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Abstract

Single-crystalline tetragonal LnVO,4 (Ln=La, Nd, Sm, Eu, Dy) nanorods were prepared via a simple hydrothermal method, in the
absence of any surfactant or template using cheap and simple inorganic salts as raw materials. The products were characterized by
XRD, TEM, HRTEM, and PL. It has been shown that after the hydrothermal process, LaVO, transformed its crystal structure
from monoclinic to tetragonal phase, but LnVO, (Ln=Nd, Sm, Eu, Dy) have not exhibited the structural change. This could be
associated with the change of lanthanide ion radius. TEM and HRTEM results show that the nanorods are pure, structurally
uniform, single crystalline, and most of them are free from dislocations. Further study reveals the nanorods grow along the [001]
direction. A possible growth mechanism of lanthanide orthovanadate nanorods was also proposed. The advantages of our method
for the nanorods synthesis lie in the high yield and the low temperature and mild reaction conditions, which permit large scale

production at low cost.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Nanostructured materials are expected to play a
crucial role in the future technological advance in
electronics [1], optoelectronics [2], and memory devices
[3]. One-dimensional (1D) nanostructures, such as
nanorods or nanowires, in particular offer fundamental
opportunities for investigating the effect of size and
dimensionality on their collective optical, magnetic, and
electronic properties [4—6].

Although a number of synthetic methodologies have
been developed to fabricate and assemble 1D nanos-
tructures [7], they often suffer from the requirements of
high temperature, special conditions, tedious proce-
dures, and catalyst or templates. Therefore, the devel-
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opment of practical methods for fabricating large
numbers of 1D nanostructures at low cost is still a
great challenge for future study. Chemical methods, on
the other hand, seem to provide an alternative and
intriguing strategy for generating 1D nanostructures
with respect to material diversity, cost, versatility,
synthetic tenability, and potential for large scale
production, of the methods employed in the synthesis
of 1D nanomaterials, hydrothermal methods have been
regarded as effective routes to the fabrication of high-
quality anisotropic nanomaterials [7a,8]. Several solu-
tion-phase procedures have been demonstrated for
generating 1D nanostructures [9].

Because of their unique electronic structure and the
numerous transition modes involving the 4/ shell of their
ions, lanthanide compounds usually have outstanding
optical, electrical, and magnetic properties, and have
been widely used [10]. There have been extensive studies
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regarding lanthanide chemistry at bulk or atomic levels,
and more recently, some work have been reported on
the synthesis of rare earth compound nanotubes and
nanowires/nanorods by hydrothermal processes [7a, 11].

Single crystals of rare earth orthovanadates have been
expected to be attractive materials for various applica-
tions such as an efficient phosphor, a low-threshold laser
host and a polarizer material. To obtain the high quality
of lanthanide and related orthovanadate -crystals,
several methods such as Floating Zone method,
Czochralski method, flux method and top-seeded solu-
tion growth (TSSG) method have been carried out [12].
However, to the best of our knowledge, previously there
have been no studies focused on the synthesis of
nanorods or nanowires of lanthanide orthovanadate
(LnVQy). Herein, we report the systematic synthesis of
high-quality LnVO, single-crystal nanorods through a
facile solution-based hydrothermal synthetic pathway.
A possible growth mechanism of the nanorods is also
presented here. This would be of great significance
because of the possible novel properties induced by the
reduced dimensionality.

2. Experimental
2.1. Preparation of the LnV O, nanorods

Analytical grade lanthanide nitrate and NaVO; were
purchased from the Shanghai chemical industrial
company and were used without further purification.
The tetragonal LnVO, (Ln=La, Nd, Sm, Eu, Dy)
nanorods were prepared by a simple hydrothermal
method. The reaction was carried out in a 20mL
capacity Teflon-lined stainless-steel autoclave, in a
digital-type temperature-controlled oven. Taking the
synthesis of LaVO, as example, in a typical synthesis
16 mL of NaVO; (0.2 M) aqueous solution were added
into 8mL of La(NOj); aqueous solution (0.4 M) at
room temperature under vigorous stirring, the solution
turned yellow immediately after the addition of the
NaVOs;. The obtained yellow suspension was stirred for
about 10 min, then 4.8 mL 1 M NaOH aqueous solution
was added to adjust the pH to 4.5. The resulting yellow
suspension was divided into two equal parts. The first
half was filtered off, washed with distilled water and
absolute ethanol, respectively, and then dried at room
temperature under vacuum overnight for further char-
acterization. The product appeared as yellow prismatic
crystals, which were identified as monoclinic LaVO, by
X-ray diffractometry. The second was poured into a
Teflon-lined stainless-steel autoclave. The autoclave was
sealed and maintained at 180 °C for 48 h and then air
cooled to room temperature, the resulting LnVO,
products were filtered, washed with deionized water
and absolute alcohol to remove ions possibly remaining

in the final products, and finally dried at 80°C in air for
further characterization, the products (tetragonal
LaVOQy,) obtained after hydrothermal process were white
powders.

Under the same hydrothermal process, tetragonal
phase LnVO, (Ln=Nd, Sm, Eu, Dy) nanorods were
also prepared with the pH adjusted to a specific value
(pH =4.5-5.5) using 1 M NaOH aqueous solution. Main
products of the present system were white powders,
expect that the NdVO, was silver gray.

2.2. Characterization

The phase purity of the product was examined by X-
ray diffraction (XRD) using a Japan Rigaku D/Max-
yA rotation anode X-ray diffractometer equipped
with graphite monochromatized CuKo radiation
(A=1.54178 A), employing a scanning rate of 0.02°s™'
in the 26 range from 10° to 75°. The operation voltage
and current were maintained at 40kV and 40mA,
respectively. The morphologies and micro- and nano-
structure of the as-synthesized LnVO, products were
characterized by transmission electron microscopy
(TEM), carried out using JEOL JEM-100 CX II at an
accelerating voltage of 100KYV. Further structural
characterization was performed on a Philips Tecnai
F30 high-resolution field-emission transmission electron
microscope (HRTEM) operating at 300 kV. The samples
for these measurements were dispersed in absolute
ethanol by being vibrated in the ultrasonic pool. Then,
the solutions were dropped onto a copper grid coated
with amorphous carbon films and dried in air before
performance. Room-temperature photoluminescence
(PL) spectra were recorded by a Hitachi 850 fluores-
cence spectrometer with a Xe lamp as the excitation
source at 25°C.

3. Results and discussion

X-ray diffraction (XRD) has been used to character-
ize the crystal structure change of the LaVO, pre- and
post-reaction with hydrothermal. Fig. la shows a typical
XRD pattern of LaVO4 as-prepared without hydro-
thermal process, and all the peaks could be readily
indexed to a monoclinic phase with lattice constants
comparable with the values given in JCPDS (25-0427).
The XRD pattern of LaVO,4 nanorods prepared through
the facile hydrothermal method is displayed in Fig. 1b,
and most of the peaks could be indexed to a tetragonal
structure for bulk LaVOy: space group 14,/amd with cell
constants a=7.50 and ¢=6.59 A (JCPDS Card number:
32-0504).

The morphology and structure details of the products
were further characterized by transmission electron
microscopy (TEM) and high-resolution field-emission
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Fig. 1. XRD pattern of the LaVO, particles obtained (a) before (b)
after hydrothermal treatment at 180 °C for 48 h with pH 4.5.

TEM (HRTEM) combined with a fast two-dimensional
Fourier transform (FFT) analysis technique. Fig. 2a
gives a typical TEM image of the LaVO, product
obtained before hydrothermal treatment. The mono-
clinic LaVO, colloidal precipitates were irregular
particles and aggregates with size around 10-30nm.
Those nanoparticles could serve as anisotropic seeds for
the growth of highly anisotropic 1D nanostructures in
the solution solid process via the dissolution and
crystallization mechanism in present case. Fig. 2b, a
typical TEM image of the LaVO, product, as-obtained
after hydrothermal treatment at 180°C for 48 h with pH
at 4.5, clearly reveals a rod-like morphology with
average diameters of 20nm and lengths of up to
100nm. The HRTEM image (Fig. 2c) shows that the
nanorods are structurally uniform, and are free from
defects and dislocations. The lattice spacings of about
0.374 and 0.659 nm correspond to the (200) plane and
the c-axis of a unit cell tetragonal phase LaVOy,
respectively. Fig. 2d is a FFT of the HRTEM image.
From the examination of the spatial arrangement of the
spots in the FFT pattern, it was found that the set of
lattice planes giving rise to all these spots derives from a
single tetragonal crystal with its [010] direction being
oriented toward the direction of the electron beam. In
other words, the FFT pattern of Fig. 2d corresponds to
the diffraction pattern with a [010] zone axis. Further
studies of the HRTEM image and FFT pattern
demonstrate that the direction of nanorod growth is
along the c-axis, i.e. the [001] direction (indicated with
an arrow).

Through the similar hydrothermal process with
controlled proper pH, other lanthanide orthovanadate
LnVO, (Ln=Nd, Sm, Eu, Dy) nanorods have also been

Fig. 2. Typical TEM images of the as-synthesized LaVO, (a) before
hydrothermal treatment (b) after hydrothermal treatment, showing the
change in morphology. (¢c) HRTEM image taken on a single nanorod
with diameter of about 20 nm showing clear lattice fringes of about
0.374 nm and 0.659 nm corresponding to (200) plane and the c-axis of a
unit cell, respectively. (c) Corresponding fast two-dimensional Fourier
transform (FFT) of the HRTEM image.
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Fig. 3. XRD pattern of the as-synthesized lanthanide orthovanadate
nanorods. (a) NdVOy, (b) SmVO,, (c) EuVO4 and (d) DyVO,. All
products were obtained after hydrothermal treatment at 180°C for 48 h
with proper pH.

synthesized. The XRD patterns of the products are
shown in Fig. 3. All reflection peaks of the as-
synthesized different products can be easily indexed as
a pure, tetragonal zircon-type LnVOy structure with cell
parameters NdVO,: a=7.335 A, c=6.431 A; SmVOy:
a=7265A, ¢=6389A; EuVO, a=7236A, c=
6.367A; DyVOy: a=7.140 A, ¢=6.311 A, which are in
good agreement with literature values (JCPDS Card
number: 72-0280, 17-0876, 15-0809, 71-0845). As we can
see from the patterns, with decreasing ion radius, the
peaks in the tetragonal phase gradually shift to smaller d
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values. On the other hand, during the synthesis of
LnVO, (Ln=Nd, Sm, Eu, Dy), we have found no
structural change from monoclinic to tetragonal phase;
these vanadates only have a tetragonal structure pre-
and post-hydrothermal treatment (XRD patterns of the
products obtained without hydrothermal treatment were
shown in Fig. S1, supporting information).

Why does LaVOy4 have a crystal phase transformation
from monoclinic structure to tetragonal structure, but
LnVO,4 (Ln=Nd, Sm, Eu, Dy) have not? It is believed
that this could be associated with the change of
lanthanide ion radius. The orthovanadate crystallizes
in two types, namely, monoclinic monazite (CePOy,) type
and tetragonal zircon (ZrSiO4) type. Generally the
larger Ln®" ion prefers the monazite type due to its
higher oxygen coordination number of 9 as compared to
8 of the zircon type, and it is interesting to note that
CeVOy locating in the boundary of zircon and monazite
types [13]. So, in the case of LaVQ,, the tetragonal
structure is a metastable phase. In order to obtain
metastable phases, solution processes sometimes work
well. In our report, using a facile hydrothermal method
we successfully synthesized tetragonal LaVO, in high
crystallinity with nanorod morphology.

Figs. 4a—-d display the typical TEM images of
tetragonal LnVO, (Ln=Nd, Sm, Eu, Dy) nanorods,
respectively. From the images we can see, the as-
synthesized LnVO, products consist almost entirely of
nanorods with diameters of 10-50nm and lengths of
50-200 nm. The high density of nanorods is representa-
tive of the high yields associated with this facile
preparation approach. The morphology of LnVO,4
(Ln=Nd, Sm, Eu, Dy) as-obtained before hydrothermal
treatment can be investigated from Fig. S2, supporting
information.

Fluorescence spectroscopy can provide valuable
information about the intermolecular interactions of
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Fig. 4. Typical TEM images of as-synthesized nanorods. (a) NdVO,,
(b) SmVOy,, (¢c) EuVO, and (d) DyVO, obtained after hydrothermal
treatment at 180°C for 48 h with proper pH.

molecules in molecular crystals and monolayers [14].
Room-temperature photoluminescence (PL) spectra of
the as-synthesized LaVO,4 monoclinic nanoparticles and
tetragonal nanorods were measured with excitation
wavelengths of 280 and 318nm, respectively, under
identical experiment conditions. As show in Fig. 5a, two
very weak emissions, peaking at 369 nm (3.36eV) and
459nm (2.70eV), were observed for the monoclinic
LaVO4 nanoparticles. Fig. 5b shows the fluorescence
spectrum of the tetragonal LaVO4 nanorods, an intense
emission centered at 428nm (2.90eV) and a marked
sharp shoulder with an emission maximum at 515nm
(2.40¢V) are visible. Compared to the PL emission of
monoclinic LaVO,4 nanoparticles, the PL emission is red
shifted by about 59 nm, which may be caused by the
oriented growth of the nanocrystallites of the tetragonal
LaVOy, nanorods [15]. The determination of the detailed
optical properties of the LaVO, and other lanthanide
orthovanadate nanorods is still underway.

Although the detail study of growth mechanism of the
nanorods is in progress, we believe that the growth of
the nanorods is not catalyst-assisted or template-
directed, because no additional catalysts or templates
were introduced into the reaction. Based on the
observation of TEM images, we proposed that the
process of crystal growth and morphology evolution
might mainly be fabricated by an Ostwald ripening: a
highly supersaturated solution was adopted and irregu-
lar fine particles acted as the precursor for the synthesis
of crystallized LnVO,4 nanorods. The formation of tiny
crystalline nuclei in a supersaturated medium occurred
at first, and this was followed by crystal growth. The
larger particles grew at the cost of the small particles;
reduction in surface energy is the primary driving force
for crystal growth and morphology evolution, due to the
difference in solubility between the larger particles and
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Fig. 5. Room-temperature photoluminescence spectra of (a) mono-
clinic LaVO, nanoparticles as-synthesized before hydrothermal
process and (b) tetragonal LaVO, nanorods obtained after the
hydrothermal treatment.
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the small particles, according to the well-known
Gibbs-Thomson law. As the reaction continued, the
irregular nanoparticles vanished and longer nanorods
formed [8b, 16]. When Ostwald ripening is the dominant
mechanism of the nanorods growth, the formation of
the nanorods must be affected by the character of the
starting materials, such as, the particle size and/or
chemical activity because the dissolution rate of the
material depend on such characters. Further study
suggests that the process is strongly dependent on the
experimental details (pH, concentration, temperature).

4. Conclusions

In summary, we have found a simple route to prepare
single-crystal tetragonal LnVO,4 (Ln=La, Nd, Sm, Eu,
Dy) nanorods by facile hydrothermal treatment and the
growth mechanism is also discussed. The simplicity of
hydrothermal process, cheapness, and availability of
raw materials are advantages favoring the scaling-up of
nanorods. We think the present study has enlarged the
family of 1D nanostructures of rare earth compounds,
and the availability of LnVO4 nanostructures with low
dimensionalities should be able to bring in new types of
applications or to enhance the performance of the
currently existing devices as a result of quantum-sized
effects. Further work is under way to explore the more
evidence about the formation mechanism, properties of
this novel nanorods, and the possibility of synthesizing
other lanthanide vanadate nanorods.
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