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Introduction

In recent years, the design and synthesis of inorganic nano-
structures with well-defined size and morphology have at-
tracted considerable attention, because the dimensional and
structural characteristics of these materials endow them
with a wide range of potential applications.[1] In particular,
the fabrication of hierarchical and complex nano-/micro-
structures that assemble from nanoparticles, nanorods, nano-
ribbons or nanobelts as building blocks at different levels
have been proposed and partially realised in recent years.[2–5]

These novel architectures should facilitate a deeper under-
standing of the “bottom-up” approaches and offer opportu-
nities in searching for exciting new properties of materials,
and be useful for fabricating functional nanodevices, and so
forth.[5–7] Until now, some kinds of compounds or materials,

such as metal oxides,[8] sulfides,[7,9] hydrates[10] and other
compounds,[11] have been synthesised with controlled hier-
archical/complex morphologies by various methods. In these
fabrications, the growth habit of crystals always plays an im-
portant role in determining the final morphology; mean-
while, the complexing agent or surfactant is also used for
tailing the crystal growth dynamically. Moreover, the use of
a complexing agent affords the possibility of breaking the
limitation of crystal growth habit and results in various hier-
archical/complex morphologies. Therefore, to extend the
synthesis of inorganic hierarchical/complex morphologies
and to deepen the comprehension of crystal growth behav-
iour, it is necessary to choose suitable complexing agents or
surfactants for preparing inorganic hierarchical/complex
morphologies with uniform size. Herein, trisodium citrate
(Na3cit), sodium tartrate (Na2tar) and sodium malate
(Na2mal) are chosen to control the synthesis of rare earth
orthovanadates, and Na3cit and Na2tar prove to useful for
preparing hierarchical/complex morphologies.

As a series of important functional inorganic materials,
rare earth orthovanadates have been extensively studied
and employed in various fields including catalysts,[12] polaris-
ers,[13] laser host materials[14] and phosphors.[15] Stimulated
by both the promising applications and the interesting prop-
erties, much attention has been directed to the controlled
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synthesis of rare earth orthovanadates with different shapes,
and the investigation of their size/shape-dependent proper-
ties in the past several years, especially in nanorods/nano-
wires[16] and nanoparticles.[17] Recently, polyhedral YVO4

nanocrystals also have been prepared by the wet chemical
synthesis process.[18] Nevertheless, to the best our knowl-
edge, the synthesis of monodisperse YVO4 complex archi-
tectures with uniform size and morphology has seldom been
reported. On the other hand, the shape, crystalline structure
and size of YVO4 are important elements in determining its
physical and chemical properties. Therefore, to control the
shape and size of YVO4 complex, it is necessary to under-
stand the relationship between the intrinsic crystal structure
of YVO4 and the kinetic factors employed during the syn-
thetic course, such as the reaction time, the molar ratio of
the complexing agent/Y3+ and different complex agents.[19]

Furthermore, this shape control of YVO4 crystals will, to
some extent, give insights into the crystallisation behaviour
on a nano- or microsize scale owing to the traditional lack
of understanding of the growth history and shape evolution
process.

In this paper, nearly monodisperse YVO4 particles with
nanopersimmon, nanocube and nanoparticle shape have
been successfully prepared through a complexing-agent-
assisted hydrothermal approach. The shape and dimension-
ality of the obtained YVO4 architectures can be controlled
by adjusting the reaction time, the molar ratio of complex-
ing agen/Y3+ and different complexing agents, for example,
Na3cit, Na2tar and Na2mal. Because of the different interac-
tions between the rare earth ion and the complexing agent,
it is interesting to find that the as-synthesised heavy rare-
earth orthovanadates ErVO4 and DyVO4 have similar mor-
phological variation to YVO4 through the use of different
complexing agents under similar reaction conditions. Where-
as, for the as-obtained light rare-earth orthovanadates
CeVO4 and GdVO4, the complexing agents have no evident
effect on their morphology and only nanoparticles are ob-
tained. Pore-size distribution analysis results indicate that
there are mesopores (2–4 nm) in the nanopersimmon and
macropores (10–50 nm) in the nanocube. UV absorption and
photoluminescence spectra show that the optical properties
of YVO4 nanopersimmons are relevant to their sizes and
shapes.

Results and Discussion

Synthesis of YVO4 architectures with nanopersimmon and
nanocube shapes : LnVO4 (Ln =Y, Dy, Er, Ce, Gd) have
been synthesised by means of a complexing-agent-assisted
solution route. The detailed reaction parameters and corre-
sponding results are summarised in Table 1. The scanning
electron microscopy (SEM) image of sample 6 is shown in
Figure 1; uniform and persimmon-like YVO4 hierarchical
structures are obtained on a large scale (Figure 1 a). There is
a concave dip in each centre of the YVO4 architecture. The
average size of the as-prepared product is about 940 nm in

diameter and 470 nm in thickness. The rough surface and
evident boundaries of the obtained 2D persimmon-like pat-
terns indicate that an individual YVO4 architecture is com-
posed of many smaller nanoplates (Figure 1 b and 1 c), and
these original nanoplates are self-assembled into an integrat-
ed structure along the longitudinal axis direction through
face-by-face attachment. This organisation is similar to the

Table 1. Reaction conditions and corresponding morphologies of the as-
synthesised LnVO4.

[a]

Sample Agent Molar
ratio

t
[h]

Product Morphology

1 Na3cit 0:1 24 YVO4 nanoparticles
2 Na3cit 1:1 24 YVO4 nanoparticles
3 Na3cit 2:1 1 YVO4 nanodisks
4 Na3cit 2:1 6 YVO4 nanodisks
5 Na3cit 2:1 12 YVO4 nanopersimmons
6 Na3cit 2:1 24 YVO4 nanopersimmons
7 Na3cit 3:1 24 YVO4 nanopersimmon and stacks of

nanopersimmon
8 Na3cit 4:1 24 YVO4 stacks of nanopersimmon
9 Na2tar 2:1 24 YVO4 nanocubes

10 Na2mal 2:1 24 YVO4 nanoparticles
11 Na3cit 2:1 24 DyVO4 nanopersimmons
12 Na2tar 2:1 24 DyVO4 nanocubes
13 Na2mal 2:1 24 DyVO4 nanoparticles
14 Na3cit 2:1 24 ErVO4 nanopersimmons
15 Na2tar 2:1 24 ErVO4 nanocubes
16 Na2mal 2:1 24 ErVO4 nanoparticles
17 Na3cit 2:1 24 CeVO4 nanoparticles
18 Na2tar 2:1 24 CeVO4 nanoparticles
19 Na2mal 2:1 24 CeVO4 nanoparticles
20 Na3cit 2:1 24 GdVO4 nanoparticles
21 Na2tar 2:1 24 GdVO4 nanoparticles
22 Na2mal 2:1 24 GdVO4 nanoparticles

[a] All samples were prepared by hydrothermal process at 140 8C with
Ln(NO)3·6 H2O (Ln=Y, Dy, Er, Ce, Gd) as precursors.

Figure 1. a) Low-magnification SEM image of monodisperse YVO4 nano-
persimmons obtained with 2:1 molar ratio of cit3�/Y3+ at 140 8C for 24 h;
scale bar 1 mm; b) enlarge SEM image of YVO4 nanopersimmons; scale
bar 500 nm; c) SEM image of an individual YVO4 nanopersimmon; scale
bar 100 nm; d) XRD pattern of the YVO4.
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ZnO “parent” nanorod self-assembled from smaller nano-
rods.[8c] Figure 1 d shows the typical X-ray diffraction (XRD)
pattern of the YVO4 samples. The pattern fits well with the
tetragonal (zircon) type YVO4 (space group: I41/amd) with
lattice constants a= b=7.123 � and c= 6.292 � (JCPDS 72-
0861). No peaks of any other phases or impurities can be de-
tected, indicating its pure phase.

The morphology of YVO4 architecture was further inves-
tigated by high-resolution transmission electron microscopy
(HRTEM). The bright field transmission electron microsco-
py (TEM) image of an individual YVO4 persimmon clearly
shows that the obtained YVO4 is in spherical shape. The dif-
ferent contrast between the central and fringe part of an in-
dividual architecture also implies the concave dip existing in
the centre of products (Figure 2 a). The corresponding

selected-area electron diffraction (SAED) pattern taken
from discretional nanoplate indicates that the assembled
nanoplate has a well-defined single-crystalline structure
(inset of Figure 2 a). The HRTEM image in Figure 2 b fur-
ther reveals the single-crystal characteristic structure of
nanoplates. The 2.52 � spacing of crystallographic planes
corresponds to the (220) lattice fringe of YVO4, indicating
the growth along [00 1] direction was confined, and it grew
preferentially along the [1 0 0] and [01 0] directions; nano-
plates were then obtained.[17a–b] It can also be observed that
the original plates are about 10 nm in size. This feature
gives evidence that YVO4 nanopersimmons are stacked
through “oriented attachment”[20–22] of small nanoplates
along the [00 1] direction.

To control the size and morphology of YVO4 architecture,
the influence of reaction time, the molar ratio of Na3cit/Y3+

and different complexing agents was investigated. It is found
that the size of the obtained monodisperse YVO4 architec-
ture can be easily tuned by the reaction time. As shown in
Figure 3, the as-synthesised YVO4 are uniform architectures
with 300 nm in diameter and 50 nm in thickness after the re-
action was carried out for 1 h (sample 3; Figure 3 a). If the
reaction time was prolonged to 6, 12 or 24 h (sample 4–6),
uniform and monodisperse architecture with a “disk” shape
was still obtained. Meanwhile, the corresponding diameter is

400, 520 and 940 nm, respectively, and the thickness increas-
es from 50 to 470 nm (Figure 3 b–d). These images clearly
demonstrate the shape evolution of the obtained products
from thick nanodisk to nanopersimmon.

On the other hand, the molar ratio of cit3�/Y3+ also has
great influence on the morphology evolution of YVO4.
Quasi-spheres were obtained if the molar ratio of cit3�/Y3+

was lower than two (samples 1 and 2; Figure 4 a,b). The
average size of the irregular nanoparticles is about 17 and
28 nm, respectively. The organised structures form short pil-
lars, assembled from many nanoplates through face-to-face
stacking, and are obtained at the cit3�/Y3+ molar ratio of 3:1
(sample 7; Figure 4 c). The length of the aggregated pillar
extended when the cit3�/Y3+ molar ratio was increased to
4:1 (sample 8; Figure 4 e). However, the diameter of the
pillar decreased from 860 to 600 nm. It is observed that the
organised units (nanodisks or nanopersimmons) are secon-
dary structural units of the original nanoplates with 27 nm
in thickness (Figure 4 d and 4f), and these original nano-
plates also organised through face-to-face way to form nano-
persimmons or the pillar structure. In the present system,
the molar ratio of cit3�/Y3+ is undoubtedly vital in the mor-
phologies and self-assemble of YVO4 microstructure.

A plausible process for the self-assembly of YVO4 nano-
persimmons is proposed (Figure 5). It is known that Na3cit
is a rich source of COO� ions and can form complexes with
Y3+ ion through coordination interaction.[23] When Na3cit is
added into the solution, it can coordinate with Y3+ ion to
form the intermediate complex of [YACHTUNGTRENNUNG(cit)2], greatly decreas-
ing the free Y3+ ion concentration in solution. Such a low
Y3+ ion concentration leads to a relatively slow reaction
rate and facilitates the oriented growth of YVO4 nanocrys-
tals in the view of the dynamic process. When [YACHTUNGTRENNUNG(cit)2] is at-
tacked by VO4

3�, the active (0 0 1) facet of tetragonal YVO4

is restricted by the released cit3� ions.[17a–b] Thus the crystal

Figure 2. a) TEM image of an individual YVO4 nanopersimmon, the inset
gives the corresponding SAED; scale bar 100 nm; b) HRTEM image of
the YVO4 nanoplates; scale bar 5 nm.

Figure 3. SEM images of YVO4 obtained with 2:1 molar ratio of cit3�/Y3+

at 140 8C for different reaction time: a) 1, b) 6, c) 12 and d) 24 h; scale
bars 1 mm.
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growth along [00 1] direction is confined, and it grows pref-
erentially along [10 0] and [01 0] directions. This kinetic con-
trol leads to the formation of the original nanoplates with
the preferential growth directions. (The YVO4 nanoplates
capped by cit3� are easily soluble in water and difficult to
collect by centrifugal separation.) As evidenced by TEM
and SAED results, the assembled nanopersimmons are con-
structed by tiny nanoplates, with their top/bottom faces cov-
ered by {00 1} planes. Then these initially formed nanoplates
assemble in edge-to-edge and layer-by-layer stacking style
due to the hydrogen bond and electrostatic effects of cit3�

ions. Subsequently, the curved nanostructures can be formed

with the help of the cit3� ions.[11a,b] This interaction can also
be confirmed by the infrared (IR) spectrum (see Figure S1
in the Supporting Information). Meanwhile, the aggregated
nanoplates still undergo the Ostwald ripening process at the
cost of the smaller nanoparticles, and the size of the as-ob-
tained monodisperse nanopersimmons increases with the re-
action time. Based on the above results, it is reasonable to
believe that Na3cit plays double roles in the reaction. One is
to serve as chelating ligand to form a stable complex with
Y3+ and further kinetically control the reaction rate, and the
other is to act as capping agent to affect the facet growth
and their assembly. However, if the molar ratio of cit3�/Y3+

is low to 2:1, the released Y3+ ion concentration from the
complex is higher, because of low coordination number of
cit3� chelation with Y3+ . This accelerates the nucleation pro-
cess of YVO4 and leads to the aggregation of YVO4 nuclei
before preferential growth during the hydrothermal process,
so YVO4 nanoparticles are formed.[11a] If the molar ratio of
cit3�/Y3+ is increased to 3:1, a low free Y3+ ion concentra-
tion dissociated from the complex results in a relatively slow
reaction rate and facilitates the preferential growth of
YVO4. Furthermore, the stronger electrostatic effects of the
nanoplates capped by the greater amounts of cit3� ions will
lead the nanoplates to self-assemble further into organised
pillar structures. A large number of nanoplates are self-as-
sembled into longer pillar structure with the molar ratio of
cit3�/Y3+ increasing to 4:1. Based on the above experiment
results, it is natural to deduce that the formation of YVO4

hierarchical structures by self-assembly is a cooperative
effect of the cit3�/Y3+ molar ratio, reaction rate and inherent
electronic nature of complexing agent.

To further explore the real factors affecting the morpholo-
gies or the self-assemble styles of YVO4, different complex-
ing agents were also studied (see Figure S2 in the Support-
ing Information). It is found that nanocubes rather than
nanopersimmons are obtained when Na2tar is used as a
complexing agent under similar reaction conditions
(sample 9; Figure 6 a). The obtained products also have uni-
form morphologies and can be prepared in large quantity.
However, the obtained products have cubic shapes, about
1000 nm in length and 450 nm thick. It is observed that the
nanocube is also composed of numerous nanoplates with an
average size about 60 nm, and there is also a shallow con-
cave dip in the each face of the nanocube (Figure 6 c). The
densely packed nanoplates make the nanocube surface
rough and corrugated. The XRD result indicates that the
obtained products are pure tetragonal YVO4 (Figure 6 d). It
is worth mentioning that these YVO4 nanocubes are suffi-
ciently stable even though they are ultrasonically treated for
long time. On the other hand, no morphology change was
observed even when the molar ratio of tar2�/Y3+ was in-
creased to 3:1.

A typical TEM image of YVO4 nanocubes shows that
they are formed by the self-assemble of nanoplates, and the
original units form in square shape with an evident right
angle (Figure 7 a). The SAED pattern (inset of Figure 7 a) of
a piece of the nanoplate reveals its single-crystalline nature.

Figure 4. SEM images of the products obtained at 140 8C for 24 h with
different molar ratio of cit3�/Y3+ : a) 0:1, scale bar 100 nm; b) 1:1 scale
bar 100 nm;, c) 3:1, scale bar 1 mm; d) 3:1, scale bar 500 nm; e) 4:1, scale
bar 1 mm; f) 4:1, scale bar 100 nm.

Figure 5. Schematic illustration of the growth process of YVO4 nanoper-
simmon.
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The 3.56 � lattice interplanar spacing taken from the part of
an individual nanoplate (Figure 7 b) corresponds to the
(2 0 0) plane of tetragonal YVO4. This phenomenon can also
be explained by the fact the growth along the [0 0 1] direc-
tion was restricted by the additive tar2� ions, resulting in the
formation of YVO4 nanoplates.[17a–b] However, only irregular
nanoparticles instead of specific architectures are obtained
when Na2mal was used as the complexing agent under simi-
lar reaction condition, and the size of the obtained particles
is about 15–25 nm (sample 10; Figure 8 a).

From the above controlled experiments, it is found that
the complexing agents have great effects on the morpholo-
gies of the products. It is evident that Na3cit has three car-
boxyl and two hydroxyl groups, the Na2tar molecule possess
two carboxyl and two hydroxyl groups and the Na2mal mol-
ecule has two carboxyl and one hydroxyl groups (see Fig-
ure S2 in the Supporting Information). Therefore, among
the Y3+ complexes of these three ligands, the complex of

Y3+ chelated with Na2mal shows the least steric hindrance
for VO4

3� attack, which facilitates the formation of YVO4

nanoparticles without the preferential growth direction.[17a]

On the other hand, our results reveal that Na3cit and Na2tar
can effectively control the crystal growth of YVO4 nano-
plate and direct these nanoplates to assemble hierarchical/
complex morphologies, because of their inherent steric
effect and electric character. With respect to the cit3� ion,
the charge of tar2� ion absorbing on the layer is not enough
to form pillar structures. As to YVO4 morphology evolution
from nanopersimmon to nanocube by using Na3cit and
Na2tar as the complexing agent, respectively, it is believed
that the different framework formed by the coordination
ligand with the Y3+ ion plays an important role in determin-
ing the final shape of product. Of course, these factors need
to be further studied in detail.

The nitrogen adsorption–desorption isotherms and porosi-
ty of the obtained architectures were further investigated
for the YVO4 nanopersimmons and nanocubes. As can be
seen in Figure 9, the pore size of the nanopersimmons (inset
of Figure 9 top) is distributed in the 2–4 nm range, and the
pore size of the nanocubes (inset of Figure 9 bottom) is in
the range of 10–80 nm, but is concentrated at 13 nm. The
specific surface area of YVO4 nanopersimmons and nano-
cubes is 73.87 and 33.04 m2 g�1, respectively. These meso-
pores or macropores could endow these as-prepared hier-
archical structures with some novel potential applications.

Synthesis of CeVO4, GdVO4, DyVO4, ErVO4 : The stability
of complex may be influenced by the sufficient correspond-
ence of the bite between the yttrium ion and the complexing
agent. The series of rare-earth elements is frequently divid-
ed into two groups based on the atomic weight and chemical
properties. The “light” rare earths consist of elements with
atomic number 57 to 63. The “heavy” rare earths consist of
elements 64–71, as well as scandium and yttrium because of
their similar chemical behaviour. The ionic radius of rare
earth elements decreases from atomic number 57 to 71, and
the ionic radius of Y3+ lies between that of Dy3+ and Ho3+.[24]

In this paper, CeVO4 (samples 17–19), GdVO4 (samples 20–
22), DyVO4 (samples 11–13) and ErVO4 (samples 14–16)
have also been synthesised under similar reaction conditions

Figure 6. a) Low-magnification SEM image of monodisperse YVO4 nano-
cubes obtained with 2:1 molar ratio of tar2�/Y3+ at 140 8C for 24 h; scale
bar 1 mm; b) enlarged SEM image of YVO4 nanocubes; scale bar 500 nm;
c) SEM image of an individual YVO4 nanocube; scale bar 100 nm; d)
XRD pattern of YVO4 nanocubes.

Figure 7. a) TEM image of an individual YVO4 nanocube, the inset gives
the corresponding SAED; scale bar 100 nm; b) HRTEM image of YVO4

nanoplate, scale bar 2 nm.

Figure 8. a) TEM image of YVO4 nanoparticles obtained with 2:1 molar
ratio of mal2�/Y3+ at 140 8C for 24 h; scale bar 100 nm; b) XRD pattern
of YVO4 nanoparticles.
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with these three complexing agents, respectively. It is found
that DyVO4 and ErVO4 have similar morphology variation
to that of YVO4 (Figure 10) and only nanoparticles are ob-

tained for CeVO4 and GdVO4 (see
Figure S4 in the Supporting Information). In spite of a
larger ionic radius, Ce3+ and Gd3+ can be chelated with
these three complexing agents to form different complexes

that show relatively smaller steric repulsion for the attack of
VO4

3� ions, resulting in the formation of nanoparticles
before preferential growth.[17b] Owing to the lanthanide con-
traction, there is a little morphology variation among the as-
obtained different lanthanide orthovanadates because of
their individual properties. Therefore, the assembly of
LnVO4 hierarchical architectures is a complicated process
affected by several factors, including reaction time, the
molar ratio of the complexing agent/Ln3+ , different com-
plexing agents and precursors. These results show the shape
evolution of lanthanide orthovanadate is determined mainly
by interaction between rare earth ion and the complexing
agent.

Optical properties of YVO4 nanopersimmons : YVO4 is an
important optical host material, but few reports are avail-
able on the intrinsic photoluminescence properties such
nanomaterials. In this work, the photoluminescence proper-
ties of YVO4 nanopersimmons of various sizes were studied;
typical adsorption spectra of YVO4 nanocrystals obtained at
different times are presented in Figure 11 (top). The spectral

characteristics of YVO4 nanocrystals are similar in the UV
region, but a little difference in adsorption. Compared with
other YVO4 nanopersimmons obtained at different time,
YVO4 nanopersimmons obtained at 1 h shows strongest ad-
sorption peak at 270 nm. In the UV region, the broad band
between 270–280 nm is attributed to charge transfer from
the oxygen ligands to the central vanadium atom inside the
VO4

3� ion.[17a] The photoluminescence emission spectra of

Figure 9. Typical N2 gas adsorption–desorption isotherms of YVO4 mono-
disperse architecture: Top: nanopersimmon; bottom: nanocubes. The
inset is the corresponding pore-size distribution.

Figure 10. a)and b) Low-magnification SEM image (scale bars 500 nm)
and c) TEM image (scale bar 100 nm) of DyVO4 samples obtained with
2:1 molar ratio of cit3� (tar2� or mal2�)/Dy3+ at 140 8C for 24 h; d) and
e) Low-magnification SEM image (scale bars 500 nm) and f) TEM image
(scale bar 100 nm) of ErVO4 samples obtained with 2:1 molar ratio of
cit3� (tar2� or mal2�)/Er3+ at 140 8C for 24 h.

Figure 11. UV spectra (top) and photoluminescence spectra (bottom) of
the YVO4 monodispersed nanopersimmon obtained at different time.
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YVO4 nanopersimmons are shown in Figure 11 (bottom) ex-
cited by 270 nm wavelength light, and they have similar
emission spectra exhibiting bands at 354, 406, 695 and
791 nm, respectively. The adsorption and emission character
of YVO4 nanopersimmons obtained at 6 h is similar to that
of regular colloid of YVO4 particles. In general, the photolu-
minescence emission intensity of nanocrystals increases with
improving crystallinity.[11h] However, it is interesting to find
that the relative intensity of photoluminescence spectra in
our experiments reduces with the increase in reaction time
and the size of nanocrystals; the ratio of photoluminescence
of samples obtained at different time also gradually decreas-
es. As to these abnormal phenomena, it might be due to the
diffusion and the unstable suspended colloid in water be-
cause of the size of YVO4 nanopersimmons increasing with
the reaction time prolonging. The factors also need to be ex-
plored in more detail in the future.

Conclusion

In summary, nearly monodisperse YVO4 nanopersimmons,
nanocubes and nanoparticles can be synthesised by a com-
plexing-agent-assisted hydrothermal approach. The obtained
nanopersimmons and nanocubes are composed of many
nanoplates, and the shape and dimensionality of the ob-
tained architectures can be controlled by adjusting the reac-
tion time, the molar ratio of the complexing agent/Y3+ and
different complexing agents, for example, Na3cit, Na2tar and
Na2mal. The optical properties of YVO4 nanopersimmons
are relevant to their size and shape. This method can be ex-
tended to synthesise other rare-earth orthovanadates, and
their size and morphology can also be controlled effectively.
Further studies reveal that the morphology of the as-syn-
thesised LnVO4 is determined mainly by the interaction be-
tween rare-earth ion and the complexing agent. This work
may present a way for the morphology-controlled synthesis
of other inorganic materials.

Experimental Section

Synthesis of rare earth orthovanadate LnVO4 (Ln=Y, Ce, Gd, Dy, Er):
YVO4 was synthesised by a hydrothermal process. Y ACHTUNGTRENNUNG(NO3)3·6H2O
(0.56 mmol) was dissolved into an aqueous solution of Na3cit
(C6H5Na3O7·2H2O) (28 mL, 1.12 mmol, 0.04 mol L�1). The solution was
stirred at room temperature for 10 min to form a yttrium citrate complex.
Then Na3VO4·12H2O (0.56 mmol) was added into the solution. After
being stirred for 10 min, the clear and colourless solution was transferred
into a 35 mL Teflon-lined autoclave (filled up to 80 % of its total
volume), and the autoclave was heated at 140 8C for 24 h. Then autoclave
was allowed to cool to room temperature. The obtained samples were
collected after being centrifugally separated at 3500 rpm for 20 min and
were washed with deionised water and dried at 60 8C in air. The detailed
reaction parameters and corresponding results are summarised in
Table 1.

Characterisation : The phase of the as-prepared products was character-
ised on powder XRD (Shimadzu XRD-6000) equipped with a CuKa radi-
ation source (l =1.5418 �) at a scanning rate of 68min�1 (2q from 108 to
808), X-ray tube voltage and current were set at 40 kV and 30 mA, re-

spectively. The morphology and crystal lattice of the samples were char-
acterised by TEM (JEOL, JEM-100CX, with an accelerating voltage of
100 kV), HRTEM (JEOL, JEM-2100F, with an accelerating voltage of
200 kV) and field-emission scanning electron microscopy (FE-SEM;
JEOL, JSM-6700F with an accelerating voltage of 5 kV), respectively.
Fourier transformation infraFTIR spectra were recorded on Perkin–
Elmer Paragon 1000FT-IR Spectrometer. Nitrogen adsorption–desorp-
tion measurements were conducted at 77.73 K on a Micromeritics ASAP
2010 analyser, and the BET (Brunauer–Emmett–Teller) surface area was
estimated from adsorption data. The UV and photoluminescence spectra
were investigated on Perkin–Elmer Lambda 20/2000 UV spectrophotom-
eter and Perkin–Elmer LS50B photoluminescence spectrophotometer by
dispersing samples in deionised water.
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