about 0.5 h. A given amount of CTAB
was then added under magnetic stirring at room temperature
for about 0.5 h. The clear solution obtained was transferred to
a Teflon-lined stainless steel autoclave, which was sealed and
maintained at 180 1C for 3 h, and then naturally cooled to
room temperature. The resulting white precipitate was col-
lected by filtration, washed three times with distilled water and
then dried in air at 80 1C. The as-synthesized CeCO3OH was
calcined in air at 300 1C for 1 h to produce yellow CeO2.

In order to control the morphology and the particle size of the
CeCO3OH products many experiments were performed varying
the molar ratios of [CTAB/Ce] each time to: 1/1, 1/2 and 2/1.
Fig. 1. (a) XRD patterns of CeCO3OH shuttle microstructures synthesized by
the hydrothermal method. (b) XRD patterns of CeCO3OH bulk materials
cerium carbonate hydroxide (Ref. patterns: 00-041-0013).
2.2. Characterization

X-ray powder diffraction data (XRD) was obtained on an
X'Pert Pro Panalytical diffractometer with CuK radiation
(λ=1.54056 Å) and graphite monochromator. The texture of
the samples prepared was examined using a scanning electron
microscope (SEM) Quanta 200 (FEI). Thermal analyses (TG-
DTA) were performed using a Setaram setsys 1750 at a heating
rate of 5 1C/min−1 from 25 1C to 700 1C.

For electrochemical measurements the electrode used was
prepared as follows: an aqueous suspension of 3 mg/mL of Ce
(CO3)(OH) microstructures was prepared and 100 μL of this
suspension were dropped into an ITO coated glass plate to
cover a 1 cm2 surface area. The electroactivity of the
CeCO3OH microstructures was measured using the same cell
containing 0.1 M lithium perchlorate (LiClO4) as the support
electrolyte in an aprotic solution of propylene carbonate (PC).
Cyclic voltammetry (CV) measurements were carried out at a
sweep rate of 5 mV/s over the range [−1.0 to +1.5 V/SCE].
Electrochemical measurements were carried out using one
compartment cell and Biologic SP150 potentiostat/galvanostat
apparatus.
3. Results and discussion

3.1. X-ray diffraction

Typical XRD patterns of the as-prepared sample are shown
in Fig. 1a. All the diffraction peaks characterize the orthor-
hombic crystalline phase of CeCO3OH with lattice parameters
a=5.015 Å, b=8.565 Å and c=7.337 Å (JCPDS 41-0013). No
peaks of any other phases or impurities were detected,
indicating the high purity of the as-obtained CeCO3OH phase.
Moreover, the relative intensity of the reflection of (012) to
that of (110) peaks is much stronger than that of bulk materials
in the JCPDS card (Fig. 1b), indicating the presence of
preferred orientation.

3.2. Scanning electron microscopes

In order to study the effect of the molar ratio [CTAB/Ce] on
the product structure and morphology, the experiments were
carried out at 180 1C for 3 h by using different molar ratios of
[CTAB/Ce]. Fig. 2 shows SEM images of the CeCO3OH



Fig. 2. SEM images for the products prepared with different molar ratios [CTAB/Ce]:(a) 1/1, (b) 1/2 and (c) 2/1 and (d) sample prepared in the absence of CTAB.
(e) SEM image of CeO2 obtained by calcining CeCO3OH in air at 300 1C for 1 h.
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products. Indeed, the CeCO3OH nonmaterial with shuttle
morphology was obtained when the molar ratio CTAB/
Ce¼1/1. The diameter of the shuttle materials decreased
gradually from about 800 nm (in the central part) to several
nanometers (at the ends) and the typical lengths were of
several micrometers. In this case, the protective layers formed
by the capped CTA+ on the oxygen surface lead to homo-
genous and dispersed particles as seen in Fig. 2a. When the
molar ratio CTAB/Ce¼1/2, the products were composed of
two types of particles with a distinctive morphology: a large
amount of spherical particles with some aggregate particles
with shuttle morphology as seen in Fig. 2b. When increasing
the molar ratio up to 2/1, some CeCO3OH shuttles were
reassembled into bundle-like structures as shown in Fig. 2c.
Guo et al. [21] prepared triangular CeCO3OH microplates,
using the same precursors and CTAB as surfactant in hydro-
thermal conditions at 150 1C for 16 h. The same shuttle
morphology with smaller dimensions was obtained for
CeCO3OH prepared in the presence of polyvinyl alcohol
(PVA) used as a capping reagent [22].

Thus, we can conclude that the experimental conditions as
well as the nature of the surfactant affect the morphology and
the size of the final product.

Based on our experimental results, we can assume that
CTAB plays a significant part in determining the morphology
of the final product. In fact, when the same reaction was
carried out without CTAB, agglomerated sheets and spherical
particles were obtained (Fig. 2d.). Thus, shuttle morphology is
obtained through seed growth in the presence of CTAB
molecules. As a surfactant, CTAB is adsorbed selectively by
the different planes of the CeCO3OH seeds promoting lower
surface tension which results in a different growth rates of the
different planes to form the shuttle structures. The material
growth change induced by the adsorbed surfactant molecules is
the main factor controlling the final product morphology. The
possible mechanism for the Ce(OH)CO3 formation under
hydrothermal conditions may be summarized by the following
reactions [20]:

[Ce(H2O)n]
3++H2O-[Ce(OH)(H2O)n−1]

2++H3O
+ (1)

CO(NH2)2+2H2O-CO3
2−+2NH4

+ (2)

[Ce(OH)(H2O)n−1]
2++CO3

2−-Ce(OH)CO3+(n−1)H2O (3)
3.3. Thermal analysis

The thermal study of the as-prepared CeCO3OH obtained
with the molar ratio [CTAB:Ce]¼1:1 was performed in air
from room temperature to 700 1C (Fig. 3). The exothermic
peak attributed to the combustion of the residual surfactant was
observed at around 250 1C. A second thermal event



Fig. 3. TG/DTA curves of the as-obtained CeCO3OH structures.

Fig. 4. XRD patterns of CeO2 nanomaterials.
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characterized by an endothermic peak at approximately 280 1C
was observed, which corresponds to the thermal decomposi-
tion–oxidation process of Ce(OH)CO3 to CeO2. The corre-
sponding weight loss between 270 and 500 1C is about 21.2%,
less than the theoretical value, 24.4% calculated from reaction
(4) when CeCO3OH is fully decomposed at 500 1C.

Fig. 4 shows the XRD patterns for CeCO3OH after heat
treatment at 300 1C for 1 h. All the diffraction peaks for the
obtained product can be readily indexed to pure CeO2 (space
group: Fm3m) with lattice constant a¼5.410 Å (JCPDS
No.43-1002). The phase transformation of CeCO3OH into
CeO2 after the heat treatment can be elucidated by the
following equation:

4CeOHCO3+O2-4CeO2+4CO2+2H2O (4)
Fig. 5. (a) Cyclic voltammetric reponses of CeCO3OH recorded at 50 mV/s
scan rate from 1st to 20th cycles at room temperature.(b) Cyclic voltammo-
grams of CeCO3OH compound obtained at different potential scan rates: 5, 10,
15, 20 and 50 mV/s.
Fig. 2e. shows the SEM image of calcined CeCO3OH
materials. The obtained CeO2 nanomaterials show agglomer-
ated shuttle morphology of approximately the same size and a
large number of undefined-shaped particles. In this case, the
nanomaterials partially preserve the same morphology during
the calcination process at about 300 1C, as their size increases.
The crystallite size of calcined CeCO3OH was found to be
30 nm according to peaks (111) and (2 2 0) using the Debye
Scherrer approximation [23], which is defined as (D¼0.9λ/
(ε cos θ)), where λ is the wave length of the X-ray
(λ¼1.5418 Å), ε is the full width at half maximum (FWHM,
radian) and θ is the Bragg angle (degree).
3.4. Electrochemical measurements

The electrochemical activity of the obtained cerium hydro-
xide carbonate shuttle morphology was studied by measuring
the cyclic voltammetry (CV) data. The CV results depicted in
Fig. 5a were recorded for the 1st and 20th cycles at room
temperature with a scan rate of 50 mV/s in the range [−1 to
1.5 V]. The CV results showed a good stability for the as-
prepared nanocrystalline CeCO3OH shuttle morphology. The
curves showed a single oxidation and reduction process. The
cathodic current peak was observed at about 0.2 V, which
corresponds to the reduction process. The anodic peak current
near 0.69 V was assigned to the oxidation process. These two
phenomena happens simultaneously with the intercalation/
deintercalation of Li+.
As seen in Fig. 5a, the CV pattern after extended scans of up

to 20 cycles registered a perfect overlap of both anodic and
cathodic peaks in the respective positions, thereby confirming
the excellent cycling reversibility of the as-synthesized materi-
als upon extended cycling. The absence of even a minimal
deviation from the anodic/cathodic peak positions upon



Fig. 6. Voltammetric anodic current (I) versus scan rate for CeCO3OH.

Fig. 7. Anodic peaks potential variation of cyclic voltammograms for the
CeCO3OH electrode as a function of Log υ.
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extended cycling confirms the absence of degradation pro-
blems which can affect the CeCO3OH cathode. The voltam-
mograms are almost symmetric, indicating that an excellent
electrochemical reversibility was established after the initial
cycle. The excellent stability of CeCO3OH nanocrystallites
makes it an interesting possible future electrode for recharge-
able lithium cells.

The cyclic voltammograms of the CeCO3OH compound
recorded at different scan rates are shown in Fig. 5b. The
anodic current peak increases and its potential shifts slightly in
the positive direction with increasing scan rate. This phenom-
enon indicates the dynamics of the lithium intercalation/
deintercalation occurring in the material to provide electro-
neutrality (Fig. 6).

Fig. 7 shows that the anodic peak potential (Eap) has a linear
dependence on Log(υ). In this case, the potential peak can be
expressed as in Eq. (5): Eap¼2.3RT/2αnF Log υ [24], where υ
is the scan rate, R is the gas constant, T is the electrochemical
cell temperature, α is the charge transfer coefficient, n is the
number of exchanged electrons and F the Faraday constant.
So, this formula allows us to determine the value of the charge
transfer coefficient α calculated from the slope in Fig. 7. The
calculated value of α is equal to 0.182. Sun et al. [25] assume
that when αo0.3, the CeCO3OH system will tend toward the
charging process.
4. Conclusion

CeCO3OH nanostructures with different morphologies were
prepared with the hydrothermal method in the presence of the
CTAB surfactant that plays an important role in the growth
CeCO3OH nanomaterials with shuttle morphology. Further-
more, CeO2 material was obtained after the calcination of
CeCO3OH at 300 1C. The CeCO3OH material exhibits an
excellent electrochemical reversibility, which is important for
practical applications such as an electrode material for a
lithium ion battery. Therefore, doping with a small amount
of rare earth ions (Sm3+, La3+, Pr3+) and controlling the size of
the nanocrystallites are two efficient ways of enhancing
electrochemical performances such as the energy density and
the discharge capacity.
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