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unable emission characteristics of
Eu3+-doped La2(MoO4)3 phosphors in the glass–
ceramic form†

Manjulata Sahu, a Nimai Phatak *b and M. K. Saxenaa

The glass–ceramic form of phosphor materials can overcome the many serious issues of phosphor/silicone

composite in commercial phosphor-converted LEDs and are considered as new-generation color

converters. In this report, we have shown a novel approach of developing inorganic red phosphor

[Eu3+:La2(MoO4)3] in the glass–ceramic form based on lanthanum molybdate system. The ceramic form

of the compound was found to have a glass transition temperature of 1002 �C, as confirmed by TGA and

DSC studies. Further, XRD, FTIR and Raman studies also confirmed that the compounds prepared at

1050 �C are in glass–ceramic form, while those prepared at 750 �C are in ceramic form.

Photoluminescence studies showed that both the ceramic and glass–ceramic forms of the phosphor are

red color-emitting materials. However, the glass–ceramic forms have better color purity and more

radiation transition probabilities. Further, the decay kinetics of both ceramic and glass–ceramic forms

confirmed that only those Eu3+ ions which exist in the grain boundaries of the ceramics go inside the

glass network structure upon heating the compound at or above the glass transition temperature. On

the other hand, Eu3+ ions which exist at the La-site in the bulk of the particles are retained in the

ceramic form in the glass–ceramic mixture.
1 Introduction

Exhaustive efforts are being made by scientic communities to
develop many novel lanthanide-activated phosphors with
superior photostability, enhanced color purity, high quantum
efficiency, exibility in choosing the excitation wavelengths and
long uorescence life time1 for a wide range of applications
starting from white light LEDs (WLEDs) to health and medical
eld. While developing such phosphor materials, doping
trivalent lanthanide ions in various hosts is the most preferred
strategy due to their sharp emission peaks which arise as
a result of electronic transition among 4f orbitals and covering
the entire visible to near infrared regions.2–4 Such lanthanide-
doped phosphors, which are being used in phosphor-
converted LEDs also have high color purity with relatively long
lifetime values and result in high quantum yield. At present, the
white light in commercial WLEDs is achieved by a combination
of Ce:YAG yellow phosphor and blue LED. However, the lack of
a red component renders such generated white light with
a Atomic Research Centre, Mumbai 400
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various drawbacks such as high correlated color temperature
(CCT > 5500 K) and low color rendering index. Another
approach is the combination of blue, green and red phosphors
with high color purity with the UV-LED chip. Therefore, the
development of more colored pure red phosphors for applica-
tion in WLEDs possesses high signicance. Among the various
red-light-emitting phosphors, the best suited red phosphors are
those, which contain Eu3+ ions as activators, which results in
highly intense red emission and higher quantum efficiency.5,6

Such kind of phosphors give rise to narrow and intense emis-
sions between 605 and 630 nm, and high color purity over other
phosphors.7 Therefore, Eu3+ ion is the most favored candidate
among the lanthanides to develop red phosphors for its appli-
cation in generating warm white light with suitable color
temperature and high color rendering index.

Host lattices made up of d-block transition metals generally
possess a very strong excitation band due to charge transfer
mechanism, which facilitate efficient energy transfer from host
matrix to Eu3+. The compounds of molybdenum have high
photochemical and thermal stability and, hence, they are
chosen as suitable matrices for incorporating rare earth ions.8

In this context, a thermally and chemically stable molybdate
host lattice with an intense wide Mo6+–O2� charge transfer
band, which favors NUV excitation, is of particular interest.9

Specically, La2(MoO4)3 is a suitable host matrix to produce red/
green or blue luminescence by replacing La3+ ions with appro-
priate rare-earth ions of similar ionic radii. Two types of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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transitions are there in case of lanthanide ions: 4f–4f transitions
which are laporte forbidden and represented by sharp emission
peaks and 4f–5d charge transfer transitions which are allowed
and broad in nature.10–12 Among the lanthanides, the Eu3+ ion is
well studied as a red-emitting activator ion due to 5D0/

7FJ (J¼
0, 1, 2, 3, 4) emission transitions with predominant 5D0 /

7F2
transition, which falls in the red region of the visible spec-
trum.13–15 The excitation and emission spectra of Eu3+ ions give
information on the local structure of the ions and their site
symmetry. The presence of peaks due to 5D0 / 7F0 transition
along with electric dipole (ED) 5D0 / 7F2 transition and
magnetic dipole (MD) 5D0 / 7F1 transition gives a lot more
information about the lattice site symmetry, especially the local
environment in the rst co-ordination shell of the dopant ion.
The electric dipole 5D0/

7F2 transition is highly sensitive to the
local structure and useful in this context. We have recently
demonstrated that by tuning the relative intensity of the ED and
MD transition due to change in the local structure, the emission
can be tuned between red and orange color.16,17 In addition, the
doping of impurity ions such as Bi3+, phosphate, sulphate and
vanadate ions also inuences Eu3+ ion emissions due to energy
transfer or change in the local crystal structure.14,15 Therefore,
a structure–property relationship will not only help to optimize
the emission properties for a better performance of phosphor
materials, but also give a lot of information about the local
structure at atomic scale, which is otherwise difficult to get from
studies like XRD. Further, various Judd–Ofelt (JO) parameters,
viz., UJ (J ¼ 2, 4), non-radiative emission rates (ANR), radiative
lifetimes (sR) and non-radiative lifetimes (sNR) demonstrated for
many Eu3+-doped phosphors by our group earlier will give
additional information about the photophysics of the Eu3+ ion
and the local structure.7

Most of the commercial WLEDs in the market are composed
of an InGaN-based blue LED chip and a Y3Al5O12:Ce

3+

(YAG:Ce3+) yellow phosphor. The yellow phosphor is embedded
within organic binders or silicone resins. Such organic resins
offer a better mixing with the ceramic phosphor powders to
form a paste, which can be easily mounted on top of the blue
LED chip. However, such resins have weak UV, thermal and
chemical stability, which turns their color into brown or yellow.
This deteriorates the color quality of the LED in the long term.18

Further, the viscosity of the organic resin also results in an
inhomogeneous distribution of phosphor powders within the
paste. This results in a blurring behavior of the LED light. In
order to overcome these inherent problems of organic resins,
various transparent inorganic color converters have been
proposed such as phosphor–glass–ceramics or phosphor–glass
composites, wherein the phosphor is embedded in the glass
matrix.19 Such all-inorganic luminescent glass ceramics (GC) with
excellent physical/chemical stability, which can overcome the
aforementioned serious issues of phosphor/silicone composite,
are gaining importance in recent years, and they are considered as
new-generation color converters with high longevity. Thus, GC
matrix can be the best host for the development of both down-
conversion and up-conversion phosphor materials.20 Therefore,
research in the direction of developing glass–ceramic composite-
based phosphor materials is highly promising.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Recently, there have been many works reported on the
luminescence behavior of Eu3+ ions in molybdates and tung-
states. The good color purity of R2(MoO4)3 (R ¼ rare earth
elements) as red-light-emitting materials for display and solid-
state lighting applications has been studied by various
groups.21–30 Zhang et al. have reported the luminescence
behaviour of hydrothermally synthesized nanocrystals of Eu3+-
doped lanthanum molybdate (will be referred to as Eu-LMO).31

Yi et al. have synthesized Yb/Er co-doped LMO nanocrystals,
which show upconversion properties.32 However, it is worth
mentioning here that all these nanocrystals possess various
surface defects and they may play a major role in determining
the emission characteristics of the Eu3+ ion. For example, due to
the presence of many defects and impurities (such as OH–) at
the surface of the particle, the local structure surrounding Eu3+

ions existing on the surface of the particle will be different than
that of those existing inside the bulk of the particles. Further,
such defect centers may provide many non-radiative pathways
to the excited state of the Eu3+ ion and, hence, there will be
a direct impact on the emission characteristics. The best way to
avoid such defect centers is to anneal the compound at a higher
temperature so that the defect centers are reduced and also the
crystal size becomes a bit larger so that more Eu3+ ions go to the
bulk of the particle. This will increase the lifetime value of the
Eu3+ ions and also the radiative emission. Further, if we vary the
concentration of the Eu3+ ions, there will be a change in the
ratio of Eu3+ ions present on the surface to that in the bulk,
which will also change the emission characteristics.

As far as we know, a systematic study in these directions is
not available in the literature, as that carried out in this present
study on Eu3+-doped La2(MoO4)3 or Eu-LMO compound
synthesized by complex polymerization reaction. Most impor-
tantly, all the listed systems are based on ceramic powder. It will
be highly advantageous if we can transform the ceramic phos-
phor powder into a glass form so that it will behave as a glass–
ceramic composite and can overcome all the aforementioned
issues of organic resins in commercial phosphors. Such a glass–
ceramic phosphor composite can be used directly in combina-
tion with blue LEDs.18,19 Although most of the rare-earth
molybdates have well-characterized crystalline and magnetic
structures, there is not enough report on the preparation and
structural information of glass–ceramic-based molybdate
systems. Although MoO3 is a good conditional network former,
it is not able to form a glass by itself even with rapid cooling
rates. However, a few reports have shown that molybdate
systems containing rare-earth oxides have a tendency to form
glass wherein the rare earth ions act as modiers.33–36 This is the
rst report wherein using various spectroscopic techniques we
have shown that the LMOmatrix undergoes a glass transition at
1002 �C and beyond this temperature the compound is
composed of both the ceramic and glass form, making a GC
composite. Interestingly, the advantage of such a system is that
we do not need to embed the ceramic phosphor in a glass
matrix, as suggested by another group.19 Rather, the same
material will have a ceramic form of the phosphor embedded in
the glass matrix formed by the MoO3. Further, the emission
properties of the Eu3+ ion and its decay kinetics in the glass–
RSC Adv., 2021, 11, 17488–17497 | 17489
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Fig. 1 XRD patterns of LMO-750 and LMO-1050.
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ceramic form and a detail understanding about how such Eu3+

or La3+ ions present in the grain-boundaries and in the bulk of
the particles are coming into the glass network will be highly
promising areas of research. Through this report, we have given
a detailed information about the tunable emission properties
and decay kinetics of Eu3+ ion in the glass–ceramic form, the
role of La3+ or Eu3+ ions in the glass–forming network and
a comparison of the phosphor characteristics of the GC form to
that of the ceramic form for the rst time. In addition, the
impact of the defect structure on the optical properties and
calculation of various Judd–Ofelt (JO) parameters of both
ceramic and glass–ceramic forms have also been reported. Such
a comprehensive report will be highly benecial for the future
development of new-generation GC-based color converters,
which are a potential alternative to the present phosphor/
silicone composite being used in commercial LEDs.

2 Experimental and instrumentation
2.1. Synthesis

La2(MoO4)3 was synthesized by the complex polymerization
method. The starting materials used were La2O3 (99.99%, Rare
Earth Development Division, BARC) and MoO3 (99.5%, M s�1

Alfa Aesar). The complexing agent used in the process of
synthesis was citric acid (99.7%, M s�1 Chemco ne chemicals,
Mumbai). Ethylene glycol (99.0%, M s�1 Thomas Baker, Mum-
bai) was used for polyesterication to stabilize the metal
complex. Initially, the as-received La2O3 was dissolved in spec-
pure nitric acid and the exact concentration of lanthanum in
the solution was assayed using Inductively Coupled Plasma
Mass Spectrometry (ICPMS). The required quantity of MoO3 was
added to citric acid solution and kept on a hot plate at 80 �C
upon constant stirring. Initially, the solution was turbid. But,
upon the addition of ammonia solution a clear solution was
obtained at pH �6.5. Then, the required volume of lanthanum
solution was added to the above solution. The amount of citric
acid taken was that needed to maintain a fuel to oxidant ratio of
1.0. Aer mixing, ethylene glycol was added to the clear solution
with La and Mo. The weight ratio of citric acid and ethylene
glycol was 6 : 4. The solutions were stirred for 20–30 minutes at
80 �C. Then, upon constant evaporation, a transparent poly-
meric gel was formed. Subsequently, the gel was burnt by
increasing the temperature of the hot plate to 500 �C. A part of
the foamy carbonaceous precursor was ground and kept at
750 �C for 6 h and the rest was kept at 1050 �C for 16 h in open
air. The heating rate used was 5 K min�1 and cooling was not
controlled, it followed the natural cooling of the furnace. For
convenience, the samples heated at 750 �C and 1050 �C are
designated as LMO-750 and LMO-1050, respectively, from this
point onwards in the manuscript. Various Eu3+-doped samples
such as 0.1 mol% Eu3+-doped LMO (Eu0.1-LMO), 0.5 mol% Eu3+-
doped LMO (Eu0.5-LMO), 1.0 mol% Eu3+-doped LMO (Eu1.0-
LMO), 2.0 mol% Eu3+-doped LMO (Eu2.0-LMO), 3.0 mol% Eu3+-
doped LMO (Eu3.0-LMO) and 5.0 mol% Eu3+-doped LMO (Eu5.0-
LMO) were prepared following a similar procedure like that of
LMO aer adding an appropriate amount of Eu3+ nitrate solu-
tion to the Lanthanum nitrate solution. All these Eu-LMO
17490 | RSC Adv., 2021, 11, 17488–17497
compounds were heated at 750 �C for 6 h (will be referred to
as Eu-LMO-750) and at 1050 �C for 16 h (will be referred to as
Eu-LMO-1050) in open air. The LMO-750 compound was ob-
tained in the powder form, while LMO-1050 was obtained in the
glass form aer rapid cooling.

The instrumentation details for various studies have been
provided in the ESI.†
3 Results and discussions
3.1. Phase purity and morphology study: X-ray diffraction
(XRD) and scanning electron microscope (SEM) study

The synthesis of LMO was carried out at 750 �C and 1050 �C to
arrive at the ceramic and glass–ceramic form, respectively. The
purity and crystallographic structure of LMO-750 and LMO-1050
were investigated by XRD, as shown in Fig. 1. All the sharp peaks
in the pattern of LMO-750 and LMO-1050 match with the re-
ported pattern with PCPDF le no: 70-1382 and 45-0407,
respectively. The peaks of LMO-750 and LMO-1050 are identi-
ed to be of monoclinic structure. Interestingly, the XRD
pattern of the LMO-1050 compound appears to be broad. A
similar observation is also made for the Eu3+-doped
compounds, and the XRD patterns are given in the ESI
(Fig. S1†). This indicates that at 1050 �C, the compound also
possesses an amorphous glass form along with the crystalline
form which results in the broadening of the XRD patterns. To
further conrm that there is the formation of the amorphous
glass form, thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were carried out.

Fig. 2a and b is the SEM micrographs of LMO-1050, which
shows some agglomerated structure wherein the ceramic form
is embedded in the glass matrix. Upon magnication in Fig. 2b,
it can be seen that it has a pretzel type of morphology.
3.2. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC)

Fig. 3 shows the thermogram of LMO-750 in the temperature
range of 30–1400 �C obtained from TGA and DSC. The sample is
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM micrographs of LMO-1050 (a and b) at different magnifications.

Fig. 3 TGA (black) and DSC (red) spectra of LMO-750.
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found tomelt at 1002 �C and to lose weight starting at�1284 �C.
As no peak is observed in the heat ow rate vs. temperature
curve before melting, it can be concluded that LMO exists as
a single phase below the melting temperature of 1002 �C. As
observed from XRD study that for the LMO-1050 compound the
patterns are similar but are broad in nature, it can be concluded
that the compound is transformed into glass form aer the
melting temperature of 1002 �C.

3.3. Raman and Fourier-transform infrared (FTIR)
spectroscopy

Raman spectroscopy is an invaluable technique to study the
structural variations at themicrostructure level. Fig. 4 shows the
Raman spectrum of LMO-750 and LMO-1050. A typical signa-
ture of tetrahedral MoO4

2� in the form of two prominent
Raman bands is observed in the region of 130–458 cm�1 and
698–1050 cm�1, as observed in the case of scheelite BaMoO4

and SrMoO4.30 The sharp Raman bands in the region 698–
1050 cm�1 are attributed to symmetric (s–nstr) and asymmetric
stretching (a–nstr) vibrational modes, while those in the range
130–458 cm�1 are generally assigned to the asymmetric and
symmetric bending vibrational modes of MoO4

2� tetrahedra.37
© 2021 The Author(s). Published by the Royal Society of Chemistry
It can be seen that Raman bands are highly broadened for LMO-
1050 compared to that of LMO-750. This can be explained on
the basis of the glass–ceramic nature of the compound at this
annealing temperature. In amorphous compounds the distri-
bution of formula units with different bond angles and lengths
produces a distribution of states of slightly varying vibrational
energies, which results in the broadening of the Raman bands.

The FTIR spectra of both LMO-750 and LMO-1050 are pre-
sented in Fig. 5, and both the compounds show similar splitting
patterns which are assigned to the characteristic stretching
vibrations of MoO4

2� clusters in the region 400–1000 cm�1. The
rst absorption peak at�690 cm�1 is found to be broadening at
high temperature. The multiple splitting bands in the region
below 912 cm�1 are assigned to the stretching vibrations of the
MoO4

2� cluster. A strong absorption peak in the region of
800 cm�1 corresponds to the anti-symmetric stretching of Mo–O
bonds.38 It can be seen that the FTIR spectra are also broadened
when LMO is heated at a higher temperature viz. LMO-1050,
and the explanation is the same as that for the Raman study,
i.e. the formation of the amorphous phase.
3.4. Photoluminescence spectroscopy

Fig. 6 represents the photoluminescence excitation spectra of
Eu-LMO-750 and Eu-LMO-1050. The spectra are composed of
broad bands in the 200–320 nm regions and many sharp tran-
sitions in the 350–450 nm regions. The broad band in the region
200–320 nm can be attributed to the charge transfer band
(CTB). This broad CTB may arise due to three different
processes: (i) host absorption by the transfer of electron from
the O2� ligand to Mo6+, (ii) charge transfer of electron from the
4f state of Eu3+ to Mo6+ and (iii) electron transfer from the lled
2p orbitals of O2� anions to the vacant 4f orbitals of Eu3+.39 Due
to the higher charge associated with Mo6+, the CTB in the lower
wavelength region is attributed to O2� ligand to Mo6+ charge
transfer transition, while in the higher wavelength region i.e.
the 270–300 nm region it is due to O2� ligand to Eu3+ charge
transfer transition.7
RSC Adv., 2021, 11, 17488–17497 | 17491
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Fig. 4 Raman spectra of LMO-750 and LMO-1050.

Fig. 5 FTIR spectra of LMO-750 and LMO-1050.
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The sharp peaks in the region 300–450 nm represent intra-
congurational f–f transition of Eu3+. The (7F0 / 5L6) at
398 nm is the most intense and the less intense peaks are
observed at 365 nm (7F0 /

5D4), 380 nm (7F0 /
5G2,

5G3), and
421 nm (7F0 /

5D3). This indicates that ultra-violet (UV), near-
UV, UV B (UVB), and blue laser diodes/LEDs can be used as
effective pumping sources for red emission from Eu3+ ions. The
allowed charge transfer transitions are found to be intense as
compared to the forbidden f–f transitions.

The emission spectrum of LMO is provided in the ESI
(Fig. S2†), which shows a strong broad host emission band
consisting of various peaks due various electronic transitions
17492 | RSC Adv., 2021, 11, 17488–17497
arising from the MoO4 moiety and various oxygen vacancies.
The emission spectra of various Eu-LMO-750 and Eu-LMO-1050
samples are shown in Fig. 7, wherein four transitions are
observed due to the Eu3+ ion, viz. 5D0/

7F1 (593 nm), 5D0/
7F2

(617 nm), 5D0 / 7F3 (656 nm) and 5D0 / 7F4 (704 nm). The
transition 5D0 / 7F1 (593 nm) is magnetically allowed and is
known as magnetic dipole transition (MDT) and it is not
affected much by the local environment around the Eu3+ ion.
But, the transition 5D0 / 7F2 (617 nm) is electrically allowed
electric dipole transition (EDT) and is extremely sensitive to the
local environment surrounding the Eu3+ ion like symmetry and
the local structure.7 At an asymmetric environment, the EDT
becomes an allowed one due to relaxation of the selection rule.
It can be found that for both Eu-LMO-750 and Eu-LMO-1050
samples the highest intensity is observed for 2.0 mol% Eu3+-
doped compounds and beyond 2.0 mol% of Eu3+ ion concen-
tration the intensity decays due to concentration quenching,
wherein the excitation energy is lost in terms of multi-polar
interactions due to the shorter gap among the Eu3+ ions than
the critical distance.40 It is interesting to see that the 5D0–

7F4 is
more intense in case of Eu-LMO-750 compared to that in Eu-
LMO-1050. Such changes in the 5D0–

7F4 line are associated
when there is a change in structural order–disorder in the
compound, and a high intense 5D0–

7F4 line is always associated
with a crystal structure without any inversion symmetry.41–44

Thus, a low intensity of the 5D0–
7F4 line suggests the fact that

upon heating the crystal structure becomes more symmetric.
The ratio of the integral emission intensity of the EDT and
MDT, also called as the asymmetry factor (A), measures the
extent of local structural distortion surrounding the europium
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Excitation spectra of various Eu-LMO-750 and Eu-LMO-1050 samples at 620 nm emission wavelength.
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ion, as reported in our earlier cases.7 The fact that the EDT is
more intense compared to the MDT in the present case indi-
cates that Eu3+ exists in an asymmetric environment. In the
present study, for both the Eu-LMO-750 and Eu-LMO-1050
samples, the EDT is much more intense than the MDT, which
Fig. 7 Emission spectra of various Eu-LMO-750 and Eu-LMO-1050 sam

© 2021 The Author(s). Published by the Royal Society of Chemistry
infers that the Eu3+ at the La3+ site does not have an inversion
symmetry. Further, the asymmetry ratio i.e. EDT/MDT for the
2 mol% Eu3+-doped Eu2.0-LMO-750 sample is found to be 11.5,
while that for the same doping level Eu2.0-LMO-1050 is found to
be 8.86. This decrease in A value is directly related to change in
ples at CTB (290 nm) excitation wavelength.

RSC Adv., 2021, 11, 17488–17497 | 17493
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the surrounding local structure of Eu3+ ions, upon heating the
LMO-750 compound the surrounding local structure especially
in the rst co-ordination shell of Eu3+ ions must have become
less distorted. Now, defect in the form of lattice vacancies or
elemental impurity surrounding the Eu3+ ion will play the main
role of inducing an asymmetric environment at a lattice site.
Defect centers such as many oxygen vacancies are generally
annealed upon sintering the compound at a higher temperature
in open air atmosphere. Further, the surface defect density is
also reduced upon thermal treatment of the compounds due to
decrease in surface area. The fact that the asymmetry ratio
decreases upon thermal annealing is due to the disappearance
of such defect centers surrounding the Eu3+ ion. Such defect
centers may also create a different co-coordinating sphere for
the Eu3+ ion and, hence, a change in the decay kinetics will be
observed, because any such changes will have an immediate
impact on the excited state of the Eu3+ ions. Further, since the
Eu-LMO-1050 compound is glass–ceramic in nature, it might be
possible that some of the Eu3+ ions which exist in the grain
boundaries in the crystalline ceramic form and thereby possess
a large asymmetric surrounding may get a new coordination in
the glass form wherein the surrounding is less asymmetric in
nature. Now, before investigating the photoluminescence life-
time values of various Eu3+ ions present in different environ-
ments, let us see the color coordinates of the respective samples
(both ceramic and glass–ceramic forms) for their application as
phosphor materials.

In order to evaluate the colorimetric performance of the
phosphor materials, the CIE chromaticity coordinates were
evaluated both for the ceramic (Eu-LMO-750) and glass–ceramic
(Eu-LMO-1050) forms. The values of the x and y coordinates of
the compounds are represented by the star and circle marks in
the CIE diagram in Fig. 8. It can be observed that while the
undoped LMO is near the white-light-emitting materials, the
Eu-doped LMO compounds are red-emitting phosphor mate-
rials. It can also be seen that with increasing concentration of
Eu3+ ions, the Eu-LMO compounds are becoming more and
Fig. 8 CIE diagram of different Eu-LMO-750 and Eu-LMO-1050
samples.

17494 | RSC Adv., 2021, 11, 17488–17497
more reddish in nature. This is purely due to the increase in the
intensity of the red line 5D0–

7F2 compared to the orange line
5D0–

7F1. Further, in many cases, the compound heated at
a higher temperature i.e. the glass–ceramic form is found to be
more red pure than the crystalline form. For instance, the
Eu0.03-LMO-1050 (CIE color coordinates x, y ¼ 0.63, 0.32) and
Eu0.02-LMO-1050 (CIE color coordinates x, y ¼ 0.62, 0.32)
compounds are more reddish than the Eu0.03-LMO-750 (CIE
color coordinates x, y ¼ 0.59, 0.30) and Eu0.02-LMO-750 (CIE
color coordinates x, y ¼ 0.60, 0.31) compounds. Another best
way to check whether there is an improvement in phosphor
characteristics in the glass–ceramic forms is to calculate their
color purities.

The color purity of the samples was calculated following eqn
(1):7

Color purity ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxs � xiÞ2 þ ðys � yiÞ2

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxd � xiÞ2 þ ðyd � yiÞ2

q � 100% (1)

where (xs, ys) are the CIE coordinates of the sample matrix, (xd,
yd) are the coordinates of the dominant wavelength and (xi, yi)
are the coordinates of the white illuminating point. For our
present work, the dominating wavelength of the Eu3+ ion is
617 nm and the corresponding (xd, yd)¼ (0.68, 0.32), and for the
white illuminating point (xi, yi) ¼ (0.31, 0.31). For the present
case, the calculated color purity was found to be 86% and 83%
for the Eu0.03-LMO-1050 and Eu0.02-LMO-1050 samples,
respectively, while the color purity values for Eu0.03-LMO-750
and Eu0.02-LMO-750 were calculated to be 76% and 78%,
respectively. Therefore, the glass–ceramic form of the phosphor
compounds has more pure red color than the crystalline powder
form prepared at 750 �C; hence, it can be concluded that for
practical application as red-light-emitting material the glass–
ceramic forms of the phosphor are more suitable. Now, let us
investigate their lifetime values to get a clearer picture for such
observations.

Photoluminescence lifetime study. In order to understand
the different local environments of Eu3+ ions in LMO, which has
a direct impact on the phosphor characteristics, and also to get
an insight about the ceramic to glass–ceramic transition of the
phosphor materials, we carried out lifetime measurement at
290 nm excitation and 617 nm emission wavelengths. It was
observed that all the decay curves were tted with the bi-
exponential eqn (2) as shown in Fig. 9,

IðtÞ ¼ A1 exp

�
� t

s1

�
þ A2 exp

�
� t

s2

�
(2)

where I(t) is the intensity, s1 and s2 are the two respective life-
time values and A1 and A2 are the relative weights.

The relative percentage of a specic lifetime was also calcu-
lated following the formula

% of species n ¼

2
64 ðAn � snÞP

n ¼ 1;2

An � sn

3
75 � 100 (3)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Decay profiles of various Eu-LMOs at CTB excitation.
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The two different lifetimes obtained for different Eu3+-doped
compounds are given in Table 1. The presence of two lifetime
values for all the compounds suggests that Eu3+ ions exist in two
different environments. It can be seen that for all the
compounds the short-lived component has a major contribu-
tion compared to the long-lived component. It is observed that
upon thermal annealing both the lifetime values are changed,
which indicates a change in the local surrounding of the Eu3+

ion. Interestingly, the lifetime value of the long-lived
Table 1 Photoluminescence lifetime values of different Eu-LMOs at
290 nm excitation and 617 nm emission wavelengths

Compound
Short-lived
component (ms)

Long-lived
component (ms)

Eu0.1-LMO-750 497.51 (72%) 774.55 (28%)
Eu0.1-LMO-1050 380.93 (40%) 575.10 (60%)
Eu1.0-LMO-750 475.72 (78%) 754.70 (22%)
Eu1.0-LMO-1050 515.12 (81%) 1357.05 (19%)
Eu3.0-LMO-750 497.56 (85%) 918.81 (15%)
Eu3.0-LMO-1050 506.65 (80%) 1218.99 (20%)
Eu5.0-LMO-750 486.93 (66%) 783.44 (34%)
Eu5.0-LMO-1050 479.70 (76%) 1175.41 (24%)

© 2021 The Author(s). Published by the Royal Society of Chemistry
component has been found to increase when the compounds
are heated at a higher temperature i.e. 1050 �C in most of the
cases, except in the 0.1 mol% Eu3+-doped compound. On the
contrary, the short-lived component is found to be less affected
by such thermal annealing. Therefore, there must be a change
in the surrounding local structure of the long-lived Eu3+

component. Due to the fact that the ionic radii of Eu3+ and La3+

ions are very close and Eu3+ ions are bigger thanMo6+ ions, Eu3+

ions are mostly favorable to go to the La-site. Since there are no
charge differences at the La-site, we believe that the newly
formed defect centers due to charge imbalance will be
minimum surrounding such lattice sites and only those defects
which are intrinsic in nature and present in the as-prepared
samples (such as oxygen vacancies) will have an impact on the
excited state of the Eu3+ ion. Therefore, the long-lived compo-
nent is due to Eu3+ ions existing in the La-lattice sites and far
from such defect centers. On the other hand, the short-lived
component must be due to some other origin such as Eu3+

ions existing in the La-sites which are close to the grain
boundaries or on the surface of the particles. In such cases the
Eu3+ ions will not have a saturated co-ordination number and
many other defect centers may be present close to the Eu3+ ions,
which may provide non-radiative pathways and, hence, the
RSC Adv., 2021, 11, 17488–17497 | 17495
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Table 2 Total radiative transition probabilities (AR) for Eu-LMOs

Compound AR (s�1)

Eu0.1-LMO-750 115.89
Eu0.1-LMO-1050 115.22
Eu1.0-LMO-750 127.31
Eu1.0-LMO-1050 132.16
Eu2.0-LMO-750 176.73
Eu2.0-LMO-1050 178.69
Eu3.0-LMO-750 172.95
Eu3.0-LMO-1050 174.75
Eu5.0-LMO-750 179.61
Eu5.0-LMO-1050 186.34
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lifetime value will be less. Therefore, the short-lived component
is due to Eu3+ ions present in the grain boundaries or on the
surface of the particles. With increase in sintering temperature,
the compound has a tendency to form a glass at around 1002 �C,
wherein all the grain boundaries will be lost and the Eu3+ ions
which exist in such a place will be in a different asymmetric
glass network. On the other hand, the other Eu3+ ions which are
placed in the La-site in the bulk of the ceramic particle will still
be in the ceramic form, and, since the surrounding defect
centers are getting annealed, the excited state will be a more
stable one. Therefore, the long-lived component of the glass–
ceramic form represents the Eu3+ ions in the ceramic form,
while the short-lived component represents those in the glass
form. Hence, it can be concluded that upon thermal annealing
the long-lived Eu3+ component in the ceramic form retains its
local structure, while the short-lived component in the grain
boundaries or on the surface of the particle becomes a part of
the glass network. Since Eu3+ and La3+ ions have similar charges
and close ionic radii, the La3+ ions present on the grain
boundaries will also follow a similar trend.

Judd–Ofelt calculation for radiative transition probabilities
(AR) of Eu

3+ ion. In order to understand the local environment
of Eu3+ ions especially in the rst co-ordination shell, which has
a high impact on its photophysical properties such as on the
total radiative transition probabilities (AR), we calculated the AR
values for all the samples using the Judd–Ofelt theory following
a similar procedure like in our earlier report.7 It can be seen
from Table 2 that the radiative transition probabilities are more
in the glass–ceramic form than in the ceramic form. Therefore,
considering both colour purity and radiative transition proba-
bilities, the glass–ceramic form of the Eu-LMO-1050 is more
suitable as a red-color-emitting phosphor, in addition to the
other aforementioned advantages over the phosphor/silicone
composite.
4 Conclusion

Various Eu-LMOs were prepared both in ceramic and glass–
ceramic forms by annealing at different temperatures. XRD,
Raman, and FTIR studies conrmed that the Eu-LMO-1050
compound is in the glass–ceramic form while the Eu-LMO-750
is in the ceramic form. TGA and DSC studies conrmed that
there is a glass transition temperature at 1002 �C. It was
17496 | RSC Adv., 2021, 11, 17488–17497
observed that for LMO-1050 the peaks in the XRD, FTIR and
Raman spectra are broad in nature due to the amorphous
nature of the glass form. Photoluminescence studies showed
that the glass–ceramic form has more red color purity and
radiation transition probability than the ceramic form and,
hence, more suitable for application as phosphor material.
Photoluminescence lifetime studies revealed that there are two
different lifetime components, both in the ceramic and glass–
ceramic form. The long-lived Eu3+ component in the ceramic
form was found to retain its structure, while the short-lived
component was found to get into the glass network.
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