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Synthesis of M1−3xAl2O4:Eu2+
x/Dy3+

2x(M2+= Sr2+, Ca2+ and Ba2+)
phosphors with long-lasting phosphorescence properties via

co-precipitation method

Jinkai Li1†∗ Bin Liu1† Qi Chen1 Yizhong Lu1∗ Zongming Liu1

Abstract: The long afterglow fluorescent material of M1−3xAl2O4:Eu2+
x/Dy3+

2x(M2+= Sr2+, Ca2+ and
Ba2+) phosphors are successfully synthesized by calcining precursor obtained via co-precipitation method at
1300oC for 4 h with reducing atmosphere (20% H2 and 80% N2). The phase evolution, morphology and after-
glow fluorescent properties are systematically studied by the various instruments of XRD, FE-SEM, PLE/PL
spectroscopy and fluorescence decay analysis. The PL spectra shows that the Sr1−3xAl2O4:Eu2+

x/Dy3+
2x

phosphors display vivid green emission at ∼519 nm (4f65d1→4f7 transition of Eu2+) with monitoring of
the maximum excitation wavelength at ∼334 nm (8S7/2→6IJ transition of Eu2+), among which the opti-
mal concentration of Eu2+ and Dy3+ is 15 at.% and 30 at.%, respectively. The color coordinates and tem-
perature of Sr1−3xAl2O4:Eu2+

x/Dy3+
2x phosphors are approximately at (∼0.27, ∼0.57) and ∼6700 K, re-

spectively. On the above basis, the M0.55Al2O4:Eu2+
0.15/Dy3+

0.3 (M2+= Ca2+ and Ba2+) phosphors is
obtained by the same method. The PL spectra of these phosphors shows the strongest blue emission at
∼440 nm and cyan emission at ∼499 nm under ∼334 nm wavelength excitation, respectively, which are
blue shifted comparing to Sr1−3xAl2O4:Eu2+

x/Dy3+
2x phosphors. The color coordinates and temperatures of

M0.55Al2O4:Eu2+
0.15/Dy3+

0.3 (M2+= Ca2+ and Ba2+) phosphors are approximately at (∼0.18, ∼0.09), ∼2000
K and (∼0.18, ∼0.42), ∼11600 K, respectively. In this work, long afterglow materials of green, blue and cyan
aluminates phosphors with excellent properties have been prepared, in order to obtain wide application in the
field of night automatic lighting and display.

Keywords: long afterglow material, co-precipitation method, M1−3xAl2O4:Eu2+
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1 Introduction

Long afterglow phosphors, as a kind of special materi-
als, can emit visible light after absorbing sunlight or arti-
ficial light sources and have been successfully applied in
many fields[1–3]. Previous studies demonstrate that alu-
minate (MAl2O4) is a kind of satisfactory luminescent
matrix due to its wide band gap. Compared with con-
ventional sulphide phosphors (e.g., ZnS), it shows better
chemical stability[4] and environmental friendliness[5–8].
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In addition, in MAl2O4 matrix, the M2+ is located in the
interior of [AlO4]5− tetrahedral and occupies the posi-
tion of two low symmetries and coordination[9, 10]. The
defects based upon Eu2+ and Dy3+ ions doping are eas-
ily formed under such condition. In contrast to other
matrices, such as MAl4O7, MAl12O19, M4Al14O25 and
M2Al6O11, the MAl2O4 (M2+ = Sr2+, Ca2+ and Ba2+)
phosphors have the highest luminescence intensity and
longest afterglow time[11–14]. Recently, MAl2O4 doped
with Eu2+ and Dy3+ ions as long afterglow phosphor,
has been well accepted in biological sensing, plastic,
coating, glass, textile, solar cell fields[15–21].

In this paper, the M1−3xAl2O4:Eu2+
x/Dy3+

2x (M2+

= Sr2+, Ca2+ and Ba2+) phosphors have been success-
fully synthesized by co-precipitation method. Com-
pared with the solid state reaction[22], sol–gel[23], auto-
combustion[24] and hydrothermal[25] methods, the co-
precipitation method has such advantages as precise con-
trol of raw materials and high purity of target sam-
ple[26]. The phase evolution, morphologies and af-
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terglow fluorescent properties of samples are investi-
gated by XRD, FE-SEM, PLE/PL spectroscopy and flu-
orescence decay analysis. In the following, we sys-
tematically displayed the results of the discussion for
the M1−3xAl2O4:Eu2+

x/Dy3+
2x(M2+ = Sr2+, Ca2+ and

Ba2+) phosphors about the phase evolution, morpholo-
gies, and fluorescent properties.

2 Experiment procedure

2.1 Materials

In a study, strontium nitrate (Sr(NO3)2, AR, Tian-
jin Guangcheng Chemical Reagent Co., Ltd. Tian-
jin , china), calcium nitrate (Ca(NO3)2, AR, Tian-
jin Damao Chemical Reagent Factory, Tianjin, china),
barium nitrate (Ba(NO3)2, AR, Sinopharm Chemical
Reagent Co. Ltd., Shanghai, China), aluminum nitrate
(Al(NO3)3·9H2O, 99.0%, Sinopharm Chemical Reagent
Co. Ltd., Shanghai, China), Dy2O3 (99.99%, Huizhou
Ruier Rare Chemical Hi-Tech Co. Ltd., Huizhou, China
urea), Eu2O3 (99.999%, Huizhou Ruier Rare Chemical
Hi-Tech Co. Ltd., Huizhou, China urea), ammonium
hydrogen carbonate (AHC, NH4HCO3, AR, Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China) ethylene
glycol (EG, HOCH2CH2OH, >99%, Tianjin City Fuyu
Fine Chemical Co. Ltd., Tianjin, China), and nitric acid
(AR, Sinopharm Chemical Reagent Co. Ltd., Shanghai,
China), were used as the raw material in the synthesis
process.

2.2 Preparation procedure

The Eu2O3 and Dy2O3 were respectively dissolved
in hot nitric acid, and were disposed at a certain
concentration of rare earth nitrates RE(NO3)3 (RE =
Eu3+ and Dy3+). The M(NO3)2 (M2+ = Sr2+, Ca2+

or Ba2+), Al(NO3)3·9H2O, Dy(NO3)3 and Eu(NO3)3
were mixed based upon the chemical formula of
M1−3xAl2O4:Eu2+

x/Dy3+
2x. In all the case, carbon-

ate precursors were precipitated while the fully mixed
mother salts were dropped in 1.5M ammonium hydrogen
carbonate (NH4HCO3) at the speed of 5 mL/min. After
aging reaction for 30 minutes, carbonate precursors were
centrifuged and washed repeatedly with distilled water
and alcohol to remove by-products. The wet precipitate
was dried in air at 80oC for 24 h. Finally, they were cal-
cined at 1300oC reducing atmosphere (20% H2 and 80%
N2) to obtain the samples.

2.3 Characterization

The phase composition analysis was performed by
XRD. And the patterns were recorded at room tempera-

ture using nickel-filtered CuKα radiation in the 2θ range
10-50◦ at a scanning speed of 4.0◦ 2θ/min (Model D8
ADVANCE, BRUKER Co., Germany). The morphol-
ogy of the precursor and resultant products were gath-
ered via FE-SEM (QUANTA FEG 250, FEI Co., Amer-
ica) with an acceleration voltage of 10 kV. Character-
ization of groups in precursors and calcined products
were performed by FT-IR spectroscopy via the stan-
dard KBr method (Spectrum RXI, Perkin-Elmer, Shel-
ton, CT). The photoluminescence excitation (PLE) and
photoluminescence (PL) spectra were obtained using a
Fluorescence Spectrophotometer (FP-6500, JASCO Co.,
Japan) at room temperature equipped with a Φ60-mm in-
tegrating sphere (ISF-513, JASCO, Tokyo, Japan) and a
150-W Xe-lamp was used as excitation source. The op-
tical performances for all samples were conducted under
identical conditions with the slit breadth of 5 nm. The
phosphor powder was excited with a selected wavelength
and the intensity of the intended emission was recorded
as a function of elapsed time after the excitation light was
automatically cut-off using a shutter.

3 Results and discussion

The FE-SEM morphologies of Sr1−3xAl2O4:Eu2+
x/

Dy3+
2x precursors and its phosphor calcined at 1300oC

with reducing atmosphere are shown in Figure 1a,1b. It
can be seen that its morphology is well dispersed and ir-
regular in particle size. However, the particles tend to
be larger after being calcined at 1300oC with reducing
atmosphere. The specific surface area of the phosphor
powder is correspondingly increased and the number of
traps on the surface of the particles is increased. The
curves (1) and (2) in Figure 1c show the XRD pattern
of SrAl2O4 pure phase and Sr1−3xAl2O4:Eu2+

x/Dy3+
2x

phosphor, respectively. The calcined phosphor shows
good crystallinity and well matched to XRD character-
istic peaks of SrAl2O4 (JCPDS NO. 74-0794). In addi-
tion, it illustrates that the co-doped of Eu2+ and Dy3+

does not significantly change in the bulk structure, and

Figure 1. The FE-SEM morphologies of the Sr1−3xAl2O4:
Eu2+

x/ Dy3+
2x (x=0.15) precursor (a) and calcined phosphor

(b), (c) is the XRD patterns of the SrAl2O4 matrix (1) and
Sr1−3xAl2O4:Eu2+

x/Dy3+
2x (x=0.15) phosphor (2)

Chemical Reports c© 2019 by Syncsci Publishing. All rights reserved.



114 Chemical Reports, July 2019, Vol. 1, No. 2

the SrAl2O4 matrix still retains a pure monoclinic crys-
tal structure with space group P21.

Figure 2a,2b show the photoluminescence exci-
tation (PLE) and photoluminescence (PL) spectra
of Sr1−3xAl2O4:Eu2+

x/Dy3+
2x phosphors with being

doped with different concentrations of Eu2+ and Dy3+

(x=0.05-0.3), respectively. Monitoring the emission
wavelength at 519 nm, the typical excitation bands of
Eu2+ ions at 334 nm and 360 nm refer to 8S7/2→ 6IJ
and 8S7/2→ 6P7 among the maximum excitation peak
at 334 nm. Moreover, the other excitation band at 372
nm (6P7/2→ 8S7/2) belongs to a weak phonon compan-
ion[27–29]. Under the maximum excitation wavelength at
334 nm, it can be seen that the phosphors appear as a
single green emission of Eu2+ ions at 519 nm (4f65d1→
4f7) and without the emission peak of Dy3+[27–29]. This
is due to the fact that the doped of Dy3+ ions as auxiliary
activators is mainly used to increase the number of de-
fects and trap depth in the matrix, which can enhance the
luminescence intensity and lifetime of Eu2+ ions. The
emission intensity of Eu2+ increased with the Eu2+ dop-
ing up to x=0.15 (x=15 at.%), and then decreased owing
to the concentration quenching (the inset of Figure 2b).
The reason can be explained that the trap depth gradu-
ally increases leading to decrease the ability of photons
to break free from traps, when the concentration of Eu2+

raised. Thus, the optimum doping amount of Eu2+ is
15 at%, which is similar to the tendency changed of the
photoluminescence excitation spectra.

Figure 2. The PLE (a) and PL (b) spectrum of Sr1−3xAl2O4:
Eu2+

x/Dy3+
2x precursors calcined at 1300oC with reducing at-

mosphere (20% H2 and 80% N2), the PLE spectra is obtained
by monitoring the emission at 519 nm, while the PL spectra is
depicted under the maximum excitation wavelength at 334 nm,
the inset of Figure 2b shows the luminescence intensities changed
with the concentration of Eu2+ gradually increased from 0.05 to
0.3

Figure 3 shows the Commission International de
L’Eclairage (CIE) chromaticity coordinates for the emis-
sion of the all samples Sr1−3xAl2O4:Eu2+

x/Dy3+
2x un-

der the excitation at 334 nm. Form which it can be ob-
tained that the color coordinate (x,y) and color temper-
ature of all phosphors are (∼0.27, ∼0.56), ∼6749 K,
(∼0.28, ∼0.57), ∼6508 K, (∼0.27, ∼0.57), ∼6714 K,

(∼0.28, ∼0.57), ∼6508 K, (∼0.27, ∼0.55), ∼6786 K,
(∼0.27, ∼0.55), ∼6786 K, respectively, with the Eu2+

fixed to x=0.5, 1, 1.5, 2, 2.5, 3, respectively , which the
PL spectra of all samples analyzed and calculated, and
thus emit a vivid green color.

Figure 3. the Commission International de L’Eclairage (CIE)
chromaticity coordinates for the emission of the all samples
Sr1−3xAl2O4:Eu2+

x/Dy3+
2x (x=0.05-0.3) under the excitation at

334 nm

The afterglow decay is analyzed via double exponen-
tial fitting function characterization according to follow-
ing the Equation (1)[30–32]:

I=A1 exp(−t/τ1) +A2 exp(−t/τ2) +B (1)

where I is the luminescence intensity at a certain mo-
ment, t is the time, A1, A2 and B are constant, τ 1 and τ 2
show the time with the luminescence intensity rapidly
and slowly weaken, respectively. Among them, the A1,
A2, B, τ 1 and τ 2 are obtained from the double exponen-
tial fitting curve, and the effective decay time (τ ) is cal-
culated by the following Equation (2)[30–32]:

τ = (A1τ1
2 +A2τ2

2)/(A1τ1 +A2τ2) (2)

The decay curve for the 519 nm emission (λex=334
nm) of the optimal sample of Sr0.55Al2O4:Eu2+

0.15

/Dy3+
0.3 is shown in Figure 4a. It can be obtained that

the effective decay time (τ ) is 25.333 ± 0.563 min, and
A1, A2 and B are 2.784 × 106 ± 1.553 × 105 a.u., 1.987
× 102 ± 22.776 a.u. and -0.144 ± 1.362 a.u., respec-
tively. The result is similar to the digital photo under 365
nm UV excitation from a hand-held UV lamp for 10 min.
(Figure 4b).

In order to further study the effect of matrix on
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Figure 4. The decay curve of Sr1−3xAl2O4:Eu2+
x/Dy3+

2x
(x=0.15) phosphor is shown in Figure 4a, Figure 4b depicts the
digital picture of the luminescence intensities changed with the
time increasing under 365 nm UV excitation from a hand-held UV
lamp for 10 min

long-lasting fluorescence performance, Figure 5 shows
the FE-SEM morphology particles of M0.55Al2O4:
Eu2+

0.15/Dy3+
0.3 precursor among which the M2+ refers

to Ca2+ (Figure 5a), Sr2+ (Figure 5b) and Ba2+ (Figure
5c)respectively. It can be obtained that the modified ma-
trix has no significant effect on the morphology of the
particles with similar particle size and dispersibility.

Figure 5. The FE-SEM morphology particle of M0.55Al2O4:
Eu2+

0.15/Dy3+
0.3 precursor among which the M2+ refers to

Ca2+ (a), Sr2+ (b) and Ba2+ (c), respectively

The PLE and PL spectra of M0.55Al2O4:Eu2+
0.15

/Dy3+
0.3 (M2+= Ca2+, Ba2+ and Sr2+) are shown in Fig-

ure 6. In Figure 6a, the PLE spectra of M0.55Al2O4:
Eu2+

0.15/Dy3+
0.3 (M2+= Ca2+, Ba2+ and Sr2+) con-

tains all Eu2+ ions excitation bands. Though the ma-
trix changes, the maximum excitation peak position
is still at 334 nm (8S7/2→ 6IJ transition of Eu2+).
Monitoring at 334 nm (Figure 6b), the PL spectra of
M0.55Al2O4:Eu2+

0.15/Dy3+
0.3 (M2+= Ca2+, Ba2+ and

Sr2+) emit vivid blue (440 nm), cyan (499 nm) and green
(519 nm) color, respectively. It is attributed to the fact
that the radius of Ca2+ (1.000 Å), Ba2+ (1.350 Å) and
Sr2+ (1.180 Å) are unlike to Eu2+ (1.170 Å) which re-
sults in lattice distortion with the Eu2+ doped, and thus,
the color appears blue shift.

The Commission International de L’Eclairage (CIE)
chromaticity coordinates for the emission of the
M0.55Al2O4:Eu2+

0.15/Dy3+
0.3 (M2+= Ca2+ and Ba2+)

under the excitation at 334 nm is shown in Figure 7. It
can be seen that the color coordinate (x,y) and color tem-
perature of M0.55Al2O4:Eu2+

0.15/Dy3+
0.3 (M2+= Ca2+

Figure 6. The PLE (a) and PL (b) spectrum of the
M0.55Al2O4:Eu2+

0.15/Dy3+
0.3 (M2+ = Sr2+, Ca2+ and Ba2+)

phosphors, among which the PL spectra is obtained by monitoring
the 334 nm excitation

and Ba2+) phosphors are (∼0.18, ∼0.09), ∼2000 K and
(∼0.18, ∼0.42), ∼11600 K, respectively. And the blue
and cyan colors of the M0.55Al2O4:Eu2+

0.15/Dy3+
0.3

(M2+= Ca2+ and Ba2+) phosphors, are seen from the
digital pictures under 365 nm UV excitation from a hand-
held UV lamp (the inset of Figure 7), which proves the
results for the PL spectra shown in Figure 6b.

Figure 7. The Commission International de L’Eclairage (CIE)
chromaticity coordinates for the emission of the M0.55Al2O4:
Eu2+

0.15/Dy3+
0.3 (M2+ = Ca2+ and Ba2+) phosphors under the

excitation at 334 nm, the inset of Figure 7 shows the digital picture
of M0.55Al2O4:Eu2+

0.15/Dy3+
0.3 (M2+= Ca2+, Sr2+ and Ba2+)

phosphors under 365 nm UV excitation from a hand-held UV lamp

The investigation of phosphorescence lifetime de-
cay behavior of long afterglow materials is an essen-
tial factor to study the changes of fluorescence proper-
ties. Figure 8 shows the decay curves of M0.55Al2O4:
Eu2+

0.15/Dy3+
0.3 (M2+ = Ca2+ and Ba2+) phosphors

which are monitored at 440 nm and 499 nm, respec-
tively. It can be seen that the effective decay time (τ ) of
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M0.55Al2O4:Eu2+
0.15/Dy3+

0.3 (M2+ = Ca2+ and Ba2+)
are 23.095 ± 0.174 min (Figure 8a) and 31.596 ± 0.839
min (Figure 8b), respectively. The reason for the decay
time gradually increased with the radius increasing from
Ca2+ to Ba2+, is that the lattice shrinks more severe re-
sults in the defect depth increasing with the radius grad-
ually increases, then the decay time gradually increased.

Figure 8. The decay curves of M0.55Al2O4:Eu2+
0.15/Dy3+

0.3

(M2+ = Ca2+ and Ba2+) phosphors, respectively

4 Conclusions

A series of M1−3xAl2O4:Eu2+
x/Dy3+

2x (M2+ = Ca2+,
Ba2+ and Sr2+) phosphors have been synthetized suc-
cessfully via co-precipitation method, followed by calci-
nation at 1300oC with reducing atmosphere (20% H2 and
80% N2). Detailed characterizations analyzed by using
the techniques of XRD, FE-SEM, PLE/PL, fluorescence
decay and quantum efficiency have obtained the follow
main conclusion:

(1) The Sr1−3xAl2O4:Eu2+
x/Dy3+

2x phosphors could
be obtained at 1300oC with reducing atmosphere (20%
H2 and 80% N2), and the 15 at % Eu2+ and 30 at % Dy3+

doped do not change the crystal structure of SrAl2O4

matrix. All samples emit vivid green color at 519 nm
(4f65d1→ 4f7 transition of Eu2+) monitoring the excita-
tion at 334 nm (8S7/2→ 6IJ transition of Eu2+).

(2) On the above basis, the M0.55Al2O4:Eu2+
0.15

/Dy3+
0.3 (M2+ = Ca2+ and Ba2+) phosphors have been

obtained by using the same method. Its phosphors dis-
play the blue (440 nm) and cyan (499 nm) color under
the excitation wavelength at 334 nm. Along with the ra-
dius increasing, the color appears the blue shift.

(3) The luminescent properties (PLE/PL, lifetime,
etc.) of resultant phosphors extremely rely on the con-
centration of defect and the defect depth, etc.
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