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ABSTRACT: In this paper, calcium molybdate (CaMo0Qy) crystals (meso- and nanoscale) were synthesized by the coprecipita-
tion method using different solvent volume ratios (water/ethylene glycol). Subsequently, the obtained suspensions were
processed in microwave-assisted hydrothermal/solvothermal systems at 140 °C for 1 h. These meso- and nanocrystals processed
were characterized by X-ray diffraction (XRD), Fourier transform Raman (FT-Raman), Fourier transform infrared (FT-IR),
ultraviolet—visible (UV—vis) absorption spectroscopies, field-emission gun scanning electron microscopy (FEG-SEM),
transmission electron microscopy (TEM), and photoluminescence (PL) measurements. XRD patterns and FT-Raman spectra
showed that these meso- and nanocrystals have a scheelite-type tetragonal structure without the presence of deleterious phases.
FT-IR spectra exhibited a large absorption band situated at around 827 cm ™!, which is associated with the Mo—O anti-
symmetric stretching vibrations into the [MoO,] clusters. FEG-SEM micrographs indicated that the ethylene glycol concen-
tration in the aqueous solution plays an important role in the morphological evolution of CaMoOQy, crystals. High-resolution
TEM micrographs demonstrated that the mesocrystals consist of several aggregated nanoparticles with electron diffraction
patterns of monocrystal. In addition, the differences observed in the selected area electron diffraction patterns of CaMoOy
crystals proved the coexistence of both nano- and mesostructures. 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
for the CaMo00Q,. UV—vis absorption measurements evidenced a variation in optical band gap values (from 3.42 to 3.72 ¢V) for
the distinct morphologies. The blue and green PL emissions observed in these crystals were ascribed to the intermediary energy
levels arising from the distortions on the [MoQy] clusters due to intrinsic defects in the lattice of anisotropic/isotropic crystals.

Introduction

Calcium molybdate (CaMoQy) is an important material
belonging to the scheelite family with tetragonal structure and
space group J4,/a."**° In this structure, the Mo atoms are
bonded to four oxygens, forming the [MoQy] clusters, while
the Ca atoms are coordinated to eight oxygens, forming the
[CaOy] clusters.>~7 In recent years, this molybdate has at-
tracted the attention of diverse scientific and technological
fields because of its wide potential for applications in acousto-
optic filters,® solid state lasers,”'® white light-emitting diodes,""
scintillators,'? microwave dielectrics,'*'* fluorescent lamps, '
negative electrodes for Li*-ion batteries,'® and cryogenic
scintillation detectors for search of '’Mo double 3 decay,'”'®
catalytic properties of propane ammoxidation,'® and so on.

In terms of optical properties, this material exhibits green
and/or blue luminescence emissions at room temperature when
excited with wavelengths in the range from 240 to 537 nm.'?~ %
However, few works in the literature have reported on the
origin of the photoluminescence (PL) properties of CaM0QO,.
For example, Mikhailik et al.* explained that the short wave-
length luminescence of this molybdate is usually caused by the
intrinsic emission of the MoO,*~ molecular complexes while
its long wavelength luminescence arises from the MoO; oxygen-
deficient defect centers. In another work, Mikhailik et al.?*

*To whom correspondence should be addressed. E-mail: laeciosc@bol.
com.br.
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investigated the electronic transitions and luminescence decay
kinetics of CaM 0Oy at low temperatures (from —265 to 27 °C)
by means of ultraviolet excitation. According to these authors,
the optical transitions occur in the MoO,>~ molecular com-
plexes, mainly involving the (‘A;) ground, singlet ('"T", 'T),
and triplet (3T1, 3Tz) levels. In this case, the electric dipole
allowed 'A; — 'T, transitions contribute to the excitation
process while the radiative transitions arise from the closely
located lower-lying triplet states. Ryu et al.”® mentioned that,
besides the charge-transfer transitions within the MoO4>~
complexes, the PL response can be influenced by morphology
and particle size distribution. Marques et al.?® attributed the
origin of this optical property to the degree of structural order—
disorder in the lattice. Recently, Longo et al.,>’ through the
first-principles quantum mechanical calculations based on the
density functional theory, reported that the green and blue PL
emissions of disordered CaMoQ,4 powders are linked to the
intrinsic slight distortion of the [MoQy] tetrahedral clusters.
Considering the different chemical routes, the conventional
hydrothermal systems are well-known due to their versatility
in the formation and crystallization of ceramic oxides at low
temperatures, enabling a good control of morphologies and
particle sizes.?® On the other hand, the long processing times
exhibited by this synthesis method were overcome using micro-
wave radiation as energy source for this system. This innova-
tion resulted in the development of equipment currently known
as microwave-hydrothermal.”® In order to obtain a good
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efficiency of the microwave radiation with the liquid phase, it
is necessary to use substances or solvents with high dielectric
loss (tan 6).%° In addition, according to Thongtem et al.,”’
compounds with large permanent dipole moments have large
dielectric constants or relative permittivities. During the inter-
action with the microwave radiation, these dielectric proper-
ties can be considered key factors to get a faster heating to
high temperatures at short times. Hence, solutions in water
(dielectric constant at 25 °C = 78.4)*" and ethylene glycol
(dielectric constant at 25 °C = 40.3)*° are good candidates in
order to be employed in microwave-assisted equipment oper-
ating at the frequency 2.45 GHz. The combination of micro-
wave irradiation with the hydrothermal process was named
the “microwave-hydrothermal” (MH) process. Similarly, the
combination of microwave irradiation with solvothermal (not
using water as a solvent) processes can be termed “microwave-
solvothermal” (MS) processes, respectively. In relation to
the utilization of different solvent ratios (water/ethylene glycol)
for the preparation of CaMoQO, oriented aggregate crystals
and meso- and nanocrystals processed in a microwave, there
are no works so far reported in the literature.

Therefore, in this paper, we report on the synthesis of
CaMoQ, oriented aggregate crystals and meso- and nano-
crystals by the coprecipitation method with different solvent
ratios (H,O/C,HgO,) and processed in a microwave-assisted
hydrothermal/solvothermal system at 140 °C for 1 h. These
meso- and nanocrystals were analyzed by X-ray diffraction
(XRD), Fourier transform Raman (FT-Raman), Fourier
transform infrared (FT-IR), ultraviolet—visible (UV—vis)
absorption spectroscopies, field-emission gun scanning elec-
tron microscopy (FEG-SEM), transmission electron micro-
scopy (TEM), and photoluminescence (PL) measurements.
Also, the experimental data were correlated with those ob-
tained by the first-principles quantum mechanical calcula-
tions. The electronic structure (band structure and density of
states) was theoretically calculated. The main aim is to under-
stand the effect of different solvent ratios (H,O/C,H¢O,) in
volume on the growth process of CaMoQy crystals and its
influence on the optical properties.

Experimental Procedure

Synthesis and Microwave Processing of CaMoO, Crystals. The
CaMoO,4 meso- and nanocrystals were synthesized by the copreci-
pitation method with different ratios of deionized water [H,O] and
ethylene glycol [C;H¢O5] (99.5% purity, J.T. Baker) and processed
in a microwave-assisted hydrothermal/solvothermal system. The
typical experimental procedure is described as follows: 0.0025 mol
of molybdic acid [H;Mo0Oy] (85% purity, Aldrich) and 0.0025 mol
of calcium acetate monohydrate [Ca(CH;CO5),-H,0] (99.5%
purity, Aldrich) were added and dissolved in mixtures containing
different solvent ratios (100 mL of H,O; 75 mL of H,O/25 mL of
C,HgO,; 50 mL of H,O/50 mL of CoHgO5; 25 mL of H,O/75 mL of
C,HgO; and 100 mL of C,H4O;) in volume total. In the precipita-
tion reaction, Ca®" cations are the electron pair acceptor (Lewis
acid), while the MOO42_ anions are the electron pair donor (Lewis
base). The chemical reaction between these two species in solutions
with different quantities of solvents (H,O and C,H¢O,) results in
formation of CaMoQy, as shown below:

H2M004(S) + Ca(CH3C02)2 HzO(S) - 2H+(aq)
+2CH;CO, ™ (aq) + Ca®"(aq) + MoO,> ™ (aq) (1)

2H*(aq) +2CH;CO, ~ (aq) = 2CH3;COOH (aq) (2)

Ca’"(aq) + MoO,>~ (aq) — CaMoOy(s)! (3)
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In order to increase the ionization rate, the solution pH was adjusted
up to 10 by the addition of 5 mL of ammonium hydroxide [NH4OH]
(30% in NHj3, Mallinckrodt). In the sequence, these aqueous solutions
with ethylene glycol, which has high affinity and solubility, due to
formation of hydrogen bridges with water, were stirred for 30 min at
room temperature. After the coprecipitation reaction, the solution was
transferred into a Teflon autoclave, which was sealed and placed inside
the microwave system (2.45 GHz, maximum power of 800 W). More
details on this equipment have been reported in ref 31. All these systems
were processed at 140 °C for 1 h. The heating rate in this system was
fixed at 25 °C/min, and the pressure in the autoclave was stabilized at
294 kPa. After processing, the autoclave was naturally cooled to room
temperature. The resulting suspension was washed with deionized
water several times to neutralize the solution pH (&7). Finally, the
white precipitates were collected and dried in a conventional furnace at
65 °C for some hours.

Characterization of CaMoQ, Crystals. The CaMoO, crystals
were structurally characterized by X-ray powder diffraction (XRD)
using a Rigaku-DMax/2500PC (Japan) with Cu Ka radiation (A =
1.5406 A) in the 26 range from 5° to 75° with a scanning rate of
0.2°/s. FT-Raman spectroscopy was recorded with a Bruker-RFS
100 (Germany). The spectra were obtained using a 1064 nm line of
a Nd:YAG laser, keeping its maximum output power at 110 mW.
FT-IR spectroscopies were performed in the range from 395 to 1000
cm ™!, using a Bruker-Equinox 55 (Germany) spectrometer in tran-
smittance mode. The viscosity of solvents were estimated at room
temperature using a rheometer (Brookfield DV-III Ultra, USA).
Nitrogen adsorption/desorption isotherms and specific surface area
were recorded with an ASAP 2000 Phys/Chemisorption unit
(Micromeritics, USAZ). In addition, the BET method (Brunauer,
Emmett, and Teller)** was employed to estimate the specific surface
area. The morphologies were investigated through a FEG-SEM of
Carl Zeiss, model Supra 35-VP (Germany), operated at 6 kV and
with a transmission electron microscope (TEM), model CM200
(Philips, USA), operated at 200 kV. In the preparation of TEM
samples, the obtained powders were first dispersed in acetone using
an ultrasonic bath for 20 min. Afterward, the suspensions were
deposited on the copper grids via fast immersion. The crystallo-
graphic organizations as well as growth directions of CaMoOQ;,
crystals were investigated by means of high resolution transmission
electron microscopy (HR-TEM) and selected-area electron diffrac-
tion (SAED). UV—vis spectra were taken using a spectrophoto-
meter of Varian, model Cary 5G (USA), in diffuse reflection mode.
PL measurements were performed with a Monospec 27 monochro-
mator of Thermal Jarrel Ash (USA) coupled to a R446 photomul-
tiplier of Hamamatsu Photonics (Japan). A krypton ion laser of
Coherent Innova 90K (USA) (A = 350 nm) was used as an excita-
tion source, keeping its maximum output power at 200 mW. All
measurements were performed at room temperature.

Density Functional Theory for the Electronic Structure of
CaMoQy. The periodic density functional theory (DFT) calcula-
tions were performed with the Becke’s three-parameter hybrid
nonlocal exchange functional, combined with the Lee-Yang-Par
gradient-corrected correlation function B3LYP, which has proven
to be a very effective tool to deal with the present challenging prob-
lem. According to the literature,®® the B3LYP functional is able to
simulate the energetic, geometric, and electronic properties of
materials with acceptable accuracy. In particular, considering the
scheelite-type tetragonal structure, this functional has been success-
fully employed in investigations on the electronic structure.?’ In this
work, the atomic centers were described by the following electronic
basis sets: 86-511d3G for calcium, 311(d31)G for molybdenum, and
8-411d11G for oxygen atoms.’® The electronic structures were
calculated with the CRYSTALO6 software’’ using the numerical
second derivatives of the total energies. The band structures were
obtained for 200 K points along the high-symmetry paths on the
adequate Brillouin zone. The density of states (DOS) was calculated
through the electronic structure analyses. The band structures and
DOS diagrams were modeled by the XCRYSDEN program.*®

Results and Discussion

X-ray Diffraction Analyses. Figure 1 illustrates the XRD
patterns and lattice parameter values of CaMoQ, crystals
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Figure 1. (a) XRD patterns of CaMoO,4 meso- and nanocrystals
prepared with different solvent ratios (H,O/C,H¢O,) and processed
in a microwave-assisted hydrothermal/solvothermal system at 140 °C
for 1 hand (b) a = b, and ¢ lattice parameters as a function of different
solvent ratios. The vertical bars show the standard mean error.

prepared with different solvent volume ratios (H,O/C,HO,)
and processed in a microwave-assisted hydrothermal/
solvothermal system at 140 °C for 1 h, respectively.

All XRD patterns can be indexed to the tetragonal structure
with space group /4;/a, in agreement with the respective Joint
Committee on Powder Diffraction Standards (JCPDS) No. 29-
0351.% Diffraction peaks related to the secondary phases were
not detected, indicating the formation of a pure-single phase.
Also, it is possible to note that these peaks are intense and well-
defined, suggesting a good degree of crystallization or struc-
tural ordering at long-range. The experimental lattice param-
eters and unit cell volume were calculated using the least-squares
refinement from the UnitCell-97 program.*’ The obtained values
are shown in Figure 1b and displayed in Table 1.

As can be seen in Figure 1b and Table 1, the lattice
parameters and unit cell volume obtained in this work are
very close to those reported in the literature*' ~** and with the
respective JCPDS card No. 29-0351.%° However, the slight
variations or differences in these values can be directly
related to the types of synthesis methods and experimental
conditions (temperature, time, heating rate, atmosphere) as
well as a consequence of the volumetric proportions (H,O/
C,H40,) in the nucleation or growth stages of the particles.
Also, we demonstrate in previous papers that the lattice
parameters are susceptible to modifications when there are
residual stresses and/or distortions in the lattice.*>*

Marques et al.

Representation of the CaMoQ, Unit Cell. Figure 2 shows
the schematic representation of the tetragonal CaMo0Q, unit
cell with space group /4,/a.

This ideal unit cell was modeled using the Java Structure
Viewer Program (version 1.08lite for Windows) and VRML-
View (version 3.0 for Windows)*”**® by means of the atomic
coordinates listed in Table 2. The CaMoQ, crystals belong to
the scheelite-type tetragonal structure (space group I4,/a,
No. 88, in the international tables of crystallography, and
point-group symmetry C5,).* In this structure, the moly-
bdenum atoms are coordinated to four oxygens, forming
[MoO,] clusters with tetrahedral configuration and tetra-
hedral polyhedra (4 vertices, 4 faces, and 6 edges).>® These
[MoQy] clusters are slightly distorted into the matrix, as a
consequence of the O—Mo—O bond angles (108.3° and
111.8°), while the calcium atoms are bonded to eight oxy-
gens, resulting in [CaOg] clusters with scalenohedral config-
uration and snub dispenoide polyhedra (8 vertices, 12 faces,
and 18 edges).”! For the construction of the unit cell, lattice
parameters were used that showed the smallest deviations
related to CaMoOQy crystals prepared with 50 mL of H,O and
50 mL of C,H4O,. For visual effect, some bonds between
the O—Ca—0 and O—Mo—0 atoms were highlighted in the
unit cell.

Fourier Transform Raman/Infrared Spectroscopy Anal-
yses. The group theory calculations showed the presence of
26 different vibrations for the CaMoQOy crystals, which are

represented by eq 4 below:>>

I' = 34,+54,+ 5B, + 3B, + 5E, + 5E, (4)

where the 4,, B,, and E, are Raman-active vibration modes
and the 4 and B modes are nondegenerate, while the £ modes
are doubly degenerate. The subscripts (g) and («) indicate the
parity under inversion in centrosymmetric CaMoQy crystals.
The A, and E, modes correspond to the zero frequency of
acoustic modes, while the others are optic modes. In addition,
the A4,, B,, and E, modes arise from the same motion of the
CaMoO, crystal. Therefore, 13 zone-center Raman-active
modes are expected for the CaMoOQy, as presented by eq 5:>+%
I (Raman) = 344+ 5B; + 5E; (5)
According to the literature,’®>” the vibrational modes
observed in Raman spectra of molybdates can be classified
into two groups: external and internal modes. The vibra-
tional external modes are related to the lattice phonon, which
corresponds to the motion of [CaOg] clusters and the rigid
cell units. The vibrational internal modes are correspondent
to the vibration inside [MoQy] cluster units, considering the
center of mass in the stationary state. In isolated [MoQy],
tetrahedrons have a cubic symmetry point (7,),>® and its
vibrations are composed of four internal modes (v{(A4),
vo(E)), v3(F,)) and v4(F)), one free rotation mode v, . (F)),
and one translation mode (F5). On the other hand, when a
[MoOQy] tetrahedron is located in the scheelite structure, its
point symmetry is reduced to S4.>
In eq 5 the 14, and 1E,, are acoustic or infrared inactive
modes, while those for 3Bu are forbidden infrared modes. In
this situation, only eight infrared-active vibration modes
remain, as presented by eq 6:>-¢°

I_‘(infrared) = 4Au +4Eu (6)

Figure 3 shows the FT-Raman spectra of CaMoOy crys-
tals synthesized by the coprecipitation method with different
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Table 1. Comparative Results between the Lattice Parameters and Unit Cell Volume of CaMoO, Obtained in This Work with Those Reported in the
Literature by Different Synthesis Methods”

method T (°C) time (h) lattice a parameter b c (A) unit cell volume (A3) ref
MEHT 160 16 5.19 5.19 11.25 303.031 41
Ccz 1200 24 5.1987 5.1987 11.4584 309.6802 42
CP 600 2 5.2231 5.2231 11.3973 310.9271 43
SSR 800 2 5.226 5.226 11.43 312.165 44
MH 140 1 5.219(2) 5.219(2) 11.415(8) 310.966(9) [m]
MH 140 1 5.214(5) 5.214(5) 11.404(1) 310.088(9) [[m]}
MSH 140 1 5.223(8) 5.223(8) 11.428(4) 311.859(1) [m]}
MS 140 1 5.219(8) 5.219(8) 11.413(5) 310.975(7) [m]
MS 140 1 5.219(7) 5.219(7) 11.412(5) 310.936(6) [[m]
JCPDS 5.226 5.226 11.43 312.165(5) 39

“T = temperature, ref = references, MEHT = microemulsion-hydrothermal, CZ = Czochralski, CP = complex polymerization; SSR = solid
state reaction; MH = microwave-hydrothermal, MHS = microwave-hydrothermal-solvothermal, MS = microwave-solvothermal, and [O] =

this work.

[CaO4]
clusters

0 Calcium atoms

.y Molybdenum atoms

@ Oxygen atoms

Figure 2. Schematic representation of the CaMoOy (1 x 1 x 1) unit cell illustrating the [MoOy] and [CaOg] clusters.

Table 2. Atomic Coordinates Employed To Model the CaMoOy,

Unit Cell”
atom site X y z
calcium 4b 0 0 0.5
molybdenum 4a 0 0 0
oxygen 16f 0.233 0.14 0.082

=bh=524Ac=11428Aa=p=7y =90,

solvent volume ratios (H,O/C,HgO,) and processed in a
microwave-assisted hydrothermal/solvothermal system at
140 °C for 1 h.

As can be illustrated in Figure 3, only 11 Raman-active
modes were detected; the other (1B, and 1E,) vibration
modes were not detectable, probably due to their low inten-
sities. Moreover, the Raman spectra exhibited intense and
sharp bands, indicating a strong interaction between the O—
Ca—0 and O—Mo—0 bonds in the clusters.®®®" In principle,
this characteristic is normally observed in materials struc-
turally ordered at short-range. The inset illustrates a typical
[MoO,] cluster with symmetric stretching vibrations between
the O—Mo—0O bonds. The positions of each Raman-active
mode are listed in Table 3.

A closer analysis of the results displayed in this table
indicated that the relative positions of all Raman-active
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Figure 3. FT-Raman spectra in the range from 75 to 1000 cm ™' for
the CaMoO,4 meso- and nanocrystals prepared with different sol-
vent ratios (H,O/C,HO,) and processed in a microwave-assisted
hydrothermal/solvothermal system. The inset shows the [MoOy]
clusters with symmetric stretching vibration.

modes of CaMoOy crystals reported in this work are in good
agreement with those previously reported in the literature.®>~¢*
In fact, the shifts observed on these positions can be
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Table 3. Comparative Results between the Experimental Raman-Active Modes of CaMoO, Obtained in This Work and Those Reported in the
Literature by Different Synthesis Methods”

M T(C) 1(h) Be(O) E,(%) E;(%) B (®) A (V) E (Y) A,(¥) By(Y) E,(#) B, (¢) A (W) ref
cz 1200 40 112 143 205 322 328 391 402 792 845 877 62
cz 1200 24 1.5 143 2045 3215 3275 391 402.5 792 8455 877 63
CP 700 2 86 112 143 204 323 391 402 794 847 878 64
MH 140 | 83 110 141 203 322 324 391 401 793 845 878 [0
MH 140 1 83 110 141 202 322 324 391 401 793 845 878 [0
MHS 140 1 83 110 141 202 322 324 391 401 793 845 878 (O]
MS 140 | 83 110 141 201 322 324 390 401 793 845 878 (O]
MS 140 1 83 110 141 201 322 324 390 403 793 845 878 [0

“Symbols in the column head correspond to the labeled peaks in Figure 3; M = method; T’ = temperature; 7 = time; Raman modes = (cm™'); CZ =
Czochralski; CP = complex polymerization; MH = microwave-hydrothermal, MHS = microwave-hydrothermal-solvothermal, MS = microwave-

solvothermal, and [O] = this work.
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Figure 4. FT-IR spectra in the range from 395 to 1000 cm ™' for the
CaMoO,4 meso- and nanocrystals prepared with different solvent
ratios (H,O/C,H4O») and processed in a microwave-assisted hydro-
thermal/solvothermal system. The inset shows the [MoQy] clusters
with antisymmetric stretching vibration.

correlated to the structural modifications induced by the syn-
thesis methods, mainly including the following: distortions
on the [MoQy] clusters, the degree of interaction between the
O—Mo—0 bonds, and variations on the bond lengths, angles
and/or symmetry break induced by the structural order—
disorder in the lattice.

Figure 4 shows the FT-IR spectra of CaMoQ, crystals
synthesized by the coprecipitation method with different solvent
volume ratios (H,O/C,HgO») and processed in a microwave-
assisted hydrothermal/solvothermal system at 140 °C for 1 h.

As was previously described in the text, the molybdates
belonging to the scheelite group are able to present up to
eight stretching and/or bending vibration modes in infrared
spectra.®>%® In our case, it was possible to identify no more
than three of these modes (14, and 2E,,), which are found in
specific positions in the spectra. First, the strong absorption
band situated at 827 cm ™' (E, mode) is related to the v5(F>)
internal mode originated from the antisymmetric stretching
vibrations in the [MoQy] clusters. The other two weak
absorption bands located at 405 cm™"' (E, mode) and 430
em” (4, mode) are generally associated with the v4(F>) internal
modes due to the presence of antisymmetric bending vibra-
tions involved in the O—Mo—0O bonds. The inset illustrates a
characteristic [MoQ,] cluster with antisymmetric stretching
vibrations.

Table 4 shows a comparison of the relative positions
between the infrared-actives modes of CaMoQO, obtained
in this work with those reported in the literature.®*¢7-63

Table 4. Comparative Results between the Experimental Infrared Active
Modes of CaMoQO,4 Obtained in This Work and Those Reported in the
Literature by Different Synthesis Methods”

E (m™)  A,(m™") E,(cm™")

M TCC) (b (m) (m) (® ref
CP 700 2 430 820 64
HT 120 72 428 821 67
SG 900 2 436 818 68
MH 140 1 407 430 827 [l
MH 140 1 405 430 827 5]
MHS 140 1 406 430 827 [l
MS 140 1 405 430 827 5]
MS 140 1 405 430 827 [

“M and @ correspond to the labeled peaks in Figure 4; M = method;
T = temperature; ¢ = time; CP = complex polymerization; HT =
hydrothermal, SG = sol-gel; MH = microwave-hydrothermal, MHS =
microwave-hydrothermal-solvothermal, MS = microwave-solvothermal,
and [d] = this work.

There is a considerable shift in the position of these vibra-
tions, as indicated in this table, mainly in those E, modes.
Taking into account this observation, this behavior is supposed
to be related to the interaction forces between the O—Mo—O
bonds and/or distortions on the [MoQy] clusters in the lattice.

FEG-SEM Analyses of CaMoQ, Crystals. Figure Sa—I
shows the FEG-SEM micrographs of CaMoQ, crystals
prepared with different solvent volume ratios (H,O/C,HgO,)
and processed in a microwave-assisted hydrothermal/
solvothermal system at 140 °C for 1 h, respectively.

FEG-SEM micrographs were of fundamental importance
to understanding the morphological evolution process of
CaMoOy crystals with the variations in the solvent volume
proportions. Figure 5a and b indicated the formation of a
large quantity of corn-cob-like CaMoQ, crystals for the syn-
thesis performed only in aqueous solution. Clearly, it can be
seen that these structures are essentially constituted of small
aggregated particles with octahedral shape, which have been
partially oriented and attached on the irregular faces (inset in
Figure 5b). Under these conditions, it is possible to conclude
that several nanocrystallites nucleate and grow into small
seed particles. In order to minimize the overall energy of
the system, a great number of these seed particles tend to
aggregate together.® 7!

In the synthesis containing 25 mL of C;H¢O,, the FEG-
SEM micrographs confirmed the existence of two distinct
types of microcrystals (corn cob and dumbbell shapes), as
shown in Figure 5c—e. Gong et al.*' and Chen et al.” ex-
plained that the formation of dumbbell-like morphologies is
associated with the oriented aggregation mechanism, which
involves the spontaneous self-organization of adjacent par-
ticles along a common crystallographic orientation. On the
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Figure 5. (a) Low magnification FEG-SEM micrograph of several
CaMoOQOycrystals. (b) High magnification FEG-SEM micrographs of
selected area in part a (dotted white square). Insert shows the zoom in
part b of CaMoQO, nanocrystals and nano-octahedrons with well-
defined faces prepared with 100 mL of H,O as solvent. (c) Low
magnification FEG-SEM micrograph of several CaMoQ, crystals
prepared with 75 mL of H,O and 25 mL of C;H¢O, as solvents. Pink
and green rectangles in part ¢ are illustrated individually by high
magnification FEG-SEM micrographs in parts d and e. (f) Low mag-
nification FEG-SEM micrograph of several spherical-like CaMoQO,
mesocrystals prepared with 50 mL of H,O and 50 mL of C,H¢O, as
solvents. Blue squares and yellow rectangles in part f are illustrated
individually by high magnification FEG-SEM micrographs in parts g
and h. (i) Low magnification FEG-SEM micrograph of several
quasispherical-like CaMoQOy4 nanostructures prepared with 25 mL
of H,O and 75 mL of C,H¢O, as solvents. (j) Medium magnification
FEG-SEM micrographs of quasi-spherical-like CaMoO, nano-
structures. Inset in part j (red square) illustrates individual quasi-
spherical-like CaM 0O, nanostructures. (k) Low magnification FEG-
SEM micrograph of several CaMoO, nanocrystals prepared with
100 mL of C,HgO, as solvent. (1) High magnification FEG-SEM
micrographs of CaMoO, nanocrystals.
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other hand, these authors explained that during the growth
processes these structures are kinetically controlled by means
of Ostwald ripening.

For the system containing the same volume of H,O and
C,HgO, (50 mL of each solvent), significant changes were
noted with respect to the morphologic shapes. As can be seen
in Figure 5f—h, the synthesis and MH processing conditions
promoted the appearance of spherical-like CaMoO,4 meso-
crystals. According to the literature,”” the mesocrystals are
classified as a new class of solid materials, which can be
regarded as assemblies of crystallographically oriented nano-
crystals with high crystallinity and porosity. Thus, the quan-
tity of C,HgO, employed in this case was sufficient to inhibit
the growth of anisotropic superstructures. In principle, we
presume that the continuous adsorption and desorption
processes of this organic polymeric compound during the
MH processing and the strong interaction between the
inorganic faces along preferential crystallographic direc-
tions enabled the origin of these mesostructures. Recently,
Xu et al.”* observed nanostructured CaMoQ,4 microspheres
by means of ionic liquid-assisted synthesis. These authors
concluded that the ionic liquid acted as a structure-directing
template or surfactant in the formation of these micro-
spheres. The increase in the C;HgO, volume up to 75 mL
caused a new modification of the particle morphologies. In
the present case, the high concentration of C;HgO, in the
aqueous solution has a tendency to limit the interaction
between the small particles. As the adsorption and deso-
rption processes on the surface of CaMoQO, particles are not
well-controlled during the MH processing, a random aggre-
gation takes place, with a subsequent growth occurring via
aggregation (Figure 5i and j).

The last synthesis, also known as the solvothermal synthe-
sis, was simply performed with C,H¢O,, i.e., without the
presence of H,O. In this circumstance, the high viscosity of
this polymeric substance is able to modify the mobility of the
primary particles in suspension as well as its effective colli-
sion rates. Moreover, the predominance of C;H¢O, in the
solution implies a high adsorption of this compound on the
inorganic surfaces, which is able to induce a steric hindrance,
since this polymer surfactant (ethylene glycol) has a higher
viscosity in relation to that of water (see Supporting Infor-
mation Figure SI-1). Probably, this chemical event leads to a
minimizing in the growth process, causing a reduction of the
particle sizes. Afterward, as C,HgO, has good interaction
with microwave radiation at frequencies of 2.45 GHz, it is
acceptable that this physical phenomenon causes the pres-
ence of localized superheating in the liquid phase,”””"’
leading to a disordered aggregation or crystallographic
fusion of the nanoparticles (Figure 5k and I). These nano-
crystals present large surface area and N, absorption in
relation to the case of oriented aggregate crystals (see Sup-
porting Information Figures SI-2 and 3).

TEM Analyses of CaMoO, Crystals. Figure 6 shows the
TEM/HR-TEM micrographs and SAED patterns of
CaMoOQ, crystals prepared with different solvent volume
ratios (H,O/C,H¢O,) and processed in the microwave-
assisted hydrothermal/solvothermal system at 140 °C for 1 h,
respectively.

Figure 6a illustrates the low magnification TEM micro-
graphs of corn-cob-like CaMoQy oriented aggregate crystals
obtained only in the presence of H,O (100 mL). In this
micrograph, the dark areas are related to the high concen-
tration of small octahedron-like particles with aggregate
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Figure 6. (a) Low magnification TEM micrographs of CaMoQ, crystals synthesized in aqueous solution. (b) HR-TEM micrograph performed
on the edge of a crystal (dotted white square) (inset shows the corresponding SAED pattern). (c) TEM micrographs of CaMoQ, crystals
synthesized with different solvent volume ratios: 75 mL of H,O/25 mL of C;HgO,. (d) HR-TEM micrograph performed on the edge of a crystal
(dotted white square) (inset shows the corresponding SAED pattern). (¢) TEM micrographs of CaMoO, mesocrystals synthesized with
different solvent volume ratios: (50 mL of H,O/50 mL of C;H»0,. (f) HR-TEM micrograph performed on the edge of a mesocrystal (dotted
white square) (inset shows the corresponding SAED pattern). (g) TEM micrographs of CaMoQ, crystals synthesized with different solvent
volume ratios: 25 mL of H,O/75 mL of C,H4O5. (h) HR-TEM micrograph performed on the edge of a crystal (dotted white square) (inset shows
the corresponding SAED pattern). (i) TEM micrographs of CaMoQy crystals synthesized with 100 mL of C;H¢O,. (j) HR-TEM micrograph
performed on the two nanocrystals when aggregation oriented (dotted white square) (inset shows the corresponding SAED pattern).

nature, confirming also that these microstructures are not
internally hollow” (Figure 6a and Supporting Informa-
tion Figure SI-4(a)). HR-TEM performed in the corner of
these corn-cob-like morphologies (dashed white square in
Figure 6a and b) revealed an oriented aggregation of two

small particles exactly in the (112) plane, as estimated by the
planar spacing of 3.12 A. However, the SAED showed
a characteristic polycrystalline diffraction pattern (inset
Figure 6b), suggesting that the assemblies of particles were
randomly organized in the formation stages of corn-cob-like
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microcrystals (Supporting Information Figure SI-4(b-d)).
Additionally, other TEM micrographs demonstrated that
the growth occurs preferentially along the [001] direction. In
principle, a more precise analysis of the TEM/HR-TEM
micrographs and SAED data illustrated in Figure 6¢ and d
suggested that the CaMoQy, crystals obtained in the synthesis
with 75 mL of H,O have the same behavior as that of those
specifically obtained in aqueous solution (Figure 6a and b;
also see Supporting Information Figure SI-4(e,f)). As was
expected, the spherical-like shapes are observed in the dark
area in the TEM micrographs, signifying that these morphol-
ogies are constituted by a discrete accommodation of several
particles. In contrast with the other obtained morphologies,
the HR-TEM microscopy carried out on an exterior part
showed a region with perfect attachment and alignment
between two particles (Figure 6e and f). We presume that
the growth process conducted by the microwave heating
increased the effective collision rates, producing irrevers-
ible oriented attachments if the particles achieve a congruent
alignment in the interface.”” An important observation
was possible through the HR-TEM and SAED techniques,
where the chosen region (dashed white square and inset
in Figure 6e) revealed that the attachments occurred in
the (211) plane, according to the planar spacing of 2.3 A
(Figure 6f and Supporting Information Figures SI-4(g,h)).
A significant point verified in the SAED was the evidence
of a general single-crystal pattern for the octahedral-like
crystal,’*#! supporting the existence of mesostructures for
this system formed with equivalent volume ratios (H,O/
C,H¢O,). Taking into consideration the solution composed
of 25 mL of H,O and 75 mL of C,H¢O,, the TEM images
provided a possible random stacking of particles as shown in
Figure 6g and supported by the FEG-SEM measurements
(Figures Siand 5j). In this system, the HR-TEM micrographs
allowed us to assume that, after collision events, some par-
ticles tend to remain attached in compatible crystallographic
planes. In the case illustrated in Figure 6h, the oriented
aggregation happened along the (112) plane. On the other
hand, the diffraction pattern obtained by the SAED tech-
nique in the selected fraction in Figure 6h (dashed white
square) (see Supporting Information Figure SI-4(i,j)) con-
firmed that these morphologies do not have an analogous
characteristic of microcrystals. A large polydisperse distri-
bution of irregular nanoparticles was visualized in the TEM
images (Figure 61). Also, choosing some of these particles
(dashed white square and inset in Figure 61), the presence
of oriented aggregation due to the junction detected in the
interface contact between the nanoparticles was found
by HR-TEM measurements (corresponding to a crystallo-
graphic distance of approximately 2.88 A) (Figure 6j). As
was presumed, this particle system has a polycrystalline
behavior because of the different crystallographic orienta-
tions identified in the SAED patterns (Supporting Informa-
tion Figure SI-4(k,1)). According to Yu et al.,** the morphol-
ogical changes could be ascribed to selective interaction or
adsorption of polymer molecules on certain crystal faces of
scheelite, resulting in different modes of crystal growth along
different crystallographic directions.

Average Size Distribution of CaMoQ, Crystals. FEG-
SEM micrographs were also of great importance to evaluate
the average particle size distribution of different CaMoQOy,
crystals obtained in this work. Hence, the counting of 100
crystals was performed to ensure a good statistic response
(Figure 7).
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In all cases, the counting of particle sizes was well-
described by the log—normal distribution:

A e~ [ln ﬁ]z/sz (7)

where yy is the first value on the y-axis, 4 is the amplitude, w
is the width, 77 is a constant, and x. is the center value of the
distribution curve on the x-axis.

The corn-cob-like CaMoQOy crystals formed only in H,O
exhibited an average size distribution in the range from 1.25 to
4.75 um (Figure 7a and inset). In this system, it was estimated
that 35% of these structures have an average size of approxi-
mately 2.75 um. The addition of 25 mL of C,;H¢O, into the
aqueous solution (75 mL) resulted in two types of corn-cob-like
crystals, where their sizes are situated in the range from 0.75 to
4.25 um (Figure 7b and insets). As can be seen in Figure 7c, the
CaMoQ,4 mesocrystals presented an average size distribution
from 0.5 to 1.9 um; that is, 27% of these mesocrystals have an
average size of 1.1 um. The predominance of CaMo0O,4 (75 mL)
in the chemical synthesis promoted a reduction in the crystal
size (from 0.475 to 0.825 um) (Figure 7d and inset). In contrast,
as was previously described in the text, the high adsorption of
C,HgO, on the CaMoOQy, surfaces caused a significant mor-
phologic change, i.e., inducing the formation of irregular
nanoparticles with 35% of nanocrystals have an average size
of 27.5 nm (Figure 7e and inset).

Growth Mechanism of CaMoQy Crystals. Figure 8§ shows a
schematic representation of all stages involved in the synthe-
sis and growth mechanism of CaMoQ, crystals synthesized
by the coprecipitation method at room temperature and
processed in a microwave-assisted hydrothermal/solvothermal
system at 140 °C for 1 h.

Figure 8a illustrates the initial synthesis method, with the
addition of stoichiometric amounts of respective reagents
[H,Mo00O4 and Ca(CH;CO,),-H,O]. In order, these reagents
were dissolved in deionized water under constant stirring.
In this solution, the energy of solvation of H,O molecules
promotes rapid salt dissociation and acid ionization, where
the Ca®>" and MoO,*>~ ions are quickly solvated by H,O
molecules. The partial negative charges on the H,O mole-
cules are electrostatically attracted by Ca>" ions, while the
partial positive charges on the H,O molecules are electro-
statically attracted by MoO,*” ions (inset of Figure 8a).
However, due to the difference of the electronic density of the
Ca’"and MoO,>~ ions, a strongest force electrostatic attrac-
tion occurs between both, resulting in the formation of the
first CaMoQy precipitates. In the following, the precipitation
rate was increased by the addition of 5 mL of NH4OH into
this solution (Figure 8b). Also, in this same figure, we can
note that the presence of different solvent ratios (H,O/
C,H40O,) can lead to several possibilities of intermolecular
interactions (hydrogen bonding). In the first case, the inter-
actions between the H,O molecules are stronger due to
hydrogen bonds and the difference of electronegativity
between atoms (H and O). These create highly polar bonds
with hydrogen, which leads to strong bonding between
hydrogen atoms (H 6™) on one molecule and the lone pairs
of oxygen atoms (O 8 ~) on adjacent H,O molecules.®* %> It is
verified that each H>O molecule can potentially form four
hydrogen bonds with surrounding H>O molecules. There are
exactly a sure number of 6 hydrogens and lone pairs so that
every one of them can be involved in hydrogen bonding.*¢ In
the second case, the presence of hydrogen bonding for the
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Figure 7. Average size distribution of CaMoO,4 meso- and nanocrystals prepared with different solvent ratios (H,O/C,H¢O,) and processed
in a microwave-assisted hydrothermal/solvothermal system: (a) 100 mL of H,O, (b) 75 mL of H,O and 25 mL of C;H4O,, (¢) 50 mL of H,O and
50 mL of C,;HO,, (d) 25 mL of H,O and 75 mL of C,HgO,, and (¢) 100 mL of C,;H4O».

system also is noted (ethylene glycol and water), and each
ethylene glycol molecule can potentially form four hydrogen
bonds with surrounding H>O molecules.”" In the third case,
also we observed the presence of hydrogen bonding between
the ethylene glycol, and its hydrophilic characteristics are
due to hydrogen bonds among the OH bonds.?” In ethylene

glycol molecules, each pair of OH groups is able to form
hydrogen bonding with other OH groups, due to a difference
of electronegativity between the atoms (O ¢~ and H 67);
thus, this chemical bond presents a certain polarity.®**° In
Figure 8c, the effect of solvent ratios on the processing
of CaMoOy oriented aggregate crystals and meso- and
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Figure 8. Schematic representation of the synthesis, processing, and growth mechanism of CaMoO, meso- and nanocrystals: (a) chemical
synthesis (solvation and coprecipitation reaction), (b) increase of precipitation rate with NH4OH and different types of hydrogen bonds
between H,O and/or C,HgO,, (¢) the different solvent ratios (H,O/C,HgO,) employed in preparation of CaMoO,4 meso-/nanocrystals and
transference to a Teflon autoclave, (d) domestic microwave-assisted hydrothermal/solvothermal system employed in the processing of
CaMoO, meso-/nanocrystals, (e) increase of the effective collision rates between the nano- and microcrystals with heating by action of the
microwave irradiation and possible involvement of solvent molecules on the crystals, causing steric hindrance, orientation, and trapping of
small nanocrystals, promoting anisotropic/isotropic growth, and (f) meso-/nanocrystal growth evolution as a function of processing in

microwaves with different solvent ratios (H,O/C,HO,).

nanocrystals can be observed. In the range using from 100 to
75 mL of H,O as solvent, the microwave-hydrothermal
method is used; with 50 mL of H,O and 50 mL of C;H4O,,
the solvothermal—microwave—hydrothermal method is used;
and in the range using from 100 to 75 mL of C,H¢O, as
solvent, the solvothermal—hydrothermal method is used. In
all the methods employed, the obtained CaMoOy, coprecipi-
tated. After this step, these systems were stirred for 30 min
and transferred to the Teflon autoclave. Figure 8d illus-
trates a schematic representation of the domestic microwave

system employed in the processing of the CaMoO, oriented
aggregate crystals and meso- and nanocrystals (see Support-
ing Information Figure SI-5). This apparatus was developed
via several adaptations performed on a domestic microwave
oven (model NN-ST357WRPH Piccolo 22 L, Panasonic).
In Figure 8e, inside this system, the high frequency of the
microwave irradiation interacts with the permanent dipoles
of the liquid phases (H,O and/or C;H¢O,), which initiates a
rapid heating resulting from the resultant molecular rota-
tion. Likewise, permanent or induced dipoles in the dispersed
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Figure 9. UV—vis absorbance spectra of CaMoQO, crystals prepared with different solvent ratios (H,O/C,HgO;) and processed in a
microwave-assisted hydrothermal/solvothermal system: (a) 100 mL of H,O, (b) 75 mL of H,O and 25 mL of C;H¢O,, (¢) 50 mL of H,O
and 50 mL of C,H¢O,, (d) 25 mL of H,O and 75 mL of C;HO», (e) 100 mL of C,H4O,, and (f) optical band gap values as a function of different

solvent ratios.

phase cause a rapid heating of the particles.””®! Thus, the
microwave irradiation is able to promote the effective colli-
sion between the nanoparticles, contributing to growth of
the oriented aggregate crystals and meso- and nanocrystals.
The adsorption of H,O and/or C,;HsO, on the CaMoOy
nanoparticle surfaces favors the aggregation process by
means of the van der Waals interaction of the hydrogen
bonds of solvent with the OH groups and polarizations of

nearby nanoparticles. Figure 8fillustrates the morphological
evolution and anisotropic growth of a CaMoO, oriented
aggregate with the employment of H,O as solvent and the
isotropic growth of CaMoQO4 meso- and nanocrystals with
the employment of C,HsO, as solvent.”?

UV—Visible Absorption Spectroscopy Analyses of CaMo0O,
Crystals. Parts a—e of Figure 9 show the UV—vis ab-
sorbance spectra of CaMoQy crystals prepared with different


http://pubs.acs.org/action/showImage?doi=10.1021/cg100584b&iName=master.img-008.jpg&w=404&h=553

Article

solvent volume ratios (H,O/C,H¢O,) and processed in a
microwave-assisted hydrothermal/solvothermal system at
140 °C for 1 h, respectively. The found optical band values
as a function of different types of solvent ratios are shown in
Figure 9f.

The optical band gap energy (£,,,) Was estimated by the
method proposed by Wood and Tauc.”® According to these
authors, the E,,, is associated with absorbance and photon
energy by the following equation:

hvotes (hy — Egap)" (8)

where o is the absorbance, / is the Planck constant, v is the
frequency, E,,, is the optical band gap and » is a constant
associated with the different types of electronic transitions
(n= ! /2,2, 3 /2, or 3 for direct allowed, indirect allowed, direct
forbidden, and indirect forbidden transitions, respectively).
The literature explains that the’ molybdates have an optical

Table 5. Comparative Results between the Optical Band Gap Energy
(Experimental and Theoretical) of CaMoO, Obtained in This Work and
Those Reported in the Literature by Different Synthesis Methods”

M shape T (°C) t (h) Eyop (eV)  ref
CP nanopowders 400 2 5.09 64
CP nanopowders 500 2 4.87 64
CP nanopowders 600 2 5.18 64
CP nanopowders 700 2 5.16 64
CZ crystal 1400 24 5.0 96
PLA nanoparticles 900 3 4.70 97
PP spherical 450 4 2.90 98
PP spherical 500 4 3.70 98
PP spherical 600 4 4.20 98
PP spherical 700 4 4.70 98
MH corn-cob-like 140 1 3.68 O]
MH dumbbell-like 140 1 3.64 O]
MHS spherical-like 140 1 3.60 [a]
MS quasi-spherical-like 140 1 3.58 [a]
MS nanoparticles 140 o 3.44 O]
theoretical ~ displacement of Mo (0.0 A) 4.64 [[m]
theoretical  displacement of Mo (0.1 A) 4.49 O]
theoretical ~displacement of Mo (0.15A) 4.36 O]
theoretical ~ displacement of Mo (0.2A) 4.2 [[m]
theoretical  displacement of Mo (0.25 A) 4.02 O]
theoretical ~ displacement of Mo (0.3 A) 3.81 O]
theoretical ~ displacement of Mo (0.35A) 3.57 O]
theoretical ~ displacement of Mo (0.4A) 3.47 O]

“M = method; T = temperature; 1 = time; Ey,, = optical band gap;
CP = complex polymerization; CZ = Czochralski; PLA = pulsed laser
ablation; PP = polymeric precursor; MH = microwave-hydrothermal;
MHS = microwave-hydrothermal-solvothermal; MS = microwave-
solvothermal; [O] = this work.
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absorption process governed by direct electronic transitions.
In this phenomenon, the electronic charges located in the
maximum-energy states in the valence band (VB) go to the
minimum-energy states in the conduction band (CB) after an
absorption process but occurring always in the same region
of the Brillouin zone.”® Based on this information, the Ey,p,
values of CaMoO, crystals were calculated using n = '/, in
eq 8. The obtained data are illustrated in Figure 9 and listed
in Table 5. In addition, this table also shows a comparison
between the E,,, obtained in this work and those reported
in the literature.®*?¢7%%

As can be seen from Table 5, the E,,,, values of CaMoO,
oriented aggregate crystals and meso- and nanocrystals are
smaller than most E,,, values of CaMoO, reported in the
literature.®*?°~?® This behavior can be related to the pres-
ence of different defect densities on the CaMoQO, prepared
by different methods. These preparation methods lead to the
obtention of CaMoO, with different (shape, average crystal
size, and structural order—disorder) degrees in the lattice.
Therefore, also these factors promoted the formation of
intermediary energy levels within the band gap. In our case,
the small E,,,, values found for CaMoOQ, oriented aggregate
crystals and meso- and nanocrystals can be due to distortions
on the lattice caused by microwave irradiation coupled with
the [MoO,] clusters.”® Also, the modifications of the crys-
tal morphologies by different solvent ratios can lead to the
formation of new intermediary electronic states within the
band gap.'®

Band Structures of the Crystalline CaMoQO,4 Phase without
and with Displacements Theoretically Induced on the Mo Atoms.
Figure 10 illustrates the calculated band structures of the
crystalline CaMoQ, phase without and with displacements
performed on Mo atoms. In order to calculate the E,,,, value
corresponding to the distorted lattices, a displacement of
0.35 A on the Mo atoms was necessary along the x-, y-, and
z-axes (0.05 A, —0.25 A, and —0.24 A) into the primitive cell.

The calculated E,,, exhibited considerable differences
when both the structures were compared. As was expected,
the theoretical calculations indicated an Eg,, of 4.64 eV for
the crystalline CaMoQOy4 phase without the presence of struc-
tural defects or distortions (Figure 10a), while in the dis-
torted structure (Mo atom displaced of 0.35 A) this value was
approximately 3.57 eV (Figure 10b). Therefore, these data
confirm that this reduction in the Eq,j, is associated with the
appearance and redistribution of intermediary energy levels
between the valence band (VB) and conduction band (CB)
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Figure 10. Calculated band structures of the crystalline CaMoO, phase without (a) and with (b) displacements on the Mo atoms.
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Figure 11. Total DOS of crystalline structure CaMoQO, without (a) and with (b) displacements on the Mo atoms.

(see Figure 10). According to the theoretical calculations, the
band structures modeled in both cases indicated a direct elec-
tronic transition as a consequence of this physical phenom-
enon occurring in the same region in the Brillouin zone
(G point — G point) (see Supporting Information Figure
SI-6). The theoretical results reported in this work showed
good agreement with those experimentally obtained (see
Table 5 and Supporting Information Figure SI-7).

Density of States for the Crystalline CaMoO, Structure
without and with Displacements Theoretically Induced on the
Mo Atoms. Figure 11 shows the density of states (DOS)
calculated at the DFT level for crystalline CaMoO, without
and with displacement on the Mo atoms, promoting distor-
tions into the [MoQy] clusters, respectively.

In Figure 11 it was noted that the DOS of crystalline
structure CaMoQO, without (a) and with (b) displacement
on the Mo atoms has the VB predominantly composed
of oxygen (O) 2p,, 2p,, and 2p. atomic orbitals, while the
CB is mainly formed of molybdenum (Mo) 4d,,, 4d,., 4d,..,

4d,>_ 2, and 4d.. atomic orbitals. As can be observed in
Figure 1la, the calcium (Ca) 5s, 5p,, 5p,, and 5p. atomic
orbitals have a minimal contribution (between —3 and 9 ¢V)
due to a weak hybridization between the Ca and O orbitals.
Also, the total DOS of all orbitals for the CaMo0O, showed
that those arising from the Ca atoms have few contributions
between the intermediary energy states because of the ionic
character of its chemical bond (Ca—O) (see Figure 11b and
Supporting Information Figure SI-8 and 9). The Mo 4d
atomic orbitals present two different types of energy levels.
The projected individual DOS of each Mo atomic orbital
revealed that the CB is basically constituted of 4d,.—,. and
4d.. orbitals (from 4.64 to 5.51 eV) as well as 4d,,, 4d,., and
4d,. atomic orbitals (from 6.65 to 8.15 eV) (see Supporting
Information Figure SI-8). In principle, the theoretical data
suggested a strong hybridization between the O 2p (above the
VB) and Mo 4d orbitals (near the CB), respectively. After
displacement of 0.35 A caused on the Mo atoms, a significant
change in the DOS was noted, consequently reducing the
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Figure 12. (a) Schematic representation of the unit cell under microwave irradiation, (b) possible distortion sets on the [MoOy] clusters into the
lattice caused by coupling with microwave irradiation, (c) wavelength employed in the excitation process of CaMoO,4 meso- and nanocrystals,
(d) proposed wide band model before excitation with the presence of intermediary energy levels, (e) electronic transition from oxygen 2p
orbitals (lower energy levels) to molybdenum 4d orbitals (higher energy levels) by absorption of (hv) at room temperature, (f) emission process
of photons (7v') because of the radiative return processes of electrons situated at molybdenum 4d orbitals to oxygen 2p orbitals, and (g) PL
spectra of CaMoQO,4 meso- and nanocrystals prepared with different solvent ratios (H,O/C,H¢O,). Inset shows the distorted MoQ, clusters in

the x, y, and z axes.

Eqap (3.57 eV). Figure 11b illustrates the reorganization of
the intermediary energy levels in the valence (2py, 2p,, and
2p.) and conduction (4dy,, 4d,., 4d,., 4d,>_ ., and 4d..)
bands. In this distorted CaMoOQ, lattice, the O atoms are
more distant from those of Mo atoms (see also Supporting
Information Figure SI-9).

Photoluminescence Properties Analyses: Distortions on the
[MoQy] Clusters in the Lattice by Microwave Irradiation and
a Wide Band Model. In the last years, the experimental and
theoretical results reported in the literature have tried
to explain the possible mechanisms responsible for the PL
properties of molybdates.'” 1% Blasse,'°! Chandrasekhar,
and White'*? explained the PL emissions of CaMoO, by
means of a model containing both metal and ligand orbitals.
In this model, the charge transfer processes in these orbitals
were considered the key factors for the origin of this optical
property. Mikhailik et al.'>!*interpreted the PL properties
of CaMoQ, as a radiative recombination of electron—hole
pairs localized into the MoO,>~ groups. Liu et al.'® and Lei
et al.!% reported that the charge-transfer transitions into the
[MoO4]*~ complex can be considered the main reason for the
green PL emissions of CaMoQy. Recently, Thongtem et al.'®’
attributed the PL emission of CaMoO,4 nanopowders with
T, — 'A, electronic transitions to the MoO,>~ anions,
which can be treated as excitons. However, all these explana-
tions are directly associated with the MoO4>~ groups (ions),

but the CaMoOy is a crystalline solid composed of inter-
connected clusters (...[Mo0O4]—[CaOg]—[Mo0Qy]...). There-
fore, in our work, we assume that the tetrahedral [MoQO,]
clusters can be distorted because the Mo atoms have good
interactions with microwave irradiation.'”® As there is an
interconnection of the [MoQOy,] and [CaOg] clusters in the
tetragonal structure, it is possible to conclude that any
distortion caused on the [MoQy] cluster also promotes a
slight deformation of the Ca—O bonds. However, the ionic
nature (radial character) exhibited by the [CaOg] clusters
prevents a high degree of distortions on them (see Figure 2
and Supporting Information Figures SI-5, 8, and 9). These
distortions are able to induce a symmetry break in
the lattice, leading to the appearance of intermediate levels
within the band gap. Also, other factors, such as inhomoge-
neous crystal size distribution, the crystallographic orienta-
tion of crystals, and changes in morphology (see Supporting
Information Figure SI-5), can promote a charge gradient
and polarization on the crystal surfaces, causing the forma-
tion of these intermediate levels that are necessary for
recombination processes (electron—hole) and favoring PL
emission at room temperature in CaMoQO, oriented aggre-
gate crystals and meso- and nanocrystals.

Figure 12 shows the representation for the CaMoQOy unit
cell, possible distortion sets on the [MoQy] clusters, laser
excitation, a wide band model, and the PL spectrum of
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CaMoO, oriented aggregate crystals and meso- and nano-
crystals prepared with different solvent ratios (H,O/C,H¢O,)
and processed in a microwave-assisted hydrothermal/
solvothermal system at 140 °C for 1 h.

Inside the autoclave cell, the high frequency of the micro-
wave irradiation may also interact with the lattice of the
CaMoOy crystal solid (Figure 12a). It is reported by Rao
et al.'® that Mo atoms are known to couple strongly to
microwave irradiation at ordinary temperatures; this cou-
pling generates high heating inside the lattice, which can lead
to deformation/strain in the CaMoQy lattice; some of these
possible distortions on the tetrahedron [MoQy] clusters were
simulated through displacements on the Mo atoms along the
axes (x, y, and z) illustrated in Figure 12b. Therefore, this
structural distortion leads to formation of intermediary
energy levels within the band gap. Figure 12c shows the laser
employed in excitation of CaM 0O, meso-/nanocrystals. The
wavelength energy (350 nm =~ 3.543 eV) is able to excite
several electrons localized in intermediary energy levels
within the band gap (Figure 12d). These direct electronic
transitions in band gap occur in the same region of the
Brillouin zone between the maximum-energy states near to
minimum-energy states (see Figure 10). During the excita-
tion process at room temperature, some electrons localized at
lower intermediary energy levels (oxygen 2p orbitals) near
the valence band absorb the photon energies (hv) at this
wavelength. As a consequence of this phenomenon, the
energetic electrons are promoted to higher intermediary
energy levels (molybdenum 4d orbitals) located near the
conduction band (Figure 12¢). When the electrons fall back
to lower energy states, again via radiative return processes,
the energies arising from this electronic transition is con-
verted to photons (/') (Figure 12f). In this case, several
photons (hv'), originating from the participation of different
energy states during the electronic transitions, are responsi-
ble for the broad PL spectra (Figure 12g). As can be observed
in Figure 12, the PL emission maximum also is influenced by
the morphology of the crystals, depending on the shape and
arrangement of clusters having different types of defects in
surface and lattice. Since the distortion on the tetrahedral
[MoOQy] clusters leads to specific defects at medium range,
causing a nonlinear PL behavior, according to Yin et al.,'®”
the PL intensity in a CaMoQO, nanostructure may greatly
depend on the particle distribution. These authors have
demonstrated that the improvement in PL intensity of
CaMoQ, can be related with the control of the particle size
distribution and the homogeneity of particle morphology.
Our results indicated that the spherical-like CaMoO,4 meso-
crystals with isotropic growth present the largest intensities
of PL emission. Thus, we believe that PL behavior can also
be influenced by effective control of the orientation of these
crystals. However, the true factor that acts on the PL
behavior is not still completely clear, and future investiga-
tions based on both experimental data and theoretical
calculations will be necessary for a better understanding of
the origin of this optical property.

Conclusions

In summary, CaMoQ, oriented aggregate crystals and
meso- and nanocrystals were obtained with solvent ratios
(water/ethylene glycol) and processed in a microwave-assisted
hydrothermal/solvothermal system at 140 °C for 1 h. XRD
patterns and FT-Raman spectra indicated that the CaMoOy,
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meso- and nanocrystals are ordered at long- and short-range
with the presence of a scheelite-type tetragonal structure
without the presence of secondary phases. FT-IR spectra
showed characteristic vibrational modes of a tetragonal crys-
tal system. FEG-SEM micrographs indicated an anisotropic
growth for CaMoQ, oriented aggregate crystals processed
under hydrothermal-microwave conditions and isotropic
growth for CaMoO,4 meso- and nanocrystals processed under
solvothermal-microwave conditions. Thus, the micrographs
indicated that the solvent ratios are able to influence the
crystal growth process, and also, the micrographs showed
the agglomerate nature and polydisperse size distribution.
TEM micrographs revealed that the presence of different
solvent ratios (water/ethylene glycol) promotes the formation
of CaMoQ, oriented aggregate crystals and meso- and nano-
crystals. HR-TEM micrographs evidenced that the CaMoO,
oriented aggregate crystals are formed by aggregating of
nanocrystals in the same crystallographic plane, but not all
those nanocrystals are oriented, while, in CaMoO,4 mesocrys-
tals, all the nanocrystals are oriented, as seen by the SAED.
HR-TEM micrographs evidenced that the CaMoO,4 nano-
crystals present preferential growth along the [001] direction,
but in general, these nanocrystals have different crystallo-
graphic orientations, as also seen by the SAED. A possible
growth mechanism for the formation of CaMoQ, oriented aggre-
gate and meso- and nanocrystals prepared with different solv-
ent ratios and a processed microwave-assisted hydrothermal/
solvothermal system was explained in detail. UV—vis absorp-
tion spectra showed different optical band gap values, which
were associated with the presence of intermediary energy
levels within the band gap, which are basically composed of
oxygen 2p orbitals (above the valence band) and molybdenum
4d orbitals (below the conduction band). The DFT investiga-
tions performed on the band structures suggested that the
direct electronic transitions (G—GQG) occur in the band gap. The
DOS analyses indicated that the valence band is mainly
formed of oxygen 2p., 2p,, 2p. atomic orbitals, while the
conduction band is composed mainly of molybdenum atoms
containing 4d,,, 4d.., 4d,., 4d.>_,», and 4d.. atomic orbitals.
Also, the band structures and the DOS estimated by the
theoretical calculations showed that the electronic states are
influenced by the displacements performed on the Mo atoms
(lattice formers) in the [MoQy] clusters, while little influence
is noted by Ca atoms (lattice modifier) in the [CaQg] clusters
due to 5s, 5p,, 5p,, and 5p. atomic orbitals presenting weak
hybridization with the oxygen atomic orbitals. The PL emis-
sion maximum can be linked to crystal shape/intrinsic defects
in the surface and mainly to possible distortions on the tetra-
hedron [MoQy] clusters in the lattice caused by the microwave
irradiation. Moreover, the nonlinear PL behavior also can
be related to formation of defects at medium range in the
lattice caused by the magnetic field oscillator of the micro-
wave irradiation by coupling with solvents and/or the crystal
lattice, that leads to obtention of (oriented aggregate crystals,
meso and nanocrystals) with different crystallographic
orientations.
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sities of different solvent ratios (H,O/C,HO,) employed in prep-
aration of CaMoQOy crystals; the specific surface area of CaMoOy
aggregated oriented crystals and meso- and nanocrystals; N, ad-
sorption—desorption isotherms of CaMoO, aggregated oriented
crystals and meso- and nanocrystals; TEM/HR-TEM micrographs
and SAED of CaMoOy oriented aggregate crystals and meso- and
nanocrystals; a schematic representation of a CaMoQ, oriented
aggregate crystals and meso- and nanocrystals and possible relation
of orientation of crystals with the photoluminescence properties; a
diagram of the primitive body-centered-tetragonal Brillouin zone;
the correlation of the experimental gap energy [Egap(exp)] with the
theoretical gap energy [Ey,p(theo)] after the displacement of Mo
atoms to deform the CaMoOQy, crystal; and partial and total DOS for
each one of the main atomic orbitals involved (Ca = 5s, Sp, Mo = 4d,
and O = 2p) of crystalline CaM 0O, with and without displacement
of the Mo atoms. This material is available free of charge via the
Internet at http://pubs.acs.org.
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