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A B S T R A C T

Scheelite with ABO4 structure has been increasingly highlighted in the optoelectronic eld. In this study,
PbMoO4, Pb0.4Ca0.3Sr0.3MoO4, and Ca0.5Sr0.5MoO4 particles were ast synthesized via microwave-assisted hy-
drothermal method or 1, 2, 4, and 8 min. The particles were characterized by X-ray diraction (XRD) and
Rietveld renement, ultraviolet-visible (UV–vis) absorption spectroscopy, photoluminescence (PL), and eld
emission scanning electron microscopy (FE-SEM). The diractogram showed a scheelite-type tetragonal structure
and a unit cell with space group I41/a, as well as the presence o deects with an increase in the synthesis time in
PbMoO4 and Pb0.4Ca0.3Sr0.3MoO4 samples. Rietveld renement data possibilities the evaluation o distortions in
the tetrahedral [MoO4] clusters and FE-SEM images showed octahedral, spherical particles, and fower-like
morphology due to the additions o calcium and strontium in the structure. The bandgap o the materials var-
ied between 3.32 and 4.18 eV, which was aected by the increase in the presence o dopants in the materials. The
photoluminescence presented by the PL emission spectral showed a typical emission peak in green with the PL
signal intensity decreasing with the synthesis time increase or the PCSMO samples, and the longer the synthesis
time, the higher the PL signal or CSMO samples. CCT coordinates have been calculated or all samples and its
value exhibited that, overall emission is near white light. This parameter iners that Pb0.4Ca0.3Sr0.3MoO4 sample,
synthesized in 1 min, may have potential application in commercial LEDs, due to near white emission and ast
microwave synthesis.

1. Introduction

Photoluminescence (PL) has been used to investigate the structure
and properties o active sites on the surace o metallic oxides due to its
high sensitivity and non-destructive behavior. It is possible to study the
electronic structure, optics, and photochemical properties o semi-
conductor materials through the PL spectrum, in which inormation
such as surace oxygen vacancies and deects, as well as the eciency o
charge carrier capture, immigration, and transer can be transmitted
[1–3].

Nanomaterials encompass materials with high surace area in which
at least one dimension is in the range o 1 to 100 nm and can be made o
a single material or multiples. This class o materials can be produced

according to desired properties through control o size, shape, proper
unctionalization, and synthesis conditions [4,5]. White LED light
sources are possible thanks to the evolution o fuorescent nanomaterials
which have adjustable optical properties [6].

Due to their remarkable energy conservation, white light-emitting
diodes (white LEDs) are the object o great interest in studies [6].
Some o the advanced applications o white-light-emitting materials are
in fuorescent sensors, illumination sources, the elds o display systems
and inormation devices. The Commission Internationale de l’Eclairage
(CIE) establishes that white-light-emitting nanoparticles should emit
primary colors (blue, green and red) or two complementary ones in the
visible spectrum with the required intensity [7].

Molybdates are a class o semiconductors that have a general ormula
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o XMoO4 (X = Ca, Sr, and Pb) and can present a scheelite or wolramite
structure. Molybdates are quite versatile and have studies showing their
use as photoluminescent materials, light-emitting diodes (LED), super-
capacitors, detectors, lasers, sensors, scintillators, optical bers, energy
storage, and photocatalysts [8–13]. Structurally, molybdates with a
scheelite-type tetragonal structure present a cation connected to eight
oxygen atoms orming an octahedron [XO8] and a molybdenum atom
connected to our oxygen atoms orming a tetrahedron [MoO4], which
makes these materials chemically stable and good hosts or dopants [12,
14,15]. There is a relationship between the morphology o the material
and its properties due to the morphological acets which are exposed
crystalline planes on the material particle surace [16,17]. Depending on
which acet is exposed and predominant in the morphology, it will
modiy the behavior o the material because each crystallographic plane
presents a dierent bandgap [16,17].

Lead molybdate has a tetragonal crystal structure and is an optical
transparent material which has been investigated or its intrinsic lumi-
nescence at room temperature [18]. It is the interactions between the
Mo d states and O 2p orbitals that are the reason or the semiconductor
properties o PbMoO4 [19]. Calcium molybdate is also a highly trans-
parent material, thereore it allows the light to pass through the material
without interering in its luminescence. CaMoO4 with a scheelite
structure has been used as an anode material or Li ion batteries, scin-
tillators in medical devices, solid-state lasers and solar cells due to its
great photoluminescence properties [20].

On the other hand, strontium molybdate presents spectra in the blue
and green region, having excellent luminescent properties. The
[MoO4]2 tetrahedral unit in this material absorbs light energy in the
UV region, contributing to photoluminescence properties [20]. Many
studies have been carried out with a combination o dierent ions with
the aim to produce a white-light-emitting SrMoO4 [21].

The choice o synthesis method and its variables are crucial to ach-
ieve structural and morphological modications and thereby obtain a
material with optimized properties. Thus, several synthetic methods
have been used to obtain molybdates such as the microemulsion method
[22,23], precipitation method [24–26], combustion [12,13,27], sol-
vothermal route [23,28], complex polymerization, sonochemistry
method [29–32] and the hydrothermal method [16,33]. However, the
microwave-assisted hydrothermal method has been used due to the ease
o controlling the synthesis parameters, as well as the possibility to
obtain diverse morphological shapes and nanostructures with a ast
synthesis time [22,34–37].

The main reason or this work was to analyze the infuence o various
synthesis times and combinations in the morphology and photo-
luminescence properties o PbMoO4 (PMO), Pb0.4Ca0.3Sr0.3MoO4
(PCSMO) and Ca0.5Sr0.5MoO4 (CSMO) synthesized by the microwave-
assisted hydrothermal method (MAH). In turn, the samples were char-
acterized by X-ray diraction (XRD) and Rietveld renement,
ultraviolet-visible (UV–vis) absorption spectroscopy, photo-
luminescence (PL) and eld emission scanning electron microscopy (FE-
SEM) to analyze the results.

2. Materials and methods

2.1. Synthesis

The PbMoO4 (PMO), Pb0.4Ca0.3Sr0.3MoO4 (PCSMO) and Ca0.5Sr0.5-
MoO4 (CSMO) particles were synthesized by the microwave-assisted
hydrothermal method adapted o previous study [38]. A typical exper-
imental procedure or PMO was perormed as ollows: 5 × 103 mol o
molybdic acid (H2MoO4, Ala Aesar, 85 %) were added and dissolved in
50 ml o distilled water, while a summation o 5 × 103 mol o lead
nitrate (Pb(NO3)2, Sigma Aldrich, 99.5 %). For PCSMO and CSMO,
calcium nitrate (Ca(NO3)2, Synth, 99 %) and strontium nitrate (Sr
(NO3)2, Vetec, 99 %) were stoichiometrically (% mol) added and dis-
solved in 45 ml o distilled water. Next, the solution having the nitrates

were added to the solution with the molybdic acid (H2MoO3, Ala Aesar,
85 %) and the pH o 7 was reached using ammonium hydroxide
(NH4OH, Synth, 27 %). Then, the solution was transerred into a Tefon
autoclave and was processed at 140 ◦C at times o 1, 2, 4, or 8 min. The
resulting material was subsequently processed by the
microwave-assisted hydrothermal method (2.45 GHz, maximum power
o 800 W, 100 ml Tefon vessel, without stirring, with external tem-
perature and power controller, with a constant pressure at 2 atm, and
autoclaved was naturally at room temperature. The obtained solution
was washed with distilled water and ethanol, and the precipitates were
dried at 100 ◦C or 24 h.

2.2. Characterization

PMO, PCSMO, and CSMO particles were structurally characterized
by XRD patterns, which were obtained with a Shimadzu XRD 7000 in-
strument with Cu-Kα radiation (λ = 1.5418 Å) in the 2θ range rom 10◦
to 90◦ at a rate o 1◦ s1. The lattice parameters were calculated by
adjustment o the experimental diractogram with the use o the GSAS
program [39]. The ollowing parameters were rened: scaling actor and
phase raction; background (displaced Chebyshev polynomial unction);
peak shape (Thomson-Cox-Hasting pseudo-Voigt); change in the
network constants; ractional atomic coordinates; and isotropic thermal
parameters. Field emission scanning electron microscope (FE-SEM, Zeiss
Supra 35-VP) was applied to analyze the particle morphology. UV–vi-
sible spectroscopy was recorded at 400–800 nm to show absorption and
Tauc’s equation was employed to compute the energy bandgap o the
samples. Photoluminescence (PL) spectra were obtained by an Ash
Monospec 27 monochromator (Thermal Jarrel, USA) and an R4446
photomultiplier (Hamamatsu Photonics, USA) was used to analyze the
recombination process in the semiconductor particles, using 325 nm as
the source o exciting wavelengths rom a krypton ion laser.

3. Results and discussion

Fig. 1 shows the XRD patterns o Pb1–2xCaxSrxMoO4 particles with x
= 0, 0.3, and 0.5 synthesized by MAH at several dierent times. The
PMO particles (Fig. 1a) have a tetragonal unit cell with space group I41/
a and characteristics diraction peaks centered at an angle 27.5, 44.8,
and 51.0 corresponding to (112), (204) and (116) planes, while CSMO
particles (Fig. 1c) also have a tetragonal unit cell with space group I41/a
and diraction peak characteristics centered at angles 28.1, 33.7, and
45.7 corresponding to (112), (004), and (204) planes, respectively. The
samples were indexed by JCPDS Card no. 44–1486 and JCPDS Card no.
30–1287 which reers to the PMO and CaSrMO phases, respectively. As
the synthesis times increased, there was a slight shit o the character-
istic peaks to the let (Fig. 1a), which may indicate an increase in
interplanar spacing and lattice parameters; urthermore, it is possible to
conrm that the PMO powders are a well-crystallized and in pure phase
or all times, suggesting an ordered structure over a long-range without
the presence o a secondary phase. In Fig. 1b, the PCSMO samples
synthesized rom 1 to 4 min showed peaks between JCPDS Card no.
44–1486 and JCPDS Card no. 30–1287, indicating the ormation o a
phase composed o Pb2+, Ca2+ and Sr2+ cations, meaning the ormation
o Pb0.4Ca0.3Sr0.3MoO4 solid solution, while the sample synthesized at 8
min presented ormation o both phases o JCPDS Card no. 44–1486 and
JCPDS Card no. 30–1287. Fig. 1c shows CSMO diractograms charac-
terized by the JCPDS Card no. 30–1287, in which no signicant changes
in the peaks were observed between the samples.

Rietveld renement was used to investigate modications in the
structural arrangement induced by MAH processing o PMO, PCSMO,
and CSMO (Figs. S1–S3). The renement was done using the GSAS
program, and the results are shown in Tables 1 and S1. As the dierence
between the curves observed (obs) and theoretically calculated (calc)
was small, it can be concluded that the diraction patterns are well-
matched. The quality o the parameters can be measured rom the
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reliability parameters �2, Rwp, and Rp, with low values corresponding to
good quality o the renement.

Unit cell volume and structural lattice parameter values were similar
to those ound in the literature or scheelite tetragonal structure [30,34,
40]. There were small variations in the e lattice parameter and unit cell
volume values or the PMO and CSMO samples in all synthesis times in
the same group, which indicates small lattice distortions, considering
only the variation o synthesis time in the same group [41]. The PCSMO
samples synthesized at 1, 2 and 4 min also did not show a large variation
regardless o the synthesis time, however the PCSMO 8 m showed
dierent lattice parameter and unit cell volume values as it presents two
phases, not behaving as a solid solution anymore. Table 1 shows there
was a decrease in the unit cell volume values, which is expected since
Pb2+ has 1.29 Å as an ionic radius, larger than Ca2+ (1.12 Å) and Sr2+
(1.25 Å) [40,42,43]. An increase in the synthesis time led to a shit in the
XRD towards smaller angles, indicating a raise in the interplanar dis-
tance. This augmentation in the interplanar distance could be associated
with the higher volume o microwaves absorbed during the synthesis,

which results in an anisotropic thermal expansion o these materials
[44]. In this expansion, a more substantial enlargement is observed
along the c-axis compared to the a-axis [44]. Additionally, as the syn-
thesis time extends, there is an increased probability o nucleus orma-
tion and coalescence among particles, leading to a rise in the average
particle size [45].

The crystallite size values decrease with increasing dopant concen-
tration, which is attributed to the reduced numeric density o inter-
atomic distances, leading to broadening o diraction peaks [46,47].
The PMO samples showed crystallite size values varying rom 38 nm to
48 nm, which is comparable to the values ound by Song et al. [48] or
PbMoO4 synthetized by the microwave-assisted hydrothermal process.
The PCSMO and CSMO samples showed similar crystallite size values
varying rom 8 nm to 19 nm and rom 7 nm to 8 nm, respectively. The
PCSMO samples synthesized at 1, 2 and 4 min have a similar behavior to
solid state solutions, and according to Vergard’s law, the unit cell di-
mensions can vary linearly with the solute component concentration
[49,50]. Gaidamavičienė and Žalga [51] showed crystallite size values

Fig. 1. XRD patterns o the PMO, PCSMO, and CSMO synthesized via microwave-assisted hydrothermal method or 1,2,4 and 8 min.
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o 10.44 nm or Ca0.5Sr0.5MoO4 synthesized by an aqueous sol-gel syn-
thesis method at 400 ◦C.

Fig. 2 shows the [MoO4] clusters and [Mo-O] bond length o PMO,
PCSMO, and CSMO obtained rom the atoms’ position (Tables 1 and S1)
by the Rietveld renement data using the VESTA program [52]. The
Mo-O bond length presented small variations rom the PMO 1 min
(Mo-O = 1.668 Å (4x)), PMO 2 min (Mo-O = 1.675 Å (4x)), PMO 4 min
(Mo-O= 1.664 Å (4x)) and PMO 8min (Mo-O= 1.675 Å (4x)). The bond
length or the PCSMO samples also presented small variations between
the PCSMO 1 min (Mo-O = 1.813 Å (4x)), PCSMO 2 min (Mo-O = 1.793
Å (4x)), and PCSMO 4 min (Mo-O = 1.822 Å (4x)) samples, while the
PCSMO 8 min (Mo-O = 1.638 Å (4x), Mo-O = 1.860 Å (4x)) sample
presented the smallest and biggest bond length or the PMO and CSMO
phases, respectively. The CSMO samples also presented small variations
oMo-O bond length or the CSMO 1 min (Mo-O = 1.771 Å (4x)), CSMO
2 min (Mo-O = 1.776 Å (4x)) and CSMO 4 min (Mo-O = 1.770 Å (4x))
samples, while the CSMO 8min (Mo-O= 1.738 Å (4x)) sample presented
the smallest bond length value. According to the literature, molybdenum
atom has tetrahedral coordination with Mo-O distances 1.77 Å and 1.75
Å in PbMoO4 [53]; 1.810 Å and 1.79 Å in CaMoO4 [54,55] and 1.79 Å in
SrMoO4 [55]. Variations in bond lengths can be associated with dis-
tortions in the [MoO4] clusters. Thus, the changes in the MoO4 clusters
may be due to the dierent hydrothermal synthesis times or the PMO
and CSMO samples, and solid solution ormed by Pb2+, Ca2+, and Sr2+
cations in the PCSMO samples.

Fig. 3 shows the Raman spectra o PMO (a), PCSMO (b) and CSMO

(c) rom 150–1100 cm1. Considering the solution system as MXO4 in
which M = Pb, Ca e Sr and X = Mo, the nanoparticle precipitated as
electron pair acceptors – M2+cations reacted with the electron pair do-
nors XO42. As a result o this interaction occurs the synthesis o MXO4.
According to Thongtem et al. [56], the Raman vibration or scheelite
structure is expected to be:

℘=3Ag+5Bg+5Eg                                                                               

The E mode is double degenerate, and the A and B are nondegen-
erate, as or the g, indicate the parity under inversion. The Raman
vibrational external mode, lattice phonon, is or the motion o the cat-
ions (M2+) to the anions (XO42). The internal mode is considered the
stationary state o the mass center and corresponds to the vibration in-
side the tetrahedron (XO42). Tetrahedrons have Td symmetry are
composed o one ree rotation mode (í.r.(F1)), one translation mode (F2)
and our internal modes (í1(A1), í2(E1), í3(F2) and í4(F2)), in ree space.
The point symmetry is reduced to S4 when the tetrahedrons reside in the
scheelite structure. The vibrations observed in the Raman spectra are
summarized in Table 2.

The characteristic symmetric stretching pattern o the molybdates
(υ1 (Ag)) can be observed at 866, 871 and 880 cm1. As or a corre-
sponding to vibrational modes o the antisymmetric stretches υ3 (Bg)
and υ3 (Eg) can be identied, respectively, as 765 and 740 cm1 (PMO
and PCSMO 8 m), and 840 and 790 cm1 (CSMO). The υ4 (Eg) and υ2
(Bg, Ag) peaks correspond to antisymmetric and symmetric stretching o
the [MO4]2. The í.r.(Ag) corresponding to the rotational and trans-
lational modes [38].

The FE-SEM images showed nano and micro-octahedral morphol-
ogies with well-dened edges in the PMO samples synthesized at 1, 2, 4,
and 8 min processed by MAH, as can be seen in Fig. 4. According to the
synthesis time, there were changes in the denition, size, and quantity o
octahedrons. The crystals initially have an elevated level o agglomer-
ation composed o nanometer-sized crystals. The growth o these crys-
tals occurs in an orderly mode [57], which is similar to the oriented
attachment mechanism or the PMO and PCSMO samples. In Fig. 4(a–d)
it is possible to identiy an octahedron-like morphology with
well-dened aces o PMO particles. The PCSMO samples are shown in
Fig. 4(e–h), in which these particles can be seen as expected in the
presence o octahedral morphologies, as well as spherical and
well-dened nanocrystals due to the characteristic o scheelite structure
and presence o covalent Pb-O, Ca-O, and Sr-O bonds that are ionic and
directional [57]. While synthesizing SrMoO4 by the sonochemical
method at 0.05 mol/L, Jiang et al. [31] observed the presence o
spherical particles, with a similar morphology ound in Fig. 4(e–h).
PCSMO particles synthesized at 1, 2, and 4 min showed the presence o
small nanocrystals; Ayni et al. [58] also described very small particles
and an aggregate o particles as a result o lead molybdate synthesis via
the co-precipitation method. Shen et al. [59] ound sphere-like nano-
particles ater synthesizing lead molybdate via the hydrothermal
method at 140 ◦C, in which the addition o calcium and strontium atoms
showed a loose nanofake morphology or the PCSMO 8 min particles.
The small size o PCSMO particles can be associated with the high-level
impurity provoked by a solid solution o Pb2+, Ca2+, and Sr2+ cations in
the same molybdate, where impurities perorm a decrease in the po-
tential barrier or the ormation o nuclei and the growth velocities
resulting in small particles [60]. The elemental mapping by EDX
conrmed that the synthesis procedure based on hydrothermal micro-
wave irradiation ensures a homogeneous distribution o elements on the
particle surace (Fig. SI 4).

Ghaed-Amini et al. [25] observed the presence o hierarchical
sel-assembly CaMoO4 nanostructures similar to the morphology ound
in all CSMO samples. Rahimi-Nasrabadi [61] described fower-like
nanostructures ormed by nanostructure morphology, as well as
Hosseinpour-mashkani et al. [32], both while synthesizing strontium
molybdate nanostructures. Similar morphology can be seen in Fig. 4 (i–l)

Table 1
Rietveld rened parameters or PMO, PCSMO, and CSMO synthesized via
microwave-assisted hydrothermal method at 1, 2, 4 and 8 min.
Compounds PMO 1m PMO 2m PMO 4m PMO 8m
Crystal system Tetragonal Tetragonal Tetragonal Tetragonal

Space group I41/a I41/a I41/a I41/a
a 5.432(2) 5.431(5) 5.432(4) 5.431(9)
c 12.11(8) 12.11(8) 12.12(1) 12.11(5)
V (Å3) 357.6(0) 357.5(1) 357.7(09) 357.4(9)
χ2 2.382 2.019 2.781 2.398
Rp 0.1485 0.1455 0.1748 0.1607
R2 0.1505 0.1227 0.1153 0.1373
Dhkl (nm) 48 42 38 47
εhkl (x103) 0.39 0.45 0.51 0.40
Compounds PCSMO 1m PCSMO 2m PCSMO 4m PCSMO 8m
Crystal system Tetragonal Tetragonal Tetragonal Tetragonal
Space group I41/a I41/a I41/a I41/a
a 5.381(6) 5.383(05) 5.383(4) 5.430(6)*/ 5.327

(9)§
c 11.94(4) 11.94(9) 11.95(6) 12.11(1)*/ 11.76

(1)§
V (Å3) 345.9(3) 346.2(4) 346.5(08) 357.1(8)*/ 333.8

(7)§
χ2 1.403 1.645 1.640 1.303
Rp 0.1015 0.1186 0.1154 0.1036
R2 0.0444 0.0676 0.0643 0.0811
Dhkl (nm) 9 8 8 19*/10§
εhkl (x103) 2.49 2.71 2.57 1.06*/2.05§
wt (%) 63.81*/36.19§
Compounds CSMO 1m CSMO 2m CSMO 4m CSMO 8m
Crystal system Tetragonal Tetragonal Tetragonal Tetragonal
Space group I41/a I41/a I41/a I41/a
a 5.330(9) 5.327(9) 5.329(8) 5.331(3)
c 11.78(8) 11.78(04) 11.78(6) 11.78(7)
V (Å3) 335.0(3) 334.4(06) 334.8(1) 335.0(3)
χ2 1.835 2.164 2.109 2.171
Rp 0.1241 0.1327 0.1293 0.1322
R2 0.0501 0.0627 0.0500 0.0542
Dhkl (nm) 8 7 8 7
εhkl (x103) 2.81 3.19 2.90 3.07

Legend: a and c = lattice parameters (Å); V= unit cell volume; χ2= chi-squared;
R2 = structure actor squared; Rp = prole actor; D = crystallite size; ε =
microstrain; wt (%) = weight raction; * = PbMoO4 phase; § = Ca0.5Sr0.5MoO4
phase.
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in all CSMO particles.
Fig. 5 shows the images o the estimated band gap energy (Egap)

obtained by the diuse refectance spectroscopy technique in the visible
ultraviolet or PMO, CSMO, and PCSMO at 1, 2, 4, and 8 min. The
calculation was done using the Kubelka–Munk method described in Eq.
(1):

F(R) = K
S
= (1  R)2

2R
(1)

In which: F(R) is the absorbance, K is the absorption coecient, and S is
the scattering coecient. The Wood and Tauc [62] method (Eq. (2)) was
used to estimate the bandgap values:

F(R)hv∝(hv–Egap)k                                                                         (2)

Considering the Egap direct allowed in our work, k= 1/2 was adopted
in Eq. (2). Fig. 5 illustrates the values o Egap 3.32 eV or the PMO
samples (Fig. 5a), 3.40–3.41 eV or PCSMO samples (Fig. 5b), and
4.12–4.18 eV or CSMO samples. PMO samples had values close to those
ound in the literature, such as 3.15 eV or PMO microcrystals

synthesized with PVA, 3.03 and 3.23 eV or PMO synthesized using the
sonochemistry method, 3.33 and 3.38 eV or PMO obtained via con-
ventional hydrothermal synthesis, and 3.40 eV to 2D PbMoO4 nano-
sheet [33,41,63,64]. However, CSMO samples exhibited bandgap values
alling within the range reported in the literature or CaMoO4 and
SrMoO4 (3.75–4.16 eV) [20,65,66], with a value o 4.03 eV observed to
CSMO synthetized via coprecipitation [67]. Polyhedron connectivity,
the electronegativity o transitions metal ions, growth mechanism, dis-
tortions o the [XO4]2, and deviation in O-X-O bonds are some acts
which infuence the energy bandgap and degree o structure
order-disorder in the lattice. The emission phenomena or metal mo-
lybdates happen by the electronic charge transer into [XO4]2 units.
The [XO4]2 hybridization was originated by coupling between the O2p
(σ) and O2p (π) ligand orbitals and Mo4d (t2) and Mo4d (e) orbitals or
metal molybdates. A symmetry established rom O2p (π) states presents
t1 symmetry and is the top occupied state. The combination o a Mo4d
(e) and O2p (π) with an e symmetry in turn is the lowest unoccupied
state. The Mo4d or metal molybdate and O2p orbital hybridizations
represent a covalent bond in the ions. The one-electron states below the

Fig. 2. Graphical representation o [MoO4] clusters and the [Mo-O] bond length o the PbMoO4 and Ca0.5Sr0.5MoO4 phases, namely (a) PMO 1 m, (b) PMO 2 m, (c)
PMO 4 m, (d) PMO 8 m, (e) PCSMO 1 m, () PCSMO 2 m, (g) PCSMO 4 m, (h) PCSMO 8 m - PbMoO4 phase is let and Ca0.5Sr0.5MoO4 phase is right, (i) CSMO 1 m, (j)
CSMO 2 m, (k) CSMO 4 m, and (l) CSMO 8 m.
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bandgap are lled to show a many-electron 1A1 state or the
ground-state system. Many-electron 1T1, 3T1, 1T2 and 3T2 states are the
result o one hole in the t1 (primarily O2p (π)) state and one-electron in
the e (primarily Mo4d or metal molybdates) state or the lowest excited
state. The only admitted transition is 1T2 → 1A1 [56].

Bi et al. [10] synthesized PbMoO4 and SrMoO4 by the solvothermal
method, and reported that the PbMoO4 material should have a narrow
bandgap, while the Pb 2 s and O 2p states introduce some divided states.
The largest dispersion o PbMoO4 is a result o the covalent interaction
o Pb-O atoms. However, PCSMO samples showed an intermediate
bandgap between PMO and CSMO samples and could have been infu-
enced by the presence o Pb2+, Ca2+, and Sr2+ cations in the same
structure. Doping is a possible way to have a bandgap reduction in this
type o metal molybdate [64]. So, the absorption o CSMO samples
under UV-light is higher than those or PMO and PCSMO, which is
important, as higher absorption must promote the electron-hole pairs to
perorm the redox reactions and a high PL intensity is related to a high
recombination o the photogenerated charges. In comparison, as the
CSMO samples can absorb more photons than PMO and PCSMO samples,
they can present better photocatalytic activity [40]

Fig. 6 shows the PL spectra o the PMO, CSMO, and PCSMO particles
prepared by the microwave-assisted process at dierent synthesis times.
The PL spectra depend on the crystallinity and morphology o the
crystals [23,41]. The emission spectra o the metal molybdates are
mostly aected by charged transitions in [XO4]2 complexes, distortions
o the [XO4]2 groups caused by particles sizes, crystalline degree,
dierent angles o O-X-O, surace deects and morphology [22,56,68].
The Mo atom in the molybdate structure is our-old coordinated with
surrounding oxygen atoms and the MoO4 tetrahedral units are observed
[10]. The increase in ionic radius may be related to the PL intensity,
since changes in the parable are related to the ionic radius o the cation.
The deviation in the parabola is greater the greater the ionic radius o
the cation, thus the greater the chance o non-radioactive transition rom
the exit state, the lower the radioactive transition intensity is [55].

As claimed by Blasse and Grabmaier [69], PL emission emerges rom
a return o radiative emission to the undamental state, which is in

Fig. 3. Raman spectra o PMO (a), PCSMO (b) and CSMO (c).

Table 2
Raman wavenumbers o the products.
Lattice vibration Wavenumber (cm1)

PMO PCSMO CSMO

í1(Ag) 866 (PMO 1 m)
866 (PMO 2 m)
866 (PMO 4 m)
866 (PMO 8 m)

—- (PCSMO 1 m)
—- (PCSMO 2 m)
—- (PCSMO 4 m)
871 (PCSMO 8 m)

880 (CSMO 1 m)
880 (CSMO 2 m)
880 (CSMO 4 m)
880 (CSMO 8 m)

í3(Bg) 765 (PMO 1 m)
765 (PMO 2 m)
765 (PMO 4 m)
765 (PMO 8 m)

—- (PCSMO 1 m)
—- (PCSMO 2 m)
—- (PCSMO 4 m)
765 (PCSMO 8 m)

840 (CSMO 1 m)
840 (CSMO 2 m)
840 (CSMO 4 m)
840 (CSMO 8 m)

í3(Eg) 740 (PMO 1 m)
740 (PMO 2 m)
740 (PMO 4 m)
740 (PMO 8 m)

—- (PCSMO 1 m)
—- (PCSMO 2 m)
—- (PCSMO 4 m)
740 (PCSMO 8 m)

790 (CSMO 1 m)
790 (CSMO 2 m)
790 (CSMO 4 m)
790 (CSMO 8 m)

í4(Bg) 349 (PMO 1 m)
349 (PMO 2 m)
349 (PMO 4 m)
349 (PMO 8 m)

—- (PCSMO 1 m)
—- (PCSMO 2 m)
—- (PCSMO 4 m)
—- (PCSMO 8 m)

379 (CSMO 1 m)
379 (CSMO 2 m)
379 (CSMO 4 m)
379 (CSMO 8 m)

í2(Ag) 316 (PMO 1 m)
316 (PMO 2 m)
316 (PMO 4 m)
316 (PMO 8 m)

317 (PCSMO 1 m)
317 (PCSMO 2 m)
317 (PCSMO 4 m)
317 (PCSMO 8 m)

322 (CSMO 1 m)
322 (CSMO 2 m)
322 (CSMO 4 m)
322 (CSMO 8 m)

í.r.(Ag) 167 (PMO 1 m)
167 (PMO 2 m)
167 (PMO 4 m)
167 (PMO 8 m)

—- (PCSMO 1 m)
—- (PCSMO 2 m)
—- (PCSMO 4 m)
167 (PCSMO 8 m)

189 (CSMO 1 m)
189 (CSMO 2 m)
189 (CSMO 4 m)
189 (CSMO 8 m)
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agreement with the non-radiative decay to the ground state. Vibration
occurs in the non-radiative process and heating o the crystalline ma-
terial lattice by the energy o the excited state. The structural disorder o
[MoO4]2, existence o oxygen vacancies, and generation o band gap
intermediary energy levels are avored by the high concentration o
deects, which increases the chance o non-radioactive transitions, and
in turn intensies the decrease o the PL emission. The luminescence o

the material also can be a result o the transition in MoO4 rom the
lowest 3T1 and 3T2 states to the 1A1 state. The luminescence shows
emission bands between the 3T1 and 3T2 triplet states [38].

According to the spectra obtained, all samples have a typical emis-
sion peak in green at 530, 535, and 540 nm, respectively. Green emis-
sions are assigned to a more ordered structure and shallow deects in the
band gap [12]. Deep and shallow deects can be related to the bandgap
energy o the sample surace, where suraces with higher bandgap

Fig. 4. FE-SEM images or PMO during a) 1, b) 2, c) 4, and d) 8 min; PCSMO
during e) 1, ) 2, g) 4, and h) 8 min; CSMO during i) 1, j) 2, k) 4, and l) 8 min.

Fig. 5. Illustration o modied Kubelka-Munk unction or determination o
direct Egap o the a) PMO, b) PCSMO, and c) CSMO synthesized via microwave-
assisted hydrothermal method during 1,2,4 and 8 min.
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values are related to shallow deects and suraces with lower bandgap
values are related to deep deects. Thus, the deep deects o the PMO
samples may be related to on the (001) surace due to its lower band gap
energy (Egap = 3.56 eV), while shallow deects may be associated with
rom (011) surace and rom (112) surace due to higher band gap en-
ergy values (Egap = 3.62 eV and Egap = 3.60 eV, respectively) [36].
Nevertheless, the deep deects o the CSMO samples may be related to
rom the surace (112) due to its smaller gap energy (Egap = 4.44 eV),

while shallow deects may be associated with rom the surace (011) and
rom the surace (001) due to higher values o band gap energy (Egap =
4.69 eV and Egap = 4.66 eV, respectively) [36]. Lastly, the deep deects
o PCSMO samples may be related to o the surace (001) due to its lower
band gap energy (Egap = 3.56 eV), while shallow deects may be
associated with rom the surace (011) and rom the surace (112) due to
higher values o band gap energy (Egap = 3.80 eV and Egap = 3.77 eV,
respectively) [36]. The PL signal in the PCSMO samples decreased with
increasing synthesis time, while longer synthesis times increased the PL
signal or the CSMO sample. The Pb2+, Ca2+, and Sr2+ cations in the
MoO42 complex act as lattice modiying agents [34].

The illustration in Fig. 7 shows the PL emission according to the
transitions in the [MoO4]2. The 1A1 state corresponds to the ground-
state system, and 1T1, 3T1, 1T2 and 3T2 states symmetries correspond
to the lowest excited states. The material intrinsic morphology is a result
o the lowest excited states 3T1 and 3T2 to the ground 1A1 state, while the
transition 1A1 ↔ 1T2 is a dipole allowed transition [38]

Fig. 8 illustrates the CIE positions or PMO, PCSMO and CSMO par-
ticles. Table 3 shows the CIE coordination values, coordination color
temperature (CCT) values and emission color or the samples. The PMO
1 min presented pure white, between daylight and sunlight color
emission. The PMO 2 min, PMO 8 min, and PCSMO 8 min samples
presented between daylight and sunlight color emission. The PMO 4min
presented bright mid-summer sunlight color emission. The PCSMO 1
min, PCSMO 2 min, PCSMO 4 min and CSMO 1 min samples presented
bright daylight color emission. The CSMO 2 min and CSMO 8 min
samples presented daylight color emission, and the CSMO 4 min sample
presented daylight color emission. Thereore, several samples presented
CCT values close to pure white, meaning CCT close to 5500 K, which
indicates a possible application in commercial LEDs.

4. Conclusions

In summary, this study showed the eciency o the microwave-
assisted hydrothermal synthesis method or obtaining PMO, PCSMO,
and CSMO particles. XRD results showed a tetragonal scheelite structure
with the presence o a secondary phase only in the PCSMO 8 m sample.
The infuence o the synthesis times was seen through a small reduction
in the XRD intensity o the PMO and PCSMO characteristic peaks as the
synthesis times increased, which can indicate a decrease in the order o
the structure. The FE-SEM images show the presence o octahedral
morphologies, as well as spherical particles and fower-like morphology
due to the calcium and strontium additions in the structure. The PMO’s
Egap (3.32 eV) showed values close to those ound in literature, while the
CSMO’s Egap (4.12–4.18 eV) exhibited bandgap values alling within the
range reported in the literature or CaMoO4 and SrMoO4. The PL emis-
sion results showed a typical emission peak in green with the PL signal
intensity decreasing with the synthesis time increase or the PCSMO
samples, while the longer the synthesis time or the CSMO samples, the
higher the PL signal. A possible application in commercial LEDs was

Fig. 6. PL emission spectrum o the a) PMO, b) PCSMO, and c) CSMO particles.

Fig. 7. Illustration o a transition state diagram.
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observed in the PCSMO 1 m sample, in which the CCT values were close
to pure white and presented a ast microwave synthesis.
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