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Abstract

Solution combustion synthesis of nano-crystalline SrAl2O4:Eu
2þ , Dy3þ phosphor is investigated by varying the pH of the precursors solution,

which plays an important role in phosphor's photoluminescence properties due to its ability to change the chemical environment of host structure
surrounding Eu ions as an emission center. The best conditions for both intensity and decay behavior of the phosphor are achieved at pH of the
precursors solution equal to 5.2, corresponding to the host structure composed of single-phase monoclinic SrAl2O4 without any impurity phases.
Resulted phosphor shows a broad emission peak centered at 517 nm and excitation spectra consisting of two major peaks at 240 and 254 nm,
well-known as characteristic peaks of this phosphor. Both the excitation and emission spectra of obtained nano-crystals shift to higher energies in
contrast to the product of solid state method. These characteristic peaks are very weak or even absent in the samples resulted from precursors
solution with higher or lower amount of pH than the “critical” pH. Crystallite size of the flake-shape particles is measured to be around 40 and
62 nm before and after thermal treatment, respectively.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Long afterglow photoluminescence materials possess parti-
cular properties of storing light energy and glowing slowly in
the dark environment. Compared to traditional sulfide-based
phosphors, SrAl2O4-based phosphorescence materials are che-
mically stable and show excellent properties such as no
radioactive radiation, and long and high-intensity afterglow
and environmental compatibility. These materials have impor-
tant applications in a variety of different industrial fields [1–4].
SrAl2O4:Eu

2þ , Dy3þ phosphor shows a long period of
luminescence after an initial rapid attenuation, and the lasting
time of this kind of phosphors is more than 10 times than that of
the previous sulfide phosphors [5,6].
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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An investigation of the mechanism of phosphorescence in
SrAl2O4:Eu

2þ , Dy3þ indicates that Eu2þ ions act as the
emission centers and Dy3þ ions play a hole trap level role
which is responsible for long lasting phosphorescence [7]. This
long afterglow effect has been ascribed to the recombination
between the trapped electrons at Eu2þ sites and thermally
released holes trapped at Dy3þ sites, which strongly depends
on the crystal structure of surrounding phase as host structure
[8–12].
The compound SrAl2O4 as the host structure is formed by a

three dimensional framework of corner-sharing AlO4 tetrahe-
dron. Each oxygen particle is shared by two aluminum ions so
that each tetrahedron has one net negative charge that is
balanced by the large divalent cations that occupy two
different interstitial sites within the tetrahedral framework. It
is worth mentioning that both of these two sites are nine fold
coordinated. SrAl2O4 has two phases: a high-temperature
hexagonal phase (HP) and a low-temperature monoclinic phase
(MP). A reversible transition occurs at 650 1C [13–15].
ghts reserved.

www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2013.09.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2013.09.011&domain=pdf
www.elsevier.com/locate/ceramint
http://dx.doi.org/10.1016/j.ceramint.2013.09.011
http://dx.doi.org/10.1016/j.ceramint.2013.09.011
http://dx.doi.org/10.1016/j.ceramint.2013.09.011
mailto:ehsan.shafia@polito.it
mailto:masoud.bodaghi@fe.up.pt
mailto:s.esposi@unicas.it
mailto:a-aghaei@merc.ac.ir


Fig. 1. Flux diagram for the combustion synthesis method of SrAl2O4:Eu
2þ ,

Dy3þ phosphor.
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Many authors [16,17] reported the preparation of oxide
based long-lasting phosphorescence materials of large size by
using a solid-state reaction. In addition to the conventional
problems of ceramic method, such as high temperature (in the
case of SrAl2O4, above 1900 1C without flux, according to the
phase diagram of SrO–Al2O3 system) [18] and formation of
impurity phases due to the low homogeneity, the major
drawback arises from product particle size. Fine particles can
be obtained only by grinding the larger phosphor particles of
solid-state reaction products, which can easily introduce more
defects and greatly reduce the luminescence efficiency [16].

On account of developing new concepts for materials
technology, different synthesis procedures for preparation of
SrAl2O4 as the host structure and its phosphor have been set up
based on the following methods: co-precipitation [1], sol–gel
[18–22], reverse microemulsion [23], and combustion [24–37].

Among these techniques, the combustion method appears to
be a more efficient technique for the synthesis of phosphors
due to the relatively low reaction temperature and also high
homogeneity and purity of the product due to good mixing of
the starting materials at molecular level. Furthermore the com-
bustion process is very facile, safe, instantaneous and energy
saving and its products are essentially fine [24–37]. So far, the
combustion synthesis procedure of SrAl2O4:Eu

2þ , Dy3þ

phosphor has been investigated by several authors [24–37];
nevertheless the role played by the pH of precursors solution
on the host structure composition and afterglow characteriza-
tions still remains unexplored. The present paper describes the
effect of precursors solution pH on the chemical composition
of host structure and subsequently photoluminescence proper-
ties of final pigments.
2. Experimental

2.1. Materials

The purity and manufacturing of the chemicals used for the
preparation of SrAl2O4:Eu

2þ , Dy3þ phosphor are as follows:
Al(NO3)3 � 09H2O (99.9% pure), Sr(NO3)2 (99.9% pure), Eu
(NO3)3 � 05H2O (99.9% pure), Dy(NO3)3 � 05H2O (99.9%
pure) and urea (CO(NH2)2) as the fuel were provided from
MERCK and used as received.

2.2. Powder synthesis

Sr0.90 Al2O4:Eu0.06, Dy0.04 nano-crystalline phosphor was
prepared via a solution combustion synthesis method followed
by heating the precursor combustion ash at 1200 1C in reducing
atmosphere. A stoichiometric mixture of Al(NO3)3 � 09H2O and
Sr(NO3)2 providing the host structure components and also Eu
(NO3)3 � 05H2O and Dy(NO3)3 � 05H2O, as a source of activator
and co-activator ions, respectively, was dissolved in a minimum
amount of distilled water together with 2.5 fold excess urea, as a
preferred fuel for phosphor materials synthesis [37].

By slow heating at 75 1C and vigorous stirring for 5–6 h the
precursors solution turned to a viscous gel. Adjustment of the
solution pH is important to achieve high homogeneity in
obtained gel. The resulted viscous gel was introduced into a
muffle furnace with an air atmosphere and preheated at 600 1C.
After a few seconds, the gel ignited spontaneously and
underwent a very exothermic reaction, followed by decom-
position with the evolution of large amounts of gases (oxides
of carbon, nitrogen and ammonia). The whole process was
over within less than 5 min and what remained was a
voluminous and foamy combustion ash, which could be
ground to very fine powder easily. This powder was subse-
quently annealed at 1200 1C in a weak reductive atmosphere
(5%H2þ95%N2) for 3 h to reduce the Eu3þ ions to Eu2þ as
emission centers. Fig. 1 shows a flux diagram for the
combustion synthesis method of SrAl2O4:Eu

2þ , Dy3þ phos-
phor. More details about optimizing the synthesis process and
phosphor composition have been reported in the previous
issues [38–40].
2.3. Powder characterization

2.3.1. X-ray diffraction
XRD of the powders was carried out using a Siemens-

Brucker D500 diffractometer, with voltage and current setting
of 40 kV and 30 mA, respectively, and uses Cu Kα radiation
(0.1541 nm). For quantitative and qualitative analysis, XRD
diagrams were recorded in the interval 151r2θr451 at a
scan speed of 21/min, giving a step size 0.021 and the step time
1 s. The average crystallite size of combustion ash powder and
final phosphor was determined according to the broadening of
main peaks of XRD patterns by means of Williamson–Hall
plot and the Scherrer equation.
2.3.2. Photoluminescence spectroscopy
The luminescence properties of the obtained samples were

measured at room temperature using a Perkin-Elmer LS-5



Fig. 2. XRD patterns of the combustion ash powder prepared by precursors
solution of different pH: (a) pH¼2.3, (b) pH¼5.2 and (c) pH¼7.8.
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spectrometer. The luminescence intensity was measured over
the wavelength 400–650 nm, while the excitation source was a
xenon lamp (λexc=254 nm). The decay profiles were also
recorded using the same instrument after the samples were
excited for about 1 min by λexc=350 nm.

2.3.3. Scanning electron microscopy
The samples were coated with a thin layer of gold (Au) by

sputtering (EMITECH K450X, England) and then the shape
and morphology of prepared combustion ash foam and phos-
phors were observed on a scanning electron microscope (SEM;
Philips XL 360) operated at the acceleration voltage of 20 kV.

2.3.4. Particle size distribution
The distribution of particle size of the final phosphor was

checked by a Zetasizer 3000 HSA instrument.

3. Results and discussion

3.1. XRD analysis

Stoichiometric samples prepared by precursors solution at
different pH show markedly different combustion behavior.
pH equal to 2.3 leads to the white precipitation after a couple
of hours heating and stirring due to the escape of water, which
does not resolve by holding on heating, stirring and time. This
sample does not show an ignition of combustion in the
preheated furnace at 600 1C; it only boils and exhausts steams.
The result of this process is a white hard crust. By contrast,
transparent viscose gel without any precipitated materials is
obtained at pH=5.2. This sample at the same initial tempera-
ture exhibits intense flame combustion with a large amount of
exhausted gases and produces voluminous white foam covered
by cracks and pours. This foam is easily converted to fine
powder by mild grinding. At higher pH (pH=7.8), the final gel
is semi-opalescent and shows weak combustion reaction in the
preheated furnace and the resulted combustion foam is not as
porous and smasher as the previous one.

As shown in Fig. 2, in the XRD pattern of the first sample
(pH¼2.3), the characteristic peaks of SrAl2O4 phase are very
weak, while the Sr3Al2O6 phase gives rise to the predominant
peaks. Sr3Al2O6 is an impurity phase, obtainable in an SrO–
Al2O3 system at a considerably lower temperature than that of
the SrAl2O4 phase.

In the present system, relatively lower adiabatic temperature
of combustion reaction due to the incomplete ignition leads to
the Sr3Al2O6 phase formation [41]. The same phenomenon has
been reported in the solid state synthesis of SrAl2O4:Eu

2þ ,
Dy3þ phosphor with lower temperature as compared to the
suitable temperature required for pure SrAl2O4 formation that
leads to the Sr3Al2O6 phase [2,3]. XRD patterns clearly
indicate that, by increasing the pH of the solution to 5.2, a
sample formed by the pure SrAl2O4 phase is obtained. On one
hand, a complete ignition reaction provides enough energy to
form the SrAl2O4 phase and on the other hand, high homo-
geneity obtained in the transparence viscous gel due to the
absence of any preferential precipitation in precursors mixture
eliminates the possibility of undesirable phases formation.
Pattern c, from the sample at pH=7.8, shows that the

characteristic peaks of SrAl2O4 phase become weaker again
and two impurity phases Sr3Al2O6 and SrAl4O7 are observed.
These phases are formed on account of preferential precipitate
of aluminum oxohydroxide in the precursors solution.
Since the combustion synthesis is a method involving

nucleation and growth mechanism, products are determined
not only by the ignition conditions but also by the reactions
occurring in the stock solution, where many processes take
place simultaneously, affected by the type and concentration of
metallic ions, present ligands and pH of solution.
In a real system according to the chemical conditions,

aluminum ions undergo hydrolysis reactions to several differ-
ent mononuclear hydroxides or polymerization reactions to
polycations, which in dealing with the present ligands defines
the final product [42,43]. Since formation of polynuclear
hydrolysis products of aluminum is governed by the high
reactivity of the [Al(OH2)6]

3þ ions in aqueous environment,
this process is highly pH dependent [44].
As mentioned above, a more suitable chemical environment

of the starting solution, to prevent preferential precipitation and
obtain a good combustion reaction and the right phase
composition after ignition, is obtained at the pH approximately
around 5, corresponding to formation of an incorporated
complex between metallic ions and urea, which is in fair
agreement with Thomas et al.‘s results, who proposed that in
the pH range from 3.5 to 5 the predominant products of
hydrolysis of Al ions in aqueous solution are dimeric or
polymeric aluminum complexes [45]. The results of the 27Al
NMR studies of Bottero et al. validate this conclusion [46,47].
In the present case because of the poor coordinate bond

forming ability of nitrate groups, they do not interfere in the
reaction of hydroxide with the aluminum containing polymeric
cation growing into bigger, charged polymeric species via
olation and oxolation involving Al–OH–Al and Al–O–Al



E. Shafia et al. / Ceramics International 40 (2014) 4697–47064700
bridges. But a point of interest is that water molecules might
provide required bridging ligands and contribute to create an
incorporated complex between metallic ions, hydroxyl groups
and present ligands [48], which is associated with the
elimination of preferential precipitation and warrants the
homogeneity of precursors, demonstrated with transparency
of obtained viscous gel and complete combustion reaction. By
increasing pH, gelation occurs to an extent slightly greater than
that corresponding to pH¼5.2. It is well known that in the
neutral pH range (5opHo8) aluminum trihydroxide (Al
(OH)3 (s)), also known as gibbsite and bayerite, starts to
precipitate. Also, depending on time and conditions, aluminum
trihydroxide can give one water molecule off to form pure
boehmite (AlO(OH)) [45,47]. This evidence suggests that in
the sample prepared with pH=7.8, preferential precipitation
causes the lack of homogeneity and suitable complex forma-
tion. During the heterogeneous precipitation, little control over
composition can be exercised due to the rapid changes in
precursor material concentrations and localized discontinuous
nature of the ligand introduction and consequent reaction. This
separation in precursors would result in fast consumption of
starting materials having undesirable compositions and subse-
quently prohibits the growth of main phase and also ignition
combustion linked to the absence of complex between fuel and
metallic ions.

At the same time we can say that pH=2.3 does not provide
the right environment to form polynuclear complex [49]
between metallic ions and urea, and so preferential precipita-
tion occurred. Therefore pH¼5.2 of precursors solution is
selected as critical pH. The d-spacing of crystal, relative
diffraction strength (I/I0) and index (hkl) of most intensive
characteristic peaks of the sample with precursors solution pH
adjusted at 5.2 are summarized in Table 1.

The contents of Table 1 indicate that pure SrAl2O4 phase in
monoclinic form is achievable in the combustion step at the
applied initial ignition temperature (600 1C), a considerably
lower temperature as compared to the conventional solid-state
reaction in which formation of pure SrAl2O4 phase is expected
at 41350 1C with a flux (B2O3 or H3BO3) or at a higher
temperature ignoring the flux [50,51]. The reason is attributed
to the fact that the chemical energy released from the
exothermic reaction between the nitrates species and fuel can
rapidly heat the system to high temperatures (41500 1C)
during the combustion process and provide the desirable
condition to form the pure SrAl2O4 phase [3]. It is worth
noting that the high homogeneity of the components in
Table 1
The crystal diffraction data: (d), (I/I0) and (hkl) of the optimized sample with
pH¼5.2 of precursors solution ignited at 600 1C.

I/I0 2θ d (nm) hkl

100 29.10 3.066 220
88 28.23 3.158 211
86 34.88 2.570 211
71 29.77 2.999 211
67 19.82 4.470 101
solution is associated with formation of pure phase at relatively
lower temperatures and meanwhile decreases the possibility of
impurity phase formation.
In the binary SrO–Al2O3 system, several host phosphor

compositions are known: SrAl2O4, Sr3Al2O6 and SrAl4O7.
Among these strontium aluminates, SrAl2O4 has got more
phosphorescence efficiency when co-activated by Eu2þ and
Dy3þ , with the emission peak around 520 nm [25]. Moreover
in the case of SrAl2O4 according to references [50,51] and
previous results obtained by this group [38,39], photolumines-
cence efficiency of SrAl2O4 in monoclinic shape is more than
that in hexagonal shape. According to this fact, the best
condition for phosphor afterglow (initial brightness and decay
time) will be achieved in the presence of pure monoclinic
SrAl2O4 which forms the surrounding environment of emis-
sion centers.
In general, afterglow originates from emission ions whose

photo-excited electrons are thermally activated from traps.
In SrAl2O4:Eu

2þ , Dy3þ phosphor, the divalent Eu ions are
excited to its 5d excited state under UV irradiation and play the
role of emission center and Dy ions act as traps in the
phosphorescence mechanism. Details of the phosphorescence
mechanism and optimized content of activator (0.06) and co-
activator (0.04) ions to obtain the best quality in phosphor
afterglow have been reported in detail [38–40].
Reduction of Eu3þ to Eu2þ , which corresponds to the

photoluminescence spectra in green region, was performed in a
tube furnace with controllable atmosphere. Effect of thermal
treatment step at 1200 1C in weak reducing atmosphere (5%
H2þ95%N2) for 3 h on the host structure and the appearance
of synthesized phosphor are shown in Fig. 3.
XRD patterns show that there is no special change in the

phase composition and purity of the host structure due to the
applied thermal treatment on SrAl2O4 fine powder doped with
activator and co-activator ions. It is observed that pure
monoclinic SrAl2O4 is still the predominant phase in the
annealed powders, without other product or starting materials;
just relative increase in the peak intensity is due to the
improvement in crystallization during the annealing step. Apart
from this, the annealing step changes the color of particles
from white in combustion ash powder to green in final
phosphors (see Fig. 3, right) which is due to the change in
Eu ions valences from 3þ to 2þ due to the larger stability of
the latter Eu ions, reducing the Eu ions to 2þ by addition of
an electron, and change in the electron configuration to 4f7.
Green color could be related to the fact that Eu2þ ions absorb
light energy equivalent to the difference in the energy levels of
its f orbital.
In order to determine the crystallite size of both the combustion

ash and final phosphor, the Williamson–Hall plot has been used
as a useful tool for graphical demonstration of any hkl-depen-
dence of broadening within a particular diffraction pattern. The
instrumental line broadening of the measured profiles is corrected
using ZrO2 powder as the standard sample. The instrumental
corrected broadening (βhkl) corresponding to each diffraction peak
was estimated from βhkl¼ [(βhkl)

2
measured�β2instrumental]

0.5. In the
Williamson–Hall method [52,53] it is assumed that the line



Fig. 3. Effect of thermal treatment at 1200 1C in weak reducing atmosphere (5%H2þ95%N2) for 3 h on host structure of the sample with pH¼5.2 of precursors
solution: (left) XRD patterns and (right) appearance of synthesized powders—(a) combustion ash powder and (b) final pigment after thermal treatment. MP:
Monoclinic phase, HP: Hexagonal phase of SrAl2O4.

Fig. 4. Williamson–Hall plot of nanocrystals: (a) combustion ash and (b) phosphor.
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broadening βD of a Bragg reflection (hkl) originating from the
small crystallite size follows the Scherrer equation βD=Kλ/
Dcosθhkl. Here K is the shape factor equal to 0.9, λ is the X-ray
wavelength 0.1514 nm, θhkl is the Bragg angle and D is the
effective crystallite size normal to the reflecting planes. Also,
the strain induced broadening βє is given by the Wilson
formula as βɛ=4ɛtanθhkl. Here ɛ is the root mean square value
of the microstrain. Assuming that the particle size and strain
contributions to line broadening are independent of each other
and both have a Cauchy-like profile, the observed line breadth
is simply the sum of the two i.e. βhkl=βDþβɛ=[Kλ/Dcosθhkl]
þ [4ɛtanθhkl] or βhklcosθhkl=[Kλ/D]þ [4ɛsinθhkl] which is the
Williamson–Hall equation.

Plotting the value of βhklcosθhkl as a function of 4sinθhkl the
microstrain ɛ may be estimated from the slope of the line and
the crystallite size from the intersection with the vertical axis.
Fig. 4 shows the Williamson–Hall plot according to the
patterns illustrated in Fig. 3. βhkl values used here are the
instrumentally corrected values and related to the peaks at
2θ¼19.821, 28.231, 29.101, and 34.881. Crystallite size of the
particles is measured on average as 40 and 62 nm before
and after thermal treatment, respectively [32,59], confirming
crystal growth in the course of thermal treatment process.

3.2. Photo-physical analysis

3.2.1. Emission and excitation spectra
SrAl2O4:Eu

2þ , Dy3þ phosphor is expected to be character-
ized by just one symmetrical broad-band emission spectrum
centered at around 520 nm [38–40]. This emission band



Fig. 5. Excitation (left) and emission (right) spectra of prepared phosphors with different pH of precursors solution: (a) pH¼2.3, (b) pH¼5.2 and (c) pH¼7.8.
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corresponds to the 4f65d1-4f7 transition in Eu2þ ions; the
4f–5d transition in Eu2þ ions is an allowed one [28].
Excitation and emission spectra of the stoichiometric samples
with different pH of precursors solution (2.3, 5.2 and 7.8) are
compared in Fig. 5.

The symmetrical broad-band emission spectrum of SrAl2O4:
Eu2þ , Dy3þ phosphor centered at 517 nm can be seen in the
prepared sample with pH¼5.2 of precursors solution (see
Fig. 5b, right-hand graph) which is absent in the samples
obtained at lower or higher pH than that of critical amount, in
the presence of Sr3Al2O4 and SrAl4O7 as impurity phases in
the host structure (Fig. 5a and c, right-hand graphs).
In the case of Sr3Al2O4 (Fig. 5a), the characteristic peak of
phosphor at 517 nm is weaker in intensity and two unknown
peaks at 575 and 595 nm (shoulder-like) are observable. In the
same way, the spectrum of the sample with pH¼7.8 shows
that the characteristic peak of Eu2þ emission centers in
SrAl2O4 phase become weaker and three new peaks with
different intensities are observed. The predominant peak
centered at 595 nm is the same with sample pH¼2.3 but with
more intensity (Fig. 5c). These phenomena could be related to
the different chemical environments surrounding emission
centers and changed electron configuration of Eu ions. It is
well known that emission of Eu2þ ions as an emission center



Fig. 7. The decay time curve of SrAl2O4:Eu
2þ , Dy3þ phosphors prepared

with pH¼5.2 precursors solution resulting from deoxidization stage, λexc¼350
nm and λem¼517 nm.
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in SrAl2O4:Eu
2þ phosphors very strongly depends on the host

lattice structure and can occur from the ultraviolet to the red
region with a variety of initial intensity. Consequently, excited
4f65d1 configurations of Eu2þ ions are extremely sensitive to
the change in the lattice environment. In contrast to the
electrons in the inner shell, the 5d electron may couple
strongly to the lattice [50–61].

These results confirm that the efficiency of SrAl2O4 phase
for photoluminescence emission around 520 nm is more than
those of two other phases. Comparable results were reported
by Akiyama et al. about the phosphorescence efficiency of
SrAl2O4, Sr3Al2O6, and SrAl4O7 phases as the host structure
for Eu emission centers [25].

The same condition could be shown in the excitation spectra
of these samples. As illustrated in Fig. 5a–c (left-hand graphs)
change in the chemical composition of the host structure gives
rise to the loss of known excitation peaks at 240 and 256 nm
for SrAl2O4:Eu

2þ , Dy3þ phosphor, due to the changed
chemical environment and electron configuration of Eu ions.

The luminescence properties of SrAl2O4:Eu
2þ , Dy3þ pre-

pared by the solid-state method have been studied by other
authors [15–17,59]. In SrAl2O4:Eu

2þ phosphor, Eu2þ ions
showed two broad emission bands at about 445 and 520 nm at
4.2 K, which were due to the substitution of Eu2þ ions for
Sr2þ ions in two different lattices. But the luminescence spec-
trum of Eu2þ is also more sensitive to temperature quenching.
Therefore, at room temperature, the emission at 445 nm is
almost quenched and only the longer wavelength emission at
520 nm is observed [59].

By comparing the spectral characters of phosphors prepared
by the combustion method and conventional solid state
reaction, it is easy to notice that the emission and excitation
bands show a slight blue-shift in combustion products. In our
case, the emission band lies at about 517 nm. The electric
dipole-allowed transition, 4f7–4f65d1, originating from bivalent
europium doped strontium aluminate seems to have profound
dependence on the particle size. Because the 5d energy level
has close relation to the conduction band, when the grain size
becomes small, the band gap may become wide or narrow;
then the 5d energy level also changes correspondingly. So, it
Fig. 6. Effect of different pH of precursors solution on the appearance color of
final pigments: (a) pH¼2.3, (b) pH¼5.2 and (c) pH¼7.8.
should be also noted that the position of the emission band in
nano-crystals shifts to higher energies in contrast to the bulk
materials obtained from the solid state reaction [59].
Interestingly, changing the pH of precursors solution intro-

duces profound difference in the color of synthesized phos-
phors. Fig. 6 depicts the final synthesized phosphors with
different pH of precursors solution (2.3, 5.2 and 7.8) after
thermal treatment in reductive atmosphere. The gray color
could be due to the uncompleted ignition and arising from
organic residue in the products especially in the sample with
pH¼7.8.

3.2.2. Decay curves and afterglow characteristics
The decay time curve of SrAl2O4:Eu

2þ , Dy3þ phosphors
resulting from a deoxidization stage (final pigments) of the
sample synthesized with pH¼5.2 of precursor solution is
shown in Fig. 7. The result indicates that the decay process
contained a rapid-decay process and a slow-decay process.
The decay rate is very large before 0.2 min after removing the
excitation source immediately. The afterglow intensity gradu-
ally became constant after this time [61,62]. The samples with
pH=2.3 and 7.8 do not show any decay time curve under
excitation λexc=350 nm for expected emission at λem=517 nm.
The shallow traps for holes and Sr2þ vacancies in the host
structure introduced by Dy3þ ions are responsible for the
rapid-decay process, as the shallow traps release the holes to
the recombination process, after cutting off the excitation
source immediately. On the other hand, the Sr2þ vacancy
transmits the excitation energy to emission centers. Finally, the
cation vacancy has a large effect on the phosphorescence
mechanism in alkaline earth aluminates phosphors [63,64].
According to the literature the fluorescence lifetime of nano-
crystal is shorter than that of bulk crystal, the decrease in the
lifetime when the particle size is decreased seems possible, and
maybe due to nonradiation relaxation caused by surface defects
and hydrated or carbonated species that act as quenching
centers [59].
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Photoluminescence emission of the above-mentioned sam-
ple after excitation by 350 nm radiation for 1 min in the dark
room is depicted in Fig. 8.
3.3. SEM observations

The microstructure of the combustion ash foams and
SrAl2O4:Eu

2þ , Dy3þ phosphor fine particles is evaluated by
scanning electron microscopy (see Fig. 9). As mentioned
above the resulted foam of the combustion has a very smasher
and brittle structure. In all samples the surfaces of combustion
Fig. 8. Emission of pigment synthesized with pH¼5.2 precursors solution
after excitation by 350 nm radiation for 1 min in the dark room.

Fig. 9. Scanning electron microscopy images of combustion ash foam related to th
particle resulted from thermal treatment.
ash foams have a lot of cracks, voids and pores due to released
gases during the combustion reaction (Fig. 9a–c).
These features are more significant in the sample with

pH¼5.2 due to the high degree of ignition and complete
combustion in preheated kiln where more exothermic reactions
cause higher temperature and more volume of released gases.
The final pigments show a very thin flake shape (Fig. 9d) in
the relatively wide range of size distribution.
3.4. Particle size distribution

Size distribution of final phosphor particles after thermal
treatment from the sample prepared by pH¼5.2 of precursors
solution was checked by the Zetasizer instrument as shown in
Fig. 10.
A wide range of particles distribution that starts from below

35 nm with two maximums at around 300 nm and more
than 1 μm with the most particles detected in the range of
75–1000 nm is observable. According to our hypotheses, the
particles synthesized by the same conditions cannot have very
different sizes in this scale; hence, this variation could be
rationalized by special flake shape of the particles and random
orientation of detection in the instrument; these facts are
supported by SEM observations. Variation in particle size
might also result from the agglomeration of very fine particles
synthesized by the combustion process. As observed from the
experiments, nanoparticles were made within the first few
minutes, and then the particles got aggregated because of their
large surface area to volume ratio. Due to increase in the
surface area to the volume ratio, the attractive force between
e samples with precursors solution pH of (a) 2.3, (b) 5.2 and (c) 7.8. (d) Final



Fig. 10. Size distribution of final phosphor particles evaluated by Zetasizer
instrument after thermal treatment step at 1200 1C in weak reducing atmo-
sphere (5%H2þ95%N2) for 3 h, sample prepared with precursors solution of
pH¼5.2.
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the nanoparticles increased, which leads to the agglomeration
of the particles.
4. Conclusion

The effect of different pH of precursors solution in combus-
tion synthesis of SrAl2O4:Eu

2þ , Dy3þ phosphor has been
investigated. The single phase of monoclinic SrAl2O4 as the
host structure is obtainable by heating the transparent gel
precursor for a few minutes at 600 1C, a markedly lower
temperature as compared to conventional solid-state reaction.
The experimental results strongly indicate that pH of the
precursor solution is a key factor in the combustion synthesis
of nano-sized SrAl2O4:Eu

2þ , Dy3þ phosphor, as it influences
the development of the combustion reaction, the chemical
composition of host structure and spectroscopic feature of
phosphors. SrAl2O4:Eu

2þ , Dy3þ phosphor with the best after-
glow quality can be obtained at critical pH of the precursors
solution equal to 5.2. This critical pH value is affected by the
hydrolysis process and polymerization reactions of the selected
metal nitrates and especially urea content. Results indicate that
the effect of precursors solution pH on the afterglow character-
ization is directly related to the change in the chemical structure
surrounding the Eu ions as an emission center. It is revealed that
among the three aluminates SrAl2O4, Sr3Al2O6 and SrAl4O7

from the SrO–Al2O3 binary system, SrAl2O4 has got more
phosphorescence efficiency as the host structure for Eu ions for
emission in the green region. Final pigments show a very thin
flake shape and calculated crystalline sizes are 40 and 62 nm,
for combustion ash powder and final pigments, respectively.
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