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Abstract

In this work, synthesis of ultra-thin 2D CeO, nanoribbons is reported for the first time along with rod-shaped nanostructures via a surfactant free
aqueous method. CeO, nanoribbons of length >100 nm have been synthesised through a mild reaction route involving ammonia precipitation and
subsequent heating and ageing at 0 °C. 2D nanostructures are proposed to be formed as a result of self-assembly of CeO, molecules. The ribbons
exhibited amorphous X-ray diffraction pattern and TEM showed a ribbon like morphology with crystal facets of ~0.33 nm spacing corresponding
to (11 1) plane of CeO,. HR-TEM confirmed that the nanorods are enclosed by {1 1 1} planes and have preferentially grown in {1 1 O} direction.
The surface area of the powder containing majority nanorods is 82 m%/g and their average pore size is ~3 nm. The nanostructures exhibited optical
band gaps dominated by the regular quantum confinement effect as well as presence of defects.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The synthesis of anisotropic CeO, nanocrystals such as
nanorods, nanowires, nanotubes, and nanodisks is of great
technological interest because the unique size- and shape-
dependent chemical and physical properties show promise in a
number of applications ranging from catalysis [1], solid oxide
fuel cells (SOFCs) [2], optics [3] to polishing materials [4], gas
sensors [5], UV blockers [6] and three-way catalysts (TWCs)
[7]. Such materials are also particularly useful in biomedical
applications to scavenge the reactive free radicals and oxygen
compounds, which are injurious to living cells [8,9].
Nanocrystals with highly anisotropic shapes have larger
surface areas, and as a result are metastable [10]. At higher
crystal growth rates, in the °‘kinetic growth regime’, an
astonishing variety of highly anisotropic shapes can be obtained
[10,11]. The effect of synthetic parameters such as, precursors,
concentration, ligands, solvents and reaction temperature on
kinetics and thermodynamics has been intensively studied in
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the fabrication of a variety of CeO, nanostructures, including
nanorods [7], nanoplates [3,12], hollow spheres [13], nanowires
[14] and nanotubes [15]. The synthesis of CeO, 2D structures
deserves special attention for their unusual quantum properties
due to the extremely high anisotropy with ultrathin thickness
[16] and as they are reported as precursors for the conversion
into nanotubes based on the rolling-up mechanism [3]. CeO,
nanocrystals with rod [7,17] shapes exhibit higher CO
conversion at lower temperature [17] and display higher
oxygen storage capacity [7] than spheroidal particles, due to the
presence of a greater proportion of {100} and {110}
surfaces. Yu et al. [16] synthesised nanosheets of CeO, by the
hydrolysis of cerium(IIl) nitrate with 6-aminohexanoic acid at
95 °C. Ivanov and Polezhaeva reported the synthesis of highly
crystalline thombic CeO, nanoplates involving hydrolysis of
cerium nitrate in the presence of hexamethylenetetramine [18].
CeO; nanorods can be synthesised with ‘kinetic shape control’
through the introduction of surface (facet) selective molecules
[10], by thermal decomposition of cerium oleate complex [19],
or by autoclaving cerium nitrate hexahydrate and sodium
hydroxide [7,20]. However, synthesis of anisotropic CeO,
nanostructures e.g., nanorods and ultra-thin 2D structures
through surfactant free, low-cost ammonia precipitation
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method still remains a great challenge. To the best of our
knowledge, there is no other report on the synthesis of CeO,
nanorods/tubes and ultrathin 2D nanostructures by a surfactant
free ammonia precipitation method.

Here, we report for the first time, a simple aqueous chemical
method for the synthesis of ribbon like ultrathin CeO,
nanostructures with mild reaction conditions. Mixed CeO,
nanorods were produced on increasing the ageing time at
100 °C. The nanostructures were characterised by HR-TEM, X-
ray diffraction, BET technique and UV-visible reflectance
spectra. All the results are discussed and correlated which
shows the possibility of a synthetic strategy in producing ultra-
thin CeO, nanostructures for fabricating fascinating nanos-
tructures which may find use in catalytic, oxygen storage and
other industrial applications.

2. Experimental
2.1. Materials

All the syntheses were carried out with double distilled
water produced using a quartz glass distillation unit and the
chemicals utilised in this study were used as received without
further purification. Ce(NOj3)3-6H,0 (99.9%) was purchased
from Indian Rare Earths Ltd., India, 25% ammonia solution
(analytical grade) was procured from Qualigens Fine Chemi-
cals. Ethyl alcohol (analytical grade) was procured from
Merck, India.

2.2. Synthetic methods

An aqueous solution containing 0.042 mol of cerium nitrate
was added under vigorous mechanical stirring (using a 1/8 hp
overhead stirrer at 2000 rpm) to a 25% ammonia solution at a
uniform rate over 1 min. The net cerium ion concentration after
complete addition was 0.073 M and the OH:Ce ratio was >10:1
in the reaction mixture. The slurry turned yellow immediately
after the addition of ammonia indicating the formation of
colloidal CeO, particles. The preparation process includes two
successive stages of ageing; the first being at 100 °C (for ~15 s
and 5 min) followed by the final at 0°C. The freshly
precipitated slurry was divided into two parts. One portion
of the aqueous slurry was boiled for ~15 s in a RB flask and
removed rapidly from the heating source. The reaction mixture
was immediately quenched by dipping the flask in an ice bath
maintained at 0 °C and kept for ageing for 30 days. The
precipitate was separated by centrifugation and was washed
with distilled water and ethanol several times until free from
nitrates, and dried at 60 °C overnight in an air-oven. This
material will be referred to as Ce-OMIN.

The other part of the slurry was refluxed for 5 min in a RB
flask. The hot CeO, slurry was then quickly transferred and
quenched in an ice bath maintained at 0 °C. The CeO,
precipitate was aged at 0 °C for 30 days. The colloidal CeO,
crystals were separated by centrifugation, washed with distilled
water and ethanol several times, and finally dried at 60 °C as
before. This dried material will be referred to as Ce-5SMIN in

Table 1
Synthesis conditions, their identification code and selected physical properties
of different cerium oxide nanostructures.

Reaction time at 100 °C

Ce-OMIN Ce-SMIN
Particle shape 2D nanoribbon Nanorod
Crystallite size (nm) - 11
Particle size (nm) L=100; D=5 L =100-400; D=17
Lattice parameter (/f\) - 5.435
Bandgap energy (eV) 3.28 3.1

the remaining text. The sample identification code, their
syntheses conditions and selected physical characterisation
data are provided in Table 1.

2.3. Characterisation techniques

Crystal structure and size of the powder samples were
studied by X-ray diffraction (XRD) analysis. Powder XRD
patterns of the as synthesised powder was obtained using
Philips X’PERT PRO diffractometer with Ni-filtered Cu Ko,
radiation, (A =1.5406 1&) in the 26 range 20-100 degree at
2° min~' scanning rate and 0.04° step size at 40 mA, 40 kV.
The crystallite size (D) of CeO, nanocrystals was calculated by
using well-known Debye—Scherrer formula [21,22]

D=k (1)
where A is the wavelength of X-ray, k is the shape factor and has a
value of 0.9 in cubic systems, 8 and 0 are the full width at half
maximum and the Bragg angle for (1 1 1) reflection, respectively.

The morphology, average size of the CeO, nanocrystals and
crystal structure were determined by high resolution transmis-
sion electron microscopy (HR-TEM) using a FEI Tecnai 30 G* S-
Twin microscope operated at 300 kV and equipped with a Gatan
CCD camera. Samples for TEM study were prepared by
dropping a micro droplet of suspension in isopropyl alcohol on to
a 400 mesh copper grid and drying the excess solvent naturally.
The absorbance and reflectance spectra of the powders were
obtained using a UV-visible 2401 PC spectrophotometer
(Shimadzu) in the 200-800 nm range which is equipped with
an integration sphere for reflectance spectra recording. Nitrogen
adsorption—desorption isotherms on CeO, samples were
recorded at liquid nitrogen temperature (77 K) using a
Micromeritics Gemini 2360 surface area analyser. CeO, powders
were degassed at 200 °C for 5 h in flowing dry nitrogen gas prior
to the nitrogen adsorption studies. The surface area of the CeO,
powders was determined from the Brunauer—Emmett—Teller
(BET) equation and analysed with Barrett Joyner Halanda (BJH)
method; the pore volumes and pore size distributions were
derived from the desorption branches of isotherms.

3. Results and discussion
The HR-TEM images of CeO, nanostructures in Ce-OMIN

are presented in Fig. 1. Careful inspection of the HR-TEM
images of Ce-OMIN reveals the presence of well-defined 2D
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Fig. 1. Characterisation of ceria nanostructures of sample Ce-OMIN. (a and b) TEM image of self-assembly of parallel nanoribbons, (¢) TEM images of nanoribbons
with the formation of tubular shape at the end with circular head and its first Fourier transform is shown in the inset, and (d) HR-TEM image showing a circular ribbon

head with surface defects marked as arrowheads.

CeO, nanostructures with ribbon like morphology in as
synthesised ceria with exposed (1 1 1) facets of interlayer
spacing ~0.33 nm (Fig. 1d) when viewed in the (1 1 1) zone
axis. The crystal facets maintained identical spacing through-
out the length of the 2D structures. Formation of 2D
nanostructures can be explained by the self-assembly of
CeO, of molecular dimensions, produced during ammonia
precipitation. Fig. 1a and 1b indicate the initiation of growth
process for the formation of nanotubes with smooth circular
heads at one end.

The average diameter of the circular heads at the end of
nanoribbons is ~15nm with length over 100 nm and the
ribbons are aligned parallel to each other. The ribbon-like
structures are unique and molecular thick, similar to that of
graphene [23]. The thickness is confirmed by the presence of
only one crystal facet in the X-ray diffraction pattern as well as
in fast Fourier transform of HR-TEM images. Such structures
were never been reported earlier in CeO, system. The fast
Fourier transform of the image in Fig. 1c¢ gave only one Debye—
Scherrer ring (inset of Fig. 2¢) with corresponding interplanar
spacing of 0.33 nm, which can be indexed as expanded (1 1 1)

reflection of cubic CeO, of Fm3m space group with evident
lattice expansion. The ribbon surfaces are perfectly flat and
point defects due to missing atoms or local deformation due to
the twist of parallel planes are observed on the surface, marked
by arrowheads in Fig. 1d. The ageing at 0 °C for 30 day did not
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Fig. 2. Energy dispersive spectrum of as synthesised Ce-OMIN powder.
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probably allow any fast process involving growth through
dissolution—recrystallisation mechanism. A slow build-up
process, involving molecules by molecules, fabricated the
ultra-thin 2D CeO, nanostructures.

The elemental composition of the as-prepared cerium oxide
nanoribbons was studied by energy dispersive spectroscopy
(EDS) taken during TEM analyses and is shown in Fig. 2. The
EDS spectrum shows cerium and oxygen atom in the specimen
in a ratio close to 1:2 indicating the presence of CeO, in Ce-
OMIN. The presence of copper and carbon impurities in the
EDS spectrum is contributed by the TEM grid.

The TEM images of Ce-5MIN are shown in Fig. 3. It shows
the presence of a mixture of rod- and irregular-shaped particles
of CeO, in Ce-5MIN. Porous nature of the particle surface is
apparent from the TEM images. Slight extension of ageing time

Fig. 3. TEM images of Ce-5SMIN samples (a) and (b) with reaction time 5 min
at 100 °C, aged at 0 °C for 30 days. The HR-TEM image and fast Fourier
transform of the marked region (square) of the nanorod are shown as insets to

(b).

from 15 s to 5 min at 100 °C with a high base concentration
(OH/Ce ratio > 10) produced predominantly nanorods (Ce-
SMIN) from anisotropic growth of unstable Ce(OH); nuclei,
governed by dissolution—recrystallisation mechanism. Careful
inspection of the nanorods reveals the formation of mixed
morphology CeO, nanorods. Detailed analysis of multiple
images reveals that Ce-SMIN contains ~91% nanorods by
number with variable length in the range 100-400 nm.

The average diameter of the nanorods from TEM (Drgy) is
15 =+ 3 nm. The remaining 9% is highly clustered nanoparticles
with an average size ~3.5 £ 1 nm. 1D preferential growth is
seen in the HR-TEM images of nanorods in {1 1 0} direction
with {1 1 1} exposed surface when viewed in the {1 1 1} zone
axis. Fast Fourier transform (FFT) analysis of HR image
(Fig. 3b) confirms the presence of {111} and {1 1 0} facets
only. By contrast, Yang et al. reported the growth along the
[2 1 1] direction [24]. Point defects are observed on nanorod
surfaces also (marked by circle in the inset to Fig. 3b). The
XRD patterns of as-synthesised ceria powders are shown in
Fig. 4. Increase of reaction time from 0 to 5 min at 100 °C
transformed 2D ultra-thin CeO, to nanorods. The XRD patterns
confirm that Ce-SMIN contains relatively more crystalline
CeO, than in the nanoribbons (Ce-OMIN) which shows the
presence of only expanded (1 1 1) crystal plane.

Peaks corresponding to (111), (200), (220) and 31 1)
planes, with corresponding interplanar spacings of 0.31, 0.27,
0.19, and 0.16 nm respectively, for a fluorite-like cubic CeO,
were indexed in the XRD pattern of Ce-SMIN (space group:
Fm3m, JCPDS Card No. 34-0394) [21]. The broad XRD peak in
Ce-OMIN could be assigned to the (1 1 1) reflection, with a
large shift towards higher d-values indicating lattice expansion
in the synthesised product.

Fig. 5 shows nitrogen adsorption—desorption isotherms and
the corresponding distributions of pore sizes in Ce-OMIN and
Ce-5MIN ceria powders. The isothermal curves of Ce-5SMIN
clearly show a small hysteresis in the volume of nitrogen
adsorption—desorption over the normal relative pressures range.
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Fig. 4. X-ray diffraction patterns of CeO, powders (a) Ce-OMIN, and (b) Ce-
SMIN synthesised by ammonia precipitation at 100 °C for different duration of
time followed by ageing for 30 days at 0 °C. The XRD pattern of Ce-5MIN is
scaled to avoid overlapping.
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Fig. 5. Nitrogen adsorption—desorption isotherms of Ce-OMIN and Ce-5MIN.
The corresponding BJH pore size distribution of Ce-5MIN are shown in the
inset.

The BET surface area of Ce-SMIN containing predominantly
nanorods is 82 m?/g. The pore size distribution profile (inset of
Fig. 5), is centred at ~3 nm. TEM observation also indicated
the presence of surface pores.

Fig. 6 shows the plots of (ahv)? vs. photon energy of CeO,
nanostructures derived from the reflectance spectra of the
powders in the UV—visible range 200-800 nm. The reflectance
spectra on the solid specimen extends from 230 nm to 400 nm.
The direct band-gap (Ey) is calculated from the onset of the
absorption spectrum. E4 obtained for CeO, nanoribbons (Ce-
OMIN) and Ce-5SMIN are 3.28 and 3.1 eV, respectively [25].
Bulk ceria usually absorbs in the UV region with a band gap of
3.2 eV owing to the O,, — Cey, transition and is commonly
used as a UV blocker [6]. With respect to bulk ceria, the 2D
nanostructures (Ce-OMIN) showed a blue shift in the band gap
energy. The variation in band gap from that of bulk ceria is
explained by many researchers in terms of quantum confine-
ment effect (blue shift) and also by the presence of defects (red
shift) [26,27].
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Fig. 6. Plotof (ahv)? vs. photon energy for electronic band-gap measurement of
anisotropic CeO, nanostructures (a) Ce-OMIN, and (b) Ce-5SMIN.

In our case (Ce-OMIN), both the effects are contributing with
the predominance of the quantum confinement effect due to the
ultrathin thickness of the nanoribbons. CeO, nanostructures
with majority as rods (Ce-SMIN) have shown marginal red-
shift. Simple quantum size effect calculations assume that no
significant variation of the chemical structure of the metal oxide
is occurring during the particle size reduction [8]. In the case of
CeO, nanorods, the presence of defects (lead to oxygen
vacancies) overcomes the expected influence of the regular
quantum size effect, resulting in reduction (red shift) in band-

gap energy.

4. Conclusions

In summary, we have reported a facile method to synthesise
2D CeO, nanoribbons as well as nanorods from cerium nitrate
hexahydrate. Well-defined crystal facets with spacing of
~0.33 nm including the circular array at the end of ribbon
shaped crystals were observed in the HR-TEM images and X-
ray diffraction pattern of nanoribbons. HR-TEM on nanorods
established the presence of surface defects and as a result a
marginal red- shift was observed in its optical band gap energy.
Rod-shaped CeO, nanostructures are enclosed by (1 1 1) facets
and shown anisotropic growth in {110} direction. X-ray
diffraction data confirmed the formation of fcc fluorite
structured CeO, in rod shaped nanocrystals. The formation
of the ribbon like CeO, nanocrystals from this mild reaction
route could prove useful for synthesis of 1D and other 2D
nanostructures.
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