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Micron-sized spherical LaPO4:Ce,Tb precipitate was synthesized by a new homogeneous precipitation method. Then, 

spherical LaPO4:Ce,Tb phosphor was fabricated using as-prepared LaPO4:Ce,Tb precipitate as a precursor. The 

morphologies of LaPO4:Ce,Tb precipitate and phosphor were detected by scanning electron microscopy (SEM). The 

structures of LaPO4:Ce,Tb precipitate and phosphor were characterized by X-ray diffraction (XRD). Then, the growth 

mechanism of spherical LaPO4:Ce,Tb precipitate was investigated. The results indicate that the LaPO4:Ce,Tb 

precipitate particles were the secondary agglomerated particle of needle-shape primary nano-particles. The 

LaPO4:Ce,Tb phosphor particles remain the same morphology of the precipitate particles. The diameters of 

LaPO4:Ce,Tb phosphor particles are between 2.0 and 5.0 μm. Meanwhile, as-prepared spherical LaPO4:Ce,Tb 

phosphor exhibits stronger emission intensity than irregular one fabricated by a conventional co-precipitation method, 

which is ascribed to a smoother surface of the dispersive spherical particles. 
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1. Introduction 

 

LaPO4:Ce,Tb phosphor has attracted extensive 

attention over the last decade because of its high 

quantum efficiency, stability at high temperature and 

good matching with Y2O3:Eu
3+

 red phosphor. To date, 

different synthesis methods, such as solid-state reaction 

method [1, 2], hydrothermal reaction approach [3, 4], 

spray pyrolysis method [5, 6], sol-gel method [7–9], 

hydrolyzed colloid reaction technique [10–13], ionic 

liquid based method [14–16], co-precipitation method 

[17–26], have been reported to prepare LaPO4:Ce,Tb 

phosphor with excellent luminescence properties. From 

perspective of practical application, the research on 

LaPO4:Ce,Tb phosphor by co-precipitation method has 

been highlighted because of easiness of chemical 

homogeneity using co-precipitation method. And, it is 

confirmed that a regular morphology and 

non-agglomerated particles are helpful for forming a 

densely packing phosphor layer and extending lamp life 

[6, 17]. So, many efforts have been paid to prepare 

LaPO4:Ce,Tb phosphor with a regular morphology and 

non-agglomerated particles [3, 6, 8, 18]. In particular, a 

micron-sized quasi-spherical or a micron-sized spherical 

particle was supposed as the most favorable one [17, 27]. 

However, it is difficult to prepare micron-sized spherical 

LaPO4:Ce,Tb particles by co-precipitation method 

though some LaPO4:Ce,Tb particles with different 

morphologies, such as the micron-sized quasi-spherical 

particles [17], nano-wires [22], nano-spherical particles 

[23], nano-leaves [24], hexagonal prism particle [25] 

and spindle-shape particle [26], have been successfully 

fabricated by co-precipitation method.  

In this work, we present a new homogeneous 

precipitation method by which the micron-sized 

spherical LaPO4:Ce,Tb particles were synthesized. 

Firstly, micron-sized spherical LaPO4:Ce,Tb precipitate 

was prepared. And then, the corresponding micron-sized 

spherical LaPO4:Ce,Tb phosphor was fabricated. 

Furthermore, the growth mechanism of micron-sized 

spherical precipitates was investigated. 

 

 

2. Experimental 

  

In order to tell the differences between spherical 

LaPO4:Ce,Tb phosphor and conventional LaPO4:Ce,Tb 

phosphor. A conventional co-precipitation method was 

employed to prepare irregular LaPO4:Ce,Tb phosphor as 

mentioned in previous reports [17, 19]. Figure 1 shows 

the sketch map of synthesizing LaPO4:Ce,Tb phosphor 

by two different methods. 
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Fig. 1. The sketch map of different synthesis methods  

for LaPO4:Ce,Tb phosphors. 

 

 

La2O3 (99.99%), Ce2(CO3)3 (99.9%), Tb4O7 

(99.99%), HCl (A.R.), H3PO4 (A.R.) and (NH4)2HPO4 

(A.R.) were used as starting materials. LaCl3, CeCl3 and 

TbCl3 solution were obtained by dissolving La2O3, 

Ce2(CO3)3 and Tb4O7 using HCl, respectively. And then, 

the rare earth chlorination solutions were mixed at a 

molar ratio of La/Ce/Tb = 0.55:0.30:0.15. The mixed 

rare earth chlorination solution is diluted to 1.0 mol L
-1

. 

(NH4)2HPO4 was dissolved in distilled water to obtain a 

(NH4)2HPO4 solution of 1.05 mol L
-1

. H3PO4 was diluted 

into a H3PO4 solution of 0.525 mol L
-1

.  

Conventional method: The rare earths chlorination 

solution and equal amount of (NH4)2HPO4 solution were 

simultaneously fed into a beaker which contained a 

certain amount of distilled water at ambient temperature. 

The LaPO4:Ce,Tb precipitate was produced at once. The 

pH value was kept in a range of 2.0–3.0 by adding HCl 

acid into the beaker. And then, the precipitate slurry was 

ripening at 80 °C for 3 h. Finally, the precipitate slurry 

was washed using distilled water and dried at 120 °C. 

The as-prepared LaPO4:Ce,Tb precipitate was 

designated as LAP-A. The corresponding LaPO4:Ce,Tb 

phosphor was fabricated by firing in a reducing 

atmosphere at 1000 °C for 3 h and was denoted as the 

LAP-A′. 

Homogeneous Method: A 400 ml H3PO4 solution of 

0.525 mol L
-1

 was mixed with 200 ml rare earths 

chlorination solution of 1.0 mol L
-1 

in a 1000 ml beaker 

at ambient temperature (a slight excess amount of PO4
3+

). 

Due to high acid, the mixed solution kept clear at 

ambient temperature. And then, the mixed solution was 

heated by 95 °C in a water-bath. The LaPO4:Ce,Tb 

precipitate was produced when the temperature of mixed 

solution was rising. Then, the precipitate slurry was 

ripening at 95 °C for 3 h in a mixed soluion of 1.0 mol 

L
-1

 HCl acid and about 0.017 mol L
-1

 H3PO4 acid. 

Finally, the precipitate slurry was washed using distilled 

water and dried at 120 °C. The as-prepared 

LaPO4:Ce,Tb precipitate was denoted as LAP-B. The 

corresponding LaPO4:Ce,Tb phosphor was fabricated by 

firing in a reducing atmosphere at 1000 °C for 3 h and 

was designated as the LAP-B′.  

Powder X-ray diffraction (XRD, Philips, X’ pert 

TRO MPD) using Cu Kα radiation at 40 kV/25 mA at 

0.06° s
-1

 was employed to characterize the crystal 

phase of samples. Scanning electron microscopy (SEM, 

Philips-XL30W/TMP) was conducted to check the 

particle shape and size. Photoluminescence excitation 

(PLE) and emission (PL) spectra were recorded using a 

Hitachi F-4700 fluorescence spectrophotometer. 

 

 

3. Results and discussion 

 

The TG-DTA characteristic of as-prepared 

LaPO4:Ce,Tb precipitates synthesized by different 

methods is illustrated in Figure 2. Both samples display 

similar profiles of TG-DTA. Two endothermic peaks 

around 95 °C and 240 °C are observed in both DTA 

curves. Meanwhile, a weight loss of about 7.0 % is 

shown in both TG curves, which is associated with the 

loss of residual water. The weight losses slow down 

when the temperature rises from 240 °C to 1200 °C. 

However, there are two endothermic peaks above 

1000 °C in the DTA curve of LAP-B precursor. The 

reason remains unclear due to no endothermic peak 

above 1000 °C in the DTA curve of LAP-A precursor.  
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Fig. 2. TG-DTA profiles for LaPO4:Ce,Tb precipitates 

prepared by different methods. 

 

 

Fig. 3 shows the patterns of LaPO4:Ce,Tb 

precipitates and phosphors. The XRD patterns of 

LAP-A and LAP-B precursors can be indexed as 

LaPO4·0.5H2O with rahabodophane structure 

corresponding to JCPDS file (no. 46-1439), which is in 

agreement with the results in previous literature [11]. 

The peaks intensity of LAP-B precursor is slightly 

stronger than that of LAP-A precursor, which is 

attributed to a better crystallinity of LAP-B precursor 

at a higher ripening temperature. There is no difference 

between XRD patterns of LAP-A′ and 

LAP-B′phosphors. The XRD patterns of LAP-A′ and 

LAP-B′ phosphors are in agreement with that of the 

JCPDS file (no. 32-0493), which can be indexed as 

LaPO4 with monazite structure [9, 17, 25]. 

 

 

 

 

Fig. 3. XRD patterns of the LaPO4:Ce,Tb precipitates  

and phosphors prepared by different methods. 

 

 

Fig. 4 shows SEM micrographs of LaPO4:Ce,Tb 

precipitates and phosphors. The intensive 

agglomerated particles consisting of string-shape 

primary nano-particles are observed in SEM image of 

LAP-A precursor prepared by the conventional method. 

LAP-A′ phosphor particles remain agglomerated 

morphology of LAP-A precursor particles. In addition, 

compared to LAP-A precursor particles, LAP-A′ 

phosphor particles display a smoother surface. In all, 

the morphology of LAP-A′phosphor particles is similar 

to that of LaPO4:Ce,Tb phosphor particles in the 

literature [19]. In contrast to the LAP-A precursor, the 

LAP-B precursor demonstrates utterly different 

morphology. The spherical particles with a few extent 

of agglomeration are shown in SEM image of LAP-B 

precursor prepared by the homogeneous precipitation 

method. The diameters of LAP-B precursor particles 

are in the range of 2–5 μm. Except for a smoother 

surface of particles, the LAP-B′ phosphor illustrates 

the similar morphology of LAP-B precursor.  
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Fig. 4. SEM micrographs of LaPO4:Ce,Tb precipitates  

and phosphors prepared by different methods. 

 

In order to figure out the growth mechanism of 

spherical precipitate, three LaPO4:Ce,Tb precipitate 

samples were prepared under different conditions as 

following: 1) In the process of homogeneous 

precipitation reaction, the transparent mixed solution 

was continuously stirring when the temperature of the 

mixed solution was rising. 2) In the process of 

homogeneous precipitation reaction, the transparent 

mixed solution suffered a slight stir every 10 minutes 

when the temperature of the mixed solution was rising. 3) 

In the process of homogeneous precipitation reaction, 

the transparent mixed solution was kept still when the 

temperature of the mixed solution was rising. These 

three samples were denoted as LAP-B1, LAP-B2 and 

LAP-B3, respectively. Fig. 5 shows the SEM 

micrographs of LaPO4:Ce,Tb precipitates LAP-B1, 

LAP-B2 and LAP-B3. LAP-B1 displays the irregular 

secondary particles consisting of needle-shape primary 

particles. LAP-B2 precursor demonstrates a combination 

of the semi-spherical and spherical secondary particles. 

LAP-B3 shows the spherical secondary particles. 

Obviously, the homogeneous precipitation reaction 

includes two steps: 1) the formation of needle-shape 

primary particle, 2) the formation of agglomerated 

particles. The primary particles tend to form spherical 

agglomerated particle due to low surface energy of 

spherical particle. So, the spherical secondary particles 

can be achieved when the transparent mixed solution 

was kept still.  

 

 

 

 
Fig. 5. SEM micrographs of LaPO4:Ce,Tb precipitates 

prepared under different conditions by a homogeneous 

precipitation method. 
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Fig. 6 shows excitation (a) and emission (b) 

spectra of LaPO4:Ce,Tb phosphors prepared by 

different methods. The excitation spectra were 

recorded using an emission wavelength of 545 nm. The 

emission spectra were collected using an excitation 

wavelength of 276 nm. In agreement with the previous 

report [25], the excitation spectra consist of a broad 

band in the range 220−300 nm and several small peaks 

in the range of 340−380 nm. The broad band is due to 

4f→5d electronic transitions of Ce
3+

. The small peaks 

are attributed to 4f→4f electronic transitions of Tb
3+

. 

The emission spectra contain a broad weak emission 

band in the range of 300−400 nm and four strong green 

emission peaks [12, 13, 15]. The broad weak emission 

band is associated with the Ce
3+

. The four peaks at 489 

nm, 545 nm, 586 nm and 622 nm are ascribed to the 

(
5
D4-

7
F6), (

5
D4-

7
F5), (

5
D4-

7
F4) and (

5
D4-

7
F3) transitions 

of Tb
3+

 [25]. The weak emission band of Ce
3+

 and 

strong emission peaks of Tb
3+

 indicate a high 

efficiency of energy transition from Ce
3+

 to Tb
3+

. 

LAP-A′ and LAP-B′ phosphors show a simlilar 

intensity of Ce
3+

 emission. However, the LAP-B′ 

phosphor displays a stronger intensity of green 

emission than LAP-A′ phosphor. The stronger emission 

intensity of LAP-B′ phosphor is mainly attributed a 

smooth surface of particles because defect 

concentration are much diminished at the smoother 

surface, as reported in previous literatures [3, 22].  

 

 

 

 

Fig. 6. Excitation (a, λemission = 454 nm) and emission 

(b, λexcitation  =  276  nm)  spectra  of  LaPO4:Ce,Tb  

          phosphors prepared by different methods. 

4. Conclusions 

 

In summary, the micro-sized spherical LaPO4:Ce,Tb 

precipitate can be fabricated via the homogeneous 

precipitation method by which the secondary particle 

can be formed in a process of a self-assembly of the 

needle-shape primary particles. And, the corresponding 

LaPO4:Ce,Tb phosphor possesses the similar 

morphology of LaPO4:Ce,Tb precipitate. The 

as-prepared spherical LaPO4:Ce,Tb phosphor particles 

demonstrate a higher brightness than irregular particles 

prepared by a conventional co-precipitation method. 
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