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The mixed solvent-thermal method has been developed for the synthesis of YVO4:Eu3* luminescent mate-
rials in the N, N-dimethylformamide (DMF)/ de-ionized water (DIW) solution. The samples have been
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electronic
microscope (TEM), UV/vis absorption and photoluminescence spectroscopies. The results demonstrate
that we have obtained the uniform YVO,4:Eu?* cobblestone - like microcrystalline phosphors in the mixed
solution of DMF and DIW, which are different to the as-obtained YVO4:Eu3* nanoparticles in pure DIW.
And the as - prepared YVO4:Eu3* microcrystalline particles are composed of numerous nanoparticles.
The assembling phenomenon of the nanoparticles is strongly affected by the pH value of the solution
and the volume ratio of DMF/DIW. Under UV excitation, the samples can emit the bright red light. While,
the photoluminescence (PL) intensities of YVO4:Eu3* show some difference for samples obtained under
the different reaction conditions. This is because that different microstructures of samples result in dif-
ferent combinative abilities between the surface and the adsorbed species so as to produce the different
quenching abilities to the emission from Eu3* ions.
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1. Introduction

Rare earth luminescent materials have considerable practi-
cal applications in almost all devices involving the artificial light
sources, such as cathode ray tubes, lamps and X-ray detectors,
etc.[1-7]. As for a host, yttrium vanadate (YVOg4) has been shown
to be a useful host lattice for rare earth ions to produce phosphors
emitting a variety of colors since high luminescence quantumyields
are observed for the f-f transitions [8-10]. The main work dur-
ing the past focused on the Eu3*-activated YVOy,, because it was
an important commercial red-emitting phosphors used in color
television, the cathode ray tube, and the high-pressure mercury
lamp [11]. And it was firstly introduced by Levine and Pallia as red
primary in color television in 1964 [12].

It was well known that the grain size, morphology, agglomera-
tion, or surface passivation have a great influence on the properties
of phosphor [13]. The quantum yield of the nanophosphors is
usually lower than that of bulky phosphors and bulk YVO4:Eu3*
phosphor has a high photoluminescent (PL) quantum yield of
about 70% [14]. In most cases, bulky YVO4:Eu3* is synthesized by
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solid - state reaction at temperatures above 1200K [15-17]. How-
ever, there exist two serious drawbacks: first, high temperature and
considerable time were required because of the low reactivity of the
oxides involved and the slow diffusion rates. Moreover, it provides
agglomerated powders with a grain size in the 5-20 wm range.
To overcome these limitations, solution-based chemical methods,
including hydrothermal synthesis [18-20], hydrolyzed colloidal
reaction (HCR) technique [21], in situ precipitation [22], the com-
bustion solution process [23], the polyacrylamide gel method [24],
and the spray freeze-drying process [25], have been developed to
prepared YVO,4 doped with luminescent activators. Among them,
the hydrothermal method is the most promising solution tech-
niques for preparation of YVO4 powders with controlled shape
and size. For examples, Wu et al. tailored the size and shape
of YVO, crystallites by changing the reaction condition such as
yttrium-to-vanadium ratio, pH value, reaction temperature and
time, and organic molecules additives [26]. Wu et al. controlled
the synthesis of rodlike, olivelike and pineapplekike nanocrystals
of the YVO4:Eu by using porous silicon substrates, V,05 nanowires,
and CTAB additives at pH 6-7 [27]. Xu et al. fabricated the nano -
and micro - scaled Eu-doped YVO,4 powders via Na,EDTA-assisted
hydrothermal process in a wide pH range at 180 °C for 24 h [28].
The solvothermal process is an extension of the hydrother-
mal method, in which chemical reactions are carried out in an
autoclave in the presence of a nonaqueous solvent above room tem-
perature and at elevated pressure. To the best of our knowledge,
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solvothermal reaction in a homogeneous mixed solution has been
proven to be a convenient way to control the morphology and phase
structure of resulting products by adjusting the composition of the
mixed solution. In most cases, this method was widely applied in
the fabrication of the semiconductor nanocrystals [29-32]. While,
the report on the solvothermal synthesis of YVO,4 luminescent
material is still few. Kakihana et al. used methanol-water mixed
solvent as a reaction medium to prepare YVO4:Eu3* phosphor
materials and spherical particles were obtained at lower tempera-
tures, consisted of chains composed of ~ 10 nm; however, at above
the critical temperature, the powders have a raspberry shape [33].
Although thermodynamics provide an unambiguous description of
such mixed solvent systems, very little is known about the molecu-
lar structures of solvents during the elevated reaction temperature,
and the process may benefit from unique molecular arrangements
of the solvent molecules and solvated ions for the synthesis of solid
- state materials. In this work, we adopted a DMF-DIW solvent
as the reaction medium to synthesize the YVO4:Eu3* luminescent
materials via a solvothermal method. Furthermore, we have also
investigated the influence of the solvent volume ratio of DMF to
DIW on the internal structure of the powders, which will affect the
luminescence properties of Eu3*.

2. Experimental

2.1. Synthesis of YVO4:Eu3* luminescent material with
cobblestone-like micro-scaled morphology

All chemicals were purchased from Shanghai Chemical Reagents
Company and used without further purification. The synthesis of
YVO4:Eu3* powders can be described as follows: Eu,03 was firstly
reacted with concentrated nitric acid, and a appropriate volume
of de-ionized water was added to form a 0.02M Eu(NOs3 )3 aque-
ous solution. 1 mmol NH4VO3; was dissolved in dilute nitric acid.
Subsequently, appropriate volume of the Eu(NOs3)3 solution and
appropriate amounts of Y(NO3);-6H,0 were added to the above
NH4VO3 aqueous solution. Then DMF solvent was added into the
solution and the volume ratio of DMF/DIW was 0, 1/7, 1 and 3,
respectively. At the same time, the pH value of the resultant solu-
tion was adjusted to be 5 by ammonia. After stirring for 5 h, this
synthesis solution was poured into a Teflon lined stainless steel
autoclave. The autoclave was sealed and maintained at 160 °C for 3
days and then cooled to room temperature. The resultant product
was filtered, washed with de-ionized water and absolute alcohol
to remove ions possibly remaining in the final products, and finally
dried at 80°C in air for further characterization.

Other samples were prepared by the similar procedure except
the different pH values of the mixture, which were adjusted to be 2
and 11, respectively, by adding ammonia or HNO3. And the volume
ratio of DMF/DIW was fixed to be 1. All samples are denoted succes-
sively as a, b, ¢, d, e, and f, respectively, in the following description
(samples a-d were obtained under the volume ratio of DMF to DIW
is0,1/7, 1, and 3, respectively; samples e and f obtained under the
pH value of 2 and 11, respectively).

In this synthetic process, organic DMF and DIW have been used
as solvents and the volume ratio of DMF to DIW has been adjusted
to modify the microstructure of the products. YVO,4:Eu3* micropar-
ticles have been obtained via this solvo-hydrothermal method.
For micro-scaled phosphors, three-dimensional sizes of crystalline
grain are very thick to afford high strength, which would be very
useful for the application to obtain high efficient phosphors [29].

2.2. Characterization

The samples to be measured were firstly ground to be powders,
and then smeared on to a zero-diffraction quartz plate. Step-scan
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Fig. 1. XRD patterns of YVO4:5%Eu3* prepared in the mixed solvents of DMF and
DIW with the different volume ratios of Vpmr/Voiw: (@) sample a, (b) sample b, (c¢)
sample ¢, and (d) sample d.

X-ray powder-diffraction data were collected over the 26 range
10-80° with CuKe radiation (A =1.540598 A; 40kV, 40 mA) on an
X’ Pert PRO X-ray diffractometer. The scanning electron micro-
scopic (SEM) images were obtained on a HITACHI S-3400N. The
samples were coated with a thin layer of gold (Au coating) using
an Hitachi Ions Sputter coater E-1010 to prevent sample charging
prior to analysis and allow quality image observation and recording.
Transmission electron microscopy (TEM) images were obtained on
a JEOL JEM-2100 microscope operated at 200 kV and the sample to
be measured was first dispersed in ethanol and then collected using
copper grids covered with carbon film. The excitation and emission
spectra of samples were recorded on a Cary Eclipse fluorescence
spectrophotometer (Varian) equipped with a 150 W xenon lamp
as the excitation source. UV-vis absorption spectra of dry pressed
samples were obtained on a Cary 100 Bio UV-vis spectropho-
tometer (Varian) and BaSO4 was used as a reference standard. The
diffuse-reflectance data was converted to the absorption data using
Kubela-Munk function. All the measurements were performed at
room temperature.

3. Results and discussions
3.1. Morphology and structure of YVO4:Eu3*

3.1.1. The influence of the volume ratio of DMF/DIW

XRD patterns of samples a, b, ¢, and d correspond, respec-
tively, to Fig. 1(a)-(d), which can be indexed as a pure tetragonal
phase, approaching the standard values for the bulk YVO4 (JCPDS
card 72-0861). The results show that the crystalline phases of as-
prepared YVO, in the mixed DMF-DIW solvent are similar to that
of YVO4 nanoparticles in the pure DIW. The lattice parameters were
calculated using the following relationship between Bragg diffrac-
tion spacing and tetragonal cell parameters, which were given in
Table 1.

1 W24k P

2 2 2
dhkl a ¢

where dj, i, is the Bragg diffraction spacing for the (h k) plane and
h k1 are miller indices a and c are cell parameters.
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Table 1
Lattice parameters of YVO4:5%Eu?*prepared via. the solvothermal method under
the different reaction conditions.

No. of samples a(A) c(A)

JCPDS 72-0861 7.123 6.292
Sample a 7.126 6.304
Sample b 7.122 6.329
Sample ¢ 7.118 6.288
Sample d 7.104 6.363
Sample e 7.168 6.241
Sample f 7.118 6.288

Scanning electron microscopic was used to examine the as -
prepared samples via the solvo-thermal method under the mixed
solvent of DMF to DIW. The representative SEM pictures of samples
b, c,and d have been shown in Fig. 2(a)-(c). Anumber of cobblestone
- like micro-scaled particles can be clearly observed. In order to

Fig. 2. SEM images of YVO4:5%Eu" prepared in the mixed solvents of DMF and
DIW with the different volume ratios of Vpume/Vpiw: (a) sample b, (b) sample ¢, and
(c) sample d.

investigate their internal structure, as-prepared samples have been
further characterized by transmission electron microscopy (TEM).
Fig. 3 shows the TEM images of samples a, b, c,and d, respectively. As
shown in Fig. 3, the microstructure of samples presents some differ-
ences. From Fig. 3(a), sample a which prepared only using the DIW
solvent presents well dispersed nanoparticles of 20-40 nm. While,
with the addition of DMF solvent, as-prepared samples b, c and d
show microparticles assembled by numerous of nanoparticles. Fur-
thermore, it can be found that the increase in the volume of DMF
reduce interspace between two nanoparticles which aggregated to
microparticles. In the central section of a single cobblestone - like
YVO4 microparticles (Fig. 3(c) and (d)), the fringe of nanoparticles is
not observed clearly; especially for sample d prepared in the mixed
solvent of Vpue/Vpiw = 3/1, it is very difficult to see the assembling
of nanoparticles, but we still can prove that this cobblestone - like
morphology was formed by gathering of nanoparticles from the
high-magnification TEM image in Fig. 3(e), which is taken from
the fringe of a microscaled particle marked with a red rectangle
in Fig. 3(d). As seen in Fig. 3(e), the nanoparticles in the YVO4:Eu3*
(5%) microcrystal can be clearly seen.

It was well known that the control in the particle size
and morphologies not only depends on the inherent struc-
tural characteristics of the compounds but also on experimental
conditions, such as the reaction time, reaction temperature, sur-
factants, and solvents. According to the experimental results
mentioned above, the possible growth mechanism or evolution of
microscaled YVO,4 materials may be described as follows: first, the
direct mixing of two solutions containing metal Y3* and V30q3~
(Y3* +V3093~ +Eu3* — YVO4:Eu3*)[34] produces a large number of
YVO4 nuclei rapidly under a mixed solvent - thermal condition;
then the nuclei begin to aggregate in a random way, which is prob-
ably due to the presence of the organic solvent DMF, and finally the
cobblestone-like microcrystal YVO4 are formed gradually. When
the DMF volume is low, the microcrystal YVO4 remained a little
loose and contained numerous nanoparticles. When the volume
of DMF is increased, we got YVO,4:Eu3* microcrystal with com-
pact structure. These results clearly confirmed that the volume of
DMF used here could affect the microstructure of as - obtained
YVO,4:Eu3*. It can be seen that DMF not only strongly adsorbed on
the surface of the nanoparticles, controlling them to grow into uni-
form nanoparticles serving as building blocks, but also profoundly
influence the assembly these building blocks by interaction force
[35,36].

3.1.2. The influence of pH value

The pH value in synthetic system plays an important role in
the preparation of YVO4:Eu3* by a hydrothermal method. Tuning
the pH value of synthesis solution can modulate the thermody-
namics/kinetics of nucleation and growth of the nanoparticles
by controlling experimentally the interfacial tension (surface free
energy), resulting in the changes of the structure and morphology
of the final products. The XRD patterns of samples e, c and f synthe-
sized in the mixed solvents of DMF and DIW (Vpyg/Vpiw = 1) at the
pH value of 2, 5, 11, respectively, are shown in Fig. 4. The diffrac-
tion peaks in all patterns have the similar features and belong to
the tetragonal phase of bulk YVO,4, and however the intensities of
the peaks are different for the different samples. With a decrease in
the pH value, the diffraction peaks become sharp and their intensity
become strong, indicating that the prepared products have better
crystallinity and the bigger particle size.

The SEM and TEM images of samples e, c and f synthesized in the
mixed solvents of DMF and DIW (Vpye/Vpiw = 1) at the pH value of 2,
5,11, respectively, are shown in Fig. 5. As-prepared YVO,4:Eu3* (5%)
at pH 2 presents the cobblestone - like morphology with diameter of
1-2 wm (Fig. 5(a)), and we cannot see the assembling of nanoparc-
tiles (Fig. 5(b)). When the pH value of synthesis solution was 5 or
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Fig. 3. TEM images of YVO,4:5%Eu?* prepared in the mixed solvents of DMF and DIW with the different volume ratios of Vpme/Vpiw: (a) sample a, (b) sample b, (c) sample c,

(d) sample d, and (e) the high-magnification TEM image of sample d.

11, the morphologies of the YVO4:Eu3* (5%) prepared was quite
different from the sample synthesized at pH 2. The as-prepared
sample at pH 5 is also microscaled cobblestone-like particle with
diameter in the interval of 0.5-1 wm (Fig. 5(c)), and its TEM image
in Fig. 5(d) shows that, it is composed of numerous nanoparticles.
Fig. 5(e) and (f) shows the SEM and TEM images of the YVO4:Eu3*
(5%) prepared at pH 11. The results show that, these as-synthesized
powders with the size of 0.15-0.2 um consist of several nanoparti-
cles with the particle size of 20-30 nm. Obviously, the assembling
of nanoparticles has been affected by the pH value of the synthe-
sis solution (Vpwme/Vpiw =1). Since the forms of vanadium ions are
extremely sensitive to the pH of the solution [33], the vanadium
ions would exist as VO%* jons when the solution is of strong acid-
ity; when pH rises to 2, vanadium ions exist in the form of V190,55~
principally; when pH 5, vanadium ions are liable to the form of
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Fig. 4. XRD patterns of YVO4:5%Eu?* in the mixed solvents (Vpmr/Vpw =1) at pH
value of (a) sample e, (b) sample ¢, and (c) sample f.

V3093~ when the pH value is in range of 7-11, the VO,43~ ions has
been dominant. The studies of Li [37] and Su [38] show that the
presence of VO3~ benefits the formation of larger particles. Herein,
the contrary result has been obtained, that is, with an increase in
pH value of synthesis solution, the particle size of prepared sample
decreases. Different from the synthesis conditions reported by Li,
we adopt the mixed solvents of DMF and DIW rather than the pure
DIW to prepare YVO4:Eu3*. DMF is an aprotogenic solvent com-
paring with DIW and can affects the environment of hydrothermal
process for the crystalline growth.

3.2. UV-vis absorption spectroscopies

Fig. 6(a)-(d) presents the UV-vis spectra of samples a, b, ¢ and
d, prepared via the mixed solvent-thermal method (pH 5) with
different solvent ratio (Vpme/Vpiw), and there are the absorption
peaks at 295, 310, 315, and 330 nm. Fig. 6(d)—(f) shows the UV-vis
spectra of samples ¢, e and f, obtained with different pH values
(Vpme/Vpiw = 1) and the absorption bands are located at 325, 315
and 308. It is reported that the peak of the absorption band for
YVO,4: Eu3* nanoparticles (in sizes ranging from 36 to 53 nm) is
272 nm, which can be assigned to the 'a; — 1t; (t; — 2e) transition
of V043~ ions [39]. Generally, the 'a; — It; (t; — 2e)is forbidden, as
the size of the particles decrease and the deformation of the struc-
ture increases, 'a; — t; can be partly allowed [27,40,41], however,
in our experiment, the powders present the micro-sized particles,
which are composed of a large number of nanoparticles and behave
possibly the feature of micrometer- and nanometer-scaled parti-
cles. In the UV-vis spectra, the absorption peaks of these samples
shift to the lower energy in the UV region and are attributed to the
charge transfer from the oxygen ligands to the central vanadium
atom inside the V0,43~ anionic and europium ions [42-44].

3.3. Photoluminescence characterization
Taken at an emission wavelength of 613 nm, the excitation spec-

tra of all YVO,4:Eu3*(5 mol%) were obtained, which fit well with the
absorption spectra. As shown in Fig. 7(a)-(f), they consist of a broad
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Fig. 5. SEM (a, ¢, e) and TEM (b, d, f) images of as-prepared YVO,4:5%Eu3* in the mixed solvents (Vpmr/Vpw = 1) at pH value of (a) and (b) sample e, (c and d) sample c and (e

and f) sample f.
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Fig. 6. UV-vis spectra of YVO4:5%Eu3* in the mixed solvents (pH 5) of DMF and DIW
with different volume ratio: (a) sample a, (b) sample b, (c) sample c, (d) sample d;

and in the mixed solvents of Vpme/Voiw = 1 with different pH value: (e) sample e, (c)
sample ¢, and (f) sample f.
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Fig. 7. Excitation spectra of YVO,:5%Eu3* in the mixed solvents (pH 5) of DMF and
DIW with different volume ratio: (a) sample a, (b) sample b, (c) sample c, (d) sample
d; and in the mixed solvents of Vpmr/Vpiw =1 with different pH value: (e) sample e,
(c) sample c, and (f) sample f.
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Fig. 8. Emission spectra of YVO4:5%Eu?* in the mixed solvents (pH 5) of DMF and
DIW with different volume ratio: (a) sample a, (b) sample b, (c) sample c, and (d)
sample d; and in the mixed solvents of Vpye/Vow =1 with different pH value: (e)
sample e, (¢) sample ¢, and (f) sample f.

band in the ultraviolet range of 200-300 nm and several sharp lines
in the range of 300-500 nm. The broad band is ascribed to the
charge transfer stated originating from the oxygen ligands to the
central vanadium atom inside the VO43~ ion, confirming that the
emission occurs after energy transfer from the excited vanadate to
the europium ions. The weak absorption in the longer wavelength
region originates from the general f-f transitions within the Eu3*
4f5 electronic configuration, which position cannot be changed in
different hosts due to the shielding of the 4f electrons by outer shell
5s and 5p electrons.

The emission spectra of Eu3* (5 mol%)-activated samples pre-
pared at different conditions are presented in Fig. 8. All the spectra
contains the characteristic transition lines from the lowest excited
5Dy. The assignments for the main emission lines of Eu3* are labeled
in the figure. Obviously, the emission spectra are dominated by
the red 5dy — 7f, hypersensitive transition of Eu3*, indicating the
absence of an inversion symmetry at the Eu3* lattice site in the
YVO4 host lattices [45]. YVO4 belongs to a tetragonal structure
with a space group of 141/amd, which is composed of YOg dodec-
ahedra (the point symmetry of Y3* is D,q without an inversion
center) and VO, tetrahedral (Ty4). The Eu3* occupy the Y3* sites
in the YVO4 particles, as a result, the hypersensitive transitions
are the most prominent group in their emission spectra [46]. The
red emission (°Dg — ’F, at ca. 610nm) in Eu3*-activated YVOy is
predominant over the orange emissions (°Dg — ’F; at ca. 590 nm),
which is important for a red phosphor. Other contributions of
weaker importance are the >Dg — 7Fy 3 magnetic dipole transitions.
In the emission spectra (Fig. 8), not only the characteristic transi-

= 0%
3
@
2
a 5%
5}
£ j/3%
|
2 1] 19
s
[0}
o
= A JUN . A
500 550 600 650 700 750

Wavelength (nm)

Fig. 9. Emission spectra of as-prepared YVO,:x%Eu3* (x=1, 3, 5, 8, 10) in the mixed
solvents (pH 5) of 1. Vpme/Vow = 1.

tion lines from the lowest excited 3D level of Eu3* are observed,
but also those from higher energy levels (°D1, °D; and °D3) of Eu3*
are detected. The presence of emission lines from higher excited
states of Eu3* (°Dyq, °D; and °D3) is attributed to the low vibration
energy of VO43~ groups (823 cm~!). The multiphonon relaxation of
V0,43~ is not able completely to bridge the gaps between the higher
energy levels (°D1, °D; and °D3) and °Dy level of Eu3*, resulting in
the weak emission from these levels [11].

From Fig. 8(a), the luminescent intensity of sample a prepared in
DIW is the strongest one among all samples. While among samples
b, c and d, sample d presents the strongest luminescence inten-
sity and sample ¢ show stronger one than sample b. According to
the literatures [27,28], the difference of PL intensity of the samples
may be caused by the different quenching abilities of the adsorbed
species on the surface to the emission from Eu3* ions. For sam-
ple a, which prepared in DIW, its surface can be only covered with
hydroxyl species; while, for samples b, ¢, and d, which prepared in
the mixed solvent of DMF and DIW, their surfaces may be adsorbed
both hydroxyl species and DMF. Hydroxyl species and DMF may be
acted as the quencher of the excited Eu3* ions. So sample a prepared
in DIW present the strongest PL intensity. At the same time, the dif-
ference of PL intensity for samples b, c and d may be attributed to
their different shapes and sizes, which also can be used to explain
the difference of PL intensity for samples c, e and f. It has been
reported that the combinative abilities between quenching species
and crystal surfaces is affected by the sizes and shapes of YVO4 [24],
so changing the morphology of powders, luminescence properties
can be effectively tuned.

The emission spectra of YVO4:x%Eu3* (x=1, 3, 5, 8, 10)
microcrystalline phosphors with different doping concentrations
were also investigated, which was synthesized by the mixed
solvent-thermal method at pH 5 and Vpyg/Vpiw =1. As shown in
Fig. 9, it can be seen clearly that the concentration quenching of
activator appears at high concentration of Eu3* when the phosphor
particles were excited by UV light. There is a maximum at a dop-
ing level of about 8% europium ions, and then its intensity slowly
decreases with increasing further the concentration of europium
ions. This partial quenching of the luminescence at high europium
concentrations is a typical property of lanthanide-doped systems.

4. Conclusions

In summary, a DMF-DIW mixed solvent was used for the
solvothermal synthesis of YVO4:Eu red phosphor. In comparison
with YVO4:Eu nanoparticles prepared in DIW, as-prepared sam-
ples show micronmeter dimension and are composed of numerous
nanoparticles, indicating the DMF-DIW mixed solvent can be
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adopted to tailor the morphology of YVOg4:Eu. Furthermore, the
internal structure of YVO4: Eu microparticles is different for
samples obtained under the different reaction conditions. When
Vpme/Voiw is high or the solution is strongly acidic, nanoparticles
aggregated closely to form the microparticles and the interspace
between two nanoparticles in the center of microparticles cannot
be seen. However, when Vpyg/Vpiw is low or the solution is strongly
basic, nanoparticles assembled loosely to form the microparti-
cles and the interspace between two nanoparticles in the center
of microparticles can be seen clearly. Photoluminescence mea-
surements showed that the relative intensity changed with the
internal structure of the microparticles. The PL intensity of YVO4:Eu
microparticles assembled closely by nanoparticles is the strongest
one among these samples.
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