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NdVO4 nanowires  are  synthesized  by  a simple  composite  molten  salt  method.  Scanning  electron
microscopy,  transmission  electron  microscopy,  X-ray  diffraction  spectrum,  energy  dispersive  spectrom-
etry and  UV–vis  spectrum  are  used  to characterize  the  structure,  morphology  and  composition  of  the
sample. The  results  show  that  the  product  is  of tetragonal  phase  NdVO4 nanowires  which  are  connected
together  in  bases,  rooted  in  one  center,  with  typical  diameters  of  100  nm  and  lengths  up to 3  �m.  The
UV–vis  spectrum  shows  that  NdVO4 nanowires  have  four  strong  absorption  peaks  from  the  UV  to  near
dVO4 nanowires
omposite-molten-salt method
hotocatalytic activity

infrared  region.  The  photocatalytic  degradation  of  Rhodamine  B (RhB)  and  methyl  orange  under visible
light  irradiation  using  the  NdVO4 nanowires  are  also  investigated.  Excellent  catalytic  degradation  activity
of RhB  observed  suggests  possible  applications  for organic  pollutant  treatment  under  visible  light  irra-
diation.  The  electron  density  states  of the  NdVO4 were  calculated  with  the  Vienna  ab  initio  simulation
package.  The  results  of  these  simulations  were  used  to form  a  description  of  the  observed  light  absorption
and  photodegradation  properties  of NdVO4 nanowires.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Photocatalysis is a clean technology in the treatment of a vari-
ty of contaminants. The low cost, high photoactivity and recyclable
eatures of TiO2 makes it one of the most commonly used photo-
atalysts [1].  However, TiO2 shows photocatalytic activities only
n the UV region and can harvest a small fraction (<5%) of the
olar irradiation due to its relatively large band-gap (about 3.2 eV)
2–4]. Therefore, development of visible light active photocatalysts
o efficiently utilize solar energy is both an important and chal-
enging research field [5–7]. The visible light photocatalytic activity
f TiO2 nanotubes [2],  nanoparticles [3,8] and hollow spheres [4]
ave all been enhanced by doping with Nd, owing to the increased
isible light absorption from the narrowed band-gap. In addi-
ion, a large number of un-doped semiconductor photocatalysts
ave been developed demonstrating absorption in the visible light
egion. These new photocatalysts including Ag3VO4 [9] and BiVO4
10,11] have demonstrated efficient photocatalysis under visible
ight irradiation. Neodymium is a rare earth element with lumi-

escent and photocatalytic properties due to the transitions of 4f
lectrons under visible light irradiation [12,13]. NdVO4 nanorods
nd nanoparticles have been synthesized and the catalytic proper-
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ties have been investigated under UV irradiation [14,15], but there
is no report on their catalytic properties under visible light irradi-
ation.

In this paper, we have reported for the first time the synthesis
of NdVO4 nanowires by the composite molten salt method (CMS).
The CMS  approach is a new strategy that provides a one-step, low-
cost, convenient, environmentally friendly, and scalable production
route for synthesizing nanostructures of functional materials [16].
The catalytic degradation activity of the NdVO4 nanowires to Rho-
damine B (RhB) is investigated. To the best of our knowledge, this
is the first report on the catalytic degradation activity of RhB by
using NdVO4, and the first report of NdVO4 catalytic activity under
visible light irradiation.

2. Experimental

NdVO4 nanowires were prepared by the CMS  method. All the chemicals were
purchased from Chongqing Chemical Company, and used without further purifica-
tion. In a typical procedure: (1) 9 g mixed nitrate (LiNO3/KNO3 = 1:2) was put in a
25  mL  teflon vessel. (2) 1 mmol NdCl3·6H2O and 1 mmol V2O5 were added in the
vessel. (3) The vessel was sealed and put in a furnace preheated to 200 ◦C. (4) After
reacting for 24 h, the vessel was taken out and allowed to cool to room temperature.
(5)  The greenish product obtained was washed with deionized water and ethanol
several times.
The crystal phase of the product was characterized by a BDX320 X-ray diffrac-
tion instrument equipped with Cu K� radiation (� = 1.5418 Å). A scanning rate
of  4◦/min was  applied to record the spectrum over range of 2�, 20–70◦ . The
morphology and size of the products were analyzed using a scanning electron
microscope (TESCAN VEGA2) equipped with an energy dispersive X-ray spec-
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Fig. 1. XRD pattern (a) and the energy dis
roscopy (EDS), and transmission electron microscope (TEM). To examine the
and gap of the samples, UV–vis absorption spectrum of the sample on quartz
lices was  measured by U-4100 UV–vis–NIR spectrophotometer under normal
ncidence light.

Fig. 2. SEM images (a and b), TEM image (c), selective area electron diffrac
e spectrum (b) of the NdVO4 nanowires.
The degradation of RhB was performed by a simulated sunlight instrument (CHF-
XM-500 W).  The change in the RhB concentration was  monitored using a UV–vis
spectrophotometer (Hitachi U-4100). 20 mg of the NdVO4 nanowires were dispersed
in  100 mL  solution with 0.01 mmol/L RhB in a glass beaker. Before illumination,

tion pattern (inset) and HRTEM image (d) of the NdVO4 nanowires.
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he  suspension was  magnetically stirred for 1 h in the dark to ensure adsorption
quilibrium of RhB on the surface of the sample.

. Results and discussion

XRD patterns in Fig. 1a demonstrate a crystallized product. The
iffraction peaks for the sample were indexed as the tetragonal
tructure of NdVO4 (JCPDS: 15-0769, S.G. I41/amd(141)), with lat-
ice constants of a = 7.33 Å and c = 6.44 Å. Fig. 1b shows the energy
ispersive spectrum (EDS) of NdVO4 crystals, which confirms that
he product is composed of three elements: Nd, V and O (the Si
ignal is from the substrate).

The SEM images (Fig. 2a and b) show that the sample is com-
osed of nanowires with diameters of about 100 nm and lengths up
o 3 �m connected together in groups at their bases. The TEM image
Fig. 2c) of the NdVO4 sample further demonstrates their wire-like

orphology and diameter of about 100 nm.  HRTEM (Fig. 2d) sug-
ests that the NdVO4 nanowire is a single-crystalline, multi-layered
tructure with the layer plane orientation along [−1 1 1].

A possible formation mechanism of the NdVO4 nanowires in the
olten mixed salts is suggested. V2O5 and NdCl3·6H2O dissolve in

he molten mixed nitrate solvent, and V2O5 is readily transformed
o VO3

− (or V4O12
4−) in the neutral solution. NdVO4 nanoparticles

re then formed by the reaction of VO3
− with Nd3+ [13]. The small

anoparticles congregate to form large particles. According to the
ucleation limit accumulation model, the supersaturation of the
ystem significantly decreases because of the reactant exhaustion
fter the primary nucleation stage resulting in restrained nucle-
tion. To reduce the high surface energy and the large surface
urvature of the crystal nucleus, NdVO4 crystal nuclei aggregate
o form NdVO4 nanowires.

The UV–vis absorption spectrum of the NdVO4 nanowires from
40 nm to 800 nm is shown in Fig. 3a. The spectrum shows dis-
inctive absorption edges around 420 nm with a corresponding
and gap of 2.95 eV. These results are in agreement with the lit-
rature [14]. Four obvious absorption peaks at 297, 538, 590, and
52 nm indicate UV and visible light absorption. To explain the
bsorption spectrum, the electronic properties of NdVO4 were cal-
ulated with the Vienna ab initio simulation package (VASP) on
he basis of density functional theory (DFT) using the pseudopo-
ential plane-wave method [17,18]. The density of states (DOSs)

nd the partial density of states (PDOSs) of NdVO4 crystals are
hown in the Fig. 3b. From the PDOSs, the bottom of the con-
uction band is mainly formed by Nd 4f states and the upper
alence band is formed by O 2p states. The calculated band gap
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ig. 3. UV–vis absorption spectrum of the NdVO4 nanowires (a), a schematic diagram of
DOSs)  and partial density of states (PDOSs) of NdVO4 (b).
pounds 509 (2011) 7968– 7972

(2.9 eV) of the NdVO4 nanowires is smaller than the experimen-
tal results. The absorption peak at 297 nm (4.2 eV) is most likely
a result of the electron transition in VO4

3−, which corresponds
to electron transition from O 2p nonbonding states to V 3d and
O 2p antibonding states [19–21].  The absorption peaks at 538 nm
(2.3 eV), 590 nm (2.1 eV), and 752 nm (1.6 eV) mainly arise from
the electron transition of Nd3+, which corresponds to the 4f elec-
tron transitions from 4I9/2 to 2G7/2, 4G5/2, and 4F7/2 [3,12,22], as
shown in the inset of Fig. 3a. The strong absorption in the UV
and visible region facilitates photocatalytic degradation of organic
pollutants.

To explore catalytic activity of the NdVO4 nanowires, we per-
formed a degradation experiment of RhB under irradiation of
100 mW/cm2 simulated sunlight. The characteristic absorption
peak of RhB centered at 550 nm was  monitored to track the degra-
dation of RhB. Fig. 4a shows the UV–vis absorption spectrum of
the starting solution (0.01 mmol/L RhB) and the solution contain-
ing 0.2 g/L NdVO4 nanowires as a function of time. Approximately
9% of RhB was adsorbed on the surface of NdVO4 nanowires in
the initial 1 h stirring in dark conditions. After illumination, the
concentration of RhB decreases with increasing illumination time.
To clearly illustrate the degradation rate, we  plotted the catalytic
degradation percentage versus illumination time in Fig. 4b. The
degradation rate is 15%/h in the first hour of illumination, and
then slows to 11%/h in the second hour. The degradation rate
becomes a constant of 8%/h after 2 h illumination. About 66% of RhB
can be effectively degraded by the catalysis of NdVO4 nanowires
within 6 h.

The mechanism of the photocatalytic reaction can be described
as follows: the photogenerated electron (e−), and hole (h+) pairs of
the photocatalyst are generated under light excitation (absorbed
energy is equal to or larger than its band gap). Then, these elec-
trons and holes react with species adsorbed to the surface, like
O2, OH−, etc., to form reactive species O2

−, ·OH. These reactive
species degrade the RhB into small molecules like CO2, H2O, etc.
[23].

Generally, two mechanisms are involved in the degradation
of RhB. The de-ethylation and the cleavage of conjugated chro-
mophore structure, which can be characterized by the shift of the
maximum absorption band (�max) and by the change in the absorp-
tion maximum (Amax/A0

max) of RhB respectively [24,25].  Usually
these two  mechanisms take place simultaneously and competi-

tively in the photocatalysis process. In Fig. 4a, a change in the
absorption maximum can be observed but not a shift of the max-
imum absorption band. This indicates that the cleavage of the
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ig. 4. Absorption spectrum of 0.01 mmol/L RhB (a) and MO  (e) solution with 0.2 g/L
ersus  illumination time for RhB (b) and MO  (f), crystal structure schematic sketch of
nder  visible light irradiation (d).

onjugated chromophore structure by hydroxylation was the dom-
nant mechanism in the photocatalysis. The possible photocatalytic
eaction in the visible light/NdVO4 system is proposed as follows:

dVO4 + hv → NdVO4 + h+ + e−,

2O + h+ → OH− + H+,

H− + h+ → ·OH,

2 + e− → ·O2
−,
2O + ·O2
− → ·OOH + OH−,

·OOH → O2 + H2O2,
4 nanowires in different stages of illumination, the plots of degradation percentage
4 nanowires (c) and schematic diagram for transfer of electrons in NdVO4 nanowires

·OOH + H2O + e− → H2O2 + OH−,

H2O2 + e− → ·OH + OH−,

RhB + ·OH → CO2 + H2O + NO3
− + NH4

+.

The regular VO4 tetrahedra and Nd3+ of NdVO4 play a crucial role
in the photocatalytic process. Fig. 4c shows the structure schematic
of NdVO4 nanowires, indicating the crystal structure of VO4 tetra-
hedral and isolated Nd cations. The VO4 and the Nd cations are
alternately stacked in layers orientated along [−1 1 1] direction,

which is consistent with results from HRTEM image in Fig. 2d.
Thus, the VO4 tetrahedra interact strongly with each other along the
VO4 chains. The high photocatalytic activity in NdVO4 nanowires is
observed partly due to the presence of regular VO4 tetrahedra and
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he layered structure, both of which are beneficial for the charge
ransfer to the surface [15,26,27].  The UV–vis spectrum shows that
d3+ can absorb visible light energy effectively for 4f electron tran-

ition. The transitions of 4f electrons lead to the enhancement of
he visible light adsorption of the catalyst and promote the sepa-
ation of photo-generated electron–hole pairs [8,10],  as illustrated
n Fig. 4d.

Additionally, a high degree of crystallinity and large surface
o volume ratio can improve the activity of the photocata-
yst [10,28,29].  The results of XRD and SEAD reveal few grain
oundaries within the NdVO4 nanowires due to the degree of crys-
allinity. These grain boundaries serve as a recombination center
etween photogenerated electrons and holes [28,30]. In addi-
ion, the needle-like NdVO4 nanowires provide a large surface
o volume ratio. As a general rule, smaller nanostrucutres allow
or more efficient transfer of electron–hole pairs generated from
nside the crystal to the surface. A large surface area not only sup-
lies more active sites for the degradation reaction of the dyes
ut also effectively promotes the separation of the electron–hole
airs, resulting in a higher efficiency of the photocatalytic reaction
11,29].

To explore catalytic selectivity of NdVO4 nanowires, we per-
ormed the degradation experiment of methyl orange (MO)
olution (yellow) under the same condition. In Fig. 4e and f,
bout only 29.8% of MO can be effectively degraded by the catal-
sis of NdVO4 nanowires within 6 h, which indicates that NdVO4
anowires are more suitable for degradation of RhB.

From the above reaction equation, the exiting form of MO  is
ainly ArSO3

− anion which results in the yellow color of the
olution. According to known adsorption mechanisms of ArSO3

−

n catalysts [31,32],  the ArSO3
− anion will partially substitute

H− adsorbed on the surface of the catalyst in the photocatalysis
rocess. This leads to the decrease of ·OH radicals. Thus, the pho-
ocatalytic degradation efficiency of MO is lower than that of RhB
nder the same conditions.

. Conclusions

NdVO4 nanowires have been synthesized by the newly devel-
ped one-step CMS  method. The NdVO4 nanowires show strong
V and visible light absorption. Under visible light irradiation,
bout 66% of RhB can be effectively degraded by the catalysis of
dVO4 nanowires over 6 h of illumination. This degradation can
e attributed to the electron transitions of 4f electrons, the regu-

ar VO4 tetrahedra, the high degree of crystallinity, and the small

ize and large surface to volume ratio of the NdVO4 nanowires. This
tudy presents a new synthesis method for NdVO4 nanowires and
ives a better understanding of the band structure of NdVO4 and
hotocatalytic mechanism. Excellent catalytic degradation activity

[

[
[

pounds 509 (2011) 7968– 7972

of the NdVO4 nanowires suggests possible applications in organic
pollutant treatment under visible light irradiation.
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17] G. Kresse, J. Furtműller, Comput. Mater. Sci. 6 (1996) 15–50.
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