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epartment of Chemistry, Faculty of Science, Erciyes University, Kayseri, 38039, Turkey

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 13 May 2011
ccepted 6 August 2011
vailable online 2 September 2011

a  b  s  t  r  a  c  t

Mn4+, La3+ and  Ho3+ doped  MgAl2Si2O8-based  phosphors  were  first  synthesized  by solid  state  reaction.
They  were  characterized  by thermogravimetry  (TG),  differential  thermal  analysis  (DTA),  X-ray  powder
diffraction  (XRD),  photoluminescence  (PL)  and  scanning  electron  microscopy  (SEM).  The  phosphors  were
obtained  at  about  1300 ◦C. They  showed  broad  red  and  fuchsia-pink  emission  bands  in the  range  of
eywords:
n4+

a3+

o3+

gAl2Si2O8 phosphors

610–715  nm  and  had  a different  maximum  intensity  when  activated  by UV  illumination.  Such a  fuchsia-
pink  emission  can  be  attributed  to  the  intrinsic  d–d transitions  of  Mn4+.

© 2011 Elsevier B.V. All rights reserved.
luminosilicates

. Introduction

Luminescent materials with long afterglow are kinds of energy
torage materials that can absorb both UV and visible light from the
un and gradually release this energy in the dark at a certain wave-
ength. These kinds of long lasting phosphors have been widely
tudied by many researchers [1–3].

Silicates therefore are suitable hosts for phosphors because of
heir high physical and chemical stability. The luminescence of rare
arth ions in the silicate host has been studied for a long time. In
ecent years, silicate phosphors have been reported by researchers
4–13].

In this paper, MgAl2Si2O8, MgAl2Si2O8:Mn4+,
gAl2Si2O8:Mn4+, La3+ and MgAl2Si2O8:Mn4+, Ho3+ were first

ynthesized by solid state reaction at 1300 ◦C. Their thermal
ehavior, crystal structure, photoluminescence properties and
orphological characterization were then investigated.

. Experimental

MgAl2Si2O8, MgAl2Si2O8:Mn4+, MgAl2Si2O8:Mn4+, La3+ and MgAl2Si2O8:Mn4+,
o3+ phosphors were synthesized using the with solid state technique. All the

tarting materials, 4MgCO3·Mg(OH)2·5H2O (A.R.), Al2O3 (99.0%), SiO2 (99.8%), MnO2

99.0%), La2O3 (99.99%) and Ho2O3 (99.99%) were weighed according to the nominal
ompositions of MgAl2Si2O8, (Mg0.90Mn0.10)Al2Si2O8, (Mg0.88Mn0.10La0.02)Al2Si2O8

nd Mg0.88Mn0.10Ho0.02)Al2Si2O8. These powders were mixed homogeneously in an

gate mortar for 3 h. Small quantities of H3BO3 (A.R. and 1 wt%) were added as a
ux  during the mixing. A small amount of sample was taken for thermal analysis
TG/DTA) to study the phase-forming process. Thermogravimetry (TG) and differ-
ntial thermal analysis (DTA) were carried out by using a DTA/TG system (Perkin
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925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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Elmer Diamond type). The samples were heated at a rate of 10 ◦C min−1 from room
temperature to 1300 ◦C.

Afterwards the sintering conditions of the phosphors, including the pre-firing
temperature and synthesizing temperature, were determined in two  steps: firstly,
the  mixtures were pre-fired at 900 ◦C for 3 h in a porcelain crucible in air, and
secondly the pre-fired samples were sintered at 1300 ◦C for 3 h in air, in a porce-
lain crucible. After these procedures the phosphors were obtained and their crystal
structures were checked by X-ray diffraction (XRD) analysis using a Bruker AXS D8
Advance diffractometer which was run at 20–60 kV and 6–80 mA,  2� =10–90◦ and
a  step of 0.002◦ using CuK� X-ray.

The decay time, excitation and emission spectra of the phosphors were recorded
by a Perkin Elmer LS 45 model luminescence spectrophotometer with xenon lamp.

Scanning electron microscopy (SEM) images and EDX analysis were performed
on  a LEO 440 model scanning electron microscope using an accelerating voltage
20  kV.

3. Results and discussion

Four different phosphor samples were investigated in this
paper: the Mn  single doped and undoped, Mn/La and Mn/Ho co-
doped samples. Fig. 1 illustrates the TG/DTA curves of nominal
composition for MgAl2Si2O8. The curves before 200 ◦C include the
dehydration of 4MgCO3·Mg(OH)2·5H2O and the decomposition of
H3BO3 which changes into B2O3. The first endothermic peak is (at
240 ◦C, point A) attributed to the deviation of the hydroxyl group
from Mg(OH)2. The second endothermic peak shows (at 437 ◦C,
point B) the decomposition of MgCO3 which changes into MgO.

From the above TG/DTA analysis, we carried out the sin-
tering of the phosphors in two  steps: first, the samples
were pre-fired at 900 ◦C for 3 h to achieve the dehydration

and decomposition of H3BO3, MgCO3 and Mg(OH)2, to help
the doped Mn4+ and rare-earth ions to substitute; next the
phosphors were prepared at 1300 ◦C for 3 h in air. Actu-
ally, the crystal systems were not observed at 900 ◦C, but
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during the solid state process, because, the crystal defects in the
MgAl2Si2O8 host crystal form the basis of the luminescence center.

T
U

Fig. 1. TG/DTA curves of MgAl2Si2O8 phosphor.

t 1300 ◦C for 3 h the MgAl2Si2O8, (Mg0.90Mn0.10)Al2Si2O8,
Mg0.88Mn0.10La0.02)Al2Si2O8 and (Mg0.88Mn0.10Ho0.02)Al2Si2O8
riclinic crystal systems were seen to have formed (Fig. 2).

The XRD patterns of phosphors obtained at 900 ◦C and 1300 ◦C

or 3 h in air are shown in Fig. 2a–d. The unit cell parameters of
hosphor crystallized in the triclinic system are listed Table 1.

Fig. 2. XRD patterns of phosphors, (a) MgAl2Si2O8, (b) (Mg0.90Mn0.10)Al2Si2O8

able  1
nit cell parameters of phosphors.

Phosphor a (pm) b (pm) c (pm) 

MgAl2Si2O8 758.28 1455.82 1472.20
(Mg0.90Mn0.10)Al2Si2O8 607.05 1095.86 1397.70
(Mg0.88Mn0.10La0.02)Al2Si2O8 613.78 1305.44 1784.28
(Mg0.88Mn0.10Ho0.02)Al2Si2O8 910.80 955.78 235.84
Fig. 3. The excitation and emission spectra of MgAl2Si2O8 phosphor.

The excitation and emission spectra of undoped MgAl2Si2O8
phosphor at room temperature are shown in Fig. 3. The excitation
spectrum, monitored at 358 nm,  and the emission spectrum show
a broad band which can be resolved into multiple components.
This broad band can be separated with maxima at about 617 nm,
710 nm and 720 nm. This red emission, with a lifetime of 2.26 ms,
demonstrates that crystal defects occurred in undoped MgAl2Si2O8
Fig. 4 presents the excitation and emission spectra of
(Mg0.90Mn0.10)Al2Si2O8 phosphor under excitation at 259 nm and

, (c) (Mg0.88Mn0.10La0.02)Al2Si2O8 and (d) (Mg0.88Mn0.10Ho0.02)Al2Si2O8.

V (×106 pm3)  ̨ (◦)  ̌ (◦) � (◦)

 940.20 46.99 84.15 77.68
 708.30 82.09 80.97 126.31

 733.48 43.94 53.38 49.74
4 1781.59 87.93 78.38 116.47
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Fig. 5. The excitation and emission spectra of (Mg0.88Mn0.10La0.02)Al2Si2O8 phos-
phor.

Fig. 6. The excitation and emission spectra of (Mg0.88Mn0.10Ho0.02)Al2Si2O8 phos-
ig. 4. The excitation and emission spectra of (Mg0.90Mn0.10)Al2Si2O8 phosphor.

onitored at 673 nm.  Both the emission and excitation spec-
ra were observed as broad bands at room temperature. Due
o being doped with Mn4+, the excitation and emission spec-
ra of (Mg0.90Mn0.10)Al2Si2O8 were completely different from

gAl2Si2O8 spectra. At less than 259 nm light excitation, the broad-
and fuchsia-pink emission at 673 nm,  which can be viewed as a
ypical emission of Mn4+ was ascribed to d–d transitions. The emis-
ion of Mn4+ at 673 nm is in good agreement with other studies
14].

The excitation at 259 nm and emission at 668 nm of
Mg0.88Mn0.10La0.02)Al2Si2O8 phosphor are shown in Fig. 5. The
ypical La3+ emission peaks are not observed in the emission spec-
rum of (Mg0.88Mn0.10La0.02)Al2Si2O8 phosphor, this indicates that
a3+ does not act as the luminescent center in the MgAl2Si2O8 host
attice. However, (Mg0.88Mn0.10La0.02)Al2Si2O8 showed similar
uminescent intensity as that of (Mg0.90Mn0.10)Al2Si2O8 phosphor
V illumination.

The excitation and emission spectra of
Mg0.88Mn0.10Ho0.02)Al2Si2O8 phosphor are shown in Fig. 6.

hen the phosphor excitated at 258 nm,  two emission peaks,
ocated around 679 nm and 713 nm,  were observed on the emis-
ion spectrum. Such a broad fuchsia-pink emission at 679 nm can
e viewed as the typical emission of d–d transitions of Mn4+. The
econd emission peak, located around 713 nm,  concerns undoped

gAl2Si2O8. Typical Ho3+ emission peaks are not observed in

he emission spectrum of (Mg0.88Mn0.10Ho0.02)Al2Si2O8 phos-
hor. However, due to the role of Ho3+ ions in the luminescence

Fig. 7. The decay curves of the (a) undoped MgAl2Si2O8
phor.

process, the lifetime of this phosphor, 11.20 ms,  was longer than
both undoped MgAl2Si2O8 and (Mg0.88Mn0.10Ho0.02)Al2Si2O8
phosphors.

The decay curves of the undoped MgAl2Si2O8 and

MgAl2Si2O8:Mn4+, Ho3+ phosphors are shown in Fig. 7a and

and (b) (Mg0.88Mn0.10Ho0.02)Al2Si2O8 phosphors.
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Fig. 8. SEM image of (a) MgAl2Si2O8 phosphor, (b) (Mg0.90Mn0.10)Al2Si2O8 phosphor, (c) (Mg0.88Mn0.10La0.02)Al2Si2O8 phosphor and (d) (Mg0.88Mn0.10Ho0.02)Al2Si2O8 phos-
phor.

Fig. 9. EDX analysis of (a) MgAl2Si2O8 phosphor, (b) (Mg0.90Mn0.10)Al2Si2O8 phosphor, (c) (Mg0.88Mn0.10La0.02)Al2Si2O8 phosphor and (d) (Mg0.88Mn0.10Ho0.02)Al2Si2O8

phosphor.
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Table 2
Decay times for exponential components of MgAl2Si2O8 and
(Mg0.88Mn0.10Ho0.02)Al2Si2O8 phosphors.

Phosphor Intensity (a.u) Decay time, �1 (ms)
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[

[12] F. Clabau, A. Garcia, P. Bonville, D. Ganbeau, T. Mercier, P. Deniard, et al., J. Solid
MgAl2Si2O8 19.30 2.26
(Mg0.88Mn0.10Ho0.02)Al2Si2O8 2.95 11.20

. Decay times can be calculated by a curve fitting method based
n the following single exponential equation:

 = A1 exp
(−t

�1

)
+ C

here I is phosphorescence intensity; A1, C are constants; t is time;
nd �1 is the lifetime for the exponential components. The fitting
esults are shown in Table 2. The Ho3+ co-doped phosphor shows
uch longer afterglow than the undoped phosphor which indicates

hat Ho3+ ions play an important role in prolonging the afterglow.
The decay times of (Mg0.90Mn0.10)Al2Si2O8 and

Mg0.88Mn0.10La0.02)Al2Si2O8 phosphors cannot be detected
nd calculated in the same conditions.

Figs. 8 and 9 show the images and EDX analysis obtained from
he scanning electron microscopy (SEM) of the phosphors calcined
t 1300 ◦C for 3 h by using solid state reactions. The microstructures
f the phosphor consisted of regular fine grains with an average size
f about 0.5–2.5 �m.
. Conclusion

In this report, undoped MgAl2Si2O8 red,
Mg0.90Mn0.10)Al2Si2O8, (Mg0.88Mn0.10La0.02)Al2Si2O8 and

[

[

s and Compounds 510 (2012) 6– 10

(Mg0.88Mn0.10Ho0.02)Al2Si2O8 fuchsia-pink phosphors were
firstly observed by using the solid state reaction at 1300 ◦C for
3 h. The phosphors had a triclinic crystal system. The Ho3+ ions
co-doped phosphor showed a much longer lifetime than then
other phosphors.
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