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a b s t r a c t

CeO2 nanosheets with (1 1 0) dominated surface were synthesized for the first time by a facile one-
step hydrothermal method without the assistance of any surfactant or template. The role of NH3·H2O on
tailoring the morphology of CeO2 nanocrystals was investigated. It was found the NH3·H2O not only serves
as the precipitant, but also acts as structural direction agent in the formation of (1 1 0)-dominated CeO2
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1 1 0)-dominant surface

nanosheets. Raman and XRD spectra showed that the sample has a cubic fluorite structure. Compared
with bulk CeO2 materials, the prepared CeO2 nanosheets exhibit an obvious blue-shift in UV absorbance.
The increase of the direct band gap energy of the obtained sample exceeds 8%. This method provides an
environmentally friendly way for preparing CeO2 nanostructures and tailoring their morphology. It may
also be extended to the synthesis of other nanomaterials.
norganic synthesis
ne step

. Introduction

As one of the most reactive rare earth materials, CeO2 has
ttracted a great deal of attention due to its extensive applica-
ions in ultraviolet (UV) blockers, abrasives, catalysts, solid oxide
uel cells, gates for metal-oxide semiconductor devices and phos-
hors, etc. [1–5]. Nanostructured CeO2 possesses superior physical
nd chemical properties compared with its bulk counterparts [6–8].
ver the years, remarkable progresses have been made in the study
f the synthesis of CeO2 nanomaterials with various morphologies
nd in the investigation of their corresponding novel properties
9–11].

Recently, a few researchers began to explore the influences of
xposed surface structure on catalytic property of CeO2 nanoma-
erials. Sayle et al. theoretically predicted that the (1 1 0) surface
xhibits a more reactive tendency in the oxidation of CO than
1 1 1) surface due to its ready formation of oxygen vacancies [12].
onesa et al. further discovered it is much easier to form oxy-
en vacancies on (1 0 0) plane, thus showing the high catalytic

eactivity of ceria [13]. These theoretical results strongly suggest
hat the exposure of more reactive (1 1 0) and (1 0 0) surfaces will
rastically enhance ceria’s catalytic properties. Consequently, to
levate the catalytic activity of CeO2 nanocrytals, tuning the ceria
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crystal shape to expose reactive crystal planes becomes an impor-
tant scheme in the synthesis process. But, up to now, there were
only a few groups attempted to synthesis CeO2 nanocrystals with
more reactive exposed surfaces. Yan et al. obtained high reac-
tive CeO2 nanorods with end faces of (1 1 0) and (1 0 0) planes
together, using a hydrothermal method [14]. However, the uni-
formity and dispersity of the samples need to further improved.
Besides, to clearly demonstrate the influence of reactive exposed
surface on the catalytic property, it is necessary to have CeO2
nanocrystals dominantly bounded by certain crystal plane. More
recently, Adschiri et al. successfully synthesized well-dispersed
CeO2 nanocubes with (1 0 0) terminated surface using a supercrit-
ical hydrothermal process [15]. But, to tailor the surface structure
in such a process, organic additive is required, high temperature
(400 ◦C) is needed, and precursor must be obtained before the syn-
thesis process. Hence, it remains a great challenge to synthesize
high reactive CeO2 nanocrystals of high quality having uniform size,
well-defined crystal shape, and free of surfactants in a simple and
economical one-step process. In addition, the (1 1 0) plane is also
expected to strongly affect the catalytic activity [12,13]. However,
to the best of our knowledge (1 1 0)-dominated CeO2 nanocrystals
have not been obtained by experiment so far, because (1 1 0) crystal

plane has the highest surface energy state in the cubic symmetry
nanocrystals.

Here, we report for the first time the preparation of CeO2
nanosheets with (1 1 0)-dominated surface by a facile hydrother-
mal method. In the synthesis process, NH3·H2O was used to tailor

hts reserved.

dx.doi.org/10.1016/j.jallcom.2011.03.156
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:liubb@jlu.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.03.156


B. Liu et al. / Journal of Alloys and Compounds 509 (2011) 6720–6724 6721

e synt

t
r
o
f
t
p
c
o

2

t
c
i
1
l
o
r
w
w

e
(
d
(
T
s
w
t
w
e
f

Fig. 1. (a) TEM image and ED pattern (insert in (a)) of th

he surface structure of the sample without any surfactants or
equiring any precursor. It is a one-step process without using
rganic additives. Hence, it is an environmentally friendly method
or making advanced nanomaterials and devices. Our study shows
hat NH3·H2O has critical influences on the dispersity and mor-
hology of the sample and our method is an effective approach to
ontrolling CeO2 morphology which may be extended to synthesis
f other nanomaterials.

. Experimental details

All the reactants used were of analytical grade without any further purifica-
ion before the synthesized process. A Teflon-lined stainless steel cylindrical closed
hamber with 50 mL capacity was used to synthesize the CeO2 nanocrystals. In a typ-
cal synthesis, 1 mmol Ce(NO3)3·6H2O was dissolved in 40 mL distilled water, and
mL NH3·H2O was injected into the transparent solution. Then the mixture was

oaded into the Teflon-lined chamber. The autoclave was sealed and placed into an
ven. It was maintained at 220 ◦C for 24 h and then cooled to room temperature natu-
ally. The resulting light yellow precipitates were separated by centrifuging, washed
ith distilled water and ethanol several times respectively. Then, the final product
as dried in air at 60 ◦C for 12 h and was collected for further characterization.

The (HITACHI H-8100) transmission electron microscope (TEM) with accel-
rating voltage of 200 kV and high-resolution transmission electron microscope
HRTEM, H-7500) were employed to analyze the typical product. X-ray powder
iffraction (XRD) was used to characterize the product using Cu K� radiation
� = 0.15418 nm) with a scanning rate of 0.02◦ s−1 and a scanning range of 10–90◦ .
he chemical composition of the sample was assessed with energy dispersive analy-

is of X-ray (EDAX CDU) by EDAX ZAF Quantification. The sample’s Raman spectrum
as obtained using the radiation of 514.5 nm from a Renishaw inVia Raman spec-

rometer. Its UV–vis spectrum was recorded using a UV-3150 spectrophotometer
ith a quartz cell (1 cm path length). The as-prepared powder was dispersed in

thanol at a concentration of around 0.2 g L−1. It was sonicated at room temperature
or 10 min to obtain a transparent colloidal solution. Ethanol was taken into account

Fig. 2. (a) XRD pattern of the synthesized hexangular CeO2 nanosheets. (
hesized sample. (b) HRTEM image of the typical sample.

for blank. The optical absorption coefficient ˛ was calculated according to the fol-
lowing equation: ˛ = 2303A�/lc, where A is the absorbance of the sample, � is the
real density of CeO2 (7.28 g cm−3), l is the path length of the quartz cell (1 cm), and
c is the concentration of the ceria suspensions.

3. Results and discussion

The morphology and structure of the CeO2 nanosheets were
characterized by TEM and electron diffraction (ED) techniques.
Fig. 1(a) reveals that the synthesized sample possesses hexangular
sheet-like morphology. The sample is well dispersed with the aver-
age size of 15 nm. ED pattern (inset in Fig. 1(a)) confirms the product
is crystalline with cubic fluorite structure. The surface structure was
analyzed by HRTEM. Fig. 1(b) represents the HRTEM image of a typ-
ical sample. The well defined 2D lattice planes are clearly shown in
Fig. 1(b). The lattice planes with d-spacing of 0.315 and 0.313 nm
both correspond to (1 1 1) planes. The angle between the two (1 1 1)
planes is about 70.6◦. According to crystal geometry, the common
perpendicular plane of the two (1 1 1) planes is (1 1 0) plane. There-
fore, the surface of the sample is dominated by (1 1 0) crystal planes.
In previous theoretical works, (1 1 0) crystal plane is proven to have
the highest surface energy and exhibit more catalytic activity for CO
oxidation [12,13].

To study the crystal structure of the synthesized hexangu-

lar CeO2 nanosheets, we carried out XRD measurement. Fig. 2
exhibits the typical XRD pattern of the synthesized hexangu-
lar CeO2 nanosheets. All the detectable peaks in the pattern can
be indexed to the pure cubic fluorite CeO2 with a lattice con-
stant a = 0.5414 (2) nm (JCPDS Card NO. 81-0792). This value

b) EDAX spectrum of the synthesized hexangular CeO2 nanosheets.
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confirms the product is cubic fluorite type CeO2, but with poor crys-
Fig. 3. Raman spectrum of the prepared CeO2 nanocrystallines.

s in good agreement with the previous result of nanocrystals
16]. Using Debye-Scherrer formula, the strongest peaks (1 1 1)
t 2� = 28.549◦, (2 0 0) at 2� = 33.104◦, (2 2 0) at 2� = 47.496◦, and
3 1 1) at 2� = 56.379◦ were used to calculate the average grain size
f the hexangular CeO2 nanocrystallines. It was determined to be
round 15 nm. These results are consistent with that obtained by
EM and ED analysis. No crystalline impurity was detected from
he XRD spectrum. To access chemical composition of the typical
ample, EDAX was carried out. Fig. 2b shows the EDAX spectrum

f the synthesized hexangular CeO2 nanosheets. It confirms that
here are only cerium and oxygen elements in the sample, and
hat the experimental stoichiometric index of Ce and O is 1 and
.1 respectively, consistent with nominal stoichiometric index of

Fig. 4. TEM imagines and ED patterns (insert) of the samples collected at diffe
pounds 509 (2011) 6720–6724

CeO2. From the above analysis, we have shown that the hexangular
CeO2 nanosheets obtained with our current method were of high
purity of cubic fluorite-type structure.

We have also used Raman spectroscopy to further elucidate the
structure of the synthesized sample. CeO2 has a cubic fluorite-type
structure and belongs to the O5

h (F m 3 m) space group. There
is only one triply degenerate Raman active optical phonon (F2g),
which gives only one first order Raman line at about 465 cm−1.
In the second order Raman spectrum, overtones of this and of the
zone boundary phonons as well as combinations and differences
frequencies at each wave vectors q are allowed. With nine phonon
branches, there are 45 tow phonon modes possible [17]. Fig. 3
shows the Raman spectrum of the prepared CeO2 nanocrystallines.
The synthesized sample exhibits only one first order Raman peak
(∼463.5 cm−1), which can be assigned to F2g symmetry. The sec-
ond order Raman peaks are 600, 1167 cm−1 (insert in Fig. 3). These
results are consistent with previous studies of pure cubic fluorite
CeO2 nanomaterials [18]. Thus, the Raman spectrum further con-
firms the formation of the fluorite-type structure in the synthesized
CeO2 nanosheets.

In the hydrothermal process, NH3·H2O was used in the syn-
thesis of the CeO2 nanocrystals. In order to clarify the key role
of NH3·H2O in the formation of the hexangular CeO2 nanosheets,
the samples prepared at different concentrations of NH3·H2O were
collected and characterized by TEM and ED techniques. Remark-
ably, without the addition of NH3·H2O, no product can be obtained.
When 0.5 mL NH3·H2O was added, the resulting product exhibited
random agglomeration (Fig. 4(a)). ED pattern (inset in Fig. 4(a))
tallinity. Increasing the content of NH3·H2O to 0.75 mL, hexangular
CeO2 nanocrystals started to emerge, but the main product was still
random agglomeration (Fig. 4(b)). When NH3·H2O was increased to
1 mL, the main product exhibited hexangular sheet-like morphol-

rent contents of NH3·H2O: (a) 0.5 mL; (b) 0.75 mL; (c) 1.0 mL; (d) 3.0 mL.
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Fig. 5. TEM images and ED patterns (inset) of CeO2 samples u

gy, with an average size of 15 nm (Fig. 4(c)). Further increasing the
ontent of NH3·H2O to 3 mL, the sample almost keeps hexangular
ano-sheets. The increase of NH3·H2O in the synthesized process
ppears to improve the crystal quality of the products. From the
bove analysis, we believe that NH3·H2O acts as a precipitant in
he synthesis of hexangular CeO2 nanosheets. At the early stage in
he hydrothermal conditions, NH3·H2O hydrolysis gives rise to OH−

ons and NH4+ ions. Under basic conditions, the solubility product
s much higher than the solubility constant, meaning the supersat-
ration value (S) is very large [19].

= [Ce3+][OH−]3

KSP
here KSP is the solubility constant of Ce(OH)3, [Ce3+][OH−]3 is the
olubility product of the solution.

A high supersaturation value, S, establishes an environmental
ondition that favors homogeneous nucleation of Ce(OH)3, which

ig. 6. (a) UV spectrum for synthesized CeO2 nanosheets; (b) plot of ˛1/2 vs photon energy f
eO2 nanosheets.
ifferent additives instead of NH3·H2O: (a) NaOH; (b)Na2CO3.

was then oxidized by O2 existing in the reaction vessel and formed
CeO2. The reaction mechanism may be expressed:

Ce3+ + 3OH− → Ce(OH)3 (1)

4Ce(OH)3 + O2 → 4CeO2 + 6H2O (2)

In order to further confirm the indispensable function of
NH3·H2O on tailoring the morphology of CeO2 nanocrystals, some
comparative experiments were performed. In the comparative
experiments, NH3·H2O was substituted by NaOH or Na2CO3, while
other synthetic parameters were kept the same as those in the typ-
ical synthesis. Fig. 5 shows the TEM and ED patterns of the products
obtained in the comparative experiments. When NaOH or Na2CO3

was used instead of NH3·H2O, no regular morphologies could be
observed and the resulting products agglomerate randomly. ED
patterns show both of the products are cubic fluorite-type CeO2
nanocrystals. On the basis of the above results of the comparative
experiments we infer that NH3·H2O may have structural direction

or synthesized CeO2 nanosheets; (c) plot of (˛h�)2 vs photon energy for synthesized
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ffect in the formation of the CeO2 nanosheets, similar to that of
H4H2PO4 in the formation of Fe2O3 nanotubes and Na3PO4 in the

ynthesis of CeO2 nano-octahedrons [20,21].
Ceria is a very attractive material as an ultraviolet absorbent,

ith the strongest absorption at about 400 nm. Recently, exten-
ive research has shown that UV light in the UV-A spectra range
310–400 nm) accelerates photosynthesis in the plants and acti-
ates an enzyme which restores damaged DNA, whereas the light
n the range between 310 and 210 nm (UV-B and UV-C) does
amages to living things [22]. Therefore, it is useful to control
he position of the UV absorption edge, so as to transmit some
f the UV-A light. Optical properties of the typical sample were
haracterized by UV absorption spectrum. Fig. 6(a) shows the typ-
cal absorption spectrum of the synthesized CeO2 nanocrystals. A
trong absorption at about 370 nm can be observed for the typical
ample, which exhibits 30 nm blue-shift relative to the bulk mate-
ials (400 nm). The obvious UV-absorption for ceria originates from
harge-transfer between the O2p and Ce4f states in O2− and Ce4+

23]. For indirect interband transitions, ˛ near the absorption edge
an be expressed in the following equation [24]:

∝ (h� + Ep − Ei)
2

(eh�/�T − 1)
+ (h� − Ep − Ei)

2eh�/�T

(eh�/�T − 1)

here Ei is the band gap energy for indirect transitions, Ep the
honon energy, �i the Boltzmann constant, h� the photon energy,
nd T the absolute temperature. The plot of ˛1/2 vs photon energy
f CeO2 nanosheets is shown in Fig. 6(b). The intersection of the
xtrapolated linear portion gives the indirect band gap energy (Ei).
he Ei value of the CeO2 nanosheets was obtained as 2.90 eV. The
alue is consistent with the previous study of CeO2 nanoparti-
les [25]. For direct transitions, ˛ near the absorption edge can be
xpressed in the following equation [24]:

∝ (h� − Ed)1/2

h�

here Ed is the band gap energy for direct transitions. The plot
f (˛h�)2 vs photon energy of the CeO2 nanosheets is shown in
ig. 6(c). From the intersection of the extrapolated linear portion,
he Ed value of the CeO2 nanosheets is determined as 3.45 eV. Com-
ared with pure bulk crystal (Ed = 3.19 eV) [25], the increase of the
irect band gap energy of CeO2 nanocrystals exceeds 8%. The larger
lue-shift of the CeO2 nanosheets may contribute to quantum size
ffect [26]. Therefore, the synthesized hexangular CeO2 nanosheets
re useful materials which can block harmful ultraviolet rays.
. Conclusions

In summary, we synthesized (1 1 0)-dominated CeO2
anosheets using a facile one-step hydrothermal method. In
he typical hydrothermal process, NH3·H2O plays a critical role in

[
[

[
[
[

pounds 509 (2011) 6720–6724

tailoring the surface structure of the CeO2 nanocrystals without
the assistance of any surfactant or template. The key function of
the NH3·H2O on tailoring the morphology of CeO2 nanocrystals
was investigated. The results show that the NH3·H2O not only
serves as the precipitant, but also acts as the structural direction
agent in the formation of (1 1 0)-dominated CeO2 nanosheets.
Raman and XRD spectra show that the sample is pure cubic fluorite
structure. Compared with bulk CeO2 materials, the prepared CeO2
nanosheets exhibit an obvious blue-shift in UV absorbance. The
direct band gap energy of the obtained sample increases more
than 8%. Its special property of UV absorption makes it an excellent
candidate for ultraviolet blockers.
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