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SrW.xMox04 (x = 0, 0.25, 0.5, 0.75, 1) inorganic phosphors were synthesized by the microwave-hydrothermal
method (MHM). Structural changes are evaluated by changes in the crystal lattice parameters of StW(;.xyM0xO4
solid solution. The SrTWO4 — SrMoOy transition occurs gradually, observing an evolution of the v2(Ag)° (at 918
cm™ 1) active mode in opposition to the decrease of the v2(Ag)’ (at 884 cm™ 1) mode by the Raman spectra. The
color quality of the phosphors and the photometric parameters were estimated using the spectral energy dis-
tribution functions of the StW(;.x)MoxO4 phosphors. The adjustment in chemical composition by the W:Mo molar
ratio enabled producing adjustable optical properties. A transition in the emission characteristics of the color
(blue — yellow — white) was observed. This versatility seen in phosphors is well accepted when it comes to the

development of multifunctional materials.

1. Introduction

Recent advances in solid state lighting have enabled improvements
in the synthesis of materials applied to photoluminescence as a way of
responding to the requirements demanded by society. The qualification
of these materials goes through criteria which take into account energy
efficiency factors supported by a committed socio-environmental re-
sponsibility policy [1,2]. In this context, white light-emitting diodes
converted to phosphorus (pc-WLEDs) have gained attention for their
performance in terms of high luminous efficiency, being ecologically
correct, economically viable and providing a long service life when
compared to conventional incandescent lamps [3-5].

The history of producing WLEDs involving semiconductors states
that the first blue LED, a red emitter and a green emission phosphor, was
obtained by the Nichia Company in 1996 [6-9]. Another advance in the
process was the use of an InGaN Chip (blue emission) and a YAG: cedt
phosphor (yellow emission) to produce WLEDs. This material showed
chemical and optical stability, as well as optical absorption in blue [10].
However, an unfavorable factor was the low efficiency in red emission
exhibited by the YAG: Ce®*, which results in a highly correlated color
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temperature (CCT) and a low color rendering index (CRI) [11,12]. The
process of doping simultaneously with different rare earth ions in
inorganic matrices was also developed to manufacture WLEDs since rare
earth ions present well-defined f-f emissions in different visible ranges.
However, the high cost of these dopants and the damage to the envi-
ronment associated with their usage are conditions which need to be
considered [13,14]. Thus, the need arises to investigate new routes
aiming at producing materials with desirable structural, morphological
and photoluminescent characteristics for applications in optical devices
[15]. These properties are achieved by controlling the experimental
parameters in the stoichiometric control.

Tungstate and molybdate material classes are considered excellent
host matrices for introducing rare earth ions due to their physico-
chemical properties [16,17]. In particular, strontium tungstate (StTWO4,)
and strontium molybdate (SrMoO4) belong to the scheelites group. As
described by N. Najafvandzadeh et al. [18], the scheelite structure is
characterized by the spatial group I41/a, point group C4, (4/m) and
tetragonal crystalline system. Sr2* cations have coordination number 8
in a dodecahedric approach, and W~ and Mo®~ cations have coordi-
nation 4 in a tetrahedral approach in relation to oxygen.
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The satisfactory performance of tungstates and molybdates in optical
device applications is directly related to the thermochemical stability,
absorption in the ultraviolet range and broadband blue emission prop-
erties [19]. This combination of properties enables tungstates and mo-
lybdates to possess promising possibilities in developing
photoluminescent materials as presented in the following works
[20-23].

Solid solutions are options to adjust characteristics obtained from the
mixture of two or more crystalline solids as a way to enhance the
properties of materials. This proposal is intended to modulate structural,
vibrational, morphological and optical aspects due to changes in
chemical composition [15,23,24]. Within this context, this work aimed
to synthesize, characterize and evaluate the photoluminescent proper-
ties of St'W(;.x)M0xO4 particles obtained by the microwave-assisted hy-
drothermal method.

2. Experimental
2.1. Materials

Sodium molybdenum oxide dihydrate (NazMoO4 e 2H20, 98%, Alfa
Aesar), sodium tungsten oxide dihydrate (NaaWO4 e 2H50, 95%, Alfa
Aesar), strontium nitrate (Sr(NO3)5, 99%, Alfa Aesar), nitric acid (HNOs,
65%, Synth), ammonium hydroxide (NH4OH, 24%, Synth) and distilled
water were used as received to prepare the SrW(;_x)MoxO4 particles.

2.2. Synthesis

Two precursor solutions were prepared for the synthesis of the StW(;.
xMoxO4 particles: one containing molybdenum (solution A) and the
other containing tungsten (solution B), with molar ratios (W:Mo) of 1:0,
0.75:0.25, 0.50:0.50, 0.25:0.75, 0:1. The starting reagent was dissolved
in 40 ml of distilled water for both solutions. Solution B was added to
solution A by dripping and under constant magnetic stirring. Stoichio-
metrically weighed strontium was added after complete dissolution.
Finally, NH4OH was added to the solution to stabilize its pH at 8
observing the formation of precipitate. The mixture was transferred into
a Teflon autoclave, which was sealed and placed into a microwave-
hydrothermal system (2.45 GHz, maximum power of 800 W). The
microwave-hydrothermal conditions were kept at 120 °C for 20 min
with a heating rate fixed at 3 °C/min. The pressure in the autoclave was
stabilized at 3.0 atm. After the microwave-hydrothermal treatment, the
autoclave was cooled to room temperature. The resulting solution was
washed with deionized water several times, and the white precipitates
were collected. The obtained powders were then dried in a conventional
furnace at 100 °C for 24 h.

2.3. Characterization

The SrW(1.x)MoxO4 particles were structurally characterized by XRD
using a Shimadzu XRD 7000 instrument with CuKa radiation (A =
1.5406 f\) in the 20 range of 10-80° at a scan rate of 0.02 s~1. Raman
spectroscopy measurements were recorded using a T-64000 triple
monochromator spectrometer (Jobin-Yvon, France) coupled to a CCD
detector. The spectroscopy was performed using a 514.5 nm wavelength
of an argon ion laser, keeping its maximum output power at 8 mW. The
morphologies were investigated using scanning electron microscopy
(SEM) (Carl Zeiss, Supra 35- VP Model, Germany) operated at 6 kV. The
UV-vis diffuse reflectance spectrum was measured at room temperature
using a UV-vis spectrometer. The photoluminescence (PL) spectra were
acquired using an Ash Monospec 27 monochromator (Thermal Jarrel, U.
S.A.) and a R4446 photomultiplier (Hamamatsu Photonics, U.S.A.). The
325 nm beam of a krypton ion laser (Coherent Innova 90 K) was used as
the excitation source with an output of approximately 13.3 mW. All
measurements were performed at room temperature.
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3. Results
3.1. XRD

Fig. 1 shows the XRD analysis results for the StW(;.xyMo,04 samples.
It is observed that the peaks identified in the diffractograms are in
accordance with the JCPDS No. 85-0586 (SrMoQO4) and JCPDS No.
85-0587 (SrWO4). The SrW(1.x)MoxO4 solid solution has a tetragonal
structure with I41/a spatial group [25]. The solid solution formation
was favored by the following factors: (i) the ionic radii values of Mo®+
(0.41 10\) and WO (0.42 A) were very similar; and (ii) the cations have
the same electronic charge. The gradual substitution between the
W5 Mo®" cations was successful. The structural evolution of the
material was to obtain a single-phase material with small variations in
the lattice parameters resulting from microdeformations originated from
the synthesis process.

The main plane (112) presents a displacement of 0.10° for larger
dispersion angles considering the transition: SftWO4 (27.78°) — SrMoO4
(27.75°). The referred plane for the StW(;.xyMo4O4 solid solution sam-
ples does not present any displacement (27.75°), taking into account
coordinated adjustments between the [WO4]2' and [MoOy] 2 clusters in
the StW(1.x)Mo0xO4. The high amplitude diffraction planes indicate that
the synthesized StW(; x)M0,04 was well crystallized. The average crys-
tallite sizes were estimated by the Scherrer equation considering the
main plane (112) for the calculations.

Fig. S1 illustrates the Rietveld refinement graph of the StW(;_x)M0404
samples obtained by MHM. The SrW.xyMoxO4 structure parameters,
unit cell volume, bond length and bond angles were obtained and
calculated by the Rietveld refinement method using the GSAS (General
Structure Analysis System) program with graphical interface EXPGUI
[26]. It is possible to estimate an approximation of the structural model
to a real structure from measurements of the powder intensity profile
through the Rietveld refinement analysis. The result of the presented
theoretical adjustment indicates good agreement with such analysis, in
which small differences in the intensity scale close to zero can be
observed, as illustrated by the line (Exp - Calc). The lattice parameters,
such as unit cell volume and crystallite size obtained through the Riet-
veld refinement of the StW(; x)Mo0,O4 samples, as well as the quality
coefficients of the refinement (Rp, sz, X?) can be found in Table 1. These
parameters are listed in Table 1 and suggest that the measured diffrac-
tion patterns are in good agreement with the ICSD entry No. 99089. For
a detailed understanding of the structural changes that occurred with
the formation of the StW(;_x)Mo04Oj4 solid solution, Fig. S1 illustrates the
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Fig. 1. XRD patterns of (a) St'W(;.x)M05O4 samples and peak displacement of
the (112).
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Table 1

Lattice parameters, crystallite size, microdeformation and quality coefficients of the Rietveld refinement for St'W;.,)Mo,O and Sr(;.y)EuyMo sWo 50 samples.
Sample SrWO4 Sr Wo.75 Mog 25 O4 SrWo.5sMo0g 504 SrWo.25Mog 75 O4 SrMoO4
System Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal
Space group 141/a I41/a 141/a 141/a 141/a
a=b(A) 5.42 5.41 5.40 5.40 5.40
c(d) 11.95 11.98 11.99 12.01 12.03
c/a 2.21 2.21 2.22 2.22 2.23
V (A% 351.3 351.0 350.7 350.7 351.1
D (nm) 37 15 23 22 39
€ (x107%) 0.64 1.62 1.03 1.69 0.62
X2 1.30 1.61 1.92 1.97 1.95
R, (%) 12.81 7.73 8.31 10.01 18.37
RF (%) 9.43 7.63 8.42 8.88 22.87

Rietveld refinement plot of StW(;.xyMo0x04 samples and Table 1 shows all

parameters (unit cell volume, bond length and bond angles) calculated

by the Rietveld refinement method using the GSAS (General Structure

Analysis System) program with EXPGUI graphical interface [26]. The -~

quality parameters obtained by the Rietveld refinement analysis are <

within acceptable values, thereby being a close representation between = gm

the real structure of the sample and the theoretical structure used in the = G J\/j’

study (ICSD no. 99089). " e

Small changes in the lattice parameters associated with the substi- \Z\/ StW.75M00.2504 A

tution of Wo®" — Mo®" in the solid SrW(;.,Mo,O4 solution were 2 [SWo.5oMop.500

observed. In addition, some modifications in StW(;.xMoxO4 samples «“a’

were found, resulting in a.var.latlon in tgle crystalﬁhte size and dlStOI‘thI.lS StWi.25Mog 750,

of the clusters. The substitution of Wo®" — Mo®" produces changes in

the atomic coordinates of the oxygen atoms, as shown in Table S1. These

variations signal the presence of structural and electronic distortions in StMoOy “

the [WO4], [M0O4] and [SrOg] clusters.

According to the structural analyzes of the samples, the variation in

the relationship between the “a” and “c” lattice parameters of the
scheelite structure tetragonal system showed a linear correlation as a
function of chemical composition. The transformation of SrfWQ, into
SrMoO4 was accompanied by a decrease in the tetragonality factor,
according to the values in Table 1. Therefore, this result is in accordance
with Vegard’s law, indicating that the proposed processing method is
satisfactory to produce solid SrW(;.x)MoxO4 solutions throughout the
SrWo04-SrMoQO4 binary system.

The initial cell and atomic position parameters used in the optimi-
zation process were taken from the Rietveld refinement results of SrtW(;.
0Mo0x04. The scheelite structure is characterized by strontium atoms
bonded to eight oxygen atoms, resulting in [SrOg] clusters, and the
molybdenum or tungsten atoms coordinated to four oxygen atoms in a
tetrahedral configuration (i.e. forming [WO4] or [M0O4] cluster). Next,
the unit cells of each sample from the lattice parameter and atomic
coordinate data obtained in the Rietveld refinement (Table S1) were
modeled using the VESTA program [27], as shown in Fig. S2.

3.2. Raman

Fig. 2 show the Raman spectra in the range between 100 and 1000
em~! for the SrW(1.xMoxO4 samples, respectively. There are eight vi-
brations recorded in Table S2 of the Supplementary Material. The
z/Z(Ag)‘ (at 884 crn’l) and uz(Ag). (at 918 cm’l) modes are associated
with [WO4]2' and [MoO4]2' vibration modes, respectively [28]. Certi-
fying the results presented in the XRD, it is observed (in inset Fig. 4) that
there are variations in the Raman bands in the region between 880 and
950 cm ™! for the STWO, and SrMoO4 samples correlated to the respec-
tive uZ(Ag)‘ and IJZ(Ag). vibration modes. These vibration modes are
due to the formation of W (or Mo®") covalent bonds and 0%~ ions in
the [WO4]% and [MoO4]? tetrahedra, which alters the efficient mass of
the oscillating atoms [29].

Two high-frequency bands centered at 884 cm™! for StMoO4 and
920 cm™! for SrWOy are also present in StW(;.xyMoxO4 solid solutions,

100 200 300 400 500 600 700 800 900 1000
Raman Shift (em™!)

Fig. 2. Raman spectra of StW(3.x)MoxO4 particles.

which correspond to intense peaks in the Raman (Ag) mode and are
assigned to the symmetric stretching v2(Ay) of the bonds [«0«M—0-]
(M = W and Mo), while the two Raman (Bg and Eg internal) modes at
841 and 792 cm ™! are attributed to the asymmetric stretching v3(F2) of
the bonds (-O—-M—0-), as described by Lovisa et al. in a study on
SrWog 5Mog 504: Eu®t [28]. The small evolution of this wavenumber
(884 cm™!) in the scheelite solid solution as Mo ions increase is con-
nected with the formation of Sr—-O-Mo links in increasing proportion and
local modifications of [SrOg—MoO4] structural groups due to the sub-
stitution of W8 by Mo®" ions.

Next, a quantitative analysis performed by Raman spectroscopy for
the StW(.x)MoxO4 solid solution samples was used to estimate how
much of each component present (SrtWO4 and SrMoO4) constitutes each
sample. Thus, areas of the v2(Ag)‘ (at 884 cm’l) and v2(Ag). (at 918
cm 1) bands corresponding to STWO,4 and SrMoOy, respectively, were
integrated to estimate these values. The values obtained from the I;/I5
ratio of the spectra of Fig. 3 are in agreement with the stoichiometric
calculations and the occupancy refinement (Occ.) data in Table S1 in the
supplementary material.

The I;/I5 values and the stoichiometric indices (calculated) of the
Mo®" and Sr®" elements are shown for each chemical composition of the
solid solution in Fig. 3. The experimental values are close to the theo-
retical values. Therefore, it is reasonable to consider that the structural
changes occur in a gradual effect as a function of the W8+ — Mo®"
substitution and corroborate the data of the lattice parameters in
Table 1.
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Fig. 3. Comparison between the I;/I, values and the stoichiometric indices calculated for WO and Mo®*.
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Fig. 4. SEM images of (a) StMo0Oy, (b) StWj sMog 504 and (c) StWoO4 particles.

3.3. Morphological characterization

Fig. 4(a—c) shows SEM images of SrMoQO4, StW( sMo( 504 and STWO4
samples. It is possible to observe different types of morphology for the
SrMoO4 sample, such as: microrice (L = 5 pm), microflowers (Lp = 1.6
pm) and microspheres (D = 4.6 pm). The morphology of the micro-
flowers is composed by the simultaneous junction of several parts
composed of units of petals that are interconnected to a central region.
The growth of these crystals occurs in a radial direction from secondary
growth mechanisms by the aggregation of new particles, as described by
Lovisa et al. [28]. This growth is known as an Ostwald ripening process
[30]. Fig. 4(b) represents the morphology of StWy sMog 504. There is a
change in the particle morphology as a function of the change in the
chemical composition of the samples. There is a predominance of

Optical Materials 134 (2022) 113166

rounded and irregular particles, showing an increase in surface porosity.
This porosity is associated with the aggregation of numerous smaller
particles. There is small spacing between the interfaces of these nano-
metric particles, which confers an irregular characteristic and a ten-
dency for disorganized morphological aspects. These significant changes
are controlled by the change in chemical composition due to the phys-
ical characteristics of WO, Fig. 4(c) corresponds to the morphology of
SrWOy. It is observed that the amorphization process of the particles
proceeds with a predominance of the micro-rice morphology. StTWO4
particles have high porosity, presenting an open structure with the
presence of numerous surface nanometric pores, such as interconnected
pores between the particles.

Regarding the phenomena involving crystal growth, it is possible to
consider that the development of crystals takes place in two stages: (i)
nucleation, which constitutes the initial state of the process; and (ii)
further crystalline growth of these nuclei [31]. A detailed discussion of
these aspects was addressed in Ref. [28]. The present work, in agree-
ment with other studies [31-34], argues that the growth of particles
originates from the superposition of nanometric particles in the form of a
stack in order to minimize the surface energy of the crystals. It is
considered that the final particle growth process is the cooperation of
two sequenced mechanisms: aggregation and targeted fixation of
nanoparticles.

3.4. Analyses of UV-Vis absorption spectroscopy and optical band gap
values

Fig. 5(a) represents the diffuse reflectance spectra of StTW(;.x)M0404
samples obtained between 200 and 800 nm. According to the results, the
samples showed an absorption band in the ultraviolet region, attributed
to the absorption of the host matrix. The displacement of the absorption
band is observed with the increase in the Mo concentration from the
substitution of W®* — Mo®". The electronic transitions around 280 nm
are attributed to electron transfer within the (WO4)2'/(M004)2' tetra-
hedrals [35]. The coordination value x of the polyhedron [MO4] (M =
Mo, W) is one of the factors that influences the charge transfer, and as a
consequence, the light absorption ability of the materials [36]. A lower
energy of charge transfer in the clusters [MOx] promotes a shift of the
absorption edge to a longer wavelength, resulting in a decrease in the
gap energy.

The band gap energy values (Egqp) were calculated using the Kubelka-
Munk Equation [37], which is based on the transformation of diffuse
reflectance measurements to precisely estimate Egqp values [38]. The
Kubelka-Munk Equation (3) for any wavelength is described by:
K (1-R)

§=ap o= F®)

ST 2R Eq. (3

In which: F(R) is the Kubelka-Munk function or absolute reflectance of
the sample; barium sulfate (BaSO4) was adopted in this work as a
standard sample for reflectance measurements (R = Rsample/R
(BaS04)), R is the reflectance, K is the molar absorption coefficient and S
is the dispersion coefficient. The band gap and the absorption coefficient
of semiconductor oxides can be calculated by Equation (4) [39]:

ahv=C, (hv — Eg,)" Eq. (4)
In which: « is the linear absorption coefficient of the material, hv is the
photon energy, Cj is a proportionality constant, Egqp, is the band gap and
n is a constant associated with different types of electronic transitions (n
= 1/2 for direct allowed, n = 2 for indirect allowed, n = 1.5 for direct
prohibited and n = 3 for indirect prohibited). According to theoretical
calculations reported in the literature [40], scheelite-type crystals
(ABOy4) exhibit an absorption spectrum governed by direct electronic
transitions. Fig. 5(b) shows the band gap energy values of the
SrW(1.xyMox04 samples. These values were calculated according to the
Tauc relationship and are shown in Table 2.
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Fig. 5. (a) Diffuse reflection spectra of StW; xMo0xO4 samples, (b) band gap energy of (a) StW.xyMo,O4 particles.

The structure of electronic bands may change due to the presence of
structural defects such as distortions due to elongation or shortening of
O-M-O bonds (M = W, Mo), microdeformations resulting from the
substitution of cations and the synthesis conditions adopted. Oxygen
vacancies are also responsible for the reduction in gap energy from the
appearance of intermediate energy levels. Band gap behavior can be

justified by the formation of strontium vacancies (Vg,) and an oxygen-
vacancy complex capable of causing three changes in different ways:
V% (neutral), V8 (singly ionized) and V§® (doubly ionized). V% are able
to donate up to two electrons, V8 are donors or capture only one elec-
tron, and Vg' are not able to donate electrons, but can receive up to two
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Table 2

Gap energy and photometric parameters.
Samples SrWO, SrWo.75sMo0g 25 O4 SrWo.sMog 504 SrWo.25Mg.7504 SrMoO4
Egap (eV) 4.67 3.90 4.15 4 3.90
CIE (x,y) (0.28, 0.40) (0.40, 0.44) (0.33, 0.40) (0.39, 0.45) (0.32, 0.38)
CCT (K) 5598 3879 K 5437 K 4149 K 5478 K
CRI (%) 80 81 80 82 80
Color Azul Amarelo Branco Amarelo Branco
LER (Im.W™1) 315 319 322 319 318

electrons [28]. Other factors that may influence Egq, values are related to
the morphology, shape and size of the particles.

3.5. Photoluminescence

Fig. 6 shows the emission spectrum of PL at room temperature,
excited at a wavelength (Aexc) of 325 nm. According to the PL emission
spectra, the samples showed a characteristic broadband profile that
multitransitions involving different energy levels. As the W:Mo ratio is
modified, a shift in the bands to longer wavelength regions is also
observed. These differences in PL behavior are closely associated with
the structural order-disorder relationship of the material in correlation
with the physical aspects of the particles (particle morphology and size)
and types of structural defects (distortions, electronic defects, surface
defects) [41]. The study [42] points out that the physical characteristics
of particles, such as morphology and particle size, influence the demand
for charge carriers capable of participating in the transition from the
valence band to the conduction band. There is inevitably interference in
the number of carriers (population) that participate in the photon
emission process, and consequently in luminescence variations. Li et al.
[43] relate that the characteristic broad band aspect of molybdates is
mainly attributed to the 3T1, 3T2 - 1A1 transition [44] in the [MoO4] z
clusters with resulting green emission.

The W* — Mo®* substitution process in StTWO, for solid solution
formation favors strong hybridization of Mo (4d) and O (2p) orbitals if
matched with W (5d) and O (2p) for Mo/Wo-O surface bonds. This
electronic configuration promotes the efficiency of electron transfer
between [MoO4] 2 [45,46] clusters. Gao et al. [47] assigned the ground
state of Scheelite structures to the 1A; energy level and the excited states
to four levels, namely: A (1T1), g (lTl), g (1T2), and 'B (1T2).

The PL results for the SrW(; x)MoxO4 samples show variations in
behavior. These profiles can be associated with specific structural ar-
rangements of the [WO4] or [MoO4] clusters. Moreover, the presence of
two high frequencies is well evidenced in the Raman spectra referring to
the bands at 887 cm™! and 920 cm™! for SrtMoO4 and SrWO4 attributed
to the symmetrical stretching of the connections [« O « M —» O -] (M
= Mo and W), respectively. This is also similar for the StW;.xyM0x04
solid solution. We consider that the differences in the PL intensity are
related to the replacement of Mo®* by WO+ in the SrW.xMoxOy4 solid
solution, which may be correlated to the influence of chemical compo-
sition and electron transition.

The emission of PL from scheelite-type molybdates and tungstates is
not fully understood. There are several strands which try to explain the
photoluminescent behavior of these groups of materials. The PL prop-
erties can be caused by several possible mechanisms, and the spectra can
be associated with different components. There are many aspects
regarding an understanding of the PL behavior in the materials of mo-
lybdates and tungstates which have emerged and support their possible
explanations of mechanisms. However, considering location, intensity
and band displacement, all these aspects can be attributed to an intrinsic
property of electronic charge transfer between different energy states
within the [WO4]2'/ [MoOy4] 2 clusters, and the structural arrangement.
These load transitions, energy states and structural arrangements are
influenced by distortions in the [WO4] 2y [M004]2' clusters. As
mentioned, the coordination of clusters [MOy] also contributes to the

charge transfer level between the 2p (O) and 5d (W) or 4d (Mo) orbitals
[48].

The broadband profile in the photoluminescence spectra of StW;.
xMoxOy sizes in Fig. 6 requires a multilevel emission mechanism, which
represents an unqualified system or the execution of various methods
involved in the participation of various factors involved within the
material band gap. Similar behavior can be found in other materials
[49]. Sczancoski et al. [50] relate the type of emission to the position of
defects in the energy states of the band gap. The blue emission is
attributed to surface defects (close to the valence band), useful for the
0O-2pc orbital; on the other hand, a green emission is enabled for
background defects (slightly away from the valence band) connected to
the O-2pr orbital [51]. According to Lei et al. [52] in relation to the
complex principle [Mo0,]%, the coupling between the O-2ps and O-2pn
orbitals and the Mo-4d (t2) and Mo-4d (e) orbitals is responsible for the
hybridization of the molecular orbitals. Among these electron states,
only the 1A1 - 1T2 transition is allowed [53]. This attributes the blue
emission to 1A1 — 1T2 transition within [MoO4]2' clusters for surface
defects and green-orange emissions for defects in the MoO3 group for
deep defects [53]. The radiative emission process occurs more easily if
there are trapped holes or trapped electrons within the band gap. In
theoretical studies of SrfWOQ, films, Orhan et al. [54] discovered that
present distorted clusters [WO3] and [WO4] in the StTWOy trellis are very
favorable to intermediate level surgery in the band gap range. The po-
larization that is favored due to the breaking of symmetry and the ex-
istence of these localized energy levels are favorable conditions for
forming holes and trapped electrons.

Fig. 7 shows the deconvolutions of the photoluminescence emission
spectra. The deconvolution curves are of the Gaussian type and repre-
sent how much (%) each component (color) contributes to the photo-
luminescent behavior as a whole. It is observed that the fit between the
PL spectrum and the PL fitting is R% = 0.999. According to Santiago et al.
[15], the emitted color is generated between the energy transfer from
organized clusters, [MoO4],, or to disorganized clusters, [MoOg4lq4.
Variations in the colors emitted are observed due to the composition of
Mg1.xSrxMo00Oj4.

According to Oliveira et al. [55], the emission is attributed to the
charge transfer between the O 2p orbital and the empty d orbital of the
[MO4]%>~ clusters (M = W and Mo), with excitation energies located
within the gap. The only fundamental state associated with the Scheelite
family is 1A1 and the four excited states are 'A (1T1), g (1T1), g (1T2)
and 'B (sz) [56]. The different profiles in the PL spectra behavior are
particularly related to the structural arrangement between the [WO4] or
[MoOy4] clusters. Other indications of structural disorder have previ-
ously been pointed out in XRD and Raman spectroscopy results.

It is possible to compare changes in the PL behavior as a function of
the maximum displacement of the emission bands as a function of the
compositional variation of the samples in Fig. S3. However, there was no
significant reduction or increase in terms of emission intensity. There-
fore, it is reasonable to consider that the effect of chemical composition
influences energy-related characteristics of these materials, as well as
the types and proportions of structural defects present.

Fig. 8 shows the chromaticity diagram, indicating the chromaticity
coordinates with the digital photos of the presented emissions of STW(;.
xMo0xO4. It can be observed that the S'WO4 sample shows emission in
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Fig. 6. Emission spectra of StW(; xyM04O4 samples, Aeye = 325 nm.

the blue region, having the greatest contribution in this region, as
indicated in Fig. 7 (b). In contrast, the SrMoO4 and SrW(sMog 504
samples show emission in the white region due to the adjustable
contribution of simultaneous emissions in the blue, green and red re-
gions, and the SrWj 2sMg 7504 and SrWy75Mg 2504 samples exhibit
yellow emissions. It appears that the characteristics of the emitted colors
are modulated according to the chemical composition of StTW;.x)Mo0xO4
samples. The gradual transition from StTWO4 — SrMoO4 goes through the

following sequence: Blue — Yellow — White, together with the color
quality parameters (CRI, CCT, LER).

The results of the color rendering index (CRI) obtained were in the
range of 80-82%. The values indicate that the emissions ensure excel-
lent reliability in the color integrity of the objects when illuminated by
the produced samples. SrtMoO4 and SrM( sW( 504 samples have a white
light source with high CCTs: 5478 and 5437 K, respectively. Fluorescent
lamps have CCTs ranging from 3000 to 6500 K, while the CCT from the
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Fig. 7. Deconvolutions of the PL emission spectra of StW;_)Mo0xO4.

sun is close to 6000 K [57].

The luminous efficiency of radiation (LER) of the samples was also
investigated. The results revealed high LER values (322 lm.W’l), a
characteristic desired for use in WLEDs. The ratio of the emitted lumi-
nous flux in lumen and the power used in watts describes the LER. The
LER is a measure expressed in lumens per visible watts used to estimate
how brightly the radiation is perceived to be by the average human eye.
The LER is determined by the spectral distribution S (1) of the source, as
given by Equation (5):

Km [y VDS(A)d(2)
o S(d(2)

In which: V(1) = eye sensitivity curve and Km = 683 [l Im W’l]],
which is the highest possible efficiency that can ever be obtained from a
light source [58]. Table 2 presents all the photometric parameters of the
SrW(1.xMox04 samples. The high values of LER and CRI indicate that the
synthesized material has fundamental properties for applicability in

LER = Eq. (5)
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WLEDs. Strong UV absorption is required to improve the CRI and LER
photometric parameters to produce white light. Molybdates are gaining
more and more attention in the reaserch field due to their strong visible
light emission under excitation in UV [59]. Furthermore, molybdate and
tungstate phosphors have excellent chemical stability and high lumi-
nous efficiency, constituting necessary characteristics for the develop-
ment of solid-state lighting devices.

4. Conclusion

SrW(1.xyMoxO4 phosphors were successfully synthesized by the
microwave-hydrothermal method. XRD patterns and the Rietveld
refinement revealed that all samples have pure tetragonal phase, indi-
cating the formation of solid solution. The structural parameters were
observed and the Raman modes showed small changes due to the
gradual substitution of W8 — Mo®" in the samples. The particles
showed different morphologies according to the changes promoted in
the chemical composition of the samples. The particle morphologies of
SrW.xMoyO4 show an evolution in their characteristics, presenting
particles with micro-rice, microflower and microsphere forms. The
particle formation is based on self-assembly and Ostwald ripening pro-
cesses. The increase in the amount of W promotes the formation of
spherical particles with a very porous surface. The emission in the white
region was observed in the SrMoO4 and SrMog sWg 504 samples, which
showed simultaneous emissions in the blue, green and red regions with a
spectrum with a broadband profile. This photoluminescent behavior is
related to specific structural arrangements of the [WO4] or [MoO4]
clusters. The photometric parameter values of CRI (80%) and CCT (5478
and 5437 K) reveal that the SrMoO4 and SrWysMogs04 samples,
respectively, are within what is expected for applications in WLEDs. The
color of the white light source is investigated from these two properties.
According to the results obtained in this study, the SrW(.xyMoxO4
samples can be applied in solid-state lighting devices.
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