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A B S T R A C T

Ce3+/Mn2+ ions-doped oxyapatite calcium fluorapatite [Ca5(PO4)3F, FAP] has been successfully
synthesized by a facile one-step hydrothermal method. The luminescent properties of Ce3+- and
Ce3+/Mn2+- activated FAP phosphors were investigated using the photoluminescence (PL) and
photoluminescence excitation (PLE) spectra. The emission of Ce3+ was fitted by two Gaussian functions
with dashed lines in wavenumber to confirm the Ce3+ ion simultaneously to occupy the 4f and 6h sites in
Ca5(PO4)3F host, which was consistent with the calculated results of crystal field based on chemical bond
theory. In addition, the existence of Ce3+ (sensitizer) can dramatically enhance the green emission of
Mn2+ (activator) in Ce3+/Mn2+ ions co-doped samples due to an efficient energy transfer from Ce3+ to
Mn2+. All of these results could help us understand the site assignments and optical properties of the rare
earth ions doped in hexagonal Ca5(PO4)3F.
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1. Introduction

Inorganic luminescent materials/phosphors are playing a key
role in the applications of lighting (e.g., fluorescent tubes and
LEDs), displays (e.g., cathode tube display and field emission
display), imaging (computed tomography), etc. [1–4]. The current
attention on energy savings and green issues gives a boost to the
development of LEDs for lighting, due to their advantages of high
efficiency, compactness, long operational lifetime, and environ-
mental friendliness [2,3]. Lanthanide ion doped phosphors are
efficient luminescent materials and irreplaceable component of
light emitting devices because of the abundant emission colors
based on their 4f ! 5d transitions [5,6]. Especially, energy
transfer between RE ions plays an important role in the
development of color-tunable single-phased phosphors from
both theoretical and practical points of view [7–9]. When the
sensitizer and activator form small clusters in the host lattice,
efficient energy transfer from the sensitizer to the activator takes
place and it results in enhanced luminescence [10–12]. As we all
know, the Ce3+ ion with the 4f1 configuration may act as a highly
efficient emission center because 4f ! 5d transitions of the Ce3+

ion are allowed by the Laporte parity selection rules [7,13].
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In addition, the Ce3+ ion is a well-known sensitizer for trivalent RE
ion and transitional-metal ion luminescence, and the sensitizing
effects depend strongly on the host lattices into which these ions
are introduced. The transition metal ion Mn2+ with 3d5 electronic
configurations can give a broad emission band in the visible range
owing to the forbidden d-d transition, and the emission color of
Mn2+ can vary from green to red depending on the field. Since the
d-d transition of Mn2+ is forbidden and is difficult to be pumped,
the emission of Mn2+ ions are indirectly excited by energy transfer
from the host or the sensitizer.

In recent years, research on rare earth ion doped fluoride crystals
has developed tremendously because of their wide applications in
solar cells, laser materials, tricolor display technology, electronics,
transport and information technology [14–19]. The calcium fluo-
rapatite (Ca5(PO4)3F, FAP) is a good host lattice for luminescence and
laser materials. In the last decade, much effort has been devoted to
the investigation of the luminescent properties of FAP doped with
rare earth (RE) or transition metal ions. The most well-known
example is Sb3+ and Mn2+-coactivated calcium halophosphate
Ca5(PO4)3 (F, Cl): Sb3+, Mn2+ [20,21], which has found applications
in fluorescent lamps for a long time. However, there have been few
systematic theoreticaland experimental studies focusingonhow the
fluorapatite influences the photoluminescence of the rare earth ions
and transition metal ions co-doping in it [22]. So it is necessary to
explore the influences of the different crystal symmetryand bonding
of the hosts on the luminescence performance of Ce3+, Mn2+ ions
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Fig. 1. XRD patterns of as-prepared FAP: 0.02Ce3+, 0.02Mn2+ sample by
hydrothermal process at 180 �C for 24 h and the standard data of fluorapatite
(JCPDS 15-0876). The inset is the corresponding product low-magnification FE-SEM
image.
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co-doped FAP in details based on chemical bond theory. Firstly, the
aim of this work has been to carry out a systematic effort to
synthesize the FAP to perform the structural and luminescent
properties of the Ce3+ and Mn2+ ions. In addition, we also obtained
highly efficient luminescence of Mn2+ by doping Ce3+ in the FAP.

2. Experimental

2.1. Synthesis of the samples

2.1.1. Materials
All reagents were analytically pure, produced by Beijing

Chemical Reagent Plant, and used without further purification.
The sodium fluoride (NaF) was used as the fluoride source, rare
earth nitrate were used to offer the cerium source, Ca(NO3)2�4H2O,
MnCl2 and (NH4)2HPO4 were used as the calcium, manganese and
phosphate source, respectively. Meanwhile, trisodium citrate was
used as the “shape modifier”.

2.1.2. Synthesis
In a typical procedure of luminescent Ca5(PO4)3F sample, the

first mixture: 2 mmol Ca(NO3)2�4H2O (0.4723 g) and 0.2 g of
trisodium citrate were first dissolved in 20 mL deionized water
as solution 1 with stirring to form a transparent homogeneous
solution. Subsequently, the second mixture: 4 mmol of NaF
(0.1680 g) and 1.67 mmol (NH4)2HPO4 (0.2205 g) were added into
15 mL deionized water with stirring to form a transparent
homogeneous solution as solution 2. After strong magnetic stirring
at room temperature for 20 min, we introduced solution 2
dropwise into solution 1 with vigorous magnetic stirring at room
temperature for 60 min to form an aqueous solution. Then, the
resultant solution was transferred into a 60 mL Teflon autoclave.
The autoclave was sealed and maintained at 180 �C for 24 h with
the heating rate of 5 �C min�1 by cooling to the room temperature
naturally. Finally, the precipitates were washed with deionized
water and ethanol three times in sequence. The final product was
dried at 60 �C for 12 h in the air. Then, in a typical preparing
procedure of Ca5(PO4)3F: (2 mol%) Ce3+, (2 mol%) Mn2+ powders,
the first mixture: 1.92 mmol of Ca(NO3)3�6H2O, 0.04 mmol of
Ce(NO3)3�6H2O, 0.04 mmol of MnCl2 and 0.2 g of trisodium citrate
were first added into 20 mL of deionized water with stirring to
form a transparent homogeneous solution as solution 1. The next
steps were the same as the preparation of Ca5(PO4)3F crystals.
Finally, we can obtain Ca5(PO4)3F: (2 mol%) Ce3+, (2 mol%) Mn2+.
Similarly, other samples were synthesized by the same process.

2.2. Characterization

X-Ray powder diffraction (XRD) measurements were
performed on a Rigaku-Dmax 2500 diffractometer at a scanning
rate of 15� min�1 in the range from 15� to 80�, with graphite-
monochromatized Cu-Ka (l = 0.15405 nm) radiation. The ultravi-
olet–visible photoluminescence excitation and emission spectra
were recorded with a Hitachi F-7000 spectrophotometer equipped
with Xe-lamp as an excitation source. The morphology of the
obtained samples was investigated by field emission-scanning
electron microscopy (FE-SEM, JSM-6700F, JEOL). All the measure-
ments were performed at room temperature.

3. Results and discussions

3.1. Phase and structure

The composition and phase purity of the as-prepared powder
samples were first examined by XRD. Fig. 1 shows the representa-
tive XRD patterns of FAP: 0.02Ce3+, 0.02Mn2+ sample. It is obvious
that all the diffraction peaks of the sample can be readily indexed
to pure hexagonal phase of calcium fluorapatite (with space group:
P63/m, no. 176) according to the JCPDS files no. 15-0876. No
additional peaks of other phases have been found, indicating that
the Ce3+ and Mn2+ ions have been effectively built into the host
lattice. The FE-SEM image (inset in Fig. 1 at the top left corner)
shows that the product is composed of well dispersed microrods
with lengths around 2–3 mm and diameters around 500 nm,
respectively. Furthermore, Fig. 2(a) and (b) display the unit cell
representation of Ca5(PO4)3F. This structure has two cationic Ca2+

sites [23,24]. 40% of the Ca2+ ions are denoted as Ca(I) and are at the
Wyckoff 4f positions, while the other 60% are denoted as Ca(II) and
are at the Wyckoff 6h positions. Ca(I) has C3 point symmetry and is
surrounded by nine oxygen anions (Fig. 2(c)). Ca(II) has Cs point
symmetry and is surrounded by six oxygen anions plus one
F� anion (Fig. 2(d)). From the consideration of the ionic radius and
the charge, the Ce3+ (the effective ionic radii for CN = 7 is 1.07 Å and
CN = 9 is 1.196 Å) and Mn2+ (the effective ionic radii for CN = 7 is
0.9 Å) ions are expected to substitute the Ca2+ (the effective ionic
radii for CN = 7 is 1.06 Å and CN = 9 is 1.18 Å) sites in the Ca5(PO4)3F
crystal structure.

3.2. Photoluminescence properties

3.2.1. Optical properties of Ca5(PO4)3F: Ce3+

As we all know, the Ce3+ ion with the 4f1 configuration may act
as a highly efficient emission center because 4f ! 5d transitions of
the Ce3+ ion are allowed. The excitation and emission spectra of
FAP: 0.02Ce3+ sample are presented in Fig. 3. The emission
spectrum (red line, right) of FAP: 0.02Ce3+ exhibited a broad band
that extended from 355 to 390 nm with a maximum at about
365 nm when excited by 291 nm UV light, which was due to the
5d ! 4f transition of Ce3+. The corresponding excitation spectrum
(black line, left) included a strong broad band from 255 to 315 nm
(center, 291 nm). In addition, it can be observed that the Ce3+ singly
doped sample exhibited a broad asymmetric emission band
centering at 365 nm, which can be resolved by a Gaussian fit into
two emission bands with the peak at 366 nm and 384 nm
(the green and the pink lines are shown in Fig. 3) respectively.
It is well known that the Ce3+ emission should be composed of a
double band in view of the splitting of its ground state. The energy
difference of this splitting between 2F7/2 and 2F5/2 of Ce3+ is about
2000 cm�1. However, the energy difference between 366 nm



Fig. 2. (a) and (b) Unit cell representation of the crystal structure of Ca5(PO4)3F. Blue, magenta, red, and green spheres represent Ca, P, O, and F atoms, respectively. Calcium
sites 4f and 6h are described by (c) and (d), respectively.
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(27322 cm�1) and 384 nm (26,041 cm�1) is about 1280 cm�1, which
is far from 2000 cm�1. Therefore, these two emission bands cannot
be ascribed to the ground-state splitting of the single Ce3+ emission
center. Naturally, we can deduce that there are two types of Ce3+

luminescent centers in FAP. This is related to the crystal structure of
FAP, which provides two different sites for the cations in it, the
4f (C3) site and 6h (Cs) site. According to a previous report [25], the
4f site with nine-coordination needs large cations for its space, on
the other hand the 6h site with seven coordination is favorable for
high charge cations due to the fact that it has a O(4) ion to
coordinate. The Ce3+ has a larger ionic radius (1.196 Å for CN = 9)
and higher charge (+3), which are favorable for 4f site and 6h site,
respectively. Therefore, the asymmetrical emission band (365 nm)
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Fig. 3. Typical photoluminescence excitation and emission spectra of Ca5(PO4)3F:
0.02Ce3+. Also, the emission of Ce3+ is fitted by two Gaussian functions dashed lines
in wavenumber, the corresponding wavenumbers are centered at 27,322 cm�1 with
a width of 2375 cm�1 for Ce3+ (I) band and at 26,041 cm�1with a width of 4857 cm�1

for Ce3+ (II) band in the top right corner of the figure, respectively.
could originate from Ce3+ (4f) and Ce3+ (6h) luminescent sites
[26–28]. Generally, it should be realized that the position of the
emitting level of Ce3+ is determined by two factors [32–34]: (i) the
position of the center of gravity of the 5d level, which will be at
lower energy if the covalency increases, and (ii) the width of the
crystal field splitting of the 5d level (the lower the position of the
lowest crystal field component, the more the first absorption band
and the emission band will move to lower energy). For the first
factor, we calculated bond lengths and bond covalency of Ca��O
and Ca��F in FAP based on chemical bond theory shown in Table 1,
and the calculated average values of bond lengths and covalency
were listed, too. We get the value of the bond covalency of Ce3+ (4f)
and Ce3+ (6h), that is 0.048 for CN = 9(4f) and 0.101 for CN = 7(6h)
respectively. That it is, the covalency of the Ce3+ (6h) is larger than
Ce3+ (4f). For this reason, the position of the center of gravity of the
5d level in Ce3+ (6h) is lower than that of Ce3+ (4f). For the second
factor, the width of the crystal field splitting of the 5d level is
determined by the influence of the crystal environment. For cubic
crystal field, 10Dq is usually expressed as the energy difference
between the centers of gravity of the high-energy band and
low-energy band. Although 5d orbit will split into more
components when the rare earth ions are in a lower symmetry
site, the magnitudes of 10Dq split can still be obtained based on
group theory. According to the previous reports [31,32], a new
parameter can be introduced, which is the combination of the four
parameters [32].

Ke ¼ EhQf 2i
N

(1)

Eh is the homopolar part of average energy gap, N is the
coordination number of central ion, Q is the charge of neighboring
anion, and fi is the bond ionicity between the central ion to its
nearest neighboring anion. We will call Ke the environment factor
according to the letter [32,33], which is crucial in determining the



Table 1
The bond length (Å) of Ca��O and Ca��F in FAP at room temperature in 4f and 6h sites. Also the average bond length, the covalency,10Dq and Eh in 4f and 6h sites are presented.

Bond type Bond length (Å) d(Å) fc 10Dq

(cm�1)
Eh

4f
(C3 CN = 9)

Ca1��O1 2.3946 2.55 0.048 20910 4.5605
Ca1��O1 2.3943 4.5605
Ca1��O1 2.3940 4.5605
Ca1��O2 2.4502 4.3082
Ca1��O2 2.4497 4.3082
Ca1��O2 2.4496 4.3082
Ca1��O3 2.8064 3.076
Ca1��O3 2.8055 3.076
Ca1��O3 2.8062 3.076

6h
(CS CN = 7)

Ca2��O1 2.6831 2.43 0.101 57805 3.437
Ca2��O2 2.3707 4.6715
Ca2��O3 2.4840 4.4607
Ca2��O3 2.4840 4.4607
Ca2��O3 2.3472 4.4607
Ca2��O3 2.3472 4.4607
Ca2��F1 2.2944 5.0685
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magnitudes of 10Dq split. The above parameter N can be
determined from the crystallographic data [14–16]. In addition,
there is a linear relation between 10Dq splitting and Ke. The fitted
Eq. (2) is

DEðCe3þÞ ¼ 10Dq ¼ 3:27 þ 14:34Ke (2)

DE is the energy difference of the two energy levels [29–31]. For
Ca5(PO4)3F host, when N is 9, fi = 0.952, Q = 1 and E = 4.5605
(Ca1��O1), 4.3082 (Ca1��O2), 3.076 (Ca1��O3) respectively.
Meantime, when N is 7, fi = 0.899, Q = 2 (Ca��O), 1.5 (Ca��F) and
Eh = 3.437 (Ca2��O1), 4.6715 (Ca2��O2), 4.4607 (Ca3��O3) and
5.0685 (Ca��F) respectively. Finally, we can get the accurate
numerical 10Dq of Ca5(PO4)3F and infer the splitting situation in
different crystal lattice environment. It can be seen from Table 1
that 10Dq splitting in Ce3+ (6h) is 57805 cm�1, whereas in Ce3+ (4f)
the 10Dq splitting is 20910 cm�1. Therefore, the width of the crystal
field splitting of Ce3+ (6h) is bigger than the Ce3+ (4f). Fig. 4 shows
the position of the center of gravity and the different energy
splitting situations in Ce3+ (6h) and Ce3+ (4f) crystal field
environment graphically. It can be seen that the position of the
center of gravity of the Ce3+ (6h) is lower and the width of the
crystal field splitting in Ce3+ (6h) is larger simultaneously. In
conclusion, we can assign the lower-energy emission band
(384 nm, 26041 cm�1) to Ce3+ (6h, 27322 cm�1) and the higher-
energy emission band (366 nm) to Ce3+ (4f). The experimental
results are consistent with the theoretical calculation results.
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Fig. 4. A schematic energy splitting diagram of the Ce3+ in Ca2+-I (CN = 9) and Ca2+-II
(CN = 7) in FAP crystals structure.
Furthermore, it also illustrates that the different crystal symmetry
and bonding of the hosts have an important influence on the
luminescence performance of rare earth ions.

3.2.2. Luminescence of Ca5(PO4)3F: Ce3+, Mn2+

The Ce3+ ion is a well-known sensitizer for trivalent RE3+ ion and
transitional-metal ion luminescence, and the sensitizing effects
depend strongly on the host lattices into which these ions are
introduced. The Mn2+ ion with 3d5 electronic configuration
generally shows a broad emission band whose position depends
strongly on the host lattices. If the crystal field around Mn2+ is
weak, the splitting of the excited d energy levels will be small,
resulting in Mn2+ emission with higher energy.

Fig. 5 shows the PLE and PL spectra of the FAP: 0.02Ce3+,
0.02Mn2+. As shown in Fig. 5, the emission spectrum of the FAP:
0.02Ce3+, 0.02Mn2+ sample displays a multicolor emission when
the sample is excited by 291 nm UV light, which consists of an
ultraviolet emission centered at 365 nm, a blue emission band
ranging from 355 nm to 390 nm and a yellow emission centered at
561 nm from 530 to 600 nm. The luminescence of Ce3+ has been
explained explicitly, so this part aims for explaining the lumines-
cence of Mn2+ and the energy transfer between Ce3+ and Mn2+ in
FAP. While Mn2+ ions are doped singly in the FAP, we cannot detect
the luminescence of Mn2+. Only when Ce3+ and Mn2+ ions are
co-doped in it, can we observe the luminescence of Ce3+ and Mn2+

concurrently. In this system, Ce3+ ions can strongly absorb UV light
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Fig. 5. Respective photoluminescence excitation and emission spectra of the Ca5
(PO4)3F: 0.02Ce3+, 0.005Mn2+ sample (lem = 365 nm; lex = 291 nm).
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from the ground state (2F5/2) to the excited state and then
efficiently transfer the energy to the 4T1 level of Mn2+ ions;
subsequently, the 4T1 level gives its characteristic transitions and
continues to transfer the energy to the 6A1 level via cross-
relaxation [35,36].

To investigate the energy transfer from Ce3+ to Mn2+, a series of
samples with different concentrations of Mn2+ ions have been
prepared. As revealed in Fig. 6, the emission intensity of Ce3+

decreases with the increasing Mn2+ concentration, while the
emission intensity of Mn2+

first increases with an increase of its
concentration (x), reaching a maximum value at x = 0.08, and then
decreases with a further increase (x) due to the concentration
quenching effect. All of these results can validate the efficient
energy transfer from Ce3+ to Mn2+. Fig. 7(a) exhibits the tendency
of this variation clearly. The energy transfer efficiency (hT) from the
Ce3+ to Mn2+ ions in Ca5(PO4)3F: 0.02Ce3+, xMn2+ is calculated using
the formula (3) [32]:

hT ¼ 1 � IS
IS0

(3)

where hT is the energy transfer efficiency, Iso and Is are the
luminescence intensity of a sensitizer (Ce3+) in the absence and
presence of an activator (Mn2+) respectively. The hT value of
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Fig. 7. (a) Dependence of the relative emission intensity of Ce3+ and Mn2+ for FAP
phosphors; (b) The energy transfer efficiency (hT) from Ce3+ to Mn2+ in FAP: 0.02Ce3
+, xMn2+(0–0.14) samples (lex = 291 nm).
FAP: 0.02Ce3+, xMn2+ could be obtained as a function of x presented
in Fig. 7(b). Also, it reveals that the energy transfer would be very
effective when using 291 nm UV as the excitation wavelength with
the increase of Mn2+ concentration. Other experiments are
underway, we expect that it can realize the color tunable emission
of rare earth ions in FAP by the energy transfer.

4. Conclusions

In conclusion, Ce3+/Mn2+-activated FAP oxyapatite structured
phosphors have been prepared via hydrothermal reaction. The
structural and luminescent properties of FAP: Ce3+ and FAP: Ce3+,
Mn2+were investigated in details by the spectral measurement and
theoretical calculation. The emission of Ce3+ was fitted by two
Gaussian functions dashed lines in wavenumber to further confirm
the Ce3+ ion simultaneously to occupy the 4f and 6h sites in
Ca5(PO4)3F host. In addition, the results revealed that the existence
of Ce3+ (sensitizer) can dramatically enhance green emission of
Mn2+ (activator) in co-doped samples due to an efficient energy
transfer from Ce3+ to Mn2+.
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