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ARTICLE INFO ABSTRACT

Keywords: We present a combined experimental and theoretical study to understand the structure and electronic and optical
CaMoO4 properties of CaMo0O4:xTb3+ (x = 1 mol%, 2 mol%, and 4 mol%) microspheres. The microspheres were prepared
Deﬂs_ity functional theory by ultrasonic spray pyrolysis and characterized by X-ray diffraction (XRD), field-emission gun scanning electron
Terbium . microscopy (FEG-SEM), micro Raman spectroscopy, and photoluminescence (PL) spectroscopy. First-principles
Photoluminescence

quantum mechanical calculations were performed at the density functional theory level to obtain the geome-
try and electronic properties of CaMoO,4:xTb>" microspheres in the ground electronic state and excited electronic
states (singlet and triplet). These results, combined with XRD patterns, indicate that these crystals have a
scheelite-type tetragonal structure. The morphology of the CaM0oO4:xTb3+(x = 1 mol%, 2 mol%, and 4 mol%)
samples was investigated by FEG-SEM, and a spherical shape was found. The optical properties were investigated
by UV-vis spectroscopy and PL spectroscopy, and the chromaticity coordinates of these compounds were ob-
tained. The relationships between the PL properties and the Raman spectra indicate that Tb3+-doped CaMoO4
microspheres constitute promising photoluminescent materials for use in new lighting devices. This also allowed
us to understand the charge transfer process that happens in the singlet (s) ground state and the singlet (s*) and
triplet (t*) excited states, which generates the photoluminescent emissions of the Tb%*-doped CaMoO4
microspheres.

Ultrasonic spray pyrolysis

1. Introduction CaMoOy4 has been a promising candidate in this field in recent years

because of its structural versatility and stability. It has attracted the

Many investigations in recent decades have focused on the lumi-
nescence properties of rare-earth ion-doped scheelite-type oxides, such
as CaMoOy4 (Pr, Yb, Eu, Dy) [1-4], CaWO4 and CdMoO4 (Tb) [5,6],
SrMoOy4 (Eu) [7], PbMoOy4 (Eu, Tb, Tm) [8], and BaMoOQy, (Er, Eu) [9,
10], because of their stability under extreme environmental conditions
and because they could constitute an outstanding property for the
application of such oxides. Thus, a number of scheelite compounds with
the chemical formula ABO4 [11] (where A = Ca, Sr, Ba, or Pb, and B =
Mo), and in particular calcium molybdate (CaMoOg4), with tetragonal
structure and space group I4;/a [12] can be used for numerous tech-
nological applications, especially for electronic optics [1,2,13,14].
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interest of many researchers because of its broad potential in applica-
tions, including mainly luminescence, scintillation [15-22], and pho-
tocatalysis [23], because of its ability to display a wide range of physical
and chemical properties depending on the metal occupancies of the A
and B sites.

Furthermore, several experimental studies have been used to
improve the photoluminescence (PL) properties of the CaMoO4 matrix
by a rare-earth doping mechanism as reported for Tb®"-doped CaMoO4
(CaMoO4:Tb3+) samples with use of different techniques such as the flux
growth method, the precipitation method, and microwave-assisted ionic
liquid-based synthesis [5,20,24-26]. In contrast, the ultrasonic spray
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pyrolysis (USP) method has some advantages over these methods in the
production of oxides, such as simple equipment with easy control of the
experimental parameters, precursor solution prepared by metallic ni-
trates dissolved in water, and rapid production of spherical particles in
one step with high purity and homogeneity, but high temperatures are
needed compared with hydrothermal methods [27,28].

A detailed understanding of the excited states involved in optical
phenomena such as photoluminescent emission is a challenging task
[29,30]; consequently, one has to resort to quantum chemical simula-
tions to provide a better understanding of experimental results in order
to help ascertain the geometry and electronic structure of the excited
electronic states and therefore prediction of the PL behavior. In this
approach, numerous efforts by our research group have been made to
understand the mechanism of photoluminescent emission. This
computational technique has been successfully used for the study of the
electronic and structural properties of several materials, such as
CaygVe02s [31], CaZrOs [32], CaZrOs:Eu [33], SrTiO3 [34], SrTiO3:Sm
[35], CaWOy4 [36], BaZrO3 [37], and Ag20 [38], on the basis of the
characterization of excited electronic states.

In this work, an effort has been made in that direction and, for the
first time, first-principles calculations on the presence of excited elec-
tronic states are used to complement the experimental evaluation of PL
of CaMoO4xTb®" (x = 1 mol%, 2 mol% and 4 mol%) microspheres
obtained by the USP method. CaMoO4:Tb>* is an attractive material for
optical applications because it shows characteristic Tb>"-related strong
green emission (°D4 — "Fs, ~545.5 nm). Herein, the characteristics and
influence of the Tb>" ions are discussed in terms of X-ray diffraction
(XRD), Raman spectroscopy, PL measurements, chromaticity co-
ordinates, and field-emission gun scanning electron microscopy (FEG-
SEM). Furthermore, the localization and characterization of the excited
singlet and triplet electronic states allowed us to rationalize the photo-
luminescent emissions of this material.

2. Experimental
2.1. Materials

Molybdic acid (HaMoO4, 85%, Alfa Aesar), calcium nitrate (Ca
(NO3)2-4H20, 99%, Alfa Aesar), terbium nitrate pentahydrate (Tb(NOs)-
5H50, 99.9%, Aldrich), and distilled water were used as received to
prepare the CaMoO4:xTb3+(x = 1 mol%, 2 mol%, and 4 mol%)
microspheres.

2.2. Preparation of CaM004:xTb3+(x = 1 mol%, 2 mol%, and 4 mol%)
microspheres

As previously reported by Almeida et al. [39], the pure CaMoO4
microspheres, and in this work, CaMoO4 doped with Tb%* ions were
obtained by the USP method. To prepare CaMoO4:xTb>*, the precursor
solution was prepared by our dissolving 0.045 mol of Ca(NOg3)2-4H20
and 0.09 mol of HoMoO4 in 100 mL of distilled water. This precursor
solution was then transferred to a beaker and was then kept under
constant stirring at a temperature of approximately 60 °C. Next, 1 mol%,
2 mol%, and 4 mol% Tb3+ (prepared though the dissolution of Tb(NO3)-
5H,0) were stoichiometrically added to this reaction mixture under
constant stirring and a stabilized temperature (60 °C) for approximately
30 min.

The precursor solution was atomized with an ultrasonic nebulizer
(frequency of 2.4 MHz) with an airflow of 2 L min~! and heated by an
electric furnace at 1000 °C in air. More details on the equipment and
technique used are given in Ref. [39].

The USP method was successfully used for the synthesis of various
systems, such as Ca-doped SrInyO4 [40], Sr0.9—x—y—zCa0.1In204:
(xEu3+, yTm3+, zTb3+) [41], LisTizO7 [42], gold nanoparticles [43],
TiO2 [44], and Ba; ,Zn,MoQO4 [45].
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2.3. Characterization of CaMoO4:xTb3+ microspheres

XRD patterns of the samples were measured with a Shimadzu XRD-
7000 X-ray diffractometer with Cu Ka radiation (4 = 1.5406 A) in the
20 range from 10° to 80° at a scan rate of 0.02 s™'. For the Rietveld
refinement measurements, a 20 range from 10° to 80° and a step size of
0.02° min~! were used, and the General Structure Analysis System
(GSAS) program with the EXPGUI graphical interface was used to
perform the refinement. Micro Raman spectroscopy measurements were
conducted with a T64000 spectrometer (Horiba Jobin Yvon, France)
with a triple monochromator coupled to a charge-coupled detector. The
spectra were obtained with use of the 514.5 nm wavelength of an argon-
ion laser, with its maximum output power kept at 8 mW. The mor-
phologies of the samples were observed by FEG-SEM with a Supra 35 VP
instrument (Carl Zeiss, Germany) operated at 6 kV. The PL spectra were
obtained with an Monospec 27 monochromator (Thermal Jarrell Ash,
USA) and an R446 photomultiplier (Hamamatsu Photonics, USA). The
350 nm beam of a krypton ion laser (Coherent Innova 90 K) was used as
the excitation source with a maximum output power of 200 mW. UV-vis
spectra were recorded with a UV-2600 spectrophotometer (Shimadzu)
in reflectance mode. All measurements were performed at room
temperature.

3. Computational methods

Calculations were performed with the periodic ab initio CRYSTAL17
package [46] on the basis of density functional theory with the hybrid
functional of a nonlocal exchange functional developed from Becke
combined with a correlation functional based on the gradient of elec-
tronic density developed by Lee, Yang, and Parr (B3LYP) [47,48]. This
computational technique has been successfully applied for the study of
the electronic and structural properties of various materials, including
zirconates, vanadates, and several other oxides [31-33].

The atomic centers were described with use of standard all-electron
basis sets for the O (0O_6-31d1_gatti 1994) [49] and Ca
(Ca_86-511d3G_catti_1991) [50] atoms, whereas the Mo
(Mo_SC_HAYWSC-311(d31)G_cora_1997) [51] and Tb (Tb_ERD._S-
MALL_CORE_PP_4F_IN_VALENCE_NO_G_2017) atoms were described by
pseudopotential basis sets. In particular, for Tb>* ions, we used basis sets
with the format CP28MWB-(11s11p7d8f)/[4s4p2d3f], where the
valence was described by four sp shells, 2 d shells, and three f shells [52].
The accuracy of the evaluation of the Coulomb and exchange series was
controlled by five thresholds with values of 107%,107%,107%, 107, and
107'2. Regarding the density matrix diagonalization, the reciprocal
space net was described by a shrinking factor set to 4, corresponding to
36 k-points within the irreducible part of the Brillouin zone in accor-
dance with the Monkhorst-Pack method [53].

The calculation of the equilibrium geometries and electronic prop-
erties of the CaMoO4:Tb>* (12.5% doping) system was used to simulate
the tetragonal supercell structure of 95 atoms, which corresponds to 2 x
2 x 2 conventional cells in which two Ca?* cations were replaced by two
Tb3" cations and a calcium vacancy was created to neutralize the unit
cell. For the calculation of the doped materials (CaMoO4:Tb3+), the
experimental doping percentages were 1 mol%, 2 mol%, and 4 mol% as
it was necessary to use very large unit cells. The calculations were
therefore computationally complex, and a minimum doping amount of
12.5% could be achieved separately for the Tb>* cations.

To understand the PL mechanism associated with the T doping
process in CaMoOy, the excited singlet state (s*) and the excited triplet
state (t*) were both localized and characterized, following the previous
strategies developed by our group [31-33]. For the s* model, we
consider an off-center Ca displacement of 0.1 A in the z direction. In this
case, the t* model state was reproduced by our fixing the difference
between spin-up («) and spin-down (f) configurations (na — np = 2)
during the self-consistent field calculations. The electronic structure was
investigated by means of the band structure, the density of states (DOS),

b3+
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and the spin density isosurfaces.

4. Results and discussion
4.1. XRD, FEG-SEM, and Raman analysis

We recently reported XRD patterns of pure CaMoO4 powders pre-
pared under favorable conditions by the USP method at 600 °C and
1000 °C [39]. The peaks become more intense with the increase in
temperature, indicating that the increase in temperature results in better
crystallization, and therefore we used 1000 °C for the subsequent
characterizations.

Fig. 1 shows XRD patterns of CaMoO4:xTb>" samples synthesized by
USP at 1000 °C; the patterns show there was no secondary phase for-
mation. The position and intensity of the diffraction peaks of these
samples are consistent with those of standard powder diffraction files
(ICSD 60552) and can be indexed in a scheelite-type tetragonal structure
with space group [41/a and point group symmetry 4/m.

Fig. 1b shows the effect of replacement of Ca®* by Tb®* for x = 1 mol
%, 2 mol%, and 4 mol%. In all powders, the strongest peak at around 26
= 28° corresponds to the (112) crystalline plane; however, doping with
Tb®* cations changes the lattice because of the distinct electronic den-
sity with respect to Ca" jons and the introduction structural defects
with the formation of [TbOg] clusters and calcium vacancies [39]. In
addition, the samples with 2 mol% and, especially, 4 mol% doping
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showed extra peaks at 26 of 12.87°, 25.71°, 32.02°, 33.52°, and 36.65°,
which can be related to MoO,-mH30 and other compounds of Tb-Mo-O,
as TboMoOg. However, we added the ICSD 79808 (Tb,MoQOg) and ICSD
2859 (MoOs3-2H>0) files to compare them with the extra peaks (see
Fig. S1 in supplementary material) and found that the extra peaks cor-
responded to ICSD 2859 and not ICSD 79808. The extra phase was
formed because of the rare-earth solubility limit in the CaMoO4 crystal
structure. This observation is in agreement with the observation of
Parchur and Ningthoujam [54]. In addition, an indication of the suc-
cessful substitution of Tb®* for Ca®* in the A sites (AMO,) of CaMoO4
was associated with the strongest peak at around 20 = 28.7°, which
corresponds to the (112) crystalline plane, showing a slight displace-
ment to lower angles with doping of Tb®>* when compared with pure
CaMoO4 matrix. Moreover, the effect of increasing the concentration of
Tb3* cations was verified by the broadening of the peak corresponding
to the (112) plane and a decrease in its intensity in comparison with the
pure CaMoO4 matrix (see Fig. 1), confirming that Tb was inserted in the
lattice.

It is clear from the XRD patterns for CaMoO4:xTb®" that when a few
Ca%* jons are replaced by Tb>' ions, the lattice structure slightly
changes because of the ionic radius of Tb®" (1.04 A), which is slightly
smaller than the ionic radius of Ca®* (1.12 }o\) [55,56]. This behavior was
justified by Almeida et al. [39], who stated that the cationic substitution
causes vacancies to be created and that these defects present in the
CaMoO4 lattice are responsible for the changes recorded in the
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Fig. 1. X-ray diffraction patterns of (a) pure CaMoO4 and (b) CaMoO,:xTb>" (x = 1 mol%, 2 mol%, and 4 mol%) powder samples prepared by spray pyrolysis

at 1000 °C.
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scheelite-type structure. The effect of increasing the concentration of
Tb%" in the CaMoO4 network was verified by the increase in the number
of diffraction peaks and the reduced intensity, especially for the peak
corresponding to the (112) plane, as shown in Fig. 1.

In addition, the high-quality powder diffraction data, in combination
with the Rietveld method, allowed the refinement of a structural model
(atomic coordinates, site occupancies, and atomic displacement pa-
rameters), as well as the profile parameters (lattice constants, peak
shape, sample height, and background). The occupation sites of Ca?*
and Tb>* for 1 mol%, 2 mol%, and 4 mol% concentration in the crystal
lattice as calculated by the Rietveld refinements are presented in
Table S1, and the good quality of the structural refinements is evidenced
by the low deviations of the statistical parameters (Rpragg, Rp, and ;(2) in
Table 1.

The Rietveld refinement results indicate that the diffraction patterns
obtained for the CaMoO:xTb3" crystals match the corresponding
spectra in the ICSD 60552 file, as shown in Fig. 2. Besides, the theo-
retical lattice parameters and the unit cell volume calculated at the
B3LYP level of theory showed good agreement with the experimental
results. The lattice parameters and, consequently, the unit cell volume of
the samples changed with Tb" doping variation (Table 1). This
occurred because of the cationic substitution of Tb®* for Ca®", which
caused slight distortions of the unit cell because of the Tb®' cations
having a smaller ionic radius than the Ca?t cations [571, electronic
valence difference, and also the presence of vacancies that can act to
promote local structural disorders that increase the unit cell volume.

As discussed above, the Tb>* doping of pure CaMoOy is supported by
the presence of calcium vacancies, which balance the excess charge and
neutralize the system, following the equation for defects:

CaMoO4 + Tb(II) — Ca;_,TbMoOy4 + xV,, (€))

where V¢, represents a calcium vacancy.

A schematic representation in terms of the component clusters, the
cation replacement and vacancy formation mechanisms associated with
the doping process, and the crystalline structure of CaMoO4:xTb>" is
illustrated in Fig. 3. In addition, the corresponding values of the atomic
coordinates (x, y, z) are listed in Table S2. Moreover, the theoretical
bond distances obtained from the optimized model at the B3LYP level of
theory successfully described the crystalline environment for Ca, Tb, and
Mo centers, confirming the existence of [CaOg], [TbOg], and [MoO4]
clusters, respectively, as predicted by the experimental data.

Table 1

Lattice parameters, unit cell volume, and statistical parameters of CaMoOy:
xTb3 (x = 1 mol%, 2 mol%, and 4 mol%) microspheres obtained by Rietveld
refinement. Theoretical values obtained for the Tb-doped model (unit cell) are
included for comparison.

Sample Cell volume (10\3) Lattice parameters
a=pf=y=90°(4/a)
a=b@A) @

CaMoO,:xTb%*

x =1 mol%* 312.4 5.226 11.44

X = 2 mol% 312.5 5.227 11.43

Xx = 4 mol%*® 312.1 5.227 11.43

ICSD 60552 CaMoO4 311.5 5.222 11.42

Theoretical 309.8 5.236 11.30

Reragg (%) = 6.75%, 11.94%, 7.23% »? (%) = 1.701%, 1.723%, 1.670 R, (%) = 12.49%,
14.86°, 10.49°.
D (nm) = 21.4%, 22.1%, 22.5% £ (10~3) = 0.80%, 0.78", 0.78°.

This study is of particular significance because it provides deep insight into the
photoinduced mechanism responsible for the luminescence properties of Th*-
doped CaMoO,4 samples obtained by the ultrasonic spray pyrolysis method. The
combination of experimental techniques with high-throughput density func-
tional theory calculations enables us to correlate the superior optical properties
with the existence of a singular chemical environment on the basis of the
structural composition, electronic structure, and excited states.
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Fig. 2. Structural refinement of the CaMoO4:xTb>* samples: (a) x = 1 mol%;
(b) x = 2 mol%; (c) x = 4 mol%.

FEG-SEM images of the CaMoO4 and CaMoO4:be3+ (x =1 mol%, 2
mol%, and 4 mol%) microspheres are shown in Fig. 4. Fig. 4 shows
microspheres formed by nanoparticles, where this morphology results
from several physicochemical phenomena that occur simultaneously in
the USP method. The solubility in water and the melting point of calcium
nitrate and terbium nitrate are 1.44 g mL ! and 561 °C and 1.57 g mL ™
and 89 °C, respectively [37]. In addition, the high water solubility of the
metal nitrates makes the precursor solution highly supersaturated,
generating a large number of nanocrystals that bind to form the mi-
crospheres [58]. The stoichiometric increase of terbium nitrate in the
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Fig. 3. (a) Representative structure of [MoO4], [TbOgl], and [CaOg] polyhedral clusters, (b) 2 x 2 x 2 supercell of pure CaMoQy, and (c) 2 x 2 x 2 supercell of

CaMoO4 with Tb®' cation inserted. Vc,, calcium vacancy.

precursor solution promoted trapping of water by the calcium/terbium
compound molten salt because of the low melting point of terbium ni-
trate in water, and the high temperature caused an increase in water
vapor pressure inside the particle, which promoted generation of porous
spherical particles, irregular porous particles, and rough particles by
escape of water vapor. Thus, the increase in the amount of Tb in the
precursor solution modifies the solubility of the solution and the
behavior of the physicochemical phenomena, thereby resulting in
deformed microspheres and more dispersed nanocrystals (Fig. 4c and d).

These microspheres have high defect density because of the in-
terfaces between the nanoparticles forming the microspheres. Thus, the
USP method, at the same time as being a way to produce nanoparticles,
organizes the interfaces of the nanoparticles to form the microspheres,
and consequently modifies their physical and chemical properties.

The structural behavior of pure CaMoO4 and CaMoO4:xTb>* pow-
ders was analyzed by means of the Raman spectra. The Raman spectra in
Fig. 5a show sharp peaks for external and internal modes for CaMoO4
treated at 1000 °C (treatment at 600 °C was reported by Almeida et al.
[39]), indicating that the synthesized powders were highly crystallized
with short-range order.

There are 26 vibrational modes characteristic of the scheelite phase
in the tetrahedral structure: I' (Raman + infrared) = 3Ag + 5ay + 5pg +
3By + 5gg + Sku, With Ag, Bg, and Eg being the Raman-active modes [21,
25,59]. Asillustrated in Fig. 5a, the Raman spectra of CaMoO4 reveal ten
Raman-active phonon modes with short-range order, whereas the other
vibrational modes (Bg and Ag) are not detected, probably because of
their low intensities.

Fig. 5a shows the Raman spectra of the CaMoO4 and CaMoO4:xT
microspheres in the range from 100 cm ™! to 1000 cm™!. The modes can
be classified either as internal vibrations (the center of mass of [M0O4] 2
does not move) or as external vibrations (motion of the Ca?* cations and
the movements of the [M004]2’ tetrahedra as rigid units). These mi-
crospheres presented several peaks corresponding to the Raman-active
internal modes of MoOy tetrahedra, being v1 (Ag), v3 (Bg), v3 (Eg), v4
(Eg), v4 (Bg), v2 (By), v2 (Ag), R (Ag), R (Eyg), and external T (Bg Eg Ey),
which are in agreement with the published literature [39].

One high-frequency band centered at 882 cm™! for CaMoO4:xTb>*
was observed, corresponding to intense peaks in the Raman (Ag) mode,
and is assigned to the symmetric stretching v; (A;) of the bonds, while

b3+

the two Raman (Bg and Eg internal) modes at 850 cm ! and 797 ecm !
are attributed to the asymmetric stretching of the bonds.

The experimental Raman-active modes shown in Fig. 5a indicate the
existence of a strong interaction between the ions arising from the
stretching and bending vibrations of the shorter metal-oxygen bonds
within the anionic groups. Doping with Tb>" cations promotes a slight
decrease in the intensity in the Raman spectra, and we also observed
vibrational modes that were not detected in the Raman spectra for
CaMo004:xTb3* compared with pure CaMoO4 (192 cm ™! and 406 cm™?):
see Fig. 5b. This is explained by an increase in local disorder of the
shorter metal-oxygen bonds.

4.2. Optical properties

Optical properties such as PL are strongly dependent on the struc-
tural and morphological features of the crystal system [4,13,14]. In
addition, we believe that the Eg,, values can also be related to factors
such as morphology, as well as particle shape and size and even doping.
Besides the morphological aspects, the optical phenomena of any
semiconductor can be modified by introducing impurities or dopants
into its crystalline lattice [60].

The optical properties of the CaMoO4:xTb%* (x = 1 mol%, 2 mol%,
and 4 mol%) microspheres prepared by the USP method were investi-
gated by their UV-vis absorption and photoluminescent emissions at
room temperature. With the partial replacement of Ca®* by Tb*" ions, a
considerable change in the crystalline environment can occur involving
the electronic and structural properties of materials, as shown in Fig. 6.

The energies presented in Fig. 6 were determined by the Wood and
Tauc method [61]. The results of the experiments show that Eg,,
decreased from 3.87 eV (pure) to 3.72 eV and 3.55 eV on going from
CaMoO4 to CaMoO4 doped with 1 mol% and 2 mol% Tb>*, while it
increased to 3.90 eV for 4 mol% Tb>*. This result is associated with a
marked Eg,;, reduction (3.87 eV), which is attributed to the high density
of defects introduced by the substitution of Tb%" cations for Ca%* cat-
ions. The increased bandgap of CaMoO,4 doped with 4 mol% Tb®" can be
explained by the Burstein-Moss effect [62], where an increase in the
Fermi level in the conduction band leads to bandgap widening with
increasing carrier concentration (i.e., doping with 4 mol% Tb3* may
have generated a large number of defects, but the greatest occupation
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(d) CaMoO, 4% Tb }) k]
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200 nm

200.nm

Fig. 4. Field-emission gun scanning electron microscopy images of (a) CaMoO, microspheres and CaMoO4:xTb>* microspheres with (b) x = 1 mol%, (c) x = 2 mol%,

and (d) x = 4 mol%.

occurred at the edge of the conduction band, which resulted in an
apparent increase in the bandgap).

In this context, we propose a general mechanism associated with the
optical properties of CaMoO4:Tb®" crystals. First, in the electronic
excitation mechanism, a structural disorder connects the singlet ground
state to the singlet excited state (s*) by a perturbation of the valence

band maximum (VBM) and conduction band minimum (CBM). In
particular, this electronic disorder follows the cation displacement (0.1
A, Ca atom) along the Ca—O-Tb-O-Mo intermetallic connection, in
accordance with the volume change from 2478.66 A% to 2478.92 A3
accompanying order-disorder effects in the constituent clusters (see
Table S3). Furthermore, the complete structural reorganization



R.L. Tranquilin et al.

200 400 600

Raman shift (cm‘l)

Journal of Physics and Chemistry of Solids 149 (2021) 109790

A

o
-
A LS S

I
800 1000

(b)

T T T T T T T
150 200 250 300 350 400 450
Raman shift (cm )

Fig. 5. (a) Raman spectra of pure CaMoO4 and CaMoO4:xTb%" (x = 1 mol%, 2 mol%, and 4 mol%) microspheres obtained by spray pyrolysis at 1000 °C and (b) peak

magnification in the region from 100 cm™! to 450 cm ™.

associated with the spin splitting in the triplet excited state (t*) induces
an exciton separation on the valence band and conduction band, being
such excitons trapped mainly in the empty orbitals of Tb and Mo cations,
respectively. In particular, this process describes the relaxation of order-
disorder effects (see Table S3), followed by a volume contraction to
2473.54 A3,

In previous studies [63], we showed that the defect-induced bandgap
(Egap) reduction in crystalline structures is associated with intermediate
electronic levels introduced in the bandgap. Such a mechanism has been
improved greatly with the description of s* and t* states. We consider
such electronic states as the quantum evidence of electron-hole pair
generation in solid-state theory (see Fig. 7).

Initially, the Tb®* doping in CaMoO, induces the formation of cal-
cium vacancies that perturb the VBM energy levels, and promotes the
insertion of 4f orbitals in the CBM. Intermediate energy levels are
introduced in the Eg,, region, reducing the energy required for electron
transfer. The next step is the photoinduced electron transfer from the

VBM to the CBM, generating an electron-hole pair within the CaMoO4:
Tb3" electronic structure (Fig. 7). This step is crucial because it offers a
new interpretation of the optical properties of a material.

Then, to clarify the electronic structure of CaMoO4:be3+, for each
case, the optimized structure was analyzed; the most important
geometrical parameter values are reported in Tables S2 and S3.
Furthermore, the total and atomic orbital-resolved DOS profiles and the
band structure profiles were obtained; the corresponding results are
presented in Fig. 8. The band structure and the total and 4f atomic
orbital (Tb) DOS profiles for CaMoO,:xTb>* are presented for the singlet
ground state (s), the singlet excited state (s*), and the triplet excited
state (t*) in Fig. 8a-c, respectively.

For the singlet ground state (s), the singlet excited state (s*) and the
triplet excited state (t*), Fig. 8 shows that the upper region of valence
bands correspond mainly to 2p (O) orbitals and have a weak contribu-
tion from cationic states; the lower region of conduction bands consist
mainly of 4d (Mo) and 4f (Tb) orbitals with a slight contribution from 2p
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spray pyrolysis at 1000 °C.
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Fig. 7. Energy levels of the ground and excited states of Ca;_,Tb,MoO,. CB, conduction band; s, singlet ground state; s*, singlet excited state; t*, triplet excited state;

VB, valence band.

(0) orbitals. The 4fy,, 4fy;, 4fysx3), and 4fy, (Tb) orbitals mainly
dominate the bottom of the conduction band, and there is a small con-
tent of 4f,2c(x_23 y orbitals for CaMoO4:xTb3* (s), whereas 4f}z,z, 413, 4f}2,(3x_2y),
4fyy5, and 4fx(x_23y) also contribute to the bottom conduction band of the
s* structure. Notice that the emergence of 4f5 participation in the s*
model can be attributed mainly to a displacement of 0.1 A in the z di-
rection. Furthermore, the DOS shape is significantly changed in the
conduction band region, which indicates that the excited singlet
configuration applied over the distorted structure generates the
recombination of eigenfunctions in the overall structure.

The band structure analysis for the triplet state and its corresponding
DOS illustrated in Fig. 8c shows that the direct observations of triplet
band structure result in the conclusion that o electrons are mainly

responsible for the top of valence band formation and that f§ electrons
are mainly responsible for the bottom of conduction band, correspond-
ing to O 2p, Mo 4d, and Tb 4f contributions, respectively. These as-
sumptions can be seen on the right in Fig. 8c for the CaMoO4:xTb%*
triplet DOS.

In addition, the band structure profiles obtained indicate that the
VBM and CBM regions both have flat energy bands against the symmetry
points, resulting in a small difference between the direct and indirect
bandgaps, which helps achieve superior electrical and optical proper-
ties. According to theoretical calculations, the relative energies of the s*
and t* excited states (from spin « to spin f) to the s ground state are 3.96
eV (I'-N indirect bandgap), 2.14 eV (I'-I" direct bandgap), and 3.97 eV
(I'-Z indirect bandgap) (see Fig. 8).
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Fig. 8. Band structure and total and atomic orbital-resolved density of states (DOS) profiles for (a) the singlet ground state (s), (b) the singlet excited state, and (c)

the triplet excited state of CaMoO4:xTb>™.

A considerable decrease of the bandgap is observed (0.1 eV in s* and
1.83 eV in t*) with respect to the s ground state. In the fundamental
[MoO4], [CaOg], and [TbOg] clusters the distortion of the excited
tetrahedral and deltahedral groups favors the formation of intermediate
energy levels in the conduction band, which results in the bandgap of
this material. In addition, the cation polyhedra in the s ground state and
the s* and t* excited states have slight different metal-oxygen distances;
that is, Ogo—Tb distance of 2.374 f\, 0go—-Mos distance of 1.827 A, and
0gy—-Cay 3 distance of 2.429 A for the s ground state, Ogo-Tb, distance of
2.374 f\, 0go-Mos distance of 1.828 Io\, and Ogo—Caj 3 distance of 2.432 A
for the s* state, and Ogy-Tb, distance of 2.305 A, 0go-Mos distance of
1.840 A, and Ogy—Ca3 distance of 2.429 A for the t* state as demon-
strated in Fig. S2 and Table S3. This difference, as mentioned in the
discussion of the XRD data, is associated with the ionic radii being
different, and the vacancy generated in the material promotes a struc-
tural defect that is responsible for facilitating electronic transitions
within the bandgap. Despite the introduction of 4f levels in the bandgap
region, the additional structural distortions can affect both the VBM and

the CBM through a new distribution of the electronic density associated
with the balance of attractive and repulsive forces that act on the
chemical bonds [63,64].

In recent decades, Dorenbos, Boutinaud, Cavalli, and coworkers
[65-70] conducted an extensive study on the luminescence properties of
trivalent lanthanide ions (Ln3+) using a spectroscopic method to obtain
information on the Ln3* ground-state energy location. They particularly
studied the so-called intervalence charge transfer (IVCT); that is, the
transfer of an electron from the ground 4f state of trivalent lanthanide
ions (Ce®T, Pr*T, Eu®t, Tb3T, Tm3*, Yb®™, etc.) to a transition metal ion.
Detailed knowledge of these processes is important to assess the possible
applications of these compounds and for a better understanding of their
excited-state dynamics.

According to the empirical equation proposed by Cavalli et al. [5],
with use of the energy of the IVCT band observed in excitation spectra of
Tb3* emission in transition metal compounds, information is obtained
on the location of the ground-state energy of Th®" with respect to the
valence and conduction bands. Specifically, in molybdates and
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tungstates, the ground state of Tb>* is located in the forbidden bandgap
close to the conduction band.

Besides, the relations of the optical transition probabilities in rare-
earth Ln®* ions incorporated in the host lattice can be understood by
use of crystal field analysis. Following this approach, the energy of the
4f15 d! electronic configuration of the Ln®" ion in the lattice is ex-
pected to be shifted with respect to that of the free ion because of the
interaction of the d electron with a host. Further, since d electrons are
much more extended than f electrons, the energy of the lowest state of
the 4f*15d electronic configuration of the Ln>* ion in the lattice is ex-
pected to be diminished with respect to that of the free ion by the
quantity of centroid shift and crystal field splitting [71]. Moreover, the
relative energy of the ground state of the given Ln* with respect to the
valence band and conduction band edges depends on the host lattice,
and the ion-ligand distance R. Furthermore, in other previous work, the
optical properties of rare-earth ions (Tm>* [72], Sm>* [73], and Eu®*
[74]1) were studied, and the crystal field and free ion parameters were
calculated.

From a theoretical point of view, the description of the crystal field
and IVCT mechanism [5,75] can be associated with the localization of
ground and excited electronic states inside the bandgap region of the

Journal of Physics and Chemistry of Solids 149 (2021) 109790

host matrix. At first glance, the ground state for CaMoO4:xTb>" was
calculated to be located in the vicinity of the CBM (Fig. 8a), as predicted
by experimental analysis. Additionally, the IVCT mechanism can be
visualized in the DOS profiles for the s* and t* states, where a clear
electron transfer mechanism is due to the presence of unpaired electrons
in Tb and Mo valence states, confirming the intermetallic transfer
described as the redox process Tb>" + Mo®" — Tb*t + Mo°*. As a
consequence, the energy levels of Tb and Mo are displaced in energy
(Fig. 8¢); in particular, the Mo 5d state becomes a nondegenerate state in
the vicinity of the CBM, while Tb 4f states are shifted close to the Fermi
level. Moreover, Fig. S2 helps us to localize such charge transfer in the
Ca—-0-Mo-O-Tb bond path due to the strong localization of the unpaired
electron isosurface on the Tb and Mo cations neighboring the calcium
vacancy. Therefore, the combination of first-principles calculations for
ground and excited electronic states, crystal field analysis, and IVCT
analysis can provide deep insight into the optical properties of the
CaMoO,:Tb®" matrix.

Furthermore, the PL spectra can be used to investigate how the op-
tical properties are affected by the Tb®* doping process because defects
in the crystal lattice play an important role in the determination of the
luminescence properties of oxides [76]. Therefore, the direct changing
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of the contents of some types of defects may cause variations in the
concentrations of the corresponding luminescence centers, according to
Shi et al. [77] and Selvalakshmi et al. [78]. In particular, the calcium
and/or oxygen vacancies formed, which serve as electron- or
hole-trapped centers, might act as sensitizers for the energy transfer
from the host to the Tb®" ions and enhance the luminescence intensity.
The PL spectra of CaMoO4:be?’+ (x = 1 mol%, 2 mol%, and 4 mol%)
crystals are shown in Fig. 9.

We suggest that there is a relationship between the PL intensity and
the amount of Tb®" ions in the CaMoO, matrix, which is due to the
coordination environment and/or changes in the shape of the crystals
since an increase of the Tb>* concentration also leads to changes in the
host morphology (Fig. 4). In addition, it is well known that photo-
luminescence is associated with the structural and electronic distortion
of the MoOy tetrahedron, with concomitant appearance of intermediate
levels of the bandgap, as well as Raman-active phonon modes of short-
range order. Therefore, with the Tb3* doping process associated with
the generation of vacancies, a significant number of structural defects in
the crystalline lattice are expected, which is considered a critical factor
for the PL properties [79]. Under this condition, electronic transitions
occur more easily, thus favoring photoluminescence.

In addition, pure CaMoO4 samples exhibit a broadband PL behavior
with white light emission according to the calculated values of the CIE
coordinates at 1000 °C (x 0.37, y 0.37), as reported by Almeida et al.
[39]. The PL spectra of CaMoO4:xTb>" depicted in Fig. 9a reveal five
characteristic emission bands of Tb®" ions [80], which are observed at
493 nm (°D4 — "Fg), 545.5 nm (°D4 — Fs), 590 nm (°D4 — 7F4), 624 nm
(°D4 — "F3), and 655 nm (°D4 — "Fy).

In this perspective, Cavalli et al. [5] reported the optical spectra of
CaMoOy crystals doped with T by the flux growth method. Their
luminescence properties were investigated in the temperature range
from 10 K to 600 K under different experimental conditions, and the
processes governing the luminescence dynamics were analyzed, con-
firming that this aspect is important and deserves a thorough
investigation.

The luminescence spectra presented in this work are in accordance
with the spectra reported by Cavalli et al. [5]; however, they also
observed the spectrum produced by excitation at a different wavelength
is very similar. In addition, the decay profiles of >D4 emissions were
measured as a function of the temperature, with decay times ranging
from 460 ps to 520 ps.

Recently, CaMoO4:be3+ nanoparticles (x = 1 atom %, 3 atom %, 5
atom %, 7 atom %, 10 atom%, 15 atom%, and 20 atom%) were reported
by Parchur et al. [81]. The luminescence intensity of the 4f — 5d tran-
sition reported by Parchur et al. is in accordance with our observation.
We find the emission intensity of the °D4 — “F5 transition at approxi-
mately 546 nm is in excellent agreement with the value reported by
Parchur et al. (547 nm) as the highest among the other transitions.
Furthermore, a change in emission intensity of the D4 — ’Fs transition
(547 nm) with Tb3* concentration (1 atom %, 3 atom %, 5 atom %, 7
atom %, 10 atom %, 15 atom %, and 20 atom % Tb®") at 355 nm was
also observed. In addition, the luminescence decay of the >D, level under
355 nm excitation shows biexponential behavior, indicating the avail-
ability of Tb>* ions on the surface and in core regions of the particle.

The excitation and emission spectra of CaMoO4:XTb%* (x = 1 mol%,
3 mol%, 5 mol%, 7 mol%, 9 mol%, 15 mol%, and 20 mol%) were re-
ported by Zhou et al. [76]. In this case, the PL spectra produced by
excitation at 299 nm (Tb3+, 5D4 - 7F5) showed the charge transfer band
of Mo-O in the excitation spectrum of Tb®>*-doped phosphor. Moreover,
monitoring the emission of Tb®*, the authors illustrates the presence of
energy transfer from the host to activator Tb>*. The emission spectra of
the green phosphors with various doping concentrations for an excita-
tion wavelength of 299 nm were similar to our spectra, with four
characteristic transitions of Tb>* clearly located at 488 nm, 544 nm,
587 nm, and 622 nm belonging to the D4 > 'F; (J =6, 5, 4, and 3)
transition.
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After CaMoO4:Tb3+ is excited at 350 nm, the [MoO4] clusters absorb
part of this excitation energy by presenting a favorable energy config-
uration allowing better absorption. Later, this energy is transferred to
the Tb®* ions. This behavior was determined by Park et al. [82], who
considered the contribution of the SrMoO,4 matrix in the PL behavior of
the Tb%"-doped material. According to the results shown in Fig. 9a, the
well-defined transitions of Tb>" show that the energy transfer between
[MoOg4] and Tb3" was successful.

This transition has a characteristic emission line corresponding to the
4f" — 4f" transition of the terbium ion, which is induced by the change in
the chemical environment of Tb®* ions during the formation of a
chemical bond between the host and the Tb®" ion. This is associated
with the charge transfer from tetragonal [M004]’2 clusters to the
[TbOsg] clusters contributing to 4f — 5d transitions of b3+ [8,25,83,84].
As a result, the peaks found from approximately 490 nm to approxi-
mately 660 nm are associated with Tb%* °Dy - "F; (J =6, 5, 4, 3, and 2)
transitions, which may result in green emission [26,85].

The performance of rare-earth ion-doped photoluminescent mate-
rials can be considerably affected by the concentration of dopants [86].
It is observed in Fig. 9a that as the concentration of Tb>* increases, the
PL intensity decreases. This behavior, known in the literature as the
quenching concentration, is promoted by the approximation of Tb>" ions
favoring nonradioactive processes in energy transfer dynamics, causing
PL suppression. Fig. 9b shows the relationship between PL intensity and
Tb3" concentration.

Therefore, CaMoQO4 and CaMoO4:be3+ microspheres with intrinsic
defects (cation vacancies) and interfaces modulate the bandgap of the
material and improve the optical (PL) and chemical (organic photo-
degradation) properties.

Forster resonance energy transfer (FRET) occurs when the activator
(or sensitizer) is in the excited state. FRET is based on the classic dipole-
dipole interactions between transition dipoles of the donor and acceptor
and is significantly dependent on the donor-acceptor distance, falling at
a rate of 1/R®. FRET can typically occur at distances up to 100 A [87].
Dexter energy transfer is a short-range phenomenon (critical distance
10 A) that decreases with e R and depends on the spatial overlap of
sensitizing and inhibiting molecular orbitals. Blasse [88] assumed that
for the quenching concentration, the shortest average distance between
the closest activating ions is equal to the critical distance. The critical
distance can be calculated with Eq. (2):

CD:2x< 3V 2

1/3
4nX.N >

where X, is the quenching concentration, N is the number of units of the
molecular formula per unit cell, and V is the unit cell volume. V and N for
the crystalline CaMoO4 (tetragonal system, one cell unit of CaMoO4
comprising four formula units) are 312.40 A% and 4, respectively (ICSD
60552). For X. = 0.1% (0.001), the critical distance in CaMoO4:Tb3+
particles was calculated to be 38.94 A. In this case, the rare-earth ion
distance is greater than 10 A. Thus, exchange interactions are ruled out.
Therefore, electric multipolar interaction is believed to be the only mode
for energy transfer among the rare-earth ions in CaMoO4 particles.

The chromaticity coordinates are indicated in the CIE graphic, as
shown in Fig. 9c. It is observed that the CaMoO4 sample showed emis-
sion in the white region, whereas the CaMoO,4:xTb>+ samples evidenced
a tendency for emission in the green region because Tb has its main
emission (5D4 - 7F5) at around 546 nm x’ and y’ for the samples were as
follows: 0.27 and 0.35 for CaMo0Oy, 0.31 and 0.52 for CaMoO4 doped
with 1 mol% Tb, 0.30 and 0.48 for CaMoO4 doped with 2 mol% Tb, and
0.31 and 0.50 for CaMoO4 fopped with 4 mol% Tb.

For the calculation of the CIE chromaticity coordinates of the
CaMoO4:Tb3Jr samples, the spectral power at each wavelength [P(1)]
multiplied by the weighting factor of each of the three-color matching
functions is considered, [x(1), y(1), 2(4)]. The sum of these contributions
gives three values called tristimulus values [X, Y, Z] as presented in Egs.
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5. Conclusion

CaMoO4:be3+ (x =1 mol%, 2 mol%, and 4 mol%) was successfully
synthesized by the USP method. The XRD analysis revealed good crys-
tallinity and single-phase characteristics of the sample with a scheelite
tetragonal phase. The introduction of Tb®" cations and the creation of
calcium vacancies in the CaMoOy structure resulted in a slight reduction
of the bandgap. In addition, the photoluminescent emissions of the
CaMoO4:be3+ (x = 1 mol%, 2 mol%, and 4 mol%) samples revealed the
Tb%" °Dy - "F; (J = 6, 5, 4, 3, and 2) transitions, which result in green
emission. FEG-SEM images revealed that the CaMoO4:Tb®" materials
were in the form of microspheres formed by nanoparticles. According to
the CIE diagram, CaMoO4:xTb®" samples evidenced a tendency for
emission in the green region because Tb has its main emission (°D4 —
7Fs) at around 545 nm. The charge transfer process between [TbOgl,
[MoO4], and [CaOg] clusters is responsible for the presence of the singlet
and triplet excited electronic states. In addition, the strong influence of
defects (intrinsic structural defects and calcium vacancy) on electron
diffusion in the samples was observed. These results summarize the
relevant contributions to the understanding of the structural, electronic,
and optical properties of CaM0O4:xTb>" microspheres.
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