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a b s t r a c t

Monodisperse rare-earth ion (Eu3+, Ce3+, Tb3+) doped LaPO4 particles with oval morphology were

successfully prepared through a facile solvothermal process without further heat treatment. X-ray

diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray

photoelectron spectra (XPS), Fourier transform infrared spectroscopy (FT-IR), photoluminescence (PL)

spectra and the kinetic decays were performed to characterize these samples. The XRD results reveal

that all the doped samples are well crystalline at 180 1C and assigned to the monoclinic monazite-type

structure of the LaPO4 phase. It has been shown that all the as-synthesized samples show perfectly oval

morphology with narrow size distribution. The possible growth mechanism of the LaPO4:Ln has been

investigated as well. Upon excitation by ultraviolet radiation, the LaPO4:Eu3+ phosphors show the

characteristic 5D0�
7F1–4 emission lines of Eu3+, while the LaPO4:Ce3+, Tb3+ phosphors demonstrate the

characteristic 5D4�
7F3–6 emission lines of Tb3+.

& 2009 Elsevier Inc. All rights reserved.
32
0

01
1

21
2

31
101

2

11
1 20

0In
te

ns
ity

 (a
. u

.)

JCPDS No. 32-0493

12
0

1. Introduction

Nowadays, the synthesis of inorganic materials with nan-
ometer dimensions and hierarchical morphologies has gained
much attention in modern nanoscale science and technology,
which shows potential applications in the fields of catalysis,
separation technology, microelectronic devices, and biomaterials
engineering [1–7]. The structural characteristics such as the size,
morphology and the surface compositions of the products have a
significant effect on the physicochemical properties, which can be
tuned in a controllable manner to tailor their magnetic, optical,
mechanical, thermal, electrical, electro-optical, and catalytic
properties [8–15]. In particular, the phosphor particles with
sphere-like morphology, suitable particle size range (0.5–2mm),
non-agglomeration, and monodisperse size distribution are of
special interest in the new display fields such as plasma display
panel (PDP) and field emission display (FED) due to their brighter
high definition, cathodoluminescent performance, and much
improved screen packing [16,17]. So far, a variety of synthetic
approaches have been developed to control the morphology and
size of the phosphor particles, such as spray pyrolysis [18], sol–gel
process [19], and urea homogeneous precipitation [20]. However,
ll rights reserved.
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the obtained phosphor particles fabricated via these routines are
still far away from the ideal morphology, so it is still a challenge to
seek a facile synthetic method to achieve this goal.

Lanthanide compounds have been extensively used as optoe-
lectronic devices, magnets, catalysts, and biological fluorescence
labeling because of their special optical, electronic, and chemical
properties resulting from the 4f electron configurations [21–25].
2θ (degree)
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Fig. 1. XRD patterns of the as-synthesized LaPO4:Eu3+ (a), LaPO4:Ce3+ (b),

LaPO4:Ce3+, Tb3+ (c) phosphors, and the standard data for bulk LaPO4 (JCPDS

32–0493).
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In recent years, lanthanide orthophosphates (LnPO4) have
attracted much interest for the potential applications as phos-
phors, proton conductors, sensors, catalysts, ceramic materials,
Table 1
Unit cell lattice constants for LaPO4:Eu3+, LaPO4:Ce3+, and LaPO4:Ce3+, Tb3+.

Samples a/deviation (nm) b/deviation (nm) c/devia

JCPDS 32–0493 0.6837 0.7077 0.6509

LaPO4:Eu3+ 0.6831/0.0006 0.7061/0.0016 0.6502

LaPO4:Ce3+ 0.6829/0.0008 0.7062/0.0015 0.6501

LaPO4:Ce3+, Tb3+ 0.6828/0.0009 0.7058/0.0019 0.6498

Fig. 2. SEM images of the as-synthesized LaPO4:Eu3+ (a), LaPO4:Ce3+ (c),
and heat-resistant materials [26] based on their interesting
properties, such as low water solubility [27], high thermal
stability [28], high index of refraction, and high concentrations
tion (nm) b angle/deviation (deg) Cell volume/deviation (nm3)

103.23 0.3065

/0.0007 103.66/0.43 0.3059/0.0006

/0.0008 103.73/0.50 0.3051/0.0014

/0.0011 103.62/0.39 0.3047/0.0018

LaPO4:Ce3+, Tb3+ (e) phosphors and the corresponding EDS (b, d, f).
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of lasing ions [29], and so on. Furthermore, lanthanide phosphates
have been shown to be a useful host lattice for doping lanthanide
ions to prepare phosphors emitting a wide range of colors
[30–32]. As a highly efficient green (5D4–7F5 of Tb3+ at 544 nm)
phosphor, Ce3+ and Tb3+ co-activated bulk LaPO4 powders have
been extensively applied to fluorescent lamps and PDPs due to the
high energy transfer efficiency between Ce3+ and Tb3+ [33–35].
The luminescent properties of this phosphor strongly depend on
the compositions and structure, which are sensitive to the
bonding states of lanthanide ions. Over the past decade,
LaPO4:Eu3+, LaPO4:Ce3+, LaPO4:Ce3+, Tb3+ as well as CePO4:Tb3+/
LaPO4 (core–shell) with various morphologies have been fabri-
cated through a large variety of routines, including hydrothermal
method [36–38], wet chemical precipitation [39], microwave
approach [40], sol–gel process [41,42], ultrasonic irradiation [43],
and polyol-mediated method [44]. The products obtained through
such processes are usually nanowires or nanofibers with one
dimension (1D). However, the shape controlled synthesis of rare-
earth ions doped LaPO4 with uniform sphere-like morphology via
a solvothermal process has rarely been reported. The solvothermal
process can produce a highly crystalline and homogenous product
without post-calcination obtained at a mild reaction conditions
(reaction temperature o250 1C). At the same time, the morphol-
ogies of the products can be controlled by altering the synthesis
conditions.

In this paper, a facile solvothermal process was proposed for
the synthesis of monodisperse rare-earth ion (Eu3+, Ce3+, Tb3+)
doped LaPO4 phosphor particles with uniformly oval morphology
and narrow size distribution. The obtained samples were well
characterized by means of X-ray diffraction (XRD), Field emission
scanning electron microscopy (FESEM), transmission electron
microscopy (TEM), X-ray photoelectron spectra (XPS), infrared
spectroscopy (IR), optical spectra as well as the kinetic decay
times. A possible growth mechanism for the micro-sized particles
has also been proposed.
Fig. 3. TEM images of the as-synthesized LaPO4:Eu3+ (a), LaPO4:Ce3+ (c),

LaPO4:Ce3+, Tb3+ (e) phosphors and the corresponding HRTEM images (b, d, f).
2. Experimental section

2.1. Synthesis of LaPO4:Eu3+, LaPO4:Ce3+ and LaPO4:Ce3+, Tb3

All the reagents for synthesis including ethylene glycol (EG; A.
R., Beijing Fine Chemical Company), (NH4)2HPO4 (Beijing Chemi-
cal Regent Company), NaOH (A. R., Beijing Chemical Regent
Company), La2O3, Eu2O3, Tb4O7, Ce(NO3)3 �6H2O (99.99%, Science
and Technology Parent Company of Changchun Institute of
Applied Chemistry), HNO3 (A. R., Beijing Beihua Chemical
Company) were purchased without further purification. The
doping concentration of Eu3+ was 5 mol% to La3+ in LaPO4:Eu3+,
which has been optimized [45]. In a typical process, 0.95 mmol
La2O3 and 0.05 mmol Eu2O3 were dissolved in dilute HNO3 with
vigorous stirring. The superfluous HNO3 was driven off until the
pH value of the solution reached between 2 and 3. Then the
Eu(NO3)3 and La(NO3)3 crystal powders were obtained. Then
the obtained Eu(NO3)3 and La(NO3)3 powders were added into the
mixed solution of EG and water with the volume ratio of 37 to 3
with stirring. After further stirring for another 2 h, the resulting
solution was then transferred into a 50 mL sealed Teflon autoclave
and statically heated at 180 1C for certain time. After the autoclave
was naturally cooled to the room temperature, the final products
were separated by centrifugation, and washed several times with
ethanol and distilled water. Finally, the obtained samples were
dried in vacuum at 60 1C for 24 h. In this way, the Eu3+ doped
LaPO4 was obtained, which was designated as LaPO4:Eu3+. The
LaPO4:Ce3+ with the doping concentration of 20 mol% of Ce3+ to
La3+ and the LaPO4:Ce3+, Tb3+ with the doping concentration of
20 mol% of Ce3+ and 15 mol% of Tb3+ to La3+ were prepared in the
same process except for the doped rare-earth ion of Eu3+ has been
replaced by Tb3+ and/or Ce3+.
2.2. Characterization

Powder XRD patterns were obtained on a Rigaku TR III
diffractometer using CuKa radiation (l ¼ 0.15405 nm). Fourier-
transform IR spectra were recorded on a Perkin–Elmer 580B IR
spectrophotometer using KBr pellet technique. FESEM study was
performed on a XL30 microscope (Philips) equipped with an
energy-dispersive X-ray spectrum (EDS, JEOL JXA-840). TEM and
high-resolution TEM (HRTEM) images were recorded on a FEI
Tecnai G2 S-Twin with an acceleration voltage of 200 kV. The
X-ray photoelectron spectra (XPS) were taken on a VG ESCALAB
MK II electron energy spectrometer using MgKa (1253.6 eV) as the
X-ray excitation source. The exact doping concentrations of Eu3+,
Ce3+ and Tb3+ in the resulting materials were determined by
inductively coupled plasma (ICP) performed on an ICP-PLASMA
1000 apparatus. The UV–vis excitation and emission spectra were
obtained on a Hitachi F-4500 spectrofluorimeter equipped with a
150 W xenon lamp as the excitation source. Luminescence decay
curves were obtained from a Lecroy Wave Runner 6100 Digital
Oscilloscope (1 GHz) using a 250 nm laser (pulse width ¼ 4 ns,
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gate ¼ 50 ns) as the excitation source (Continuum Sunlite OPO).
All the measurements were performed at room temperature.
3. Results and discussion

3.1. Structure, formation, morphology and luminescent properties of

LaPO4:Eu3+, LaPO4:Ce3+, LaPO4:Ce3+, Tb3+

Fig. 1 show the XRD patterns of LaPO4:Eu3+, LaPO4:Ce3+,
LaPO4:Ce3+, Tb3+ prepared at 180 1C for 12 h and the standard
data for the monoclinic LaPO4, respectively. It can be seen that the
diffraction peaks of all the samples can be readily indexed to the
monoclinic monazite-type structure of the LaPO4 phase in P21/n
space group (JCPDS 32–0493). No additional peaks for other
phases associated with the doped component can be detected,
indicating that the as-synthesized samples are of pure monazite
phase and rare-earth ions have been uniformly incorporated into
the host lattice of LaPO4. The calculated lattice constants of the
synthesized samples are summarized in Table 1, together with a
comparison with those of the JCPDS 32–0493 standard. It can be
seen that the calculated cell lattice constants for LaPO4:Eu3+,
LaPO4:Ce3+, and LaPO4:Ce3+, Tb3+ are well consistent with the
standard data (JCPDS 32–0493). Furthermore, the actual doping
concentration of Eu3+ in LaPO4:Eu3+ is 3.21 wt%; Ce3+ in
LaPO4:Ce3+ is 11.92 wt% and Tb3+, Ce3+ in LaPO4:Ce3+, Tb3+ is
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Fig. 4. XPS spectra for the as-synthesized LaPO4:Eu
9.98 and 11.73 wt% determined by ICP analysis, which are very
close to the stoichiometric values (3.23 wt% or 5 mol% of Eu3+ in
LaPO4:Eu3+, 11.97 wt% or 20 mol% of Ce3+ in LaPO4:Ce3+, 10.05 wt%
or 15 mol% of Tb3+ and 11.82 wt% or 20 mol% of Ce3+ in LaPO4:
Ce3+, Tb3+).

The morphology and the microstructural details of the as-
synthesized samples were further examined with SEM and TEM
techniques. Fig. 2 displayed the SEM images of LaPO4:Eu3+,
LaPO4:Ce3+, and LaPO4:Ce3+, Tb3+ prepared at 180 1C for 12 h as
well as their corresponding EDS spectra, respectively. It can be
seen from Fig. 2(a) that the LaPO4:Eu3+ phosphors consist of
monodisperse oval particles with the mean size of about 1.5mm in
length and 1mm in width. The EDS spectrum (Fig. 2(b)) of
LaPO4:Eu3+ confirms the presence of lanthanum (La), phosphorous
(P), oxygen (O), and europium (Eu) in the LaPO4:Eu3+ sample
(the carbon signal is due to the carbon used as reference). The
approximate composition of the products as extracted from the
EDS analysis gives a Eu/La/P/O atomic ratio of 0.04:0.96:1:4.1,
which is much consistent with the ICP results. From the SEM
images of LaPO4:Ce3+ prepared at 180 1C for 12 h, we can see that
the samples are composed of uniform oval particles with the
particle size of about 500 nm in length and 300 nm in width.
These particles are non-aggregated with smooth surface and
narrow distribution. In the EDS spectrum (Fig. 2(d)), the signals of
lanthanum (La), phosphorous (P), oxygen (O), and cerium (Ce)
demonstrate the presence of the corresponding element in the
LaPO4:Ce3+
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LaPO4:Ce3+ product. The approximate composition of the products
extracted from the EDS analysis shows a Ce/La/P/O atomic ratio of
0.19:0.81:1:4.1, which is in good agreement with the ICP results.
The morphology of the LaPO4:Ce3+, Tb3+ product (Fig. 2(e)) is
much similar to that of LaPO4:Ce3+. Different from the EDS of
LaPO4:Ce3+, the signal of Tb 4d is obvious in the EDS spectrum of
LaPO4:Ce3+, Tb3+. Additionally, the EDS analysis gives the
approximate composition of 0.14/0.19/0.60/1/4.1 of Tb/Ce/La/O/P
molar ratio, agreeing well with the ICP results.
Fig. 6. SEM images of the as-synthesized LaPO4:Ce3+, Tb3+ phosphors synthesized with E

as-synthesized LaPO4:Ce3+, Tb3+ phosphors synthesized with EG/H2O volume ratio of

(inset).
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Fig. 5. FT-IR spectra of the as-synthesized LaPO4:Eu3+ (a), LaPO4:Ce3+ (b), and

LaPO4:Ce3+, Tb3+ (c) phosphors.
Fig. 3 shows the representative TEM and HRTEM images of
LaPO4:Eu3+, LaPO4:Ce3+, and LaPO4:Ce3+, Tb3+, which highlight
typically morphological and structural features. TEM images
clearly indicate that monodisperse oval particles with uniform
size distribution are obtained for all the samples, which are well
consistent with the SEM results. The TEM results reveal that the
doping components have little effect on the morphology of the
samples, while the particle sizes of the phosphors are influenced
greatly. The obvious lattice fringes in the HRTEM images (Fig. 3(b),
(d) and (f)) confirm the high crystallinity of as-synthesized
LaPO4:Eu3+, LaPO4:Ce3+ and LaPO4:Ce3+, Tb3+ phosphors, respec-
tively. The lattice fringes of (120) planes with an interplanar
distance of 0.31 nm are marked by the arrow in Fig. 3(b), (d) and
(f). The calculated interplanar distance agrees well with the XRD
analysis. The HRTEM images present a powerful tool to confirm
the formation of well-crystallized single crystals.

XPS technique has been proven a powerful tool for qualitatively
determining the surface component and composition of a
material. The XPS spectra of LaPO4:Eu3+, LaPO4:Ce3+, and
LaPO4:Ce3+, Tb3+ are shown in Fig. 4, respectively. The binding
energy data (calibrated using C 1s (284.7 eV) as the reference)
from the LaPO4:Eu3+, LaPO4:Ce3+, and LaPO4:Ce3+, Tb3+ are well
consistent with those reported for bulk LaPO4 [37,40]. The peaks
at about 835, 885, and 1132 eV show the binding energies of the
3d5/2 orbital of La3+, Ce3+, and Eu3+ in the corresponding
LaPO4:Ln products. The peak at about 133 eV (P 2p) for all the
LaPO4:Ln phosphors indicates that the phosphorus in the products
exists in a pentavalent oxidation state (P5+) in the form of
PO4

3–.[37,46]. Additionally, the binding energy Tb (4d, 151.1 eV) is
also obvious (Fig. 4c). By combination of the XRD results, it can be
deduced that these signals can be assigned to the LaPO4:Ln

phosphors.
G/H2O volume ratio of EG/H2O ¼ 0/40 (a), EG/H2O ¼ 30/10 (b); TEM images of the

EG/H2O ¼ 0/40 (c), EG/H2O ¼ 30/10 (d) and their corresponding HRTEM images
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The FT-IR spectra for LaPO4:Eu3+, LaPO4:Ce3+, LaPO4:Ce3+, Tb3+

are depicted in Fig. 5, respectively. The absorption bands at 3449
and 1637 cm�1 can be assigned to physical adsorbed OH and H2O
for all the samples. The characteristic vibrations of phosphate
(PO4

3–) are obvious. The two bands located at 617 and 544 cm–1 are
clearly observed in the n4 region of the vibrations of PO4

3� groups.
The bands at 1057 cm�1 can be attributed to the n3 anti-
symmetric stretching of P–O band. The shoulder at 956 cm�1

can be assigned to the n1 vibration of PO4
3� groups [47]. The n2

vibration at low wavenumber is not observed in the studied range
of wave numbers. Furthermore, C–H stretching vibration at
1389 cm�1 can be detected, indicating the incomplete removal
of the EG molecules from the surface of the samples.

3.2. The formation mechanism for the micrometer

LaPO4:Ln phosphors

The monodisperse and high-crystalline LaPO4:Ln particles with
uniform oval morphology may probably be formed through a
mechanism which is similar to that for the preparation of La(OH)3,
CdSe, and Y2O3:Eu [48–50]. In this mechanism, if the overall
growth rate is fast, the anisotropic growth rate is usually faster
along a certain axis, resulting in the formation of long rod-like
particle or the 1D nanosized materials. When the overall growth
rate is slow, the isotropic growth is generally predominant,
inducing the formation of sphere-like particles. Furthermore, EG
has been widely used as an effectively protective agent to control
the growth rate of the particles in the hydrothermal process. Thus,
the size and morphology of the final products should be tuned by
altering the concentrations of the EG and H2O. Fig. 6 shows the
typical SEM, TEM and their corresponding HRTEM images (inset)
of LaPO4:Ce3+, Tb3+ prepared with different volume ratio of EG to
H2O. It is observed that rod-like particles with the particle size of
about 500 nm in length and 50 nm in width are obtained when
only pure H2O (EG/H2O volume ratios of 0

40) was used in the same
synthesis conditions (Fig. 6(a) and (c)). From the HRTEM image in
Fig. 6(c, inset), the obvious lattice fringes and the good matching
of the interplanar distance (0.31 nm) with the d120 value suggest
Fig. 7. SEM images of the as-synthesized LaPO4:Eu3+ phosphors s
the high crystallinity of the as-synthesized sample. When the
EG/H2O volume ratio is tuned to 30

10, well-crystalline and relatively
uniform rod-like particles with particle size of 0.5–1mm in length
are formed during the hydrothermal process, as shown in Fig. 6(b)
and (d). When the volume ratio of EG/H2O is increased to 37

3 ,
homogenous oval particles are achieved (Fig. 2(d)). Therefore, it
can deduced that the volume ratio of EG/H2O is a critical factor in
influencing the size and morphology of the final product. This can
be explained as following process. When only pure water or a
small mount of EG was used as the synthesis medium, the growth
rate of initial precursor along the c-axis is faster, resulting in the
formation of rod-like particles without the protection of EG. When
the concentration of EG is increased, the micro reactor where the
nuclei and crystallinity occur is covered with EG by adsorption on
the surface of the crystallites, which greatly hinder the growth
rate of precursor particles along the c-axis. When the concentra-
tion of EG is high enough (EG/H2O volume ratio of 37

3 ), the EG
molecules thoroughly adsorb on the crystal surfaces, which
enhance the isotropic growth in all directions, so uniform oval
micrometer-sized particles are obtained. To further investigate the
growing process of the products, a series of tests have been
employed. Fig. 7 gives the SEM images of LaPO4:Eu3+ synthesized
at 180 1C for different reaction time. It can be seen that the particle
size of the samples increase from 500 nm to 2mm in length with
the increment of the reaction time from 2 to 24 h, while the
uniformly oval morphology is maintained. For the LaPO4:Ce3+,
Tb3+ phosphors, the particle size also increases from 500 nm to
1mm during the same reaction time range (Fig. 8), which is much
similar to that of LaPO4:Eu3+. The SEM results indicate an obvious
growing process from primary nanoparticles to the final larger
products through self-assembly. A possible schematic illustration
for the formation mechanism of LaPO4:Eu3+ is presented in
Scheme 1.

3.3. Photoluminescence properties

As shown in Fig. 9, the LaPO4:Eu3+ and LaPO4:Ce3+, Tb3+

phosphors show brightly red and green luminescence under the
ynthesized at 180 1C for 2 h (a), 8 h (b), 12 h (c), and 24 h (d).
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Scheme 1. Illustration for the formation process of LaPO4:Eu3+ phosphors with

oval morphology.

Fig. 8. SEM images of the as-synthesized LaPO4:Ce3+, Tb3+ phosphors synthesized at 180 1C for 2 h (a), 8 h (b), 12 h (c), and 24 h (d).

P. Yang et al. / Journal of Solid State Chemistry 182 (2009) 1045–1054 1051
ultraviolet irradiation at 365 nm. Fig. 9 also exhibits the PL
excitation and emission spectra of LaPO4:Eu3+, LaPO4:Ce3+ and
LaPO4:Ce3+, Tb3+, respectively. In the excitation spectrum
(Fig. 9(a)) monitored by the Eu3+ 5D0–7F2 transition at 590 nm,
the broad band with a maximum at 252 nm originates from the
excitation of the oxygen-to-europium charge transfer band (CTB).
The weak line at 396 nm may arise from f–f transitions within the
Eu3+ 4f6 electron configuration [51], which corresponds to the
direct excitation of the Eu3+ ground state into higher levels of
the 4f-manifold (7F0–5L6) [37]. Upon excitation at 252 nm, the
emission spectrum of the LaPO4:Eu3+ product (Fig. 9(b)) is
composed of the characteristic transition lines between Eu3+

levels. The locations and their assignments of the emission lines
are labeled in the Fig. 9(b). Among 5D0–7FJ (J ¼ 1, 2, 3, 4) emission
lines of Eu3+, the magnetic-dipole transition 5D0–7F1 (590 nm) is
the most prominent group. Furthermore, no emission from the
higher energy levels (5D1,

5D2) of Eu3+ can be detected because of
the multiphoton relaxation derived from the vibration of
phosphate groups, which can bridge the gaps between the lowest
5D0 level of Eu3+ and the higher energy levels (5D1,

5D2) effectively.
The luminescent properties of Eu3+ in the crystalline LaPO4

phosphors are in good agreement with those obtained through
other processes [37,45], indicating that Eu3+ ions have been
successfully doped into the host lattice of LaPO4. Fig. 9(c) and (d)
give the excitation and emission spectra for the luminescence of
Ce3+ in LaPO4:Ce3+ phosphors. In the excitation spectrum
monitored by the emission wavelength of 341 nm, the spectrum
(Fig. 9(c)) consists of a broad peak with maxima at 276 nm and
two weak peaks at 217 and 241 nm, which correspond to the
transitions from the ground state 2F5/2 of Ce3+ to the different
components of the excited Ce3+ 5d states split by the crystal field
(in the LaPO4 host lattice, the La3+ ion is surrounded by nine
oxygen atoms with a site symmetry of C1 [52]. The emission of
Ce3+ in LaPO4:Ce3+ shows a broad band with maxima at 341 nm,
which are assigned to the parity-allowed transitions of the lowest
component of the 2D state to the spin–orbit components of the
ground state of Ce3+. Fig. 9(e) and (f) shows the excitation and
emission spectra for the luminescence of Tb3+ in the LaPO4:Ce3+,
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Tb3+ phosphors. The excitation spectrum (Fig. 9e) monitored at
the 544 nm (5D4–7F5) of Tb3+ consists of the excitation
bands of Ce3+, which is very similar to the excitation spectrum
of Ce3+ in LaPO4:Ce3+ (Fig. 9(c)). Excitation into the Ce3+ band
at 276 nm yields both the weak emission of Ce3+ (300–360 nm)
and the strong emission of Tb3+ at 489 (5D4–7F6), 544 (5D4–7F5),
584 (5D4–7F4), and 619 nm (5D4–7F3), suggesting an efficient
energy transfer from Ce3+ to Tb3+ in the LaPO4:Ce3+, Tb3+

phosphors. All the above spectral properties for the LaPO4:Ce3+,
Tb3+ phosphors are basically consistent with the literatures
[37,45,52].

Fig. 10 shows the decay curves for the LaPO4:Eu3+, LaPO4:Ce3+,
LaPO4:Ce3+, Tb3+ phosphors, respectively. It can be seen that the
decay curves for 5D0–7F2 (612 nm) of Eu3+ can be well fitted into a
single-exponential function as I (t) ¼ I0 exp(-t/t) (where t is the
1/e lifetime of the Eu3+ ion) [53]. The lifetime of 5D0 level of Eu3+ is
2.1 ms determined by this fitting. Like the single exponential
luminescence decay of the 5D0–7F2 transition of Eu3+ in the
LaPO4:Eu3+ phosphors, the luminescence decay curves of Ce3+ in
LaPO4:Eu3+ and Tb3+ in LaPO4:Ce3+, Tb3+ can also be fitted to a
single exponential function, and the lifetimes of Ce3+ and Tb3+ is
11.4 ns and 1.55 ms, respectively. The luminescence lifetime of
Tb3+ (5D4) in the range of milliseconds may be due to the
forbidden nature of the f–f transition.
4. Conclusions

In summary, rare-earth ion (Eu3+, Ce3+, Tb3+) doped LaPO4

phosphor particles have been successfully obtained by a
simple solvothermal process using EG as protective agent without
further heat treatment. The obtained phosphor particles have
homogenous oval morphology, non-agglomeration, monodis-
perse, and narrow size distribution. The obtained LaPO4:Eu3+

and LaPO4:Ce3+, Tb3+ phosphors show the characteristic emission
lines of Eu3+ and Tb3+, respectively. The decay curves of all
the samples fit well into a single-exponential function. The
possible formation mechanism for the LaPO4:Ln has been
proposed on an isotropic growth process. The solvothermal
reaction time, EG/H2O volume ratio all play significant roles in
the morphologies and sizes of the as-synthesized products. These
phosphor particles exhibit a potential application in the display
fields because of their special size, morphology and luminescence
properties.
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