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Abstract: Tetragonal structural (t-NdVO,) nanorod-arrays were fabricated by simple one-pot hydrothermal method.
The phase, morphology and microstructure of NdVO, were characterized by X-ray diffractometer, scanning electron
microscope (SEM), transmission electron microscope (TEM), dispersive X-ray spectrometer (EDS) and selected area
electron diffraction (SAED) techniques. t-NdVO, nanorods are single-crystalline with a length of 100 nm and a
diameter of 25 nm, which grow orientally along the direction of (112) crystalline plane and self-assemble to form
nanorod-arrays. The results show that Eu**-doping interrupts the formation of NdVO, nanorod-arrays, and then leads to
the red-shift of the strongest luminescence emission of Nd** transition from 4D3/2 state to 4111/2 and decreases its
intensity of the fluorescence emission at 400 nm sharply. The research results have some reference values to optimize
the photoluminescence performance of rare earth vanadates.
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broad application prospects in our daily lives [1,2].
1 Introduction The neodymium orthovanadate (NdVO,4) is an
important member in rare earth vanadate functional
Rare earth vanadate nanomaterials possess the materials, which has attracted a lot of attention
excellent physical and chemical properties owing to from the international researchers recently because
the unique 4f electronic structure. A variety of of its distinctive properties and potential
micro-topographies further expend their application application [3—6].
range. At present, they have been extensively Having great novel photoelectric performances,
exploited in the fields of light, electricity, NdVO, nanocrystals are suggested to use in the
magnetism, catalysis, sensing and even infiltrated fields of imaging, biological labeling, detecting, and
into other fields such as medical image science, lasers [7—10]. It is well known that the fabrication
biological probes and biological tags, showing methods of inorganic functional materials play an
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important role in achieving the particular
nanostuctures and novel morphology [11,12]. By
far, there are different fabrication techniques to
obtain NdVO, nanoparticles, for example,
sonochemical operation, sol—gel preparation and
microwave method [13-20]. YUVARAJ and
KALAI [18] prepared NdVO, nanoparticles by
sonochemical synthesis and studied the structural,
magnetic and grain size dependent -electrical
properties. WU et al [19] obtained single-crystalline
NdVO,; nanorods by two-step stategy, and
researched their emissions in the ultraviolet. FAN
et al [20] synthesized the single-crystalline
lanthanide orthovanadate nanorods by hydrothermal
operation. However, the as-synthesized NdVO,
nanorods are of different sizes and no NdVO,
nanorod-arrays can be observed.

It is a challenge to obtain monodisperse
NdVO, nanorods by simple preparation method.
And NdVO, nanoarrays composed of monodisperse
nanorods have not been reported so far. In this
work, we prepared highly oriented t-NdVO,
nanorod-arrays via a simple and controllable
hydrothermal reaction process, particularly without
hard or soft template. The synthesis method is
reproducible. The crystalline phase, morphology
and photoluminescence performance of the
Eu’"-doping NdVO, nanoarrays were studied. The
effect of Eu’"-doping on the crystalline phase and
morphology of NdVO, nanoarrays was studied,
showing that Eu’’-doping interrupts  the
oriented-growth and self-assembly of NdVO,
nanorods. And Eu*"-doping leads to the red-shift of
the strongest luminescence emission of Nd**
transition from “D;), state to “I;;, and decreases its
intensity of the fluorescence emission at 400 nm

sharply.
2 Experimental

2.1 Sample preparation

All chemicals including Nd(NOs);-6H,0,
NH4VO;, NaOH and EDTA-2Na with analytic
purity were not further purified before they were
used. Typically, 0.428 g EDTA-2Na, 0.443 ¢
Nd(NO;);-6H,O and 5.0 mL distilled water were
added into a beaker under vigorous stirring to form
transparent solution. At the same time, 0.117 g
NH4VO; (1.0 mmol) was dissolved with 5.0 mL

NaOH aqueous solution in another glass container.
The resulting two kinds of solutions were poured
into a Teflon-lined stainless steel autoclave of
20 mL capacity, and the pH value of the mixture
was adjusted to 10 with NaOH aqueous solution.
And then, the hydrothermal reaction temperature
was kept constant at 180 °C for 24 h. The autoclave
was cooled in air to room temperature after
hydrothermal The precipitates
centrifuged, washed with deionized water and
ethanol several times, and then dried in a vacuum
oven. All Eu'"-doping samples were prepared by
the hydrothermal method under the same
conditions. The Eu’" contents were chosen to be
0, 1, 3, 5 and 7 wt.% in the NdVO4:Eu’* samples,
respectively.

reaction. were

2.2 Characterization

Powder X-ray diffractometer (XRD, Bucker
D8 Advance) with Cu K, radiation (1=0.1541 nm)
was used to characterize the phase of the products.
The graphite monochromator was operated at 40 kV,
40 mA and a scanning speed of 10 (°)/min from 10
to 80 °C. The morphology and crystal structures of
the NdVO, nanocrystals were characterized by
scanning electron microscopy (SEM) images taken
on a JEOL JSM—6330F field emission scanning
electron microscope. The samples were gold-coated
prior to the SEM analysis. The microstructure of
NdVO, nanoarrays was further characterized by a
JEM—-2010HR transmission electron microscope
(TEM). The accelerating operated voltage is 200 kV.
The energy dispersive X-ray spectrum (EDS) was
collected on an Oxford ISIS—300 energy dispersive
X-ray spectrometer. Photoluminescence properties
at room temperature were studied using PL
spectrum with fluorescence spectrophotometer
(F—4500). The products were excited by ultraviolet
light obtained from xenon lamp with the excitation
wavelength of 250 nm.

3 Results and discussion

3.1 Phase and crystal structures

The phase purity and crystal structures of the
samples were characterized by powder X-ray
diffractometry (XRD). Figure 1(a) shows the XRD
pattern of as-prepared NdVO, nanorod-arrays. All
the peaks can be well indexed to the tetragonal
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Fig. 1 XRD patterns of as-prepared NdVO, nanoparticles
(a), standard sample of NdVO, (JCPDS No. 15-0769)
(b) and as-prepared NdVO,:Eu’" with different contents
of Eu®’ (c)

zircon-type structure of neodymium vanadium
oxide (NdVO,, JCPDS No. 15-0769) which has
better photoluminescence performance than the
samples with monazite-type structure [21], and the
standard XRD pattern is shown in Fig. 1(b). As
shown in Figs. 1(a) and (b), there are no other peaks
found, indicating that highly-pure NdVO, can be
achieved. Those sharp peaks in Fig. 1(a) indicate
good crystallinity of the products. Compared with
the standard card, the (200) and (112) diffraction
peaks are observed to be different, revealing the
orientation of crystal growth. In Fig. 1(a) the
diffraction peak of (112) crystalline plane is higher
and the diffraction peak of (200) crystalline plane is
lower. Maybe it is related to the nanorod
morphology and indicates the growth direction of
(112) crystalline plane of NdVO, nanoarrays. The
mean crystallite size of the as-synthesized of
NdVO, nanoparticles is estimated by using the

Scherrer equation to be 25 nm based on the FWHM
(full-width at half maximum) of the (220) peak.

lon-doping experiments were carried out to
testify the effect of Eu’"-doping on the crystalline
phase, the morphology, the microstructure and the
fluorescence of neodymium vanadate nanorod-
arrays, keeping Eu’" contents of NdVO,:Eu’
samples at 1, 3, 5 and 7 wt.%, respectively. The
XRD patterns of the products are shown in Fig. 1(c).
All the diffraction peaks shown in Fig. 1(c) are in
agreement with the standard crystallographic data
(JCPDS No. 15-0769) of tetragonal
neodymium vanadium oxide (NdVOy,, space group
141/amd). That is to say, NdVO, can be gained and
Eu’"-doping has no distinct effect on the formation
of tetragonal structural NdVO,.

structural

3.2 Morphology and microstructure

The morphology and microstructure of
as-prepared NdVO, nanopaticles were examined by
scanning electron microscopy. Figures 2(a—c)
present the SEM images of as-obtained NdVO,
nanorod-arrays with different magnifications. It is
obvious that the NdVO, nanorods self-assemble to
yield uniform nanoarrays. The higher magnification
SEM images of neodymium vanadate nanoparticles
shown in Figs. 2(b) and (c) indicate that NdVO,
nanoarrays are composed of massive nanorods. The
diameter of the nanorods is about 25 nm and the
length is 100 nm or so. It is much smaller compared
with the NdVO, nanorods synthesized by WU
et al [19], which have rectangular cross-sections
from about 30 nm X 30 nm to 100 nm % 200 nm and
the length from 400 to 700 nm. This would be of
great significance because of the possible novel
properties induced by the reduced dimensionality
and monodispersity.

Figure 2(d) gives the TEM image of NdVO,
nanorod-arrays with ultrasonic treatment in need of
TEM test, showing the self-assembly of NdVO,
nanorods. It is clear that the nanorods still orient
with a fine order. The SEAD pattern shown in
Fig. 2(e) is obtained from the area circled in
Fig. 2(d), indicating the growth direction of (112)
crystalline plane and single-crystalline character of
NdVO, nanorods.

Figure 3 displays the morphologies of the
products prepared with different contents of
Eu’" being 1, 3, 5 and 7 wt.%, respectively. When
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Fig. 2 SEM images with different magnifications (a, b, ¢) and TEM image (d) of as-prepared NdVO, nanorod-arrays,
and SAED pattern of NdVO, nanorod (e) obtained from area circled in Fig. 2(d)

Fig. 3 SEM images of NdVO, nanoparticles prepared with different Eu**-doping contents at different magnifications:

(al, a2) 1 Wt%, (bl, b2) 3 Wt%, (Cl, C2) 5 Wt%, (dl, d2) 7 wt.%

Eu’" is doped into the reaction system, it is clear
that no NdVO, nanorod-arrays are found. And
the NdVOy nanoparticles in Fig. 3 are all in a mess
and out of order. It is indicated that Eu’"-doping
interrupts the self-assembly of NdVO, nanorods
and is unfavorable for the formation of NdVO,
nanorod-arrays. The destructive behavior of
Eu’"-doping to the morphology of NdVO, nanorod-
arrays maybe influence their photoluminescence
(PL) performance.

Figure 4 shows the EDS spectra of NdVO,
nanoparticles without Eu’*-doping and with the
Eu’*-doping contents of 3 and 7 wt.%, respectively.
Without Eu’"-doping, the detected Nd/V/O mole
ratio of NdVO, nanorod-arrays is about 1/1/4.
When Eu’" is doped into the reaction system, no

oriented NdVO, nanorod-arrays are found as shown
in Fig. 3, showing the effect of Eu*"-doping on the
formation and the morphology of NdVO,
nanocrystals. In the EDS patterns of the samples
synthesized with Eu**-doping, there is no obvious
Eu signal detected. But from the EDS data, we find
the Eu’" mole fraction of 0.38% in the product
prepared with Eu’"-doping content of 7 wt.%. It is
suggested that lower content of Eu’" cannot be
detected by EDS in this work.

3.3 Photoluminescence performance

The photoluminescence (PL) properties of
NdVO, nanoparticles are recorded by fluorescence
spectrometer at room temperature. Figure 5 shows
the PL spectra of the samples without Eu’"-doping
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Fig. 4 EDS spectra of as-prepared NdVO, nanorod-
arrays without Eu’’-doping (a) and with Eu**-doping
contents of 3 wt.% (b) and 7 wt.% (c)

and with different Eu**-doping amounts of 1, 3, 5
and 7 wt.%. As shown in Fig. 5(a), a number of
sharp emission peaks occur in the wavelength
region from 525 to 725 nm, with the excitation
wavelength of 310 nm. The emssion bands of
NdVO,:Eu’" are associated with the f—f transitions
(around 540 and 559 nm) and °Dy—'F, (around
595 nm), Dy—"F, (around 620 nm), Dy—"F; (around
702 nm) transitions of Eu’" [22]. From the results,
the variation trend of the samples with different
Eu*'-doping amounts is the same. The integrated
intensity increases gradually with the Eu*"-doping
content increasing to 7 wt.%. This indicates that
more Eu’" ions are incorporated into the host lattice
at a higher Eu’-doping content (7 wt.%) and
prominent energy migration between the Eu’" ions
takes place. The mission intensity of 5D0—>7Fj
depends on the amount of Eu®* [23].

To identify the effect of Eu’"-doping on
the photoluminescence performance of NdVO,,
Fig. 5(b) shows the emission spectra of the samples

(a) //7 wt.% Ae=310 nm
/ 5 wt.%
1 wt.%
3wt%
0 wt.%
N
550 600 650 700

Wavelength/nm

(b) 2ex=250 nm

280 320 360 460 44‘10 480
Wavelength/nm
Fig. 5 Photoluminescence spectra of as-prepared
NdVO4Eu®" without Eu*'-doping and with different
Eu’"-doping contents: (a) Emission spectra between
525 and 725 nm with excitation wavelength of 310 nm;
(b) Emission spectra between 280 and 480 nm with

excitation wavelength of 250 nm

in the wavelength region from 280 to 480 nm
excited by 250nm. There are two distinct
luminescence emission peaks observed, one weak
peak at 300 nm and the other strong peak at 400 nm,
if no Eu’" ions are doped in the reaction system.
Because NdVO, nanocrystals are composed of Nd**
and VO, , the weak peak at 300 nm (4.2 eV) is
most likely a result of the electron transition in
VO, , which corresponds to electron transition
from O 2p nonbonding state to V 3d and O 2p
antibonding states. The strong emission peak at
400 nm can be attributed to Nd** transition from the
4D3/2 state to 4111/2.

At the same time, two extraordinary weak
luminescence emission peaks can been detected at
352 and 467 nm which are assigned to Nd**
transitions from the *Ds;» and *Gy, states to ‘I,
respectively. When Eu’" ions are doped in the



1036

reaction system and interrupt the formation of
NdVO, nanorods, the intensity of the strongest
emission peak decreases sharply, indicating the
quench effect of Eu®" on the fluorescence properties
of NdVO, nanocrystals. In addition, it can be found
that the strongest emission peak of 400 nm has
some red-shift to 412 nm, showing the change of
Nd** transition from the D5, state to *I;,,, owing to
the doping of Eu’". As we all know, the size of Eu®"
is smaller than that of Nd*". When NdVO,
nanocrystals are doped by Eu’" with smaller size,
the lattice constant decreases and the intensity of
crystal field increases. Generally, the photo-
luminescence emission peak of rare earth vanadates
has some red-shift due to the increasing intensity of
crystal field [24]. The study on the detailed relation
between crystal structure and photoluminescence
performance is under way.

4 Conclusions

(1) Tetragonal structural NdVO, nanoarrays
composed of monodisperse nanorods were prepared
by simple and reproducible hydrothermal methods.

(2) NdVO, nanoparticles are testified to grow
orientally along the direction of (112) crystalline
plane to form tetragonal structural NdVO, nanorods
with the mean length of 100 nm and the diameter of
25 nm. Tetragonal structural NdVO, nanorods show
single-crystalline character and self-assemble into
NdVOy nanoarrays.

(3) Eu’*-doping has no effect on the crystalline
phase of NdVO, nanoarrays, but interrupts the
oriented-growth and self-assembly of NdVO,
nanorods. NdVO, nanorod arrays prepared exhibit
strong luminescence emission at 400 nm attributed
to Nd** transition from the 4D3/2 state to 4111 n. The
strongest luminescence emission at 400 nm has
red-shift to 412 nm with sharp decrease of the
fluorescence emission intensity due to the
Eu’"-doping. It is indicated an interruption of
Eu''-doping to the morphology of NdVO,
nanoarrays and a quench effect of Eu’" on the
fluorescence property of NdVO, nanoarrays, which
is of a certain significance to optimize the photo-
luminescence performance of rare earth vanadates.
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