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ABSTRACT

The persistent MALO4:Eu*, Dy** (M may be Ca or Ca+Ba or Ca+Mg) blue light emitting nanophosphors were prepared by
rapid facile gel combustion technique. For the syntheses of present series of phosphors, urea was used as an organic fuel and
boric acid was used as a flux in presence of air. Photoluminescence properties were studied by excitation and emission spectra.
The phosphors showed blue luminescence (Ams= 454-458nm) under the excitation of UV source, attributed to 4f°5d'—4f’
transitions of the Eu(ll) ion. The effect on photoluminescence intensity and decay time was also studied for varying metal ions
in different ratio (Ca or Ca+Ba or Ca+Mg). The existence of divalent europium ions in the synthesized lattices was confirmed
by the X-ray photoelectron spectroscopy. The crystal phase and size of the prepared materials were analyzed with X-ray
diffraction patterns. The surface morphology of phosphors was studied with scanning electron microscopy and transmission
electron microscopy techniques revealed the average size of the prepared materials between the 30-50 nm. The prepared
nanophosphors had bright optoelectronic properties that could be efficiently applied in various solid state white light emitting
display devices. Copyright © 2016 VBRI Press.
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Introduction Earlier used sulphide based (ZnS:Cu,Co) phosphor are
sensitive towards the moisture, thus are chemically
unstable. Presently aluminates phosphors are the best
materials that have substituted the old sulfur containing
commercial afterglow phosphors [13, 14]. MALO,:Eu®*
materials are promising phosphors because they have good
thermal and chemical stability as compared to sulfur based
phosphors [15, 16]. Development in synthesis and
characterization of alkaline earth aluminates especially

Rare earth ions (RE) have received enormous attention due
to unique electronic and optical characteristics developed
from their 4f electrons. Rare earth ions doped host lattices
capitulate efficient luminescent materials with high
quantum vyields, narrow bandwidth, host dependent
luminescence sensitization and large strokes shift (useful in
converting unusable ultraviolet light to useful visible light)

[1, 2]. The interest for the lighting industry is evolving due
to these aspects of rare earth activated light emitting
materials. Particularly, rare earth activated light emitting
phosphors find use in light emitting displays [3],
bioimaging set-ups and solar cells [4-6]. Research on Eu**
doped alkaline earth aluminate phosphors explains that
these materials are having high quantum efficiency in the
visible region [7, 8]. The long afterglow property shown by
light emitting materials is generally considered as a
destructive characteristic for conservative applications, e.g.
in cathode ray tubes or in scintillators [9], luminous paint
[10], luminous ceramics, textiles, the dial plate of watches
and warning signs [11, 12].
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MAI,O4Eu* and MAI;,015:Eu®* phosphors have resulted
in significant interest in this class of materials [17, 18]. It is
evident that the persistent luminescence of MALO,:Eu? is
improved to a great extent by codoping of some trivalent
rare earth ions, e.g., Dy*" and Nd** [11]. The Eu** ion acts
as a luminescent center giving luminescence in the blue
(Amax = 440 nm) and green (Amax = 520 nm) region for
CaAl,0,Eu** and SrAl,0,:Eu®, respectively. The RE*
(Nd and Dy) ions act as trap centre which enhanced the
afterglow properties of phosphors.

The qualities of luminescent materials are mainly
influenced by their synthetic technique. Since the long time,
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aluminate luminescent materials were generally prepared by
high temperature solid state reaction [19-21] and sol-gel
process [22, 23]. But these methods are time consuming
and need high temperature for processing of chemical
reaction. Recently the combustion technique has shown
characteristic advantages over other synthetic techniques
i.e. low temperature required for their preparation, lesser
reaction time, nano-sized particles formation of persistent
phosphors [11, 24].

Here in present work the luminescence and afterglow
properties of CaAl,0,Eu*, Dy*", CaMgAl,0,:Eu* Dy**
and CaBaAl,0,:Eu®*, Dy** nanophosphors, prepared with
the rapid gel combustion method, are investigated. The
nanophosphors are synthesized to tune the color in
europium doped materials with varying the ratios of
alkaline earth metals. The effect of metal variation on
photoluminescence intensity and decay time are also
studied.

Experimental
Synthesis of nanophosphors

The  powder samples  with  general  formula
Ca(olg7)A|204:EU2+, Dy3+, Ca(0_47 Mg(0.50)A|204:EU2+, Dy3+
and Cayg 47)Bas0yAl,04:EU”*, Dy** (where Eu”* =2 mole%
and Dy*" =1 mole%) were prepared by urea-nitrate rapid
gel combustion method. Extra pure; Ca(NOs3),.4H,0,
Ba(NO3),, Mg(NO3),.4H,0, AI(NO3)3.9H,0,
EU(N03)3.6H20, Dy(N03)36H20, H;BO; and CO(NHz)Z
were weighed according to the stoichiometric proportion of
above materials. Calculated amount of urea was used as a
fuel [25] and boric acid was used as a flux as well as
reducer. These starting raw materials were mixed with
minimum amount of de-ionized water. Then the flux H;BO4
was added into the solution by varying 6 to 15 mole % of
its molecular weight for each mole addition of europium.
However the 10 mole % (of its molecular weight for each
mole addition of europium) was found best in all prepared
samples.

Fig. 1. Nanophosphor materials (a) as prepared without UV excitation,
(b) with UV excitation (365nm).

Aqueous solution containing stoichiometric amounts of
metal nitrates and urea was mixed by heating at 70 °C with
constant stirring for making gel. Then mixture was
introduced into a muffle furnace preset at 500 °C
temperature. Within 5 minutes, the mixture formed froths
and swelled forming foam, which caught fire. After the
completion of process, crucible was removed out from the
furnace. Upon cooling, fluffy material was obtained which
showed blue luminescence under UV lamp as shown in
Fig. 1. The concentration of the dopant (Eu®") was also
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varied from 0.5 to 6 mole %. However for the efficient
photoluminescence properties the 2 mole % of dopant
concentration was selected for further analysis. To see the
effect of different alkaline earth metals on europium doped
aluminate materials their different proportion was also
tried. The synthesis of these materials is represented in
chemical equation as follows:

[(1-x-zZ)M(NO3),] + 2[Al (NO3)3.9H20] + [Eu(NO3)3.6H,0] + z [Dy
(NOg)z.ﬁHzO] + N2H,CO —0 —onp
M (1xALO4:EuxDY;, + Gaseous products [Nz + COz +H,0] Q)

Characterization techniques

The phase purity was checked by using X-ray
diffractometer (Rigaku Ultima IV X-ray diffractometer,
using Ni-filtered Cu Kol radiation). The structural study
was done by FTIR spectra of samples using a Nicolet 5700
infrared spectrometer. Phosphors were characterized for
confirmation of oxidation state of europium with X-ray
photoelectron spectroscope (Model/Supplier: PHI 5000
Versa Prob I1). Optical characterization of the synthesized
materials was carried out using Fluorimeter SPEX
Fluorolog 1680 (USA) equipped with the SPEX 1934 D
phosphorimeter having Xenon lamp as excitation source.
The photoluminescence decay measurement was carried out
by a photomultiplier tube (Hamamatsu R928). All the
measurements were done at room temperature. The
morphology of as prepared phosphors was inspected using
a JEOL JSM-6360LV scanning electron microscope (SEM)
and Hitachi F-7500 transmission electron microscope
(TEM).

Matched with JCPDS-70-0134
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Fig. 2. X-ray diffraction patterns of the CaAl,04:Eu?* nanophosphors.

Results and discussion
X-ray diffraction analysis

XRD patterns of the prepared materials were collected in
20 range of 15-70° for diagnosing the crystal phase.
Fig. 2-4 represents the XRD patterns of the products
obtained using present fast gel combustion method. XRD
pattern for Eu** doped CaAl,O, (Fig. 2) is found crystalline
and shows well resolved peaks corresponding to all the
planes of standard monoclinic phase corresponding to
JCPDS 70-0134.
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Fig. 3. X-ray diffraction patterns of the CaBaAl,O4:Eu®* nanophosphors.

Fig. 3 and 4 represent the X-ray diffraction patterns of
divalent europium doped CaBaAl,O, and CaMgAl,O,
phosphors respectively. The peaks of XRD pattern of
CaBaAl,O,4 are matching with CaAl,O4 (JCPDS. 70-0134)
and BaAl,O, (JCPDS 82-2001) lattices. While the peak
position of XRD pattern of CaMgAl,O, is matching with
CaAl,0, (JCPDS 70-0134) and MgAl,O,4 (JCPDS 75-0905)
lattices.

Here no phase transformations are observed after the
addition of boric acid in sample as no extra peak appeared
in their XRD patterns due to boric acid. However, when the
HsBO; content became higher than 15 % of the total lattice,
in addition of major phase, one another phase was also
obtained as a minor phase due to boric acid [26]. But here
we have used boric acid is just 10 % (of its molecular
weight for each mole addition of europium) so no
additional phase is found.

CaMgAl,0,:Eu*
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Fig. 4. X-ray diffraction patterns of the CaMgAl,O4:Eu?* nanophosphors.

A few XRD lines are present in doublet, which
demonstrate that the lattice having two dissimilar lattice
parameters, thus this suggest that the phase is changing
from hexagonal phase to monoclinic phase. The doping of
small amount of rare earth ions almost has no effect on
lattice structure. The average crystallite size (D) of
CaAl,O, were estimated from the full width half maximum
(FWHM) of the (220) diffraction peak of the powder by the
use of Scherer’s equation.
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where, ‘A’ is the X-ray wavelength (1.541 Ao), ‘0’ is the
Bragg’s angle, ‘k’ is the constant depending on the
particle’s shape.

The calculated average sizes of particles of the
synthesized phosphors are obtained in the range of 30-45
nm. The value of 20, full width half maxima and calculated
average sizes for all the prepared phosphor particles are
shown in Table 1.

Table 1. Represents the emission peaks and color coordinates of
synthesized phosphors.

S. Lattices Emission Color

No. peaks co-ordinates

a CaAl,04:Eu,Dy 454.30 x-0.2023, y-0.0675
b CaBaAl,O,:Eu,Dy 457.51 x-0.1568, y-0.0984
c CaMgAl,O,:Eu,Dy 458.01 x-0.1894, y-0.1024

FTIR studies

The FTIR spectra of the series of phosphors were taken in
the 4000400 cm* region and are illustrated in Fig. 5.
Antisymmetric stretching and antisymmetric bending
appeared at 822 and 500 cm™ respectively. Bands ranging
from 400 to 600 cm™ originated due to metal to oxygen (M-
0) groups. The bands at 665, 457 and 420 cm™ accredited
to the stretching vibration of the Ca-O bond. Absence of O-
H peaks indicated the good crystallinity of the prepared
materials.

CaMgALO,:Eu®
CaBaAl,O,:Eu”
——CaAl,0:Eu*

Transmittance (a.u.)

T T T T T T T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000
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Fig. 5. FT-IR study of prepared phosphors.

X-ray photoelectron analysis

The elemental composition of the Eu®* doped aluminate
series of phosphors was analyzed by X-ray photoelectron
spectroscopy as shown in Fig. 6. Phosphors were
characterized here by the XPS for the confirmation of
oxidation states of existing europium ions. Peaks of the all
the constituents of synthesized phosphors were reliable with
standard corresponding values of intensity of peaks. The
peaks consequent to Eu (3d), Ca(2p), Ba (3d), Mg (2p), O
(1s) and Al (2p) core levels were recognized in XPS
spectra. The two peaks obtained at 51.2 eV and 531.8 eV
indicate the Mg (2p) and O (1s), correspondingly [27]. The
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Al (2s), Al (2p), Ca(2p3/2) and Ba 3ds, were situated
nearly at 133 eV, 89.1 eV, 349.2 eV and 783.6 eV
respectively. The peak at 1126.4 eV was due to the Eu®*
(3ds,) and the peak at 1153.4 eV originated from Eu® ions
was ascribed to the Eu* (3dap), if europium would be
present in trivalent state then 3ds, and 3ds, peaks were
found nearly at 1134 and 1165 eV respectively [28-30] but
these peaks were absent in spectra, so this confirms the
existence of divalent oxidation state of europium ions in
these prepared lattices.
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Fig. 6. XPS analysis of the prepared phosphors.

Optical properties

The photoluminescence emission spectra of phosphors
along with excitation spectrum (inset) are shown in Fig. 7.
Excitation peak was obtained at Aex = 336 nm having a
broad band from 280-400 nm. As shown in Fig. 7 the
emission spectra (Aem = 454-458 nm) show a broad band
emission attributed to 4f°5d'—4f  transition of the Eu®
showing blue luminescence which is found reliable to the
literature [31]. The feature of a typical broad band emission
in the visible light range indicates that the used activator
(Eu) exist in divalent gEu“, 4f°5d'—4f" blue emission)
rather than trivalent (Eu”*, 4f—4f red, emission) which is
based on the interaction of the matrix and the activator ion.
It is considered that the major luminescent spectrum of 5d-
4f transition in the Eu® ion is rarely influenced by
introduction of the Dy*" activator ion into the matrix. The
lattices form three dimensional compact structures of
tetrahedral in monoclinic aluminate structures. The Fuel
and flux both act as reducing agent and the compact
tetrahedral aluminate lattices protect itself from the attack
of oxygen on Eu®* ions in non-reducing atmospheric
conditions. The reduction of Eu**—Eu*" also could occur
in non-reducing atmosphere due to the presence of borate
tetrahedral anion group [32, 33], on addition of boric acid.
The borate tetrahedral anion groups possibly transfer an
electron for the reduction process of Eu**—Eu®*. As [BO,]
is having small size than [AlO,] so electron density exist
more on borate ions and because of the unstability due to
more electron density and small size, it is possible to
transfer electrons from borate ions to trivalent europium
ions.

Adv. Mater. Lett. 2016, 7(1), 47-53

1600

2 A
—-—CaAIZOA.Eu Dy
1400 -

| =-=CaBaAl,0:Eu" Dy

1200 =+=CaMgAl,0 Eu” Dy" 454.30
1000 4 -

800

8
Relative Intensity (a.u.)

268 f

zzzzzz 0 30 420

hexe = 336 M Wavelength (nmj

Intensity (a.u.)

600 +
400 +

200

e

— T T L T 1 T T

420 430 440 450 460 470 480 490 500
Wavelength (nm)

Fig. 7. PL emission spectrum and excitation spectrum (inset) of prepared
phosphors.

In prepared phosphors lattices Mg?*, Ca?* and Ba®'
ions are having radii 0.072, 0.114 and 0.147 nm
respectively. As Ca®* ion is having slightly smaller size than
Eu®*, thus Ca®* ions can be suitably substituted by Eu* ions
but lattice will be slightly distorted. The radius of Ba®* is
larger than that of Eu®* (0.125 nm), on replacing Eu®" in the
Ba“" site, consequently the crystal field is distorted. As
Mg?* (0.072 nm) is having large ionic difference due to
having enough small size in comparison to Eu?*, so there is
less possibility of substitution of Mg?* by Eu?". So there is
more substitution of Ca?" and Ba®" sites by Eu®* ions in
CaAl,O,:Eu®* Dy*" and CaBaAl,04,:Eu®*,Dy"" phosphors in
comparison to CaMgALO,:Eu?* Dy*. However, the
photoluminescence intensity of  CaAl,O,:Eu®*,Dy*"
phosphor is found highest in comparison to rest of other
prepared phosphors because of formation of only single
monoclinic phase as shown by XRD patterns. As
monoclinic phase have perfect tetrahedral compact AlO,
structures so there can occur efficient reduction of Eu** to
Eu®" resulting high photoluminescence intensity. Thus the
highest photoluminescence intensity is obtained in
CaAlL,O,:Eu®*, Dy** phosphor. CaBaAl,04Eu®*, Dy*,
CaMgAl,0,:Eu*", Dy** phosphors showed lower intensity
due to non-formation of perfectly tetrahedral structures
because of availability of two different metal aluminate
lattices.

Table 2. All the decay parameters for the phosphors prepared with the
present technique.

Phosphor Ay T A, T Tavg
compounds (min) (min) (min)
CaAlL,0,:Eu” Dy*" 1.81E+06 30.02374 4.53E+04 68.58428 32.6

CaBaAl,O,Eu?',Dy**  143E+09 27.77167
CaMgAlLO,Eu?* Dy*  1.25E+09 24.34167

2.02E+06 50.66576 27.8
1.92E+06 48.66376 24.4

Colorimetric parameters such as color coordinates and
color ratios are constructive in signifying the emission
color. This in turn is useful in determining the applicability
of the phosphors in light emitting applications. Table 2
provides a summary of the CIE coordinates of
nanophosphors synthesized by rapid facile gel combustion
method. The color coordinates are determined by using
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emission spectra measured with excitation of 336 nm (Fig.
8). The most important result here is that the purity of blue
emission seems to improve with increase of Ca ratio in
CaAl,O,:Eu?*, Dy*". Hence by increasing proportion of
calcium, we tune the color from impure blue to pure blue.

Fig. 8. Chromaticity diagram showing color coordinates of phosphors
(a) CaAl,04:Eu, Dy (b) CaBaAl,04:Eu,Dy (c) CaMgAl,O4:Eu, Dy.

Decay analysis

The graph showing decay curves is presented in Fig. 9. It is
taken after removing of the excitation source subsequent to
10 minutes irradiation continuously. The curves are
showing long phosphorescence. The decay of the prepared
phosphor materials were analyzed by the following second
order decay equation [34]:

I=1g+Apexp (-t /1) + A exp (-/ 12) 3)

where, | is the phosphorescence intensity at any time t after
switching off the UV lamp, |y, A;, A, are the constant and
11, T, are decay times for the exponential components of the
study of the material.

The fitting results of all the parameters are listed in
Table 3. The observed trend showed that the decay time of
the phosphors decrease with the decrease of Ca metal ions
proportion in prepared MALO,:Eu?*Dy** lattice. Diverse
decay components are dependent on the charge carriers i.e.,
electrons and/or holes, produced on excitation, trapped at
different trapping level, as the trap depth influenced the
recombination of the excited electron and trapped hole to a
great extent. After removing UV excitation source, the
trapped holes probably liberated thermally to the valence
band and migrated to recombine with excess electrons in
metastable state sites leading to the long afterglow of the
luminescence of these materials. Trapped holes shows
longer lifetime when required thermal energy for
detrapping is very high. Thus, longer decay times can be
due to the higher density of deeper trap levels.

The average decay lifetime was calculated from the
following equation [35]:

Tag = (A1 T2+ Ap T20) [ (A1 i + Az T2) (4)
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Fig. 9. Decay graph showing decay rate of different phosphors.

All the decay parameters of the phosphors prepared with
present method are presented in Table 3.

Table 3. Crystallite sizes of prepared nanophosphors.

Phosphor 20 FWHM Particle size
materials value (°) (radian) (nm)
CaMgAlL,O,Eu”® 30.461 0.003822 42.0944
CaAlL,0,:Eu®* 30.461 0.005128 31.1182
CaBaAl,O,Eu”™  30.461 0.005313 30.3420

Morphology of phosphors

The surface of combustion foam were having many cracks,
voids and pores due to the gasses released during the
combustion reaction as shown in SEM images (Fig. 10).
The combusted particles showed a very thin flake shape.
These samples were having disconnected structures and
foamy particles with different porosity. The observed
morphology is reliable with other reports available on
combustion consequent products [36]. In general, highly
porous structures with large voids were observed for fuel
rich samples. These pores and voids were expected because
the large number of moles of gaseous products liberated
through the network of lattice.

Fig. 10. SEM images of synthesized powders (a) CaAl,O4:Eu,Dy (b)
CaBaAl;04:Eu,Dy (c) CaMgAl,O4:Eu,Dy.

Transmission electron micrographs of the synthesized
powders showed exceedingly agglomerated crystalline
particles of nano size. TEM images of all the prepared
samples were taken which are presented in Fig. 11. The
synthesized samples showed aggregates of particles of
spherical shape having sizes in the range of 30-50 nm. The
particle size assessment from TEM studies were found in
good concurrence with the calculated size from the XRD
patterns of the prepared sample using Scherrer’s equation.

Adv. Mater. Lett. 2016, 7(1), 47-53
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Fig. 11. TEM images of prepared powders (a) CaAl;O4:Eu,Dy (b)
CaBaAl;04:Eu,Dy (c) CaMgAl,O4:Eu,Dy.

Conclusion

The series of MAI,O,:Eu**, Dy** (M = Ca/Ca+Ba/Ca+Mg)
phosphors were synthesized by rapid facile gel combustion
technique. The photoluminescence emission spectra of
synthesized phosphors showed a band at 454-458 nm with
excitation of 336 nm radiations. Addition of Dy*" helped in
the improvement of the afterglow properties of prepared
lattices. The effect on photoluminescence intensity and
decay time was studied for varying metal proportion
(Ca/Ca+Mg/Ca+Ba). It was observed that
photoluminescence intensity was found highest in
CaAl,O,:Eu**Dy*" phosphor material. The decay spectra
showed the afterglow behavior of phosphors upto several
minutes. CIE diagram illustrated the shifting of emissive
color of phosphors towards the impure blue region with the
replacement of half of calcium metal with magnesium or
barium. XRD patterns showed that main diffraction peaks
indexed well with monoclinic crystalline phase for
CaAlL,O,:Eu?*Dy*". The particle size estimation from TEM
studies was found in good agreement with the size
estimated from XRD patterns using Scherrer’s equation.
The prepared nanophosphors had excellent optoelectronic
properties that could be effectively used for various
lightening optoelectronic devices.
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Fig. 1S: Photoluminescence spectra of the CaAl,04:Eu?* nanophosphors.

Fig. 2S: Nanophosphor materials (a) as prepared without UV excitation,
(b) With UV excitation (365nm), (c) Crucible under UV light with white
material.
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