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ite-emitting phosphors
Ba3Ce(1�x�y)(PO4)3:xTb

3+,yMn2+ and
Ba3Ce(1�x�z)(PO4)3:xTb

3+,zSm3+: structure,
luminescence, energy transfer and thermal stability

Shuchao Xu, Zhijun Wang, * Panlai Li, * Ting Li, Qiongyu Bai, Jiang Sun
and Zhiping Yang

A series of Ba3Ce(1�x�y)(PO4)3:xTb
3+,yMn2+ and Ba3Ce(1�x�z)(PO4)3:xTb

3+,zSm3+ phosphors were

synthesized by a high temperature solid-state reaction. X-ray diffraction, luminescence and decay curves

were used to characterize the phosphors. All the synthesized phosphors crystallized in the cubic unit cell

with I�43d space group. Energy can be transferred from Ce3+ to Tb3+/Mn2+/Sm3+ in

Ba3Ce(1�x)(PO4)3:xTb
3+, Ba3Ce(1�y)(PO4)3:yMn2+, and Ba3Ce(1�z)(PO4)3:zSm

3+ phosphors. Furthermore, the

color of these phosphors can turn from cyan to green, blue to red, and cyan to pale pink. When

Ba3Ce(PO4)3 was co-doped with Tb3+ and Mn2+/Sm3+, Tb3+ could also transfer part of its energy to

Mn2+/Sm3+, and more importantly, a white emission can be achieved based on this energy transfer. The

phosphors exhibited a good thermal stability, with correlated color temperatures of up to 3301 K, and

a quantum efficiency as high as 51.2%. These results revealed that we managed to obtain good white

emitting phosphors by co-doping Ba3Ce(PO4)3 with Tb3+ and Mn2+/Sm3+.
1 Introduction

The extensive application of white light-emitting diodes (LEDs)
has attracted signicant attention because of their long life-
time, environmental friendliness, high luminescence efficiency
and material stability.1–3 Traditional white YAG:Ce3+ LEDs were
fabricated with a blue-chip, which exhibit high correlated color
temperature (CCT � 7750 K) and poor color rendering index
(CRI70 � 80).4 Therefore, to obtain high-performance white
LEDs, other methods have been introduced. One of the
methods for achieving white emission is co-doping different
ions in a single-phase compound.5–7 This can not only overcome
the shortcomings of high correlated color temperature and low
color rendering index, but also avoid reabsorption in the
host.8–11 Generally, energy transfer plays an important role in
the optical properties of co-doped luminescent materials, from
which we can obtain a tunable color or white emission.12 Among
ions, Ce3+ can not only emit blue emission, but can also transfer
part of its energy to other ions because of its 5d / 4f transi-
tion.13–17 Moreover, Tb3+ ions are widely used as important green
activators due to their 5D4 / 7FJ transitions (J ¼ 6, 5, 4 and
3).18,19 Furthermore, Mn2+/Sm3+ can be acceptors and can
produce the red emission components in the host. Thus, it is
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possible to obtain a white emission via tri-doping Ce3+, Tb3+ and
Mn2+/Sm3+ in a single-phase compound.

Among many host compounds, eulytite-type orthophos-
phates of the M3

IMII(PO4)3 (M
I¼ Ba, Sr, Ca, and Pb, MII¼ La, Sc,

Y, Bi, and In) type have attracted signicant interest for their
good optical properties and thermal stability.20–24 Ba3Ce(PO4)3
(BCP) is a eulytite-type phosphate, with the advantage of having
Ce3+ as one of the matrix cations. Thus, the doping concentra-
tion of Ce3+ is up to 100%, such that Ce3+ can transfer a large
amount of energy to the co-doping ions in the host.25,26 There-
fore, in our study, a series of white-emitting Ba3Ce(PO4)3:Tb

3+/
Mn2+/Sm3+ phosphors were investigated, along with the energy
transfer from Ce3+ to other activators. Importantly, the white
emitting phosphors Ba3Ce(PO4)3:Tb

3+,Mn2+ and Ba3Ce(PO4)3:-
Tb3+,Sm3+ exhibited a good thermal stability and correlated
color temperatures.
2 Experimental
2.1 Materials and synthesis

A series of Ba3Ce(1�x�y)(PO4)3:xTb
3+,yMn2+ and

Ba3Ce(1�x�z)(PO4)3:xTb
3+,zSm3+ phosphors were prepared by

a high-temperature solid-state reaction process. The raw mate-
rials BaCO3 (analytical reagents, A.R.), NH4H2PO4 (A.R.), CeO2

(99.99%), Tb4O7 (99.99%), Sm2O3 (99.99%) and MnCO3 (A.R.)
were weighed using an electronic scale with a 0.0001 g accuracy.
The stoichiometric amounts of raw materials were thoroughly
This journal is © The Royal Society of Chemistry 2017
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mixed and ground using an agate mortar and pestle for more
than 30 min until they became uniformly distributed. Then, the
obtained material was transferred into an alumina crucible and
sintered at 1150 �C for 4 h in a reductive atmosphere (20% H2 +
80% N2). Aer sintering, samples were cooled down to room
temperature and then ground again into a powder for subse-
quent use.
Fig. 1 X-ray diffraction patterns of BCP; BCP:0.07Tb; BCP:0.10Sm;
BCP:0.07Tb,0.07Sm; BCP:0.07Mn; BCP:0.07Tb,0.07Mn and JCPDS
card no. 85-2448, corresponding to Ba3La(PO4)3. Below are the SEM
images of the samples.
2.2 Material characterization

X-ray diffraction (XRD) patterns of the as-synthesized samples
were obtained to determine the crystal structure, using a D/max-
rA with Cu Ka radiation at 40 kV and 40 mA. XRD patterns,
which were analyzed by Rietveld renement, were acquired at
the step size of 0.05� with a counting time of 2 s per step. Findit
soware and Crystalmaker soware were used for identifying
the structure. Spectral properties were analyzed via a F-4600
spectrouorometer equipped with a 450 W Xe lamp. Tempera-
ture-dependent luminescence properties were measured via the
same spectrophotometer, which was assembled with a TAP-02
high-temperature uorescence controller. The Commission
International de I'Eclairage (CIE) chromaticity coordinates of
the samples were measured by a PMS-80 UV-VIS-NEAR IR
spectra analysis system. Decay curves of Tb3+/Sm3+/Mn2+ were
obtained using a 450 W Xe lamp as the excitation source
(HORIBA, FL-1057). Decay curves of Ce3+ were obtained using
a nona LED (370 nm) as the excitation source. Furthermore,
particle morphology was investigated by scanning electron
microscopy (SEM), and images were obtained using Nova
NanoSEM 650 at the accelerating voltage of 10 kV.
3 Results and discussion
3.1 Phase formation

The phase purity of our phosphors was evaluated by X-ray
diffraction. Fig. 1 exhibits the XRD patterns of representative
phosphors as well as the standard card of Ba3La(PO4)3 for
comparison. It can be found that all the diffraction peaks of the
samples can be exactly assigned to the pure cubic phase Ba3-
La(PO4)3 (JCPDS 85-2448). No other phase or impurity were
detected, indicating that the doped ions cannot induce signif-
icant changes in the crystal structure. In other words, our
samples were obtained without any heterogeneous phase. The
SEM images of BCP, BCP:0.07Tb3+, BCP:0.07Tb3+,0.07Mn2+ and
BCP:0.07Tb3+,0.07Sm3+ are shown in the lower part of Fig. 1. It
was found that the samples consisted of aggregated particles
with a sphere-like morphology of an average size of 5–10 mm. A
micrometer-size of the phosphor particles is essential for high
luminescence, and the synthesized phosphors exhibit a particle
size in themicrometer range, and hence, they can exhibit a good
luminescence.

For the purpose of further elucidating the crystal structure of
the samples, we analyzed the XRD patterns by Rietveld rene-
ments, as represented in Fig. 2(a–e). The multiplication sign
denotes the XRD pattern of the samples, the red lines represent
the corresponding Rietveld renement, and the blue line
represents the residuals. The renement results, as presented
This journal is © The Royal Society of Chemistry 2017
in Table 1, further demonstrate that the phosphors are single-
phase without any impurity or secondary phases. As shown in
Fig. 2(f), (I) is the crystal structure of Ba3La(PO4)3 in a cubic
system with space group I�43d of the unit cell, and (II) and (III)
are the coordination environments of the P5+ and Ba2+/La3+/Ce3+

sites. In the structure, each P5+ is surrounded by 8 O2� anions to
form an octahedron with four long P–O distances of 1.501 Å and
four short P–O distances of 1.488 Å. Each Ba2+ is coordinated
with 18 non-equidistant oxygens at the distance ranging from
2.704 Å to 2.973 Å.
3.2 Luminescence properties

The inset of Fig. 3 shows the emission and excitation spectra of
BCP. Under excitation at 325 nm, BCP shows a broad-band blue
emission ranging from 350 to 550 nm, centered at 387 nm. This
emission is attributed to the transition of Ce3+ from the 5d
excited state to the 4f ground state. The corresponding excita-
tion spectrum (monitored at 387 nm) covering the range of 200–
350 nm is attributed to the 4f / 5d transition of Ce3+. Fig. 3
shows the decay curve of BCP, and the luminescence decay time
can be calculated by the following formula:27

s ¼
�ð

IðtÞtdt
���ð

IðtÞdt
�

(1)

where I(t) represents the luminescence intensity at a time t, t is
the time, and s is the lifetime. The calculated decay time is
RSC Adv., 2017, 7, 19584–19592 | 19585
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Fig. 3 Decay curve of BCP, the inset shows the emission and exci-
tation spectra of BCP.

Fig. 2 (a)–(e) Rietveld refinements of BCP:0.07Tb; BCP:0.10Sm;
BCP:0.07Tb,0.07Sm; BCP:0.07Mn and BCP:0.07Tb,0.07Mn; (f) crystal
structure of Ba3La(PO4)3.
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shown in Fig. 3. Moreover, the measured quantum efficiency of
the host was 55.3%.

To study whether there is energy transfer from Ce to Tb, we
studied the emission and excitation spectra of BCP and BTP
(Ba3Tb(PO4)3), as shown in Fig. 4. For BTP, the excitation
spectrum monitored at 551 nm contains two broad bands and
many other bands, which are attributed to f / d and f / f
transitions in Tb3+. The emission spectrum at 377 nm excitation
consists of several bands from 480 to 650 nm, attributed to 5D4

/ 7FJ (J ¼ 6, 5, 4, 3) transitions in Tb3+. Moreover, the results
show that there is an overlap between the emission spectrum of
BCP and the excitation spectrum of BTP. Therefore, we
hypothesized that Ce3+ might transfer its energy to Tb3+ in
eulytite-type phosphates. Fig. 4(c) and (d) depict the emission
and excitation spectra of BCP:0.03Tb3+ and BTP:0.03Ce3+,
respectively. It can be clearly seen that the excitation spectra
monitored at 551 nm for BCP:0.03Tb3+is similar to the excita-
tion spectrum monitored at 387 nm for BCP. Moreover, both
emission spectra (lex ¼ 325 nm) of the doped BCP and BTP
display the characteristic peaks of Ce3+ and Tb3+. Thus, we
Table 1 XRD refinement results of the samples

BCP:0.07Tb BCP:0.07Mn BC

c2 2.850 1.704 2.0
Rp 8.49% 7.48% 8.4
Rwp 12.67% 7.84% 10
a ¼ b ¼ c 10.500 10.512 10
Cell volume/A3 1157.158 1161.657 11
a ¼ ß ¼ g 90� 90� 90
Z 4 4 4
Space group I�43d I�43d I�43

19586 | RSC Adv., 2017, 7, 19584–19592
synthesized BCP:xTb3+ to further explore whether energy
transfer occurs. As depicted in Fig. 4(e), the emission spectra
(lex ¼ 325 nm) of all samples contain both Ce3+ and Tb3+

emission bands. In addition, as shown in Fig. 4(f), the emission
intensity of Ce3+ monotonously decreases as the Tb3+ concen-
tration increases, which evidences the occurrence of energy
transfer from Ce3+ to Tb3+. Importantly, the emission color
shis from cyan to green as Tb3+ concentration increases in
BCP:xTb3+.

To obtain white emission, there should be a red component
in the emission spectrum of the phosphor. Thus, we rst
synthesized a series of Ce3+/Mn2+ and Ce3+/Sm3+ co-doped
phosphors. To investigate the luminescence characteristics, the
emission and excitation spectra were obtained and are shown in
Fig. 5(a). The excitation spectra of BCP:0.10Smmonitored at 606
nm and 387 nm are similar in the range from 200 to 370 nm.
The differences from 370 to 550 nm is due to the transitions of
Sm3+. Furthermore, the excitation spectrum monitored at 606
nm has a broad overlap with the emission spectrum excited at
325 nm of BCP. Thus, energy transfer from Ce3+ to Sm3+ ions in
BCP:0.10Sm3+ may take place. Moreover, we synthesized a series
of BCP:zSm, and their spectra at 325 nm excitation contain both
Ce3+ and Sm3+ emission bands, as shown in Fig. 5(b). The inset
is the enlarged spectra from 560 to 680 nm centered at 565, 606
and 650 nm, which are assigned to the 4G5/2 /

6H5/2,
6H7/2 and

6H9/2 transitions of Sm3+, respectively. As depicted in Fig. 5(c),
the emission intensity of Ce3+ decreases as the Sm3+
P:0.10Sm BCP: 0.07Tb,0.07Mn BCP: 0.07Tb,0.07Sm

58 1.983 1.587
4% 8.04% 7.30%
.18% 11.16% 7.15%
.520 10.501 10.514
64.305 1158.073 1162.349
� 90� 90�

4 4
d I�43d I�43d

This journal is © The Royal Society of Chemistry 2017
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concentration increases. Moreover, the emission intensity of
Sm3+ steeply increases until it reaches a maximum at z ¼ 0.10.
Then, due to concentration quenching, the emission intensity
gradually decreases, which further evidences the energy transfer
from Ce3+ to Sm3+ ions. As a result of the energy transfer, in the
co-doped BCP:zSm3+, the color can turn from cyan to pale pink.

In addition, as shown in Fig. 5(d), the excitation spectra of
Mn2+ ionmonitored at 606 nm is exactly the same to that of Ce3+

ion monitored at 387 nm in BCP:0.07Mn2+. This implies that
energy transfer from Ce3+ to Mn2+ ions should also occur. To
further prove this hypothesis, the emission spectra of
BCP:yMn2+ at 325 nm excitation were obtained and are shown
in Fig. 5(e). There are two broad emission bands, the one from
350 to 500 nm is attributed to the 5d to 4f transition in Ce3+, and
the other band, from 550 nm to 700 nm is attributed to the
4T1(

4G) / 6A1(
6S) spin-forbidden transition of Mn2+.28,29 The

variation in emission intensity with different Mn2+ contents,
depicted in Fig. 5(f), shows that the intensity of Ce3+ gradually
decreases, whereas the intensity of Mn2+

rst increases, and
then decreases as the concentration of Mn2+ increases due to
concentration quenching. Thus, these results evidence the
occurrence of energy transfer from Ce3+ to Mn2+ ions. As a result
Fig. 4 (a)–(d) Emission and excitation spectra of BCP, BTP,
BCP:0.03Tb, and BTP:0.03Ce. (e) Emission spectra of BCP:xTb (lex ¼
325 nm) (x ¼ 0.01–0.13). (f) Ce3+ and Tb3+ intensity versus Tb3+

concentration in BCP:xTb.

This journal is © The Royal Society of Chemistry 2017
of the energy transfer, in the co-doped BCP:yMn2+, the color can
change from blue to red.

For the purpose of further demonstrating the energy transfer
in BCP:xTb3+, BCP:yMn2+ and BCP:zSm3+, Fig. 6 presents the
decay curves of the abovementioned samples. Fig. 6(a–c) show
the decay curves of Ce3+ in BCP:xTb3+, BCP:yMn2+, and
BCP:zSm3+ monitored at 387 nm upon 325 nm excitation.
Moreover, Fig. 6(d–f) show the corresponding decay curves of
Tb3+ (lem ¼ 551 nm, lex ¼ 377 nm), Mn2+ (lem ¼ 606 nm, lex ¼
387 nm), and Sm3+ (lem ¼ 606 nm, lex ¼ 387 nm) in BCP:xTb3+,
BCP:yMn2+, and BCP:zSm3+, respectively. The decay time values
of Ce, Tb, Mn, and Sm in the corresponding samples, as shown
in Table 2, were calculated according to formula (1).

From Table 2, it can be observed that the decay time values of
Ce3+ in doped BCP are all lower than the decay time of Ce3+ in
BCP, which is shown in Fig. 3. Moreover, the decay time
decreases as the amount of doping Tb3+/Mn2+/Sm3+ in BCP
increases. For Tb3+ in BCP:xTb3+, Mn2+ in BCP:yMn2+ and Sm3+

in BCP:zSm3+, the decay time increases rst and then rapidly
decreases as the amount of doping ions increases, which is
attributed to the energy transfer and concentration quenching
effect, respectively. In other words, when the ion content is
higher, the distance between ions becomes smaller and energy
can transfer from Ce to Tb/Mn/Sm. Thus, the increase in decay
time is a result of two aspects: one is the increasing ions
Fig. 5 (a) Emission spectra of BCP:0.10Sm and excitation spectrum of
BCP. (b) Emission spectra of BCP:zSm. (c) Variation in the emission
intensity with different z. (d) Emission spectra of BCP:0.07Mn. (e)
Emission spectra of BCP:yMn. (f) Variation in the emission intensity
with different y.

RSC Adv., 2017, 7, 19584–19592 | 19587
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Fig. 6 (a–c) Decay curves of Ce3+ in BCP:xTb, BCP:yMn, and
BCP:zSm. (d–f) Decay curves of Tb3+ in BCP:xTb, Mn2+ in BCP:yMn,
and Sm3+ in BCP:zSm.

Table 2 Decay time values of Ce/Tb/Mn/Sm in the phosphors and
efficiency of the energy transfer from Ce to the doping ions

sCe (ns) sTb/sMn/sSm (ms) h

BCP:xTb x ¼ 0.03 10.311 3.494 0.534
x ¼ 0.07 10.300 3.587 0.532
x ¼ 0.10 8.809 3.499 0.456
x ¼ 0.13 8.296 3.398 0.429
x ¼ 0.15 7.546 3.296 0.390
x ¼ 0.20 5.020 3.180 0.260

BCP:yMn y ¼ 0.03 8.393 26.451 0.434
y ¼ 0.07 6.883 30.551 0.356
y ¼ 0.10 6.383 29.044 0.330
y ¼ 0.13 6.316 25.772 0.327
y ¼ 0.15 6.287 25.089 0.325
y ¼ 0.20 6.176 22.010 0.319

BCP:zSm z ¼ 0.03 15.610 28.762 0.807
z ¼ 0.07 12.051 28.909 0.623
z ¼ 0.10 11.827 28.958 0.612
z ¼ 0.13 9.921 22.058 0.513
z ¼ 0.15 9.496 16.233 0.491
z ¼ 0.20 9.197 15.650 0.476
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concentration and the other is the energy transfer from Ce to
the doping ions. However, when the concentration of doping
ions is high enough, concentration quenching occur. Thus, the
results once again conrm the energy transfer from Ce3+ to
Tb3+/Mn2+/Sm3+ in BCP:xTb3+, BCP:yMn2+ and BCP:zSm3+.

The energy transfer efficiency between the ions was also
calculated from the decay lifetimes by the following equation:

h ¼ 1 � s/s0 (2)

where s and s0 are the lifetimes of sensitizer ions with and
without the presence of an activator, respectively. The energy
transfer efficiencies are also shown in Table 2.

For investigating the energy transfer mechanism from Ce3+

to Tb3+/Mn2+/Sm3+ in BCP:xTb3+, BCP:yMn2+ and BCP:zSm3+,
the critical distance (Rc) between sensitizer and activator needs
to be calculated. According to the Dexter's theory,30 there are
two types of interactions between sensitizer and activator:
exchange interaction and multipolar interaction. The distance
between sensitizer and activator becomes increasingly shorter
as the concentration of activator increases. Thus, the proba-
bility of energy transfer will increase, which will cause the
concentration quenching to occur and the energy migration
should be hindered. The critical distance for energy transfer
between sensitizer and activator in the phosphors can be
calculated by equation:31

Rc ¼ 2(3V/(4pXZ))1/3 (3)

where V is the volume of the unit cell, Z is the number of host
cations per unit cell, and X is the total concentration of sensi-
tizer and activator at which the emission intensity of Ce3+ is half
the emission intensity of the sample in the absence of Tb3+/
19588 | RSC Adv., 2017, 7, 19584–19592
Mn2+/Sm3+. For BCP, V is 1163.33 Å3, Z is 4. Moreover, X are 0.10,
0.07, and 0.03 for BCP:xTb3+, BCP:yMn2+ and BCP:zSm3+,
respectively. Thus, the corresponding critical distances (Rc)
were estimated to be about 17.7 Å, 19.8 Å, and 26.46 Å for
BCP:xTb3+, BCP:yMn2+ and BCP:zSm3+, respectively. These
results indicate that exchange interaction is almost impossible
as exchange interaction is predominant only for about 5 Å.
Therefore, the energy transfer mechanism should occur
through electric multipolar interaction. According to the
Dexter's multipolar interaction formula and the Reisfeld's
approximation, the following relationship can be applied:32,33

hs0/hs f Ca/3 (4)

where hs0 and hs are the luminescence quantum efficiency of
Ce3+ ions without and with Tb3+/Mn2+/Sm3+ ions, respectively. C
is the total concentration of Ce3+ and Tb3+/Mn2+/Sm3+ ions. The
value of a can be 6, 8, and 10, corresponding to dipole–dipole,
dipole–quadrupole, and quadrupole–quadrupole interactions,
respectively. In addition, the ratio of quantum efficiencies can
be calculated from the ratio of emission intensity by the
following expression:34,35

Is0/Is f Ca/3 (5)

where Is0 and Is are the emission intensity of Ce3+ ions without
and with Tb3+/Mn2+/Sm3+. The relationship between Is0/Is and
Ca/3 is illustrated in Fig. 7. The results show that the energy
transfer from Ce3+ to Tb3+ occurs through quadrupole–quad-
rupole interactions, whereas the energy transfer from Ce3+ to
Mn2+/Sm3+ occurs through dipole–dipole interactions.

Based on the abovementioned discussion, BCP can produce
blue emission, the color of BCP:xTb3+ can turn from cyan to
green, the color of BCP:yMn can shi from blue to red, and that
of BCP:zSm can change from cyan to pale pink. Accordingly, co-
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (Is0/Is) dependence on Ce3+ for (a–c) CCe3++Tb3+
(6,8,10)/3, (d–f)

CCe3++Mn2+
(6,8,10)/3, (g–i) CCe3++Sm3+

(6,8,10)/3.

Fig. 8 ((A) and (B)) Emission spectra of BCP:0.07Tb,yMn and
BCP:0.07Tb,zSm; the insets of (A) and (B) are the corresponding ratios
of peak intensities at 387 nm, 551 nm, and 606 nm.
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doping Tb3+ andMn2+/Sm3+ ions in BCPmay render white light.
Fig. 8(A) shows the emission spectra of BCP:0.07Tb3+,yMn2+. It
can be seen that the characteristic peaks of Ce3+, Tb3+, andMn2+

all appear in the spectra. Moreover, the intensity of the peaks
vary with the concentration of Mn2+. The inset shows the vari-
ation trend for the intensity. As the concentration of Mn2+

increases, the emission intensity of Ce3+ and Tb3+ all steadily
decrease, whereas the emission intensity of Mn2+ increases at
the beginning and then decreases. The decrease in the emission
of Ce3+ is due to the energy transfer from Ce3+ to Tb3+ andMn2+,
and the variation in Mn2+ emission is a result of concentration
quenching. Moreover, the concentration quenching point for
Mn2+ is 0.05, which is lower than that in BCP:yMn. Thus, we
considered that there may be an additional energy transfer to
Mn2+, as well as from Ce3+. Moreover, the emission intensity of
Tb3+ gradually decreases although there is energy transfer from
Ce3+ to Tb3+. All these results indicate that energy transfer may
also occur from Tb3+ to Mn2+ in BCP:0.07Tb3+,yMn2+ phos-
phors. Moreover, as shown in Fig. 8(B), BCP:0.07Tb3+,zSm3+

shows a similar result to that of BCP:0.07Tb3+,yMn2+. There are
also emission peaks of Ce3+, Tb3+ and Sm3+, and the variation
trend in the inset shows that energy can be transferred from
Ce3+ to Tb3+ and Sm3+. Similarly, the comparison of Sm3+

concentration quenching point between BCP:0.07Tb3+,zSm3+

and BCP:zSm3+, and the decreased emission of Tb3+ indicate
energy transfer from Tb3+ to Sm3+ in BCP:0.07Tb3+,zSm3+.

To further investigate the energy transfer from Tb3+ to Mn2+/
Sm3+ in BCP:0.07Tb3+,yMn2+ and BCP:0.07Tb3+,zSm3+, the decay
This journal is © The Royal Society of Chemistry 2017
curves of Tb3+ (lem¼ 551 nm, lex¼ 377 nm), Mn2+ (lem¼ 606 nm,
lex ¼ 387 nm), and Sm3+ (lem ¼ 606 nm, lex ¼ 387 nm) were
obtained and are plotted in Fig. 9. The corresponding decay time
values, calculated by formula (1), are listed in Table 3. Upon
comparing the decay time values in Table 3 with the values in
Table 2, we found signicant differences. First, the decay time of
Tb3+ in BCP:0.07Tb3+ is 3.587 ms. On the other hand, the decay
time of Tb3+ in both BCP:0.07Tb3+,yMn2+ and BCP:0.07Tb3+,zSm3+

decreases as the concentration of doping ion increases. Moreover,
we found that the decay time values of Mn2+ in BCP:0.07Tb,yMn2+

are also greater than those in BCP:yMn2+ at the same concentra-
tion of Mn2+, which is also the same for the decay time values of
Sm3+. Based on these results, we can conrm that there is energy
transfer from Tb3+ to Mn2+/Sm3+. Moreover, the decay time of
Mn2+/Sm3+ all increase at the beginning, reach a maximum at the
concentration of 0.07, and thereaer decrease, which is consistent
with the variation in emission intensity in Fig. 8. The change in
the Mn2+/Sm3+ decay time is a combination of energy transfer
from Ce3+/Tb3+ to the doping ions and concentration quenching.
Moreover, we also calculated the decay time values of Ce3+ (lem ¼
325 nm, lex ¼ 387 nm) in BCP:0.07Tb3+,yMn2+ and
BCP:0.07Tb3+,zSm3+, and found that the values are all smaller
than in BCP:xTb3+, BCP:yMn3+, or BCP:zSm3+ at the same
concentration of doping ions, further verifying the energy transfer
from Ce3+ to Tb3+/Mn2+/Sm3+. Fig. 10 shows the energy transfer
RSC Adv., 2017, 7, 19584–19592 | 19589
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Fig. 9 (a–c) Decay curves of Ce3+, Tb3+, and Mn2+ in BCP:0.07Tb,yMn; (d–f) decay curves of Ce3+, Tb3+, and Sm3+ in BCP:0.07Tb,zSm.
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relationship among the ions in BCP:0.07Tb3+,yMn2+ and
BCP:0.07Tb3+,zSm3+.
3.3 CIE coordinates

The CIE chromaticity coordinates and the corresponding
images of BCP:0.07Tb3+,yMn2+ and BCP:0.07Tb3+,zSm3+ are
shown in Fig. 11, along with the images of BCP:xTb3+,
BCP:yMn2+ and BCP:zSm3+. The emitting colour can turn from
blue to red by adjusting the concentration of Mn2+ in
BCP:yMn2+. Moreover, the colour of BCP:zSm3+ can change
from cyan to pale pink, and the colour can vary from cyan to
green in BCP:xTb3+. In other words, we obtained a series of
different emission colours while co-doping the host with ions at
different concentrations. More importantly, the CIE chroma-
ticity coordinates (x, y) for BCP:0.07Tb3+,yMn2+ excited at 365
nm vary from (0.2200, 0.3010) to (0.5143, 0.3163), with white
emission of BCP:0.07Tb3+,0.07Mn2+. Moreover, the CIE chro-
maticity coordinates (x, y) for BCP:0.07Tb,zSm3+ vary from
(0.1995, 0.2893) to (0.4187, 0.2302), with white emission of
Table 3 Decay time values of Ce/Tb/Mn/Sm in the phosphors

sCe (ns) sTb (ms) sMn/sSm (ms)

BCP:0.07Tb,yMn y ¼ 0.03 4.505 1.455 34.666
y ¼ 0.07 4.330 1.334 36.495
y ¼ 0.10 4.155 1.153 35.344
y ¼ 0.13 3.757 1.126 33.073
y ¼ 0.15 3.509 0.777 32.372
y ¼ 0.20 3.406 0.576 25.810

BCP:0.07Tb,zSm z ¼ 0.03 8.615 2.656 48.238
z ¼ 0.07 6.800 2.173 54.133
z ¼ 0.10 6.028 2.139 46.310
z ¼ 0.13 5.523 2.043 41.372
z ¼ 0.15 4.481 2.001 40.535
z ¼ 0.20 3.878 1.912 40.337

19590 | RSC Adv., 2017, 7, 19584–19592
BCP:0.07Tb3+,0.05/0.07Sm3+. Therefore, we obtained white
emission via co-doping Tb3+ and Mn2+/Sm3+ in BCP. Addition-
ally, the correlated colour temperatures of
BCP:0.07Tb3+,0.07Mn2+, and BCP:0.07Tb3+,0.05/0.07Sm3+ were
determined to be 3812, 3196, and 3301 K, respectively, with
a quantum efficiency of up to 47.9%, 48.6%, and 51.2%,
respectively.
3.4 Thermal quenching properties

Thermal stability is an important parameter for phosphors as it
can affect the color rendering and emission intensity. To
investigate the effect of temperature on luminescence proper-
ties, the temperature-dependent emission spectra of
BCP:0.07Tb,0.07Mn and BCP:0.07Tb,0.07Sm were obtained and
are shown in Fig. 12(a) and (b), where the insets show that the
emission intensity depends on the temperature. It is obvious
Fig. 10 Schematic of the energy transfer relationship among the ions
in the phosphors.

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 CIE chromaticity coordinates and the corresponding images
of the BCP:0.07Tb3+,yMn2+ and BCP:0.07Tb3+,zSm3+ phosphors. The
images of BCP:yMn can be found at the left, at the right are the images
of BCP:zSm, and the images of BCP:xTb are in the middle.
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that the emission of Ce3+ in BCP:0.07Tb3+,0.07Mn2+ and
BCP:0.07Tb3+,0.07Sm3+ decreases as the temperature increases.
By contrast, the emission intensity of Tb3+ andMn2+/Sm3+ in the
phosphors rst increases up to a maximum and then decreases.
Generally, the emission intensity decreases as temperature
increases due to the increase in thermal activation through the
crossing point between the ground state and the excited
Fig. 12 (a) and (b) Temperature-dependent emission spectra of
BCP:0.07Tb,0.07Mn and BCP:0.07Tb,0.07Sm; insets show the changes
in emission intensity with temperature of the corresponding ions. (c) and
(d) Activation energies of the phosphors. (e) Temperature-dependent
emission spectra of BCP; the inset shows a comparison of the emission
intensity of BCP, BCP:0.07Tb,0.07Mn and BCP:0.07Tb,0.07Sm at every
temperature.

This journal is © The Royal Society of Chemistry 2017
state.36,37 In our study, the increase in Tb3+ and Mn2+/Sm3+

emission intensity may be the result of energy transfer from
Ce3+ to the other ions. In other words, the energy transfer effi-
ciency from Ce3+ to the doping ions increases with tempera-
ture.38 Fig. 12(e) shows the temperature-dependent emission
spectra of BCP, where the emission intensity also decreases with
temperature. Moreover, we compared the emission intensity of
Ce3+ in BCP, BCP:0.07Tb,0.07Mn and BCP:0.07Tb,0.07Sm at
various temperatures, as shown in Fig. 12(f). We can see that the
emission intensity of Ce3+ in BCP is higher than that in the co-
doped samples at all temperatures, which is due to energy
transfer from Ce3+ to the doping ions. The results suggest that
Ce3+ may transfer more energy to the ions in the host at higher
temperatures. The activation energy for thermal quenching was
calculated by the Arrhenius equation:39,40

ln(I0/I) ¼ ln A � Ea/KT (6)

where I0 and I are the emission intensity of the phosphors at
room temperature and at the experimental temperature,
respectively; K is the Boltzmann constant (8.626 � 105 eV); A is
a constant; and Ea is the activation energy for thermal
quenching. Based on the abovementioned equation, the tting
curve of ln[(I0/I) � 1] versus 1/KT was drawn and illustrated in
Fig. 12(c) and (d). The calculated values of Ea were determined
to be 0.2595 eV and 0.2346 eV for BCP:0.07Tb3+,0.07Mn2+ and
BCP:0.07Tb3+,0.07Sm3+, respectively, which are higher than
those for YAG:Ce3+ (Ea ¼ 0.136 eV).41
4 Conclusions

In summary, we synthesized a series of BCP:xTb3+, BCP:yMn2+,
and BCP:zSm3+ phosphors and investigated their luminescence
properties. The energy transfer from Ce3+ to Tb3+/Mn2+/Sm3+

occurs in BCP:xTb3+, BCP:yMn2+, and BCP:zSm3+ via quadru-
pole–quadrupole, dipole–dipole, and dipole–dipole interac-
tions, respectively, with a tunable color. More importantly,
when co-doped Tb3+ and Mn2+/Sm3+ in BCP, the energy of Ce3+

can not only transfer to Tb, but also to Mn/Sm3+. Moreover, Tb3+

can also transfer part of its energy to Mn2+/Sm3+ in the phos-
phors. Above all, we obtained a white emission based on the
energy transfer among the ions, and the correlated color
temperatures can reach up to about 3200 K, and the quantum
efficiency can be as high as 52%. In summary, the results show
that we managed to obtain white phosphors by co-doping
a Ba3Ce(PO4)3 host with Tb3+ and Mn2+/Sm3+.
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