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The hexagonal and monoclinic phase LaPO, and LaPO4:Eu nanostructures have been controllably
synthesized by a citrate-induced hydrothermal process at 100 °C. The crystal growth of LaPO,4

nanostructures was

investigated,

and the phase transformation of nanostructured LaPO, was

systematically studied by varying the citrate concentration, pH value and reaction temperature. When

0.8 mmol of citrate was added into the reaction system, the hexagonal phase LaPO, transformed into

the monoclinic phase. High concentrations of citrate would lead to the formation of hexagonal phase

LaPO4. The photoluminescence properties of the monoclinic phase LaPO4:Eu prepared using a citrate-
induced process demonstrate that the electric dipole transition (°Dy — ’F,) is stronger than the
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magnetic dipole transition (°Dy —

’F1), which indicated that Eu®* is in a site with no inversion center.

The strongest emission peak of hexagonal phase LaPO4:Eu comes from 5Dy — ’Fy. Furthermore, the
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1 Introduction

In recent years, the rare earth orthophosphates have received
much attention, due to their electronic, optical, and chemical
characteristics." For example, they are used as phosphors, light
sources, high-performance luminescent devices, field-effect tran-
sistors, solar cells, and biomedical labels.>” Rare earth ortho-
phosphates are rich in polymorphs, which usually include
monazite (monoclinic), xenotime (tetragonal), rhabdophane
(hexagonal), weinschenkite (monoclinic).® Phase transformation is
very common in these polymorphs. The hexagonal phase rare
earth orthophosphates are obtained at low temperature, and can
transform into the monoclinic phase at high temperature.” As
important photoluminescent host materials, the hexagonal struc-
tured lanthanum orthophosphates are usually prepared from
a sol-gel method” and hydrothermal method™ at low-
temperature, while the monoclinic phase lanthanum orthophos-
phates can be prepared at high temperature. For example, the
monoclinic phase LaPO, could be synthesized through hydro-
thermal reaction at 180 °C;** the monoclinic phase LaPO,:Er was
obtained via solid state reaction at 1200 °C;* and the monoclinic
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citrate-induced hexagonal phase LaPO4:Eu has a stronger emission intensity than the hexagonal phase
LaPO4:Eu prepared not using a citrate-induced process.

phase LaPO,:Eu could also be formed in high boiling coordinating
solvents at 200 °C.* Recently, the low temperature synthesis
method of the monoclinic phase REPO, has received much
attention. Several pressure-induced phase transformations of
ABO, (A = Ba, Ca, Sr, Tb, Dy; B = Cr, W, P) compounds have been
discovered."”™® In particular, the organic ligand-induced phase
transformation of REPO, compounds at low temperature has been
studied. Yan et al.* reported an ethylenediaminetetraacetic acid
(EDTA)-mediated hydrothermal route to synthesize different phase
cerium orthovanadate (CeVO,) microcrystals. In our previous
study, we found that nanostructured CePO,:Tb with hexagonal and
monoclinic phases could be controllably synthesized through
a hydrothermal route at 150 °C by simply varying the reactant
C,0,>"/Ce molar ratio.®® Nuria et al.>* have synthesized monazite
LnPO, (Ln = La, Ce) and LaPO,:Ln (Ln = Eu, Ce, Ce + Tb) through
the controlled release of La*" cations from lanthanide-citrate
complexes using ethylene glycol (EG) as solvent. Among a variety of
organic additives, trisodium citrate (Cit*") is one of the most
common and important organic molecules.”** Actually, citrate is
often used as a structure-directing agent to control the nucleation,
growth and alignment of REPO, crystals.>** In order to achieve the
phase transformation of REPO, compounds at low temperature,
the organic ligand-induce might be a feasible method.

In this paper, we developed an effective method to synthesis
the LaPO, and LaPO,:Eu with hexagonal phase and monoclinic
phase by the citrate-induced hydrothermal process at low
temperature. Furthermore, the function of citrate-induce on the
phase transformation of LaPO, was systematically investigated.
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It is interesting to note that monoclinic phase LaPO, nano-
particles grow better if 0.8 mmol of citrate is used. Similarly, the
monoclinic phase and hexagonal phase CePO, can be obtained,
respectively. The monoclinic phase CePO, can be obtained
while citrate concentration increased to 1.2 mmol. High
concentration of citrate would result in the formation of
hexagonal phase rare earth orthophosphates. We also discussed
the effect of high concentration citrate on the phase trans-
formation, and the photoluminescence properties of the
LaPO,:Eu with different phase and size.

2 Experimental
2.1 Material and reagents

All chemicals were of analytical grade and were used as received
without further purification. HzPO, (A.R.), HNO; (A.R.),
NH;-H,0 (A.R.), La(NO3);-6H,0 (A.R.), sodium citrate dihy-
drate, Ce(NO3);-6H,0 (A.R.) and Eu,0; (purity > 99.99%) were
all supplied by Sinopharm Chemical Reagent Limited Corpo-
ration. The europium nitrate was prepared by dissolving Eu,0;
in 10% nitric acid, and then evaporated and dried in vacuum.

2.2 Synthesis

In a typical procedure using citrate as ligand, 0.0-3.0 mmol
sodium citrate dihydrate was added to 0.1 mol L™ " of La(NO5),
solution while kept under stirring. The solution turned turbid
due to the formation of lanthanum citrate complex under
vigorous stirring for 20 min. Subsequently, 0.1 mol L™" H;PO,
was added slowly while kept under stirring at 10 min. The ob-
tained turbid solution was transferred into a stainless steel
autoclave with an inner Teflon vessel (volume, 50 mL). It was
sealed and maintained at 100 °C for 12 h. After cooling to room
temperature, the precipitation was separated by centrifugation,
washed with deionized water and ethanol absolute three times,
and finally dried at 60 °C for 8 h. In this way, the Lay o5PO:-
Euy o5 and CePO, were synthesized.

2.3 Characterization

The size and morphology of the products were characterized by
scanning electronic microscopy (SEM, Hitachi S-4800, Japan)
and transmission electron microscopy (TEM, FEI Tecnai F20,
USA). XRD patterns were measured by a 21 KW extra power X-ray
diffractometer (Model M21XVHF22, MAC science Co. Ltd.,
Japan) using Cu Ko radiation (k = 0.1541 nm) over a 2 range of
10-60° at room temperature. The photoluminescence spectra of
powders were recorded on FL Spectrophotometer (FLS-980) with
the slit width of 1.0 nm at room temperature.

3 Result and discussion
3.1 Structure of LaPO, and CePO,

In this study, the different crystalline phases of LaPO, were
prepared using different concentration of citrate as ligand. The
phase structures of the products were identified by X-ray
diffraction (Fig. 1). The typical XRD pattern of the product
prepared with 0.8 mmol citrate is shown in Fig. 1a, all
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Fig. 1 XRD patterns of LaPO,4 nanostructures prepared with citrate-
induced (a) the monoclinic phase and (b) the hexagonal phase.

diffraction peaks agree well with monoclinic phase LaPO,
(JCPDS 32-0493). The diffraction peaks were very strong and
sharp, indicating that the sample has a good crystallinity. While
citrate concentration is 3.0 mmol, all the peaks can be indexed
to the hexagonal phase LaPO,, which was in good agreement
with the JCPDS 75-1881 (Fig. 1b). Therefore, the phase trans-
formation of LaPO, can be controlled by varying citrate
concentration.

TEM images of as-synthesized hexagonal and monoclinic
phase products were shown in Fig. 2. Fig. 2a presents the TEM
images of the product synthesized with 0.8 mmol citrate. The
as-synthesized monoclinic phase LaPO, was composed of
nanoparticles, its average grain size was about 40 nm by using

Fig. 2 TEM images of LaPO, nanostructures prepared with citrate-
induced (a) the monoclinic phase, (b) HRTEM image of the monoclinic
phase, (c) the hexagonal phase, (d) HRTEM image of the hexagonal phase.

This journal is © The Royal Society of Chemistry 2018
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the formula of Debye-Scherrer to calculate. A high-resolution
TEM image (Fig. 2b) showed that the spacing of the sample
between two adjacent horizontal and vertical lattice planes is
3.32 A and 3.14 A (Fig. 2b), close to the dyq (3.326 A) and d,,
(3.127 A), respectively. When citrate concentration was
3.0 mmol, the as-obtained hexagonal phase product has rod-
like morphology, and its diameter was 5-10 nm (Fig. 2c). The
high-resolution TEM image of LaPO, indicated that the spacing
of the sample between two adjacent horizontal and vertical
lattice planes is 3.00 A and 3.17 A (Fig. 2d), close to the d,oo
(3.0662 A) and d,q; (3.1057 A), respectively.

Comparative experiments were carried out to investigate the
effects of the ligand citrate on the structure and morphology of
the products. The citrate concentration was changed from 0.0 to
3.0 mmol. Fig. 3 showed the XRD pattern of the products
synthesized with different citrate concentration. XRD pattern of
the product prepared without citrate was shown in Fig. 3a. All the
diffraction peaks agree well with hexagonal phase LaPO, (JCPDS
75-1881). When the citrate concentration was 0.2 mmol, the
monoclinic phase appeared but the majority phase was hexag-
onal phase (Fig. 3b). When the citrate concentration was
0.5 mmol, the diffraction intensity of monoclinic phase
enhanced (Fig. 3c). While citrate concentration was reaching
0.8 mmol, all diffraction peaks of the product fit well with the
diffraction peaks of pure monoclinic phase LaPO, (JCPDS 32-
0493), and no hexagonal phase was observed (Fig. 3d). However,
when citrate concentration increased to 0.9 mmol, the diffraction
peak of the hexagonal phase appeared again (Fig. 3e). With the
citrate concentration increasing to 1.0 mmol, the diffraction
intensity of the hexagonal phase enhanced gradually (Fig. 3f).
When the citrate concentration was reaching to 3.0 mmol, the
products transform into a hexagonal phase again (Fig. 3g and h).

The above comparative experiments showed that the citrate-
induced the phase transformation of LaPO,. The corresponding
SEM images were showed in Fig. 4. Fig. 4a indicated the image
of product prepared without citrate. The product was composed
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Fig. 3 XRD pattern of the LaPO, prepared with different citrate
concentration: (a) 0, (b) 0.2, (c) 0.5, (d) 0.8, (e) 0.9, (f) 1.0, (g) 2.0, (h)
3.0 mmol.
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Fig. 4 SEM images of the LaPO, nanostructures prepared with
different citrate concentration: (a) O, (b) 0.2, (c) 0.5, (d) 0.8, (e) 1.0, (f)
3.0 mmol.

with nanowires with a diameter about 20-30 nm and length of
300-500 nm. A large number of uniform nanorods with a length
of 80-100 nm and a diameter of 10-20 nm were observed in the
product, when the citrate concentration was 0.2 mmol (Fig. 4b).
While the citrate concentration was changed from 0.5 to
1.0 mmol, the morphology of the products was rod-like nano-
particles and nanoparticles (Fig. 4c-e). As the citrate concen-
tration increased to 3.0 mmol, the product was composed of
nanorods with a diameter of 5-10 nm and length about 20-
30 nm (Fig. 4f).

In our reaction system, the monoclinic phase LaPO, could be
successfully prepared with citrate-induced at low temperature.
When the citrate concentration was 0.8 mmol, the monoclinic
phase LaPO, was obtained. Citrate served as ligand and chelating
agent of the La*" ions, it might result in the growth of initial
monoclinic LaPO, particles.” However, when the citrate concen-
tration was increased to 0.9 mmol, the mixed hexagonal and
monoclinic phase was obtained. The citrate concentration was
further increased to 1.5 mmol, the hexagonal phase LaPO, was
formed, the phase transformation cannot complete. In addition,
we also investigated the effect of citrate concentration on the phase
transformation of CePO,. Firstly, we found that the hexagonal
phase CePO, was prepared when the reaction temperature was
100 °C and the citrate concentration varying from 0.0 mmol to
3.0 mmol (Fig. S1t). Subsequently, when the reaction temperature
was increased to 150 °C and the citrate concentration was
increased from 0.0 mmol to 3.0 mmol, XRD patterns of the CePO,
was showed in Fig. 5. If the CePO, was prepared without citrate, all
the diffraction peaks would agree well with hexagonal CePO,
(JCPDS 34-1380). With the citrate concentration increasing to

RSC Adv., 2018, 8, 35813-35818 | 35815
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Fig. 5 XRD pattern of the CePO, prepared with different citrate
concentration: (a) 0, (b) 0.2, (c) 1.0, (d) 1.2, (e) 2.0, (f) 3.0 mmol.

0.2 mmol, the mixed hexagonal and monoclinic phase appeared
(Fig. 5b). Fig. 5c showed that the diffraction of monoclinic phase
enhanced gradually while citrate was 1.0 mmol. Furthermore, the
citrate concentration increased to 1.2 mmol, all diffraction peaks
can be indexed to monoclinic CePO, (JCPDS 32-0199), with no
hexagonal phases being observed (Fig. 5d). When citrate increased
to 2.0 mmol, diffraction peaks of the mixed hexagonal and
monoclinic phase appeared again (Fig. 5¢). Up to 3.0 mmol citrate
concentration, the product completely transformed into pure
hexagonal phase (Fig. 5f). The experimental result showed that the
monoclinic phase CePO, prepared with 1.2 mmol citrate-induced
at 150 °C. However, if the citrate concentration was higher than
1.2 mmol, the monoclinic phase CePO, cannot be obtained. It
further confirms that the citrate concentration have remarkable
impact on CePO, transformation. While the citrate concentration
was increased, it was possible to increase pH value of the solution.
The phase transformation will be influenced by pH value of reac-
tion solution. Therefore, pH values of the reaction solution were
further measured at different reaction stages times (Table 1). It can
be seen that pH values of reaction solution increased with
increasing the citrate concentration. The reaction environment of
La** ions and PO,*>" began changing when the citrate concentra-
tion was higher. When the citrate concentration was 0.8 mmol, pH
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(2) value was 1.69, the monoclinic phase LaPO, was synthesized by
a citrate-induced at 100 °C. Interestingly, as the citrate concen-
tration was 0.9 mmol, pH (2) value was 1.88, the mixed hexagonal
and monoclinic phase LaPO, could be obtained. Then the pure
hexagonal phase was synthesized when the citrate concentration
was 1.5 mmol and pH (2) value was 3.57. Therefore, pH values of
reaction solution increases with increasing the citrate concentra-
tion, which disturb the citrate-induced function, and the phase
transformation cannot complete.

To further understand the pH values influence on the phase
transformation of the products, the comparative experiments
were employed using ammonia or nitric acid to adjust the pH
value without citrate-induced. If the products prepared without
citrate-induced, the hexagonal phase LaPO, could be obtained
at 100 °C (Fig. S2at), and the mixed hexagonal and monoclinic
phase was prepared at 150 °C (Fig. S2b¥). At 170 °C, the product
was monoclinic phase (Fig. S2cf). Subsequently, when the
reaction temperature was 100 °C and 170 °C, the products
prepared with hydrothermal route using 0.1 mol dm > H;PO,
and La(NOj;); as reactant using ammonia or nitric acid to adjust
the pH value of the reaction solution. Fig. S3 and S41 showed
XRD pattern of LaPO, obtained at 100 °C and 170 °C with
different pH value. When the reaction temperature was 100 °C,
and pH values were 1.0, 5.0, 7.0, and 9.0, all diffraction peaks of
the products coincided with hexagonal phase (Fig. S3t). With
the reaction temperature increasing to 170 °C and pH = 1.0, the
monoclinic phase LaPO, was synthesized (Fig. S4at). However,
if the pH values of reaction system were greater than 2.0, all
products would exhibit hexagonal phase structure (Fig. S4b-e¥).
The monoclinic phase LaPO, could be synthesized without
citrate-induced at 170 °C, but pH value of the reaction system
should be smaller than 2.0. The pH value would be higher than
1.69 when the concentration of citrate was greater than
0.8 mmol. Furthermore, We found that the citrate-induced
function would become unavailable under this condition.
That is, the pure monoclinic phase LaPO, cannot be obtained
and the hexagonal phase LaPO, was synthesized.

Therefore, we suggest a possible formation mechanism of
the influence of citrate on phase transformation based on the
above results (Fig. 6). First, when the citrate concentration
increased to 0.8 mmol, the hexagonal phase LaPO, transformed
into monoclinic phase. During the process of synthesis, pH

Table 1 pH values of the reaction system, when the LaPO, synthesized with different concentration of citrate®

Samples La**(mol L) Citrate (mmol) pH (1) pH (2) Samples structure

SM1 1.0 0.0 4.92 1.08 Hexagonal phase

SM2 1.0 0.2 4.47 1.14 Mixed hexagonal and monoclinic phase
SM3 1.0 0.5 4.25 1.34 Mixed hexagonal and monoclinic phase
SM4 1.0 0.8 4.28 1.69 Monoclinic phase

SM5 1.0 0.9 4.36 1.88 Mixed hexagonal and monoclinic phase
SM6 1.0 1.0 4.70 2.20 Mixed hexagonal and monoclinic phase
SM7 1.0 1.2 4.93 2.32 Mixed hexagonal and monoclinic phase
SM8 1.0 1.5 5.82 3.57 Hexagonal phase

SM9 1.0 2.0 6.25 4.24 Hexagonal phase

¢ pH (1) was the pH value of the reaction solution after citrate added to La(NO3); solution, and pH (2) was the pH value of the reaction solution after

added H3PO,.
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Fig. 6 The crystal growth mechanism of the LaPO,4 nanostructures
with hexagonal and monoclinic phase.

value was 1.69. The citrate possesses three carboxylic functional
groups, which chelated with RE*" ions to form RE-citrate
complex. Then RE-citrate complex reacted with PO,’” to
produce REPO, via the substitution reaction after adding the
phosphorus source H3;PO,. In the reaction procedure, the
presence of citrate complexes caused the RE*" to be slowly
released.”® It is quite possible that the substituted citrate ions
are adsorbed onto the surface of the initially formed tiny
hexagonal REPO, nanoparticles around RE®" cation, which
might result in the growth of initial monoclinic REPO, parti-
cles.” Second, if the citrate concentration increasing higher
than 0.8 (pH > 1.69), the condition would not conducive to the
preferential growth of monoclinic phase nanoparticles. Third,
with the citrate concentration increased from 0.9 mmol to
1.2 mmol (pH = 1.88-2.32), the mixed hexagonal phase and
monoclinic phase LaPO, was obtained. Finally, when the citrate
concentration was higher than 1.5 mmol (pH > 3.57), the
hexagonal phase LaPO, was synthesized but the monoclinic
phase LaPO, could not be obtained.

3.2 Photoluminescence properties

5% Eu’*-doped LaPO, with different phase prepared by citrate-
induced. We found that the addition of 5% Eu®" to the raw La*"
solution did not affect the crystalline structure (Fig. S5t). EDX
analysis clearly indicated the presence of specific dopant Eu**
ion in the synthesized product (Fig. S67). It can be confirmed by
the content of the elements shown in EDX that the synthesized
product was Lag 9sPO4:Eug os.

The photoluminescence (PL) spectra were measured at room
temperature. The excitation peak of the products centered at
393 nm (Fig. S71). Fig. 7 exhibits the emission spectra of
LaPO,:Eu with different phase under excitation at 393 nm. The
emission spectra exhibits four characteristic emission lines,
which were attributed to the °D, — “F; (J = 1-4) transitions of
Eu®’. The magnetic dipole transition (°D, — ’F,) occupied
a dominate position in as-synthesized hexagonal phase (Fig. 7a
and c). It is known that while the Eu®*" is in the symmetry center
of the lattice, the electric dipole transition is forbidden, the
intensity of the >D, — ’F, transition band in the emission
spectra is weak, the intensity of the D, — ’F, transition band is
strong.”**” In addition, the emission peaks split to multi-peaks.
It was due to that the perturbation of the crystal field and the
change of the local site symmetry, the degeneracy of "F; (J = 1-4)
energy level was resolved.”® However, the monoclinic phase
prepared with citrate-induced has higher intensity at the

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Emission spectra of LaPO4:Eu with different phase: (a) hexag-
onal phase prepared without citrate, (b) monoclinic phase prepared
with citrate-induced, (c) hexagonal phase prepared with citrate-
induced.

electric dipole transition (D, — ’F,) than that at the magnetic
dipole transition (>D, — “F,), which means Eu®" is in a site with
no inversion center (Fig. 7b).>>** While the absolute quantum
yield of the monoclinic phase LaPO4:Eu is 10.71%. Moreover,
the emission intensity of the hexagonal phase prepared with
citrate-induced is stronger than that of the hexagonal phase
prepared without citrate. The absolute quantum yield of the
hexagonal phase LaPO,:Eu prepared with citrate-induced is
14.73%, while the hexagonal phase LaPO,4:Eu prepared without
citrate is 9.24%. The size, morphology and structure maybe also
influenced the photoluminescence intensities.**** The photo-
luminescence fitting curves of LaPO,:Eu with different phase
were also recorded, as shown in Fig. S8.F The calculated average
lifetime () was 0.82 ms for the monoclinic phase LaPO,:Eu
prepared with citrate-induced. Furthermore, the calculated
average lifetimes (t) were 1.83 ms and 1.51 ms for the hexagonal
phase LaPO4:Eu prepared with citrate-induced and without
citrate, respectively.

4 Conclusions

In this paper, we have developed a low temperature and citrate-
induced hydrothermal route for the crystal growth of mono-
clinic phase LaPO, and LaPO,4:Eu nanostructures. The conclu-
sions of the research were as follows: (1) when the monoclinic
phase LaPO, was synthesized through hydrothermal route at
170 °C, the pH value of reaction system should be less than or
equal to 1.0. (2) The monoclinic phase LaPO, was controlled
synthesized through citrate-induced at 100 °C, when the
concentration of citrate was 0.8 mmol. High concentration of
citrate would result in the pH value of the reaction system
higher than 1.88, which cannot synthesize the monoclinic
phase LaPO, with citrate-induced. The hexagonal phase LaPO,
was obtained. (3) Significantly, the photoluminescence proper-
ties demonstrate that the electric dipole transition (°Dy — ’F,)
is stronger than the magnetic dipole transition (°D, — ’F;) for

RSC Adv., 2018, 8, 35813-35818 | 35817
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the monoclinic phase LaPO,4:Eu prepared with citrate-induced.
The hexagonal phase LaPO,:Eu with citrate-induced have
stronger emission intensity than the hexagonal phase LaPO,:Eu
without citrate-induced. Due to low temperature synthesis
method of this system and the effective control over the phase
transformation it has achieved, we suppose this study may have
broad application prospects in exploring crystal growth process.
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