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A B S T R A C T   

Red-emitting Li3Ba2Gd3(WO4)8: x at.% Eu3+ (0.5 ≤ x ≤ 10) phosphors were effectively produced using a con
ventional solid-state reaction method at high temperature in air atmosphere. The phosphors exhibited mono
clinic crystalline structure with the C2/c space group and 2/m point group. The unit cell parameters determined 
from the Rietveld refinement for 3 at.% doped sample are a = 5.2149(4) Å, b = 12.7447(1) Å, c = 19.2058(3) Å, 
α = γ = 90◦, β = a^c = 91.9315(1)◦ and Vcalc = 1275.748(2) Å3. Photoluminescence spectra, lifetimes, colour 
coordinates and purity, and temperature-dependent emission spectra have been systematically studied. Upon 
excitation at 395 nm, the phosphors displayed red emission with a peak centered at 614 nm, which was asso
ciated with the 5D0→7F2 electrical dipolar transition of Eu3+. At the same time, the influence of different Eu3+ ion 
concentration on the photoluminescence intensity is also discussed. The optimal concentration of Eu3+ ions in 
Li3Ba2Gd3(WO4)8 was found to be 3 at.%. The mechanism behind concentration quenching was ascribed to 
dipole–dipole interactions, and the critical distance for energy transfer among Eu3+ ions was determined to be 
7.409 Å. The Judd–Ofelt theory was utilized to assess the intensity parameters and radiative properties. The 
fluorescence decay times were also determined for the different concentration levels of Eu3+ cations. The 
chromatic coordinates of Li3Ba2Gd3(WO4)8: Eu3+ were found to be (0.653, 0.345), closely resembling the 
standard red light (0.670, 0.330) and demonstrated high colour purity (98.42 %) under excitation at 395 nm. 
Moreover, the phosphors Li3Ba2Gd3(WO4)8: Eu3+ exhibited favorable thermal stability, characterized by an 
activation energy of 0.219 eV. The aforementioned findings indicate that the phosphors Li3Ba2Gd3(WO4)8 doped 
with Eu3+ have the potential to function as a red-emitting phosphor in near-ultraviolet-driven white light- 
emitting diodes.   

1. Introduction 

In 1997, the initial white light-emitting diodes (wLEDs) became 
commercially available [1]. In our contemporary society, with the rise of 
digitalization, wLEDs are gaining global recognition for their excep
tional qualities, such as high brightness, eco-friendliness, minimal en
ergy consumption, superior luminous efficiency, and extended 
operational lifespan. They are therefore considered the next iteration of 

solid-state lighting tech [2–5]. In these white light-emitting diodes 
(wLEDs), luminescent materials, consisting of a host material and an 
activator ion, are used to transform the output of the blue LED chip into 
yellow light or a mixture of green and red light [6]. Rare earth (RE) ions, 
commonly used as activators, play a crucial role in display technology 
due to their outstanding luminescent properties. These properties 
translate into distinct emission bands characterized by 4f − 4f transi
tions, generally limited in free ions but partially allowed in a crystalline 
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host [7]. RE3+-doped trivalent phosphors are of significant importance 
for solid-state illumination and radiation detection [8]. Exceptional 
stability, extended operational life, outstanding luminescent efficacy 
and environmental friendliness are key factors for the efficient use of 
phosphors in wLEDs. These characteristics are attained through the 
strategic incorporation of RE3+ dopants, a central focus of research ef
forts [9]. 

Currently, the predominant commercial red phosphors are rare- 
earth-doped nitrides and sulfides [10,11]. However, the complex syn
thesis conditions for RE-doped nitrides and the low stability of RE-doped 
sulfides affect their practical applications. Researchers are working to 
increase efficiency, improve synthesis conditions and the quality of 
phosphors. Among RE ions, the trivalent europium ion (Eu3+), recog
nized as a highly effective activator, exhibits absorption in the UV/blue 
spectral range and can produce an intense red emission in the visible 
range [12,13]. For this reason, we chose to use the Eu3+ ion as an 
activator. Currently, Eu3+-doped phosphors have been the subject of 
numerous reports, such as NaBaBi2(PO4)3:Eu3+ [14], Sr2LaNbO6:Eu3+

[15], SrMg2La2W2O12:Eu3+ [16], Gd4.67Si3O13:Eu3+ [17], Ba2Y5B5O17: 
Eu3+ [18], Y2SiWO8:Eu3+ [19], LaSc3(BO3)4:Eu3+ [20], and Ba2YMoO6: 
Eu3+ [21]. The luminescence properties of these phosphors, which are 
based on different host materials, demonstrate that the host is also an 
important factor influencing the luminescence characteristics. Because 
of their high refractive index and stability, tungstates can serve as hosts 
for phosphors. Indeed, some tungstates can even produce self-activated 
emission [22–24]. Tungstate-based phosphors have the potential to 
facilitate efficient energy transfer between host and activators [25,26]. 
Li3Ba2Gd3(WO4)8 (LBGW), one of the tungstates, has a monoclinic 
structure with a C2/c space group and unit cell parameters a = 5.217(3) 
Å, b = 12.763(9) Å, c = 19.204(13) Å, β = 91.928(17)◦ and Z = 2 [27]. 
To date, LBGW phosphors doped with RE3+ ions have been reported, 
including LBGW:Dy3+ [28], LBGW:Nd3+ [27], LBGW:Tb3+ [29] and 
LBGW:Er3+/Yb3+ [30]. In light of these publications, it is demonstrated 
that LBGW is a promising host material for phosphors. Furthermore, no 
detailed description of the luminescence properties of LBGW:Eu3+ has 
been reported. 

In this work, we studied the phase composition, microstructure and 
luminescence properties of a novel red-emitting Eu3+-doped quaternary 
tungstate LBGW phosphors. 

Furthermore, the Judd-Ofelt (JO) theory has been employed to 
investigate the local surroundings of Eu3+ ions within the LBGW host 
matrix. Ultimately, the aim of this article is to examine the spectroscopic 
and photometric attributes of LBGW: Eu3+ phosphors by exploring the 
photometric characteristics. These are clarified through the examination 
of photoluminescence spectra, highlighting the potential adaptability of 
the synthesized phosphor in diverse applications, including solid-state 
lighting (SSL) and electronic display devices. 

2. Experimental 

2.1. Synthesis and materials 

Phosphor samples of LBGW: x at. % Eu3+ were synthesized using a 
conventional solid-state reaction method, covering a range of x values 
from 0.5 to 10 at. % Eu3+. The doping level, expressed as x at. %, cor
responds to the atomic percentage of Eu3+ ions replacing Gd3+ ions in 
the initial mixture. Precise quantities of the starting materials, including 
BaCO3 (99.9 %, ChemPUR), Li2CO3 (>99 %, VWR Chemicals), Gd2O3 
(99.99 %, Treibacher AG), Eu2O3 (99.99 %, Treibacher AG), and WO3 
(>99 %, Honeywell Fluka), were measured and subsequently mixed 
thoroughly using an agate mortar and pestle to achieve uniform blends. 
The powder obtained were subsequently placed in an alumina crucible 
and subjected to an initial preheating step at 700 ◦C for 24 h in an 
oxygen-rich environment to eliminate CO2 gas. Subsequently, the 
grinding procedure was reiterated, and the samples were maintained at 
900 ◦C for another 24-hour duration to ensure thorough reaction and the 

acquisition of single-phase LBGW: Eu3+ samples. Finally, the samples 
are gently cooled in the oven to room temperature. 

2.2. Measurements 

X-ray diffraction (XRD) data for the synthesized powder were ob
tained with the aid of X-ray diffractometer D8 Advance of Bruker AXS 
that featured a vertical θ-θ goniometer and CuK-α (with a wavelength of 
λ = 0.154060 nm) radiation. Scans were performed with a rate of 0.02◦

within the 2θ range of 10–80◦, and the X-rays were detected using a Lynx 
Eye PSD detector with an opening angle of 2.94◦. Raman spectra were 
captured using a Renishaw InVia confocal Raman microscope that 
featured an edge filter, a 50 × objective lens, and an Ar+ ion laser with 
an excitation wavelength of 514 nm. Differential thermal analysis (DTA) 
was conducted employing a MOM Q-1500 D derivatograph, utilizing a 
Platinum-Rhodium thermocouple and a platinum crucible, with cooling 
and heating rates set at 15 ◦C/min, and analysis took place under a ni
trogen flow of 140 cm3/min. 

The morphological features of the products were investigated 
through scanning field emission electron microscopy (FESEM), using an 
FEI Quanta 600 instrument. Samples compositions were identified by 
means of energy-dispersive X-ray spectroscopy (EDX) with the same 
FESEM apparatus, linked to an Oxford Inca 3.0 microanalyzer. 

The reflectance spectra at ambient temperature were captured 
employing a UV–visible-IR spectrophotometer Varian CARY 5000. 
Excitation and emission spectra were measured by means of a spectro
fluorometer (FS5, Edinburgh Instruments) fitted with an internal xenon 
lamp for excitation. Luminescence lifetime was monitored using a 
photomultiplier tube (R928P, Hamamatsu) housed within a 
temperature-cooling enclosure (CoolOne, Horiba), and the lumines
cence wavelength was selected using a dual monochromator (Bentham, 
DTMS300). Temperature-dependent photoluminescence measurements 
were carried out with a spectrum analyzer (OSA, Ando AQ6315-E) for 
the detection, utilizing a 395 nm laser generated from a non-linear 
lithium triborate crystal using a femtosecond (fs)-790 nm Ti: sapphire 
pump as the excitation source, and a custom-made heating device in the 
temperature range spanning from 30 to 250 ◦C. 

Fig. 1. (a) X-ray diffraction (XRD) patterns of LBGW with different doping 
concentrations of Eu3+ ions (0.5–10 %); (b) standard powder diffraction card 
of Nd: Li3Ba2Y3(WO4)8, COD ID:7211787. 
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3. Results and discussion 

3.1. Structural characteristics 

The XRD patterns of the LBGW: x at. % Eu3+ phosphors (where x 
ranges from 0.5 to 10) are depicted in Fig. 1(a). These patterns closely 
match the data from the JCPDS card under reference #7211787, which 
corresponds to the Li3Ba2Y3(WO4)8: Nd3+ crystal, as illustrated in Fig. 1 
(b), serving as a reference standard. This similarity indicates the correct 
incorporation of Eu3+ ions into the Li3Ba2Gd3(WO4)8 matrix. No addi
tional diffraction peaks attributed to impurities are detected, confirming 
the single-crystalline phase nature of the synthesized phosphors. All the 
samples exhibit single phase-structure crystallized the monoclinic sys
tem, characterized by the C2/c space group and 2/m point group. Upon 
scrutinizing the positions of the diffraction peaks, it can be inferred that 
the inclusion of the Eu3+ activator ion did not alter the structural phase, 
as all observed peaks closely align with the standard LBGW host. This 
suggests that Eu3+ ions have effectively replaced Gd3+ ions (occupying 
sites at 8f) within the LBGW host matrix. This substitution is likely 
facilitated by the similarity in charges and ionic radii between Eu3+

(with a radius r of 1.066 Å and coordination number CN of 8) and Gd3+

(radius of 1.053 Å and CN = 8) [31]. 
To gain deeper insights into the structure of the phosphors, partic

ularly regarding the integration of Eu3+ activator ions into the LBGW 
host matrix, we conducted a Rietveld refinement of the LBGW: 3 at.% 
Eu3+ compound using GSAS II software, as illustrated in Fig. 2. The 
initial refinement model was derived from the crystal data of 
Li3Ba2Gd3(WO4)8 [27]. The calculated profile closely matches the 
experimental profile, and Table 1 provides a breakdown of the refine
ment parameters. The refinement results indicate the absence of any 
noticeable impurity phases, and the refined unit cell parameters are as 
follows: a = 5.2149(4) Å, b = 12.7447(1) Å, c = 19.2058(3) Å, α = γ =
90◦, β = 91.9315(1)◦, Vcalc = 1275.748(2) Å3, and the number of for
mula units Z = 4. The refinement successfully converged, yielding Rw =

7.78 % and a goodness-of-fit value (GOF) of 1.60. Upon comparing the 
crystallographic data of LBGW: 3 at.% Eu3+ with the pure LBGW host 
[27], it is confirmed that the unit cell volume has decreased slightly from 
1277.9(15) Å3 to 1275.748(2) Å3. This phenomenon can be attributed to 
the smaller ionic radius of Eu3+ compared to Gd3+, as previously 
observed. Additionally, the incorporation of Eu3+ activator ions into the 
matrix results in a noticeable increase in crystal density, from 7.147 to 
7.527 g/cm3, attributable to both the reduction in cell size and an in
crease in formula weight. Table 2 provides a summary of occupancy 
factors (O.F.), atomic coordinates, sites, and isotropic displacement 
parameters (Biso) reported for the LBGW: 3 at.% Eu3+ sample. 

A fragment of the LBGW: Eu3+ phosphor’s structure is depicted in 
Fig. 3, showcasing its projection on the 2 crystallographic planes, 
namely a-b and b-c. Table 3 provides calculated interatomic distances 
for three different polyhedra: [Gd|Li1|Eu]O8, [Ba]O10, and [Li2]O6. 
Within this structure, Ba2+ ions occupy the 4th sites and form a distorted 
polyhedron [Ba]O10 by coordinating with 10 oxygen atoms. The inter
atomic distances within this polyhedron range from 2.6082(9) to 3.2067 
(8) Å. Li+ cations, on the other hand, exist in two distinct crystallo
graphic sites: 8f and 4e. The first site, known as Li1, is situated within the 
8f sites and is distributed alongside the Gd3+|Eu3+ cations. Each Gd|Li1| 
Eu is surrounded by 8 oxygen atoms, giving rise to a deformed poly
hedron [Gd|Li1|Eu]O8, with interatomic distances ranging from 2.2446 
(1) to 2.7848(2) Å. The second site, referred to as Li2, is located in the 
4e-type sites and is coordinated by six oxygen atoms, forming the 
polyhedron [Li2]O6 with distances falling between 1.9907(5) and 
2.3778(1) Å. The overall structure of the LBGW: x at.% Eu3+ phosphors 
comprises polyhedra such as [Ba]O10, [Gd|Li1|Eu]O8, and [Li2]O6, 
which are interconnected through common oxygen atoms. The poly
hedra adjacent to [Gd|Li1|Eu]O8 create a two-dimensional layered 
structure aligned with the b-c plane, while the [Ba]O10 polyhedra con
nect to neighboring [Gd|Li1|Eu]O8-[Gd|Li1|Eu]O8 units, forming a 3- 

Fig. 2. Rietveld refinement plots for Li3Ba2Gd3(WO4)8:3%Eu, the experimental 
profile-black dots; the calculated pattern-red line; the difference plot-blue line 
and the background-green line; Inset: zoomed view in the range between 25 
and 32◦. 

Table 1 
Crystallographic data and Rietveld refinement details for LBGW: 3 at.%Eu3+

sample.  

Data LBGW:3 at.%Eu3þ

Chemical formula Li3Ba2Gd2.91Eu0.09(WO4)8 

Crystal System monoclinic 
Space group (IT number, Z) C 2/c (15, 2) 
Laue Class 2/m 
Calculated density (g/cm3) 7.5272 
Lattice constant a,b,c(Å) 5.2149(4), 12.7447(1), 19.2058(3) 
α,β,γ(deg.) 90, 91.9315(1), 90 
Volume(Å3) 1275.748(2) 
2θ range (deg.) 10–80 
2θ step 0.02 
Radiations Cu-Kα1 (λ = 1.5418 Å) 
Refinement software GSAS II software 
Goodness of fit (GOF) 1.60 
Rw 7.78 %  

Table 2 
Atomic coordinates, sites, occupancy factors (O.F) and isotropic displacement 
parameters Biso (Å2) LBGW: 3 at.% Eu3+ sample.  

Atoms sites x/a y/b z/c O.F Biso(Å2) 

W1 8f 0.4887 
(3) 

0.4409 
(3) 

0.4057 
(0) 

1.000 1.342 
(5) 

W2 8f 0.5032 
(7) 

0.7435 
(6) 

0.3508 
(3) 

1.000 0.790 
(3) 

Ba 4e 1.0000 
(0) 

0.5317 
(6) 

0.2500 
(0) 

1.000 1.737 
(9) 

Gd|Li1| 
Eu 

8f 1.0031 
(0) 

0.6468 
(8) 

0.4681 
(8) 

0.728|0.250| 
0.022 

0.632 
(2) 

Li2 4e 0.5000 
(0) 

0.3220 
(0) 

0.2500 
(0) 

1.000 1.895 
(3) 

O1 8f 0.6329 
(0) 

0.4149 
(0) 

0.3263 
(0) 

1.000 2.921 
(1) 

O2 8f 0.2565 
(5) 

0.5433 
(9) 

0.4039 
(0) 

1.000 2.843 
(7) 

O3 8f 0.7726 
(9) 

0.4613 
(1) 

0.4459 
(1) 

1.000 2.264 
(1) 

O4 8f 0.3015 
(3) 

0.3350 
(1) 

0.4520 
(9) 

1.000 3.054 
(9) 

O5 8f 0.2218 
(6) 

0.7084 
(9) 

0.2847 
(8) 

1.000 2.737 
(5) 

O6 8f 0.7403 
(9) 

0.6493 
(1) 

0.3583 
(0) 

1.000 3.053 
(4) 

O7 8f 0.6617 
(0) 

0.8482 
(7) 

0.3280 
(8) 

1.000 2.580 
(5) 

O8 8f 0.2933 
(5) 

0.7472 
(0) 

0.4158 
(5) 

1.000 2.501 
(2)  
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dimensional network, resulting in a single-layer polyhedral structure. To 
ascertain the average crystallite size D, the Scherrer equation [32] is 
utilized: 

D(nm) =
Kλ

FWHM*cosθ
(1)  

where D represents the average crystallite size in nm, K presents the 
Scherrer constant, which is equal to 0.9, λ is the incident X-ray wave
length (Cu-Kα1; λ = 1.54060 Å), FWHM are the full-width at half 
maximum in radian, θ is related to the peak position (in radian). The 
average crystallite size of LBGW: x at.% Eu3+ phosphors with x varying 
between 0.5 and 10 at.% was determined to be ~ 63 nm. 

See Fig. 4.(a) shows the DTA curves for LBGW:10 at.% Eu corre
sponding to the heating and cooling processes. From the curves, we 
observe that the synthesized samples show a single endothermic effect 
(during heating) and a single exothermic effect (during cooling). These 
effects present a strong and reversible character, which correspond to a 
congruent melting and crystallization. Furthermore, the initiation tem
perature of the fusion aligns closely with 1026 ◦C. As the samples were 
heated, we observed an endothermic peak at 1040 ◦C, indicating the 
melting process. This temperature level appears higher than that of the 
host matrix (LBGW: 1034 ◦C) [27]. Upon the samples’ cooling, a 
detected exothermic peak at 1020 ◦C was associated with the crystalli
zation of the monoclinic phase. The absence of further thermal effects 

indicates the lack of polymorphic phase transformations of the first type 
below the melting point of the composition. 

The Raman spectra of LBGW: x at.% Eu3+ phosphors were obtained 
within the range of 100–1000 cm− 1, as illustrated in Fig. 4(b). It is 
apparent from these spectra that as the concentration of Eu3+ dopant 
ions increases, there are no significant alterations in the Raman profiles. 
These spectra closely resemble the profiles of pure LBGW (x = 0), 
affirming the formation of a single LBGW phase in our samples. Several 
distinct peaks are observed, including those centered at 913, 395, 337, 
and 325 cm− 1, attributed to the (W-O) stretching modes. Additionally, 
peaks at 887 and 841 cm− 1 are assigned to (WOW) stretching modes. 
The peaks at 446 and 425 cm− 1 correspond to bending modes δ(WOW), 
while those at 794 and 747 cm− 1 are associated with bridge stretching 
modes ν(WOW). We also identify a peak at 213 cm− 1, which can be 
attributed to the translational modes of Gd3+ cations. Finally, two suc
cessive peaks at 115 and 125 cm− 1 are identified as the out-of-plane 
(WOW) modes related to the translational modes of (W6+, Gd3+) ions 
[33,34]. The maximum phonon energy, denoted as hυmax, for LBGW: 
Eu3+ is 913 cm− 1. 

3.2. Morphology and composition analysis 

In Fig. 5(a), the scanning electron microscopy (SEM) image of LBGW: 
x at.% Eu3+ phosphor powder is presented. The resulting image illus
trates that the particles exhibit irregular morphology and are agglom
erated. The estimated size of the particles is likely in the micrometer 
range, approximately 5 μm, making it suitable for applications in white 
light-emitting diodes (wLEDs) [35]. Fig. 5(b,c) illustrates the EDX 
spectra for the Li3Ba2Gd3(WO4)8 host and the synthesized powders 
LBGW: 3 at.% Eu3+, respectively. These spectra demonstrate the exis
tence of lithium (Li), barium (Ba), gadolinium (Gd), and tungsten (W) in 
both samples, with the additional presence of europium (Eu) in the 
samples doped with Eu3+ ions (x = 3 at.%). The EDX elemental mapping 
for the LBGW: 3 at.% Eu3+ sample is shown in Fig. 5(d) and its confirm 
that all the elements were homogeneously distributed over the entire 
analysed area. 

Fig. 3. Fragment of structure of LBGW: Eu3+ in projection to the (a) b-c plane 
and (b) a-b plane. 

Table 3 
Selected interatomic distances in LBGW: 3 at.% Eu3+.  

M¡O distances (Å) £ numbers 
[Gd|Li1|Eu]O8 [Li2]O6 [Ba]O10 

Gd|Li1|Eu-O Li2-O Ba-O 
Gd|Li1|Eu-O8 = 2.2446(1) × 1 Li2-O1 = 1.9907(5) ×

2 
Ba-O5 = 2.6082(9) ×
2 

Gd|Li1|Eu-O4 = 2.2551(5) × 1 Li2-O5 = 1.9554(2) ×
2 

Ba-O1 = 2.8671(5) ×
2 

Gd|Li1|Eu-O3 = 2.2625(9) × 1 Li2-O7 = 2.3778(1) ×
2 

Ba-O7 = 2.8885(1) ×
2 

Gd|Li1|Eu-O3′ =2.4208(2) × 1  Ba-O6 = 2.9315(3) ×
2 

Gd|Li1|Eu-O6 = 2.4772(0) × 1  Ba-O2 = 3.2067(8) ×
2 

Gd|Li1|Eu-O4 = 2.6321(5) × 1   
Gd|Li1|Eu-O3′’ =2.6804(6) × 1 

Gd|Li1|Eu-O8′ =2.7848(2) ×
1    

Fig. 4. DTA curves for LBGW: 10 at. %Eu3+; (b) Raman spectra of 
Li3Ba2Gd3(WO4)8:x at.%Eu phosphors, x  = 0, 1, 2, 3, 4, 7 and 10 at.%. 
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3.3. Diffuse reflectance spectra 

In comprehending the absorption and emission characteristics of the 
synthesized phosphors, a crucial optical parameter to observe is the 
diffuse reflectance spectrum. The diffuse reflectance spectra for the host 
samples LBGW and LBGW: 3 at.% Eu3+ are illustrated in Fig. 6(a). The 
expansive absorption band present in the 250–350 nm range is linked to 
the charge transfer band (CTB) involving O2– ions transitioning to Eu3+/ 
W6+ [36]. The distinct bands observed are attributed to the intra 4f- 4f 
electronic transitions of the active Eu3+ ion. The peaks noted at about 
464 and 535 nm are due to 7F0→ 5D2 and 7F1→5D1 of the Eu3+ ion. 
Moreover, we utilized the theory developed by Davis and Mott [37] to 
compute the optical absorption at the fundamental edge. This determi
nation was made by considering the association between photon energy 
and the absorption coefficient for both direct and indirect optical tran
sitions. This relationship can be written in the general form provided by: 

α(hν) = A
(hν − Eg)

r

hν (2) 

where Eg denotes the optical band gap, α(hν) is the absorption co
efficient, hν represents the photon energy with A being a constant. For 
forbidden transitions, the value of r is 1/2. From the plot of the variation 
of (αhν)2 (eV.cm− 1)2 versus the energy (eV) (see Fig. 6(b)), we detect Eg 
= 2.78 eV for the host and Eg = 2.97 eV for the sample LBGW: 3 at.% 
Eu3+. Consequently, the band gap energy levels rise as the concentration 
of dopant ions in the LBGW host lattice increases. This increase in energy 
levels can be attributed to the structural disruption that occurs within 
the host lattice due to the addition of Eu3+ dopant ions. 

Fig. 5. (a) SEM image of LBGW: 3 at.%Eu3+ (b) Energy-dispersive X-ray (EDX) spectra for the host matrix (c) EDX spectra for LBGW: 3 at.%Eu3+ (d) EDX elemental 
mapping for the LBGW: 3 at.%Eu3+ samples. 

Fig. 6. (a) Diffuse reflection spectrum and (b) Tauc plots of undoped and for 
LBGW: 3 at.%Eu3+ samples. 
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3.4. Photoluminescence properties 

Fig. 7(a) displays the photoluminescence (PL) and the photo
luminescence excitation (PLE) spectra of LBGW:3 at.% Eu3+ phosphors. 
The PLE spectrum was measured under emission monitored at 614 nm, 
which corresponds to the 5D0→7F2 transition of Eu3+ activator ions. The 
spectrum was formed in two parts: (i) a broad excitation band in the 
wavelength range between 250 and 300 nm, centered at 264 nm, which 
is the CTB between divalent O2– anions and Eu3+/W6+ cations, which 
corresponds to the electron transfer from the completely occupied 2p 
orbital of the O2– to the empty 4f orbital states of Eu3+/W6+ ions. This 
suggests that the energy absorbed in the near UV region is efficiently 
transmitted to Eu3+ ions via ligand–metal charge transfer absorption 
(CTB) [38]. In the CTB, the broadening of the peak is attributed to 
contributions from the intense lattice vibrations. The positioning of the 
CTB is influenced by factors such as the size, coordination number, 
charge of the cation, electronic affinity of the anion, and the coordina
tion of cations around the O2– ions [39]. (ii) a series of distinct and well- 
defined excitation peaks at 318, 361, 381, 395, 415, 464, 526, and 535 
nm are associated with the 4f-4f transitions of the Eu3+ activator ions 
within the host arrays. These transitions can be identified as 7F0→5H6, 
7F0→5D4, 7F0→5L7, 7F0→5L6, 7F0→5D3, 7F0→5D2, 7F0→5D1, and 
7F1→5D1, respectively [40–42]. Among the observed LPE peaks, it is 
clear that the most notable excitation peak is positioned at a wavelength 
of 395 nm, this particular peak exhibits slightly greater intensity 
compared to the one in the blue region at 464 nm. These two peaks are 
well-suited for exciting the phosphors using commercially accessible 
InGaN-based near-UV and GaN-based blue LED chips, respectively. 

The PL emission spectra of the LBGW: 3at.% Eu3+ sample were 
studied using two different excitation wavelengths: 264 nm (CTB) and 
395 nm (Eu3+ direct). As there is no detectable emission from the WO4

2- 

group, this suggests the presence of phenomena associated with “host- 

sensitized” energy transfer [43,44]. The emission intensity under 395 
nm excitation (7F0→5L6) is the highest, and five characteristic emission 
peaks were found at 591, 614, 654 and 701 nm, mapping respectively to 
the 5D0→7F1, 5D0→7F2, 5D0→7F3 and 5D0→7F4 transitions of Eu3+ ions. 
The Eu3+ ion in the LBGW host, belonging to the C2/c space group, is 
surrounded by eight oxygen atoms, exhibiting no inversion symmetry, 
also known as S4 point symmetry, as indicated by reference [45]. 
Existing studies propose that introducing A2+ ions as aliovalent dopants 
for Eu3+ might lead to a local distortion in the S4 symmetry at the Eu3+

site [46]. Based on the outcomes of the structure refinement, it is 
established that Eu3+ ions occupy the same crystallographic positions as 
Li+ and Gd3+. The lack of 5D0 → 7F0 emission at 582 nm, which is 
exclusive to sites with Cs, Cn, or Cnv symmetry, further reinforces this 
point [47]. A depiction of energy levels, demonstrating the energy 
transfer process between WO4

2- and Eu3+ ions within LBGW, can be seen 
in Fig. 7(b). Generally, WO4

-2 groups capture photon energy and subse
quently relay it to Eu3+, causing Eu3+ to emit red light effectively 
[48,49]. Upon exposure to near-ultraviolet (n-UV) light, electrons are 
propelled to the WO4

2- charge transfer band (CTB), then descend to lower 
energy states via non-radiative processes. Afterwards, energy is released 
from the ligands to the metallic ions (Eu3+), exciting the electrons to 
elevated energy states [50]. Finally, through a radiative transition, the 
excited electrons (5D0) revert to the ground state (7F1, 7F2, 7F3, and 7F4), 
giving off intense red light. 

To fulfill the goal of examining the luminescent properties of the 
prepared samples, we investigated the impact of Eu3+ dopant concen
tration on the luminescence intensity of LBGW: x at.% Eu3+ phosphors 
with x varying from 0.5 to 10. The emission spectra were recorded 
within the 570–715 nm range while being excited at 395 nm and at a 
room temperature of 25 ◦C, as depicted in Fig. 8(a). The configuration of 
these photoluminescence (PL) spectra remained consistent across 
various concentrations of Eu3+ activator ions, with the exception of the 
PL intensity, as illustrated in Fig. 8(b). This observation supports the 
conclusion that there is a singular Eu3+ emission center at the Gd3+ ion 
sites [51]. Notably, the PL intensity shows a gradual rise with increasing 
amounts of Eu3+ until it reaches a maximum and stabilizes at a value of 

Fig. 7. (a) The photoluminescence excitation (PLE; λem = 614 nm) and pho
toluminescence (PL; λexc = 264 nm and 395 nm) spectra of for LBGW: 3 at.% 
Eu3+ phosphors. (b) The energy level diagram. 

Fig. 8. (a) Emission spectra of LBGW: x at.% Eu3+ (0.5 ≤ x ≤ 10) phosphors, 
λexc = 395 nm; (b) PL as a function of Eu3+ concentration. 
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x  = 3 at. % Eu3+. Subsequently, a gradual decline in PL intensity is 
evident with a further increase in the content of Eu3+ ions. 

Typically, concentration quenching is a phenomenon influenced by 
factors such as exchange interaction, multipole-multipole interaction, or 
radiation reabsorption. In the case of LBGW: Eu3+, the bond angles 
involving (Eu-O-W) and (O-W-O) surpass 100 degrees, leading to a 
considerable separation between Eu3+ cations. This significant distance 
presents a considerable obstacle to energy transfer among the Eu3+ ions 
[52,53]. Conversely, the existence of isolated WO4

2- groups within the 
structure effectively shields the Eu3+ activator ions from each other, 
forming a barrier to energy transfer between pairs of Eu3+ ions. Addi
tionally, the non-radiative energy transfer process among Eu3+ ions is 
notably influenced by the critical transfer distance (Rc).This was 
determined using the concentration extinction method proposed by 
Blasse [54]: 

Rc ≈ (
3V

4πNX C
)

1
3 (3)  

where N designates the number of lattice sites that are capable of being 
occupied by activator ions, V denotes the volume of the unit cell, and Xc 
represents the critical concentration of Eu3+ dopant ions. For LBGW: 3 
at.% Eu3+, we determined that: V = 1277.9 Å3, N = 2, and Xc = 3 at. %, 
which implies that the critical distance Rc of the energy transfer is about 
7.409 Å. When the critical distance is greater than 7.409 Å, the short- 
range exchange interaction loses its effectiveness. In our case, there is 
no overlap between the PLE and PL spectra, resulting in unlikely radi
ation reabsorption. Therefore, the quenching mechanism of Eu3+ ion 
concentration in our host matrix was dominated by multipole-multipole 
interactions. Three types of multipole electrical interactions are distin
guished, namely dipole–dipole (d-d), quadrupole–quadrupole (q-q), and 
dipole-quadrupole (d-q). The luminescence intensity per activator ion 
can be described using Dexter’s theory, as formulated in the following 
equation [55]: 

I
x
= K

[
1 + β(x)

θ
3

]− 1
(4)  

Here, I represents the emission intensity, x signifies the concentration of 
Eu3+, and β and K represent constants specific to the host under identical 
excitation conditions. The ratio I/x represents the luminescence in
tensity per activator concentration, with θ taking values of 6, 8, or 10, 
related to d-d, d-q, or q-q interactions, respectively [56]. Assuming that 
β(x) is more than 1, the above equation can be restructured into the 
following form: 

log
I
x
= K′ −

θ
3

log(x) (5)  

where K′ = logK − logβ, Fig. 9(a) shows the relationship between log(x) 
and log (I/x). This relationship results in a linear curve with a slope of 
− 1.86254. Therefore, we can determine the value of θ from this slope, 
which may be 5.587. This value is about equal to 6, which suggests 

that the phenomenon of non-radiative energy transfer between Eu3+

ions can be attributed to the d-d interaction in the LBGW: Eu3+

phosphors. 
It can be noted that for all the samples, the intensity of the electric 

dipole transition (ED; 5D0 →7F2) at about 614 nm appears considerably 
more potent than the magnetic dipole transition (MD; 5D0 → 7F1) at 
around 591 nm. The intense red emission (5D0→7F2) at 614 nm is 
observable for different Eu3+ concentration levels. The specific chemical 
environment surrounding Eu3+ within a host lattice influences the 
location of the f-f transition peak and the corresponding relative in
tensities. In accordance with the Judd-Ofelt theory, it is used to measure 
the symmetry of the environment surrounding the Eu3+ activator ions by 
examining the integrated emission intensity ratio (referred to as the R/O 
asymmetry ratio) between the 5D0 → 7F2 transition and the 5D0 → 7F1 
transition. 

As defined, to obtain the R/O asymmetry ratio of the 5D0 → 7F2 
transition relative to the 5D0 → 7F1 transition should be determined as 
follows [57]: 

R
O

=
ISDO − 7F2

ISDO − 7F1

(6) 

In Fig. 9(b), a graph illustrates the emission ratio values of (5D0→7F2) 
/ (5D0→7F1) transitions across various Eu3+ concentrations (x = 0.5 to 
10 at.%), yielding calculated R/O values of 13.52, 13.20, 13.05, 13.01, 
12.88, 12.76, 12.54, 12.32. Essentially, the asymmetry ratio values are 
consistently greater than 1, indicating the prevalence of the 5D0→7F2 
electric dipolar transition in the emission spectra of LBGW: Eu3+ phos
phors. This suggests that Eu3+ occupies non-centrosymmetric positions 
within distorted cationic sites [58]. Similarly, it is clearly observed that 
with increasing Eu3+ ion concentration, the R/O values decrease, this 
fact means that the substitution of Gd3+ ions for Eu3+ ions hardly affect 
the local environment. The absence of central inversion of the Eu3+ ion 
is advantageous for producing a bright red phosphor of great colour 
purity. 

3.5. Luminescence decay curves 

The room temperature PL decay curves of LBGW: x at.%Eu3+ phos
phors with different concentrations of Eu3+ under excitation at 395 nm 
and tracking at 614 nm are presented in Fig. 10(a). Decay curves for all 
cases are effectively modeled using a first-order exponential decay 
function. Consequently, the radiative relaxation lifetime of the 5D0 level 
at different concentrations of Eu doping was determined using the 
following formula [40]: 

I(t) = I0 +Aexp(− t
τ) (7)  

where I0 and I(t) are the intensities of luminescent emission at t = 0 and 
time t, respectively; A is a coefficient and τ is the lifetime. Based on the 

Fig. 9. (a) Dependence of log(I/x) on log(x) for of LBGW: x at.% Eu3+ with λexc 
= 395 nm (b) Asymmetry ratio values with different concentrations levels of 
Eu3+ ions. 
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previous equation, the lifetime was calculated as 606, 604, 600, 597, 
593, 589, 581, and 573 μs for the synthesized phosphors with Eu3+

doping concentration of 0.5, 1, 2, 3, and 4, 5, 7, and 10 at.%, respec
tively. It can be noted that there is no significant variation in decay 
lifetime with increasing Eu3+ cation concentration, Fig. 10 (b). This 
implies that there was energy migration among the Eu3+ activators 
[59–62]. 

3.6. Judd–Ofelt theory analysis 

Typically, the Judd-Ofelt (J-O) parameters are deduced by observing 
the absorption spectra of phosphors. Nevertheless, europium stands out 
among lanthanides due to its unique electronic transition and the 
distinctive magnetic dipole transition 5D0→7F1. As a result, for phos
phors doped with Eu3+, the J-O parameters can be deduced from 
luminescence emission spectra instead [63]. In our investigation, we 
applied the Judd-Ofelt (J-O) theory to predict the luminescent charac
teristics of Eu3+ within the LBGW host. The J-O theory enables the 
determination of various parameters, including intensity parameters, 
branching ratio, radiative emission rates, lifetime, and asymmetric ratio. 
This theory was first introduced by Judd [64] and Ofelt [65]. It enables 
us to gain insights into the local environment and covalency of rare earth 
ions and lanthanide ions. J-O optical theory has been applied to study 

the potential mechanisms involved in the relaxation of trivalent 
lanthanide ions participating in host emission. It is widely employed to 
evaluate the spontaneous emission probability, denoted as A(ΨJ → ΨJ’): 

A(ΨJ→ΨJ′) =
64π4

3h(2J + 1)
ϑ3

[
n(n2 + 2)2

9
DED + n3DMD

]

, (8)  

Here, ϑ represents the mean energy of the transition (measured in cm− 1), 
while h denotes the Planck constant (6.63 × 10-27 erg.s), and (2 J + 1) 
means a degeneration of the initial state. DED and DMD refer to electrical 
and magnetic dipole forces respectively (measured in esu2 cm2), the 
specific DMD value given being 9.6 × 10-42 esu2 cm2. 

Additionally, n stands for the material’s refractive index, with a 
given value of n = 2.00 [27]. Based on only three J-O phenomenological 
parameters, the strength of induced dipolar transitions is determined 
using the equation below: 

DED = e2
∑

λ=2,4,6
Ωλ

[
〈ΨJ‖U(λ)‖ΨJ′〉

]2
, (9)  

where e represents the unit charge and 
[
〈ΨJ‖U(λ)‖ΨJ′〉

]2 denotes the 
double-squared matrix element estimated in the intermediate coupling 
approximation. Typically, they are regarded as independent of the host 
material (U2 = 0.0032, U4 = 0.0023, U6 = 0.0002), where U2 states to 
the transition 5D0→7F2, U4 to the 5D0→7F4 and U6 to the 5D0→7F6 
transition). In this way, the J-O parameters of the intensity experiment 
can be computed from the ratio of the intensity of the 5D0→7Fλ transi
tions (with λ = 2, 4 and 6), 

∫
Iλ(ϑ)dϑ, to the intensity of the 5D0→7F1 

transition, 
∫

I1(ϑ)dϑ, as shown below: 

Ωλ =
DMD

e2ϑ3
λ

9n3ϑ3
1

n(n2 + 2)2[
〈ΨJ‖U(λ)‖ΨJ′〉

]2

∫
Iλ(ϑ)dϑ

∫
I1(ϑ)dϑ

(10) 

The 3 phenomenological intensity parameters, denoted as Ωλ (where 
λ = 2, 4, and 6), which define the strength of induced electric dipole 
transitions in accordance with J–O theory [64,65], can be calculated 
using Eq.10. 

This involves utilizing the reduced matrix element as reported by 
Carnall et al. [66,67]. Consequently, the Ωλ parameters (for λ = 2, 4, and 
6) can be individually assessed based on the emission transitions of 
5D0→7F2, 5D0→7F4, and 5D0→7F6, in turn [68]. Ω2 is extremely depen
dent on the environment in which Eu3+ ions are found. As such, the 
maximum value of Ω2 can be associated with changes in the structural 
environment around the Eu3+ ion given the hypersensitivity of the 
5D0→7F2 transition. The higher Ω2 parameter is good evidence for the 
distorted symmetry of Eu3+. The parameter Ω4 is linked to the rigidity 
and durability of the matrix in which the rare earth ions are located. The 
intensity parameter Ω6 was not established due to the experimental 
inability to detect the 5D0→7F6 transition. The J-O intensity parameters, 
radiative transition probability for LBGW: x at.% Eu3+ phosphors are 
listed in Table 4 for the synthesized phosphor samples. In each instance, 
the dominance of the hypersensitive electric dipole transition is signified 
by Ω2 surpassing Ω4. The high Ω2 parameter is attributed to the pro
nounced intensity of the 5D0→7F2 transition in the PL spectra, high
lighting the covalent nature of the Eu-O bond. The intensity parameter 
Ω2 was found to be much larger than Ω4 which indicates that the Eu3+

ions occupied in the low symmetry sites in the host lattice. The impor
tant value of Ω2 reveals the weak symmetry around the europium ion. 
The calculation results support the above-mentioned structural discus
sion. The spontaneous emission probability A(ΨJ→ΨJ′) for various 
transitions is related to the radiative lifetime τrad of an excited state ΨJ 
by the following relation: 

τrad(ΨJ) =
1

∑
A(ΨJ→ΨJ′)

(11) 

The fluctuations in the intensity of emission peaks can be elucidated 

Fig. 10. (a) PL decay curves; (b) single exponential fit of the decay curve for 
the sample LBGW: 0.5 at.% Eu3+ (c) Luminescence lifetime as a function of 
doping concentration of LBGW: x at.% Eu3+ (0.5 ≤ x ≤ 10) phosphors excited at 
395 nm and monitored at 614 nm. 
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by selective rules, which are also responsible for the disparities in 
branching ratio values. The branching ratio evaluates the proportion of 
emission for a particular transition of a state relative to all other 

transitions originating from that state. We derive the fluorescence 
branching ratio, denoted β(ΨJ → ΨJ’), based on the radiative decay rates 
using the expression: 

Table 4 
Calculated probabilities of spontaneous radiative transitions of Eu3+ ions in LBGW phosphor#.  

Sample 
(at.%) 

Transition 
5D0 → 7FJ 

ʋʋ 
cm¡1 

J-O intensities A0J 

(s¡1) 
β0J 

(%) 
AR 

(s¡1) 
ANR 

(s¡1) 
τrad 

(ms) 
η(%) 

Ω2 Ω4 

1 7F1
MD 16,910 8.45 5.32  41.27  9.61 429.06 1221.74 2.33 26.00 

7F2
ED 16,259  332.09  77.39 

7F4
ED 14,263  55.70  12.98 

2 7F1
MD 16,914 8.57 4.75  41.29  9.71 424.95 1239.56 2.35 25.53 

7F2
ED 16,260  329.86  77.62 

7F4
ED 14,263  53.80  12.66 

3 7F1
MD 16,915 9.53 4.56  41.30  9.96 414.53 1258.98 2.41 26.35 

7F2
ED 16,259  321.56  77.57 

7F4
ED 14,262  51.63  12.45 

4 7F1
MD 16,918 9.96 4.21  41.33  9.33 442.82 1237.71 2.25 26.01 

7F2
ED 16,260  341.10  77.02 

7F4
ED 14,264  60.39  13.63 

5 7F1
MD 16,909 10.25 4.07  41.26  9.33 442.14 1243.48 2.26 26.23 

7F2
ED 16,254  343.93  77.78 

7F4
ED 14,264  56.95  12.88 

7 7F1
MD 16,907 11.69 3.95  41.25  9.62 428.49 1290.28 2.33 24.93 

7F2
ED 16,259  329.89  76.98 

7F4
ED 14,261  57.38  13.39 

10 7F1
MD 16,913 11.98 3.66  41.29  9.56 443.70 1299.03 2.25 25.46 

7F2
ED 16,260  343.81  76.83 

7F4
ED 14,264  58.60  13.45 

#ʋ-wavenumber of the emission band, A0J – probability of radiative spontaneous transition, AR– Radiative transition rate, ANR– Non-radiative transition rate, B0J – 
luminescence branching ratio, τrad –the radiative lifetime of the excited state, respectively, ED and MD stand for the electric-dipole and magnetic-dipole contributions, 
respectively. 

Fig. 11. CIE chromaticity diagram of LBGW: 3 at.% Eu3+ phosphor.  
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β(ΨJ→ΨJ′) =
A(ΨJ→ΨJ′)

∑
A(ΨJ→ΨJ′)

= τradA(ΨJ→ΨJ′), (12) 

where 

A(Ψ0→Ψ1) =
64π4ϑ3n3

3h(2J + 1)
DMD, (13)  

A(Ψ0→ΨJ) = AJ1A(Ψ0→Ψ1), (14)  

The experimental decay lifetime τlum is contrasted with the theoretically 
calculated lifetime determined using J–O theory. The difference be
tween the calculated and the experimental values may be attributed to 
non-radiative decay of the 5D0 state of Eu3+ ions. The computed value of 
the quantum efficiency can be evaluated by the following expression: 

η =
AR

AR + ANR
=

τlum

τrad(ΨJ)
, (15) 

The quantum efficiency reveals the highest value for LBGW: 3 at. % 
Eu3+ and it is η = 26.35 %. The reduction in quantum efficiency beyond 
a doping concentration of 5 atomic percent is attributed to elevated 
cross-relaxation processes. Such quantum efficiency indicates possibility 
of the use of Li3Ba2Gd3(WO4)8: Eu3+ in solid state lighting application. 

3.7. CIE chromaticity coordinate analysis 

By applying the colour matching functions x(λ), y(λ), z(λ) given by 
the International Commission on Illumination1931 (CIE), the chroma
ticity coordinates (x, y) can be determined based on the spectral emis
sion data of the phosphor [69]. The coordinates (x, y) shown on a 
chromaticity diagram are used to specify the colour of the light source. 
Fig. 11 describes the CIE chromaticity diagram of LBGW phosphor 
doped with 3 % Eu3+ at 395 nm excitation. The colour coordinates of 
this sample were defined as (0.653, 0.345) in the red region, near those 
of standard red light (0.670, 0.330). 

The correlated colour temperature (CCT) parameter is evaluated 
using the Planck locus. This is just one part of the chromaticity diagram 
(x, y) and a wide range of operating points exist outside the Planck locus. 
When the light source coordinates are not situated on the Planck locus, 
CCT is used to determine the colour temperature of a light source. In 
addition, white light quality in terms of CCT was provided by McCamy’s 
empirical relationship [70]: 

CCT = − 437n3 + 3601n2 − 6861n+ 5514.31, (16)  

where n = x− xe
y− ye

, xe = 0.332; ye = 0.186 refer to the coordinates of the 
epicenter of the convergence and n is the inverse slope line. The purity of 
colour emitted by this sample was computed based on the following 
equation [71]: 

Colourpurity =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x − xee)
2
+ (y − yee)

2
√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(xd − xee)
2
+ (yd − yee)

2
√ × 100%, (17)  

Here, (x, y) represent the color coordinates of the phosphor, (xee, yee) 
correspond to the coordinates of the CIE 1931 standard source, and (xd, 
yd) indicate the color coordinates of the dominant wavelength. This can 
be determined by extending a straight line between the point (x, y) and 
the illumination point on the other side. Color purity calculated for 
LBGW: 3 at.% Eu3+ phosphors, when excited with a wavelength of 395 
nm, stands at 98.42 %. This high value signifies a distinctly pure red 
emission from LBGW: Eu3+. These results also indicate that the LBGW 
phosphors activated by Eu3+ display admirable CIE color coordinates 
and remarkably high color purity. The produced phosphors show sig
nificant promise for use in white LEDs as red-emitting phosphors when 
exposed to UV light. The calculated CIE coordinates and CCT values are 
detailed in Table 5, corresponding to the emission spectra recorded at 

λexc = 395 nm for LBGW phosphors doped with Eu3+ at concentrations 
ranging from 0.5 to 10 at.%. 

3.8. Thermal stability 

The thermal resilience of a phosphor stands as a crucial factor in its 
potential application in high-power wLEDs. Fig. 12(a) shows the pho
toluminescence (PL) spectra of LBGW: 3 at.% Eu3+ phosphors when 
excited at 395 nm, recorded at various temperatures ranging from 30 ◦C 

Table 5 
CIE coordinates, CCT and color purity of the prepared LBGW: x at.% Eu3+

samples.  

Eu3þ concentration (at.%) x y CCT Color purity 

0.5  0.657  0.341 2937  97.10 
1  0.656  0.342 2884  97.50 
2  0.654  0.344 2789  98.09 
3  0.653  0.345 2741  98.42 
4  0.655  0.342 2857  98.51 
5  0.656  0.341 2901  98.64 
7  0.654  0.343 2813  98.71 
10  0.660  0.338 3063  98.96  

Fig. 12. (a) Emission spectra of the prepared LBGW: 3 at.%Eu3+ phosphors 
measured at various temperatures; (b) Evolution of the intensity of 5D0→7F2 
transition as function of the temperature; (c) The relationship of ln[(I0/I]-1) 
versus 1/kT of LBGW: 3 at.%Eu3+ phosphors. 
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to 250 ◦C. This measurement clearly illustrate that an elevation in 
temperature results in a decrease in PL intensity, attributed to the 
phenomenon of thermal quenching. Essentially, the PL intensity of the 
phosphors at 423 K, compared to that at room temperature, serves as a 
measure of the phosphor’s efficiency. It is noted that the PL intensities at 
423 K decrease to approximately 79.5 % of their initial value at room 
temperature, as shown in Fig. 12(b). To gain a more profound under
standing of the temperature’s influence on the PL intensity of the syn
thesized phosphors, the activation energy is calculated using the 
Arrhenius equation, as presented below [40]: 

I(T) =
I0

1 + cexp(− ΔEa
KT )

, (18)  

where I(T) denotes the PL intensity at different given temperature (T), 
While I0 is the initial PL intensity, ΔEa represents the activation energy 
for thermal quenching, K is known as Boltzmann’s constant (8.629 × 10- 

5 eV K− 1), and c is a constant for the host phosphor. To estimate the 
value of ΔEa, equation (19) is modified by equation (18) as shown below 
[72]: 

ln
[(

I0

I

)

− 1
]

= −
ΔEa

KT
+ lnc, (19) 

Plotting ln [(I0/I)-1] against 1/kT produced a straight line, Fig. 12(c). 
The fitted line has a slope of approximately − 0.219 and thus the acti
vation energy (ΔEa) for the LBGW: 3 at.% Eu3+ phosphor is 0.219 eV. 
This value is lower than that of other Eu3+ activated quaternary tung
state phosphors such as Li3Ba2Y3(WO4)8: 0.27 eV [51], Li3Ba2

La3(WO4)8: 0,24 eV [73] and Li3BaSrLa3(WO4)8: 0,30 eV [36]. 

4. Conclusion 

In summary, we successfully synthesized red-emitting phosphors by 
incorporating varying concentrations of Eu3+ into LBGW (0.5 ≤ x ≤ 10) 
using the solid-state reaction method. XRD was used to characterize the 
structure of these phosphors, DTA, Raman analysis, and SEM micro
scopy. Upon excitation at an ultraviolet wavelength of 395 nm, the 
developed phosphors emitted red light with a peak at 614 nm, corre
sponding to the 5D0→7F2 electric dipolar transition of Eu3+ ions. The 
optimal concentration of Eu3+ in LBGW: x at.% Eu3+ phosphors was 
determined to be x = 3. Concentration quenching was attributed to 
dipole-quadrupole interactions, with a critical energy transfer distance 
between Eu3+ ions calculated at 7.409 Å. J-O theory analysis confirmed 
the non-centrosymmetric arrangement of the activator ion. Addition
ally, fluorescence decay lifetimes were examined. Furthermore, the 
color coordinates for LBGW: 3 at.% Eu3+ were determined as (0.653, 
0.345) with nearly perfect color purity. The activation energy for the 
transition from the 5D0 state to the CTB state was determined to be 
0.219 eV, highlighting the remarkable thermal stability of our phosphor. 
These synthesized LBGW: Eu3+ phosphors exhibit potential as materials 
emitting red light for white LEDs pumped by near-UV. We anticipate 
that this research will inspire future advancements in other LBGW 
phosphors and single crystals doped with various RE3+ ions such as 
Sm3+, Yb3+, and Tm3+ providing visible and near-IR emissions and 
finding applications in solid-state lighting and lasers. 
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editing, Resources, Funding acquisition. Francesc Díaz: Writing – re
view & editing, Resources, Funding acquisition. Ezzedine Ben Salem: 
Writing – review & editing. Andrey Turshatov: Writing – review & 
editing, Validation, Investigation, Conceptualization. Bryce S. 
Richards: Writing – review & editing, Resources, Funding acquisition. 
Xavier Mateos: Writing – review & editing, Validation, Supervision, 
Funding acquisition, Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

Acknowledgements 

This research article has been possible with the support of the Sec
retaria d’Universitats i Recerca del Departament d’Empresa i Coneixe
ment de la Generalitat de Catalunya, the European Union (UE), and the 
European Social Fund (ESF) (2022 FI_B1 00021). Grants PID2022- 
141499OB-I00 and PID2019-108543RB-I00 funded by MCIN/AEI/ 
10.13039/501100011033. The financial support provided by the 
Helmholtz Association is gratefully acknowledged: (i) a Recruitment 
Initiative Fellowship for B.S.R.; (ii) the funding of chemical synthesis 
equipment from the Helmholtz Materials Energy Foundry (HEMF); and 
(iii) Research Field Energy – Program Materials and Technologies for the 
Energy Transition – Topic 1 Photovoltaics. 

References 

[1] S. Neeraj, N. Kijima, A.K. Cheetham, Novel red phosphors for solid-state lighting: 
the system NaM(WO4)2–x(MoO4)x: Eu3+ (M=Gd, Y, Bi), Chem. Phys. Lett. 387 
(2004) 2–6. 

[2] H. Zhou, Q. Wang, M. Jiang, X. Jiang, Y. Jin, A novel green-emitting phosphor Ba2 
Gd2Si4O13: Eu2+ for near UV-pumped light-emitting diodes, Dalt. Trans. 44 
(2015) 13962–13968. 

[3] X. Gao, Y. Wang, D. Wang, B. Liu, Luminescent properties of KGd1− x(WO4)2: 
Eux3+ and KGd1− x(WO4)2− y(MoO4)y: Eux3+ phosphors in UV–VUV regions, 
J. Lumin. 129 (2009) 840–843. 

[4] X. Ding, Q. Wang, Y. Wang, Rare-earth-free red-emitting K2Ge4O9: Mn4+
phosphor excited by blue light for warm white LEDs, Phys. Chem. Chem. Phys. 18 
(2016) 8088–8097. 

[5] M. Chen, Z. Xia, Q. Liu, Luminescence properties and energy transfer of Ce3+/Tb3 
+ co-doped Ca6Ba(PO4)4O phosphor for near-UV pumped light-emitting diodes, 
J. Mater. Chem. C. 3 (2015) 4197–4204. 

[6] M. Shang, C. Li, J. Lin, How to produce white light in a single-phase host? Chem. 
Soc. Rev. 43 (2014) 1372–1386. 

[7] J.C.G. Bünzli, C. Piguet, Taking advantage of luminescent lanthanide ions, Chem. 
Soc. Rev. 34 (2005) 1048–1077. 

[8] V.B. Pawade, H.C. Swart, S.J. Dhoble, Review of rare earth activated blue emission 
phosphors prepared by combustion synthesis, Renew. Sustain. Energy Rev. 52 
(2015) 596–612. 

[9] A. Tiwari, S.J. Dhoble, Tunable lanthanide/transition metal ion-doped novel 
phosphors for possible application in w-LEDs: a review, Luminescence. 35 (2020) 
4–33. 

[10] M. Kim, S.P. Singh, S. Shim, W.B. Park, K.-S. Sohn, Discovery of a Quaternary 
Sulfide, Ba2–x LiAlS4: Eu2+, and Its Potential as a Fast-Decaying LED Phosphor, 
Chem. Mater. 32 (2020) 6697–6705. 

[11] C. Li, X.-M. Wang, Z.-P. Yang, H. Jiao, Ca8Mg7Si9N22: Ce3+—a yellow-emitting 
nitride phosphor for white light emitting diodes, ACS Appl. Electron. Mater. 2 
(2020) 936–943. 

[12] R. Cao, X. Lv, Y. Jiao, Y. Ran, S. Guo, H. Ao, T. Chen, T. Fan, Ca3La6Si6O24:Eu3+
orange-red-emitting phosphor: Synthesis, structure and luminescence properties, 
Mater. Res. Bull. 122 (2020) 110651. 

[13] Z. Zhang, L. Sun, B. Devakumar, G. Annadurai, J. Liang, S. Wang, Q. Sun, X. Huang, 
Synthesis and photoluminescence properties of a new blue-light-excitable red 
phosphor Ca2LaTaO6: Eu3+ for white LEDs, J. Lumin. 222 (2020) 117173. 

[14] B. Yu, Y. Li, R. Zhang, H. Li, Y. Wang, A novel thermally stable eulytite-type 
NaBaBi2(PO4)3: Eu3+ red-emitting phosphor for pc-WLEDs, J. Alloys Compd. 852 
(2021) 157020. 

Z. Zhang et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S1387-7003(24)00213-2/h0005
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0005
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0005
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0010
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0010
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0010
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0015
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0015
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0015
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0020
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0020
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0020
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0025
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0025
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0025
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0030
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0030
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0035
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0035
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0040
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0040
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0040
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0045
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0045
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0045
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0050
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0050
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0050
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0055
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0055
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0055
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0060
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0060
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0060
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0065
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0065
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0065
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0070
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0070
http://refhub.elsevier.com/S1387-7003(24)00213-2/h0070


Inorganic Chemistry Communications 162 (2024) 112230

12

[15] Y. Hua, W. Ran, J.S. Yu, Excellent photoluminescence and cathodoluminescence 
properties in Eu3+-activated Sr2LaNbO6 materials for multifunctional 
applications, Chem. Eng. J. 406 (2021) 127154. 

[16] R. Cao, H. Liang, T. Chen, Z. Wu, Z. Jiang, X. Yi, J. Wen, Q. Zhong, Study on 
luminescence characterizations of SrMg2La2W2O12:Eu3+ red-emitting phosphor, 
J. Phys. Chem. Solids. 163 (2022) 110569. 

[17] W. Ye, C. Zhao, X. Shen, C. Ma, Z. Deng, Y. Li, Y. Wang, C. Zuo, Z. Wen, Y. Li, High 
quantum yield Gd4. 67Si3O13: Eu3+ red-emitting phosphor for tunable white 
light-emitting devices driven by UV or blue LED, ACS Appl, Electron. Mater. 3 
(2021) 1403–1412. 

[18] E. Ezerskyte, J. Grigorjevaite, A. Minderyte, S. Saitzek, A. Katelnikovas, 
Temperature-dependent luminescence of red-emitting Ba2Y5B5O17: Eu3+
phosphors with efficiencies close to unity for near-UV LEDs, Materials (basel). 13 
(2020) 763. 

[19] S. Wang, C. Xu, X. Qiao, High thermal stability and color purity of red-emitting 
phosphor Y2SiWO8: Eu3+ for w-LEDs: synthesis and photoluminescence 
properties, Ceram. Int. 47 (2021) 1063–1075. 

[20] S. Wang, Y. Xu, T. Chen, W. Jiang, J. Liu, X. Zhang, W. Jiang, L. Wang, A red 
phosphor LaSc3(BO3)4: Eu3+ with zero-thermal-quenching and high quantum 
efficiency for LEDs, Chem. Eng. J. 404 (2021) 125912. 

[21] R. Krishnan, R.E. Kroon, H.C. Swart, Charge transfer characteristics and 
luminescence properties of Eu3+ activated Ba2YMoO6 and BaY2(MoO4)4 
phosphors, Mater. Res. Bull. 145 (2022) 111554. 

[22] X. Shi, Z. Wang, T. Takei, X. Wang, Q. Zhu, X. Li, B.-N. Kim, X. Sun, J.-G. Li, 
Selective crystallization of four tungstates (La2W3O12, La2W2O9, La14W8O45, 
and La6W2O15) via hydrothermal reaction and comparative study of Eu3+
luminescence, Inorg. Chem. 57 (2018) 6632–6640. 

[23] X. Li, H. Xu, X. Xia, F. Xie, S. Zhong, D. Xu, One-step synthesis of Sc2W3O12: Eu3+
phosphors with tunable luminescence for WLED, Ceram. Int. 45 (2019) 
10461–10467. 

[24] B. Bondzior, T.H.Q. Vu, D. Stefańska, M.J. Winiarski, P.J. Dereń, Tunable 
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