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Abstract: Effect of halide ions on valence state and luminescence property of Bi ions in calcium halophosphates was 

investigated. Bi-activated fluorapatite-chlorapatite solid solutions were synthesized by a solid state reaction. The con-

tent ratio between Bi2+ and Bi3+ ions in the crystals could be tuned rationally by the component ratio of F-/Cl-, and the 

absent emission of Bi2+ ion occur when halide ions are all occupied by Cl- ions. The origin of this change is because the 

Ca2 site of calcium halophosphate is split into Ca(2)a and Ca(2)b sites for F– and Cl- as the nearest neighbors, and the 

Ca(2)a is adopted to offer activator site that enables Bi3+ to be self-reduced. The results in this study can provide a sci-

entific reference for controlling the valence state of Bi ions in crystals. 
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Recently, besides the excellent potential applications in 
NIR optical sources[1-9], bismuth also has received in-
creasing attention due to as an important luminescence 
active center used in displaying and lighting fields[7-11], 
especially divalent Bi. Because of the particular electronic 
band structure, it has been considered recently to have the 
application in alternative red or orange emitting phosphors 
that can be excited by blue or UV light emitting diodes 
(LEDs)[2]. However, in stark contrast to the rare-earth and 
transition-metal ions with relatively simple ionic state, Bi 
has been identified to be present in various forms, includ-
ing Bi3+, Bi2+, Bi+, Bi atom, Bi cluster and Bi nanocrys-
tal[12-20]. One important reason is that the activation energy 
of the chemical transformations of these species is rela-
tively low[6, 12]. This means both the reducibility of pre-
pared atmosphere and the local chemical condition of 
crystal structure are anticipated to be sufficient enough to 
trigger the valence transformation of Bi ion. As a result, 
stabilizing the divalent bismuth ion in phosphors faces 
difficulties, and only a handful of matrix materials are 
known up to now in which efficient stabilization of the 
Bi2+ ion is possible[15,21-23].  

Very recently, we reported the orange emission and violet 
emission of Bi ion in Ca5(PO4)3F and Ca5(PO4)3Cl prepared 
in air, and the latter one was considered to be ascribed to 
Bi2+ ion typical emission[5,24-25]. It offers the possibility that 
Bi2+ ion may be controlled by the content of halogen in the 

apatite crystals. In the present work, we carefully investi-
gated the effect of halide ions on valence state change and 
luminescence property of Bi ions in calcium halophosphates. 
The content ratio between Bi2+ and Bi3+ ions in the crystals 
could be tuned rationally by the source ratio of F-/Cl-, and 
the absent emission of Bi2+ ion will occur when the halide 
ions are all occupied by Cl- ions. The reason for this change 
was discussed according to the fine structure variation of 
haloapatite solid solutions, which may help to design the 
composition of Bi2+-activated phosphors and provide a 
scientific reference for the control of Bi ions valence state 
in crystals. 

1  Experimental details 

1.1  Preparations 
The bismuth doped Ca4.99Bi0.01(PO4)3 F(1-x)Clx (x =0, 0.4, 

0.5, 0.6, 0.7, 0.8 and 1) samples were synthesized via solid 
state reaction method in air atmosphere. For that, analytical 
grade reagents CaCO3 (99.99%), (NH4)2HPO4 (99%), NH4F 
(99%), NH4Cl (99%) and Bi2O3 (99.99%) were used as raw 
materials. Individual batches of 5 mmol were weighed 
according to stoichiometric compositions and mixed thor-
oughly. Both NH4F and NH4Cl were added in excess of 
10mol% to compensate for volatilization losses. The 
grinded powder mixtures were then transferred into cruci-
bles for a two-step heating. First, the mixed raw materials 
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were preheated at 400℃ for 4 h and grounded together 

for second time. Subsequently, all products were sintered 

at elevated temperature about 1100℃ for 2 h again in the 

air. Then, the resulting samples were obtained. 

1.2  Characterization 
Crystal structures of the obtained samples were ana-

lyzed by X-ray powder diffraction (XRD) with a Rigaku 
D/max 2200 Diffractometer with Cu Kα (λ = 0.1542 nm) 
radiation at 36 kV and 30 mA. The emission and exci-
tation spectra were obtained with a HITACHI F-7000 
fluorescence spectrophotometer, using a static Xe lamp 
(150 W). All the measurements were carried out at room 
temperature. 

2  Results and discussion 

2.1  Crystal structure 
The crystallography of Ca5(PO4)3M (M = F and Cl) is 

well documented in the previous work[5]. In Ca5(PO4)3M 
lattice, the position of M− ion is responsible for the differ-
ence in the symmetry, there are two asymmetrical cationic 
(Ca2+) sites in this system with the first site Ca2+(1) at the 
center of a slightly distorted tricapped trigonal prism con-
stituted by six oxygen atoms of the PO4 network corre-
sponding to C3 point group symmetry. And the second 
type of site Ca2+(2) is coordinated with six oxygen atoms 
plus two M− ions, with the local symmetry around the 
Ca2+(2) site described by Cs point group. These two cati-
onic sites and crystal structure can be pictorially repre-
sented as Fig. 1. 

The XRD patterns of Bi doped Ca5(PO4)3F(1-x)Clx sam-
ples are given in Fig. 2(a). It shows that the diffraction 
peaks of the samples with pure F or Cl can be indexed as a 
pure phase, which coincide well with the reference data of 
Ca5(PO4)3F (PDF 15-0876) and Ca5(PO4)3Cl (PDF 
33-0271), respectively[26]. On the other hand, the represen-
tative a-lattice lattice parameter of the prepared samples 
varies nearly linearly with the change of F/Cl ratio, indicat-
ing that apatite solid solutions are formed (Fig. 2(b))[26].  

 

Fig. 1  Two cationic sites and crystal structure of Ca5(PO4)3M 

 

Fig. 2  (a) XRD patterns and (b) A-lattice lattice parameter of 
the prepared samples varies linearly with the change of F content 
 

It should be clarified that the content ratio between raw 
material of F and Cl source possibly cannot present the 
actual ratio of F/Cl in resulted crystals, due to the different 
reaction and volatilization rate. But the method presented 
in this study can indicate the variation of ratio of F/Cl in 
the samples directly. 

2.2  Luminescence properties  

Before investigating the emission change of Bi doped 
calcium halophosphate solid solutions, the luminescence 
properties of Bi doped Ca5(PO4)3Cl and Ca5(PO4)3F 
should be clarified respectively, which have been inves-
tigated in our previous research[5,7,27]. Fig. 3(a) and (b) 
show the  exc i ta t ion  and  emiss ion  spec t ra  of 
Ca4.99(PO4)3Cl and Ca4.99(PO4)3F doped with 1% Bi. For 
sample of Ca5 (PO4)3Cl: 1% Bi, it exhibits an asymmetric 
emission band peaked at 397 nm under UV light excitation, 
which can be attributed to the fact that Bi3+ will replace 
Ca2+ on two different cation sites in Ca5(PO4)3Cl lattice. 
However, for sample of Ca5(PO4)3F: Bi, two excitation 
bands in the excitation spectra monitored at 397 nm are 
observed, one dominating at 354 nm and another weak 
shoulder centering at 284 nm. Moreover, an ultra-broadband 
emission in the longer wavelength order could also be seen 
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Fig. 3  Excitation and emission spectra of (a) Ca4.99(PO4)3Cl 
and (b) Ca4.99(PO4)3F doped with 1% Bi 
 

When excited by 284 nm, which peaks at 521 nm and 
covers nearly whole visible spectrum to form the orange 
light emission. According to the traditional charge com-
pensation principle as well as the mechanism for realiz-
ing the abnormal reduction of trivalent rare earth (Re3+) 
ions in solid state compounds[28-31], we supposed that the 
Bi3+ ions occupied Ca(1) sites could be reduced to Bi2+ 
ions in air, but not for that in Ca(2) sites[5,30]. However, 
this cannot well explain the great difference of bismuth 
activator valence in the two apatite hosts with nearly 
identical structure. 

To better understand the origin of this difference, we 
investigated the Bi emission dependence on the variation 
of F-/Cl- ratio. Fig. 4 shows that with the F- content de-
creasing, the emission performance related to Bi3+ in-
creases, while that for Bi2+ ions reduces gradually. This 
means that the content ratio between Bi2+ and Bi3+ ions in 
the crystals could be tuned rationally by the content ratio of 
F-/Cl-, and the absent emission of Bi2+ ion will occur when 
the halide ions are all occupied by Cl- ion. Moreover, this 
interesting result offers a facile method to obtain the ad-
justable color of emission from blue to orange in a single- 
phased haloapatites activated by Bi ions.  

2.3  Solid solutions 
Generally, due to polarization and electronegativity 

difference between F- and Cl- ions[32-33], the increasing 

 

Fig. 4  The emission of (a) Bi2+ and (b) Bi3+-doped 
Ca4.99Bi0.01 (PO4)3 F(1-x)Clx (x =0.4, 0.5, 0.6, 0.7 and 0.8) 

 

content of F- may have influence on reduction of doped 
aviators. For example, it has been reported that Eu3+ can 
be easily reduced to Eu2+ in fluorite glass[28,34-35]. However, 
in the haloapatite crystals, we considered that the content 
of F-, namely the reduction ability difference between F- 
and Cl- ions should not be the direct reason for reducing 
Bi2+ ions. Because in previous work, we observed that the 
Bi3+ ions doped in the Ca5(PO4)3Cl crystals could not be 
reduced in reduction air at high temperature[5]. Therefore, 
we proposed that the fine structure difference for the two 
kinds of apatite may be responsible for the valence tuning 
of Bi ions. 

Previously, it has been found that the lattice parameters 
of the apatite solid solutions vary systematically with halo-
gen composition[26]. As shown in Fig. 5(a), F- at the 
unit-cell position of (0, 0, 1/4) is coordinated in a triangu-
lar-planar fashion by Ca at (x, y, 1/4) on the Ca(2) site. In 
contrast to F-, which occupies a special position at (0, 0, 
1/4) in the unit cell, Cl- occupies split positions ranging 
from 0.346(4) to 0.4428(2) in the z-coordinate because of 
the larger ionic radius of Cl– (Fig. 5(b)). Moreover, as 
shown in Fig. 5(c), it has been confirmed that the Ca(2) 
site is also split into Ca(2)a and Ca(2)b sites for F- and Cl- 
as nearest neighbors, respectively. In comparison to the 
Ca(2)a-F– arrangements, the larger Cl– ion presses the tri-
angular arrangement of Ca-ions outward to facilitate an 
energetic more favorable constellation resulting in the 
formation of Ca(2)b-Cl– arrangements, which leads to  
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Fig. 5 Triangular-planar arrangement of Ca3M in haloapatite 
along the z-axis of (a) flourapatite, (b) chlorapatite, and (c) 
haloapatite solid solution. Substitution of Cl– for F– into the tri-
angular arrangement and splitting of the Ca(2) site into Ca(2)a 
and Ca(2)b  
 

symmetry reduction. Importantly, the occupancies of the 
Ca(2)a and Ca(2)b sites have been confirmed to correlate 
strictly with the F-Cl content[26]. This means the depend-
ence of relative luminescence intensity of Bi2+/Bi3+ on the 
halogen composition is highly consistent with the ratio of 
Ca(2)a/Ca(2)b sites. Herein, according to comprehensive 
survey of the performances of Bi doped calcium halo-
phosphate solid solutions, an attempt was made to relate 
Bi2+ with its incorporation into the Ca(2)a sits, which 
causes the activation of self-reduction for Bi3+ ions. 

In order to confirm above assumption, we compared the 
emission peak position of Bi2+ ions in different samples, 
which have just one kind of sites in the apatite host. It is 
because the transition of Bi2+ is the 6s→6p internal elec-
tronic configuration transition, which is very sensitive to 
its local structure[36-39]. This means if the self-reduction 
behavior of B3+ to Bi2+ is mainly related to the reduction 
effect of F- content rather than the occupancies of Ca(2)a 
sites, its emission center position will change significantly 
with composition variation, just as observed in other 
hosts[14-15,39]. Conversely, when the self-reduction of Bi2+ 
centers just occurs at Ca(2)a sites, it means the nearest 
local environments of Bi2+ ions are nearly analogous and it 
will give an almost identical emission. Interestingly, as 
showed in Fig. 6, the center position of the orange broad-
band emission keeps nearly unchangeable when the con-
tent ration of F/Cl varies. This could offer direct evidence 
for confirming the formation of Bi2+ at Ca(2)a sites of 
Ca5(PO4)3F(1-x)Clx solid solutions. It means that in calcium 
halophosphate solid solutions, the site and valence of Bi 
activator can be controlled and tuned facilely by the ration 
of F/Cl.  

It should be noted that on the basis of the above con-
clusion, the Bi3+ ions that occupied Ca(2) sites could be 
reduced to Bi2+ ions in air, but not for that in Ca(1) sites as 
we proposed previously. In other word, that self-reduction 
behavior of Bi ion in the haloapatite crystals is partially  

 

Fig. 6  The emission peak position of Bi2+ ions in samples with 
different F contents 
 

different to the well-adopted conditions for realizing the 

abnormal reduction of Re3+[28-31,34], which might enrich 

understanding mechanism of structure self-reduction and 

provide a scientific reference for the control of valence 

state of Bi ion in crystals. We think it might be related to 

the relatively lower activation energy of the chemical 

transformations of Bi ions. But the detailed mechanism for 

the surroundings of Ca2+(2)a site that is beneficial for the 

formation and stabilization of Bi2+ have not been under-

stood well, and further investigations will be done. 

3  Conclusion 

Bi doped Ca5(PO4)3F(1-x)Clx phosphors were prepared 
by solid state reaction method in air. The content ratio 
between Bi2+ and Bi3+ ions in the crystals could be tuned 
rationally by the content ratio of F-/Cl-, and the absent 
emission of Bi2+ ion will occur when the halide ions are all 
occupied by Cl– ion. The reason for this change can be 
described to the splitting Ca2 site of calcium halophos-
phate into Ca2a and Ca2b sites for F– and Cl– as nearest 
neighbors, the latter of which is be beneficial for the stabi-
lization of Bi2+ ions. The results in this study can help to 
the design of the composition of Bi2+-activated phosphor 
and provide a scientific reference for the control of va-
lence state of Bi ion in crystals. 
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F/Cl 比对卤磷酸钙固溶体 Bi 离子掺杂位点及价态的调控 

张庆福 1, 李 臣 2, 宋志国 1, 李永进 2, 邱建备 1, 杨正文 1 

(1. 昆明理工大学 材料科学与工程学院, 昆明 650093; 2. 云南工商学院, 昆明 651700) 

摘 要: 本工作研究了卤素离子含量对卤磷酸钙固溶体中 Bi 离子的价态和发光性能的影响。荧光分析表明, 卤素磷酸

钙中的 Bi2+/Bi3+可以通过其 F-/Cl-组分变化实现有效调控; 当卤素离子全部为 Cl-离子时, 晶体中 Bi2+全部消失。上述

现象的主要原因在于, 当卤素离子为 F 或者 Cl 时, 晶体中与其邻近的 Ca(2)位点可以被分裂为 Ca(2)a 或 Ca(2)b 两种

不同的格位, 而 Ca(2)a 位点则有利于实现 Bi3+的自还原。上述研究结果可以为 Bi 离子在晶体中的价态调控提供指导。 
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