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a b s t r a c t

Submicronsized sphere- and disc-like cerium hydroxide carbonate structures were obtained by a
hydrothermal method in the presence of polyvinyl pyrrolidone. Morphologies and sizes of the parti-
cles and their assembled structures are very sensitive to the concentration of polyvinyl pyrrolidone and
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the reaction time. As concentration of polyvinyl pyrrolidone increasing or hydrothermal reaction time
elongating, the assembled structure experienced a morphology transition from sphere-like to disc-like
and then to enlarged sphere-like again. The cerium hydroxide carbonate showed strong photolumi-
nescence effect at room temperature. Ceria nanostructures can be obtained after a 500 ◦C calcining from
cerium hydroxide carbonate precursors. The obtained products showed good ultraviolet absorption prop-
erties. Furthermore, the absorbance feature could be adjusted by changing the polyvinyl pyrrolidone

n tim
concentration and reactio

. Introduction

Novel morphologies and sizes controlling of nano/micro mate-
ials have attracted much attention due to their special properties
nd potential applications [1]. Ceria (CeO2), as a fascinating rare
arth material, has shown novel electronic, optical properties and
hemical characteristics due to their 4f electrons [2–5]. In order
o control the morphologies of ceria-based materials, many meth-
ds have been developed. Up to now, different morphologies and
izes of ceria nanoparticles have been synthesized by thermal
ecomposition of cerium hydroxide carbonate (CeOHCO3) precur-
ors. The morphologies of calcined CeO2 can normally inherit that
f corresponding precursors. For example, prism- [6], dendrite-
7,8] and flower-like [9] CeOHCO3 particles were prepared by the
ydrothermal method. Nanocubes and nanospheres of CeO2 were
ynthesized by direct thermal decomposition of Ce(NO3)3·6H2O
n octadecylamine solution [10]. CeO2 hollow nanospheres were
btained by one-pot [11] and template-assisted [12] hydrother-

al approach. Bundle-like, nanorod and octahedron CeO2 powders
ere obtained by the precursor pyrolysis [13]. Generally, a series

f nanostructures could be achieved by controlling the nucleation,
rowth, and aggregation of concerned materials. However, the con-
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trollable synthesis of nanoparticles in both morphologies and sizes
with good physical and chemical properties still remained as a
challenge.

In this paper, the assembled CeOHCO3 structure was synthe-
sized by a hydrothermal technique. Effects of the reaction time and
surfactant polyvinyl pyrrolidone (PVP) on the morphology and size
of as-prepared samples were systematically investigated, and the
possible formation mechanism was proposed. The optical proper-
ties of the CeOHCO3 and CeO2 nanoparticles were also investigated.

2. Experimental section

2.1. Synthesis

All chemical reagents used were of analytical grade without further purification.
In a typical synthesis process, 2.67 mmol of CeCl3·7H2O and 0.03 mmol of PVP K30
were dissolved in 15 ml of deionized water under magnetic stirring, and then 0.20 ml
of acetic acid and 16.67 mmol of urea were added into the solution. The formed color-
less transparent solution was transferred into a 20 ml of Teflon-lined steel autoclave
and heated at 180 ◦C. After the autoclaves were cooled to room temperature, the
products were collected by centrifugation, and then washed with deionized water
and anhydrous alcohol for three times. The products were dried at 80 ◦C for 12 h
in air, and then calcined at 500 ◦C for 4 h in air. Finally, straw yellow powder was
obtained.

2.2. Characterization
Crystal structures of as-prepared samples were characterized by X-ray diffrac-
tion (XRD, the Bruker AXS D8-discover) using Cu K�1 radiation (� = 0.15405 nm at
40 kV and 40 mA) in the 2� range of 10–80◦ . Fourier transform infrared spectrum was
performed on a FTIR, Nicolet Avatar370 using the KBr method. Morphologies and
sizes of as-synthesized nanoparticles were studied by field-emission scanning elec-
tron microscope (FESEM, Hitachi S-4800). Thermogravimetric analyses were carried
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ig. 1. XRD patterns of the as-synthesized nanoparticles at 180 ◦C for 3 h (a), 8 h (b)
nd the calcined sample of (a) at 500 ◦C for 4 h (c).

ut on a TG, PYRIS 1 with a heating rate of 15 ◦C min−1 under flowing air. Photolumi-
escent (PL) emission spectra were recorded on a fluorescence spectrophotometer
Hitach F-4600) at room temperature (the excitation wavelength is 290 nm). The
V absorption was performed in the range of 200–800 nm on a UNICO UV-4802H
V–vis spectrophotometer.

. Results and discussion

.1. XRD characterization

Fig. 1 shows the typical XRD patterns of the samples obtained
nder hydrothermal reaction at 180 ◦C for 3 h and 8 h, respec-
ively, along with the sample calcined at 500 ◦C for 4 h. As shown
n Fig. 1a and b, all peaks can be indexed to the pure hexagonal
eOHCO3 structure (P-62c JCPDS No. 32-1089), which indicates a
igh purity of the hydroxycarbonate. The sharp diffraction peaks

n the XRD pattern demonstrated that the products have a good
rystallinity. After a heat treatment at 500 ◦C for 4 h, the hexago-
al CeOHCO3 structure was completely converted into cubic CeO2
tructure (Fm3m JCPDS No. 43-1002), as shown in Fig. 1c. The broad
iffraction peaks in the XRD pattern of calcined sample indicates

hat CeO2 particle grains were refined after the heat treatment.

ig. 2. FTIR spectra of as-synthesized products at 180 ◦C for 3 h (a) and the calcined
roducts (b).
Fig. 3. TG curve of the as-prepared product at 180 ◦C for 3 h.

3.2. FTIR characterization

Fig. 2 presents the FTIR spectra of the as-synthesized and
calcined products. The band centered at 3421 cm−1 is ascribed
to the O–H stretching vibration in –OH groups. The absorption
peaks around 1490 cm−1 and 1410 cm−1 correspond to the bend-
ing vibration of C–H bands and O–C–O stretching, respectively
[14]. The bands centered at 1090 cm−1, 850 cm−1 and 730 cm−1 are
attributed to the �C–O, �CO3

2− and �asCO2, respectively [15]. The
strong broad band below 700 cm−1 is assigned to the Ce–O stretch-
ing mode [16,17]. After calcination, bands of the residual water
or carbonate species become weaker or disappear except for the
bands of Ce–O stretching mode [18]. The FTIR results confirmed
that the precursor was CeOHCO3 and the CeO2 was formed after
the calcination.

3.3. TG characterization

The thermal stability of CeOHCO3 structure was investigated by
TG (Fig. 3). The product started to decompose around 270 ◦C, and
then converted into CeO2 completely at 500 ◦C. The main weight
loss was about 23% from 270 ◦C to 500 ◦C, which agreed with the
theoretical value calculated from the decomposition reaction (1):

4CeCO3OH + O2 → 4CeO2 + 2H2O + 4CO2 (1)

3.4. SEM characterization

Fig. 4 shows FESEM images of CeOHCO3 structures obtained
at 180 ◦C with different reaction time. After reacting for 1 h, the
sphere-like morphology was obtained, which was assembled by
ultrafine particles (as seen in Fig. 4a). The morphology of consist-
ing particles was uniform nanosphere with 10–20 nm in diameter
(the inset one in Fig. 4a). Similar assembled sphere-like morphol-
ogy was obtained when reaction time is 2 h, as shown in Fig. 4b, but
the consisting particles grew into rod-like shape with non-uniform
size (the inset of Fig. 4b). When the reaction time increased to 3 h,
the morphology of the aggregated structures was uniform discal
shape (Fig. 4c). The average thickness of disc-like particles was
about 55 nm, as shown in Fig. 4d. The morphology of consisting
particles turned into nanoplate (Fig. 4d). Fig. 4e reveals an assem-
bled disc-like feature with the disc thickness of 133 nm, which
was obtained at 180 ◦C for 6 h. Further, the thickness of the dis-

cal particle increased to about 154 nm when the reaction time was
elongated to 8 h (Fig. 4f). The morphologies of consisting parti-
cles were nanorod structures but with an increment in size as the
reaction time was elongated more than 6 h (Fig. 4e and f).
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Fig. 4. FESEM images of as-prepared samples at

.5. PVP on the morphology of nanoparticles

To explore the key factor on the formation of assembled
anostructures, effects of the PVP concentration on structures
ere investigated during the hydrothermal reaction. Without PVP,

phere-like aggregated particles, with an average size of 163 nm,
ere obtained by reacting for 3 h (Fig. 5a). When 0.017 mmol of

VP was used at the same reaction time, disc-like aggregated parti-
les were obtained and the dimension size in thickness evidentially
ecreased to about 83 nm (Fig. 5b). The thickness of disc-like par-
icles decreased to 55 nm when 0.03 mmol of PVP was used under
he same reaction conditions. On the other hand, when keeping
he amount of PVP at 0.017 mmol but elongating the reaction time
o 8 h, the thickness of discal particles increased to about 190 nm
Fig. 5c). However, the thickness of aggregated particles reduced
o 154 nm when the amount of PVP increased to 0.03 mmol at the

eaction time of 8 h.

The effects of PVP amount and hydrothermal reaction time on
he particle thickness were summarized in Fig. 5d. It can be clearly
een that the thickness of aggregated particles gradually increases
ith the reaction time elongating at the same PVP amount, and
C for 1 h (a), 2 h (b), 3 h (c, d), 6 h (e), and 8 h (f).

that decreases as PVP amount increasing at the same reaction time.
Therefore, PVP plays an important role on the size and morphology
of as-prepared samples.

Effects of PVP on the morphology and size of the aggregated
particles can be discussed as following. On the one hand, PVP pos-
sesses the structure of a long polyvinyl chain, and it may arise in the
steric effect and prevent the particles from aggregation when PVP
was absorbed on the surface of CeOHCO3 particle [19]. On the other
hand, PVP on the crystal facets of CeOHCO3 changes the relative sur-
face free energies of the facets and may block sites essential to the
incorporation of new growth units into the crystal lattice [20]. Con-
sequently, these two effects may change the crystal growth kinetics
and then influence on the size and morphology of the particles [21].

3.6. The possible formation mechanism for the disc-like and
sphere-like CeOHCO3 structures
The possible formation mechanism of CeOHCO3 nanostructures
is proposed schematically in Fig. 6. At the initial stage, ultra-
fine CeOHCO3 particles in the reaction solution were formed. The
formation of CeOHCO3 precursor may experience the following
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Fig. 5. FESEM images of as-prepared samples at 180 ◦C: (a) without PVP for 3 h, (b) 0.017 mmol PVP for 3 h, and (c) 0.017 mmol PVP for 8 h, (d) effects of the reaction time
and amount of PVP on the thickness of as-prepared samples.
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the 5d–4f transitions of Ce3+ between the 2D (5d1) ground state
and the 2F5/2 (4f1) state [24]. It reveals that the emission intensity
will increase with the reaction time increasing. It is well known
Fig. 6. Schematic depicting possible growth

eaction process [22]:

2N–CO–NH2 ⇔ NH4
+ + OCN− (2)

CN− + 2H2O → NH4
+ + CO3

2− (3)

e3+ + yH2O → [Ce(OH)(H2O)n−1]2+ + H3O+ (4)

Ce(OH)(H2O)n−1]2+ + CO3
2− = CeOHCO3 + (n−1)H2O (5)

The ultrafine particles in the solution were assembled into
anospheres via oriented attachment (Fig. 6a). To decrease the
urface energies, the ultrafine particles of nanosphere aggregated
ogether and grew into larger particles as the reaction time increas-
ng (Fig. 6b and c). After PVP being absorbed on the CeOHCO3 crystal
acets, the growth sites of crystal face would be blocked, which may
esult in a lower growth rate [23]. Finally, the uniform disc-like
anoparticles were obtained (Fig. 6d). As the reaction time was
longated, small particles would grow into large particles, which
ould reduce the surface free energies, and the sphere-like particles
ere obtained (Fig. 6e).
.7. Optical properties of CeOHCO3 and CeO2 nanoparticles

Fig. 7 shows the PL emission spectra of CeOHCO3 precursors
btained at 180 ◦C for 3 h, 6 h, and 8 h. The maximum emission
ccurs at 375 nm with the excitation of 290 nm, which is due to
ss of disc-like and sphere-like nanoparicles.
Fig. 7. Luminescent spectrum of as-prepared CeOHCO3 at 180 ◦C for 3 h (a), 6 h (b),
and 8 h (c).
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ig. 8. UV–vis absorption spectra of calcined CeO2 nanoparticles of which the pre-
ursors were prepared at 180 ◦C for 3 h with different amount of PVP: (a) 0.03 mmol,
b) 0.017 mmol, and (c) 0 mol. The inset is plots of (˛h�)2 vs photon energy of calcined
eO2 samples.

hat the luminescence properties are related to the morphology
nd size of the particles [25]. Consequently, they may influence the
arriers excited from the valence band to the conduction band and
hen relax their energy on the crystal surface and lead to varia-
ions of luminescence [26]. Different luminescence properties are
ttributed to the effects of sizes and morphologies of CeOHCO3
articles. Therefore, these materials could be used as black-light
aterials for pest control [27].
The UV–vis absorption spectra of calcined CeO2 nanoparticles

re shown in Fig. 8. The spectra exhibit strong absorption below
00 nm. It is noted that the absorption of ceria in the UV region
riginates from the charge-transfer transition between the O2− (2p)
nd Ce4+ (4f) orbit in CeO2 [14]. The energy band gap of CeO2 can
e obtained from the following equation [28]:

= K(h� − Eg)n

h�
(6)

where ˛ is the absorption coefficient, K is a constant, Eg is the
and gap for direct transitions, and n is 1/2 (direct transitions). The
lots of (˛h�)2 vs photon energy of CeO2 nanoparticles are shown

n the inset of Fig. 8. Eg values of different samples, whose pre-
ursors were prepared with 0.03 mmol, 0.017 mmol and 0 mmol
f PVP, were determined to be 3.49 eV (Fig. 8a), 3.46 eV (Fig. 8b),
nd 3.35 eV (Fig. 8c), respectively. These values are larger than
hat of the bulk materials of 3.19 eV [29,30]. The blue-shifting phe-
omenon in the UV absorption spectra can be seen clearly. This may
e attributed to the decrease of the particle size, and then result in
quantum confinement effect [31].

. Conclusions

The assembled CeOHCO3 structures have been successfully syn-

hesized by a simple hydrothermal method in the presence of
VP. The disc-like and sphere-like nanostructures can be obtained
nder different reaction conditions. Similar morphologies of CeO2
anostructures to their precursors of CeOHCO3 can be obtained by
hermal decomposition at 500 ◦C for 4 h. Several controlling factors,

[
[

[

mpounds 504 (2010) 498–502

such as reaction time and concentration of PVP, on the morphology
of nanoparticle were systematically investigated. It reveals that PVP
is an important factor on controlling the size and morphology of the
CeOHCO3 fine particles and their assembled structures. The possi-
ble growth process for the assembled structures could be explained
by oriented attachment mechanism. The luminescence property
indicates that the as-prepared CeOHCO3 nanostructures could be
used as black-light materials for pest control. The annealed CeO2
nanostructures show strong absorption in the UV region. Therefore,
CeO2 nanostructures may be suitable for UV blocking or shielding
materials.
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