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ABSTRACT

Calcium molybdate (CaMoO4) nanoparticles were synthesized by using a rapid assisted-microwave
solvothermal method. X-ray diffraction measurements, Fourier transform Raman and Fourier trans-
form infrared spectroscopies, revealed that the samples all have a scheelite-type tetragonal structure. In
addition, the data obtained from the Rietveld refinements revealed distortions of the [Ca—0] and [Mo—0]
bonds that led, in turn, to distortions of the [CaOg] and [MoO4] clusters. The presence of irregular
spherical-like CaMoO4 nanoparticles and the corresponding crystallographic arrangement were
confirmed and determined via transmission electron microscopy and high resolution transmission
electron microscopy, respectively. First-principles quantum mechanical calculations based on the density
functional theory at the B3LYP level were employed in order to understand the band structure and
density of states of CaMoOy in the excited singlet and triplet states. Furthermore, the optical properties
were investigated by performing ultraviolet—visible spectroscopy and photoluminescence (PL) mea-
surements. Maximum PL emission of CaMoO4 powders was detected in the green-region wavelength of

the electromagnetic spectrum; this emission was attributed to the distorted [MoOg4] clusters.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Calcium molybdate (CaMoQy) crystallizes in a tetragonal struc-
ture, which is described by the I41/a space group. This material has
received significant attention from the scientific community, owing
to its photoluminescence emissions in the visible region of the
electromagnetic spectrum, at room temperature. As such, this
material is well-suited for use as white light-emitting diodes
(WLEDs) [1], light amplification by stimulated emission radiation
(LASERSs) [2], and hosts for lanthanide activated LASERs [3].

Several processes, such as the use of polymeric precursors [4],
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citrate complex using microwave irradiation [5], coprecipitation
[6], sonochemical [7], hydrothermal/solvothermal [8], and
microwave-hydrothermal/solvothermal methods [9—11], have
been used to synthesize CaMoO4 powders. Among them, the mi-
crowave assisted methods is considered an excellent strategy for
the preparation of various ceramics oxides of controlled
morphology. In the microwave-hydrothermal method, crystalline
materials are obtained under high pressure and with microwave
heating, using water as a solvent. When any other solvents are used,
the process is referred to as microwave-solvothermal method
[12,13] and, in this case, the solvent plays an integral role in the
particle growth processes. Organic solvents have been used in the
synthesis of CaMoO4 powders, in order to obtain materials with
small particles size and a narrow distribution of sizes
[6,8,9,11,14—17]. For example, Thongtem et al. [17] obtained small
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dispersed nano-particles by preparing CaMoO4 powders via cyclic
microwave radiation in propane-1,2-diol and NaOH. Furthermore,
Phuruangrat et al. [9] reported that CaMoO4 nanoparticles with
average size of 28 nm, were obtained through synthesis in ethylene
glycol under microwave radiation. Based on these previously
published results, we propose a simple methodology to obtain
CaMoO4 using a low-temperature system, a short processing time
and an organic solvent (propane-1,3-diol - PD) to control the par-
ticle morphology. Moreover, the PD solvent has favorable in-
teractions with microwave radiation.

Therefore, in this paper, we present the synthesis of CaMoQO4 in
PD solvent, by means of a microwave-assisted solvothermal (MAS)
method at 120 °C for various times. These powders were charac-
terized via X-ray diffraction (XRD), Fourier transform Raman (FT-
Raman), and Fourier transform infrared (FT-IR) spectroscopies,
transmission electron microscopy (TEM), ultraviolet—visible
(UV—Vis) absorption spectroscopy, and PL measurements at room
temperature. These results obtained were then correlated with
those obtained by performing first-principles density functional
theory calculations.

2. Materials and methods
2.1. Synthesis of CaMoO4 powders

CaMoO4 powders were prepared by applying the MAS method
at 120 °C for various times, in the presence of propane-1,3-diol.
Sodium molybdate dihydrate [NaMoOg4-2H>0] (99.5% purity,
Aldrich) and calcium acetate monohydrated [Ca(CH3COO),-H,0]
(99.0% purity, Mallinckrodt Chemicals) were used as the precursors.
Initially, 2.5 x 10~3 mol of Na;MoOy4-2H,0 and 2.5 x 10~3 mol of
Ca(CH3C00),-Hz0 were dissolved in 100 mL of propane-1,3-diol
[CH2(CH20H);] (99.9% purity, J. T. Baker). This solution was then
stirred for 5 min at room temperature, in order to obtain a homo-
geneous mixture. The resulting solution was transferred to a Teflon
autoclave, which was sealed and placed inside a microwave system
(2.45 GHz, 800W) [18]. The systems were processed at 120 °C for
10, 30, and 60 min, respectively, at a heating rate of 25 °C/min. The
heating time is included in the processing time. The autoclave
pressure was kept constant during the process. After processing,
the autoclave was allowed to cool naturally to room temperature.
The byproducts were removed by washing the suspensions with
distilled water and acetone. The resulting white precipitates were
collected and dried at 60 °C in a conventional furnace for few hours.

2.2. Characterization of CaMoO4 powders

The CaMoO4 powders were characterized via X-ray diffraction
(Rigaku-DMax/2500PC, Japan) performed over 260 ranging from 10
to 75° and at a scan rate of 2.0°/min, using Cu Ko radiation
(A = 1.5406 A). The Rietveld refinements were performed, using the
general structure analysis (GSAS) program, on patterns obtained at
scan rate of 0.2° /min for 20 ranging from 10° to 110°. In addition, FT-
Raman spectroscopy (Bruker-RFS 100, Germany) was conducted by
using a Nd:YAG laser (A = 1064 nm) that has a maximum output
power of 100 mW. The spectra were measured at wavenumbers
ranging from 50 cm~! to 1.200 cm~ L The FI-IR (Bruker-Equinox 55
spectrometer) and UV—vis (Varian spectrophotometer model Cary
5G, USA), spectroscopies were performed in transmittance mode at
wavenumbers ranging from 200 cm~! to 2000 cm~!, and diffuse
reflection mode, respectively. Furthermore, the morphologies of
powders were examined by using a transmission electron micro-
scope (model CM200, Philips, USA) operated at 200 kV. The crys-
tallographic arrangement of CaMoO4 nanoparticles was
determined via high resolution transmission electron microscopy

(HR-TEM). Moreover, the PL measurements were performed with a
Monospec 27 monochromator (Thermal Jarrel Ash, USA) coupled to
a R446 photomultiplier (Hamamatsu Photonics, Japan). A krypton
ion laser (Coherent Innova 90 K, USA) (A = 350 nm), with a
maximum output power of 500 mW, was used as the excitation
source. These measurements were all performed at room
temperature.

2.3. Computational method

The periodic density functional theory (DFT) calculations were
performed with the Becke's three parameter hybrid non-local ex-
change functional, combined with the Lee-Yang-Par gradient-cor-
rected correlation function B3LYP [19,20]; this approach has proven
to be very effective in addressing the present challenging problem.
The electronic structures were calculated by using the CRYSTALO9
code [21]. In this work, the atomic centers were described by the
following electronic basis sets: HAYWSC-31d1G HABAS (1998) for
calcium, HAYWSC-311 (d31)G CORA (1997) for molybdenum, and
8—411 TOWLER (1994) for oxygen atoms, as obtained from the
Crystal web site [22]; PS corresponds to the Hay & Wadt's non-
relativistic small core pseudopotential [23]. During the calcula-
tions, the internal coordinates of the atoms as well as the lattice
parameters (a, b, ¢) and angle were successively optimized (CEL-
LONLY keyword crystal). Two systems with different excited states,
i.e., singlet and triplet, were optimized by using the SPINLOCK
keyword crystal.

The diagonalization of the Fock matrix was performed at
adequate k-point grids in the reciprocal space, using a Pack-
Monkhorst/Gilat shrinking factor of IS = ISP = 4. The threshold
values controlling the accuracy of the calculation of Coulomb and
exchange integrals were set to 107 (ITOL1 to ITOL4) and 102
(ITOL5); these values ensured a convergence in total energy better
than 1078 a. u. The percentage of Fock/Kohn—Sham matrix mixing
was set to 40 (IPMIX = 40) [23]. Furthermore, triplet calculations
were performed using SPIN and SPINLOCK = 2 keywords.

3. Results
3.1. X-ray diffraction and Rietveld refinement analyses

Fig. 1 shows the XRD patterns of CaMoO4 powders obtained
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Fig. 1. XRD patterns of CaMoO4 powders obtained by applying the MAS method for (a)
10 min, (b) 30 min, and (c) 60 min.
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after various times. In agreement with the Inorganic Crystal
Structure Database (ICSD) No. 60552 [24], the patterns were all
indexed to the scheelite-type tetragonal structure whose symmetry
is described by the space group I41/a. The patterns exhibit sharp
peaks that are characteristic of materials with a high degree of
crystallinity. Peaks corresponding to secondary phases were absent
from the patterns.

The Rietveld refinement [25] method was used to explain
possible differences in the MAS-processing-induced structural ar-
rangements of CaMoQ4 powders. This refinement was performed
by using the general structure analysis (GSAS) program with the
EXPGUI graphical interface [26]. Optimized parameters such as the
scale factor, background, shift lattice constants, profile half-width
parameters (u, v, w), isotropic thermal parameters, lattice param-
eters, strain anisotropy factor, preferential orientation, and atomic
functional positions, were used during the analyses. In addition, the
background was corrected by using a Chebyschev polynomial of the
first kind. The peak profile function was modeled by using a
convolution of the Thompson-Cox-Hastings pseudo-Voigt (pV-
TCH) [27] with an asymmetry function, described by Finger, which
accounts for the asymmetry resulting from axial divergence [28].

The Rietveld refinements of CaMoO4 powders obtained by
applying the MAS method for various times are shown in Fig. 2
(a—c).

The measured diffraction patterns are well-matched to the ICSD
No. 60552 [24]. However, significant deviation occurs in the low-
angle regime, where the most intense peaks are located. This de-
viation is attributed to the characteristics of the patterns, which
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exhibit narrow peaks and high intensity. In general, the XRD
pattern corresponding to the experimentally determined and the
theoretically calculated data are almost identical, as indicated by
the line Obs-Calc. The results of the refinements are summarized in
Table 1 and further details are provided in the Supporting Infor-
mation (Tables S1-S3).

The high quality of the refinements is revealed by the statistical
fitting parameters (Rwp, Rp, Rpragg, and xz) in Table 1. Furthermore,
the close correspondence between the determined lattice param-
eters and the unit cell volumes reported in the literature, confirms
that the CaMoO4 powders are crystallized in a scheelite-type
tetragonal structure; this structure has four molecular formula
units per unit cell (Z = 4) and its symmetry is described by the
space group I4i/a [24]. These powders may contain defects, as
evidenced by small changes in the parameters, owing possibly to
the synthesis method and experimental conditions (high temper-
ature, solvents, microwave radiation, etc.). In addition, variations in
the atomic positions of the oxygen atoms were observed (Table S3).
These variations may lead to various distortions of the Ca—0, and/
or Mo—O0 bonds, and consequently to different levels of distortion
of the [CaOg] and/or [Mo0Qy4] clusters in the lattice (Tables S1 and
S2).

The results shown in Table 1 were used to model a schematic of
the tetragonal CaMoO4 structure (Fig. 3), using the Diamond Crystal
and Molecular Structure Visualization software [29]. In this struc-
ture, each molybdenum atom is coordinated to four oxygens atoms,
forming tetrahedral [MoOy4| clusters. In these isolated [MoO4]
clusters, tetrahedrons have Tq - symmetry, except when located in
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Fig. 2. Rietveld refinements of CaMoO,4 powders obtained by applying the MAS method for (a) 10 min, (b) 30 min, and (c) 60 min.
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Table 1

Lattice parameters, unit-cell volume, and statistical parameters of quality obtained from the Rietveld refinement for CaMoO4 powders obtained by applying the MAS method

for various times.

Sample Lattice Parameters Cell volume (A%) Rpragg (%) X2 Ruwp (%) Rp (%)
a, b (A) C(A)

CaMoOy -10 min 5.228 (3) 11.440 (9) 312.74 (1) 3.10 141 9.62 7.05
CaMoO, -30 min 5.228 (4) 11.440 (1) 312.73 (0) 6.57 1.58 12.15 8.65
CaMoO,4 - 60 min 5.228 (3) 11.440 (9) 312.73 (8) 2.86 134 9.28 6.78
CaMo0Oy - ICSD 60552 5.222 (1) 11.425 (3) 315.55 - — — —

z

X
y
Fig. 3. Representation Schematic of the tetragonal CaMoO, structure, showing the [CaOg] and [MoO4] clusters.
scheelite structures where the point symmetry is reduced to Sy
+ CaMoO, A

[6,9,11,30,31]. On the other hand, each calcium atom is coordinated
to eight oxygens atoms, thereby forming distorted deltahedral
[Ca0s] clusters with 12 faces [14,31].

3.2. Fourier-transform Raman and infrared spectroscopies

According to group theory, the CaMoO4 exhibits 26 vibrational
modes [11,30,32] that are composed of non-degenerate A and B
modes and doubly degenerate E modes. The Ag, Bg, and Eg vibra-
tions are all Raman-active, whereas the 4E, and 4A, are infrared-
active; the g and u subscripts indicate parity under inversion in
centrosymmetric CaMoOy4 crystals. The 1E, and 1A, are acoustic
modes, while the three Bu vibrations are forbidden infrared modes
[30,32,33]. These vibrational modes are shown in the following
equation.

C$,I" = 3Ag + 5Au + 5Bg + 3By + 5Eg + 5E, (1)

Fig. 4 shows the FT-Raman spectra of CaMoO4 powders obtained
after various times. The Raman modes of the tetragonal CaMoO4
structure can be classified into two groups, i.e., external and in-
ternal modes, based on the clusters present in the structure. The
internal modes (2Ag, 3Bg, and 2Eg) correspond to the vibrations
inside the [MoOj4] clusters, with the center of mass in the stationary
state. The external modes (1Ag, 2Bg, and 3Eg) are attributed to vi-
brations of the [CaOg] clusters [34].

Fig. 4 shows, the Raman-active modes are all observed, although
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Fig. 4. FT-Raman spectra of CaMoO4 powders obtained by applying the MAS method
for (a) 10 min, (b) 30 min, and (c) 60 min.

some of the vibrational modes overlapped. The samples obtained
after 30 and 60 min exhibited sharper bands (than those resulting
from other times), which are indicative of a processing-induced
increase in the short-range structural order. Moreover, the six
low-frequency and seven high-frequency bands that occur at
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wavenumbers of <270 cm~! and >324 cm™}, correspond to the
external and internal modes, respectively. These results concur
with those of previous studies [4,17,33,35].

Fig. 5 shows the FT-IR spectra of CaMoQO4 powders. Seven of the
eight infrared-active vibrational modes possible for CaMoQy, occur
in the spectra of all the samples. The intense band that occurs at
wavenumbers ranging from 790 cm~! to 878 cm ™! represents an
overlapping of two modes (E, and A, modes), and is attributed to
antisymmetric stretching vibrations in the [MoOy4] clusters. The E,
and A, modes that give rise to the sharp band observed at
~428 cm™, result from antisymmetric bending vibrations of the
O—Mo—O0 bonds. Furthermore, the symmetric bending vibrations
(Ay mode) and torsional vibrations (E, mode) of the [MoO4] clusters
occur at wavenumbers of approximately ~330 cm~! and 280 cm ™,
respectively. The band located at 240 cm™! (E, mode) is attributed
to the translation of the [CaOg] clusters. These results concur with
those reported in previous studies [36]. The absorption bands that
occur at wavenumbers ranging from 1200 cm~' to 1700 cm™,
result possibly from the presence of CO, that arises from the at-
mosphere and residual organic compounds (propane-1,3-diol);
these bands are associated with the stretching modes of the C—O
bond [11,30,32,34,37].

3.3. Transmission electron microscopy

Fig. 6 (a, ¢, and e) show low-magnification TEM micrographs of
CaMoO4 nanoparticles obtained after various times. The samples all
exhibit irregular spherical-like nanoparticles. A growth mechanism
was proposed for the CaMoO4 nanoparticles based on TEM micro-
graphs. Primary particles are formed from ions dissolved in the
reaction mixture. The hydration energy is overcome by the strong
electrostatics attraction between the precursor ions, to form pri-
mary particles. During the growth process, the freely rotating pri-
mary CaMoO4 particles collide randomly and rearrange with
respect to each other, forming discrete nanoparticles. When these
nanoparticles coalesce to a common crystallographic orientation
(oriented attachment - OA), the overall surface energy decreases.
The growth process is referred to as imperfect OA, if different
crystallographic orientations occur at the interface between the
particles [38—40]. The high viscosity of the PD solvent (52 cP at
20 °C) may lead to decreased mobility and effective collision rates
of the suspended primary particles. However, under the high
temperatures employed by the MAS method, the viscosity of the PD
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Fig. 5. FT-IR spectra of CaMoO,4 powders obtained by applying the MAS method for (a)
10 min, (b) 30 min, and (c) 60 min.

solvent decreases, which in turn favors effective collision among,
and growth of the nanoparticles [13]. This behavior is reinforced by
junction (shown in the HR-TEM image in Fig. 6b)) in the interface
contact among two nanoparticles. Fig. 6d and f indicate agglom-
eration between the nanoparticles.

Marques et al. [11] reported that CaMoOg4 particles obtained via
the coprecipitation method in H,O and processed by means of a
microwave-assisted hydrothermal technique at 140 °C for 1 h
exhibited average sizes ranging from 1.25 pm to 4.75 pm. Longo
et al. [10] obtained hierarchical assemblies of CaMoO4 nano-
octahedrons in H;O using a microwave-assisted hydrothermal
method in the presence of polyethylene glycol at 120 °C for various
reaction times. These samples had average particle size distribu-
tions of 50—61 nm (width) and 68—127 nm (height). In our present
work, it was possible to obtain nanometer scale particles with
narrow size distributions by using PD solvent. Previous studies
reported that the obtained morphology results from the interaction
or adsorption of solvent molecules (with polymer characteristic) on
some crystal faces, and the consequent preferential growth in
specific directions. In our study, the organic solvent concentration
is high, and all the crystal faces were capped by organic solvent.
Therefore, the inhibition of particle growth along all crystallo-
graphic directions results in irregular spherical-like nanoparticles.
Moreover, as mentioned previously, there is a decrease in the vis-
cosity of PD solvent at high temperature. However, this viscosity is
greater than that of H,O in similar conditions. These changes lead,
in turn, to a decrease in the particle sizes when compared to syn-
theses in an aqueous media [11,16,41—43].

In order to achieve a high efficiency in this microwave-assisted
solvothermal system, it is necessary for the reaction mixture to
have dipoles (polar solvent molecules) and/or charged particles
(ions). During interactions between the molecular dipoles and the
microwave radiation, the amount of heat generated is directly
related to the ability of the dipoles to align in the direction of the
applied electric field. This ability at a given frequency and tem-
perature is known as the loss tangent (tan 9) [12,13]. Hence, the PD
solvent (tan d at 2.45 GHz and 25 °C = 1.30) [44] is a good candidate
to be employed in microwave-assisted solvothermal systems. On
the other hand, the dissolved charged particles oscillate under the
influence of microwave radiation and collide with neighboring
molecules or atoms to produce heat. Microwave heating also causes
acceleration of reaction rates due to thermal effects, causing the
formation of CaMoO4 to occur more rapidly. Moreover, this syn-
thesis is easily controlled through a number of different reaction
parameters, allowing for a hight degree of reproducibility [12,13].

The average crystal size distribution was determined from the
TEM micrographs by counting 100 nanoparticles that have excel-
lent surface contour to ensure a good statistical sample size. As all
samples contain irregular spherical-like nanoparticles, particle
counting was performed along the length of each selected particle
using Image] software. In all cases, particle size counting can be
described by a log-normal distribution (Fig. 7(a—c)). The deter-
mined average particle sizes, 33.9 nm (10 min), 36.9 nm (30 min),
and 35.8 nm (60 min), indicate that growth is more pronounced at
long processing times than at short ones.

3.4. Ultraviolet—visible absorption spectroscopy

The band gap energy (Egap) values were experimentally calcu-
lated by using the Kubelka-Munk (K-M) function [45] and the
Wood-Tauc method [46]. The diffuse reflectance measurements
were converted to the K-M function by using the following
equation:
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Fig. 6. Low-magnification TEM images of CaMoO,4 powders obtained by applying the MAS method for (a) 10 min, (¢) 30 min, and (e) 60 min. HR-TEM images of CaMoO, powders

obtained by applying the MAS method for (b) 10 min, (d) 30 min and (f) 60 min.

2
FRa) = U=l = )

where F(R) is the K-M function or absolute reflectance of the
sample; R, is the diffuse reflectance (Rw = Rsgmpie/Rmgo0):
employing the magnesium (MgO) oxide as the standard sample; K
is the molar absorption coefficient and S is the scattering coeffi-
cient. The Wood-Tauc method was subsequently employed, by
using the following equation:

Othll = C‘l (hV - Egap)n (3)

where o is the linear absorption coefficient; hv is the photon en-
ergy; C; is a proportionality constant and n is a constant associated
with the different types of electronic transitions [n = 1/2 (direct
allowed), n = 3/2 (direct forbidden), n = 2 (indirect allowed), and
n = 3 (indirect forbidden)]. Previous experimental and theoretical
studies reported that the molybdates exhibit a direct electronic
transition, for which n = 1/2 [4,11,36]. Combining equations (2) and
(3) gives:
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Fig. 7. Average size distribution of CaMoO,4 powders obtained by applying the MAS method for (a) 10 min, (b) 30 min, and (c) 60 min.

(F(Reo)hv)? = Cy (hv — Egap) (4)
where C; is a proportionality constant. Therefore, the experimental
Egap of CaMoO4 powders can be determined by plotting (F (Reo)hw)?
against hv, as shown in the Supporting Information (Fig. S1 (a—c))
and Table 2.

The band gap values are in good agreement with those pub-
lished previously [4,11]. Marques et al. [11] studied the order-
disorder structural transformation of CaMoO, crystals using theo-
retical models. These authors, attributed Egap value to the redis-
tribution of intermediary energy levels between the valence and
conduction band (VB and CB, respectively); this redistribution re-
sults from the displacement of the Mo atoms along the x-, y-, and z-
axes. The band gap values determined in the present study may
therefore have a direct influence on the structural defects of
CaMo0Qy, as indicated by the results of the Rietveld refinement.
However, the electronic levels can be thoroughly understood only
by performing theoretical calculations.

Table 2

Band gap energy values of CaMoO,4 powders.
Sample Egap (eV)
CaMoO4 — 10 min 3.93
CaMoO4 — 30 min 3.92
CaMoO4 — 60 min 3.90

3.5. Band structure and the density of states (DOS)

Fig. 8 shows the band structure and the DOS, projected on the
CaMoOg4 atoms, for the singlet and triplet structures. The singlet
state has a direct gap (I'—>T") of 4.90 eV. However, the triplet state
has an indirect gap (Z—T') of 3.91 eV for alpha electrons and a
direct gap (I'—>T") of 4.09 eV for the beta electrons. These data
confirm that the reduction in the Egyp in the triplet state is asso-
ciated with the appearance and redistribution of intermediary en-
ergy levels between the VB and the CB; this redistribution results
from distortions in the material that leads to the formation of
excited clusters. An analysis of the DOS projected on the atoms
reveals that the maximum VB arises mainly from the O 2p orbitals.
The singlet and triplet states of the CB arise from the Mo and O
atoms.

3.6. Charge density maps and photoluminescence properties

Fig. 9 (a—c) shows the two-dimensional electron density maps
obtained along the (010) plane in the CaMoO4 singlet state, alpha
electrons of the triplet state, and beta electrons of the triplet state
models, respectively. The color scale of each map represents zones
of high and low electronic densities, i.e., the blue and red regions
have a high electronic density and no electronic charge, respec-
tively. The cross-section of the three [MoO4] clusters considered in
the models can be clearly identified from projections along the
(010) plane. The covalent interaction of O with Mo atoms is visible
in the elliptical light-blue regions. Moreover, the [MoO4] singlet
and [MoOQy] triplet clusters have similar electronic distributions,
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Fig. 8. Band structure and density of states of CaMoOQ, in the singlet and triplet states.

owing to the slight equivalency of the Mo—O bond distances
(Fig. 9). In contrast, the perturbation in the system arising from the
excited electron on the Mo atom resulted in the inhomogeneous
electron distribution of the [MoOj4] clusters (referred to as [MoOy]y).
This inhomogeneity led in turn to the formation of h* (Fig. 9b—c).
Polarization is generated in the structure, via this defect, owing to
the charge transfer from the perturbed ([MoO4]y) to the

unperturbed ([MoO4],) clusters (formation of ¢’ —h*® pairs) [47].
Fig. 10 (a) shows the room-temperature PL spectra of CaMoOg4
powders. The samples all exhibit broad band emission, with
maximum emissions occurring in the green-region wavelength of
the electromagnetic spectrum (504—516 nm). Compared to the
literature, our samples presented a blue shift that is potentially
associated with differences synthesis in the synthetic method
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Fig. 10. (a) PL spectra of CaMoO4 powders obtained by applying the MAS method for various times. Deconvolutions of the PL spectra of CaMoO4 powders obtained after (b) 10 min,
(c) 30 min, and (d) 60 min, showing the area percentage of each color component of the emission peak.

utilized and the morphologies obtained [10,13]. The PL properties of
CaMoO4 powders were thoroughly examined by using the PickFit
software to deconvolute the PL curves. The area percentage of each
color component corresponding to the emission peak (Fig. 10
(b—d)) was then determined from the deconvoluted curves. The
results revealed contrasting trends for the blue and orange regions,
i.e., the corresponding area percentages decreased from 38.1% to
27.6% and increased from 14% to 27%, respectively, with increasing

synthesis time. However, the percentage of the green region
changed only slightly from 47.9% to 45.4%. These trends indicate
that the samples all have a high percentage of deep-level defects,
whose density increases with increasing synthesis time; the
occurrence of these defects varies with the percentage of green and
orange components. Similarly, reductions in the density of shallow-
level defects are associated with reductions in the percentage of the
blue component.
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Many previous experimental and theoretical studies have
explained the origin of the PL properties of CaMoO4
[4—6,9—11,15,42,48—50]. Some studies have attributed the PL
emission to the charge-transfer transitions within the [MoOZ ]
complex (ions) [5,9,49,50]. The morphology also influences the PL
properties [5,10,49,50]. However, other scientific studies have
attributed the PL emission to a slight intrinsic distortion of the
tetrahedral [MoOy4] clusters [4,10,11,51]. These distortions stem
from several factors, such as the: excellent interaction of the Mo
atoms with microwave irradiation, continuous dissolution and
recrystallization mechanism during the crystal growth processes,
and the use of organic solvents. The corresponding defect-induced
break in the symmetry may lead to the formation of intermediary
energy levels within the forbidden band gap, as previously dis-
cussed in our theoretical calculations and reported in the literature
[37,52]. Therefore, these distortions may play an important role in
the formation of deep-level defects, and thereby influence the
green PL emission process in the CaMoO4 nanoparticles.

4. Conclusion

CaMoO4 nanoparticles were successfully prepared by means of a
microwave-assisted solvothermal method, applied for short times.
The samples exhibited both long- and short-range structural order,
as revealed by XRD measurements, as well as FT-Raman and FT-IR
spectroscopies. In addition, the structural refinement data indi-
cated that the [CaOg] and [MoQy4] clusters were slightly distorted.
With regards to the morphology, the CaMo0O,4 powders consist of
irregular spherical-like nanoparticles, indicating that the organic
solvent used in the synthesis has an effect on the particle size. The
Ecap results indicated that intermediary energy levels formed
within the band gap, owing possibly to the experimental condi-
tions. These experimental findings are articulated with the ab initio
calculations, which show that the formation of defects is linked to
the occurrence of excited states. This observation is confirmed by
the appearance of an indirect band gap in the triplet state and
perturbations in the system arising from the excited electrons in
the Mo atoms resulting in the inhomogeneous electron distribution
of the [MoOy4] clusters. Moreover, the photoluminescence of the
crystal structure was attributed to the polarization of clusters at
mainly short and medium distances.
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