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Abstract
Control of light-induced electron generation is of vital importance for the applica-

tion of caged phosphors. For Eu-doped Ca11.94�xSrxAl14O33 caged phosphors, the

suppressed effect of strontium doping on the light-induced electrons is observed

compared to the europium-free Ca11.94�xSrxAl14O33 phosphors. In the presence of

europium ions, Sr doping will promote the reduction of Eu3+ to Eu2+. The Riet-

veld refinement suggests that unit cell volumes of the Ca11.94�xSrxAl14O33:Eu0.06
samples are expanded when Ca2+ ions are replaced by Sr2+ ions. The absorption

and FTIR transmittance spectra confirm that the competitive reaction of encaged

O2� anions with H2 is suppressed. For the sample (x=0.48), the higher thermal

activation energy (~0.40 eV) for luminescence quenching can be attributed to the

more rigid framework structure after Sr doping. For Ca11.94�xSrxAl14O33:Eu0.06
phosphors, their emission colours are tuned from red to purple upon 254 nm exci-

tation and from pink to blue under electron beam excitation through Sr substitu-

tion. The insight gained from this work may have a significant guiding to design

new phosphors for LED and FEDs and novel nanocaged mutifunctional materials.
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1 | INTRODUCTION

Inorganic and organic caged compounds have attracted more
attentions and exhibited many potential applications due to
their unique physical and chemical properties.1-3 For example,
mayenite (Ca12Al14O33) is one kind of such multifunctional
materials exhibiting its variety of possible applications, such
as catalytic4, electronic devices,5 sensors,6 solid electrolytes7,
and electrides.8,9 These functions are related to its special
nanocage structure, as shown in Figure 1A. Its unit cell is
expressed as [Ca24Al28O64]

4+:2O2�, which consists of a posi-
tively charged lattice framework and two encaged O2� ions,
occupying the two cages of the twelve cages.10 Usually,
encaged electrons, OH�,11 H�,12-14 Cl�,15 F�,15 CN�,16 will

substitute for encaged O2� anions after the samples treated
under different conditions. In particular, for the application of
encaged electrons, Hayashi et al. reported that the C12A7:H-

sample can be changed from an insulator to a conductor for a
transparent circuit because of the existence of light-induced
electrons after UV-light irradiation.12

On the other hand, the reported study showed that
Sr12Al14O33 (S12A7) has a similar structure to Ca12Al14O33

and a larger lattice constant (a=1.233 nm) than Ca12Al14O33

(a=1.199 nm).17 According to the above results, Zhang et al.
found that Sr doping in Gd3+-doped Ca12(1-x)Sr12xAl14O33

powders could give rise to the enhancement of the exchange,
formation and annihilation of various encaged anions.18

Thus, the numbers of encaged H�
, OH

� anions and electrons
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created by UV-light irradiation increased with increasing the
amount of Sr in the presence of the stable trivalent rare earth
ions like Gd3+ ion. Meanwhile, since more encaged OH�

anions were produced after Sr doping, the lower luminescent
intensity of the lanthanide-doped phosphor can be observed.
However, in the case of the unstable trivalent rare earth ions
such as Eu3+ ion, it is still a challenge to understand how Sr
doping affects the formation of encaged electrons and modu-
lates the luminescence of unstable rare-earth ions. On the
other hand, not only Eu3+ ions are used as a luminescent
probe in many fields, including structural probe, detection of
medicine and physiological range,19-24 but also Eu3+ and
Eu2+ are good emission centers in phosphors for white LEDs
and displays.25-31 Meanwhile, the Eu3+ can be reduced to
Eu2+ in H2 atmosphere, which may influence the exchange
of anions. This understanding will benefit for designing
functional materials and novel phosphors for lighting and
displays.

In this work, Eu-doped Ca11.94�xSrxAl14O33 phosphors
with different Sr dopant amounts have been synthesized by
self-propagating combustion method followed by thermal
annealing in H2 atmosphere. The suppressed effect of
strontium doping on the light-induced electrons can be
observed compared to the europium-free sample. In the

presence of Eu3+, Sr doping can facilitate the exchange
of encaged anions and promote the reduction of Eu3+

to Eu2+ in Ca11.94�xSrxAl14O33 phosphors. For the
Ca11.94-xSrxAl14O33:Eu0.06 phosphors, the changes in emis-
sion colors with different excitation sources are observed
(from red to purple upon 254 nm excitation and from pink
to blue under electron beam excitation). The insight gained
from this work may have the potential applications in
designing new phosphors and related devices for LED and
FEDs and developing nanocaged multifunctional materials.

2 | EXPERIMENTAL PROCEDURE

Ca11.94�xSrxAl14O33:Eu
3+

0.06(x=0.00, 0.24, 0.48 and 0.60)
powders were prepared by self-propagating combustion
method. Here, for each of the samples with different Sr-
doping concentrations, the Eu3+-doping concentration is
the same and set at 0.06, which was acquired by optimiz-
ing the microstructure and luminescence of Eu3+-doped
Ca12Al14O33. A mixture of aluminum nitrate (99.99%),
strontium nitrate (99.99%), calcium nitrate (99.99%), euro-
pium nitrate (99.99%), b-alanine and urea was dissolved in
deionized water based on the nominal metal mole ratio in

FIGURE 1 (A) The nanocage structure
of Ca12A114O33, (B) XRD and (C)
the magnifying XRD patterns of
Ca11.94-xSrxAl14O33:Eu0.06 (x=0.00,
0.24, 0.48 and 0.60) powders annealed in
H2 atmosphere [Color figure can be viewed
at wileyonlinelibrary.com]
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Ca11.94�xSrxAl14O33:Eu
3+

0.06. After the precursor solution
in a cylinder-shaped container was changed into a yellow-
white gel, it was put into a preheated furnace. Then the sol-
vent was vaporized, the spontaneous ignition happened and
the pale-white ashes were acquired. Subsequently, these
ashes were calcined at 1000°C in air for 6 hours to elimi-
nate carbon and nitrogen residues remaining in the pow-
ders. Finally, the calcined Ca11.94�xSrxAl14O33:Eu

3+
0.06

powders were annealed at 1300°C in a 20%H2/80%N2

atmosphere for 3 hours to obtain the final samples with dif-
ferent Sr-doping concentrations.

Crystal structures of europium-doped Ca11.94�xSrxAl14O33

powders were examined by a Rigaku D/max-RA X-ray
diffraction (XRD) spectrometer, using CuKa radiation (line
of 0.15418 nm). Energy dispersive X-ray spectroscopy
(EDX) spectra and morphology of the samples were per-
formed by means of a scanning electron microscope (SEM,
Quanta FEG 250, FEI Corporate, Hillsboro, OR). Photolu-
minescence (PL), emission and excitation spectra were
recorded with a RF-5301PC, Shimadzu, Kyoto, Japan spec-
trofluorometer. Fourier Transform IR (FTIR) transmittance
spectra were taken with a Nicolet 6700 Fourier Transform
Infrared Spectrometer. Ca11.94�xSrxAl14O33:Eu0.06 powders
were mixed with KBr at a weight ratio of 3:100 and then
ground and pressed at a pressure of 10 MPa to obtain pellets.
Absorption spectra were performed, using a UH4150UV/
VIS/NIR spectrophotometer (Hitachi, Japan). Luminescence
decays were taken with a 600 MHz LeCroy digital oscillo-
scope from an optical parametric oscillator. Temperature-
dependent PL spectra were tested by a SHIMADZU RF-
5301PC spectrofluorometer and a temperature controller in
house. Cathodoluminescence (CL) measurement was per-
formed, using a Mono CL4 system (Gatan UK) attached to
an SEM, in which the phosphors were excited by an electron
beam (accelerating voltage ≤5 kV, filament cur-
rent=154 lA). All measurements except the temperature-
dependent PL were performed at room temperature.

3 | RESULTS AND DISCUSSION

XRD patterns of Ca11.94�xSrxAl14O33:Eu0.06 powders with
different Sr-doping concentrations are shown in Figure 1B.
For the samples with Sr-doping concentration lower than
0.60, it can be observed that all diffraction peaks can be
confirmed by those of single-phase Ca12Al14O33 powders
(JCPDS: 09-0413). This indicates that single-phased Sr and
Eu co-doped Ca12Al14O33 is obtained. When the Sr-doping
concentration is equal to 0.60, the impurity phase, Ca3Al2O6,
emerges. Since Eu3+ (0.95 �A) and Sr2+ (1.12 �A) have a
similar ionic radius to Ca2+ (0.99 �A) and a larger one than
Al3+ (0.39 �A), it is reasonable to show that Ca2+ ions were
replaced by Eu3+ and Sr2+ in Ca11.94�xSrxAl14O33:Eu0.06. It

can also be noted that the diffraction peak at 33.3°C shifts
toward the lower diffraction angle side, as shown in Fig-
ure 1B,C, as the Sr-doping concentration increases. This
can be explained by the unit cell volume expansion of
Ca11.94�xSrxAl14O33:Eu0.06 owing to the replacement of
Ca2+ ions by larger Sr2+ ions in Ca12A14O33 host lattice.

31

To further demonstrate Sr dopant amount, expand the
unit cell volume of the samples, XRD patterns of the
undoped (x=0.00) and Sr-doped samples (x=0.24, 0.48)
were defined by GSAS II refinement.32 The experimental
and calculated XRD profiles and Bragg positions and their
differences for the Rietveld refinement at room temperature
are shown in Figure 2A. The space groups, cell parameters
and reliability factors are summarized in Table 1. It can be
found that the undoped Ca12Al14O33:Eu exhibits a cubic
phase with space group I�43d and a=b=c=11.976 �A,
V=1717. 924 �A3, a=b=c=90°. All the atom positions, frac-
tion factors and thermal vibration parameters were refined
by convergence and satisfied well with the reflection condi-
tions, weighted profile R-factor (Rwp)=11.70%, the inte-
grated intensity R-factor (RF

2)=3.59%, and goodness of fit
v2=2.14. For the Sr-doped sample (x=0.48), the obtained
parameters are RF

2=9.56%, Rwp=10.77%, and v2=1.97. It
can be noted that the lattice constant a increases from
11.976 �A (x=0.00) to 11.980 �A (x=0.48) and the unit cell
volume V increases as the Sr dopant amount rises. This
result indicates that the nanocage size of the Sr-doped sam-
ple indeed becomes larger than that of the undoped sam-
ple, which is consistent with that reported by Miyakawa
et al.17

To confirm the composition of the samples, EDX spec-
tra and morphologies of Ca11.94�xSrxAl14O33:Eu0.06 pow-
ders are given in Figure 2B. For the undoped sample
(x=0.00), O, Al and Ca elements can be observed. For the
doped samples, the calculated Sr dopant amounts are 0.24
and 0.53, respectively, which are consistent with the nomi-
nal dopant amounts of Sr (x=0.24, 0.48). Since Eu dopant
amount is low, no obvious Eu peak can be detected. In
addition, the grain sizes of the three samples are deter-
mined to be in the range of 2-4 lm (Figure 2C), which
benefits for producing a compact phosphor screen.

According to the earlier studies, when Ca12Al14O33

(C12A7) based phosphors are annealed in a hydrogen
atmosphere, encaged O2� will react with hydrogen as
described in the following reaction:

H2(gas)þ O2�(cage)!D H�(cage)þ OH�(cage) (1)

After irradiation with UV light, encaged electrons are cre-
ated as expressed in the following reaction:

H�(cage)þ O2�(cage)þ Null(cage)
�������!UV�irradiation

OH�(cage)þ 2e�(cage)
(2)
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where null stands for an empty cage and cage in the paren-
theses represents a cage occupied by an anion.12,33,34 On
the basis of our previous studies, when rare earth ions were
doped in C12A7 (in the case of Gd3+, Ce3+, Dy3+ Tb3+

and Sm3+), the surface colors of the phosphors after irradi-
ation by UV light turned into green due to the existence of
encaged electrons.18,35–37 Especially, for Gd3+-doped
C12A7, the encaged electron concentration increased with
increasing Sr doping. Meanwhile, the luminescence inten-
sity of Gd3+ decreases due to the existence of more OH�

with increasing Sr doping.
However, when Eu-doped Ca11.94�xSrxAl14O33 phosphor

is irradiated by UV light, its surface did not turn to green
color. This result indicates that fewer encaged electrons are
created. The absorption spectra of the Ca11.94�xSrxAl14O33:
Eu0.06 powders with different Sr dopant amounts after UV

irradiation are given in Figure 3A. It can be seen that there
is an absorption edge for each sample in the range of 2.2-
3.0 eV and Sr dopant amounts have little influence on the
absorption edge position. While, for Sr2+ and Gd3+ (the
same trivalent rare earth ions and the same electronic struc-
ture) co-doped Ca12Al14O33 powders after irradiation with
ultraviolet light, there is an absorption band about 2.8 eV.
In that case, the encaged electron concentration is above
1019 cm�3 as the Sr-doping concentration is higher than
0.06 (0.5 mol%).18 However, the encaged electron concen-
trations of the Sr-doped Ca11.94�xSrxAl14O33:Eu0.06 samples
(x=0.24, 0.48) are about 1018 cm�3, which is based on the
similar shape of the absorption band to that of the undoped
Gd3+ and Sr2+ sample. Thus, in the case of the presence of
Eu3+, the enhanced effect of light-induced electrons by Sr
doping is hidden.

(C)(B)(A)

FIGURE 2 (A) The Rietveld refinements of XRD patterns, (B) EDX spectra and (C) SEM images for Ca11.94�xSrxAl14O33:Eu0.06 (x=0.00,
0.24, 0.48) powders annealed at 1300°C for 3 h [Color figure can be viewed at wileyonlinelibrary.com]
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To elucidate the suppressed effect of light-induced elec-
trons by the addition of Eu3+, we study the photolumines-
cence property of Ca11.94�xSrxAl14O33:Eu0.06. The emission
and excitation spectra of Ca11.94�xSrxAl14O33:Eu0.06 phos-
phors annealed in H2 atmosphere are shown in Figure 3B
and 4. From emission spectra, it can be observed that a
strong and broad blue emission peak around 440 nm and
several weak and sharp red emission peaks in the range
570-630 nm appear upon 254 nm excitation. They are
ascribed to the 5d-4f transition of Eu2+ and the5D0-

7Fj
(j=0, 1, 2) transitions of Eu3+, respectively. From excitation
spectra, two broad absorption bands (monitored at 440 nm)
can be observed in the ranges 230-280 and 280-400 nm,
which originate from the 4f7 (8S7/2)?4f65d1 (eg) and 4f7

(8S7/2)?4f65d1 (t2 g) transitions of Eu2+ ions as given in
Figure 4A.38,39 Meanwhile, a broad band (in the range
220-280 nm) and several sharp peaks (in the range 310-
550 nm) can be seen when monitoring the emission of
Eu3+ at 613 nm, as shown in Figure 4B. The former is
ascribed to the O2p?Eu4f charge-transfer (CT) transition
and the sharp peaks at 320, 362, 383, 394, 415, 465, 526
and 533 nm are assigned to the transitions from the 7F0 or
7F1 state to the 5H4,

5D4,
5GJ,

5L6,
5D3,

5D2, and
5D1 states

of Eu3+, respectively.40 Since there exists the absorption
overlaps of Eu2+ and Eu3+ in the range 230-280 nm, they
can be simultaneously excited by a single wavelength UV
light (like the above-mentioned 254 nm) to generate blue
and red emissions.

In addition, it can be observed that the luminescence
intensity of Eu2+ significantly increases, while the emission
intensity of Eu3+ gradually decreases with increasing the

Sr-doping concentration. Usually, the 5D0?
7F1 transition is

a magnetic dipole transition, which is insensitive to the
local environment around Eu3+ and the 5D0?

7F2 transi-
tions is a forced electronic dipole transition, which is sensi-
tive to the local environment around Eu3+. Thus, the
integrated intensity ratio of the 5D0-

7F2 to 5D0-
7F1 of Eu3+

(R1) is an important parameter to characterize the change
in the local environment around luminescent center. The
higher ratio (R1) is obtained, the lower symmetry is cre-
ated.41 In this work, for the undoped and Sr-doped samples
(x=0.24, 0.48), the calculated R1 values are 1.35, 1.54 and
2.08, respectively. The increased R1 values indicate that
the local environmental symmetry around Eu3+ becomes
lower with increasing Sr-doping concentration. Thus, it will
increase the radiative transition rate and enhance the lumi-
nescence intensity of Eu3+.34 However, the intensities of

FIGURE 3 (A) The absorption spectra of Ca11.94�xSrxAl14O33:
Eu0.06 phosphors (x=0.00, 0.24, 0.48) annealed at 1300°C for 3 h
after 302 nm irradiation. (B) Emission (kex=254 nm) spectra and the
luminescence intensity ratio of Eu2+ to Eu3+ (the inset) of
Ca11.94�xSrxAl14O33:Eu0.06 phosphors (x=0.00, 0.24, 0.48) annealed at
1300°C for different annealing times [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 1 Crystallographic parameters from GSASII X-ray
Rietveld refinements of Ca11.94�xSrxAl14O33:Eu0.06 powders (x=0.00,
0.24, 0.48)

Sample x=0.00 x=0.24 x=0.48

Space group I�43d I�43d I�43d

Crystal system cubic cubic cubic

cell parameters

a (�A) 11.9766 (3) 11.9788 (9) 11.9802 (0)

b (�A) 11.9766 (3) 11.9788 (9) 11.9802 (0)

c (�A) 11.9766 (3) 11.9788 (9) 11.9802 (0)

a (�) 90 90 90

b (�) 90 90 90

c (�) 90 90 90

volume (�A3) 1717.924 1718.897 1719.461

reliability factors

Rwp (%) 11.70% 11.56% 10.77%

RF
2 3.17% 5.63% 9.56%

v2 2.14 2.02 1.97
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Eu3+ decrease with increasing Sr-doping concentration.
This abnormal behavior indicates that the remaining
amount of Eu3+ is decreased and the reduction of Eu3+ to
Eu2+ is enhanced after the introduction of Sr. Meanwhile,
the luminescence decay curves of Eu3+ are shown in Fig-
ure 4C, the time constants of the three samples are almost
the same. The time constants rely on radiative transition
rate and the nonradiative transition. From the ratio of R1

above, the radiative transition rate increase, so the nonra-
diative transition rate decrease to maintain the constants
unchanged. If the nonradiative transition rate decrease, the
luminescence intensity will increase. But the luminescence
intensity of Eu3+ did not increase, we can conclude that
remaining amount of Eu3+ is decreased. Thus, from the
data of R1 and the luminescence kinetics, more Eu2+ ions
were generated after the introduction of Sr.

This result suggests that Sr doping can promote the
reduction of Eu3+ to Eu2+ and suppress generation of light-
induced electrons. In Eu3+-doped Ca12Al14O33, the reduc-
tion processes of Eu3+ to Eu2+ in H2 atmosphere might be
described in the following equations (3-6).

O�
o þ 2Eu3þ �!2Ca2þ

2Eu�Ca þ O2�(cage) (3)

O2�(cage) ! 1
2
O2(gas)þ 2e0 (4)

2Eu�Ca þ 2e0 ! 2Eu�Ca (5)

H2(gas)þ 1
2
O2(gas) ! H2O(gas) (6)

where O�
o , O2� cageð Þand e0. stands for an empty nanoc-

age, which is lost a encaged O2�, encaged O2�and an
electron, respectively. In Equation (3), one encaged
O2�(with two negative charges) and two Eu�Ca will be
simultaneously created after the replacement of two Ca
sites by two Eu3+ ions. Encaged O2� can be served as
the donor of electrons as expressed in Equation (4), while
two Eu�Ca become the acceptor of electrons as described
in Equation (5). By the thermal activation, electrons pro-
vided by encaged O2� will be generated on the surface of
the grain of the sample, diffuse into the inside of the
grain and trapped by Eu�Ca. Thus the reduction of Eu3+ to
Eu2+ is achieved followed by the evaporation of water
(Equation 6). Meanwhile, it can be deduced that the con-
sumption of encaged O2� anions through Equation (3-6)
restricts the forward reaction expressed in Equation (1).
Therefore, the reduction of Eu3+ to Eu2+ limits the light-
induced electrons in Eu-doped Ca11.94�xSrxAl14O33 after
irradiated with UV light. Meanwhile, with increasing the Sr-
doping concentration, more Eu2+ ions are created. That is
because O2� lose electrons easily due to electronegativity of
Sr is lower than Ca. On the other hand, when Ca is substi-
tuted by Sr, the larger entrance of nanocages (intercage open-
ing) is produced. The schematic diagram of the nanocage
entranceras for the undoped and Sr-doped phosphors is given
in Figure 5A. Thus, the transmission of electrons is easier
and the reduction of Eu3+ is enhanced.

To further confirm the suppressed generation of light-
induced electrons by Sr doping, FTIR transmittance spectra
of Ca11.94�xSrxAl14O33:Eu0.06 with different Sr dopant
amounts are shown in Figure 5B. For the undoped sample,
the spectrum exhibits an obvious peak at 3555 cm�1,
which originates from OH� in Ca12Al14O33. While the
broad peak about 3426 cm�1 is ascribed to the water-
absorption of the KBr transparent disk and Ca12Al14O33

samples. For the Sr-doped samples, the peak intensities at
3555 cm�1 are similar after distracting the broad back-
ground. This result suggests that there does not exist the

FIGURE 4 (A) Excitation spectra (A) (kem=440 nm) and (B)
(kem=613 nm) of Ca11.94�xSrxAl14O33:Eu0.06 phosphors (x=0.00, 0.24,
0.48) annealed at 1300°C for 3 h. (C) Decay curves of Eu3+ monitoring
at 613 nm excited at 254 nm for Ca11.94�xSrxAl14O33:Eu0.06 phosphors
(x=0.00, 0.24, 0.48) annealed at 1300°C for 3 h. The red line represents
the best fit to data using a bi-exponential function [Color figure can be
viewed at wileyonlinelibrary.com]
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facilitated generation of encaged OH� anions through Sr-
doping strategy, which is different from the results in the
Sr2+ and Gd3+ co-doped Ca12Al14O33 powders. In that
case, more encaged OH� and H� anions were generated as
the Sr dopant amount increases through the reaction as
expressed in Equation (1). However, our absorption and
FTIR transmittance spectra suggest that no more encaged
H� and OH� anions in the Sr-doped samples are created
than that in the undoped sample. Our results indicate that
there exists the suppressed effect of light-induced electrons
by Sr doping due to the facilitated reduction of Eu3+ to
Eu2+ in the case of the presence of Eu3+.

Furthermore, the emission peak ratio of Eu2+ to Eu3+

(R2) is used to evaluate the degree of the reduction of
Eu3+ to Eu2+. The larger R2 means that more Eu2+ ions

are reduced.42 In our work, for the undoped (x=0.00) and
Sr-doped samples (x=0.24, 0.48), the calculated emission
peak ratios are 1.8, 3.6, and 16.4, respectively, as shown
in the inset of Figure 3B. To further assess the depen-
dence of the degree of the reduction of Eu3+ to Eu2+ on
the Sr-doping concentration, the R2 (~7.5) of the undoped
powders annealed at 1300°C in H2/N2 atmosphere for
4 hours (as shown in the inset of Figure 3B) is used to
compare with those of the Sr-doped samples annealed for
3 hours. It can be found that the R2 value for x=0.48
increases by 1.3 times compared to that of the undoped
sample annealed for longer time (4 hours).34 Thus, Sr
doping is more efficient for the reduction of Eu3+ to
Eu2+, which can be used for the application in the field
of LED and FEDs.

To understand the variation of the local environment
around Eu2+ with Sr dopant amount, Figure 5C shows the
luminescence kinetics of Eu2+ in the Ca11.94�xSrxAl14O33:
Eu0.06 samples (x=0.00, 0.24, 0.48) monitored at 440 nm
upon 254 nm excitation. The fitting results are listed in
Figure 5C. It can be found that each decay curve can be
divided into two components corresponding to short and
long lifetimes, respectively. The short lifetimes are in the
range of 0.35-0.89 ls and the long lifetimes are in the
range of 0.80-2.28 ls. Our previous study found that OH�

anions encaging Ca12Al14O33 nanocages will promote non-
radiative transition rates and shorten the lifetime.18 Gao
et al. reported these OH� quenching centers lower the
quantum efficiency of the doped ions.43 Thus, the long and
short lifetimes can be related to the local environments of
O2� and OH� around Eu2+, respectively. In particular, for
the Sr-doped samples (x=0.48), the similar lifetimes com-
pared to the undoped sample (x=0.00) indicate that Sr sub-
stitution does not lead to the obvious variation in the
radiative and nonradiative transition rates of Eu2+. The
above result means that the enhanced luminescence inten-
sity of Eu2+ originates from the increased amount of Eu2+

due to the facilitated reduction of Eu3+ to Eu2+ after Sr
doping. The result is consistent with the explanation of the
decreased intensity of Eu3+, which has been demonstrated
by the changes of R1.

To evaluate the thermal stability of these caged
phosphors, the relative emission intensities of the
Ca11.94�xSrxAl14O33:Eu0.06 samples (x=0.00, 0.24, 0.48) as
a function of temperature in the range of 298-473 K
under 254 nm excitation are shown in Figure 6A-C. For
the three samples, it is noted that their luminescence
intensities decline with increasing temperature. This phe-
nomenon is similar to that of Eu2+ doped in
Ca0.99Y1�xAl1�xSixO4 reported by Zhang. et al.,26 who
have explained it by the thermally active phonon-assisted
tunneling from the excited states of the lower-energy
emission band to the high-vibration levels of the ground

FIGURE 5 (A) The schematic diagram of the opening entrances
of nanocages for the undoped and Sr-doped samples. (B) The FTIR
transmittance spectra and (C) decay curves of Eu2+ monitoring at
440 nm excited at 254 nm for Ca11.94�xSrxAl14O33:Eu0.06 phosphors
(x=0.00, 0.24, 0.48) annealed at 1300°C for 3 h. The red line
represents the best fit to data, using a bi-exponential function [Color
figure can be viewed at wileyonlinelibrary.com]

BIAN ET AL. | 3473



state.44 Usually, after Eu2+ ions absorb the excitation
light, the emission happens at the bottom of the excited
state followed by unwanted nonradiative transition.45 At
high temperature, the facilitated nonradiative relaxation
occurs through the energy transfer at the crossing point
between the ground and excited states, which could
quench the luminescence.27,44 To calculate the thermal
activation energy, the emission intensity (IT) of the
Ca11.94�xSrxAl14O33:Eu0.06 samples (x=0.00, 0.24, 0.48)
as a function of temperature are given in Figure 6D.
Their emission intensities can be fitted by the following
equation:

IT=I0 ¼ ½1þ D expð�Ea=kTÞ��1 (7)

where I0, D and Ea represent the intensity at T=0 K, a
constant and the thermal activation energy, respectively.34

It can be found that the obtained Ea values are in the
range of 0.36-0.40 eV and the thermal activation energy
increases with increasing Sr-doping concentration. In gen-
eral, it is assumed that the luminescent materials with
high quenching temperature have rigid lattice. Therefore,
our result indicates that the structure of Ca11.94�xSrxAl14O33

becomes more rigid after Sr doping. This is because that the
interaction between the encaged anions and the ions in the
framework becomes weak due to the increased size of

nanocages after Sr doping. The weaker the interaction
becomes, the smaller the deformation of nanocages induces
and the more rigid the framework structure becomes. The
similar result has been reported by Tsai et al., who found that
a rigid framework structure is created after Sr doping.31 In
addition, the emission intensity at 298 K of the Sr-doped
sample (x=0.48) after the measurement at high temperatures
is the same as that of the initial sample without the heat treat-
ment, suggesting that there does not exist the oxidation of
Eu2+ to Eu3+ in the temperature range of 298-473 K.

To explore the application of these caged phosphors for
FEDs, CL spectra of the Ca11.94�xSrxAl14O33:Eu0.06
(x=0.00, 0.24, 0.48) phosphors under different electron
beam accelerating voltages (accelerating voltage=1, 3,
5 kV, filament current=154 lA) are given in Figure 7A-C.
It can be observed that the CL spectral shapes are similar
to the PL ones and the CL intensities of Eu2+ increase
rapidly with increasing the Sr-doping concentration. This
can be explained by the increased amount of Eu2+ due to
the enhanced reduction of Eu3+ to Eu2+ after Sr doping. In
addition, the CL intensities of Eu2+ doped in the phosphors
(x=0.00, 0.24, 0.48) increase linearly with increasing accel-
erating voltage from 1 to 5 kV, as shown in Figure 7D.
Generally, the increase of CL intensities with increasing
the accelerating voltage can be ascribed to the deeper

FIGURE 6 (A-C) Emission spectra of
Ca11.94�xSrxAl14O33:Eu0.06 phosphors
(x=0.00, 0.24, 0.48) as a function of
temperature range from 298 to 473 K and
(D) their temperature-dependent
luminescence intensity as a function of
temperature [Color figure can be viewed at
wileyonlinelibrary.com]
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penetration of the electrons into the phosphors body and
the higher electron beam excitation density induced.46

However, it is noted that the slope of the intensity-voltage
curve becomes larger with increasing the Sr-doping con-
centration. The slope of the intensity-voltage curve is pro-
portional to luminescence efficiency and the penetration
depth. After Sr doping, the luminescence efficiency
increases, which can be demonstrated by the ratio of R1.
Thus, the slope of the intensity-voltage curve becomes
larger.

CIE coordinates of the Ca11.94�xSrxAl14O33:Eu0.06 phos-
phors (x=0.00, 0.24, 0.48) upon UV light (254 nm) and
electron beam excitation (accelerating voltage=1 kV, fila-
ment current=154 lA) are shown in Figure 8. For the
phosphors (x=0.00, 0.24, 0.48) upon 254 nm excitation, it
can be found that their CIE coordinates are (0.537, 0.293),
(0.456, 0.241) and (0.273, 0.125), respectively, and the col-
ors of their emissions can be tuned from red to purple. For
the phosphors (x=0.00, 0.24, 0.48) upon electron beam
excitation, their CIE coordinates locate in (0.437, 0.197),
(0.242, 0.113), and (0.187, 0.055), respectively, and the
colors of their emissions are tuned from pink to blue. The
difference CIE coordinates of the same phosphor upon UV
light and electron beam excitations might be related to the
different excitation efficiencies of Eu3+ and Eu2+.37 Our
results suggest that strontium doping is an efficient strategy

for enhancing the reduction of Eu3+ to Eu2+ and the
Ca11.94�xSrxAl14O33:Eu0.06 phosphors might be a candidate
for lighting and flat-panel displays.

FIGURE 7 (A-C) CL spectra and (D)
the CL intensities of Ca11.94�xSrxAl14O33:
Eu0.06 phosphors (x=0.00, 0.24, 0.48) as a
function of accelerating voltage under low-
voltage (≤5 kV) electron beam excitation
[Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 8 CIE chromaticity coordinates of Ca11.94�xSrxAl14O33:
Eu0.06 phosphors (x=0.00, 0.24, 0.48) under 254 nm and electron
beam excitation (accelerating voltage=1 kV) [Color figure can be
viewed at wileyonlinelibrary.com]
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4 | CONCLUSIONS

In conclusion, europium-doped Ca11.94�xSrxAl14O33 phos-
phors with cage-like structure were prepared by a self-pro-
pagating combustion method followed by thermal
annealing in H2 atmosphere. The absorption spectra and
FTIR transmittance spectra of the phosphors with different
Sr dopant amounts confirm that there exists the suppressed
generation of encaged H� and OH� anions by Sr doping.
It can be found that the enhanced effect of light-induced
electrons by Sr doping is hidden by the addition of Eu3+.
Our results suggest that strontium doping enhances the
reduction of Eu3+ to Eu2+ in Ca11.94�xSrxAl14O33:Eu0.06
phosphors. The obtained higher thermal activation energy
of the Sr-doped sample can be attributed to the more rigid
framework structure after Sr doping. For the phosphors
with different Sr dopant amounts, the emission colors are
tuned from red to purple upon 254 nm excitation and from
pink to blue under electron beam excitation. The insight
gained from this work is help for designing and developing
novel nanocaged phosphors for LED and FEDs.
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