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a b s t r a c t

Ca0.97Al2O4:Eu0.01
2+,Dy0.02

3+ powder phosphors were prepared by combustion method at different initi-
ating temperatures (500–800 ◦C) using urea as a fuel. As confirmed by the X-ray diffraction (XRD) data,
the powders crystallized in well known monoclinic phases of CaAl2O4, with traces of incidental impuri-
ties. Observed from the scanning electron microscopy (SEM) images were porous particles with irregular
shapes and sizes and there were a lot of voids, which is a true reflection of the inherent nature of the
eywords:
luminates
ombustion method
hotoluminescence
hosphorescence

combustion process. The PL spectra, recorded when the powders were excited by a 325 nm He–Cd laser
at room temperature, showed broad blue emission with a maximum at 449 nm. This emission can be
ascribed to 4f65d1 to 4f7 transition of the Eu2+ ions. The maximum PL intensity was recorded from the sam-
ple prepared at the initiating temperature of 600 ◦C. Consistent with the PL emission data, the longer decay
time was recorded from the same sample using Cary Eclipse spectrophotometer fitted with a monochro-
matized xenon lamp. The effect of initiating combustion temperature on the crystalline structure and PL

d.
intensity was investigate

. Introduction

Photoluminescence (PL) properties of Eu2+ doped alkaline earth
luminates phosphors with the general formula MAl2O4:Eu2+ (M:
a, Ba, Sr), have been studied extensively [1–5]. These phosphors
ave received a lot of attention due to their excellent lumines-
ent properties, such as high luminescent intensity, high quantum
fficiency and long-lasting phosphorescence [5]. The emission of
u2+ can be tuned from blue to red depending on the host lattice.
n addition the covalency, the size of the cation and the crystal
eld strength, seem to be other factors that influence the emis-
ion characteristics of Eu2+ in the host matrix [6,7]. It is well
nown that the afterglow lifetime and luminescence intensity
an be enhanced by co-doping with a rare earth ion acting as a
ensitizer [1]. Unlike the traditional green emitting ZnS:Cu phos-
hors, the MAl2O4:Eu2+,Dy3+ phosphors are safer (because they are
on-radioactive), chemically stable, and have long-lasting phos-
horescence that leads to a large field of applications in luminous

aints used in highway, airport escape routes, buildings, ceramic
roducts and warning signs [5]. For example, CaAl2O4:Eu2+,Nd3+

as been considered a useful violet emitting phosphor in lumi-
ous clocks and outdoor night time displays [8]. CaAl2O4 has a
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stuffed tridymite structure but transforms to at least three other
polymorphs at high pressures [5]. In the stuffed tridymite struc-
ture there are two sites for the large cation, each with 9-fold
coordination [5]. Zhong et al. [6] reported that the quality of the
luminescent material is largely influenced by the synthesis tech-
nique. Over the years, MAl2O4:Eu2+ (M = Ca, Sr, Ba) phosphors were
mostly synthesized by high temperature solid-state and sol–gel
methods, which require long reaction times. In recent years, the
combustion method is preferred because of advantages such as
low temperature shorter reaction, and reliability for preparation
of long afterglow phosphors [6]. The objective for this study was to
prepare a stable long afterglow blue phosphor, which may be used
in infrastructure development. X-ray diffraction (XRD), scanning
electron microscopy (SEM) and PL spectroscopy were used to inves-
tigate the influence of the initiating combustion temperature on the
CaAl2O4:Eu2+,Dy3+. The phosphorescent behavior of the phosphor
is discussed based on the evaluation of decay characteristics.

2. Experimental

2.1. Synthesis

The powder samples of Ca0.97Al2O4:Eu0.01
2+,Dy0.02

3+, phosphors were syn-
thesized at different initiating combustion temperatures. The following pre-

cursors: Calcium nitrate (Ca(NO3)3·4H2O), Aluminum nitrate (Al(NO3)3·9H2O),
Europium nitrate (Eu(NO3)3·6H2O), Dysprosium nitrate (Dy(NO3)3·5H2O) and Urea
(CO(NH2)2) all in analytical purity were weighed according to the stoichiometry. The
precursors were mixed and milled in a mortar using a pestle, and a thick white paste
was formed due to water of crystallization present on the metal nitrates. The result-
ing paste was then, divided into four portions, and was then introduced into a muffle

dx.doi.org/10.1016/j.jallcom.2010.08.113
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mothudibm@qwa.ufs.ac.za
mailto:ntwaeab@ufs.ac.za
dx.doi.org/10.1016/j.jallcom.2010.08.113


B.M. Mothudi et al. / Journal of Alloys and Compounds 508 (2010) 262–265 263

F
i

f
a
fi
T
c
a
a
t
i

2

p
w
m
r
a
o
u
c

3

a
t
a
r
o
t
a
t

ig. 1. XRD patterns of Ca(0.97)Al2O4:Eu0.01
2+,Dy0.02

3+ samples prepared at different
nitiating combustion temperatures.

urnace and the reaction was carried out at different initiating combustion temper-
tures ranging from 500 to 800 ◦C. The paste melted, underwent dehydration, and
nally decomposed with the evolution of gases (oxides of nitrogen and ammonia).
he mixture frothed and swelled, forming a foam that ruptured with a flame. The
ombustion process was completed in less than 5 min. The voluminous combustion
shes of the Ca0.97Al2O4:Eu0.01

2+,Dy0.02
3+, phosphors were grounded using a pestle

nd mortar to make fine powders. Note that the sintering process is not necessary for
his method because the reducing atmosphere created during the reaction process
s sufficient to change the ionization state of Eu3+ to Eu2+.

.2. Characterization

The crystalline structure, particle morphology and elemental composition of the
hosphor powders were examined using a Panalytical X-ray diffractometer (XRD)
ith Cu K� at � = 1.5406 Å and Shimadzu Superscan SSX-550 scanning electron
icroscope (SEM) coupled with the energy dispersive X-rays spectrometer (EDS),

espectively. A 325 nm He–Cd laser fitted with a SPEX 1870 (0.5 m spectrometer) and
photomultiplier tube detector was used to collect the PL data. The Cary Eclipse flu-
rescence spectrophotometer coupled with a monochromatized xenon lamp was
sed to analyze the phosphorescence properties of the phosphors. The PL data were
ollected in air at room temperature.

. Results and discussion

Fig. 1 shows the XRD patterns of CaAl2O4 phosphors prepared
t different initiating combustion temperatures. The main diffrac-
ion peaks indexed well with the monoclinic structure of CaAl2O4
ccording to JCPDS (70-0134) data file. There were additional impu-

ity phases (marked with stars) that can be related to CaAl4O7 [8]
r precursors that did not react completely during the combus-
ion process. Similar impurity phases were also reported by Zhao
nd Chen [8] on CaAl2O4:Eu2+,Nd3+ phosphors prepared at the ini-
iating combustion temperatures of 400–600 ◦C. Haiyen et al. [9]

Fig. 3. SEM morphology of Ca(0.97)Al2O4:E
Fig. 2. Full width at half maximum (FWHM) for the 200 peak versus temperature.

reported that the presence of other impurity phases or some of the
un-reacted precursors may be attributed to the fact that the com-
bustion wave is not uniform and a portion of some of the precursors
might not react completely in the process. It must also be noted that
the small amount of doped rare earth ions has almost no effect on
the CaAl2O4 phase composition. Singh et al. [10] reported similar
XRD results when they prepared similar phosphors by the combus-
tion method at an initiating combustion temperature of 600 ◦C. To
evaluate the crystallinity of these phosphors, the full width at half
maximum (FWHM) values were determined using the 220 peak
and were plotted as a function of initiating temperatures as shown
in Fig. 2. The FWHM increases with temperature from 0.2 (500 ◦C)
to 0.22 (600 ◦C) and decreases to 0.21 at 700 and 800 ◦C. The data
suggest that the highly crystalline CaAl2O4 was produced at the ini-
tiating temperature of 600 ◦C and the crystallinity decreased when
the temperature was increased to 700 and 800 ◦C.

Fig. 3 shows the SEM morphology of the phosphor prepared by
the combustion method at 600 ◦C. The non-uniform and irregular
shapes of the particles shown in Fig. 2(a) illustrate the inherent
nature of the combustion method. Singh et al. [11] ascribed the
irregular particle shapes to the non-uniform distribution of temper-
ature and mass flow in the combustion flame. The morphology of a
porous product with the small particles close to the pores at higher
resolution shown by Fig. 2(b) occurs during the combustion process
when gases escape under high pressure. Although the samples were

prepared at different initiating combustion temperatures, there
were no significant variations on the surface morphologies of the
phosphors.

u0.01
2+,Dy0.02

3+ prepared at 600 ◦C.
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lasting decay that could be attributed to the deep trap energy centre
of Dy3+ [6]. The long persistence mechanism of the alkaline phos-
phors has been reported extensively by various researchers [6,18]
and it is explained in terms of trapping and detrapping of charge
carriers.

Table 1
Decay parameters of the phosphors calculated by curve fitting technique.

Phosphors Temperature (◦C) �1 (s) �2 (s) �3 (s)
ig. 4. PL emission spectra (�exc = 325 m) of the Ca(0.97)Al2O4:Eu0.01 ,Dy0.02 phos-
hor powder samples prepared at different initiating combustion temperatures, the
aximum intensity versus temperature (with error bars) and a photograph the most

ntense powder captured when the powder was illuminated with a UV lamp.

The PL emission spectra of Ca(0.97)Al2O4:Eu0.01
2+,Dy0.02

3+ phos-
hors prepared at different initiating combustion temperatures
hown in Fig. 4 were excited by a 325 nm He–Cd laser at room tem-
erature. The stable blue photoluminescence with a maximum at
49 nm was observed from all the phosphors. A photograph taken
hen the UV light was shone on the powder is shown in one of

he insets of Fig. 4. This emission can be attributed to 4f65d1 to
f7 transition of the Eu2+ ion. The fact that the blue emission was
table at the same position suggests that changing the temper-
ture did not affect radiative transitions in the Eu2+ ions and it
lso shows that there existed only one kind of luminescent cen-
re. Similar results were reported by Chen et al. [12] and Park et
l. [13] reported that there are three Ca2+ sites in the CaAl2O4 lat-
ice, one is nine-coordinated and the others are six-coordinated by
xygen atoms. In the CaAl2O4 host lattice, Eu2+ ions prefer the nine-
oordinated Ca2+ sites (rCa: 1.18 Å) to six-coordinated ones (rCa:
.0 Å), because larger spaces are demanded for the substitution of
u2+ ions (rEu: 1.30 Å) due to the ionic size difference [14]. The
aximum intensity as a function of temperature is shown in the

ther inset of Fig. 4. The maximum PL intensity was observed from
he sample prepared at 600 ◦C and the least intensity was observed
rom the sample prepared at 800 ◦C. As shown in Fig. 2, the sample
repared at 600 ◦C was more crystalline than the rest of the sample
nd hence more intense than the less crystalline samples. Poor crys-
allinity at 500 ◦C can be attributed to incomplete reaction of the
recursors. On the other hand, igniting at temperatures ≥700 and
00 ◦C may lead to evolution of heat resulting in poorly crystalline
hosphors and reduced PL intensity [15]. Yu et al. [15] prepared
rAl2O4:Eu2+ at different initiating combustion temperatures rang-
ng from 400 to 1000 ◦C, and the highest luminescent intensity was
bserved from the sample prepared at 600 ◦C. Liu et al. [16] reported
n emission peak of 443 nm from CaAl2O4:Eu2+,Dy3+ phosphors
repared at an initiating combustion temperature of 600 ◦C. As
hown in Fig. 3, the initiating combustion temperature seems not
o affect the position of the peaks, since all of them are symmet-
ic at 449 nm. Similar results were reported by Yin et al. [17] from
aTiO3:Pr,Al phosphors prepared at different initiating combustion
emperatures.
Fig. 5 shows the decay curves of the samples after being irradi-
ted with the monochromatized xenon lamp. As can be seen, the
ength of the decay time was consistent with the PL intensity, i.e.
ess intense phosphors decayed much faster than brighter phos-
Fig. 5. Decay curves of Ca(0.97)Al2O4:Eu0.01
2+,Dy0.02

3+ phosphors prepared at differ-
ent initiating combustion temperatures.

phors. As shown in Table 1, the longest decay time was recorded
from the brightest sample prepared at the initiating combustion
temperature of 600 ◦C. Although the initiating temperature does
not necessarily enhance the PL intensity or prolong the decay
time, it plays an indirect role of improving crystallinity which
in turn improves the general performance of the phosphor. This
clearly shows that the initiating combustion temperature plays a
major role when it comes to the luminescent properties of these
phosphors. Yin et al. [17] investigated the effect of the initiat-
ing combustion temperature (500–900 ◦C) on the phosphorescence
properties of CaTiO3:Pr,Al phosphors and recorded the highest PL
intensity from the sample prepared at the initiating combustion
temperature of 800 ◦C and they attributed that to improved crys-
tallinity at higher temperature.

In order to illustrate different decay times, the fittings of the
decay profiles of the phosphors were calculated based on Eq. (1):

I = A1 exp
(

− t

�1

)
+ A2 exp

(
− t

�2

)
+ A3 exp

(
− t

�3

)
(1)

where I is the phosphorescence intensity at any time t after cutting
off the UV excitation, A1, A2 and A3 are constants and �1, �2 and
�3 are decay times for the exponential components. The results in
Table 1 confirm that the phosphor prepared at an initiating com-
bustion temperature 600 ◦C has better afterglow properties than
the other phosphors.

The fitted decay data of Ca0.97Al2O4:Eu0.01
2+,Dy0.02

3+ phosphor
prepared at an initiating combustion temperature of 600 ◦C are
shown in Fig. 6. The decay profiles of consisting of three exponen-
tial components, with different decay times designated exp 1, exp
2 and exp 3 are shown in the figure. The exp 1 parameter repre-
sents the rapid decay, which is due to the short survival time of the
Eu2+ ion, the exp 2 parameter (intermediate transitional decay) is
due to the capture of the Eu2+ by a shallow trap energy centre and
exp 3 parameter (long-lasting phosphorescence) is the very long-
Ca0.97Al2O4:Eu0.01
2+,Dy0.02

3+ 500 2.4 1.1 49.7
Ca0.97Al2O4:Eu0.01

2+,Dy0.02
3+ 600 3.9 13.5 54.0

Ca0.97Al2O4:Eu0.01
2+,Dy0.02

3+ 700 2.5 10.3 44.3
Ca0.97Al2O4:Eu0.01

2+,Dy0.02
3+ 800 1.7 10.5 49.0
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ig. 6. Fitted decay data of the Ca0.97Al2O4:Eu0.01
2+,Dy0.02

3+ prepared at an initiating
ombustion temperature of 600 ◦C.

. Conclusion

Ca(0.97)Al2O4:Eu0.01
2+,Dy0.02

3+ phosphors were successfully
repared by combustion method at different initiating tempera-
ures. The monoclinic structures of Ca(0.97)Al2O4:Eu0.01

2+,Dy0.02
3+

ere obtained at the different temperatures. The broad PL emission
pectra for all the phosphors were symmetric at 449 nm, which
onfirms that the emitting centers remained at the fixed posi-
ion. The influence of the initiating combustion temperature on

rystallinity and hence photoluminescent intensity phosphors was
nvestigated. The maximum intensity was observed from a highly
rystalline phosphor prepared at 600 ◦C. The decay curves of the
ong persistent phosphors were fitted successfully using the three
xponential decay times.
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