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Abstract. A hydrothermal method is used to prepare La0.995Pr0.005VO4 nano-crystal phosphors, which are then post heat
treated at 500–800°C for 4 h. The X-ray diffraction patterns show that the La0.995Pr0.005VO4 phosphors retain a tetragonal
structure at a lower temperature (500 and 600°C). When the temperature is greater than 600°C, the structure of
La0.995Pr0.005VO4 changes from the t-zircon-type to the m-monazite-type lanthanum orthovanadates (LaVO4) structure.
The temperature at which the structure changes (Tst) is measured using differential scanning calorimetry as 625°C. The
scanning electron microscopy results show that the surface morphology of the phosphor particles is granular and has a
uniform distribution. The particle size increases from 0.1 to 2.5 lm as the temperature is increased. The excitation spectra
show that the absorption behaviour for the t-zircon-type and the m-monazite-type La0.995Pr0.005VO4 phosphor is not
significantly different, but there is a little red shift due to host absorption for La0.995Pr0.005VO4 with an m-monazite-type
structure. Under excitation at 315 nm, the main emission band retains the characteristics of Pr3? ion-doped LaVO4
phosphor, which is attributed to the host luminescent and the 1D2 ? 3H4, 3P0 ? 3H6 electron transition of the Pr3? ion.
As the temperature for the heat treatment increases, the intensity of the excitation and emission peaks has a maximum
value for a temperature of 600°C and the intensity decreases as the temperature increases further, because the structure of
La0.995Pr0.005VO4 phosphors changes from tetragonal to monoclinic when the heat-treatment temperature exceeds 600°C.
This demonstrates that the tetragonal structure is better than the monoclinic structure for LaVO4 if it is used as a host
material for phosphor applications. The colour tones are initially in the white light region for La0.995Pr0.005VO4 phosphors
heat treatment at 500 and 600°C. When the heat-treatment temperature is greater than 600°C, the colour tones shift to the
orange light region.
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Introduction

In order to decrease the time required for synthesis, cost
down and developing a new white light LED, single-phase
white light-emitting phosphors are increasingly used,
because they are suited to white light LED applications and
the emission efficiency is improved by using a new host
material and synthetic techniques [1–4].
Rare-earth ions, such as Pr3? ion-doped crystals, have
been the subject of much study because they exhibit
excellent luminescence. Pr3? ion has an [Xe]4f2 configuration, and all of the 4f2 levels can be reached by the
absorption of one photon or by luminescence in the visible
or infrared range [5]. The coverage of Pr3? ion emitting is
in the visible emission region because of the transitions of

the Pr3? ions are from the fluorescent 3P0, and 1D2 levels to
the lower states including 3P0 ? 3H4 (around 477 nm),
1
D2 ? 3H4 (612 nm), 3P0 ? 3F2 (652 nm), 1D2 ? 3H5
(711 nm), 3P0 ? 3F4 (728 nm), respectively [6]. The
emission behaviour for different Pr3? ion-doped phosphors
results in red, green or blue emissions [7,8]. Therefore, it is
possible to produce a phosphor that emits white light by
doping the Pr3? ion in a suitable host.
Lanthanum orthovanadates (LaVO4) have two structures:
monoclinic (m-) monazite type and tetragonal (t-) zircon
type. Monoclinic LaVO4 has a thermodynamically
stable state [9]. Many studies indicated that the m-LaVO4 is
neither a suitable host material for phosphor nor a promising catalyst, because its ordinary monoclinic (m-) monazitetype structure has an oxygen coordination number of 9 and
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the t-zircon-type structure has an oxygen coordination
number of 8 [10–12]. However, t-zircon-type LaVO4 has
superior properties, and is a promising phosphor candidate
[13,14], but t-zircon-type LaVO4 is difficult to synthesize
because it is metastable and can only be produced using a
conventional solid-state reaction using the hydrothermal
method.
The morphology of phosphor particles with a suitable shape and size is a key parameter for industrial
applications, because it affects the emission intensity and
the efficiency of a device [15,16]. The size of phosphor
grains must be as uniform as possible, without any aggregation or agglomeration. The surface of the phosphor particle must also be as smooth as possible and exhibit a high
degree of crystallization degree to increase efficiency. An
optimal compactness for the powder gives a brighter display
and reduces production costs and is achieved using flux
addition or post heat treatment. This study synthesizes
La0.995Pr0.005VO4 phosphor using the hydrothermal method.
The phosphor powder is then annealed at different temperatures in air. The crystal structure, powder morphology
and the photoluminescence properties of La0.995Pr0.005VO4
phosphor are then determined.
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2.1

Experimental
Preparation of samples

Previous studies show that the optimum conditions for the
preparation of t-type La1–xPrxVO4 are 180°C and 16 h and
the maximum intensity occurs for x = 0.005 [17]. Therefore, the Pr3? ion concentration was fixed at x = 0.005 at
180°C and 16 h to prepare the t-type La0.995Pr0.005VO4
phosphor using the hydrothermal method. Concentration
quenching is activated when x [ 0.005. The starting
materials were ammonium metavanadate (NH4VO3),
lanthanum acetate [La(CH3CO2)3], praseodymium acetate
[Pr(CH3CO2)3] with a purity of 99.99%. These were supplied by the Aldrich Chemical Company, Inc.
A solution of ammonia (NH4OH) was added to the
NH4VO3 solution to accelerate dissolution, and lanthanum
acetate and praseodymium acetate were separately dissolved in deionized water. When the precursor had completely dissolved in the solution, the solution was
transferred to a 110 ml Teflon-lined stainless steel autoclave, which was filled to 80% of the total volume and
sealed tightly to allow heat treatment at 180°C for 16 h.
After heat treatment, the solution was filtered by washing
with deionized water several times and was then dried at
70°C to obtain the phosphor powders. The powders were
then treated at various temperatures from 500 to 800°C for 4
h in a programmable furnace. Finally, the powders were
cooled to room temperature and removed from the furnace
for characterization.

Characterization

The phases that are formed after heat-treatment of t-zircontype LaVO4 phosphors doped with Pr3? ions were determined using X-ray powder diffractometry (XRD, Rigaku
Dmax-33 X-ray diffractometer), with Cu-Ka radiation, a
source voltage of 30 kV and a current of 20 mA. The surface morphology of the phosphors was determined using
high-resolution scanning electron microscopy (HR-SEM,
S4200, Hitachi). Differential scanning calorimetry measurements were performed in a differential scanning
calorimetry (DSC; DSC2920, Dupont) apparatus, in order to
determine the temperature at which the structure changes.
A Hitachi U-3010 UV visible spectrophotometer was used
to measure the optical absorption behaviour of the t-zircontype LaVO4 phosphors that are doped with Pr3? ions. The
phosphors were placed inside a closed quartz glass and
measured from 200 to 700 nm at room temperature. The
excitation and the luminescence spectra for the phosphors
were recorded at room temperature using a Hitachi F-7000
fluorescence spectrophotometer, which uses a 150 W xenon
arc lamp as the excitation source.
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3.1

Results and discussion
Structure

Figure 1 shows the X-ray diffraction (XRD) patterns for
La0.995Pr0.005VO4 phosphors that undergo heat treatment at
various temperatures (500–800°C) for 4 h in air. The XRD
results show that after heat treatment at a lower temperature
(500–600°C), the crystal structure of La0.995Pr0.005VO4
retains a tetragonal structure (t-zircon type), but the
diffraction peaks have a lower intensity at 600°C. At a
temperature greater than 600°C, the structure changes from
the tetragonal structure (t-zircon type) to the monoclinic

Figure 1. X-ray diffraction patterns for La0.995Pr0.005VO4 phosphors that undergo heat treatment at various temperatures for 4 h.
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(m-monazite type) structure. The XRD results show that the
phase transformation temperature (Tpt) is between 600 and
650°C. The monoclinic structure LaVO4 is a thermodynamically stable state, and there is no movement of heat
within the system or between the system and the surrounding environment. The m-monazite-type LaVO4 has a
higher inversion symmetry than zircon-type LaVO4 [18].
The temperature of 600°C is close to the structure transformation temperature (Tst), so the lattice distorts and there
is intra-stress when a t-zircon-type LaVO4 undergoes heat
treatment at 600°C and the intensity of diffraction peaks
decreases.
The zircon-type LaVO4 structure is composed of alternating-edge-sharing LaO8 dodecahedral and VO4 tetrahedral, which are arranged in linear chains along the c-axis. In
the monazite-type LaVO4 structure, a ninth oxygen is
introduced to form the LaO9 polyhedral. The VO4 tetrahedral is rotated in the monazite-type LaVO4 and the (100)
planes are laterally shifted [19–23]. LaVO4 can be synthesized with either a monazite-type or a zircon-type structure
using different synthesizing technology [20,24–26].
Because La has a larger ionic radius than the other rareearth ions, zircon-type LaVO4 is less thermodynamically
stable than the other rare-earth orthovanadates (RVO4, R =
rare-earth ion) [27] and features the weakest intratetrahedral
V–O bonds of all zircon-type RVO4 orthovanadates.
Previous results show that the irreversible zircon-type to
monazite-type LaVO4 phase transition begins at *5 GPa
and ends at *11 GPa [23]. These two phases coexist
between 5 and 11 GPa. However, there are no references to
the temperature at which the crystal structure zircon-type
LaVO4 changes. Differential scanning calorimetry (DSC)
measurements are used to determine the temperature at
which zircon-type LaVO4 changes to m-monazite type
LaVO4. Figure 2 shows the DSCs for t-zircon-type LaVO4
powders that are produced using a heating rate of 10°C
min-1. There is a small exothermal peak at about 625°C in
the DSC, so the temperature at which t-zircon-type LaVO4

Figure 2. DSCs for t-zircon-type LaVO4 powders that are
produced using a heating rate of 10°C min-1.
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changes to m-monazite-type LaVO4 corresponds to the
results for the XRD analysis.
Figure 3 shows the field-emission scanning electron
microscopy surface morphology of La0.995Pr0.005VO4
phosphors that undergo heat treatment at various temperatures (600–800°C) for 4 h. Figure 3a shows the surface
morphology of La0.995Pr0.005VO4 phosphors that undergo
heat treatment at 600°C. The image has a magnification of
50 k, because the particles are much smaller than the others,
which are shown at 5 k magnification. The particles of the
sample that undergoes heat treatment at 600°C are granular
and homogeneously distributed, with a uniform particle size
of about 120 nm. When the temperature is increased to
650°C, the shape of the La0.995Pr0.005VO4 phosphor particles is very different. The particles are larger and there is
obvious aggregation between particles, which form a cookie-liked shape. As the temperature for the heat treatment
increases further, the particle size increases and the crystals
form a polyhedral shape. This occurs because the crystal
system of m-monazite type has a lower symmetry than
LaVO4. This study determines that the temperature at which
the t-zircon structure changes to m-monazite-type LaVO4 is
625°C.
Figure 4 shows the absorption spectra for La0.995Pr0.005VO4
phosphors that undergo heat treatment at various temperature
(500–800°C) for 4 h. These two broad absorption peaks
between 200 and 350 nm are attributed to the O2- and V5?
charge transfer for the VO43- internal anions [15,16,28–30].
An absorption band from 280 to 350 nm that is centred at
*315 nm is attributed to the 4f–5d characteristic transition
absorption of the Pr3? ion, because typical Pr3?-activated
oxide phosphors demonstrate strong absorption in the 4f–
5d transition band at approximately 200–330 nm [31–34].
There are also some small absorption peaks from 440 to
500 nm and from 580 to 620 nm, which respectively correspond to the 3H4 ? 3P0,1,2 and 3H4 ? 1D2 electronic
transition for the 4f orbital characteristic transition of the
Pr3? ion.
Figure 5 shows the excitation spectra (kem = 607 nm) for
La0.995Pr0.005VO4 phosphors that undergo heat treatment at
various temperatures (500–800°C) for 4 h. The excitation
spectrum features a strong wide band between 225 and 350
nm, which corresponds to the O2- and V5? charge transfer
for the VO43- internal anions. The other peaks between 425
and 525 nm are due to the 3H4 ? 3P2,1,0 transition, which
occurs due to the inner 4f orbital characteristics of the Pr3?
ion. This band is attributed to the Stark splitting of the
multiplet structure that is induced by the crystal field
[35,36]. This result is in good agreement with the results for
the absorption spectra. As the temperature of the heat
treatment increases, the position of the absorption peak for
the O2- and V5? charge transfer is red-shifted from 310 to
315 nm for samples that undergo heat treatment at 500°C (tzircon type) to a temperature that is greater than that for the
samples that undergo heat treatment at 650°C (m-monazite
type). The intensity decreases as the temperature increases
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Figure 3. Field-emission scanning electron microscopy micrographs of La0.995Pr0.005VO4 phosphors that undergo
heat treatment at various temperatures for 4 h at: (a) 600, (b) 650, (c) 700 and (d) 800°C.

Figure 4. Absorption spectra for La0.995Pr0.005VO4 phosphors
that are annealed at various temperatures for 4 h.

because the VO4 tetrahedra are rotated during the change
from the t-zircon-type structure to the m-monazite-type
structure.
Figure 6 shows the emission spectra for La0.995Pr0.005VO4
phosphors that undergo heat treatment at various temperatures
(500–800°C) for 4 h under excitation at a wavelength of

Figure 5. Excitation spectra for La0.995Pr0.005VO4 phosphors
that undergo heat treatment at various temperatures for 4 h: the
signals are detected at 607 nm.

315 nm. La0.995Pr0.005VO4 phosphors that undergo heat
treatment at 500 and 600°C feature a wide emission band
between 375 and 575 nm that is centred at *462 nm, due to
the VO43- charge transfer (VCT) transition [37]. There is
also a sharp branching emission peak in the orange region
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Figure 6. Emission spectra for La0.995Pr0.005VO4 phosphors that
undergo heat treatment at various temperatures for 4 h under
excitation at a wavelength of 315 nm.

from 575 to 650 nm that is attributed to the 1D2 ? 3H4, and
3
P0 ? 3H6 transition for Pr3? ions. When the temperature
of the heat treatment is increased, the VCT transition
disappears and the electronic transitions of the Pr 3? ion
dominate. These include the 3P0 ? 3H4, 1D2 ? 3H4 and
3
P0 ? 3H6 transitions. The emission peaks for the
m-monazite-type structure are also less intense than those
for the t-zircon-type structure, because the transformation
temperature for t-zircon-type to m-monazite-type LaVO 4
is 625°C. The spectral splitting for t-zircon- and m-monazite-type LaVO4 is quite different due to the Stark effect
of different crystal fields [38]. The zircon-type LaVO4
has a very low inversion symmetry [18], so it has
a higher emission intensity than m-monazite-type
La 0.995Pr0.005VO4.
The excitation wavelength of 315 nm is not only absorbed by LaVO4 host, but also absorbed by Pr3? ion. Therefore, it can be supposed that the energy (315 nm) is first
absorbed by the LaVO4 host due to the VCT transition from
O 2p to V 3d state and Pr3? ion to the 4f–5d state,
respectively. The energy in the 4f–5d state relaxed via
nonradiative transition to a lower state 3P0 and 1D2,
respectively. Simultaneously, the energy of 3P0 state relaxed
via radiative transition for 3P0 ? 3H6 and 3P0 ? 3H4, and
the energy of 1D2 state relaxed to the 3H4 state via radiative
transition. The schematic of the energy absorbed and
transferred for La0.995Pr0.005VO4 phosphor is shown in
figure 7.
Figure 8 shows the CIE chromaticity diagram for
La0.995Pr0.005VO4 phosphors that undergo heat treatment at
various temperatures (500–800°C) for 4 h. The temperature
of the heat-treatment temperatures affects the crystal
structure and the photoluminescence properties of
La0.995Pr0.005VO4 phosphors. The colour coordinates are in
the white-light region for La0.995Pr0.005VO4 phosphor that
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Figure 7. The schematic of the energy absorbed and transferred
for La0.995Pr0.005VO4 phosphor under an excitation wavelength of
315 nm.

Figure 8. CIE colour coordinate diagram for La0.995Pr0.005VO4
phosphors that undergo heat treatment at various temperatures for
4 h.

undergoes heat treatment at 500 and 600°C and this shifts to
the orange-light region for heat treatment at higher temperatures. This occurs because the emissions due to VCT
transition and the electronic transitions of Pr3? ion are
mixed, so white light is emitted. When the crystal structure
changes to m-monazite type, the emission due to the VCT
transition disappears and most emission peaks composed
are due to the electronic transitions for the Pr3? ion, so the
colour coordinates for the La0.995Pr0.005VO4 phosphor are in
the orange region.
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Conclusions

La0.995Pr0.005VO4 nano-crystal phosphors are synthesized
using the hydrothermal method and then undergo heat
treatment at 500–800°C for 4 h in air. The XRD patterns
show that the structure of La0.995Pr0.005VO4 changes from
the t-zircon-type to the m-monazite-type LaVO4 structure
when the temperature exceeds 600°C and the transformation temperature is 625°C, as determined by DSC measurement. The excitation spectra show that the absorption
behaviour is similar for both types of La0.995Pr0.005VO4
phosphor, but there is a slight red shift in host absorption for
La0.995Pr0.005VO4 that has an m-monazite structure. Under
excitation at a wavelength of 315 nm, the main emission
band retains the characteristics for Pr3? ion-doped LaVO4
phosphor, due to the host luminescent, and the 1D2 ? 3H4,
3
P0 ? 3H6 electron transition of the Pr3? ion, respectively.
As the temperature of the heat treatment increases, the
intensity of the excitation and emission peaks has a maximum value for a temperature of 600°C and then decreases
as the temperature increases further. This occurs because
the structure of La0.995Pr0.005VO4 phosphors changes from
tetragonal to monoclinic when the annealing temperature
exceeds 600°C. The colour tones are initially located in the
white region (for heat treatment at 500 and 600°C) and in
the orange region (for heat treatment at temperatures greater
than 600°C).
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