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The red-emitting Ca9Eu(PO4)7 nanophosphors have been successfully synthesized by a facile hydrothermal method. X-ray 

diffraction (XRD), photoluminescence (PL) spectroscopy, GSAS structural refinement and scanning electron microscopy 

(SEM) were used to characterize the materials. Rietveld refinement of powder X-ray diffraction patterns of Ca9Eu(PO4)7 

demonstrated that the structure of Ca9Eu(PO4)7 consisted of [PO4] tetrahedra, and Ca/Eu atoms filled in the space between 

the tetrahedral groups, with Eu3+ distributing randomly on three individual Ca crystallographic sites. The major red 

emission peak located at 616nm under 397nm excitation attributed to the electric dipole transition 5D0→
7F2 of Eu3+ was a 

parity forbidden f-f configuration transition, which would only occur when Eu3+ occupied lattice sites without inversion 

symmetry. Introducing Gd, La, Y ions into samples made luminescence properties of Ca9Eu1-xLnx(PO4)7 (Ln= Gd, La, Y) 

phosphors decrease. The pH value played a key role in the formation of Ca9Eu(PO4)7 nanophosphor morphologies. With 

increasing pH values in the initial reaction solution, the morphologies of samples changed from rods to spheres and their 

aspect ratios decreased at the same time. Different morphologies have different photoluminescence properties, and 
samples prepared at pH 7 manifested better photoluminescence properties relative to other samples.  Therefore, this 

novel red-emitting phosphor could be applied in white light-emitting diodes. 

1. Introduction  

White light-emitting diodes (W-LEDs) have drawn much 

attention in the lighting market in global energy shortages  

field1,2 because it has  good performance such as  

environmental friendliness, energy saving, high brightness and 

long lifetime.
3, 4 

Currently, the commercial white light is  

combining a yellow-emitting phosphor (YAG:Ce3+) with a  blue 

LED chip (~460nm).5 However, this combination has a low  

color rendering index (CRI, Ra) due to the lack of red-light 

contribution and a high color temperature (T c>4000K),5,6 which 

limits the applications of this phosphor in certain medical  

applications and architectural lighting purposes . In order to 

overcome the disadvantage of this combination, an alternative 

way is to combine red/green/blue (RGB) phosphors with NUV 

InGaN- based LEDs, or to combine a blue LED with red/green 

phosphors to generate white light. However, the commercial  

sulfide- based red phosphors (Y2O2S:Eu3+,  SrS:Eu2+ and 

CaS:Eu
2+

)
7,8

 have low chemical stabili ty, low efficiency and 

short lifetime compared with blue and green phosphors. In 

order to improve the efficiency and lifetime of W-LEDs , a new  

red phosphor with high efficiency and excellent chemical  

stability needs to be developed. 

Many materials containing Eu3+ have been selected as  

promising candidates for red phosphors, because their 5D0-7F2  

transitions located in a  noncentro-symmetric site contribute to 

better color purity than other phosphors with broad emission 

bands. More and more attentions have been paid to Eu
3 +

 

doped vanadates (Ca9La(VO4)7:Eu3 +),9 tungstates  

(SrWO4:Eu3+),10 titanates (Na(Gd,Y)TiO4:Eu3 +),1 1 Molybdates  

(Bi2MoO6:Eu3 +),12 which shows an effective f-f transi tion of Eu3 +  

under excitation in the UV spectral region. Due to the 

outstanding thermal stability, stabilization of ionic charge in 

the lattice and strong a bsorption band in the (near) ul traviolet 

region, rare earth-doped phosphate optical materials have 

been paid much attention in recent years. 13, 14 It is well known 

that β-Ca3(PO4)2 is  a typical member of phosphate family 

which is iso-structural to the nature mineral whitlockite 

Ca 18.1 9Mg1 .17H1.6 2(PO4)14 and crystallized in the space group 

R3c.
15 

 The whitlockite β-Ca 3(PO4)2 compound has six metal  

sites (M1-6) in the crystal lattice : the M1- M2 sites are 

coordinated by eight oxygen atoms, the M3 and M5 sites  are  

surrounded by nine and six oxygen atoms, and the M4, M6 

sites are vacant.1 6,17 Since there is interesting crystal chemistry  

and adjustable crystal field environment, many studies  have 

focus ed on the s tudy of the β-Ca 3(PO4)2 type compound, such 

as Ca9In(PO 4)7,  (Ca,Mg,Sr)9Y(PO4)7:Eu
2 +

,Mn
2 +

,  

Ca 9(Al,Lu)(PO4)7:Eu3 +,1 8-20 especially on the different 

crystallographic occupancies and the corresponding phase 

formations. The presence of this particular s tructure suggests a  

possible method by which the lattice can accommodate other 
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cations with similar radii  and charges without significant 

changes to the structural frame.  

Wet chemistry processes , such as hydrothermal synth esis,
2 1

 

coprecipi tation2 2 and colloidal chemistry23 are extensively used 

to obtain desi red rare earth-doped phosphors, because the 

starting materials in these methods can be mixed at molecular 

level and the reaction temperature is  low. To the best of  our 

knowledge, few papers has been published on synthesis,  

morphology and luminescence properties of Ca9Eu(PO 4)7 and 

Ca 9Eu1 -xLnx(PO4)7(Ln= Gd, La , Y) phosphors prepared by a  facile 

hydrothermal process. 

In this  work, the red-emitting Ca9Eu(PO4)7  phosphor was  

synthesized by the hydrothermal method, and the novel  

material was investigated systematically on s tructure, 

photoluminescence exci tation and emission spectra as well as  

the influences of introducing Ln3+  (Ln= Gd, La , Y) on the 

luminescence properties of Ca9Eu1-xLnx(PO4)7. Three kinds of  

Eu3+ sites in the host were observed via the GSAS structural  

refinement method. The formation process and shape 

evolution mechanism of as-prepared Ca9Eu(PO4)7 phosphors  

under different pH conditions were also investigated. The 

results indicated that the as-prepared phosphors could be a  

promising red phosphor used in white light-emitting diodes  

under ultraviolet/near-ul traviolet LED excitation.  

2. Experimental 

2.1 Materials 

Eu2O3 (99.99%), Y2O3 (99.99%), La2O3 (99.99%) and Gd2O3  

(99.99%) were purchased f rom Shanghai Sinopharm Chemical  

Reagent Company. Ca(NO3)2·4H2O (A,R), H3PO4 (A,R), HNO3(A,R) 

and ammonia (A,R) were purchased from Beijing Chemical  

Company. All chemicals were analytical grade reagents and 

were used directly without further purification. 

2.2 Preparation 

A series of polycrystalline Ca 9Eu(PO4)7 and Ca9Eu1 -xLnx(PO4)7  

(Ln= Gd, La, Y) samples were prepared by the hydrothermal  

process . Ca 9Eu1 -xLnx(PO4)7 nanophosphors were synthesized as  

the following steps : stoichiometric Eu2O3 and Ln2O3 were 

dissolved in HNO3 solution at 80
o
C with continuous magnetic 

stirring. After the Eu2O3 and Ln2O3 were completely dissolved, 

the extra HNO3 solution was  removed by evaporation. Then 

deionized water were added to obtain Eu(NO3)3 and Ln(NO3)3  

solution, respectively. Meanwhile, appropriate amounts of  

Ca(NO3)2·4H2O were dissolved in deionized water. The 

Eu(NO3)3, Ln(NO3)3 and Ca(NO3)2 solutions were mixed 

homogeneously under magnetic sti rring while stoichiometric  

H3PO4 solution was being added. The pH values were adjusted 

to about 3,5,7,9 with ammonia solution. Then the precipi tates  

were transferred into four Teflon-lined stainless-steel  

autoclaves with a  filling capacity of 80%, and heated to a  given 

temperature and held for 24 h. The autoclaves were cooled 

down to the room temperature. The precipi tates were 

collected by centrifugation, and washed three times with 

distilled water. After drying in ai r at 80oC for 24h, the white 

powder were transferred to muffle furnace annealing for 2h, 

the final products  were obtained. The Ca9Eu(PO4)7 powder was  

synthesized by the same procedure with the corresponding 

starting materials. 

2.3 Characterization  

Powder X- ray diffraction (XRD) patterns were collected by 

using Cu Kα radiation (λ= 1.54056 Å ) on a RigakuD/max-II B 

diffractometer, operating at 40 kV and 40 mA. The structure 

refinement was done using the General Structure Analysis  

System (GSAS) program.2 4 The surface morphology of the 

powder was analyzed by a Hitachi S4200 Scanni ng Electron 

Microscopy (SEM). Transmission electron microscopy (TEM) 

images were obtained using a TECNAI G2 transmission 

electron microscope operating at 200 kV. The 

photoluminescence (PL) measurements were performed on a  

Hitachi F-7000 spectrophotometer equipped with a 150W  

xenon lamp as the excitation source. The photoluminescence 

quantum yields (QYs) were measured by absolute PL quantum  

yield measurement system C9920-02. The luminescence decay 

curves were obtained from a LeCroy Wave Runner 6100 digi tal  

oscilloscope (1 GHz) using a tunable laser (pulse width=  4 ns, 

gate= 50 ns) as the excitation (Continuum Sunlite OPO) source.  

3. Results and discussion 

3.1 Phase Identification and Structural Characteristics 

Ca 9Eu(PO4)7 has the similar whitlockite- type structure to β-

Ca 3(PO4)2  with no inversion symmetry. 16 Figure 1 shows the 

representative XRD patterns of Ca9Eu1 -xLnx(PO4)7 (Ln= Gd, La, 

Y) samples synthesized by the hydrothermal method at 150℃  

for 24h. It is obvious that all the diffraction peaks of these 

samples can be assigned to the pure whitlockite-type s tructure 

with JCPDS card no.46-0402, which indicates  that the obtained 

samples are single phase and the introduced Gd
3 +

, La
3+

, Y
3 +

 

don’t cause any significant changes of host structure.  

However, there is  a small shif t to high diffraction degree s, 

which is due to the differences of ionic radius between Eu3 +  

and other rare earth ions (r 

La
3+˃r 

E u
3+˃r  

G d
3+˃ r 

Y
3+).2 5,2 6 The ionic 

radii of Gd3+ (1.053 Å, CN= 8), Y3+ (1.019 Å, CN= 8), and La3 +  

(1.300 Å, CN= 8) are similar to Eu3 + (1.07 Å, CN= 8; 0.947 Å, 

CN= 6), respectively.
27

 Therefore, on the basis of charge and 

effective ionic radii of cations with different coordination  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 1 Representative XRD patterns of the samples. 
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numbers, i t can be expected that the doped Ln3 + would occupy 

similar lattice sites to Eu3+ distributing in the host s tructure. 

These results indicate that Ln
3+

 are undoubtedly doped into 

the Ca9Eu(PO4)7 crystal lattice. 

To determine the structure of the as-prepared phosphor,  

Rietveld structural refinement was performed for the 

Ca 9Eu(PO4)7 with the powder diff raction data. The 

experimental and calculated diffraction XRD profiles for the 

Ca 9Eu(PO4)7 are illustrated in Figure 2. We choose the starting 

model in this work to be buil t with crystallographic data taken 

from the structure of Ca9La(PO 4)7 (ICSD-83401) belonging to 

R3c symmetry whose crystal s tructure is identical with that of  

Ca 9Eu(PO4)7.1 7,28 ,29 This calculation refinement using the 

Rietveld method evidences an excess of electron density due 

to the presence of heavier europium on si tes Ca1, Ca2 and Ca3. 

However, Ca 5 seems to be all- calcium as shown in table 1.  

From Figure 2 and Table 1, i t is observed that experimental  

data is consistent with calculating data. The synthesized 

phosphor crystallized in trigonal  system. Space group is  R3c 

(No. 161) with Z= 6. As expected, the refined unit cell  

parameters are  a= 10.45140 Å, c= 37.44119 Å, and V = 3541.84 

Å
3 

(Table 1),  which matches well with those reported in the 

literature.3 0 Therefore, structure parameters for Ca 9Eu(PO4)7  

as determined by Rietveld refinement of powder XRD data  are 

identical with its real situation. 

Figure 3 shows the crystal structure of sa mple and the local  

coordination of Ca/Eu with the O atoms of Ca9Eu(PO4)7,  

respectively. The structure of Ca9Eu(PO4)7 is consisted of [PO4]  

tetrahedrons and Ca/Eu atoms filled in the space between the 

tetrahedral groups. The coordination numbers of three Ca/Eu 

atoms are 8, 8, 9 for Ca 1(Eu1), Ca2(Eu2) and Ca3(Eu3), 

respectively. As shown in Table1, the Eu3+ are randomly 

distributed on three individual Ca crystallographic sites. 

3.2 Morphology of Ca9Eu(PO4)7 in the conditions of different pH 

values  

SEM and TEM images can provide direct information on the 

shapes and sizes of crystals grown under different 

experimental conditions . Figure 4 shows SEM and TEM images  

of Ca9Eu(PO4)7 products prepared at different pH values. As  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 2 Rietveld refinement X-ray diff raction patterns of  

Ca9Eu(PO4)7 preparing at pH 7. 

shown in figure, there were significant differences in the 

morphology and crystalli te sizes of these Ca9Eu(PO4)7 powders  

by adjusting the pH value f rom 3 to 9. With the pH value 

increasing f rom 3 to 7, the morphologies of samples are mainly 

composed of a great deal of uniform nano-rods whose average 

length becomes smaller and smaller. The average length 

decreases from ~200nm (pH=3) to ~ 150nm (pH=5), eventually 

to ~100 (pH=7). Meanwhile, the aspect ratio (ratio of long-axis  

length to width) also decreases from 5.3 (pH=3) to 4.7 (pH=5), 

finally to 2.5 (pH=7). In addition, we observe that the number 

of nano-spherical grains  increases slightly along with the 

increase of pH values. When the pH value reaches to 9, the 

morphology of samples mainly exists in the form of nano-

spherical grains, while seldom exis ts in the form of nano-rods  

whose average length and width are ~60nm and ~40nm, 

respectively. All the experimental parameters were invariable 

in the experimental process except for the pH value; in other 

words, the pH value plays a key role in the formation of  

various morphologies of Ca9Eu(PO4)7 phosphors. 

The results could be caused by Ostwald ripening process  

during the hydrothermal synthesis.31 The synthesis mainly 

contains two steps ; On the fi rst step of the synthesis, small  

spherical nanocrystallites  are formed. In acid media, i t is easier 

for ini tial ions to transfer f rom smaller particles to bigger ones . 

Thus it can lead to growth of the crystals in a certain di rection 

on the second step (in the autoclave).  As shown in SEM and 

TEM images , with the pH value increasing, both anisotropic 

grain growth tendency and aspect ratio decrease obviously. 

That indicates the pH value plays  a key role in the formation of  

Ca 9Eu(PO4)7 morphologies . It may be because the formation 

process of Ca 9Eu(PO4)7 is controlled by three reactions as  

follows: 

HnPO4
(3-n)- ↔ PO4

3-+ nH+                                           (1) 

Mn+ + nPO4
3- ↔ M3(PO4)n (M= metal cation)        (2) 

Ca3(PO4)2 + EuPO4 ↔ Ca9Eu(PO4)7                                       (3) 

When pH is 3, the higher H
+
 concentrations restrain the 

formation of (PO4)3-, which leads to the relatively lower growth 

rate of M3(PO4)n and Ca 9Eu(PO 4)7. In the high H+  concentration 

condition, higher metal cation concentrations and faster ion 

motions are favorable for anisotropic growth and the product 

of 1D nano-rods.
32, 33

 With increasing the pH value, the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 3 The crystal structure of Ca 9Eu(PO4)7 sample and 

coordination conditions of Ca2+ and Eu3+. 
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Table 1 Refinement results and crystal structure data for Ca9Eu(PO4)7 

Sample Ca9Eu(PO4)7 

Crystal system 

Space group 

Z 

a(Å) 

c(Å) 

V(Å3) 

Rwp 

Rp 

χ2 

Trigonal 

R3c 

6 

10.45140   

37.44119   

3541.84   

12.08% 

8.23% 

1.62 

Atom Wyck x/a y/b z/c Occupancy 

Ca1/Eu1           18b 0.7172540  0.8524360  0.4272390  0.986/0.014 

Ca2/Eu2 

Ca3/Eu3 

18b 

18b 

0.6179690 

0.1263440 

0.8150200 

0.2661140 

0.2304400 

0.3214350 

0.958/0.042 

0.889/0.111 

Ca5 

P1 

6a 

6a 

0.0000000 

0.0000000 

0.0000000 

0.0000000 

-0.0077040 

0.2667840 

1.0 

1.0 

P2 

P3 

18b 

18b 

0.6803160 

0.6584120 

0.8398290 

0.8331250 

0.1267580 

0.0255460 

1.0 

1.0 

O1 

O2 

 6a 

18b 

0.0000000 

0.0100950 

0.0000000 

0.8772410 

0.3031630 

0.2477150 

1.0 

1.0 

O3 

O4 

18b 

18b 

0.7383400 

0.7727570 

0.8955350 

0.7606730 

0.1675670 

0.1131180 

1.0 

1.0 

O5 

O6 

O7 

O8 

O9 

O10 

18b 

18b 

18b 

18b 

18b 

18b 

0.7450090 

0.5179230 

0.6015310 

0.5626580 

0.8158220 

0.6460740 

0.9828010 

0.7702850 

0.9449090 

0.6871570 

0.9196250 

0.8530020 

0.1058010 

0.1180660 

0.0379410 

0.0426900 

0.0352600 

0.9848450 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

decreasing metal cation concentrations and slower ion 

motions are not conducive to growth of the crystals in a  

certain direction. Consequently nano-rods  having lower aspect 

ratio and s mall spheri cal nanocrystallites are obtained. In 

alkaline media, the solution has a high (PO4)
3 -

 concentration, 

but transfer of the ions can’t take place easily due to metal  

ions forming insoluble hydroxides.3 4 Therefore, there are a  

small number of nano-rods and a large number of small  

spherical nanocrystallites appearing at pH 9. In a word, the pH 

value plays a crucial role in the formation of crystal  

morphologies. Based on above analysis , the formation process  

and shape evolution mechanism of Ca9Eu(PO 4)7 samples can 

be depicted graphically in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 4 (a- d) Typical SEM images of Ca9Eu(PO4)7 phosphor prepared at different pH values: (a) pH=3, (b) pH=5, (c) pH=7, (d) 

pH=9. (e-h) Typical TEM images of Ca9Eu(PO4)7 phosphor prepared at different pH values: (e) pH=3, (f) pH=5, (g) pH=7, (h) pH=9. 
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Figure. 5 The Schematic illustration of Ca9Eu(PO4)7 formation 

process  and shape evolution mechanism produced by 
hydrothermal crystallization in the conditions of different pH 

values.  

 

3.3Luminescence properties 

Photoluminescence spectrums of the red-emitting Ca 9Eu(PO4)7  

phosphor are shown in Figure 6. Figure 6(a) shows exci tation 

spectrum by monitoring 
5
D0→

7
F2 transition of Eu

3+
 at 616nm. A 

broad band and some sharp lines from the characteristic intra-

configurational 4f-4f transi tions : 7F0→5L6 (397nm) and 7F0→5D2  

(467nm) transi tions. The broad absorption band from 200nm  

to 280nm can be attributed to the charge- transfer f rom the 

negative ion O2 - (2p6) to the empty state of 4f 7 of Eu3+ [ligand-

to- metal charge-transfer (CT)]. A suitable red-emitting UV-LED 

phosphor should exhibit absorption around 400nm (LED 

excitation wavelength). It  is clear that the excitation has  a  

strong absorption band locating near 400nm, which can be 

excited by the radiation of near UV-emitting InGaN based LED 

chips. As shown in Figure 6(b), emission spectrum under 

397nm excitation consists of five sharp lines ranging from 530 

to 650nm with peaks at 535nm (5D1→7F1), 556nm (5D1→7F2),  

581nm (
5
D0→

7
F0), 596nm (

5
D0→

7
F1), and 616nm (

5
D0→

7
F2).  

The emission spectrum of Ca9Eu(PO4)7 is composed of several  

sharp emissions  from both the lowest exci ted 5D0 and the 

higher energy levels 5D1 of Eu3 +. The presence of emission lines  

from higher excited states 5D1 is attributed to the low vibration 

energy of (PO4)
3-

 groups. The multiphonon relaxation by (PO 4)
3 -

 

is not enough to bridge the gaps between the higher energy 

levels 5D1 and the 5D0 level of Eu3 + completely, leading to weak 

emissions from these levels.2 0 The emission from the upper 

levels (5D1 , 5D2 , and 5D3) can hardly be observed in other Eu3 +  

doped oxides, sili cates and borates whose maximum vibration 

energies are higher than (PO4)3- groups.35 The major red 

emission peak located at 616nm is attributed to the electric 

dipole transition 5D0→7F2. This electric-dipole transition is  

parity forbidden f-f configuration transition, which would only 

occur when Eu3+ occupy lattice sites without inversion 

symmetry. The electric dipole transi tion (
5
D0→

7
F2) is more 

sensi tive to the environment than magnetic dipole transition 

(5D0→7F1) which is not much affected by ligand field around 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 6 (a) The exci tation spectrum of  the red-emitting 

phosphors Ca9Eu(PO4)7 prepared at pH 7 (λe m=616nm) (b) the 

emission spectrum of Ca9Eu(PO4)7 prepared at pH 7 

(λex=397nm). 
 

Eu3+.3 6 Thus, the 5D0→7F2 transition is dominated if Eu3+ ions  

occupy a non-centrosymmetric posi tion, while the 
5
D0→

7
F1  

transition is dominated when Eu 3+ occupy a centrosymmetric 

position. The value of R=I(5D0→7F2)/I(5D0→7F1) can 

demonstrate the si te symmetry substituted by Eu3+ .  

Meanwhile, the value of R is a key index reflecting the 

chromaticity and saturation of red color. Generally, the larger 

the ratio of I(5D0→7F2)/I(5D0→7F1) is, the closer to the optimal  

value of the color chromaticity.
 20, 37

 In our work, R belonging to 

Ca 9Eu(PO4)7 sample is calculated to 2.4, which indicates a low  

symmetry of Eu3+ site. The value of R is quite large in 

comparison with those of the other Eu3+-doped phosphates  

(GdPO4, LaPO4 , YPO4)3 8,3 9, which demonstrates  that  the ratio is  

favorable to improve the color purity of the red phosphor. 

The 4f orbits of Gd3+, La3 +, Y3 +, are half-filled, full-filled, or 

empty. Due to these ions having no fluorescence properties, 

they can be used as  matrix material. Moreover, Emission 

intensi ty of phosphor is significantly affected by the 

concentration of doping rare earth ions; thus, the emission 

intensi ties for the Ca9Eu1-xLnx(PO4)7(Ln= Gd, La, Y) as a function 

of Ln
3+

 concentrations have been investigated. The emission 

(λe x=397nm) spectrums of Ca9Eu1 -xLnx(PO4)7 (Ln= Gd, La, Y) 

phosphors doped with various Ln3+ concentrations  are shown 

in Figure 7(a)- (c); Figure 7(d)- (f ) show dependence curves with 

error bars of emission intensi ties on the concentration of Ln3 +,  

respectively. As shown in the figure, with concentrations of  

Ln3+ increasing, the emission intensity of Eu3+ decreases, but 

the profiles of the emission spectrum have no obvious changes. 

When Ln3 + replaces Eu3+ completely, emission intensi ties reach 

the minimum. In other words , with the increases of Eu3 +  

concentrations, luminescence intensi ties increase nearly 

linearly and the concentration quenching of Eu3+ is not 

observed in Ca9Eu1-xLnx(PO4)7 (Ln= Gd, La, Y) samples.  

There are two main reasons of no concentration quenching 

effect of Eu
3 +

. In the Van Uiter-Johnson model,
40

 the 

concentration quenching of Eu3 + is  not possible by a simple 

multipolar transfer process since energy difference between 
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Figure. 7 (a-c) Emission (λe x=397nm) spectra of Ca 9Eu1 -

xLnx(PO4)7(Ln= Gd, La, Y) phosphors doped with various  Ln3 +  

concentrations in the condition of pH 7 ; and (d-f ) the 

dependence curves with error bars of emission intensi ty on 

the concentration of Ln3+ in the condition of pH 7. 

 

the 5D0 and 7F6  levels  far exceeds  that between 7F6  and 7F0  

levels. Therefore, the concentration quenching is due to the 

exchange interaction between Eu 3+. Under this ci rcumstance, 

crystal  structure plays a key role in the energy transfer 

depending on non-resonant mechanism. This means if  Eu3+  is  

separated by more than one ion, relative weak effect 

impacting on each other will lead to the phenomenon of no 

concentration quenching. On the other side, in the Blasse 

model ,41  if the Eu3+  sites  are separated by more than one 

intermediary separating Eu3+ at 90° and 180°, the overlap 

between Eu3+  will occur and concentration quenching will have 

possibilities to take place. In our research, the as-prepared 

Ca 9Eu1 -xLnx(PO4)7(Ln= Gd, La, Y) phosphors had whitelockite-

type crystal structure and Eu3 + together with Ca2+ located at 

Ca1, Ca2, and Ca3 sites. As shown in Figure 3, Eu3 + of the 

samples are separated well by the intermediary (PO4  

tetrahedra), whose Eu-O-P and P-O-P angles are far f rom 90° 

and 180°. The fact means that there is no overlap of the wave 

function between Eu
3 +

. Therefore, no concentration quenching 

is observed in this phosphor.  

As shown in figure 8, photoluminescence decay curves of the 

Eu3+ in Ca9Eu0.6Ln0.4(PO4)7(Ln= Gd, La, Y) were measured with 

an exci tation at 397nm and monitored at 616nm. The decay 

curves for Ca9Eu1-xLnx(PO4)7(Ln= Gd, La , Y) samples can be well  

fitted into single-exponential function as:34 

I=I0 exp (-t/τ)                                           (4) 

where I0 and I are the luminescence intensities at time 0 (ini tial  

intensities) and t, respectively, and τ is the decay lifetime. On  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 8 The decay curves of Ca9Eu(PO 4)7 and 

Ca 9Eu0. 6Ln0. 4(PO4)7 (Ln= Gd, La, Y) prepared at pH 7 under 

excitation of 397nm. 

 

the basis of eqn (4),  the lifetime values of Ca9Eu(PO4)7,  

Ca 9Eu0. 6Gd0. 4(PO4)7 , Ca9Eu0 .6La0. 4(PO4)7 and Ca9Eu0.6Y0. 4(PO4)7,  

were determined to be 0.91, 0.58, 0.45 and 0.52ms, 

respectively. The value of τ is directly reflected by photo-

luminescence intensity. Generally, the longer lifetime of  

samples own, the higher luminescence intensities have. As  

shown in the inset of figure 8, the variation tendency of  

luminescence intensi ty is consis tent with the variation of  

lifetime. The luminescence intensity of Ca 9Eu0 .6Gd0. 4(PO4)7  

sample owns the longest lifetime than others . The decrease of  

emission intensity should be caused by the decrease of Eu3 +  

concentration in Ca 9Eu1 -xLnx(PO4)7. There exists such an order 

of the ability to decrease the emission intensity: Gd3 +<Y 3+<La3 +  

(RLa>RGd>RY ).25,4 2 This can be attributed to the larger Ln3 + can 

dilute the concentration of Eu3 + more efficiently than the 

smaller ones. However, Gd3+ doesn’t follow the same law as  

Y
3+

, and La
3 +

 in Ca9Eu1 -xLnx(PO4)7. This can be attributed to the 

energy transfer progress between Gd3+  and Eu3+ .43 ,44 Therefore, 

the intensity of Ca9Eu1-xGdx(PO4)7 phosphor is higher than that 

of Ca 9Eu1 -xLnx(PO4)7  (Ln= Y3 +, La3 +). Upon excitation at a  

wavelength of 397nm, the PL quantum yields of Ca9Eu(PO4)7,  

Ca 9Eu0. 6Gd0. 4(PO4)7 , Ca9Eu0 .6La0. 4(PO4)7 and Ca 9Eu0. 6Y0. 4(PO4)7  

samples were determined to be 40.8%, 24.3%, 19.7% and 

21.9%, respectively. 

Figure 9 shows photoluminescence excitation and emission 

spectrums of Ca 9Eu(PO4)7 as a function of different pH values . 

The spectral profiles of samples with different morphologies  

are basically similar. This is because the excitation and 

emission from the f-f transi tions within 4f
6
 configuration are 

shielded very well by 5s2 and 5p6 orbi ts. Therefore, peak 

positions of excitation and emission are hardly affected by the 

changing morphologies of host lattices . However, there are 

dramatically different in the PL intensities of Ca9Eu(PO4)7 with 

the four different pH values . In brief, the highest relative 

luminescence intensity appears in the sample prepared at pH 7 

(blue line), while the lowest relative luminescence intensity 

emerges in the condition of pH 9 (black line), and the relative 

intensity of the former is much higher than that of the latter. 
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Figure. 9 Excitation and emission spectra of Ca 9Eu(PO4)7  

samples with different pH values (pH=3, 5, 7, 9).  

 

As is well-known, there are many factors affecting 

photoluminescence properties of nano-particles , such as  

surface defects , surface states , specific surface area and 

crystalline states.
45

 These factors may provide non-radiative 

recombination routes for electrons and holes, which can 

decrease luminescence intensity drastically. In order to obtain 

the phosphors as efficient as possible, the number of  

electron/hole recombinations going by optically active centers  

must be maximized.46 As shown in figure 4, the sample 

preparing at pH 7 has smooth surfaces, fewer defects and 

better crystalline state. Therefore, it could be the reason that 

the luminescence intensity of Ca9Eu(PO 4)7 sample preparing at 

pH 7 is higher than other samples.  

Conclusions 

In summary, we have synthesized the novel red-emitting 

Ca 9Eu(PO4)7 phosphate phosphor by the hydrothermal method. 

Rietveld refinement of powder X- ray diff raction patterns of  

Ca 9Eu(PO4)7 demonstrated that the structure of Ca 9Eu(PO4)7  

consis ted of (PO4)3 - tetrahedra, and Ca/Eu atoms filled in the 

space between the tetrahedral groups , with Eu3+ distributing 

randomly on three individual Ca crystallographic sites . The 

major red emission peak located at 616nm under 397nm  

excitation attributed to the electric dipole transition 
5
D0→

7
F2  

of Eu3+ was a parity forbidden f-f configuration transition, 

which would only occur when Eu3+ occupied lattice sites  

without inversion symmetry.  The introduction of  Gd, La, Y ions  

into sample made luminescence properties of Ca 9Eu1 -

xLnx(PO4)7 (Ln= Gd, La, Y) phosphors decrease. Moreover, n o 

concentration quenching effects were observed in Ca 9Eu1 -

xLnx(PO4)7 (Ln= Gd, La, Y) samples . By means of SEM and TEM 

analysis,  we discovered that the pH value in the ini tial reaction 

solution played a  key role in the formation of Ca 9Eu(PO4)7  

nanophosphor morphologies. With pH values increasing in the 

initial reaction solution, the morphologies of samples changed 

from rods to spheres and their aspect ratios decreased at the 

same time. Different morphologies determined different 

photo-luminescence properties, and samples prepared at pH 7 

manifested better photoluminescence properties  relative to 

other samples. Therefore, a potential red-emitting phosphor 

might be promising to be applied in white light-emitting diodes.  
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