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LaPO4:Ln3* (Ln=Eu, Ce, Tb) nanocrystals were successfully synthesized via a facile solvothermal process
in the presence of oleic acid. The as-prepared crystals were well characterized by X-ray diffraction (XRD),
transmission electron microscopy (TEM), X-ray photoelectron spectra (XPS), Fourier transform infrared
spectroscopy (FT-IR), optical spectra as well as the kinetic decay times, respectively. In the synthesis pro-
cess, oleic acid as a surfactant has played a crucial role in confining the growth and size of the LaPO4:Ln3*
phosphors. All the samples are well crystallized and assigned to the monoclinic monazite-type structure
of the LaPO,4 phase. The prepared LaPO4:Ln3* phosphors present a narrow distribution with an average
particle size of about 15 nm. Upon excitation by ultraviolet radiation, the LaPO4:Eu3* phosphors show
the characteristic 5Dy-’F;_3 emission lines of Eu3*, while the LaPO4:Ce3* Tb3* exhibits the characteristic
5Dg-"F3_¢ emission lines of Th3*, It is believed that these rare earth ion doped (Eu3* ion or Ce3* and Tbh3*
ions co-doped) monoclinic monazite-type LaPO4 nanocrystals could find potential application as future
advanced optical materials.
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1. Introduction

Over the past decades, doping is a widely applied process in
materials science which involves incorporating appropriate atoms
or ions into host lattices to yield hybrid materials with desirable
properties and functions [1-9]. Recently, a particular emphasis
has been placed on the study of rare earth (RE) ions doped com-
pounds due to their large variety of applications [10-18]. This is
mainly based on their particular 4f-5d and 4f-4f electronic tran-
sition which can yield intense and narrow emission bands and
thus generate individual colors in multi-phosphor devices [19-23].
However, the applications of RE-doped materials are still highly
dependent on some basic factors such as size and morphology,
which may govern their luminescence. Therefore, phosphors with
special morphology, a fine particle size range, and non agglom-
eration can greatly improve the efficiency of luminescence, and
brightness of the phosphors which are of significant value for their
more broadly application [24]. Therefore, the synthesis of inorganic
materials activated by RE ions with nano- or micro-sized and spe-
cial morphology is a challenging issue which has attracted much
research attention.

Rare earth orthophosphates (LnPOg4, Ln =La-Lu) have shown to
be an excellent host lattice for lanthanide ions to prepare durable
phosphors which can emit a variety of colors [25-27] and present
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many outstanding properties, including high insolubility [28], reli-
able stability against high temperatures and energy excitations
[29], and high concentrations of lasing ions [30]. To date, lanthanum
orthophosphates (LaPO4) doped with different RE ions have been
reported to be prepared through various methods, including solid-
state reaction [31], microwave approach [32,33], sol-gel process
[34-36], wet-chemical precipitation [37], hydrothermal method
[38,39]. However, the practical applicability of these phosphates
as phosphors is still limited by their light output, quantum yield
and emission, which are directly influenced by their synthesis pro-
cess to restrict their size, morphology, purity and stoichiometry.
In consideration of this purpose, the solvothermal method is pre-
ferred because the synthesis conditions such as temperature and
reaction time can be easily adjusted to gain the ideal morphology,
phase and size of the products. Furthermore, the solvothermal pro-
cess has proved to be a facile and fast route with low cost and
energy consumption (reaction temperature <250°C), which has
been widely employed for the synthesis of other inorganic mate-
rials. Yet it has rarely been reported for the synthesis of rare earth
ions doped LaPO,4 phosphors, especially for nano-sized lanthanum
orthophosphates.

Herein, we presented a facile solvothermal process for the syn-
thesis of RE ions doped LaPO4 nanocrystals using oleic acid as
capping agent in a mixed solvent. In this method, the organic cap-
ping ligand (oleic acid) has a profound effect on the growth of
LaPO,4 phosphors via the adsorption of surfactants onto the sur-
faces of the nanocrystals. The structure, shape and luminescent
properties of the obtained samples were well analyzed by means
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Table 1

Calculated cell lattice constants and calculated average crystal sizes for LaPO4:Eu?*, LaPO4:Ce3* and LaPO4:Ce?*, Tb3*.

Samples a/deviation (A) b/deviation (A) c/deviation (A) B angle/deviation (A) D/crystal size (nm)
LaPO4 (JCPDS 32-0493) 6.837 7.077 6.509 103.23

LaPO,:Eu?* 6.833/0.004 7.067/0.01 6.502/0.007 103.37/0.14 15.7

LaP04:Ce3* 6.834/0.003 7.071/0.006 6.499/0.01 103.43/0.2 16.2

LaPO4:Ce3* Th3* 6.813/0.024 7.043/0.034 6.479/0.03 103.55/0.33 153

of XRD, TEM, HRTEM, XPS, FT-IR, optical spectra and the kinetic
decay times, respectively. A possible formation mechanism of the
as-synthesized nanocrystals based on the capping effect of oleic
acid was also proposed.

2. Experimental
2.1. Synthesis

All the chemical reagents including (NH4 ), HPO4 (A. R., Beijing Chemical Reagent
Company), La; 03, Tb407, Euy03, Ce(NO3)3-6H,0 (99.99%, Science and Technology
Parent Company of Changchun Institute of Applied Chemistry), oleic acid (A. R.,
Beijing Chemical Regent Company), NaOH (A. R., Beijing Chemical Regent Company),
HNOj; (A. R, Beijing Beihua Chemical Company) and ethanol (A. R., Beijing Beihua
Chemical Company) were used without further purification.

The doping concentration of Eu3* was 5 mol% to La3* in LaPO4:Eu?*, which has
been previously optimized [40]. Typically, 0.5g of NaOH was added to the mix-
ture of 4 mL oleic acid and 15 mL ethanol with continuous stirring to form an ivory
white solution. Meanwhile, 0.95 mmol La; 03 and 0.05 mmol Eu,; 03 were dissolved
in dilute HNO3 with vigorous stirring and heating. The superfluous HNO3 was driven
off until the La(NOs )3 and Eu(NOs )3 were obtained. Then the La(NO3 )3 and Eu(NOs )3
powders were added into the pre-obtained solution with vigorous stirring until
a translucent solution was obtained. After that, an aqueous solution containing
2 mmol of (NH4),HPO4 was poured into the above solution with strong magnetic
stirring. After further stirred for another 2 h, the resulting solution was then trans-
ferred into a 50 mL sealed Teflon autoclave and statically heated at 180°C for 12 h.
When the autoclave was naturally cooled to the room temperature, the final prod-
uct was separated by centrifugation, and washed several times with ethanol and
distilled water. Finally, the obtained sample was dried in vacuum at 60 °C for 24 h.
In this way, the LaPO4:Eu?* nanoparticles were prepared.

The synthesis of the LaPO4:Ce3* with the doping concentration of 20 mol% of
Ce3* to La3* and the LaPO4:Ce3*, Th3* with the doping concentration of 20 mol% of
Ce3*, 15 mol% of Tb** to La®* were similar to the above procedure.

2.2. Characterization

Powder X-ray (XRD) patterns were obtained on a Rigaku TR III diffractome-
ter with Cu Ka radiation (A =0.15405nm) with accelerating voltage and emission
current of 40kV and 200 mA. Transmission electron microscope (TEM) and high-
resolution transmission electron microscope (HRTEM) were performed on a FEI
Tecnai G? S-Twin transmission electron microscope with a field emission gun oper-
ating of 200 kV. The X-ray photoelectron spectra (XPS) were taken on a VG ESCALAB
MK II electron energy spectrometer using Mg Ko (1253.6 eV) as the X-ray excitation
source. Fourier transform infrared spectroscopy (FT-IR) was carried out in an ABB
Bomen FTLA2000-100 spectrometer using KBr pellets. The UV-vis excitation and
emission spectra were recorded 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=4ns, gate=50ns) as the excitation source (Continuum
Sunlite OPO). All the measurements were carried out at room temperature.

3. Results and discussion
3.1. Phase purity and structure

The crystallinity and phase purity of the products were firstly
examined by XRD analysis. Fig. 1 shows the typical X-ray diffrac-
tion (XRD) patterns of as-synthesized LaPO4:Eu3*, LaPO4:Ce3",
LaP0,4:Ce3* Tb3* nanocrystals, and the standard data for mono-
clinic LaPQy, respectively. As shown, the XRD patterns of all the
LaPO4:Ln3* nanocrystals are in good agreement with the values
from JCPDS No. 32-0493 of LaPO4, which reveals that all the prod-
ucts are monazite LaPO4 with monoclinic structure in P21/n space
group [41]. Furthermore, no additional peaks for other phases asso-
ciated with the doped component can be observed, indicating a high
purity of the RE ions doped LaPO4 samples. Especially, there are

three forms for lanthanide phosphates: hexagonal, tetragonal, and
monoclinic. Considering that the commercial use of LaPO4 phos-
phors are usually focus on monoclinic structure, the as-synthesized
LaPO4 nanophosphors can be directly used without further heat
treatment. The calculated cell lattice constants and average crys-
tal sizes for LaPO4:Ln3* (Ln=Eu, Ce, Tb) samples are summarized
in Table 1, together with the standard data (JCPDS No. 32-0493)
for comparison. It can be seen that the calculated cell lattice con-
stants (calculated from MDI Jade 5.0) for LaPO4:Eu3*, LaPOy4:Ce3*,
and LaP0,4:Ce3* Tb3* are well consistent with the standard data
(JCPDS No. 32-0493). In addition, it should be noted that the as-
synthesized rare earth ions doped LaPO4 samples show a slightly
lower lattice constants compared with the standard data, which
may be caused by the smaller ion radius of Eu3*, Ce3* and Tb3* ions
than La3* ion (0.950A for Eu3* ion, 1.034A for Ce3* ion, 0.932 A
for Tb3* ion, and 1.061A for La3* ion). Moreover, it is clear that
the diffractions of the XRD patterns show obvious broadening,
suggesting the small size nature of the samples. The peak broad-
ening can be used to estimate the average crystallite sizes by the
Scherrer formula, D=0.89A/8 cos 6, where D is the average grain
size, A is the X-ray wavelength (0.15405 nm), and 6 and 8 are the
diffraction angle and full-width at half-maximum (FWHM), respec-
tively. The strongest three peaks (120) at 20=28.509°, (012) at
20=30.898°, and (311) at 20=41.882° were used to calculate the
average crystallite size (D) of the sample. The average crystallite
sizes for LaPO,4:Eu3*, LaPO,4:Ce3*, LaPO,:Ce3* Tb3* are estimated to
be about 15.7 nm, 16.2 nm and 15.3 nm, respectively. This result is
well consistent with the following TEM analysis.

3.2. Morphology, composition and the formation process

The morphologies of the LaPO4: Eu3*, LaP0O,4:Ce3*, and
LaP04:Ce3*, Tb3* nanocrystals were carefully examined by TEM
(Fig. 2). It can be seen that the three samples all have much sim-
ilar shapes which are well-dispersed. The average particle size is
about 10-20 nm which is in good agreement with the values cal-
culated from the XRD patterns. Furthermore, there are no obvious

Intensity (a. u.)

20 (degree)

Fig. 1. X-ray diffraction patterns of as-synthesized LaPO,:Eu?* (a), LaPO,:Ce3* (b),
LaP04:Ce3*, Tb3* (c), and the standard data for LaPO4 (JCPDS No. 32-0493).
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Fig. 2. Low-resolution TEM image (a), HRTEM image (b) of as-synthesized LaPO4:Eu3*; low-resolution TEM image (c), HRTEM image (d) of as-synthesized LaPO,4:Ce3*;
low-resolution TEM image (e), HRTEM image (f) of as-synthesized LaPO,4:Ce3*,Tb3*; insets are their corresponding EDS.

discrepancy in particle size and morphology among the three sam-
ples, which means the doping components have little effect on
the morphological features. The high-resolution TEM images of as-
synthesized LaPO,4:Eu3*, LaPO,4:Ce3*, and LaPO4:Ce3*, Th3* samples
are shown in Fig. 2b, d, and e, respectively. All the three images
exhibit obvious lattice fringes which confirm the high crystallinity

of the samples. The lattice fringes of (1 2 0) planes with an interpla-
nar distance of 0.31 nm are marked by the arrow. The calculated
interplanar distances between the adjacent lattice fringes agree
well with the d{q spacing of the standard value (JCPDS No. 32-
0493). Insets in Fig. 2b, d and e are the corresponding EDS analysis.
In the EDS of LaPO4:Eu3*, the signals of lanthanum (La), phos-
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Fig. 3. The survey XPS of as-synthesized LaPO4:Eu* (a), LaPO4:Ce3* (b), and LaPO4:Ce3*, Tb3* (c).

phorous (P), oxygen (0), europium (Eu) suggest the presence of
corresponding element in the product (the carbon signal is due to
the carbon used). Similarly, the signals of lanthanum (La), phospho-
rous (P), oxygen (O), cerium (Ce), and terbium (Tb) can also be seen
in the EDS of LaP0O4:Ce3* and LaPO4:Ce3* Th3* samples.

XPS of as-synthesized LaPO4:Eu3*, LaPO4:Ce3*, and
LaP0,4:Ce3* Thb3* are shown in Fig. 3, respectively. The bind-
ing energy data (calibrated using C 1s (284.8 eV) as the reference)
in the XPS of LaPO4:Eu3*, LaP0O,4:Ce3*, and LaPO4:Ce3* Tb3* are
well consistent with those reported for bulk LaPO4 [42,43]. The
peaks at about 1131 eV for Eu3* (Fig. 3a), 885eV for Ce3* (Fig. 3b
and c) indicate the binding energies of the 3ds, orbital of Eu3*
and Ce3* in the corresponding LaPO,4:Ln3* products. In addition,
the binding energy of Tb (4d, 151eV) for LaPO4: Ce3*, Tb3* is
also obvious. The peak at 133eV (P 2p) for all the LaPO,:Ln3*
phosphors indicate that the phosphorus in the products exists in
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a pentavalent oxidation state (P>*) in the form of PO43~ [44]. And
that the peaks at 531 eV (0O 1s) and 838 eV (La 3d) for all LaPO,4:Ln3*
are also obvious. Furthermore, the calculated Eu/La/P molar ratio
in LaPO4:Eu3* is 4.9/95.1/1, the calculated Ce/La/P molar ratio
in LaPO4:Ce3* Tb3* is 19.3/80.7/1, and the calculated Ce/Tb/La/P
molar ratio in LaPO4:Ce3* is 20.3/14.9/64.8/1, which are very
close to the stoichiometric values (EuggsLagg5P04, CegoLaggPOy,
Ceg2Tbo.15La0.65P04).

Fig. 4 gives the FT-IR spectra between 1500 cm~! and 500 cm™!
of as-synthesized LaPO4:Eu3*, LaPO4:Ce3*, and LaPO,4:Ce3* Th3*,
respectively. As shown, the typical bands assigned to the phosphate
groups (PO43~) can be detected in the spectra. The band centered
at 1019cm~1 is a characteristic of the v3 anti-symmetric stretch-
ing of P-0O band while the two bands located at between 621 and
538 cm~! can be attributed to the v4 region of the vibrations of
PO,43- groups. The shoulder at 952 cm~! can be assigned to the v,

L
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Scheme 1. Formation process of LaPO,:Eu3* nanocrystals.
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Fig. 4. FT-IR spectra of as-synthesized LaPO4:Eu3* (a), LaPO4:Ce3* (b), and
LaP04:Ce3*,Tb3* (c).

vibration of PO43~ groups [45,46]. These bands are obvious char-
acteristic of the vibrations of the phosphate groups in monoclinic
LaPOy.

The general formation process of the LaPO4:Ln3* (Ln =Eu, Ce, Tb)
nanocrystals could be understood by the combined aqueous and
organic solvent-based synthetic route, which is similar to the previ-
ous reports [47-50]. In an organic solvent-based route, the starting
materials are metal-organic complexes, while a water/ethanol
mixed solution could be chosen as the main continuous inorganic
solution phase. Since water is an ideal solvent for most inorganic
salts and ethanol is a good solvent for most organic surfactants,
most soluble inorganic salts can be employed as the starting materi-
als, and long chain alkyl surfactants such as oleic acid can be chosen
as the capping reagent. Due to the effect of organic surfactant, the
obtained nanostructures have a controllable shape and smaller size.
According to the theory stated above, we propose a basic under-
standing of the reaction process for the formation of the LaPO,4:Ln3*
nanocrystals as shown schematically in Scheme 1. In a typical syn-
thetic process, oleic acid, which has a long alkyl chain and can
effectively adsorbed on the surfaces of the products, was chosen
as the capping reagent to control the growth of the LaPOy4 particles.
Ethanol has been adopted as the common solvent for oleic acid
and water so that the complexation process of oleic acid and metal
ions can occur under a relative homogeneous condition. NaOH
was employed to convert the oleic acid to sodium oleate which
will ensure an ion exchange process to form the metal oleate. As
depicted, a solution which contained oleic acid, NaOH, and ethanol
is first induced to form a sodium oleate solution. In this procedure,
two phases have been formed, including the liquid phase consisting
of the excess oleic acid and ethanol, and the solid phase contains
sodium oleate. Then an aqueous solution containing M3* (M=La,

(b)

(@)

Eu) is added to form a third phase (the solution phase). Meanwhile,
a phase transfer process occurs in which the M3* shifts from the
aqueous solution to the solid phase of n(RCOO)M. After the addi-
tion of PO,43~, the oleic acid capped M3* reacted with PO43~ quickly
to form an oleic acid capped MPO4 amorphous precipitation. Then
the system experiences a typical hydrothermal crystallization and
ripening process assisted by the mixed surfactant at a designated
temperature. After that, phase separation may occur due to the high
density of the LaPO4:Ln3* nanocrystals and their hydrophobic sur-
faces, and LaPO,4:Ln3* particles could be collected at the bottom of
the vessel.

3.3. Photoluminescence (PL) and kinetic properties

The  as-synthesized  LaPO4:Eu3*,  LaPO4:Ce3*,  and
LaPO4:Ce?* Tb3* nanocrystals show the respective red, blue,
and green emissions under ultraviolet (254nm) irradiation,
as shown in Fig. 5. The fluorescent properties of LaPO4:Eu3*,
LaP04:Ce3*, and LaPO4:Ce3*, Tb3* was further investigated by the
PL excitation and emission spectra (Fig. 6). As shown, the excitation
spectrum of LaPO4:Eu3* (Fig. 6a, left), which is monitored by the
594 nm emission of Eu3* (°Dy-"F;), consists of a broad band with
a maximum at 251 nm and a week peak at about 395nm. The
broad band at 251 nm is due to the charge transfer band (CTB) of
the transition from the 2p orbital of oxygen to the 4f orbital of
the europium [51]. And the weak line at 395 nm may arise from
the direct excitation of the f-f shell transitions of the Eu3* ions
[34]. In the emission spectrum upon excitation at 251 nm (Fig. 6a,
right), the >Do-"F; (J=1, 2, 3) emission lines can be detected, which
correspond to the peaks located at 594 (°Dy-F;), 615 (°Dg-"F,),
650 nm (°Dg-F3), respectively [52-54]. Furthermore, no emission
from the higher energy levels (°Dq, °D,) of the Eu3* ions can
be detected due to the multiphoton relaxation derived from the
vibration of phosphate groups, which can effectively bridge the
gaps between the higher energy levels (°Dy, °D,) and the lowest
level (°Dg). It should be noticed that the luminescent spectra of
Eu3* ion in our work show some difference from the paper [55],
in which the maximum peak in the excitation spectrum for Eu3*
is only located at 393 nm. While our work also relates to the
spectrum at less 300 nm. For the LaPO,4:Ce3* phosphors (Fig. 6b),
the emission spectrum shows a broad band with a maximum at
365 nm, which may be assigned to the parity-allowed transitions
of the lowest component of the 2D state to the spin-orbit compo-
nents of the ground state. Monitored by the emission wavelength
at 365 nm, the excitation spectrum consists of two peaks with
maxima at 279 and 241 nm, which can correspond to the tran-
sitions from the ground state 2F5/2 of Ce3* to different crystal
field components of the excited Ce3* 5d levels [56]. The excitation
spectrum of LaP0,4:Ce3* Tb3* (Fig. 6¢, left) recorded at the 542 nm

()

Fig. 5. Photographs of LaPO4:Eu3* (a), LaPO4:Ce3* (b), and LaPO,4:Ce3*,Tb3* (c) irradiated by a 254 nm UV lamp in dark.
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Fig. 6. Excitation (left) and emission (right) spectra of as-synthesized LaPO,:Eu3*
(a), LaPO4:Ce3* (b), and LaPO4:Ce3* Tb3* (c).

emission (°D4-"Fs) is exclusively composed of excitation bands
of Ce3*. The emission spectrum of LaPO4:Ce3* Tb3* excitation at
279 nm involves the weak emission of Ce3* (300-360 nm) and the
strong emission of Th3* maximum at 487 nm (°D4-"Fg), 542 nm
(°D4-"Fs), 583 nm (°D4-"F4), 617 nm (°D4-"F3). This suggests an
energy transfer from Ce3* to Tb3* in LaP0O,4:Ce3* Tb3*, which is well
consistent with the bulk LaPO4:Ce3* Tb3* [56].

50 7
A, =594 nm D -F, a
Blank circles: experimental data

Solid line: fitted by

1 = Aexp(-t/?)

Average lifetime ? = 0.97 ms

PL Intensity (a. u.)

Decay time (ms)

50 7
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Blank circles: experimental data

Solid line: fitted by

I = Aexp(-t/t)

Average lifetime t = 1.67 ms

PL Intensity (a. u.)

Decay time (ms)

Fig. 7. Decay curves for the luminescence of Eu3* in LaPO4:Eu?* (a) and Th** in
LaP04:Ce3*, Tb3* (b).

By monitoring the emission of Eu3* ion at 594 nm, the decay
curve for 5Dg-’F, emission can be detected, as shown in Fig. 7a.
It can be seen that the curve can be well fitted into a single expo-
nential function as I (t)=Iy exp(—t/t) (where t is the 1/e life time
of the Eu3* ion), yielding to lifetime value of 0.97 ms for Eu3* in
the LaPO,4:Eu?* nanocrystals. Decay curve for the luminescence of
Tb3* in LaP04:Ce3* Tb3* is depicted in Fig. 7b, which is much sim-
ilar to the single exponential luminescence decay of Eu3* in the
LaPO4:Eu3* phosphors, and the luminescence lifetime of Tb3* is
calculated to be 1.67 ms.

4. Conclusions

In summary, LaPO,4:Ln3* (Ln=Eu, Ce, Tb) nanoparticles have
been successfully synthesized through solvothermal method
assisted by the capping agent (oleic acid) without further heat
treatment. The obtained particles exhibit a relatively uniform mor-
phology in a narrow size distribution with an average size of about
15nm. The as-synthesized LaPO4:Eu3* and LaPO4:Ce3* Tb3* sam-
ples show strong light emissions with red and green colors of Eu3*
and Tb3* ions, respectively. The decay curves of all the samples
can be well fitted into a single exponential function. These phos-
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phors exhibit potential applications in the display fields due to their
special properties.
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