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A B S T R A C T

CaMoO4 crystals were prepared by a controlled co-precipitation method and processed in a domestic microwave-
assisted hydrothermal system with two different surfactants (ethyl 4-dimethylaminobenzoate and 1,2,4,5-ben-
zenetetracarboxylic dianhydride). The corresponding structures were characterized by X-ray diffraction and
Rietveld refinement techniques, Fourier transform infrared spectroscopy, ultraviolet–visible absorption spec-
troscopy, and photoluminescence measurements. Field emission scanning electron microscopy was used to
investigate the morphology of the as-synthesized aggregates. The structure, the surface stability of the (001),
(112), (100), (110), (101), and (111) surfaces of CaMoO4, and their morphological transformations were
investigated through systematic first-principles calculations within the density functional theory method at the
B3LYP level. Analysis of the surface structures showed that the electronic properties were associated with the
presence of undercoordinated [CaOx] (x ¼ 5 and 6) and [MoOy] (y ¼ 4 and 3) clusters. The relative surfaces
energies were tuned to predict a complete map of the morphologies available through a Wulff construction
approach. The results reveal that the experimental and theoretical morphologies obtained coincide when the
surface energies of the (001) and (101) surfaces increase, while the surface energy of the (100) facet decreases
simultaneously. The results provide a comprehensive catalog of the morphologies most likely to be present under
realistic conditions, and will serve as a starting point for future studies on the surface chemistry of CaMoO4

crystals.
1. Introduction

Calcium molybdate (CaMoO4) belongs to the scheelite family with its
AMoO4 formula, where A is Ca, Sr, or Ba, and has a tetragonal structure
with space group I41/a [1,2]. This type of structure is composed of
dodecahedral [CaO8] clusters and tetrahedral [MoO4] clusters connected
via common vertices. In turn, [CaO8] polyhedra are connected via the
edges and form a 3D framework [2–4] in which the Ca–O–Mo moiety
can act as a “hinge,” allowing the [MoO4] cluster more rotational
freedom [5] to generate a structural disorder at the [CaO8] and [MoO4]
clusters throughout the scheelite lattice [6,7].

CaMoO4 (nano)crystals have received great attention, and many
different preparation methods have been reported, such as solid-state
mio).

ember 2017; Accepted 24 November
reaction [8,9], citrate complex methods [10,11], a galvanic cell
method [12], sol-gel methods [13,14], an ultrasound method [15], hy-
drothermal methods [16,17], a free surfactant sonochemical method
[18], chemical deposition [19–22], precipitation [23], co-precipitation
[24–27], and microwave-hydrothermal [2,11,28–33]. From the theo-
retical point of view, the geometry, electronic properties, and optical
properties of CaMoO4 have been investigated by density functional the-
ory (DFT) methods [34–36].

In recent years, the search for the relationship between morphology
and properties has attracted increasing attention to the field of material
research. The performance of various crystal facets is linked to unique
surface features such as local electronic structure [37], atomic termina-
tion [38], atomic population [39], coordination patterns [40], dangling
2017

mailto:mauricio.bomio@ct.ufrn.br
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpcs.2017.11.019&domain=pdf
www.sciencedirect.com/science/journal/00223697
http://www.elsevier.com/locate/jpcs
https://doi.org/10.1016/j.jpcs.2017.11.019
https://doi.org/10.1016/j.jpcs.2017.11.019
https://doi.org/10.1016/j.jpcs.2017.11.019


F.K.F. Oliveira et al. Journal of Physics and Chemistry of Solids 114 (2018) 141–152
bonds [41], and internal electric strain [42], as well as surface energies
[43]. Particularly, the activity of nanocrystals used as catalysts depends
strongly on the surface structure of facets enclosing these crystals
[44–49], and makes it possible to increase catalytic activity and selec-
tivity by optimization of the structure of the catalytically active site. In
addition, according to Ruditskiy et al. [50], the shape control of nano-
catalysts helps to optimize the catalytic applicability and reduces the
costs of the material. Therefore, changing the morphology of the
as-synthesized (nano)crystals and further controlling their properties are
great challenges for their application. However, the control of the final
morphology and surface structure, which is a complex and difficult task,
is highly dependent on the crystal internal structures, synthesis method,
and external growth conditions, such as the concentration of the con-
stituents, surfactants, additives, solvents, etc. In this study, surface en-
ergies of six different surfaces, (001), (112), (110), (101), (100), and
(111), of the CaMoO4 crystal were calculated with use of DFT. The pre-
dominant cleavage surfaces, the preferentially expressed crystal surfaces,
and the corresponding morphologies were predicted theoretically, and
these were then compared with the observations based on field emission
scanning electron microscopy (FE-SEM) images.

In this work, we seek to fulfill a twofold objective. Firstly, the syn-
thesis and characterization of CaMoO4 crystals was done with and
without different surfactants (ethyl 4-dimethylaminobenzoate [EDA]
and 1,2,4,5-benzenetetracarboxylic dianhydride [BTD]) by a co-
precipitation method and with processing in a domestic microwave-
assisted hydrothermal system at 140 �C for 1, 2, 4, and 8 min. These
samples were structurally characterized by X-ray diffraction (XRD),
Fourier transform infrared (FT-IR) spectroscopy, FE-SEM, ultra-
violet–visible (UV–vis) absorption spectroscopy, and photoluminescence
(PL) measurements. Secondly, we intend to provide detailed
Fig. 1. The synthesis process for CaMoO4 crystals. BTD, 1,2,4,5-benzene
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microscopic information on the evolution of the final morphology with
the surfactant used throughout the synthesis. Shape control was ach-
ieved by precise tuning of the experimental parameters, such as the
presence of surfactants and time.

We believe that these results can arouse enough interest since they
will contribute to broadening of the fundamental knowledge of the
morphology of compounds based on CaMoO4. To do so, a recent exper-
imental and theoretical strategy was applied, based on the joint use of
experimental findings and first-principles calculations at the DFT level.
The Wulff construction is used to obtain the electronic, structural, and
energetic properties that control the morphology and the transformation
mechanism of metals, binary oxides, and complex crystals [51–54]. This
strategy was recently used in BaWO4 [55], BaMoO4 [56], and α-AgVO3
[57] crystals. In this context, Ng and Fan [58] reported a simple method
to prepare uniform β-Ag2MoO4 crystals with well-defined shapes, which
is expected to catalyze more extensive studies on the photocatalytic
properties of the material.

This work follows this procedure to obtain a complete map of avail-
able morphologies for CaMoO4 crystals. In addition, on the basis of these
results, we are able to rationalize how the different surfaces change their
energies throughout the synthesis process, and we are able to propose a
path by which the experimental and theoretical morphologies of CaMoO4
can match. With corrected surface energies, a straightforward under-
standing was provided by Wulff construction.

The rest of the article is divided into three sections. In the next sec-
tion, we describe, in detail, the materials and methods for synthesizing
and processing CaMoO4 powders, as well as the computational method
and model systems used to perform the first-principles calculations.
Section 3 contains the results and discussion. The article ends with the
main conclusions of our work.
tetracarboxylic dianhydride; EDA, ethyl 4-dimethylaminobenzoate.
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2. Materials and methods

2.1. Synthesis and processing of CaMoO4 powders

CaMoO4 powders were synthesized by a co-precipitation method in
distilled water and processed in a microwave-assisted hydrothermal
system for different times (1, 2, 4, and 8 min). Two different surfactants
were used during the synthesis: Ethyl 4-dimethylaminobenzoate (EDA)
and 1,2,4,5-benzenetetracarboxylic dianhydride (BTD). In addition, the
samples were also synthesized without the surfactant, as a reference. A
schematic representation of the synthesis of CaMoO4 crystals is illus-
trated in Fig. 1.

A typical experimental procedure was as follows: 5 � 10�3 mol of
molybdic acid, H2MoO4 (85%purity, Synth), and 5� 10�3 mol of calcium
nitrate, Ca(NO3)2 (99.5% purity, Sigma-Aldrich), were dissolved in
90 mL of water, and the mixture was stirred for 15 min. Then 5 mL of
ammonium hydroxide, NH4OH, was added to this solution until the pH
reached 14 to intensify the rate of hydrolysis between Mo and Ca ions, as
shown in Eqs. (1) and (2):

H2MoO4 ðsÞ þ CaðNO3Þ2 ðsÞ��!
H2O 2Hþ

ðaqÞ þ 2NO�
3 ðaqÞ þ Ca2þðaqÞ þ MoO2�

4 ðaqÞ
(1)

Ca2þðaqÞ þMoO2�
4 ðaqÞ →CaMoO4 ðsÞ (2)
Fig. 2. X-ray diffraction patterns of CaMoO4 crystals at 1, 2, 4, and 8 min: (a) CaMoO4, (b) CaMo
benzenetetracarboxylic dianhydride.
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Subsequently, processing was done with a microwave-assisted hy-
drothermal system (2.45 GHz, maximum power of 800 W). The solution
was transferred into a Teflon autoclave and processed at 140 �C for 1, 2,
4, and 8 min. The pressure into the autoclave was stabilized at 3.4 bar.
The solution obtained was washed with distilled water ten times to
neutralize the solution (pH � 7). Finally, the precipitates were dried at
100 �C for 24 h.
2.2. Characterizations of CaMoO4 powders

CaMoO4 powders were structurally characterized by XRD patterns,
which were obtained with a Bruker/D2 PHASER with Cu-Kα radiation in
the 2θ range from 10� to 75� at a rate of 0.02�/min. The lattice param-
eters a and c were calculated by adjustment of the experimental dif-
fractogram with use of the program MAUD [56]. The average crystallite
sizes and microstrain were calculated by the Williamson-Hall
method [59–61].

FT-IR spectra were recorded at room temperature with a Shimadzu
IRTracer-100 instrument. The morphology of the powders was observed
by FE-SEM (Zeiss Auriga). UV–vis spectra were recorded with a Shi-
madzu UV-2600 spectrophotometer in reflectance mode. PL spectra were
measured with a Thermo Jarrell Ash Monospec 27 monochromator and a
Hamamatsu R446 photomultiplier. The 350.7 nm line of a krypton ion
laser (Coherent Innova 90 K) was used as the excitation source, with the
output power of the laser kept at 200 mW. All measurements were taken
O4 prepared with ethyl 4-dimethylaminobenzoate, and (c) CaMoO4 prepared with 1,2,4,5-



Table 2
Atomic coordinates for CaMoO4 crystalline structures.

Sample t (min) Atom x y z

CaMoO4 1 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.1553 �0.00767 0.208195

2 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.149 0.0069 0.2089

4 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.1569 �0.03105 0.206959

8 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.15834 �0.04248 0.21528

CaMoO4 (EDA) 1 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.15561 �0.01478 0.20835
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at room temperature.

2.3. Computational method

Theoretical procedures and computational methods involving first-
principles calculations related to the CaMoO4 structure were performed
with the hybrid functional B3LYP and the periodic DFT framework
[62,63] with use of the CRYSTAL14 software package [64].

Mo cations [65] were described by a pseudopotential basis set, while
O anions [66] and Ca cations [67] were described by standard (6-31d1G)
basis sets.

For bulk and surface calculations, the diagonalization of the Fock
matrix was performed at adequate k-point grids in the reciprocal space.
The thresholds controlling the accuracy of the calculation of the Coulomb
and exchange integrals were set to 10�8 (ITOL1 to ITOL4) and 10�14

(ITOL5), and the percentage of mixing Fock/Kohn-Shammatrices was set
to 40 (IPMIX keyword) [68].

Surface energies were determined from the equilibrium shape by a
classic Wulff construction [69] that minimizes the total surface free en-
ergy at a fixed volume, providing a simple correlation between the sur-
face energy (Esurf) of the (hkl) plane and the distance (rhkl) in the normal
direction from the center of the crystallite. The Wulff construction has
been successfully used in materials science to obtain the morphology of
materials, including PbMoO4, CaWO4, Ag3PO4, α-Ag2MoO4, BaMoO4,
BaWO4, Ag2CrO4, and LaVO4 [54,56,70–75]. The surface energy (Esurf) is
defined as the total energy per repeating slab cell (Eslab) minus the total
energy of the perfect crystal per molecular unit (Ebulk/atom) multiplied by
the number of molecular units of the surface (Ns) and divided by the
surface area per repeating cell of the two sides of the slab.

3. Results and discussion

3.1. XRD analyses

Fig. 2 show the XRD patterns obtained at different times (1, 2, 4, and
8 min) for CaMoO4 powders processed in a microwave-assisted hydro-
thermal system at 140 �C. The XRD patterns revealed that all diffraction
peaks of CaMoO4 powders can be indexed to the scheelite-type tetragonal
structure without the presence of secondary phases, in agreement with
Joint Committee on Powder Diffraction Standards (JCPDS) card no. 29-
351 [76]. Moreover, the relative intensities and sharp diffraction of all
peaks indicated that the materials are well crystallized, suggesting an
ordered structure at long range.

3.2. Rietveld refinement analysis

The Rietveld method is based on the construction of diffraction
Table 1
Rietveld refinement and Williamson-Hall data for the as-synthesized CaMoO4 crystals.

Sample t (min) a (Å) c (Å) V (Å3) Dhkl (nm) Ɛhkl

CaMoO4 1 5.235 11.458 314.05 46 0.003
2 5.220 11.428 311.42 41 0.003
4 5.233 11.451 313.56 30 0.002
8 5.225 11.437 312.25 34 0.003

CaMoO4 (EDA) 1 5.234 11.454 313.71 40 0.003
2 5.235 11.456 313.94 43 0.002
4 5.235 11.457 313.98 36 0.003
8 5.234 11.453 313.75 66 0.004

CaMoO4 (BTD) 1 5.225 11.432 312.11 27 0.003
2 5.237 11.459 314.22 34 0.002
4 5.227 11.433 312.52 30 0.004
8 5.236 11.458 314.16 43 0.006

COD entry 9009632 5.222 11.425 314.16 – –

t is the synthesis time, a and c are lattice parameters, V is the unit cell volume, Dhkl is the
average crystallite size, and Ɛhkl is the microstrain.
BTD, 1,2,4,5-benzenetetracarboxylic dianhydride; COD, Crystallography Open Database;
EDA, ethyl 4-dimethylaminobenzoate.
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patterns calculated according to the structural model [77]. The Rietveld
refinement was performed with MAUD [78], and the refined parameters
were the lattice parameters, background, profile, half-width parameters
(u, v, w), and crystallite size [79]. The results for all the powders were
obtained by the Rietveld method with use of Crystallography Open
Database entry 9009632 [80]. Table 1 shows the lattice parameters, cell
volume, and positions of the atoms. An analysis of the results reveals
small differences with the reported data [80]. Nevertheless, it is impor-
tant to note the variations in the position of the oxygen anions (Table 2).
These variations are associated with distortions of the Ca–O and/or
Mo–O bond lengths, and consequently with different levels of distortion
of the [CaO8] and/or [MoO4] clusters in the lattice.

The CaMoO4 microstrain (εhkl) and crystallite sizes (Dhkl) were
analyzed by the Williamson-Hall method. It is represented by Eq. (3):

βhkl cosθ
λ

¼ 1
Dhkl

þ ðεhkl Þεsinθ
λ

(3)

where βhkl is the full width at half maxima (FWHM) of XRD patterns, θ is
the diffraction angle, λ is the wavelength of the X-Rays, Dhkl is the average
crystallite size, and εhkl is the micro-strain.

Table 1 and Fig. S1, Fig.S2, and Fig.S3 show the results for crystallite
size and microstrain for pure CaMoO4, CaMoO4 prepared with EDA
(CaMoO4_EDA), and CaMoO4 prepared with BTD (CaMoO4_BTD) ob-
tained at different processing times of 1, 2, 4, and 8 min in the
microwave-assisted hydrothermal system at 140 �C. For CaMoO4 sam-
ples, a large difference in crystallite size and microstrain was not
observed. For CaMoO4_EAD processed at 140 �C for 8 min, the crystallite
size andmicrostrain increase, probably due to distortion in the crystalline
lattice promoted by the surfactant EDA. For CaMoO4_BTD processed at
140 �C for 1 and 2 min, we can conclude that the surfactant BTD acts as a
2 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.15246 �0.00021 0.20929

4 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.15403 �0.0172 0.20952

8 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.15309 �0.00562 0.20944

CaMoO4 (BTD) 1 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.14878 �0.05927 0.206735

2 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.15667 �0.00845 0.20904

4 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.17313 �0.04003 0.214182

8 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.15335 �0.02341 0.204194

BTD, 1,2,4,5-benzenetetracarboxylic dianhydride; EDA, ethyl 4-dimethylaminobenzoate.



Fig. 3. Fourier transform infrared patterns of CaMoO4 crystals at 1, 2, 4, and 8 min: (a) CaMoO4, (b) CaMoO4 prepared with ethyl 4-dimethylaminobenzoate (CaMoO4_EDA), and (c)
CaMoO4 prepared with 1,2,4,5-benzenetetracarboxylic dianhydride (CaMoO4_BTD).

Table 3
Experimental and theoretical results for Raman-active and infrared-active modes (cm�1) of CaMoO4.

Raman Experimental

Bg Eg Eg Ag Bg Eg Ag Bg Bg Eg Eg Bg Ag

– – – 205 – 263 333 339 393 401 797 844 878 [78]
110 145 189 205 219 263 333 339 393 401 797 844 878 [80]
112 143 190 205 214 267 322 328 391 402 792 845 877 [81]
111.5 143 189.5 204.5 214 267 321.5 327.5 391 402.5 792 845.5 877 [83]
111 145 189 205 – 267 323 – 391 402 793 847 878 [82]
Theoretical
116.8 159.8 196.6 226.5 231.7 303.6 337.3 346.3 432.5 441 819.5 864.5 896a

Infrared

Experimental

Eu Au Eu Au Eu Au Au Eu

– – – – – 430 – 820 [79]
– – – – 405 430 – 827 [7]
– – 240 280 330 428 790 878 [1]
– – – – – 411–423 720–970 [26]
– – – – – 423 743–895 [32]
– – – – – 430 790–900a

Theoretical
158.8 195.3 209.1 250.7 327.5 470.7 785.3 808.7a

a Present work.
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Fig. 4. Theoretical Raman-active modes of CaMoO4.

Table 4
Optical band gap energy for CaMoO4 without and with the surfactants ethyl 4-dimethy-
laminobenzoate (EDA) and 1,2,4,5-benzenetetracarboxylic dianhydride (BTD).

Samples t (min) Egap (eV)

CaMoO4 1 3.71
2 3.71
4 3.74
8 3.75

CaMoO4 (EDA) 1 3.51
2 3.65
4 3.66
8 3.25

CaMoO4 (BTD) 1 3.66
2 3.71
4 3.66
8 3.68
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growth control agent because of the smaller crystallites than for pure
CaMoO4. On the other hand, for CaMoO4_BTD processed at 140 �C for 4
and 8 min, BTD enhances the lattice distortion parameter c.

3.3. FT-IR analysis

The scheelite-type tetragonal structure exhibits 26 different vibration
modes: (Γ¼ 3Agþ 5Auþ 5Bg þ 3Buþ 5Eg þ 5Eu), but eight of them (4Au
and 4Eu) are active in the infrared, while the other 13 modes (Ag, Bg, and
Eg) are Raman active [81].

Fig. 3 shows the FT-IR spectra of the CaMoO4 crystals in the range
from 1800 to 400 cm�1. Three types of vibrationmodes are seen (1Eu and
2Au), while the other vibration modes are not identified because they are
located in the lower region (400–100 cm�1). An analysis of the results
reveals the presence of an intense absorption band, around
660–910 cm�1, corresponding to Eu and Au modes that are associated
with the antisymmetric stretch of the tetrahedral [MoO4] clusters. At
432 cm�1, a less intense Au mode, corresponding to antisymmetric vi-
brations of the O–Mo–O angles, is observed. However, in FT-IR analysis
it is possible to perceive some differences in the simple CaMoO4. In
Fig. 3(a), the peaks between 1630 and 1450 cm�1 are attributed to the
presence of CO2 in the atmosphere [1], while in Fig. 3(b), the peak
around 1357 cm�1 is assigned to the presence of a tertiary amine organic
group resulting from EDA. In Fig. 3(c), in the region from 1380 to
560 cm�1, the vibration corresponding to the out-of-plane bending of
CH2 is observed, while the wide band between 1134 and 1070 cm�1 is
associated with the presence of anhydride [C–C(¼O)–O–C(¼O)–C]
groups from BTD. At 1650 cm�1, a band associated with the O–H bond
of the water molecule was identified [82], while at 1450 cm�1, a band
corresponding to C–O bonds was identified [1,2].

The theoretical and experimental frequencies for the infrared and
Raman spectra are shown in Table 3, and the comparison and analysis of
the results shows they are agreement with the results previously reported
in the literature [1,2,26,32,81–86].

Theoretical analysis predicts that seven of these modes
(2Ag þ 3Bg þ 2Eg) are internal motions of tetrahedral [MoO4] clusters
and octahedral [CaO8] clusters, while the other six (1Ag þ 2Bg þ 3Eg) are
external pure lattice modes of the [MoO4] tetrahedra (translational and
rotational motions between ions in the lattice) [87]. In principle, there is
a strong interaction between the O–Ca–O and O–Mo–O moieties of
adjacent clusters, which are structurally ordered at short range; and
intense and sharp bands are exhibited at low intensities as observed at
116.8 cm�1 (Bg) and 159.8 and 196.6 cm�1 (Eg). Internal motions of
MoO4 tetrahedra such as symmetric bending at 441.0 cm�1 (Eg) and
432.5 cm�1 (Bg) or antisymmetric bending at 346.3 cm�1 (Bg),
337.3 cm�1 (Ag), 303.6 cm�1 (Eg), and 231.7 cm�1 (Bg) can be observed.
However, strong intense bands at 896.0, 864.5, and 819.5 cm�1 are
attributed to internal/optical modes Ag, Bg, and Eg, respectively. The Ag

mode was observed at 896.0 cm�1 and was assigned to symmetric
stretching vibrations of [MoO4] clusters, and the Bg and Eg modes at
864.5 and 819.5 cm�1 were assigned to antisymmetric stretching vi-
brations of the O–Mo–O moieties (Fig. 4).

3.4. UV–vis analysis

The optical band gap energy (Egap) was calculated by the method
proposed by Wood and Tauc [88]. The band gap energy for all CaMoO4
particles synthesized at 140 �C for different times, with and without
surfactants, was calculated, and the values are listed in Table 4 and
Fig. S4, Fig.S5, and Fig.S6.

Roca et al. [89]. describe that the exponential optical absorption
profile and Egap are controlled by the degree of structural order-disorder
in the lattice. In our study, the UV–vis spectra evidenced changes of band
gap energies with the increase of the heating time. The results agree with
those reported in the literature [1,2] regarding the presence of inter-
mediary energy levels between the valence band and the conduction
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band [72,85,90]. The formation of this intermediate energy level inside
the band gap can be described by the degree of order and disorder of the
crystalline structure [90]. Therefore, as can be seen in Tables 1 and 4, the
increase in structural disorder and the volume of CaMoO4 synthesized in
presence of EDA promotes a wide intermediate level compared with the
pure CaMoO4 and CaMoO4_BTD, having as a consequence a reduction in
the band gap energy.

3.5. Representations of the unit cell, surfaces, and cluster coordination

Fig. 5 shows a schematic representation of the tetragonal structure
(space group I41/a) of the CaMoO4 unit cell with atomic positions and
lattice parameters obtained from the Rietveld refinement data (Tables 1
and 2) in which different clusters are depicted; that is, the local coordi-
nation of Ca and Mo atoms for the bulk (Fig. 5) and surfaces (Fig. 6).

In the bulk, Mo cations are coordinated by four oxygens, yielding
[MoO4] clusters with a tetrahedral configuration. These clusters are
distorted because of the displaced positions of the O ions, yielding a
variation in the O–Mo–O angles of the ideal tetrahedral configuration.

The (001), (112), (100), (110), (101), and (111) surfaces of CaMoO4
were modeled by an unreconstructed slab model using an optimized
equilibrium geometry. All surfaces are exposed to a vacuum by the Mo
and O ions, while the Ca and O ions are the exposed centers on the (111)
surface. In addition to the atomic configuration of the exposed facets, the
coordination environment has a large effect on the stabilization of the
surfaces. Since the bonding interaction of a Mo–O bond is stronger than
that of a Ca–O bond, the stability of the (111) surface is reduced



Table 5
Esurf, area, and relaxation energy during the optimization process.

Surface Esurf (J/m2) A (Å2) Relaxation energy (%)

(001) 0.72 27.385 14
(112) 0.75 50.054 70
(110) 0.93 41.898 70
(101) 1.01 32.637 74
(100) 1.15 59.253 43
(111) 4.56 88.157 1

Fig. 5. The bulk structure of CaMoO4, showing [CaO8] and [MoO4] clusters as building
blocks of the material.
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compared with that of the rest of the surfaces because of the presence of
two oxygen vacancies; that is, under coordination at the [MoO2] cluster.
Only the (112) surface presents [CaO5] clusters, implying a breaking of a
Ca–O bond compared with the bulk.

The local coordination of the superficial Ca and Mo cations and the
distance to the closer O ions are shown in Fig. 6.

3.6. Morphology study

Table 5 lists the surface energies, area, and relaxation energy during
the optimization process for each surface. According to the DFT calcu-
lations, the stability of the surfaces is in the order (001)>(112)>(110)
>(101)>(100)>(111).

These results can be explained in terms of local order (at short dis-
tance), taking into account the vacancies of the O ions in the superficial
Fig. 6. The surfaces and Ca–O and Mo–O bond distances of the exposed at
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Mo ([MoO4] and [MoO2]) and Ca ([CaO6] and [CaO5]) clusters. This
information was used to map the available morphologies of CaMoO4,
assuming different values for the surface energy of different facets, and
then the transformations between the different morphologies were
associated with the relative surface energy of each surface. Fig. 7 illus-
trates the good agreement between the experimental FE-SEM images and
the theoretical morphologies.

By modulating the relationship between the surface stabilities of the
different faces, we obtained Fig. 7, which can be used to obtain corre-
lations with the experimental results. This map displays the available
morphologies of CaMoO4 crystals resulting from a change in the relative
stability of the facets. We started with the ideal morphology, and when
the surface energies of the (001) and (101) surfaces increased, shape A
was obtained (bottom of Fig. 7). When the surface energy of the (101)
surface decreased, with simultaneous increase of the surface energy of
(112) surfaces, shape B was obtained (top of Fig. 7). Other possibilities
were observed when the surface energy of the (101) facet decreases and
that of the (112) surface increases (middle of Fig. 7). Experimentally,
EDA was determinant, because an interaction occurred on the structure,
allowing two types of facets to be exposed in the resulting morphology.
The experimental morphology was simulated by means of two paths: the
first from shape A to shape A1, increasing the surface energy of the (001)
surface to 1.37 J/m2 and decreasing the corresponding value of the (100)
oms: (a) (001), (b) (112), (c) (100), (d) (110), (e) (101), and (f) (111).



Fig. 7. Map of morphologies of CaMoO4 with crystal planes (001), (112), (110), (101), (100), and (111).
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surface to 0.63 J/m2. The second path was obtained from shape B to
shape B1, increasing the surface energy of the (001) surface to 1.87 J/m2

and decreasing the corresponding value of the (110) surface to 0.63 J/
m2. The A2 morphology generated is similar to that synthesized by
Ghaed-Amini et al. [91] and Marques et al. [2].

Therefore, the theoretical morphologies can be controlled by the
different surface energies, and it is well known that morphologies can
undergo changes because of differences in the environment in which they
are synthesized. These differences may include the presence of surfac-
tants and impurities, and differences in solvents, temperature, and syn-
thetic routes.

3.7. Band structure and density of states

The computed band structure and total density of states (DOS) pro-
jected onto the atoms and orbitals of the CaMoO4 structures, surfaces,
and bulk are shown in Fig. 8.

An analysis of the DOS indicates that the upper part of the valence
band consists mainly of O orbitals(2px, 2py and 2pz) and lesser contri-
butions of Ca and Mo orbitals. The lower part of the conduction band is
derived mostly from Mo 4 d orbitals (4dz2, 4dx2�y

2 , 4dxy, 4dxz, 4dyz). The
direct band gap energy of 4.92 eV (from Γ to Γ) is obtained for the bulk.
An analysis of the projected DOS reveals that the top of the valance band
is produced by a major contribution of the O 2pz and 2pz states, and the
top of the conduction is due to Mo 4dz2 states and minor contribution of
4dx2�y

2 states (see Fig. 8(h)).
Calculations yielded a direct band gap energy for the (001), (112),

(110), (101), and (100) surfaces very similar to that in the bulk crystal,
with variations of 0.1–0.3 eV depending on the specific surface. How-
ever, the (111) surface has a conducting character, indicating a certain
instability, possibly due to the breaking of coordination in [MoO4]
clusters with two vacancies.
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3.8. PL analysis

The PL spectra of the CaMoO4 as-synthesized powders with and
without surfactants, (EDA and BTD) are shown in Fig. 9.

Broad emission bands associated with a multilevel process (i.e.,
involving the participation of numerous states within the band gap of the
material [28]) can be observed.

Through the deconvolution of the PL spectra of pure CaMoO4,
CaMoO4_EDA, and CaMoO4_BTD (Fig. 9), it was possible to discovery
three curves centered at 459 nm (blue), 529 nm (green), and 610 nm
(orange), which covered all the visible electromagnetic spectrum. These
results show the same behavior of PL for pure CaMoO4 and CaMoO4_EDA
samples. On the other hand, CaMoO4_BTD samples reveal an elevated
percentage of the blue area, indicating a higher concentration of shallow
defects than in pure CaMoO4 and CaMoO4_EDA samples, which favors
equally the blue and green areas.

The blueshift in the PL is related to the changes in the morphology of
the CaMoO4 particles, from peanut-like for pure CaMoO4 to spheres for
CaMoO4_EDA and dumbbell-like and flower-like for CaMoO4_BTD
(Fig. S7) and theoretical models (Fig. 7). However, other factors may also
be involved in the PL, such as particle aggregation and differences in the
size. On the other hand, we believe that the blueshift in CaMoO4_BTD
samples may be related to a preferential growth of the A1 structure
described on the map of morphologies (Fig. 7), consequently promoting a
higher concentration of shallow defects. Hence, the morphology and the
PL in this study varied significantly with the heat treatment time,
morphology, and surfactant used during the synthesis.

4. Conclusions

In summary, we have developed amorphology-controlled synthesis of
CaMoO4 crystals by means of a simple co-precipitation method and with



Fig. 8. Theoretical band structure and projected density of states (DOS): (a) the (100) surface, (b) the (101) surface, (c) the (112) surface, (d) the (110) surface, (e) the (001) surface, (f) the
(111) surface, (g) bulk projected on atoms, and (h) bulk projected on orbitals.
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processing in a domestic microwave-assisted hydrothermal system with
and without use of different surfactants (EDA and BTD). The as-
synthesized samples were characterized by XRD and Rietveld refine-
ment techniques, FT-IR spectroscopy, UV–vis absorption spectroscopy,
and PL measurements, while FE-SEM was used to investigate the
morphology of the crystals. The effects of reaction conditions, including
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the presence of surfactant and reaction time, on the properties and
morphology of CaMoO4 were investigated systematically.

The available morphologies of CaMoO4 comprise a complete array of
polyhedral geometries that are achieved by modulation of the surface
energies by use of aWulff construction, and they can be fine-tuned to find
the path to link the experimental morphologies (obtained by FE-SEM)



Fig. 9. Photoluminescence (PL) spectra patterns of CaMoO4 microcrystals synthesized by the microwave-assisted hydrothermal method at 140 �C: (a) CaMoO4 1 min, (b) CaMoO4 2 min
(c) CaMoO4 4 min, (d) CaMoO4 8 min, (e) CaMoO4 prepared with ethyl 4-dimethylaminobenzoate (CaMoO4_EAD) 1 min, (f) CaMoO4_EAD 2 min (g) CaMoO4_EAD 4 min, (h) CaMoO4_EAD
8 min, (i) CaMoO4 prepared with 1,2,4,5-benzenetetracarboxylic dianhydride (CaMoO4_BTD) 1 min, (j) CaMoO4_BTD 2 min, (l) CaMoO4_BTD 4 min, and (m) CaMoO4_BTD 8 min.
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and theoretical morphologies. The surface energies for six different sur-
faces, (001), (112), (100), (110), (101), and (111), of the CaMoO4 crystal
were calculated with use of DFT. On the basis of the calculation results,
the predominantly exposed surfaces in the morphologies of CaMoO4
crystals and their morphological transformations were predicted. By
tuning the surface energies, we obtained a complete map of the mor-
phologies available for CaMoO4, which enabled us to identify where the
observed morphology from the FE-SEM images was located on this map.
The experimental and theoretical morphologies obtained coincide when
the surface energy of the (001) surface decreases and the surface energies
of the (100) and (101) surfaces simultaneously increase. The present
work is expected to catalyze more extensive studies on the different
properties of this material. In particular, with the changes of experi-
mental parameters that can be used for tuning the morphology of
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CaMoO4 crystals, we anticipate that CaMoO4 crystals with other exotic
shapes will be unraveled in time. It is also likely that the concepts
identified in this work can be extrapolated to the shape-controlled
preparation of other related materials.
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