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Fabrication and characterization of rare earth-free
nanophosphor based devices for solid-state
lighting applicationsf
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This study presents a novel, rare-earth-free ZnsV,Og nanophosphor (ZnVO NP) with exceptional
luminescent properties, making it ideal for phosphor-converted white light-emitting diodes (pc-WLEDs).
When coupled with a 385 nm LED chip, ZnVO NP delivers white light with a correlated color
temperature of approximately 4920 K, a high quantum yield of 74%, and an excellent color rendering
index (CRI) of R, = 91. Notably, the Ry value of 90.5 surpasses that of commercially available
Y3AlsO01:Ce®* (Rg = 14.3), highlighting superior red color rendering. The white light, excited at 385 nm,
has CIE coordinates of (0.330, 0.301). Temperature-dependent photoluminescence spectra indicate high
thermal stability, with emission peaking in the yellow region at CIE coordinates (0.43, 0.52) under
290 nm, 361 nm, and 385 nm excitation. This broadband yellow-emitting ZnVO NP offers a promising
rare-earth-free alternative for pc-WLEDs, providing excellent color quality and stability under diverse

rsc.li/materials-advances

1. Introduction

Commerecial solid-state lighting (SSL) has widely adapted white
light-emitting diodes (WLEDs) due to their enhanced luminous
efficiency (LE) and long lifespan. Traditionally, white light
production in WLEDs involves coating a yellow-emitting phos-
phor (Y3Al;04,:Ce®*,YAG) onto a blue (InGaN) LED chip. How-
ever, differences in the aging properties of the blue (410-
460 nm) LED chip and the yellow (570-590 nm) phosphor can
lead to instability in white light production by the combination
of these two complementary colors (yellow and blue). ™
Furthermore, this type of white LED emits negligible red light,
leading to a low color rendering index (CRI < 70) and a high
correlated color temperature (CCT > 6000 K).>”” To address
these issues, a mixture of red, green, and blue (RGB) phosphors
combined with a near-ultraviolet (NUV) LED chip (370-420 nm)
can be employed to produce stable white light. In this setup,
the visible components of white light are generated entirely by
the phosphors, which exhibit minimal variation in color output
under different forward-bias currents. NUV LED chips, particu-
larly at 380 nm, are attractive due to their excellent energy
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operating conditions, demonstrating its practical potential in advanced lighting applications.

conversion efficiency.® All three phosphors (RGB) must effi-
ciently absorb in the NUV region for optimal device perfor-
mance. However, the commonly used rare-earth metal ion,
Ce’*, is susceptible to oxidation, has limited availability, is
costly, and is a non-renewable resource. Therefore, exploring
rare-earth-free, yellow-emitting materials with excellent LE and
stable thermal and chemical properties is essential.” WLEDs
that utilize a NUV LED chip, combined with UV LED and yellow-
red emitting phosphors, are increasingly favored for their
higher CRI, adjustable CCT, and ideal white CIE color coordi-
nates. Consequently, there is a growing demand in the WLED
industry for the design and development of tunable yellow-red
emitting phosphors that can be efficiently activated by
NUV light.

In recent years, a wide range of inorganic materials,
including tungstates, silicates, phosphates, borates, sulfides,
molybdenites, and vanadates, have been explored for the
development of high-performance luminescent materials.’ >
Among these, vanadates particularly those derived from alkali
or alkaline earth materials have garnered significant attention
due to their excellent chromatic properties and potential
applications in electrochemistry, display technology, photoca-
talysis, triboelectric nanogenerators, and SSL devices.**™’
Vanadate-based, self-activated phosphors have emerged as
promising candidates for WLED under near-ultraviolet (NUV)
excitation.”®*® The photoluminescent quantum yield (PLQY) of
vanadates is highly dependent on the spacing between V°*
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luminescent centers.>***

However, crystal defects such as oxy-
gen vacancies inevitably occur during high-temperature oxide
synthesis and play a crucial role in determining the optoelec-
trical properties of these materials.>*** Studies have shown that
oxygen vacancies influence the symmetry of octahedral struc-
tures, alter electron interactions, and contribute to structural
disorder, resulting in changes to the optical, electrical, and
magnetic properties of transition metal oxides (d-block
elements).** These vacancies act as donors, affecting the oxida-
tion state of cations and creating local chemical pressure
within the structure.

One significant advantage of self-activated vanadate phos-
phors over rare-earth-based phosphors is their cost-
effectiveness, which helps conserve global rare-earth resources.
These vanadate compounds have gained considerable attention
due to their ability to self-activate and produce a broad emis-
sion spectrum in the visible region, primarily driven by the
intense metal-to-oxygen charge transfer (CT) transition from
V> to O~ within the VO, tetrahedron. Their strong absorption
bands in the NUV range make them highly suitable for SSL
applications. By carefully selecting the luminescent center and
composition, it is possible to tailor the luminescence properties
of vanadates. The VO,*>~ group, comprising four oxygen ions
arranged in a tetrahedral configuration around a central vana-
dium ion, serves as the highly efficient light-emitting core.**”’

Nanophosphors (NPs) have gained significant attention due
to their distinctive properties compared to bulk materials,
including a large surface-to-volume ratio, drastically different
physicochemical characteristics, and high porosity.*® Metal
vanadates (M,V,0;, M = Co, Zn, Ni, Cu, Fe) represent a notable
class of nanomaterials, attracting widespread research interest
for their potential applications in WLEDs. The combination of
the vanadate tetrahedral (T;) symmetry with various metal
elements such as Ag, Cu, Fe, and Pb offers a wide array of
optical properties, improved thermochemical stability, and an
economical, simple synthesis process that eliminates the need
for rare-earth elements. Oxygen vacancies in vanadium oxides
contribute to a mixed valency state of V** and V°*, which
adversely impacts PL.** This phenomenon highlights the
importance of understanding how oxygen vacancies in the
[VO,] tetrahedron influence the self-activation of phosphors.
Extensive research has been conducted on synthesizing metal
vanadates through various methods, including wet chemical
approaches, hydrothermal techniques, coprecipitation, sol-gel,
and solid-state reactions.”**>*' Among these, zinc vanadate
nanomaterials have garnered significant interest due to zinc’s
environmental friendliness, abundance, low cost, and vana-
dium’s multiple valence states, which enable the formation of
complex architectures. Zinc vanadate (Zn3;V,0Og) has shown
promise in several fields, including photocatalysis, lithium-
ion batteries, supercapacitors, and luminescent materials for
WLEDs, largely due to its unique crystal structure (porous
framework) as shown in ESI,{ Table $1.%%%°

Nakajima et al. have reported the PL and color properties of
M;V,05 (M = Mg, Zn) and AVO; (A = K, Rb, Cs), synthesized via
the solid-state method (SSM).** Similarly, Ni et al. described the
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hydrothermal synthesis of Zn;V,0g microparticles using
Zn3(OH),V,0,-nH,0 nanosheets as the starting material and
investigated their optical properties.** Hydrothermal synthesis
of vanadium-based materials in the presence of long-chain
alkylamines typically results in 1D and 2D structures such as
rods, wires, fibers, sheets, or ribbons, but this process often
requires extended reaction times (over 24 hours). For large-
scale production, a simpler, cost-effective approach is needed.

In this study, Zn;V,0g (ZnvVO) NPs were synthesized using
the sol-gel method (SGM), urea auto-combustion (UAC)
method, coprecipitation method (CPM), and hydrothermal
method (HTM). Among these, the CPM is one of the simplest
and most economical techniques, where metal ions are trans-
formed into the desired materials through a chemical reaction
between metal nitrates and bases. This method offers advan-
tages such as better homogeneity, a high surface-to-volume
ratio, and higher purity. The broadband emission properties of
Zn;(VO,), synthesized by CPM were extensively studied in
terms of structural, morphological, elemental, and optical
characteristics and compared with those produced using
SGM, UAC, and HTM.

2. Experimental section
2.1 Sol-gel method (SGM)

ZnVO NP was synthesized using the SGM with NH,VOs;,
Zn(NOj3),-6H,0, and citric acid as starting materials. A solution
with a Zn:V molar ratio of 3:2 was prepared by dissolving
3 mol% of Zn(NO3),-6H,0 and 2 mol% of NH,VO; in 40 ml of
deionized (DI) water. Citric acid, serving as the chelating agent,
was added at a concentration of 0.05 mol%. The final solution
was heated at 80 °C on a hot plate while being stirred con-
tinuously until all the water evaporated, forming a gel. This gel
was then dried at 140 °C for 24 hours to yield Zn;V,0,(OH),
2H,0 powder. The resulting powder was ground and subse-
quently calcined in a preheated furnace at 600 °C for 30
minutes to remove any remaining organic and inorganic com-
pounds, forming the ZnvO NP, which was then subjected to
further characterization.

2.2 Urea auto combustion method (UAC)

The UAC method involves rapidly heating a water-based
solution containing stoichiometric proportions of ammonium
nitrate, metal nitrates, and urea, which acts as a combustion
fuel. ZnVO NP was synthesized using this method with
Zn(NOj3),-6H,0, NH,VO3;, and urea as starting precursors.
These precursors were dissolved in DI water in their stoichio-
metric ratios and stirred at 80 °C until a clear, yellowish
homogeneous mixture was obtained. The solution, placed in
a quartz beaker, was then transferred to a preheated muffle
furnace set at 600 °C for less than 30 minutes. During this
process, the solution boiled, frothed, and ignited, resulting in
the formation of the final product, which was subsequently
ground and prepared for further characterization.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3 Co-Precipitation method (CPM)

ZnVO NP was synthesized using the CPM. A zinc nitrate
solution (solution 1) was prepared by dissolving 0.03 mol of
Zn(NO3),-6H,0 in 30 ml of DI water. Simultaneously, an
ammonium metavanadate solution (solution 2) with a Zn:V
molar ratio of 3:2 was prepared by dissolving 0.02 mol of
NH,VO; in 20 ml of hot DI water (80 °C). The water facilitates
hydrolysis, leading to the formation of metal hydroxides or
intermediate compounds. After solution 2 cooled naturally to
room temperature (RT), it was added dropwise to Solution 1
with continuous stirring. To adjust the pH to 10, 1 M NaOH was
added gradually, and the mixture was stirred for 6 hours
until a homogeneous yellow precipitate of Zn;V,0,(OH),
2H,0 formed. Upon the addition of the precipitating agent, a
chemical reaction took place, resulting in the formation of
insoluble nanoparticles. The precipitate was collected by cen-
trifugation at 6000 rpm and thoroughly washed several times
with DI water and ethanol to remove unreacted components. It
was then dried at 80 °C for 24 hours. Finally, ZnVO NPs were
obtained by sintering the dried powder (Zn;V,0,(OH),-2H,0)
in an air atmosphere at 600 °C for less than 30 minutes to
remove hydroxide moieties and crystallization water.

2.4 Hydrothermal method (HTM)

ZnVO NP was synthesized using the HTM with Zn(NOs),-6H,0
and NH,VO; as precursors. First, 0.03 mol of Zn(NO3),-6H,0
and 0.02 mol of NH,VO; were dissolved in 100 ml of DI water
and stirred continuously to form a homogeneous solution. To
adjust the pH to approximately 10, 1 M NaOH was added
dropwise while the mixture was stirred on a magnetic hot plate
at 80 °C for 3 hours. The resulting solution was then transferred
to a 250 ml Teflon-lined autoclave and maintained at 180 °C for
12 hours. After natural cooling to RT, the final product was
collected by centrifugation at 6000 rpm for 30 minutes, fol-
lowed by multiple washings with water and ethanol. The
collected sample was then dried at 80 °C and annealed at
600 °C for 30 minutes in a muffle furnace. For comparison, a
ZnVO sample was also prepared using the SSM. ZnO and V,05
were thoroughly mixed in a mortar and pestle and annealed at
800 °C for 1 hour.

It is understood that the synthesis method plays a crucial
role in determining various properties of Zn;V,0g phosphors by
influencing factors such as crystal structure, particle size, and
surface defects. Among the various synthesis approaches dis-
cussed above, the co-precipitation method (CPM) has a pro-
found impact on the photoluminescence (PL) properties of self-
activated Zn;V,Og, yielding the highest luminescence quantum
yield (QY). This is primarily attributed to the controlled nuclea-
tion and rapid precipitation of Zn>" and V°* precursors, leading
to ultrafine, homogeneous nanocrystals with minimal defects.
The enhanced PL emission arises from the improved structural
uniformity, reduced non-radiative recombination sites, and
optimized charge transfer within the [VO4]*~ Iuminescent
centers. In contrast, the solid-state reaction method, despite
ensuring excellent phase purity and crystallinity, often results

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

in larger particle sizes and a lower surface area, leading to
weaker luminescence due to limited exciton confinement and
increased defect-induced quenching. The sol-gel method,
while effective in producing fine particles with controlled
stoichiometry, can introduce residual organic species or
trapped solvent molecules, which act as quenching centers,
reducing luminescence efficiency. Compared to hydrothermal
and urea auto-combustion methods, which also produce
nanostructured phosphors, co-precipitation provides superior
control over particle growth and surface passivation, signifi-
cantly enhancing quantum efficiency. The ability to tailor the
defect density, crystallite size, and luminescent center distribu-
tion through this method makes it a promising route for
optimizing the self-activated emission of Zn;V,0g for high-
performance phosphor-converted white light-emitting diodes.

2.5 Device fabrication of prototype LED

A WLED prototype was fabricated by combining ZnVO nano-
particles (NPs) with epoxy resin and a 385 nm LED chip. The
resin and ZnVO NPs were mixed in a 3:7 ratio and applied as a
200 pm thick layer onto a thin glass slide. The mixture was
dried at 70-90 °C for 24 hours. The devices were then encapsu-
lated with ZnvO NPs and mounted directly on the headers. The
electroluminescence (EL) of the packaged LED device,
embedded with ZnVO NPs, was measured using an integrating
sphere after final assembly.

2.6 Instrumentation tools

The powder X-ray diffraction (PXRD) patterns of the samples
were acquired in the 20 range from 10° to 80° using Ni-filtered
Cu Ko (A = 1.54 A) as a source of X-ray at a scan rate of 0.01 s~ *
with Rigaku. The Fourier transform infrared spectrum (FTIR) of
the samples was measured from 4000 to 400 cm ™ range using
PerkinElmer (100S FTIR spectrophotometer) in KBr pellets
with 4 cm ™" resolutions for 20 scans. The morphology of the
samples was carried out by scanning electron microscopy (SEM)
using ZEISS. In the elemental study, the atomic and weight
proportion of the component ions were measured by energy
dispersive X-ray spectroscopy (EDAX) attached with SEM. The
solid-state absorption spectroscopy was analyzed using UV/
visible-diffuse reflectance spectroscopy (UV/vis-DRS) by Analytic
Jena with a wavelength range of 200-1000 nm equipped with an
integrating sphere using BaSO, as standard. High-resolution X-
ray photoelectron spectroscopy has been used to detect the
ionic state of surface ions in hematite that uses a monochro-
matic Al Ko radiation source with an energy of ~1500 eV in the
Thermo Scientific K alpha system. The C 1s peak at ~285 eV
was used as a reference for sample charging correction of other
elements. The photoluminescence excitation (PLE) and emis-
sion (PL) of the synthesized samples were recorded using
HITACHI: fluorescence spectrophotometer F-4700. The Horiba
Scientific Spectrophotometer: Fluorolog-3 is used to perform
life decay and the TDPL of the samples. The EL of capped glass
slides coated with ZnVO NPs was measured by using Spectra
Wiz Integrated Sphere.

Mater. Adv., 2025, 6, 3203-3219 | 3205
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3. Results and discussion
3.1 Structural, morphological, and optical characterization

3.1.1 PXRD analysis. Fig. 1(a) PXRD patterns of ZnVO
nanoparticles synthesized by SGM, UAC, CPM, and HTM meth-
ods compared to the standard pattern (JCPDS 34-0378). The
diffraction peaks observed at 20 values of 15.365°, 18.741°,
21.41°, 26.45°, 27.081°, 29.455°, 31.005°, 34.911°, 35.981°,
36.465°, 43.116°, 43.302°, 57.705°, 58.442°, 60.564°, 62.974°,
and 64.608° correspond to the (020), (120), (200), (220), (211),
(131), (040), (122), (320), (311), (042), (151), (162), (360), (004),
(442), and (080) planes of the ZnVO phase. The shift of diffrac-
tion peaks to higher angles (right shift) indicates compression
and a decrease in the average lattice parameter as shown in
Fig. 1(b). All peaks are well-matched to the pure Zn;V,Og
orthorhombic structure with space group Cmca (space group
number 64), and cell constants a = 8.2990 A, b=11.5284 A, and
¢ = 6.1116 A, with Z = 4. No additional peaks were observed,
confirming the high purity and excellent crystallinity of the
ZnVO samples. Kurzawa et al. reported the presence of o and
phases of Zn;V,0g, which form at lower and higher tempera-
tures, respectively, with a transition temperature of 795 °C.
According to Rakshita et al., a stoichiometric mixture of ZnO
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and V,05 heated at 800 °C for 1 hour yields a pure phase of
Zn;V,05.>° The average crystalline size (D) and dislocation
density () of the synthesized samples were detected using

the following eqn (1) and (2).***°
K2
= 1
Feos0 (nm) 1)
1 (lines
-5 () @)

where f is the full-width half maxima (FWHM) intensity, K is
the shape factor (0.9), 6 is the Braggs angle, ¢ is the dislocation
density, and 4 is the wavelength of the Cu source employed in
PXRD which normally assumes a value of about 1.54. The
sample synthesized using CPM shows the lowest D value
22.73 nm, increasing by UAC > HTM and increase in the
SGM synthesized sample. Likewise, strain broadening is calcu-
lated by, f = 4¢tan 0, where ‘¢’ is the root mean square value of
the micro-strain, d is the interplanar spacing, a, b, and c are the
lattice constants and £, k, and [ are the miller indices. As a
result, the line broadening is a function of crystallite size and
strain, as represented by the W-H equation using eqn (4),***
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Fig. 1 PXRD patterns of ZnVO nanoparticles synthesized using different methods: (a) SGM, UAC, CPM, and HTM, (b) theta shift towards higher angles,
(c) Williamson—Hall (W—-H) plot, and (d) Rietveld refinement of the PXRD pattern for ZnVO nanoparticles synthesized via CPM.
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and the lattice parameters of the pure ZnVO were calculated
using eqn (5),> respectively as shown

0.94
p= <D o5 0) +4etan 6 (3)
92
fcosl = <%> + 4esin 0 (4)
1 kP
Fratpta G)

The microstrain can be determined by plotting the value of
fcosf as a function of 4sinf shown in Fig. 1(c), and the
crystalline size from the intersection with the vertical axis.
For SGM, UAC, CPM, and HTM synthesized samples, the strain
of ZnvO NPs is 2.27 x 1073, 1.56 x 1073, 0.99 x 1073, 1.3 x
103, and the crystalline size is 22.52 nm, 22.66 nm, 22. 02 nm,
and 22.68 nm respectively. Table S2 (ESIf) shows that the
estimated values are well-matched with the standard values
without much variation. The micro-strain in the CPM synthe-
sized sample is lower than in HTM, UAC, and SGM synthesized
samples. The less strain in the CPM method synthesized samples
shows the synthesized ZnvVO sample has high crystallinity and
better ionic bonding. To additional validate the purity of the phase
and lattice characteristics of the synthesized material, the crystal
structure of the ZnVO CPM NP was derived using a Rietveld
refinement fullprof software.*® Fig. 1(d) depicts both the observed
and calculated XRD profiles, all peaks have been indexed and the
refinement is satisfactory. The most straightforward discrepancy
index, the weighted profile R-factor (R,p), follows directly from the
square root of the quantity minimized, scaled by the weighted
intensities (eqn (6)):

, Z Wi(yc.,i - )’OJ)2
Ry =———+— 6
v Zwi<y0,i>2 ©)
1

This “best possible R,,;,” quantity is a very useful concept
and is called the expected R factor (Reyp) (eqn (7)). Using N as a
label for the number of data points

N
Z Wi (yO,i)2

1

2
Rexp =

)

That 5> (eqn (8)) can be determined from the weighted
profile and expected R factors

2 (Rw)
e (ReXp) )
The single-crystal literature often uses the term goodness of
fit (G) which is defined by “G” = 4*”. The ultimate refinement,
as observed, converges to Ry, = 2.05%, R, = 5.24%, Rexp =
1.97%, and y* = 1.08%.
3.1.2 FTIR analysis. The surface characteristics of synthe-

sized ZnVO NPs were analyzed using FTIR spectroscopy to
identify any residual organic compounds. Fig. 2 shows the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of ZnVO nanophosphors synthesized by different
methods: (a) SGM, (b) UAC, (c) CPM, and (d) HTM.

FTIR spectra for ZnvVO NPs synthesized by different methods
(SGM, UAC, CPM, and HTM) after calcination. Here, we focus
on the FTIR spectrum of the sample synthesized using the CPM
method (Fig. 2(c)), with details of the other samples provided in
Table 1. The absorption band centered at 3430 cm ™' corre-
sponds to the bending and stretching vibrations of hydrogen-
bonded O-H groups from adsorbed water. The peak at
793 c¢cm ' is associated with the T, VO, vibration modes
involving corner atoms in the network. Peaks at 658, 843, and
901 cm™ ' are attributed to V-O-V bonds. A weaker peak at
549 cm ™ * corresponds to the V-O-Zn bond, while the Zn-O
bond vibration is observed at 420 cm™?, related to the octahe-
dral ZnOg structure.”® Faint peaks around 2937 cm™' and
1249 cm™ " are due to the symmetric and asymmetric stretching
vibrations of aliphatic groups (-CH,-), respectively. A peak
at approximately 1623 cm ' indicates the presence of

Table 1 FTIR wavenumber ranges and corresponding functional groups
present in ZnVO samples synthesized by SGM, UAC, CPM, and HTM
methods after annealing

Wavelength (cm ™)

S. No. Bond SGM UAC CPM HTM
1 Zn-0 413 417 420 426
2 V-O-Zn 549 449
3 V-0-V 620 620
4 V-0-vV 661 667 658 662
5 VO, corner atoms 791 788 793 789
6 vV-0-V 843 850 843 848
7 vV-0-v 900 917 901 907
8 vV-0-V 966
9 CH, 1116 1110
10 CH, 1196 1189 1249
11 C=—C 1627 1626 1623 1623
12 CH, 2842
13 CH, 2937 2921
14 H-O-H 3458 3454 3430 3410
Mater. Adv., 2025, 6, 3203-3219 | 3207
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Fig. 3 SEM micrographs of ZnVO NPs synthesized by different methods: (a) SGM, (b) UAC, (c) CPM, (d) HTM, and (e) EDAX data with insets showing

atomic and weight percentages of CPM ZnVO NP.

atmospheric carbon dioxide. Additionally, several carboxylic and
polymeric bands present in the unfired samples (Figure not
shown) which disappears after high-temperature calcination.
3.1.3 Morphology. Fig. 3 illustrates the impact of various
synthesis methods on the surface morphology and size of the
ZnVO NPs. The SGM method yields irregularly shaped particles
with sizes ranging from 200 to 500 nm, as shown in Fig. 3(a).
The combustion method produces particles with irregular
shapes and sizes varying from 100 to 600 nm, depicted in
Fig. 3(b). In contrast, the CPM method results in spherical and
elliptical particles with dimensions between 50 and 150 nm, as
seen in Fig. 3(c). CPM is noted for its efficiency and cost-
effectiveness, producing uniformly distributed particles with a
porous microstructure beneficial for catalytic and LED applica-
tions. Fig. 3(d) shows that the HTM method results in flake-like
morphology, with particles approximately 50-100 nm thick and

3208 | Mater. Adv, 2025, 6, 3203-3219

Table 2 Average particle size and morphology of ZnVO NPs synthesized
by different methods, as observed from SEM images

S. No.  Synthesis method  Particle size Particle shape
1 SGM 200-500 nm Irregular

2 UAC 100-600 nm Irregular

3 CPM 50-150 nm Spherical

4 HTM 50-100 nm thickness  Flacks

100-300 nm wide. The SSM method, on the other hand,
produces larger, rougher, pebble-like structures, as reported
by previous studies.?® The average particle sizes of the synthe-
sized ZnVO samples, as determined from SEM images, are
listed in Table 2. The EDAX spectrum of ZnVO NP confirms
the presence of Zn, V, and O, with the atomic and weight
percentages of CPM ZnVO NP shown in Fig. 3(e). This confirms

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the purity of the synthesized ZnVO samples, though it also
indicates a deficiency of oxygen, which is crucial for PL emis-
sion. Overall, these findings suggest that different synthesis
methods can effectively control the morphology of ZnvO NP.
3.1.4 X-ray photoelectron spectroscopy. XPS was employed
to analyze the composition and purity of the synthesized ZnvO
CPM NPs. Fig. 4(a) displays the survey spectrum of ZnvO CPM
NP, confirming the presence of zinc (Zn), oxygen (O), and
vanadium (V) without detectable impurities. Fig. 4(b)-(d) pre-
sents the high-resolution spectra for Zn 2p, O 1s, and V 2p
regions. In Fig. 4(b), the Zn 2p spectrum shows two pairs of
peaks: Zn 2p;, at 1046.5 eV and Zn 2pz, at 1023.6 eV,
corresponding to Zn>" ions. Additionally, non-lattice Zn ions
are observed at 1044.6 eV and 1021.4 eV. The binding energy
difference between these pairs is 22.9 eV, closely matching the
expected value of 22.97 eV. Fig. 4(c) shows the O 1s spectrum,
deconvoluted into three bands at 529.9 eV, 531.3 eV, and 532.5
eV. The peak at 529.9 eV corresponds to lattice oxygen (O*>”) in
the Zn;V,0g matrix. The higher binding energy at 531.3 eV is
attributed to oxygen vacancies within the metal oxide matrix.
The peak at 532.6 eV is associated with adsorbed hydroxyl
groups (OH) or water (H,O). The area ratios of these peaks
36.66%, 28.95%, and 34.39%, respectively indicate a notable
concentration of oxygen vacancies, as supported by the EDAX
data. Fig. 4(d) shows the V 2p spectra with two pairs of peaks: V
2ps, at 516.8 eV and 518.9 eV, and V 2p,,, at 522.6 eV and
524.5 eV, corresponding to V** 2p;,, and V>* 2py,, states.’>>" It
is well-known that vanadium exhibits multiple oxidation states
(V¥, v**, and V**). In Zn,V, 0, it primarily exists as V>* within
the [VO,*" tetrahedral units; however, partial reduction to
V* can occur due to synthesis conditions, structural defects, or
surface effects. Since XPS primarily probes the surface (~5-10 nm
depth), high-temperature synthesis or post-processing can induce

== -
- (@), & —L—2ZnVO CPM = (b) —2Zn2p
= ol . = 2p5,
5 (S I 5 2
5 Ny = Zn
.Q. : : .Q 1021.4 eV
!LB 1 h E
< | =
2 ™ 2 2Pz Zn2+ 1023.6 eV
2 : 2 1046.5 eV
2 : 2 1044.6 eV
£ : = .6 ¢!
1
1200 1000 800 600 400 200 O 1050 1040 1030 1020
Binding energy (eV) Binding energy (eV)
—|(c) —01s| __|(d) V2p
£ : £ vee 2P
= =
= =
L= g
= =
& &
> >
& =
[} 7]
= =
2 2
£ £

e
36 534 532 530 528
Binding energy (eV)

o

528 526 524 522 520 518 516 514
Binding energy (eV)

Fig. 4 XPS spectra of ZnVO NPs synthesized by the CPM method:
(a) wide-range survey spectrum, (b) Zn 2p, (c) O 1s, and (d) V 2p energy
regions.
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partial reduction of V>' to V*" (VO,like states), resulting in
detectable V** signatures in the XPS spectrum. Additionally, the
presence of oxygen vacancies or Zn>* substitution can alter the
charge balance, stabilizing V** states within the lattice to maintain
overall charge neutrality. Oxygen vacancies act as electron donors,
facilitating charge compensation and contributing to the observed
V** signal in the XPS spectrum. To confirm this, we performed a
deconvolution of the V 2p XPS spectrum, presented in Fig. 4(d),
where V** appears at a lower binding energy (~516.8 €V, V 2ps,).
Overall, the XRD, FTIR, FESEM, and XPS analyses confirm that the
ZnVO CPM NPs are pure and free of impurities.

3.1.5 UV/vis-DRS analysis. Understanding absorption phe-
nomena, excitation energy, and band gap is essential for
investigating PL emission properties. The optical characteris-
tics of ZnvO and the optical band gap energy (E,) of the
synthesized samples were analysed using UV/Vis-DRS spectro-
scopy. Fig. 5 displays the UV/Vis-DRS spectra of ZnvVO nanos-
tructures over a wavelength range of 200 to 900 nm. The
reflectance peak observed between 350 and 400 nm is attrib-
uted to electronic transitions from 0>~ to V" within the T4 VO,
structure. The inset presents the optical E, values of ZnVO,
calculated using the Kubelka-Munk function and the Tauc
plot, as described by eqn (9).>>*

(F(R..)h)"" = A(hw — Ey) (9)

where F(R,,) is called the Kubelka-Munk function which is
given in eqn (10),>® which is the ratio of the absorption

coefficient (k) to the scattering coefficient (s) in m™".

5

(1 — ROC)—

F(Re) ="—¢

(10)

R, is the % reflectance obtained in the DRS data, the subscript
oo represents sufficient thickness specimen, Av is the photon
energy, E, is the materials band gap and n depends on the type
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Fig. 5 UV/Vis-DRS spectra of ZnVO samples synthesized by different
methods: (a) SGM, (b) UAC, (c) CPM, and (d) HTM. The inset shows the
Kubelka—Munk function and Tauc plot for band gap estimation.
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Table 3 Comparison of energy band gap values for ZnVO with other
metal vanadates

S. No. Samples Energy band gap (E,) Ref.

1 Zn;V,04 2.68 56

2 CuV,04 2.6 58

3 BiVO, 2.5 59

4 BiVO, 2.68 60

5 ZnsV,04 2.74 25

6 ZnVO-SGM 2.907 This work
7 ZnVO-UAC 2.970 This work
8 ZnVO-CPM 3.207 This work
9 ZnVO-HTM 3.090 This work

of ET (3 for direct and 2 for indirect bandgap). The sample E,
was calculated by projecting the linear component of the plots
of hv vs. (F(R.,)hv)? to the energy axis as shown in the inset of
Fig. 5. The optical band gap energy (E,) values for ZnvO
samples synthesized by SGM, UAC, CPM, and HTM methods
were determined to be 2.907 eV, 2.970 €V, 3.207 €V, and 3.090 eV,
respectively. These values show an increase in the band gap with a
decrease in particle size compared to previously reported
data.”® Variations in E, can be attributed to differences in
impurity levels, crystal size, and the nature of electronic transi-
tions. The E, values obtained in this study are consistent with
previously reported values for vanadium-based metal oxides
(Eq = 2.68).>°° As shown in Table 3, the E, values achieved here
are notably higher than those reported for other samples,
attributed to cation substitution and the broader absorption
range of ZnvV0.”® The observed small-range distortions, influ-
enced by interactions among clusters, result in the formation of
intermediate energy levels within the E, of the phosphor,
contributing to broadband emission. The minor variations in
the E, suggest that oxygen vacancies play a role in altering the
band structure of the synthesized phosphors, as indicated by
the observed shifts.””

3.2 Photoluminescence characterization

Fig. 6(a) and (b) present the PLE and PL spectra of ZnvVO
nanoparticles synthesized by various methods, measured at
RT with an excitation wavelength of 361 nm. The spectra are
consistent across all synthesis methods, indicating that similar
excited centers are responsible for the broad PL emission
observed. The larger FWHM of the emission spectra across
different synthesis methods suggests that the (VO,)*~ groups
are not uniformly distributed within the crystal lattice, which
implies the presence of defect centers. These defects lead to a
redistribution of energy levels in the conduction and valence
bands, affecting the band gap and intrinsic emission proper-
ties. The PLE spectrum of ZnVO nanoparticles results from
the CT of an electron from the 2p orbital of oxygen to the
unoccupied 3d orbital of vanadate ions in VO, with Ty
symmetry.>>®17%® The PL spectra exhibit significant visible light
emission spanning from 440 to 740 nm, with broadband
emission peaks centered at 573 nm (SGM), 572 nm (UAC),
562 nm (CPM), 572 nm (HTM), and 575 nm (SSM). This broad
emission is attributed to the self-trapped excitation radiative
recombination process.
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The PLE spectrum of ZnVO NP is because of the CT of an
electron from 2p orbital (O) to the unoccupied 3d orbital
(vanadate) ions in VO, with Ty symmetry.>>**"% The PL spec-
trum features two prominent peaks corresponding to emission
from the higher energy T, and °T; states to the ground 'A,
state of the V> ion. The intensity of the PL spectrum is notably
higher, indicating efficient recombination of electrons and
holes. Among the synthesized samples, those produced via
the CPM method exhibit the highest PL intensity, followed by
SSM, HTM, UAC, and SGM. Despite the consistent phase
observed in all synthesis routes according to XRD (Fig. 1), the
samples show significantly different morphologies. The PL
emission in ZnVO nanoparticles is strongly influenced by
particle size, oxygen vacancies, and the material’s morphology.
The observed PL band originates from defect states, as con-
firmed by FESEM and XPS analyses, which introduce inter-
mediate energy levels within the band gap.

The photoluminescence (PL) characteristics of self-activated
Zn3;V,04 originate from the intrinsic luminescent centers asso-
ciated with the [VO,]’>~ tetrahedral units, which act as primary
emission centers. Upon excitation, charge transfer occurs via
the ligand-to-metal charge transfer (LMCT) mechanism, where
electrons are promoted from the O 2p orbitals of the oxygen
ligands to the empty V 3d orbitals of vanadium. This oxygen-to-
vanadium charge transfer (0>~ — V**) results in a broad
emission band, typically in the blue-green spectral region,
attributed to the relaxation of excited electrons back to the
ground state through radiative recombination. The presence of
V* states due to surface defects, oxygen vacancies, or Zn>" site
substitution can introduce intermediate energy levels within
the band gap, facilitating additional recombination pathways
and modifying the emission profile. Moreover, the phonon-
assisted relaxation process plays a critical role in spectral
broadening, as energy dissipation through lattice vibrations
can further modulate the emission characteristics. The inten-
sity and position of the PL emission are strongly influenced by
crystal field strength, structural distortions, and synthesis
conditions, which dictate the extent of electronic delocalization
and defect-related emission processes. The CPM-synthesized
samples demonstrate the highest PL intensity, likely due to
their spherical morphology and uniform particle size compared
to those synthesized by SGM, UAC, HTM, and SSM. Accumula-
tion of defects and additional oxygen vacancies lead to a higher
number of inactive V** units, which contribute less to charge
transfer and emission from V°*, thereby broadening the emis-
sion band and enhancing PL intensity. This occurs because the
defects and oxygen vacancies alter the material’s electronic
structure, creating additional radiative recombination path-
ways that increase the PL intensity.

Although the charge transfer efficiency is reduced, the over-
all PL intensity is enhanced due to the increased number of
radiative recombination pathways. As a result, the emission
band broadens, and the PL intensity increases, indicating a
complex interplay between defects, oxygen vacancies, and the
material’s optical properties. By tailoring the defect density,
doping strategies, or nanostructuring, the luminescence

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Photoluminescence analysis of ZnVO samples. (a) Photoluminescence excitation (PLE) spectra, (b) photoluminescence (PL) emission spectra for
ZnVO synthesized via SGM, UAC, CPM, and HTM methods, compared to the SSM sample, (c) schematic energy level diagram, (d) deconvoluted excitation
spectrum, (e) deconvoluted emission spectra of ZnVO NPs synthesized by the CPM method.

efficiency of Zn;V,0; can be fine-tuned for advanced solid-state
lighting and optoelectronic applications.

The schematic model in Fig. 6(c) provides a clear represen-
tation of the energy diagram and transition states of ZnvO NPs
during luminescence. It depicts the two primary relaxation
mechanisms for an excited electron: nonradiative recombina-
tion and radiative processes. The excited electron, illustrated as
a yellow ball, follows the paths indicated by the purple arrows.
The green arc represents fluctuations in decay time due to the
dynamic Jahn-Teller effect a time-dependent distortion of the
VO, tetrahedron. The blue curve illustrates the relative energy
of the VO, tetrahedra. The optical characteristics of phosphors
are primarily determined by the luminescence center, but the
coordination environment and local geometry also play signifi-
cant roles. For the V°* ion with Ty symmetry, the molecular
orbitals include one ground state (*A;) and four excited states
1T1, 1T2, 3T1, and 3T2.25,61—63

© 2025 The Author(s). Published by the Royal Society of Chemistry

In the CPM-synthesized samples, the absorption band at
290 nm in the excitation spectrum corresponds to the 'A; —
T, transition, while the excitation at 361 nm is attributed to
the partially permitted 'A; — 'T; transition. The Gaussian
deconvolution of the excitation spectra reveals two bands
associated with these transitions. The ZnVO NPs synthesized
via the CPM method exhibit a broadband excitation spectrum
spanning 220 to 410 nm, with peaks at 290 nm (Ex,;) and
361 nm (Ex,), and a smaller peak at approximately 385 nm
(Fig. 6(d)). These absorption bands result from a partially
permitted spin-forbidden transition in the T4 symmetry of
VO,*". The charge transfer (CT) of an electron from O to
V> ions (from the 2p to the 3d orbital) in the VO, group is
confirmed to cause the broad emission of vanadate phosphors.

The emission spectrum of the ZnVO NPs, deconvoluted into
two bands, corresponds to the energy transfers (ETs) from *T,
and *T, — 'A,. These transitions are influenced by spin-orbital
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interactions in the defect structure (Fig. 6(e)). The FWHM
values of 66 nm and 80 nm for the Em, and Em, bands indicate
that the broadness of the PLE spectrum has increased along
with its intensity. Additionally, the reduction in the crystallite
size of the ZnVO NPs may contribute to the observed blue shift.
The size, shape, and crystallinity of the phosphor particles
significantly affect their luminous capabilities. We propose
that the CT transitions from the T, and *T; states to the A,
state play a crucial role in enhancing the peak intensity of the
Em,; and Em, bands.

3.3 Quantum yield, colorimetric properties, and decay
measurements

The absolute QY of ZnVO samples, measured under 361 nm
excitation, was found to be 20%, 31%, 74%, and 49% for SGM,
UAC, CPM, and HTM methods, respectively, as shown in
Fig. 7(a). The higher QY of the CPM sample compared to
SGM, UAC, HTM, and previously reported SSM*° is attributed
to enhanced excitation diffusion, facilitated by the hybridiza-
tion of the Zn 3d and O 2p orbitals in the lower energy band,
and the Zn 4s and V 3d orbitals in the higher energy band.*?
While commercial phosphors such as Y;Al;04,:Ce?* (YAG:Ce®")
(70-90%),%* La,SigNy;:Ce*" (85%),% (Sr, Ba),SiO4.Eu*" (80%),%
LuzAl;04,:Ce™" (74%),%” BaMgAl;,045:Eu®" (91%),°® exhibit QYs
over 80%, the ZnVO CPM nanoparticles achieved a remarkable
74% efficiency under 361 nm excitation. This value is compar-
able to rare-earth-doped commercial phosphors and previously
reported vanadate-based phosphors, as shown in ESL¥
Table S3. When compared to commercial phosphors such as
(Sr,Ca)AISiNg:Eu®" (2.6 x 10° em™")® and (Ba,Sr),Si0:Eu”" (3.2
x 10° em™),%® the Stokes shift (AS) of the ZnVO (CPM) NPs is
significantly higher at 9.9 x 10® em™", as seen in Fig. 7(b). This
higher AS value enables these phosphors to emit white light
with improved CRI and reduced glare, making them ideal for
indoor lighting applications. Therefore, ZnvO nanoparticles
synthesized by the CPM method are well-suited for UV-based
WLEDs with high CRI and LE, owing to their higher AS value
and enhanced red emission. Fig. 7(c) displays the Commission
Internationale de I'Eclairage (CIE) color coordinates of ZnvoO
CPM samples, under black light irradiation, at (0.43, 0.52). The
emission color of phosphors synthesized using different meth-
ods varied slightly, as indicated by (x, y) values of (0.44, 0.51),
(0.44, 0.51), and (0.42, 0.52) for the SGM, UAC, and HTM
samples, respectively, as shown in ESI Fig. S1. In ZnVO
nanoparticles, excitation with optimal T4 symmetry is allowed
through the 'A; — 'T; and "A; — T, transitions. However, the
intersystem crossing transitions ('T;, 'T, — °Ty, °T,) and
the forbidden °T;, T, — 'A; transition, due to the spin
selection rule, also play a role in determining the observed
luminescence.>>%'~%3

The decay profile was analyzed to understand the mecha-
nism behind the broad emission and its dependence on
excitation wavelength, temperature, and emission. When the
synthesized CPM nanoparticles were excited at UV wavelengths
(290 nm and 361 nm), the emission intensity increased, reach-
ing a maximum at 361 nm, and then decreased at higher
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color coordinates, and (d) Decay curves under 361 nm excitation and
562 nm emission for ZnVO CPM NPs.

excitation wavelengths (385 nm), as shown in ESI,f Fig. S2.
The UV-vis spectrum confirms that the highest excitation
maxima occur at 361 nm, which also corresponds to the second
maximum emission intensity, attributed to bandgap energy
absorption. At higher excitation wavelengths (385 nm), defect
states contribute more significantly to the emissions, leading to
a shift and an increase in the full width at half maximum
(FWHM). The luminescence decay curves of ZnVO nano-
particles, observed with an excitation wavelength of 361 nm
and an emission wavelength of 562 nm, are shown in Fig. 7(d).
The extended lifetime in the microsecond range suggests that
the emission originates from the excited triplet state. This
indicates the involvement of a slow, radiative recombination
process, likely influenced by the presence of defect states,
contributing to the overall broad emission. The decay lifetime
values obtained using eqn (11), individual lifetime, and con-
tribution population are found to be 19%, 59%, and 22% for

70,71
Tq, To, and 73"

—t —t —t
1:]0+Alexp(—> +Azexp(—) + Az exp(—) (11)
T1 T2 3

where ¢ is the decay lifetime, I(¢) is the intensity at time ¢, I, is
the starting PL intensity, A,, A, and A4; are the fit coefficient and
71, T and 73 are the life time component, respectively. This
triexponential fitting is obtained because of the activation
energy level other than the two triplet excited levels, such as
oxygen vacancy level, which contributes to lifetime decay. The
average decay times for ZnVO NPs are calculated using the
eqn (12).7*7*

A1t + Ayt + Asd?
A1ty + Aty + A3T

(12)

Tavg =

The average lifetime of CPM-synthesized ZnVO nano-
particles is found to be 23.06 ps. This indicates that the lifetime

© 2025 The Author(s). Published by the Royal Society of Chemistry
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decreases as the concentration of defect states increases, lead-
ing to more non-radiative relaxation pathways, transitioning
from bulk to nanoscale, as confirmed by XPS analysis. Fig. 6(e)
shows that an increase in oxygen vacancy density results in
enhanced red emission while blue-green emission diminishes.
Therefore, ZnVO nanoparticles, with their microsecond decay
time, are highly suitable for WLED applications, comparable to
the decay period of YAG:Ce*" as reported by Guan et al.”® This
suggests that in the ZnVO lattice, emission is primarily driven
by the VO,*~ luminescent center. Moreover, ZnvVO nano-
particles act as single-emitting-center phosphors, and materials
with shorter decay times are ideal for use in WLEDs.

3.4 Thermal quenching properties and irradiation time PL

One of the critical factors affecting both the lifespan and
performance of WLEDs, as well as the color stability of the
emitted light, is the thermal stability of the phosphor.®®”® To
ensure that the thermal quenching behavior of ZnvO NPs
(CPM) aligns with the perating temperatures of WLEDs, we
conducted temperature-dependent studies on the ZnvVO NPs. In
the liquid phase, molecules experience various motions—colli-
sions, rotations, vibrations, and translations—which intensify
when thermal energy is applied, leading to energy loss. How-
ever, in the solid state, where intermolecular and translational
rotational motions are restricted, thermal quenching occurs
less frequently. As the temperature increases, we observe a
linear decrease in emission intensity from the ZnvVO NPs in the
solid state, from 25 °C to 275 °C, as shown in Fig. 8(a). The
decline in PL intensity with increasing temperature is attrib-
uted to vibrational energy loss of excited electrons. A blue shift
was noted with rising temperature, possibly due to the accel-
eration of non-radiative relaxation processes, defect-mediated
emission, or predominated CT emission. The emission
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Fig. 8 (a) Solid-state temperature-dependent PL spectra, (b) activation
energy graphs fitted using the Arrhenius equation, and PL spectra as a
function of irradiation time under 361 nm excitation at (c) room tempera-
ture and (d) elevated temperature (150 °C).
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intensity of ZnvO CPM NPs retained 89% of its value at
150 °C and 78% at 275 °C, indicating excellent thermal stability.
At RT, electrons are excited from the ground state 'A; — °T,
state before returning to 'A,. However, at higher temperatures,
the emission decreases as electrons transition directly from A,
to the 'T, state, bypassing the T, state. As temperature
increases, the excitation energy is transferred from the lumi-
nescent core to non-radiative thermal energy through lattice
relaxation. This relaxation process results in a reduction of PL
intensity due to non-radiative transitions, which manifest as a
Stokes shift.”” Thermal quenching was observed at 180 °C for
ZnVO NPs, slightly lower than the ZnVO bulk material, likely
due to the larger Stokes shift. Despite a minor reduction in PL
intensity, ZnVO NPs exhibit strong thermal stability and can be
utilized at temperatures up to 210 °C, making them suitable for
high-temperature applications in WLEDs. The Arrhenius equa-
tion was used to determine the activation energy (AE) for both
phosphors to support the thermal quenching phenomenon as
shown in eqn (13).2>7%7*

In
7<AE) (13)
1+ cexp|-—

Ir =
kT

Here, ¢ is a constant, I, and I; are the initial and various
temperatures of PL intensity, and k is the Boltzmann constant
in eV, respectively. Fig. 8(b) shows the relationship between
In[(Zo/I7) — 1] and 1/(kT) for ZnvVO NPs. The slope of the linear
plot was used to calculate the activation energy, which was
found to be approximately 0.158 eV for ZnVO NPs. The results
indicate that as the Stokes shift increases, the AE decreases,
leading to thermal quenching of ZnvO NPs at lower tempera-
tures. Typically, a lower AE value increases the likelihood of
nonradiative energy transfer. However, the AE value of ZnvO
NPs synthesized via CPM (~0.158 eV) is comparable to that of
ZnVO synthesized by SSM (0.163 eV). UV-Vis and XPS analyses
revealed a reduction in bandgap values and a rise in the valence
band position, suggesting a shift in the band structure caused
by increasing defect states. These changes reduce the distance
between the luminescence center and the crossover point,
resulting in a lower activation energy for quenching. The
enhancement of the thermal quenching effect is attributed to
the creation of trapping levels between the lowest excited level
curve of VO,*~ (°T;) and the ground state curve of the VO4*~
group (*A,). This makes ZnVO NPs suitable for the production
of WLEDs, where high thermal stability is essential for ensuring
a long operating lifespan and higher LE. Additionally, the
photostability of ZnvO NPs was evaluated over 4 hours of
361 nm illumination. As shown in Fig. 8(c) and (d), the normal-
ized PL spectra remained unchanged in terms of both spectral
position and intensity, even after extended irradiation at room
temperature (RT) and elevated temperatures (150 °C). A com-
parison of the normalized PL emission intensity versus irradia-
tion time (ESI, Fig. S3a and b) at RT and 150 °C shows that
after 4 hours of continuous exposure, the emission intensities
remained at 99.46% at RT and 99.11% at 150 °C of their initial
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values. Thus, extended irradiation and elevated temperatures
do not significantly affect the stability of ZnvO NPs, high-
lighting their robust photostability.

3.5 Application in WLEDs and colorimetric calculations

A WLED prototype was created by combining ZnvO CPM NPs
with epoxy resin and a 385 nm, 0.5 WLED chip. Fig. 9(a(i))
illustrates the schematic of the ZnvO CPM NP LED package
before applying current. Upon applying a current of ~150 mA,
the LED emitted a pleasant white light, as seen in Fig. 9(a(ii)).
The LED produced a sharp peak at 385 nm, while the ZnvO
CPM NPs generated a broad visible spectrum ranging from
400-800 nm, as shown in Fig. 9(b). The CIE color coordinates of
the white emission from the ZnvO CPM NPs are (0.330, 0.301),
close to ideal white light, with a CCT of ~4920 K, outperform-
ing YAG: Ce**-based WLEDs, which typically have a CCT around
6500 K.”® The superior color quality of the ZnVvO CPM NP and
LED prototypes is highlighted in the CIE 1931 chromaticity
diagram (Fig. 9(c)), where the CIE coordinates of the ZnvO CPM
NP emission, excited at 385 nm, are plotted. The coordinates
(0.330, 0.301) are close to the optimal white light equal energy
point (0.333, 0.333), demonstrating excellent cool white light
properties. It is noteworthy that the commercial YAG: Ce®*
phosphor, developed by Wolf Speed, Inc., exhibits a QY of
78% at 449 nm excitation. When compared to P-20 (LUMINOX),
bulk YAG: Ce*" (CREE), and bulk ZnVO, the ZnvO CPM NP
shows similar or superior performance.” Table 4 outlines the
relative efficiency of these bulk phosphors and ZnvO CPM NPs
at various excitation wavelengths. The QY of ZnvO CPM NPs is
comparable to these bulk phosphors and represents a signifi-
cant improvement over the commonly used yellow-lighting P-20
phosphor. Further reduction of particle size into the quantum

A = (0.173,0.004)
B = (0.432,0.522)
C = (0.330,0.301)

0.84 0 (©)

0.6
500}
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Fig. 9 (a) Schematic diagram of an LED chip coated with ZnVO-CPM NPs,
shown (i) before applying current and (ii) after applying current. (b) Elec-
troluminescence (EL) spectrum of a WLED excited at 385 nm under
different applied voltages (0.5 V, 1V, 2 V, and 3 V). (c) CIE chromaticity
diagram. (d) Comparison of PL spectra for commercial P-20 (LUMINOX),
YAG: Ce3* (CREE), ZnVO bulk phosphor, and ZnVO-CPM NPs.
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Table 4 Comparison of relative quantum yield (QY) for ZnVO-CPM NP
with bulk phosphors (YAG: Ce®*,P-20,Zn3V,0g) and CIE color coordinates
of ideal white light, ZnVO-CPM NP, and the simulated white light pro-
duced using ZnVO-CPM NP and LED

Company name Product name Aex QY (%)
CREE YAG: Ce®* 449 78
CREE YAG: Ce** 385 58
LUMINOX P-20 385 51
Zn,V,0g-bulk Znvo 385 68
Zn5V,04-NP ZnvO-CPM 385 76
Sample CIE (x, y)

IDEAL white (0.333, 0.333)
ZnVO-CPM NP (0.432, 0.522)

385 nm LED + ZnvO-CPM NP (white light) (0.330, 0.301)

range could enhance the QY even more, as Bhargava et al.®
demonstrated for various NP systems. Fig. 9(d) presents the PL
spectra for yellow-emitting P-20, bulk Zn;V,05 phosphor, YAG:
Ce*', and ZnvO CPM NPs. The CIE color coordinates for the
ideal white light, the 385 nm LED, ZnVO CPM NP, and the
simulated white light (combining the 385 nm LED with ZnvO
CPM NP) are listed in Table 4. These coordinates, derived using
the equal-wavelength method,®" are crucial for determining the
precise emission color of each sample, as visualized in the CIE
chromaticity diagram.®"

We are pleased to report that the WLED exhibited outstand-
ing EL performance at a driving voltage of 3 V, producing cool
white light with a CCT of 4920 K. Fig. 10(a) and the fabricated
device shown in ESIT (Fig. S4) show images of the setup: (i) a
385 nm LED chip and a glass slide coated with ZnVO/epoxy
resin used for fabrication, (ii) and (iii) the white light emission

(c) A=(0330,0301)
B =(0.333,0.333)
C =(0.410,0.588)
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Fig. 10 (a) Images showing (i) a 385 nm LED chip and a glass slide coated
with ZnVO/epoxy resin, (ii) side view of the white light emission, (iii) top
view of the white light emission, and (iv) the NITW logo illuminated by the
white light emitted from the ZnVO-coated 385 nm LED at 3 V. (b) CIE color
coordinates of the white light emission. (c) Electroluminescence (EL)
spectrum of the WLED. (d) Spectral composition of the fabricated WLED,
excited by the 385 nm LED chip and ZnVO CPM NP.
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from the side and top views of the LED device, and (iv) the NIT
Warangal (NITW) logo illuminated by the ZnvO and 385 nm
LED at 3 V. The device’s effective emission of polychromatic
light upon excitation with 385 nm radiation confirms the ZnvO
CPM NP’s efficiency. The luminous value of the WLED device
fabricated using our synthesized Zn;V,0g phosphor is quite
promising, with a luminous intensity of ~574 cd m™> This
suggests that our material has good potential for application in
solid-state lighting devices. Fig. 10(b) illustrates the spectral
output from 360 nm to 800 nm for the WLED, combining a
385 nm LED with ZnvVO CPM NP at 3 V. The resulting spectrum
aligns closely with the ‘“ideal white” region on the CIE chro-
maticity diagram, shown in Fig. 10(c). This suggests that ZnvO
CPM NP is highly effective in converting 385 nm LED light into
white light. The color temperature of a Planckian blackbody
radiator with a similar white light color is used to define the
CCT, highlighting the potential of ZnvVO CPM NP for high-
quality white light LED applications.®”> The McCamy deter-
mined the value of CCT,*** using the following eqn (14):

CCT = —4991° + 35250 — 6823.3n + 5520.33  (14)

where 1 = (xee — X)/(Vee — y) and the epicenter is at x = 0.330,y =
0.301, (Xee, Vee) is the equal energy point. The synthesized ZnvO
CPM NP exhibited a CCT of approximately 4920 K, placing
it firmly in the cool white light region. A higher CCT
value generally indicates improved visual perception and
brightness.®” Given that the CCT of ZnVO CPM NP falls within
the cool white light range, it is well-suited for use in WLEDs for
everyday illumination. As shown in Fig. 10(d), the spectrum
includes about 93.18% visible light, with a significant propor-
tion of red components (~36.36%), making it an excellent
choice for comfortable indoor lighting, including reading. To
assess color purity, the distance between the emitted color
coordinates and the equal energy point on the CIE diagram is
compared to the distance between the equal energy point and
the dominant wavelength point. This method helps determine
the purity of the dominant color in the test source. Using
eqn (15), the color purity®® of ZnVO CPM NP was determined.

V= x40 — e

\/(xd - xee)2+(yd - yee)z

Color purity = (15)

where (Xee, Jee) is the equal energy point reference illuminate,
(x4, ya) is the dominant wavelength point, and (x, y) is the CIE
coordinates of the light source under test, respectively.®® The
computed color purity for the CIE coordinates excited at
385 nm is 0.12065. Lower color purity values indicate better
white light emission, making the ZnvO CPM NPs a promising
candidate for WLEDs when used with a NUV LED chip. The
CCT values of the ZnvVO CPM NPs are well within the cool white
light range, making them suitable for general lighting applica-
tions. A notable finding is that all EL parameters, including
CRI, CIE color coordinates, and CCT, remained stable across
various driving voltages (0.5 to 3 V) as detailed in ESI}
(Table S4). The device maintained high performance during
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extended operation times with minimal changes in EL, as
shown in ESIT (Fig. S5a) and ESIt (Tables S5 and S6). The EL
stability under different temperatures was thoroughly evalu-
ated, with the device showing consistent performance across a
range of temperatures, as demonstrated in ESIf (Fig. S5b).
Crucially, all EL parameters, including CRI, CIE coordinates,
and CCT values, remained stable across temperature tests, with
no significant changes in CIE color coordinates, CCT values
staying below 4853 K, and CRI values consistently above 85.
These results highlight the excellent performance and potential
practical applications of the ZnvO CPM NP-based WLEDs.

4. Conclusions

Zn;V,0g nanophosphors were successfully synthesized using
the coprecipitation calcination method. These vanadate phos-
phors exhibited broad emission from 400 nm to over 750 nm
due to charge transfer transitions in VO, tetrahedra, with a
yellow emission and CIE color coordinates of (0.43, 0.52).
Among the synthesis methods, the coprecipitation method
produced ZnvVO NPs with the highest quantum yield, in the
order of CPM > HTM > UAC > SGM, with corresponding
values of 74%, 49%, 31%, and 20%. The ZnVO NPs displayed a
broad yellow emission centered at 562 nm upon excitation at
361 nm, with FWHM values of 66 nm for Em; and 80 nm for
Em,. The thermal stability of the ZnvVO NPs was demonstrated
by their retention of 78% of room temperature emission at
275 °C and an activation energy (AE) of ~0.158 eV. When
integrated with a 385 nm LED chip, the ZnVO NPs achieved a
cool CCT of ~4920 K, a high CRI of 91%, and CIE coordinates of
(0.330, 0.301). This work presents a cost-effective, rare earth-free,
self-activated approach to enhancing vanadate phosphors for
WLED applications. The WLEDs exhibited stability across various
currents, operating times, and temperatures, maintaining their
electroluminescence, CCT, CIE coordinates, and CRI values.
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