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A B S T R A C T

A novel, environmentally friendly, near-infrared (NIR) solar reflective yellow pigment has been successfully 
developed by incorporating bismuth (Bi3+) and vanadium (V5+) into the yttrium phosphate (YPO4) host lattice. 
Y(1− x)BixP(1− y)VyO4 (x = y = 0–1) materials with different composition were synthesized using two distinct 
approaches: the flux-assisted solid-state method (SSM) and the co-precipitation technique (CPS), and the results 
were compared. A drastic shift in the absorption curve towards higher wavelengths is observed for the materials 
synthesized by the solid-state reaction method and co-precipitation at 900 ◦C. Secondary phases were noticed in 
both methods of preparation due to the high ionic radii of the dopant ions. Notably, the simultaneous incor
poration of Bi3+ and V5+ significantly enhanced both the NIR solar reflectance and the intensity of the yellow 
color in the synthesized materials. The co-doping effect induced a well-defined morphology, improving the light- 
scattering efficiency and boosting the NIR solar reflectance. The optimized composition, Y0.4Bi0.6P0.4V0.6O4, 
achieved a high reflectance value of 54.64%, compared to just 38% for the undoped host. With a vivid yellow 
body color, high solar reflectance (54.64 %), and excellent stability, Y0.4Bi0.6P0.4V0.6O4 emerges as a promising, 
sustainable alternative for cool yellow pigments in energy-efficient coatings and architectural applications.

1. Introduction

The urban heat island (UHI) effect is a major environmental concern, 
causing urban areas to retain more heat than their rural surroundings. 
This results from prolonged absorption of solar radiation by buildings 
and infrastructure during the day, coupled with inadequate heat dissi
pation at night [1]. The temperature disparity between urban and rural 
regions is exacerbated by the lack of natural greenery in cities, which 
otherwise facilitates rapid radiative cooling. To mitigate excessive in
door temperatures, air conditioning is widely used, consuming nearly 
40 % of total electricity. Heat absorption is particularly high in buildings 
made of asphalt, cement, concrete, and metal structures [2]. Given that 
approximately 53 % of solar radiation falls within the near-infrared 
(NIR) spectrum, coatings with NIR-solar reflective materials can signif
icantly lower indoor temperatures, earning them the designation of 
“cool coating materials [3].”

Recent research has focused on rare-earth-based NIR-solar reflective 
pigments to enhance reflectivity while preserving aesthetic appeal. For 
instance, doping Eu3+/Sr2+ and Mg2+ in SrCuSi4O10 altered its sky-blue 
hue to dark blue, significantly boosting NIR reflectance with a 20 % 
dopant substitution [4,5]. Similarly, green pigments (Y1-xRx)2Cu2O5 (R=
In; Sc; Lu) synthesized via solid-state reactions offer an eco-friendly 
alternative to toxic Cr and Co-based pigments [6]. Yellow pigment 
research has also made advancements. Vanadium-based pigments have 
garnered attention for producing yellow hues from originally white 
materials. The pentavalent V5+ state in V2O5 exhibits yellow coloration 
due to charge transfer transitions (O2− → V5+). V-ZrO2, synthesized 
through various methods, confirms V incorporation into ZrO2, inducing 
a yellow tint [7,8]. Gopal et al. observed an unusual optical shift in V5+

substituted BPO4, transforming its open-framework white structure into 
yellow phosphovanadate. Additionally, BiVO4 has emerged as a prom
ising industrial yellow pigment. Overall, the strategic substitution or 
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doping of bismuth and vanadium ions presents a viable path toward the 
development of eco-friendly yellow pigments [9].

Lanthanide-based orthophosphates (LnPO4) have recently emerged 
as a crucial class of inorganic materials with diverse applications, 
including laser hosts, phosphors, photon up-conversion, and bio- 
imaging [10]. These phosphates exist in multiple polymorphic forms 
-monoclinic monazite, tetragonal xenotime, tetragonal zircon, mono
clinic churchite, and hexagonal rhabdophane—determined by the syn
thesis method and the nature of the metal cation [11,12]. Key rare-earth 
phosphates in this category include CePO4, PrPO4, YPO4, LuPO4, LaPO4, 
GaPO4, and EuPO4. Their physical, chemical, and optical properties can 
be tailored through selective doping[13–15].

Among them, yttrium phosphate (YPO4) is particularly significant 
due to its high chemical stability and versatile applications. It crystal
lizes in two distinct structures: hexagonal (D2 symmetry) and tetragonal 
(D2d symmetry), the latter existing as xenotime (I41/amd space group), 
where Y3+ follows D2d symmetry. YPO4 comprises chains of corner- 
shared YO8 dodecahedra and PO4 tetrahedra, making it an excellent 
luminescent host with high quantum efficiency and well-defined ab
sorption and emission spectra. Its strong UV absorption and vacuum 
stability makes it a promising red-emissive material for display tech
nologies, including plasma displays [14].

Eu3+-doped YPO4 has been widely studied for red light emission. 
Additionally, YPO4’s high thermal expansion coefficient enables its use 
as a green barrier coating for silicon ceramics [16]. Ce3+/Tb3+ co-doped 
YPO4 has shown potential as a WLED glass ceramic material due to its 
enhanced luminescence [17,18]. Similarly, Dy3+: YPO4 and Sm3+: YPO4 
co-doped with Bi3+ exhibit superior emission properties [19]. Given that 
the optical and physical properties of YPO4 are highly 
synthesis-dependent, selecting an optimal preparation method is critical 
for achieving precise size, morphology, and crystallinity [14,20].

Water-based synthesis routes are preferred over organic solvent- 
based methods due to their environmental safety. Various approaches, 
including solid-state reactions, precipitation, hydrothermal, sol
vothermal, and ion-exchange methods, have been explored to synthesize 
micro- and nanostructured YPO4 [14,16,19]. Among these, the chemical 
co-precipitation method is particularly advantageous due to its high 
purity, scalability, reproducibility, minimal solvent usage, and 
cost-effectiveness. In this process, metal precursors are precipitated as 
hydroxides using agents such as NH4OH, NaOH, or tetramethylammo
nium hydroxide, followed by calcination [21].

While YPO4 has been extensively studied for luminescence, its po
tential as an NIR-reflective pigment remains unexplored. In this study, 
we investigate the NIR-reflective and color properties of YPO4 and its 
bismuth- and vanadium-substituted derivatives, synthesized via a sim
ple precipitation method, demonstrating their suitability for cool 
coating applications.

2. Materials and methods

2.1. Materials

Yttrium oxide (99 %), bismuth oxide (98 %), diammonium phos
phate (98 %), ammonium metavanadate (98 %), and yttrium (III) nitrate 
hexahydrate (98 %) were used as precursors. All chemicals were pro
cured from SRL Private Limited, India, and used without further 
purification.

2.2. Method of synthesis

Materials with the composition Y(1-x)BixP(1-y)VyO4 (x = y = 0.6) 
were synthesized using both solid-state reaction (SSM) and co- 
precipitation methods (CPS). For the solid-state reaction method, 
yttrium oxide, bismuth oxide, diammonium phosphate, and vanadium 
pentoxide were thoroughly ground for 2 h to ensure homogeneous 
mixing. The mixture was then packed into a recrystallized alumina 

crucible and calcined at 900 ◦C in air using a muffle furnace for 3 h 
(shown in Fig. 1a). For the co-precipitation method, bismuth nitrate was 
first prepared by dissolving bismuth oxide (Bi2O3) with nitric acid 
(HNO3) through a dropwise addition, resulting in the dissolution of the 
oxide. This dissolution indicates the conversion of bismuth oxide to 
bismuth nitrate (Bi(NO3)3), and the reaction is shown below. Bi2O3 +

6HNO3 → 2Bi(NO3)3 + 3H2O. This solution was then mixed with yttrium 
nitrate solution, followed by the dropwise addition of diammonium 
phosphate solution under continuous stirring for 90 min. Ammonium 
metavanadate, pre-dissolved in DI water, was then added to the above 
solution (pH is 2) and further ammonia solution is added until the pH 
was adjusted to 4. The resulting precipitate was collected via centrifu
gation, washed sequentially with DI water and ethanol, dried at 100 ◦C 
for 3 h, and finally calcined at 900 ◦C for 90 min (shown in Fig. 1b).

2.3. Characterization techniques

Powder X-ray diffraction (XRD) was used to confirm the phase for
mation of the synthesized powder materials. Structural analysis was 
performed using a Bruker D8 Advance diffractometer with Cu Kα radi
ation (λ = 1.54056 Å) at a scan rate of 0.01 s− 1. Fourier Transform 
Infrared Spectroscopy (FTIR) was employed to identify functional 
groups and characterize stretching and bending vibrations in the 
400–4000 cm− 1 range using a Bruker Alpha-II instrument. Surface 
morphology and elemental composition were analyzed using a Zeiss 
Scanning Electron Microscope (SEM). Absorbance and diffuse reflec
tance spectra were recorded with a Shimadzu UV-3600 Plus spectro
photometer in the 200–1600 nm range with a step size of 1 nm. 
Thermogravimetric analysis (TGA) was conducted using a PerkinElmer 
TGA instrument in a flowing air atmosphere at a heating rate of 10 ◦C/ 
min. Quantum efficiency was measured using an Enlitech system 
(300–1100 nm) equipped with an integrating sphere and BaSO4 as the 
standard. Excitation and emission spectra were recorded with a Hitachi 
F-4700 fluorescence spectrophotometer. Near-infrared (NIR) reflectance 
(R*) of the synthesized materials was determined using a Shimadzu UV- 
3600 UV–Vis–NIR spectrophotometer based on a standard calculation 
formula, which is in accordance with ASTM standard G159-99.

3. Results and discussion

3.1. Powder XRD (PXRD) analysis

The powder X-ray diffraction (PXRD) technique was utilized to 
determine the crystal structure, phase purity, lattice parameters, and 
average crystallite size of the synthesized materials. Fig. 2 represents the 
PXRD pattern of Y(1− x)BixP(1− y)VyO4 (x = y = 0.6). The diffraction peaks 
observed at specific 2θ angles correspond well with the standard 
tetragonal zircon-type structure (JCPDS No. 74–2429), which crystal
lizes in the I41/amd space group [22,23]. Calculated lattice parameters 
are a = b = 6.913 nm and c = 6.174 nm, with an average crystallite size 
of 98 nm. The presence of secondary phases, primarily BiPO4, was 
identified in the YPBV-SSM, YPBV-CPS@900 ◦C, and YPBV-CPS@100 ◦C 
materials. This phase formation is attributed to the high Bi3+ substitu
tion level (x = 0.6), which induces structural instability, leading to phase 
segregation in the Y0.4Bi0.6P0.4V0.6O4 system. The incorporation of Bi3+

(ionic radius, r = 1.03 Å) into the smaller Y3+ lattice (r = 0.9 Å) results in 
lattice expansion, leading to the emergence of BiPO4 as a secondary 
phase in all three materials. Additionally, the substitution of V5+ (r =
0.36 Å) into the P5+ (r = 0.17 Å) lattice induces a noticeable shift in the 
diffraction peaks toward lower angles, confirming the formation of a 
tetragonal structure. This shift arises due to the increased lattice strain, 
as the smaller P5+ ions, with a coordination number of 4, struggle to 
accommodate the larger V5+ ions. As a consequence, the induced 
structural distortion leads to the observed peak shift in the PXRD 
pattern.

Similar observations have been reported in the literature concerning 
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luminescent materials where rare-earth ion doping has been employed 
in the YP1-xVxO4 (x = 0–1) lattice system [24,25]. These studies have 
concluded that lattice strain and peak shifts toward lower angles are 
primarily a result of V5+ substitution rather than rare-earth ion incor
poration. This reinforces the idea that the structural modifications in the 
present study are predominantly driven by vanadium substitution ef
fects rather than external dopant influences.

3.2. Thermogravimetric analysis (TGA)

The thermal stability and structural integrity of three representative 
materials were analyzed using thermogravimetric analysis (TGA) (see 
supplementary information (SI) Fig. S1). The weight loss profiles pro
vided insights into the decomposition behavior and stability of the 
materials under elevated temperatures. For the YPBV-SSM sample, a 
minimal weight loss of approximately 0.2 % was observed below 400 ◦C, 
indicating negligible evaporation of adsorbed moisture or surface-bound 
volatiles. Similarly, the YPBV-CPS@900 ◦C sample exhibited a slightly 
higher weight loss of 0.4 % within the same temperature range. Beyond 
400 ◦C, both materials displayed excellent thermal stability, with no 
significant weight loss up to 900 ◦C, confirming the absence of further 
decomposition or volatilization.

In contrast, the YPBV-CPS@100 ◦C sample exhibited a more sub
stantial weight loss of 6.5 % below 300 ◦C, likely attributed to the 
removal of residual solvents, structural water, and loosely bound 
organic moieties. Upon further heating to 900 ◦C, an additional 1.5 % 
weight reduction was recorded, resulting in a total weight loss of 8.0 % 
over the entire thermal treatment range. This suggests a gradual release 
of thermally labile components [26]. Notably, beyond 900 ◦C, no further 

weight loss was detected in any of the materials, indicating complete 
stabilization. The superior thermal stability of YPBV-SSM and 
YPBV-CPS@900 ◦C compared to YPBV-CPS@100 ◦C can be attributed to 
the elimination of all volatile constituents during high-temperature 
processing, leading to a more structurally consolidated and thermally 
robust material.

3.3. Morphological and compositional analysis

SEM micrographs of Y(1− x)BixP(1− y)VyO4 (x = y = 0.6) synthesized by 
the solid-state reaction and co-precipitation methods are illustrated in 
Fig. 3.

The SEM micrographs of Y(1− x)BixP(1− y)VyO4 (x = y = 0.6) synthe
sized via the solid-state reaction and co-precipitation methods are pre
sented in Fig. 3a–c. The images distinctly reveal that the particles exhibit 
significant aggregation, primarily due to the rapid nucleation and sub
sequent particle growth during the co-precipitation process, followed by 
high-temperature calcination at 900 ◦C. The aggregation of nano
particles begins with the formation of pre-nuclei as the precursor ma
terials dissolve in the reaction medium [27]. As nucleation progresses, 
new interfacial boundaries form between adjacent nuclei, facilitating 
nanoparticle growth due to the free energy supplied during synthesis. In 
certain cases, pre-nucleation clusters may form, promoting the aggre
gation of small particles. These aggregated structures exhibit strong 
interparticle interactions, making them highly stable and resistant to 
separation, even under mechanical milling [28].

The incorporation of vanadium (V5+) and bismuth (Bi3+) into the 
tetragonal YPO4 lattice does not induce any significant morphological 
changes. However, high-temperature calcination at 900 ◦C plays a 

Fig. 1. Synthesis procedure of Y(1-x)BixP(1-y)VyO4 (x = y = 0.6) material: (a) solid-state method (SSM), (b) co-precipitation method (CPS).
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crucial role in modifying the particle morphology and size, as evident in 
Fig. 3c. The estimated average particle size from Fig. 3c is approximately 
80 nm, which is in good agreement with the crystallite size determined 
from PXRD analysis. The irregularly shaped agglomerates are randomly 

oriented and exhibit remarkable thermal stability, showing negligible 
structural variations even at elevated temperatures up to 1100 ◦C [26]. 
Furthermore, energy-dispersive X-ray spectroscopy (EDAX) analysis 
confirms that the elemental composition closely matches the expected 
stoichiometric ratios of the constituent elements. The quantitative 
presence of Y, P, V, Bi, and O in the synthesized materials, as depicted in 
the inset tables, validates the successful incorporation of these elements 
into the material’s crystalline framework.

3.4. FTIR analysis

The FTIR spectra of Y(1− x)BixP(1− y)VyO4 (x = y = 0.6) synthesized via 
the solid-state reaction and co-precipitation methods are presented in 
Fig. 4a–c over the spectral range of 400–1500 cm− 1. These spectra 
provide valuable insights into the vibrational modes associated with the 
metal-oxide interactions in the synthesized materials, confirming the 
presence of Y, V, P, Bi, and O within the lattice structure. The charac
teristic absorption bands observed at 521, 594, 646, 733, 810, and 1021 
cm− 1 correspond to different vibrational modes of phosphate (PO4

3− ), 
vanadate (VO4

3− ), and metal-oxygen bonds. The absorption peak at 521 
cm− 1 is attributed to the bending vibration harmonics of the O=P=O 
bond. Prominent vibrational features at 594 and 646 cm− 1, observed 
consistently in all materials, are associated with the asymmetric 
stretching and distorted vibrational modes of the (PO4)3- phosphate 
group. A distinct peak at 733 cm− 1, appearing in the spectra of YPBV- 
SSM and YPBV-CPS@900 ◦C, is indicative of the presence of pyro
phosphate (P2O7

4− ) groups, suggesting partial polymerization of phos
phate units under high-temperature conditions [29]. The peak at 810 
cm− 1 corresponds to the P–O stretching vibrations, further affirming the 
structural integrity of the phosphate framework[30–32]. Additionally, 
an absorption band at 1021 cm− 1 is observed in both YPBV-SSM and 
YPBV-CPS@900 ◦C, which is attributed to the presence of vanadate 
(VO4

3− ) groups, confirming the successful incorporation of vanadium 
into the phosphate lattice [33].

Furthermore, low-frequency vibrational modes in the range of 
400–450 cm1 correspond to metal-oxygen interactions, specifically Bi–O 
and Y–O bonds, which validate the structural stability of the doped 
yttrium phosphate matrix [34]. These findings are consistent with pre
vious reports on rare-earth and vanadium-doped YPO4 systems, where 
similar spectral features were observed. The collective spectral data 
confirms the successful synthesis of vanadium- and bismuth-doped 

Fig. 2. PXRD pattern of (Y(1− x) Bix P(1− y)Vy O4 (x = y = 0.6)) (a) YPBV-SSM, (b) 
YPBV-CPS@100 ◦C, (c) YPBV-CPS@900 ◦C, (d) YPO4 (JCPDS-No-74-2429).

Fig. 3. SEM images and corresponding EDX spectra of Y(1− x) Bix P(1− y)Vy O4 (x = y = 0.6) materials (a) YPBV-SSM, (b) YPBV-CPS@100 ◦C, (c) YPBV-CPS@900 ◦C. 
Inset tables represent the elemental composition of Y(1− x) Bix P(1− y)Vy O4 (x = y = 0.6).
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yttrium phosphate materials with well-defined structural integrity.

3.5. Raman Spectral analysis

The vibrational characteristics of synthesized Y(1− x)BixP(1− y)VyO4 (x 
= y = 0.6) materials were analyzed using Raman spectroscopy within 
the frequency range of 200–1000 cm− 1, as illustrated in Fig. 4d-f. The 
recorded Raman spectra exhibit distinct vibrational modes corre
sponding to phosphate (PO4

3− ), vanadate (VO4
3− ), and Bi–O interactions, 

which provide crucial insights into the structural integrity and bonding 
environment of the synthesized materials [32].

All three materials exhibit similar Raman peaks, confirming the 
retention of the fundamental vibrational characteristics across different 
synthesis routes. Notably, the prominent Raman bands observed at 816, 
339, 198, and 117 cm− 1 correspond to the symmetric stretching vibra
tions of various molecular units within the lattice. The characteristic 
peak at 816 cm− 1 is assigned to the symmetric stretching mode of the 
VO4

3− tetrahedral units, which indicates the successful incorporation of 
vanadium into the phosphate framework [35]. The peak at 339 cm− 1 is 
attributed to the bending vibrational mode of the PO4

3− units, while the 
band observed at 198 cm− 1 is associated with the O–Bi–O bending vi
brations, further confirming the presence of bismuth in the system [36,
37]. In addition to these dominant peaks, Raman shifts exceeding 1000 
cm− 1 (not depicted in Fig. 5) correspond to the asymmetric stretching 
vibrations of the PO4

3− groups, which further validate the structural 
integrity of the phosphate network. The presence of these well-defined 
vibrational modes suggests strong metal-oxide interactions within the 
Y(1− x)BixP(1− y)VyO4 system. The comprehensive Raman analysis con
firms the coexistence of phosphate and vanadate moieties along with 
strong Bi–O bonding, reinforcing the stability and structural robustness 
of the synthesized materials.

3.6. UV-DRS analysis

Fig. 5a presents the UV–Vis diffuse reflectance spectra (UV-DRS) of 

Y(1− x)BixP(1− y)VyO4 (x = y = 0.6) synthesized via the solid-state reaction 
and co-precipitation methods.

As previously reported, pure YPO4 exhibits a weak absorption band 
between 230 and 330 nm, which is attributed to charge transfer tran
sitions between the divalent oxygen ions (O2− ) and pentavalent phos
phorus ions (P5+). Consequently, YPO4 appears white in color [38]. 
Upon the introduction of vanadium into the YPO4 lattice, an additional 
absorption feature emerges in the range of 350–470 nm. This phenom
enon is primarily ascribed to charge transfer transitions between V5+

and O2− rather than d–d electronic transitions, given that V5+ possesses 
a d0 electronic configuration [39]. The incorporation of vanadium leads 
to the development of a distinct yellow hue in the synthesized materials. 
With the co-substitution of bismuth and vanadium, a gradual redshift in 
the absorption edge is observed, ultimately reaching approximately 450 
nm when 60 % of Y3+ and P5+ are replaced by Bi3+ and V5+, respec
tively. Since 400–410 nm falls within the violet region of the visible 
spectrum, its complementary color (yellow) is prominently observed in 
the materials [40].

The observed spectral shift is attributed to the formation of vanadate 
(VO4

3− ) transitions in the phosphorous lattice. Additionally, hybrid 
orbital transitions occur due to the interaction between Bi 6s, O 2p, and 
V 3d orbitals, further contributing to the shift in absorption maxima. The 
UV-DRS spectra reveal that the materials synthesized via solid-state 
reaction (YPBV-SSM) and those calcined at 900 ◦C via co-precipitation 
(YPBV-CPS@900 ◦C) exhibit a more pronounced shift in absorption 
maxima toward longer wavelengths (~450 nm) compared to the sample 
synthesized at a lower calcination temperature (YPBV-CPS@100 ◦C), 
which shows an absorption maximum at approximately 300 nm in the 
UV region. This redshift in absorption correlates with the intensified 
yellow coloration observed in the bismuth- and vanadium-co-doped Y 
(1− x)BixP(1− y)VyO4 materials.

As depicted in SI Figure S2, digital images of the synthesized mate
rials confirm the progressive enhancement of the yellow hue with 
increasing Bi3+ and V5+ content [24,41]. Notably, materials calcined at 
higher temperatures (900 ◦C) exhibit a more vivid yellow color 

Fig. 4. (a) FTIR Spectra, and (b) Raman Spectra of Y(1− x) Bix P(1− y)Vy O4 (x = y = 0.6) materials.
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compared to those processed at lower temperatures (100 ◦C), indicating 
that thermal treatment influences chromatic properties by stabilizing 
the dopant-induced color centers.

The hue angle (h◦), a key parameter in the CIELAB color space, 
quantifies the perceived color, with 90◦ corresponding to pure yellow. 
Materials with hue angles between 70◦ and 105◦ exhibit yellow hues, 
ranging from slightly greenish-yellow to reddish-yellow. Literature re
ports suggest that materials exhibiting a hue angle between 70◦ and 
105◦ predominantly display a yellow appearance [42,43]. In the present 
study, all synthesized Y(1− x)BixP(1− y)VyO4 (x = y = 0.6) materials fall 
within this hue angle range, further validating the development of a 
yellow body color as a result of Bi3+ and V5+ co-doping [44].

3.7. Photoluminescence studies

Fig. 5(b–d) represents the photoluminescence studies carried out on 
the synthesized Y(1− x)BixP(1− y)VyO4 (x = y = 0.6) materials. The pho
toluminescence excitation (PLE) spectrum of Y(1− x)BixP(1− y)VyO4 (x = y 
= 0.6) crystalline materials reveal three distinct peaks at 212 nm, 230 
nm, and 270 nm, as shown in Fig. 5b when monitored under 525 nm 
emission. The excitation spectrum exhibits a broad absorption range 
extending from 210 to 400 nm, with prominent peaks centered at 230 
nm and 270 nm, accompanied by a lower-intensity shoulder at 212 nm. 
Both the YPBV-SSM and YPBV-CPS@900 ◦C samples display similar 
excitation features, whereas the YPBV-CPS@100 ◦C sample exhibits a 
distinct excitation peak at 212 nm [45].

The presence of these peaks indicates efficient energy transfer pro
cesses and characteristic electronic transitions associated with both Bi3+

and V5+ ions in the YPO4 host matrix. The peak at 212 nm can be 

attributed to the charge transfer transition from the O2− ligands to the 
central V5+ ion within the VO4

3− tetrahedral complex, which typically 
exhibits strong absorption in the deep UV region due to ligand-to-metal 
charge transfer transitions [46,47]. The 230 nm peak corresponds to the 
intra-configurational 6s2 → 6s,6p transition of Bi3+ ions, which is 
consistent with the allowed electric dipole transitions of Bi3+ in a 
crystalline environment with low site symmetry. The 270 nm peak likely 
arises from combined contributions of the 1S0 → 3P1 transition of Bi3+

and the defect-related or crystal field-modified states of V5+ within the 
YPO4 lattice [44]. The efficient energy transfer from V5+ to Bi3+ under 
UV excitation suggests a strong coupling between the Bi3+ and V5+ sites, 
facilitated by the rigid YPO4 lattice, which enhances the overall lumi
nescence intensity at 525 nm.

The photoluminescence emission (PL) spectrum of 
Y(1− x)BixP(1− y)VyO4 (x = y = 0.6) crystalline materials exhibit distinct 
peaks at 525 nm and 410 nm when excited with 230 nm and 270 nm 
wavelengths, indicating efficient energy transfer and well-defined 
electronic transitions within the Bi3+ and V5+ co-doped YPO4 lattice. 
Upon excitation at 230 nm, the 410 nm emission peak is attributed to the 
3P1 → 1S0 transition of Bi3+ ions, which arises from the relaxation of the 
electron from the excited 6s6p state to the ground 6s2 state. This tran
sition is characteristic of Bi3+ in a low-symmetry crystalline environ
ment, where the parity-forbidden nature of the transition is relaxed due 
to crystal field effects, leading to enhanced luminescence. The emission 
at 525 nm upon 270 nm excitation is associated with the involvement of 
V5+ ions, where the energy transfer from the V5+-associated VO4

3−

tetrahedra to Bi3+ ions enable green (525 nm) emission. The 525 nm 
peak corresponds to the interaction of Bi3+-based electronic states 
modified by the crystal field and coupling with V5+ states, suggesting an 

Fig. 5. (a) UV-DRS spectrum of Y(1− x) Bix P(1− y)Vy O4 (x = y = 0.6) (b) PL excitation spectra of Y(1− x) Bix P(1− y)Vy O4 (x = y = 0.6) recorded at 525 nm emission. PL 
spectra of Y(1− x) Bix P(1− y)Vy O4 (x = y = 0.6) recorded at (c) 230 nm and (d) 270 nm excitations.
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efficient energy transfer pathway from V5+ to Bi3+. The presence of 
these distinct emissions highlights the role of the YPO4 host lattice in 
stabilizing the dopant ions and facilitating energy/heat migration, 
making Bi3+ and V5+ co-doped YPO4 a promising candidate for cool- 
coating applications [24,25].

3.8. Estimation of quantum yield from reflectance spectra

Fig. 6a represents reflectance spectra of Y(1− x)BixP(1− y)VyO4 (x = y =
0.6) materials in the UV–Vis–NIR range.

The quantum yield (QY) estimation of Bi3+ and V5+ co-doped YPO4 
crystalline materials from reflectance spectra in the UV–Visible–NIR 
range (300–1000 nm) involves several analytical steps. The diffuse 
reflectance spectrum (DRS) is initially recorded using an integrating 
sphere to capture the total reflected light, including both specular and 
diffuse components. The reflectance data are then converted into the 
corresponding absorption spectrum using the Kubelka-Munk (KM) 
function, F(R) = (1-R)2/2R, where R is the absolute reflectance [48]. 
This transformation provides an estimate of the absorption coefficient, 
crucial for analyzing the energy absorption characteristics of the mate
rial. The absorption and emission profiles are subsequently correlated to 
determine the internal quantum efficiency (IQE), which is given by the 
ratio of the number of emitted photons to the number of absorbed 
photons. The PL spectrum is obtained under UV excitation, typically at 
the excitation wavelength corresponding to the maximum absorption 
band, which in this case is influenced by the charge transfer transitions 
between Bi3+-O2- and V5+-O2- rather than d-d transitions, as V5+ has a d0 

electronic configuration. The external quantum yield (EQY) is then 
calculated using the relation EQY = Iem

Iex X 100%, where Iem is the inte
grated emission intensity and Iex is the total incident excitation intensity 
[49]. To refine the estimation, a standard phosphor with a known 
quantum yield, such as YAG: Ce3+, is used as a reference to normalize 
the spectral response and account for instrumental factors. The presence 
of Bi3+ and V5+ dopants enhance light absorption in the near-UV and 
visible regions, facilitating energy transfer and modifying the radiative 
recombination pathways, thereby affecting quantum efficiency. Addi
tionally, integrating sphere measurements can be employed to directly 
measure absolute quantum yield by capturing the total emission relative 
to absorbed excitation light. A significant red shift in absorption, due to 
Bi3+ and V5+ co-substitution in the YPO4 lattice, indicates bandgap 
modulation, which directly impacts quantum yield by altering the 
recombination dynamics and radiative efficiency of the system [49,50].

3.9. NIR solar reflectance spectral analysis

Fig. 6b represents NIR solar reflectance spectra of 

Y(1− x)BixP(1− y)VyO4 (x = y = 0.6) materials in the NIR range [50]. The 
samples synthesized via the solid-state reaction (YPBV-SSM) and 
co-precipitation, followed by high-temperature calcination at 900 ◦C 
(YPBV-CPS@900 ◦C) exhibited average NIR solar reflectance values of 
54.64 % and 51.54 %, respectively. In contrast, the sample synthesized 
via co-precipitation and heat-treated at 100 ◦C (YPBV-CPS@100 ◦C) 
displayed irregular and inconsistent reflectance across the entire NIR 
spectral range of 800–2400 nm. A substantial increase in NIR solar 
reflectance was observed in two specific cases: (1) when both Bi3+ and 
V5+ ions were simultaneously doped into the YPO4 lattice and (2) when 
the YPBV-CPS@100 ◦C sample was subjected to calcination at 900 ◦C for 
3 h. Under these conditions, the NIR solar reflectance values approached 
54.64 % for Y0.4Bi0.6P0.4V0.6O4, demonstrating the impact of both 
co-doping and thermal treatment on optical properties [51].

The enhancement in reflectance is primarily attributed to morpho
logical changes induced by Bi3+ and V5+ co-doping in the YPO4 crystal 
structure. According to KM theory, the scattering coefficient (S) is 
inversely proportional to the mean particle size (d). When the particle 
size is reduced to below 1 μm, the scattering efficiency of the material 
increases, thereby enhancing reflectance. In this study, the co-doped 
sample (Y0.4Bi0.6P0.4V0.6O4) exhibited the smallest mean particle size 
of 98 nm, which was notably lower than that of vanadium-only 
substituted YPO4 materials. Additionally, KM theory suggests that 
well-defined particle morphology and uniform distribution further 
contribute to high NIR solar reflectance. The superior reflectance 
observed in the YPBV-SSM sample compared to the YPBV-CPS@900 ◦C 
sample can be attributed to its more regular particle shape and uniform 
dispersion. This finding aligns with previous studies, where researchers 
have reported that materials composed of uniformly distributed, well- 
shaped spherical particles with minimal agglomeration exhibit 
enhanced NIR reflectance.

4. Conclusions

A new class of environmentally sustainable yellow pigments with 
superior near-infrared (NIR) solar reflectance has been engineered by 
dual substitution of bismuth (Bi³⁺) and vanadium (V⁵⁺) into the yttrium 
phosphate (YPO₄) framework. A systematic series of Y(1− x)BixP(1− y)VyO4 
(x = y = 0–1) compositions were synthesized via flux-assisted solid-state 
reaction and co-precipitation methods, allowing for a comparative 
analysis of their optical and structural properties. A significant redshift 
in the absorption spectrum was observed for materials prepared using 
the solid-state reaction method and co-precipitation followed by high- 
temperature calcination at 900 ◦C. The presence of secondary phases 
in both synthesis routes was attributed to the large ionic radii of the 
dopant ions. Notably, the simultaneous incorporation of Bi3+ and V5+

Fig. 6. (a) Reflectance spectra of Y(1− x) Bix P(1− y)Vy O4(x = y = 0.6) in the UV–Visible–NIR range, (b) NIR solar reflectance spectra of Y(1− x) Bix P(1− y)Vy O4 (x = y =
0.6) materials in the NIR range.
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resulted in a remarkable enhancement in both NIR solar reflectance and 
the intensity of the yellow coloration. This co-doping strategy also 
promoted a well-defined morphological features, improving light- 
scattering efficiency and elevating the NIR solar reflectance from 38 % 
for pristine YPO4 to an impressive 54.64 % for Y0.4Bi0.6P0.4V0.6O4, while 
maintaining excellent durability and color stability. With its yellow 
appearance, superior solar reflectance (54.64 %), and outstanding 
thermal and environmental stability, Y0.4Bi0.6P0.4V0.6O4 emerges as a 
highly promising, sustainable alternative for next-generation cool yel
low pigments in energy-efficient coatings, architectural applications, 
and urban heat mitigation strategies.
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