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Abstract: The luminescence behavior of Eu**-activated lanthanum tungstate nanophosphors exhibiting intense red emission was system-
atically explored by modifying their surfaces using various agents, including polyvinylpyrrolidone (PVP), cetyltrimethylammonium
bromide (CTAB), trisodium citrate (TC), polyvinyl alcohol (PVA), and ethylene glycol (EG). These nanophosphors were synthesized via
a facile hydrothermal-assisted solid-state reaction. X-ray diffraction (XRD) analysis confirmed the orthorhombic crystal structure of all the
prepared samples. Morphological and size analyses were performed using scanning electron microscopy (SEM) and particle size distribu-
tion profiling. High-resolution transmission electron microscopy (HRTEM) complemented by elemental mapping was used to evaluate the
particle dimensions and interplanar spacing of the optimized sample. Fourier-transform infrared spectroscopy (FTIR) was used to identify
functional groups and assign corresponding vibrational bands. X-ray photoelectron spectroscopy (XPS) provided insights into the ele-
mental composition and binding energies of the optimized nanophosphors. Notably, the PVA-modified sample doped with 14mol% Eu**
exhibited pronounced red emission at 616 nm, attributed to the Dy—F, electric dipole transition of Eu*" ions under ultraviolet (UV) ex-
citation. Detailed excitation and emission spectral analyses were performed, with band assignments corresponding to the relevant elec-
tronic transitions. Among the surface-treated variants, the PVA-modified nanophosphors demonstrated exceptional color purity of 99.6%,
international commission on illumination (CIE) chromaticity coordinates of (0.6351, 0.3644), and a correlated color temperature of 1147
K. These superior optical features are ascribed to the enhanced surface passivation and suppression of nonradiative recombination, facilit-
ated effectively by the PVA surface layer. Lifetime decay analysis across all samples revealed a significantly extended lifetime for the op-
timized composition, further supporting its superior luminescence efficiency. In addition, evaluation of the biocompatibility of the nano-
phosphors highlighted their potential for biomedical applications. Overall, these findings emphasize the efficacy of PVA-modified Eu’'-
doped lanthanum tungstate nanophosphors as highly efficient red emitters, suitable for application in white light-emitting diodes (WLEDs)
and latent fingerprint detection while offering valuable insights into the role of surface modification in tuning the optical properties of
nanophosphors.

Keywords: nanophosphors; surface modifiers; PVA; photoluminescence; cytotoxicity

1. Introduction

The features of nanomaterials doped with rare-earth ele-
ments, including their extremely small particle size, high lu-
minescence quantum yield, and photostability, make them in-
dispensable for a wide range of technologies. These advances
are also applicable to the unique properties of certain materi-
als known as nanophosphors with bright light-emitting po-
tentials, a subset commonly referred to as fluorescent down-
shifting phosphors, ranging from lighting applications
through the health and biosciences, including omics techno-
logies [1]. Although traditional nitride and sulfide phosphors
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are widely used, their poor chemical stabilities and sensitivit-
ies to moisture make them unsuitable alternatives to organic
luminescent probes [2—3]. Because nitride and oxynitride
phosphors are mostly good emitters of red luminescence,
they are difficult to synthesize using procedures that involve
high temperatures for extended periods of time [4]. Oxide-
based phosphors, which have higher brightness and environ-
mental stability in that they are resistant to moisture, are one
of the most attractive phosphor materials for photonic applic-
ations, and they are also relatively free from hazardous toxic
elements. They also emit high-purity red light under near-ul-
traviolet (NUV) excitation [5]. The efficiency of phosphor
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absorption is strongly dependent on the host matrix and lu-
minescent centers (>5%), particularly molybdates, vanadates,
and tungstates (up to 100%); other factors cause charge trans-
fer from the host lattice to lanthanide ions [6]. Among these,
tungstates have gained prominence because of their self-pro-
moting luminescence, excellent thermal and chemical stabil-
ities, and established application in scintillation detectors,
solid-state lasers, and stimulated Raman scattering [7-8]. Al-
though traditional red phosphors such as Y,0,S:Eu*" and
Y,0;:Eu*" are well-known, their poor NUV and blue absorp-
tion necessitates efficient sensitization from the host to the
Eu*'ions [9-10]. Tungstates activated by rare-earth ions are
characterized by strong covalent bonds and offer both high
stability and exceptional luminescence [11].

Among the various phosphors used for photonic applica-
tions, inorganic nanophosphors doped with rare-earth ions
are of interest because of their facile synthesis and outstand-
ing chemical stability. The enhanced properties of these ma-
terials have raised the size-dependent structure—property re-
lationship to a new level and have enabled more widespread
application in electronics, photonics, and health care [12]. To
the best of our knowledge, this is the first study to investigate
La;qWx0g, (LWO) as a novel host matrix for the incorpora-
tion of lanthanide ions. LWO nanophosphor systems that
have been doped with rare-earth ions and synthesized using
various chelating agents have not yet been reported. The ex-
ceptional fluorescence observed from these lanthanide-based
nanophosphors is attributed to the high energy levels and dis-
tinctive intra-4f—4f electronic transitions of the lanthanide
ions. These transitions produce intense emission lines char-
acterized by long lifetimes and sharp absorption bands ex-
tending from the ultraviolet to the infrared regions [13].
Among the lanthanide ions, Eu*" is a particularly suitable red-
emitting activator because of its distinctive spectral proper-
ties, including narrow emission and excitation bands, a large
Stokes shift, a prolonged luminescence lifetime, and excep-
tional color purity. These characteristics are attributed to in-
traconfigurational f—f transitions within the crystal lattice un-
der NUV excitation [14].

The high-temperature synthesis of lanthanide-doped nan-
oparticles often results in clustering of the optically active
lanthanide ions, leading to agglomeration and decreased lu-
minescence owing to energy loss through cross-relaxation and
nonradiative pathways. The incorporation of capping agents
that enable redispersion in water and organic solvents can
mitigate this problem. Compared to bulk phosphors, nano-
phosphors offer improved efficiency in display and lighting
applications by reducing internal scattering. However, as the
particle size decreases, the surface-to-volume ratio increases,
leading to the formation of surface defects [15—17]. These
defects, such as dangling bonds at grain boundaries, distor-
ted crystal lattices, and organic groups like hydroxyl and
carboxylate, can reduce the luminescence efficiency by cre-
ating nonradiative relaxation centers [18]. The defects can be
mitigated by using suitable agents to effectively modify the
surfaces such that they have fewer imperfections. Under-
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standing the influence of surface modification on the photo-
luminescence properties of nanoparticles is essential for op-
timizing their emission characteristics for advanced white
light-emitting diode (LED) applications [19].

Recent studies have focused extensively on elucidating
the mechanisms of surface modification [20-21]. Controlled
synthesis techniques employing surfactants are important for
exploring and controlling crystal morphologies. These sur-
factants significantly influence the size, shape, crystallinity,
and other critical properties of inorganic nanocrystals. Com-
monly employed surfactants include trisodium citrate, sodi-
um dodecyl sulfate (SDS), oleic acid, ethylenediamine tet-
raacetic acid (EDTA), cetyltrimethylammonium bromide
(CTAB), dimethylformamide (DMF), sodium bis(2-ethyl-
hexyl) sulfosuccinate (AOT), polyvinylpyrrolidone (PVP),
triethyl orthosilicate (TEOS), tetraethoxysilane (TOX), tri-
ethanolamine (TEA), glycine, and oleylamine [22-25]. The
molecular architecture of surfactants typically comprises hy-
drophilic head and hydrophobic tail. To minimize contact
with water, the hydrophobic tails aggregate, whereas surfact-
ants with relatively large heads and smaller tails form mi-
celles characterized by hydrophobic core and hydrophilic shell
[26]. As previously reported, the preparation of Eu*"-doped
lanthanum tungstate nanophosphor materials combines hy-
drothermal and solid-state techniques and uses trisodium cit-
rate dihydrate as the surfactant [27]. Building on this founda-
tion, this study explored the modulation of the surface mor-
phology of the phosphorescent material using various chelat-
ing agents, including ethylene glycol (EG), trisodium citrate
(TC), CTAB, PVP, and polyvinyl alcohol (C,H,O, PVA).
This study entails a comprehensive and systematic investiga-
tion of the luminescence properties of nanophosphors, and
the findings shed light on the impact of surface morphology
alterations induced by different chelating agents.

2. Experimental
2.1. Preparation of materials

Eu-doped lanthanum tungstate phosphors were synthes-
ized by a combination of hydrothermal and solid-state reac-
tions. The hydrothermal process was employed to promote
particle uniformity and minimize surface defects. Subsequent
sintering enhanced the luminescence intensity and thermal
stability of the phosphor. High-purity lanthanum nitrate
hexahydrate (La(NO;);-6H,0) of 1.564 g, ammonium meta-
tungstate hydrate ((NH,)sH, W 1,04 xH,O) of 0.259 g, triso-
dium citrate dihydrate (Na;C¢HsO;-2H,0, chelating agent) of
0.050 g, and europium nitrate pentahydrate (Eu(NO;);5H,0)
of 0.252 g were procured from Sigma-Aldrich. The precurs-
ors were dissolved in deionized water and subjected to con-
tinuous magnetic stirring for 1 h at room temperature to ob-
tain a homogeneous solution. The precursor solution was su-
bsequently heated in a Teflon-lined stainless-steel autoclave
at 200°C for 24 h to form the product via hydrothermal syn-
thesis. The resulting precipitate was purified through succes-
sive washing with deionized water and ethanol, followed by
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drying at 90°C for 12 h. The final nanophosphor powder was
obtained by calcination of the dried product at 900°C for 6 h.
The powder was subsequently stored for characterization.

Chelating agents influence the nucleation, growth, and
crystallinity by coordinating with the precursor ions, which
serves to control the particle dispersion and minimize surface
defects. In this study, PVA, PVP, CTAB, TC, and EG were
used as chelating agents to tailor the structural and optical
properties of the Eu*"-doped LWO nanophosphors. During
the hydrothermal reaction, the chelating agents interact with
the La* and W ions to form complex intermediates, thus
preventing uncontrolled agglomeration. The boiling/decom-
position temperatures of all the chelating agents are below
320°C, which enabled them to interact during the hydro-
thermal reaction (200°C) to regulate precursor complexation
and particle dispersion. Upon calcination at 900°C, these or-
ganic molecules decompose, leaving behind their structural
influences, such as controlled grain size and defect
passivation.

2.2. Characterization

The crystalline structures of the lanthanum tungstate
samples doped with Eu were elucidated by X-ray diffraction
analysis (XRD, SEIFERT 303 TT diffractometer with Cu K,
radiation). The morphological features of the nanophosphor
containing 14mol% Eu were examined using field-emission
scanning electron microscopy (FE-SEM, Hitachi S-4800, Ja-
pan). The particle size and shape were determined using
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transmission electron microscopy (TEM, Hitachi H-7600,
Japan). A more in-depth analysis was conducted by acquir-
ing high-resolution TEM images (HRTEM, FEI Titan G2
field emission microscope operating at 200 kV, USA), selec-
ted area electron diffraction (SAED) patterns, and SEM im-
ages with a high-angle annular dark field (HAADF) detector.
The elemental compositions and oxidation states of the
phosphor samples were determined using X-ray photoelec-
tron spectroscopy (XPS) on a Thermo Scientific K, spectro-
meter. The photoluminescence (PL) spectra of the Eu-doped
phosphors were recorded using a SCINCO FluoroMate FS-2
visible fluorescence spectrometer. The excited-state lifetimes
of the Eu ions in the 5DO0 energy level were measured at room
temperature using an Agilent Cary Eclipse spectrometer. The
absolute quantum efficiencies of the nanophosphors were
evaluated using an integrating sphere interfaced with an
Edinburgh Instruments FLS900 fluorescence spectrometer.

3. Results and discussion
3.1. Structural investigation

The crystalline structures of the synthesized Eu*'-doped
LWO nanophosphors were determined by recording conven-
tional XRD patterns in the range 10°-50° with Cu K, radi-
ation (A = 1.5406 A). The obtained diffractograms were sub-
sequently compared to the standard JCPDS data to identify
the phase composition. As shown in Fig. 1(a)(f), the XRD
patterns of the Eu’-doped LWO nanophosphors prepared
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XRD patterns of (a) Eu*" (14mol%)-doped LWO without chelating agent, (b) Eu** (14mol%)-doped LWO with PVA, (c)

Eu*" (14mol%)-doped LWO with PVP, (d) Eu*" (14mol%)-doped LWO with CTAB, (¢) Eu** (14mol%)-doped with TC, (f) Eu**
(14mol%)-doped LWO with EG. (g) Crystal structure of the LWO compound. Rietveld refinement of XRD patterns of (h) Eu**
(14mol%)-doped LWO without chelating agent, (i) Eu** (14mol%)-doped LWO with PVA, (j) Eu** (14mol%)-doped LWO with PVP,
(k) Eu** (14mol%)-doped LWO with CTAB, (I) Eu** (14mol%)-doped LWO with TC, and (m) Eu** (14mol%)-doped LWO with EG.
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with various chelating agents (PVA, PVP, CTAB, TC, and
EG) and without chelating agent exhibit characteristic dif-
fraction peaks that align well with the orthorhombic structure
of the LWO host matrix, consistent with the space group Pb-
cn (60), as previously reported in our work [28]. Notably, no
extraneous peaks indicative of impurity phases were discern-
ible within the detectable XRD range, suggesting the suc-
cessful formation of phase-pure LWO nanophosphors [29].
The differences in the diffraction peak intensities were attrib-
uted to variations in the crystallite size and strain induced by
different chelating agents, rather than to phase impurities.
Furthermore, no impurity phases were observed following
the addition of the chelating agents to LWO, suggesting that
the Eu’ ions and chelating agents did not alter the funda-
mental structure of the host and were fully integrated into the
LWO lattice [30]. We attributed this successful incorpora-
tion to the similar ionic radii (g, = 0.95 A, 71, = 1.06 A) and
identical charge states (+3) of Eu®" and La’" ions [31-32].
The crystal structure of LWO compound is clearly depicted
in Fig. 1(g).

In addition to conventional phase identification, detailed
structural insights were obtained through Rietveld refinement
of XRD patterns, as shown in Fig. 1(h)—(m). Refinement was
performed using the FullProf suite by employing the or-
thorhombic structure of La,;(W,,Oy; (space group Pbcen (60))
as the starting model, which is consistent with the reference
(JCPDS No. 034-0651). The refined patterns (red solid lines)
exhibited excellent agreement with the experimental data
(black open circles), and the minimal difference profiles
(blue lines) confirmed the high accuracy of the fitting. The
sharp and well-defined peaks indicated the high crystallinity
of the as-synthesized samples.

The refinement parameters, such as the weighted profile
R-factor (R,,), expected R-factor (R.,), and goodness-of-fit
(GOF, »%) remained within acceptable limits, suggesting reli-
able refinement quality for all samples, which are listed in
Table S1 (see the Supplementary Information). The absence
of unidentified peaks in the difference plots also supports the
phase purity of the Eu*"-activated LWO samples, irrespect-
ive of the chelating agent used. Notably, the slight changes in
the peak intensities and widths observed among the different
chelating agent-assisted samples were attributed to their in-
fluence on the microstrain and crystallite growth dynamics
during synthesis.

The lattice parameters extracted from the refinement ex-
hibited marginal variations across the samples, indicating that
the inclusion of Eu** ions and chelating agents had a negli-
gible effect on the crystal symmetry of the host. This preser-
vation of structural integrity is attributed to the closely cor-
responding ionic radii and valences of La** (1.06 A) and Eu**
(0.95 A), which facilitate effective substitution without indu-
cing lattice distortion. The unit cell volume showed minor
deviations, possibly linked to the local strain fields generated
during thermal treatment or differences in the coordination
interactions introduced by the chelating species.

Overall, the Rietveld refinement confirmed the successful
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stabilization of the orthorhombic LWO framework and valid-
ated the homogeneous incorporation of Eu®" ions within the
host lattice. These results corroborate the earlier phase identi-
fication analysis and establish the structural robustness of the
synthesized nanophosphors in different chemical environ-
ments.

3.2. FE-SEM analysis

FE-SEM images of the LWO nanophosphors doped with
Eu’" (14mol%) and synthesized using the different chelating
agents are presented in Fig. 2.

The nanophosphors were synthesized by incorporating EG,
TC, CTAB, PVP, and PVA. These chelating agents signific-
antly influence the morphology and particle size distribution
of the resulting nanophosphors. Fig. 2(a) shows that the nan-
ophosphors synthesized using EG exhibited a relatively uni-
form distribution with particle sizes predominantly in the mi-
crometer range. The particles appeared to be well-dispersed,
indicating that EG effectively prevented agglomeration dur-
ing the synthesis process [33]. When TC was used as the che-
lating agent, the FE-SEM image revealed a slight increase in
particle aggregation compared to the EG sample, as shown in
Fig. 2(b). The particles were still predominantly nano-sized,
but there was evidence of some larger cluster formation,
which might be attributed to the interaction between trisodi-
um citrate and the precursors [34]. Fig. 2(c) shows that the
nanophosphors synthesized with CTAB presented a distinct
morphology characterized by a more significant degree of
aggregation, and the particles were smaller than those in the
EG sample and slightly larger than those in the TC phosphor.
This suggests that CTAB may not be as effective in con-
trolling the particle size and preventing agglomeration under
the conditions used in our observations [35]. Fig. 2(d) shows
that the use of PVP as a chelating agent resulted in a remark-
able reduction in particle size with a highly uniform distribu-
tion. The particles were well dispersed, indicating that PVP is
highly effective in stabilizing the nanoparticles and prevent-
ing agglomeration, likely because of its steric stabilization
properties [36]. The morphology was found to consist of mi-
cro sized spheres with a rumpled grass surface, which com-
prised numerous nanosized agglomerated particles, as shown
in Fig. 2(d). In the case of PVA (Fig. 2(e)), the morphology
was similar to that obtained with PVP, with well-dispersed
and uniformly sized nanoparticles. PVA appears to be al-
most as effective as PVP in controlling the particle size and
distribution, although the surface morphology of the particles
may differ slightly [37]. The particle size was determined to
be (138 £ 2) nm, as shown in Fig. 2(e). The superior per-
formance of PV A-assisted nanophosphors can be attributed
to their dual roles as chelating and stabilizing agents. PVA
effectively binds to precursor ions, preventing uncontrolled
particle growth while simultaneously passivating surface de-
fects, thereby enhancing the luminescence efficiency. The
ability of PVA to form uniform polymeric network around
the nanoparticles minimizes agglomeration, leading to nar-
rower and more homogenous particle distribution, as evid-



K. Naveen Kumar et al., Optimization of Eu-doped lanthanum tungstate nanophosphors via surface modification for ... 2583

(@

(b

(D

_ EG
(998 £ 2) nm
400 800 1200 100
Diameter / nm
160 o TC
12} (186 £2) nm
S| '~
4r -
. : S
100 150 200 250 300
Diameter / nm
6F CTAB
5 3(242 £2) nm
s 4 :
g 3
2
1k
0 500
Diameter / nm
8 I PVP
6 (902 +3) nm
€
g 4
O .....
2
o B 2
0 100 2000 3000
Diameter / nm
12 PVA
101 (138 £2) nm
g 8
S/
4 L
2 \
P i e

50 100 150 200 250 300
Diameter / nm

Fig. 2. FE-SEM images and the particle distribution of Eu** (14mol%)-doped LWO nanophosphor synthesized using the chelating

agents of (a) EG, (b) TC, (c) CTAB, (d) PVP, and (e) PVA.

enced by the results of the FE-SEM and TEM analyses in
Section 3.3. The particle distribution profiles accompanying
the FE-SEM images quantitatively confirm these observa-
tions. The narrowest and most uniform particle size was ob-
tained for the sample synthesized with PVA, whereas those
synthesized with EG produced larger particles, and those
synthesized with CTAB formed more aggregated particles.
These results indicate that the choice of the chelating agent
plays a crucial role in determining the final morphology and
particle size distribution of the Eu*"-doped LWO nanophos-
phors, with PVA being particularly effective in producing
well-dispersed nanoscale particles.

3.3. TEM analysis

Fig. 3 shows the TEM, dark-field TEM, HRTEM, and ele-
mental mapping analyses of the Eu*" (14mol%)-doped LWO
nanophosphors synthesized using PVA as the chelating agent.
The particles exhibit irregular shapes with some degree of

aggregation, as shown in Fig. 3(a). The average particle size
was in the nanometer range, indicating the effective forma-
tion of nanoscale phosphors via the PVA-assisted synthesis
route. The dark-field TEM image provided enhanced con-
trast, highlighting the individual nanoparticles more dis-
tinctly, as shown in Fig. 3(b). This imaging technique em-
phasizes the edges and boundaries of the particles, confirm-
ing their irregular morphology and revealing additional struc-
tural details that are not as clear in the bright-field TEM
images. The HRTEM image presents lattice fringes with a
measured interplanar spacing of approximately 0.57 nm as
depicted in Fig. 3(c). This high-resolution analysis indicated
the crystalline nature of the nanoparticles and allowed for the
identification of specific crystallographic planes. The clear
and regular lattice fringes suggested a high degree of crys-
tallinity in the Eu**-doped LWO nanophosphors.

The elemental mapping images show the distributions of
La, W, O, and Eu within the nanophosphors (Fig. 3(d)). The
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Fig. 3. (a) TEM, (b) dark-field TEM, (c) HRTEM, and (d)
elemental mappings of the Eu*" (14mol%)-doped LWO nano-
phosphor using PVA as chelating agent.

uniform distribution of these elements confirmed that the
LWO matrix had been successfully doped with Eu*" ions.
The consistent presence of these elements throughout the
sample suggests the homogeneity and effective incorpora-
tion of dopant ions during the synthesis process. Collectively,
these analyses provide a comprehensive understanding of the
structural and compositional characteristics of the LWO nan-
ophosphors doped with Eu** (14mol%). The TEM and dark-
field TEM images reveal the overall morphology and particle
size, whereas the HRTEM image confirms the crystalline
nature of the nanoparticles. Elemental mapping underscores
the uniform distribution of the dopants, highlighting the suc-
cessful synthesis of homogeneously doped nanophosphors
using PVA as the chelating agent.

3.4. FTIR analysis

Fig. 4 shows the FTIR spectra of the LWO and Eu*
(14mol%)-doped LWO nanophosphors using PVA as the
chelating agent. The FTIR spectra provided insights into the
vibrational modes and functional groups present in the nano-
phosphor samples, allowing for the detailed characterization
of their chemical structures. The spectra exhibit several char-
acteristic peaks that are indicative of the vibrational modes of
the constituent elements and compounds within the nano-
phosphors. The LWO spectrum gives rise to a broad absorp-
tion band around 564 cm™', which is attributed to the W—O
stretching vibrations in the tungsten oxide matrix [38]. Addi-
tional peaks at 688, 718, and 783 cm ' correspond to various
vibrational modes of the WO; lattice [39]. The spectrum of
the doped sample had similar peaks but with slight shifts and
changes in intensity owing to the incorporation of Eu’" ions
and the presence of PVA as the chelating agent. The peak at
931 cm™' is associated with the W—O stretching vibrations in
the WO, tetrahedral units of the LWO host lattice [40]. The
peaks at 480 and 564 cm ' in the doped sample are consistent
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with those in the LWO spectrum, reaffirming the presence of
W-O0 bonds [41]. The minor shifts and intensity variations
in the peaks suggest interactions between the Eu®" ions and
the tungsten oxide matrix, as well as possible modifications
due to the PVA chelating agent. A comparison of the FTIR
spectra of the LWO and Eu**-doped LWO nanophosphors
demonstrates the successful incorporation of Eu*" ions and
provides evidence of the structural integrity of the tungsten
oxide matrix. The presence of characteristic peaks for both
the W-O and Eu-O bonds confirmed the effective doping
process, whereas the minor spectral shifts highlighted the in-
fluence of the chelating agent on the overall structure. This
FTIR analysis underscores the potential of using PVA as an
effective chelating agent in the synthesis of Eu*"-doped LWO
nanophosphors by ensuring the homogeneous distribution and
stable incorporation of dopant ions.

100
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Fig. 4. FTIR spectra of LWO and Eu* (14mol%)-doped

LWO nanophosphors with PVA as the chelating agent.

3.5. XPS analysis

The Eu*-doped LWO nanophosphors synthesized using
PVA as the chelating agent were analyzed using XPS to elu-
cidate the elemental composition and oxidation states of the
constituent elements. Survey spectra spanning a binding-en-
ergy range of 0—1350 eV and high-resolution spectra focused
on the core-level regions of La 3d, W 4f, O 1s, and Eu 3d
were acquired. The presence of these core-level signals in the
survey spectrum (Fig. 5(a)) confirmed the successful incor-
poration of La, W, O, and Eu within the nanophosphor mat-
rix. The core-level spectra of each element exhibited distinct
binding energy peaks corresponding to their respective oxid-
ation states.

The La 3d region (830-860 eV) is characterized by mul-
tiple peaks, as shown in Fig. 5(b). The La 3d;, peaks appear at
855.48 and 851.30 eV, while the La 3ds,, peaks are observed
at 838.47 and 834.45 eV. These peaks are consistent with the
La** oxidation state, indicating the successful doping of the
matrix with La [42—43]. In the W 4f region (3245 eV), peaks
appear at 37.45 eV (4f,), 35.27 eV (4f;;), and a low-intens-
ity peak at 40.1 eV, attributed to W®" (Fig. 5(c)). The well-re-
solved doublets confirm the +6-oxidation state of tungsten,
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Fig. 5. XPS spectra of Eu*" (14mol%)-doped LWO nanophosphor using PVA as chelating agent: (a) survey spectrum; (b) La 3d; (c)

W 4f; (d) O 1s; (e) Eu 3d (inset of Eu 4d).

which is essential for maintaining the charge balance in the
compound. Fig. 5(d) shows the O 1s spectrum (526538 eV)
displayed a prominent peak at 530 eV, with an additional
peak at 532.02 eV [44]. These peaks correspond to the lattice
oxygen in La;yW,0Oy, and possibly to surface-adsorbed oxy-
gen species or hydroxyl groups. The Eu 3d and 4d regions
exhibited several significant peaks. The Eu 3d;, peaks at
1163.89 and 1154.48 eV, and the Eu 3ds,, peaks at 1142.56,
1134.04, and 1125.53 eV suggest the presence of Eu’" [45—
46], as shown in Fig. 5(e). The inset of Eu 4d region further
supports this with peaks at 141.22, 136.71, 135.08, and
128.42 eV. The XPS analysis conclusively identifies the ox-
idation states and confirms that the La;W,,Og nanophos-
phor had been successfully doped with La, W, O, and Eu.
The binding energies were consistent with the expected val-
ues for the La*", W®, and Eu’" states. This comprehensive
spectral analysis is crucial for understanding the electronic
structures and chemical environments of the synthesized nan-
ophosphors, which is essential for their potential applications
in luminescent devices.

3.6. Photoluminescence, lifetime, and color purity stud-
ies of Eu*-doped LWO nanophosphors with various
chelating agents

In our previous study [27], we synthesized Eu**-doped
LWO nanophosphors and systematically investigated their
luminescence properties to determine the Eu’" concentration

that generates the optimal emission. These findings revealed
that a doping concentration of 14mol% yielded the most fa-
vorable luminescence characteristics. Building on this found-
ation, the present work explores the impact of various chelat-
ing agents on the surface modification and evaluates their in-
fluence on the luminescence performance of Eu** (14mol%)-
doped LWO nanophosphors. The photoluminescence excita-
tion spectra of the optimized Eu®" (14mol%)-doped LWO
nanophosphors synthesized without and with the different
chelating agents are presented in Fig. 6(a). These spectra
were recorded at an emission wavelength of 616 nm within
the spectral range of 335-450 nm. The distinct excitation
bands observed at 362, 374, 382, 395, and 416 nm corres-
pond to electronic transitions from the ground state ('Fy) to the
excited states ’D,, *Hg, °L, °Ls, and °D;) [47]. Among these,
the most intense excitation band was centered at 395 nm ('F,
—°Ly), indicating a strong excitation capability when coupled
with UV LED chips, which emit near 400 nm. The presence
of an O* — Eu’" charge transfer transition is crucial in Eu*'-
doped oxides and typically occurs below 300 nm as dis-
played in Fig. S1. Our previous study [27] on the same ma-
terial without the chelating agents included a detailed discus-
sion of this charge transfer process and its impact on the lu-
minescence properties.

Among the various chelating agents that were used, the
PVA-assisted nanophosphors exhibited the highest excita-
tion intensity, indicating greater emission, as shown in
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Fig. 6(a). The photoluminescence emission spectra of Eu’*-
doped LWO nanophosphor samples synthesized without and
with different chelating agents under identical conditions
were acquired under excitation at 395 nm, as shown in
Fig. 6(b). Characteristic emission peaks were observed at 578
nm (*Dy—’F,), 587 nm (’Dy—'F)), 616 nm (*Dy—F,), 655
nm (°Dy—’F;), and 703 nm (°Dy—’F,). The strongest emis-
sion band was at 616 nm (*Dy—F,) under 395 nm excitation
[48]. Significantly, the Eu’" (14mol%)-doped LWO nano-
phosphors synthesized using the PVA chelating agent
demonstrated superior emission performance compared with
those synthesized using the other chelating agents, as depic-
ted in Fig. 6(b). This predominance is attributed to the com-
bined effect of the optimal particle morphology, reduced sur-
face defects, and effective incorporation of Eu*" into the host
lattice. The luminescence transitions are clearly demon-
strated in the energy-level scheme diagram in Fig. 7.
Examination of the emission spectra of Eu®" (14mol%)
in the La ;(W,,Og; nanophosphors synthesized with different
chelating agents (PVP, PVA, EG, TC, and CTAB) revealed
slight shifts in the emission band positions that were attrib-
uted to local environmental changes [49-50], structural
changes in the host lattice, chemical interactions [51], and
solvent effects [52]. The high surface-to-volume ratio of the
nanophosphors suggested that surface-state modifications
significantly influenced their luminescence properties. Che-
lating agents can modify these surface states, which lead to
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Fig. 7. Energy level scheme diagram for the photolumines-
cence of Eu** (14mol%)-doped LWO nanophosphor using PVA
as chelating agent (CB is conduction band, VB is valancy band,
and CTB is charge transfer band).

shifts in the emission bands by altering the ligand field around
the Eu’* ions, thereby affecting the splitting of the 4f elec-
tronic states and crystal field strength and symmetry [53-54].
However, the XRD analysis revealed no lattice distortions or
secondary phases, indicating that structural effects did not
contribute to the emission band shifts.

The hypersensitive transition of Eu’” ions, specifically
Dy—'F,, is significantly influenced by the local ligand field
environment and thus serves as a valuable probe for determ-
ining the site symmetry. This electric dipole transition is gen-
erally more pronounced in lower symmetry sites, whereas the
magnetic dipole transition, *Dy—F,, is characteristic of in-
version symmetry sites [55]. The observed dominance of the
electric dipole transition in the present study indicates that
Eu®" ions occupy sites that lack inversion symmetry within
the host lattice. To further quantify the local symmetry, the
asymmetry ratio (R,;) between the integrated intensities of
the electric dipole (*Dy—’F,) and magnetic dipole "Dy—'F)
transitions was calculated [56]. The R,, values for Eu’
(14mol%)-doped La;W,,0q; nanophosphors with different
chelating agents (PVP, PVA, EG, TC, and CTAB) were 4.77,
5.4, 8.45, 4.714, and 4.94, respectively, indicating the pre-
dominance of electric dipole transitions and accommodation
of Eu’" ions at non-centrosymmetric sites.

The luminescence decay behavior of Eu’* (14mol%)-
doped LWO samples, both pristine and surface-modified
with various organic agents (PVP, PVA, EG, TC, and
CTAB), was systematically studied, as shown in Fig. 8. The
decay profiles were accurately fitted using a double-expo-
nential function, suggesting the presence of multiple lumin-
escence centers or energy transfer pathways within the host
lattice. The pristine Eu*"-doped LWO sample exhibited the
longest maximum lifetime (7, = 0.62 ms), indicating effi-
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cient suppression of non-radiative pathways [57]. Upon sur-
face functionalization, a progressive reduction in the lifetime
was observed, with 7., values of 0.75 (PVA), 0.73 (EG),
0.65 (TC), and 0.64 ms (CTAB), respectively, as listed in
Table 1. These variations clearly reflect the changes in the
local crystal field environment and nonradiative deactivation
probabilities introduced by the organic agents [58]. The
longest 7., for the PVA-modified sample indicates minimal

Tmax = 0.67 ms

Fluorescence intensity / (10* counts)

Lifetime / ms

30

Tmax = 0.73 ms
25

Fluorescence intensity / (10* counts)

disturbance to the host lattice and thus maximal preservation
of the intrinsic Eu®" luminescence properties. Conversely, the
significant reduction in 7., for the CTAB-functionalized
sample points towards enhanced non-radiative relaxations,
likely due to surface defects or increased phonon interactions
arising from surfactant incorporation. The decay dynamics
across all the samples were modeled using bi-exponential
function [59]:

(b)
15 Tmax = 0.75 ms
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12 Tmax = 0.65 ms

Fluorescence intensity / (10* counts)

Lifetime / ms

Fluorescence intensity / (10* counts)
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I(t) = A, exp(—t/7)) + A, exp(—1/T3) (H

where /(f) denotes luminescence intensity at time ¢, 7; and 7,
correspond to the values of the lifetime for the fast and slow
exponential components, respectively; A, and A4, are con-
stants associated with the parameters for curve fitting. The
average lifetime (z,,) was calculated using the following
weighted relationship [60]:

Tae = (AT + A0 /(A1 T1 + ArTy) 2)

Lifetime / ms

Fig. 8. Lifetime decay curves of Eu** (14mol%)-doped LWO nanophosphors with (a) PVP, (b) PVA, (¢) EG, (d) TC, and (¢) CTAB
as chelating agent.

The observed decay trends suggest that Eu®" ions are dis-
tributed in environments with varying symmetry and phonon
coupling strengths, corroborating the hypothesis that hetero-
geneous emission sites exist. The systematic decline in 7,
further implies that the local structure and defect density
critically influence the radiative decay processes, similar
to the behavior reported for Eu**-doped GdSr,AlOs; nano-
phosphors [32].

Overall, these results highlight the sensitivity of the Eu®"
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Table 1. Lifetimes of the Eu** (14mol%)-doped LWO nano-
phosphors ([Eu:LWO)) synthesized using different chelating
agents of PVP, PVA, EG, TC, and CTAB at excitation and
emission wavelengths of 395 and 616 nm, respectively

Sample ED/MD  Lifetime/ms  Adj. R
[Eu:LWO] 6.53 0.62 0.999
[Ew:LWO]/PVP 4.77 0.67 0.998
[Ew:LWO]/PVA 5.40 0.75 0.999
[Ew:LWOJ/EG 8.45 0.73 0.997
[Ew:LWOJ/TC 471 0.65 0.998
[Ew:LWO]/CTAB 4.94 0.64 0.999

Note: ED stands for electric dipole, MD stands for magnetic
dipole transitions.

luminescence lifetime to surface modifications and provide
insights into the tunability of emission properties for poten-
tial photonic and optoelectronic applications.

3.7. Colorimetry study

The international commission on illumination (CIE) chro-
maticity coordinates of the Eu** (14 mol%)-doped La,;yW,,Oy;
nanophosphors calculated from the emission spectra are crit-
ical parameters for luminescence applications. The obtained
CIE coordinate results are listed in Table 2, along with the
correlated color temperature (CCT) and color purity details.
The CIE coordinates (0.6351, 0.3644) of the optimized PVA-
assisted sample were in close agreement with those of the
standard NTSC red phosphor [61] and the commercial Eu*'-
doped Y,0,S red phosphor (0.622, 0.351) [62]. The results in
Fig. 9 suggest that the Eu*'-doped La;)W,,05 nanophos-
phors prepared with PVA as chelating agent exhibit prom-
ising red emission characteristics under 395 nm excitation,
making them suitable candidates for NUV white light-emit-
ting diodes (WLED) and other photonic applications.

Table 2. CIE chromaticity coordinates, CCT, and color pur-
ity values of the Eu“—doped La; W04, nanophosphors
([Eu:LWO]) synthesized using different chelating agents of
PVP, PVA, EG, TC, and CTAB

CIE coordinates Color

Sample .7 CCT/K purity / %
[Eu:LWO] (0.6277,0.3269) 1018 86.4
[Eu:LWO]/PVP (0.6551, 0.3446) 1000 99.2
[Ew:LWOJ/PVA (0.6351, 0.3644) 1147 99.6
[Eu:LWOJ/EG (0.6494, 0.3503) 1035 99.1
[Eu:LWOJ/TC (0.6472,0.3525) 1052 99
[Ew:LWO]J/CTAB (0.6503,0.3494) 1029 99.1

The color purity was evaluated using the following equa-
tion [63]:

\/(xs = xi)? + (s — yi)?
\/(xd =x)*+ (e =)
where (x4, ya), (x5, ¥s), and (x;, ;) are the chromaticity co-
ordinates of the dominant wavelength, sample, and illumin-

ant, respectively. In this study, (x4, y4) and (x;, y;) were de-
termined to be (0.689, 0.329) and (0.33, 0.33), correspond-

Color purity =

x 100% 3)
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Fig. 9. CIE chromaticity diagram at an emission wavelength
of 616 nm for the Eu*" (14mol%)-doped LWO nanophosphors
synthesized using various chelating agents.

ing to the dominant wavelength of 616 nm.

As can be seen from Fig. 9 and Table 2, the PV A-assisted
nanophosphors exhibited a high color purity of 99.6% with
optimized CIE coordinates (0.6351, 0.3644), which is in good
agreement with earlier reports [64—65]. These characteristics
make the PVA-assisted nanophosphors highly suitable for
warm WLED applications and photonic devices. The CCT,
which describes the perceived color of light relative to a
black-body radiator, was calculated using the McCamy em-
pirical formula (Eq. (3)) [66]:

CCT = —499n’ + 35251 — 6823.3n + 5520.33 4)

where n = (x — x.)/(y — y.) and (x,, y.,) represents the chromati-
city epicenter (0.3320, 0.1858). The calculated CCT values
for the Eu*"-doped LWO nanophosphors prepared with the
different chelating agents indicate that these nanophosphors
exhibit strong red emission characteristics, as shown in Fig. 9,
making them suitable for warm white light applications.

3.8. Biocompatibility analysis

The long-term viability of nanomaterial-based products
and technologies requires a thorough evaluation of their im-
pact on human health and the environment. Essential to this
assessment are cytotoxicity and biocompatibility studies,
which should be conducted prior to application to ascertain
any potential harmful effects. Therefore, we assessed the
cytotoxicity of Eu*" (14mol%)-doped La;qW»,Og; nanophos-
phor with PVA as chelating agent. Using various doses, we
examined their impact on C2C12 muscle myoblast cells over
48 h exposure period, following the detailed protocol de-
scribed in the Supplementary Information. Fig. 10 presents
the cytotoxicity trend of Eu* (14mol%)-doped La;yWxOy,
nanophosphor with PVA as chelating agent via an in vitro
CCK-8 assay. Fig. 10(a) and (b) shows the untreated and
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Fig. 10. (a, b) Untreated and treated cell viability assay micro-images of Eu** (14mol%)-doped La,;W5,0g, nanophosphor with PVA
as chelating agent in C2C12 mouse myoblast cells exposed for 48 h at different concentrations measured using the CCK assay and

(c) cell viability trend by increasing the dosage concentration.

treated cell cultures, respectively, and reveals no signifi-
cant morphological changes even at the highest dosage of
100 pg/mL.

The results indicated that the cell viability remained above
70% (approximately 91%) even at this high dosage, as depic-
ted in Fig. 10(c). According to the ISO 10993-5:2009 stand-
ards [67], a material is considered cytotoxic if its cell viabil-
ity falls below 70%. Therefore, the Eu’" (14mol%)-doped
La;gW0g, nanophosphor with PVA as chelating agent pro-
moted the proliferation of C2C12 cells, demonstrating its
non-cytotoxic nature. The observed 10% cell death may be
attributed to oxidative stress or other stimuli during exposure
to the nanophosphors. Consequently, it shows promise as a
biocompatible candidate for practical applications, even at
high concentrations.

4. Conclusion

This study demonstrates that the red luminescence of Eu-
doped lanthanum tungstate nanophosphors can be signific-
antly enhanced by deliberate and systematic surface modific-
ation. XRD analysis confirmed an orthorhombic crystal
structure, whereas SEM and TEM provided detailed insights
into the particle size and morphology. The integration of
characterization techniques such as FTIR and XPS enabled
the identification of the surface functional groups and elucid-
ated the ionic interactions in the samples. The use of surface
modification agents (PVP, CTAB, TC, PVA, and EG) resul-
ted in notable enhancements in the optical properties of the

nanophosphors. Among these, the PV A-modified nanophos-
phors exhibited outstanding luminescence performance,
achieving color purity of 99.6%, chromaticity coordinates of
(0.6351, 0.3644), and CCT of 1147 K. These exceptional res-
ults were attributed to effective surface passivation and con-
sequent suppression of nonradiative recombination, both of
which are facilitated by the PVA modifier. Under UV excita-
tion, the PVA-treated samples underwent pronounced red
emission at 616 nm, corresponding to the *Dy—F, transition
of Eu*" ions. Furthermore, the optimized sample exhibited an
extended luminescence lifetime, highlighting its suitability
for long-term performance in practical applications. Biocom-
patibility assessments revealed that the nanophosphors are
environmentally benign and suitable for device fabrication
without posing ecological risks. Overall, these findings con-
firm that PVA-modified Eu*'-doped lanthanum tungstate
nanophosphors are promising red-emitting candidates for
next-generation photonic devices, including WLEDs and lat-
ent fingerprint detection systems. This study underscores the
pivotal role of surface modification in tailoring the lumines-
cent properties and provides valuable insights into nanophos-
phor interface interactions, laying a molecular-level founda-
tion for the development of advanced materials with superior
optical performances for diverse technological applications.
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