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A B S T R A C T

The design of a solid solution with tunable electro-optical properties and multifunctionality is a promising
strategy for developing novel materials. In this work, BaW1-xMoxO4 (x= 0, 0.25, 0.5, 0.75, and 1) solid solutions
have been successfully prepared for the first time by a co-precipitation method. Their crystal structure and phase
composition were determined by X-ray diffraction and Rietveld refinements. Fourier transform infrared and
micro Raman spectroscopy in combination with field-emission scanning electron microscopy (FE-SEM) were
used to describe the microstructures and chemical compositions of the synthesized materials. The influence of
chemical composition on morphology and photoluminescence (PL) emission has been analyzed. The geometry,
electronic structures, and morphologies of BaW1-xMoxO4 (x=0, 0.25, 0.5, 0.75, and 1) solid solutions were
investigated by first-principles quantum-mechanical calculations based on the density functional theory. By
using Wulff construction and the values of the surface energies for the (1 1 2), (0 0 1), (1 1 0), (1 0 1), (1 0 0), and
(1 1 1) crystal faces, a complete map of the available morphologies for the BaW1-xMoxO4 solid solutions was
obtained. These results show a qualitative agreement between the experimental morphologies obtained using the
FE-SEM images and the computational models. The substitution of W6+ by Mo6+ enhances the electron-transfer
process due to a stronger Mo(4d)-O(2p) hybridization compared to W(5d)-O(2p) for the W/Mo-O superficial
bonds, and is responsible for the change in morphology from BaWO4 to BaMoO4. Such a fundamental study,
which combines multiple experimental methods and first-principles calculations, has provided valuable insight
into obtaining a basic understanding of the local structures, bonding, morphologies, band gaps, and electronic
and optical properties of the BaW1-xMoxO4 (x= 0, 0.25, 0.5, 0.75, and 1) solid solutions.

1. Introduction

Alkaline earth molybdate and tungstate (AMoO4 and AWO4,
A=Ba, Sr, or Ca) are inorganic compounds having the scheelite-type
ABO4 structure, and exhibit interesting properties for a wide range of
applications such as scintillators, luminescent materials, electro-optical
devices, and catalysts [1–5].

From a structural point of view, in the tetragonal scheelite structure
(space group I41/a), each hexavalent metal cation, Mo6+ or W6+, is
tetrahedrally coordinated to four oxygen anions, yielding [MoO4] or
[WO4] clusters. The alkaline earth bivalent metal cations, A2+, are

located between these tetrahedral clusters, forming an eightfold co-
ordination with the oxygen anions, i.e., [AO8] clusters [6] or [MoO4]/
[WO4] clusters being the building blocks of their 3-D structures. The
versatility of this family of complex oxide crystals is owing to the fact
that their physical and chemical properties depend on their composi-
tion, which in turn allows the tuning of the final properties by changing
the chemical composition. Very recently, L. Liu et al. [7] have obtained
different morphologies by adjusting the relative concentrations of so-
lute, water, and ethanol, while the mechanisms through which these
morphologies were formed have been analyzed by using in situ scanning
electron microscopy and atomic force microscopy.
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Our group has been engaged in a research project devoted to the
study of the structural, morphological, and optical properties of BaWO4

[6] and BaMoO4 [8] microcrystals by using a combination of theoretical
calculations and experimental techniques [9]. As an extension of these
studies, in this work, we focus our attention on BaW1-xMoxO4 solid
solutions, in which both BaWO4 and BaMoO4 have the scheelite
structure. When the W6+ cations in BaWO4 are partially replaced by the
Mo6+ cations, the formation of a BaW1-xMoxO4 solid solution is ex-
pected, and its structural, electronic, and optical properties can be
tailored over a broad range, opening the door to finding new materials
that can exhibit a wide range of technologically relevant properties.
Recently, Bouzidi et al. [10] have prepared BaW1-xMoxO4 solid solu-
tions (x= 0.00, 0.05, 0.10, 0.15, and 0.20) by a solid state reaction
method, while Vidya et al. [11] have prepared AMo0.5W0.5O4 (where
A=Ba, Sr, or Ca) by a single-step modified combustion technique.

Based on the above considerations, in this work, we seek to fulfill a
four-fold objective. The first is to report, for the first time, the synthesis
of novel BaW1-xMoxO4 (x=0, 0.25, 0.5, 0.75, and 1) solid solutions by
employing a co-precipitation method. This synthesis method has re-
ceived special attention due to allow the formation of oxides with high
degree of crystallinity and easy dispersion in aqueous medium, reduce
the reaction times, low synthesis temperatures, excellent control of
reaction parameters, excellent control size and morphology of product,
and enhance product purity or material properties [12–16]. Secondly,
X-ray diffraction (XRD), Fourier transform infrared (FT-IR), and micro
Raman (MR) spectroscopy, in combination with field-emission scanning
electron microscopy (FE-SEM) and Rietveld refinements, were em-
ployed to characterize the samples and determine the effect of their
chemical composition on the morphology and photoluminescence (PL)
emissions. The third aim is to investigate the geometry, electronic
structure, and properties of BaW1-xMoxO4 using the density functional
theory (DFT). The fourth aim is to apply a joint experimental and
theoretical strategy developed by us to obtain a complete map of the
morphologies available for the BaW1-xMoxO4 solid solutions. Based on
these results, we hope to understand how the different surfaces change
their energies throughout the synthesis process, and propose a me-
chanism by which the experimental and theoretical morphologies of the
BaW1-xMoxO4 solid solutions match. We believe that these novel results
are of significant relevance, since they may inspire the efficient
synthesis of these and related molybdate/tungstate solid solutions and
provide critical information to expand our fundamental understanding
of the effect of substitution of W by Mo in these compounds.

This paper contains three more sections. The next section is the
experimental section (synthesis and characterization), where the com-
putational details are given. In section three, the results are presented
and discussed. The main conclusions are summarized in the fourth and
final section.

2. Experimental procedures

2.1. Synthesis

BaW1-xMoxO4 (x=0, 0.25, 0.50, 0.75, and 1) solid solutions were
synthesized by a co-precipitation method at 80 °C. Sodium tungstate
dihydrate (Na2WO4·2H2O, Stream Chemical, 99.5%, 1× 10−3 mol)
and sodium molybdate dihydrate (Na2MoO4·2H2O, Stream Chemical,
99.95%, 1× 10−3 mol) were dissolved in 50mL of distilled water at
80 °C by vigorous stirring. Then, 1× 10−3 mol of barium nitrate (Ba
(NO3)2, Sigma-Aldrich, 99%), solubilized in 50mL of distilled water at
80 °C, was added to the previously mentioned solution. The solution
was maintained at 80 °C until the BaW1-xMoxO4 crystals precipitated.
This precipitate was washed with distilled water several times, col-
lected, and dried in a conventional furnace at 50 °C for 8 h.

2.2. Characterization

To determine the phase composition and crystal structure of the as-
synthesized BaW1-xMoxO4 (x= 0, 0.25, 0.50, 0.75, and 1) crystals, X-
ray powder diffraction (XRD) was employed in combination with
Rietveld refinements [17] and the General Structure Analysis System
program [18]. The measurements were carried out using a D/MAX/
2500PC diffractometer (Rigaku, Japan) operating at 40 kV and 150mA
with Cu Kα radiation (λ=1.5406A) in the 2 θ range 10° to 110° at a
scan rate of 0.02°/min. The diffraction peak profiles were adjusted
using the Thompson–Cox–Hastings pseudo-Voigt (pV-TCH) function
and an asymmetry function described by Finger et al. [19]. The back-
ground was corrected using a Chebyshev polynomial of the first order.
The strain anisotropy broadening was corrected using the phenomen-
ological model described by Stephens [20]. The high-quality powder
diffraction data in combination with the Rietveld method allowed the
refinement of a structural model (atomic coordinates, site occupancies,
and atomic displacement parameters), as well as the profile parameters
(lattice constants, peak shape, sample height, and background).

The morphologies of the particles were observed with a field-
emission scanning electron microscope, model InspectF50 (FEI
Company, Hillsboro, USA), operated at 15 kV. The Fourier transform
infrared spectroscopy (FT-IR) patterns were recorded in the range
250–1100 cm−1 using KBr pellets as a reference in a Bomen-Michelson
spectrophotometer in the transmittance mode (model MB-102). Micro
Raman (MR) spectroscopy was conducted on a Horiba Jobin-Yvon
(Japan) spectrometer coupled to a charge-coupled device detector and
Ar-ion laser (MellesGriot, United States) operating at 514.5 nm with a
maximum power of 200 mW. The spectra were measured in the range
48–1100 cm−1. The PL spectra were measured with a Monospec 27
monochromator (Thermal Jarrel Ash, United States) coupled to a R446
photomultiplier (Hamamatsu Photonics, Japan). A Kr ion laser
(Coherent Innova 200 K, United States) (λ=350 nm) was used as the
excitation source. The incident laser beam power on the sample was
maintained at 15mW. All the measurements were performed at room
temperature.

2.3. Computational details

Quantum-mechanical calculations using DFT at the B3LYP hybrid
functional level [21,22] have been carried out by means of the
CRYSTAL14 computer code [23]. This method has been successfully
employed in various studies of the bulk and surface electronic and
structural properties of perovskite [24,25], molybdate [26,27,8], and
tungstate based materials [28–30,6], as well as Ag2CrO4 [31], and
LaVO4 [32].

The atomic centers were described using pseudopotential basis sets
for the Mo [33] atom and large-core effective core potentials derived by
Hay and Wadt, modified by Cora et al. [34] for the W atom; while the O
[35] and Ba [36] atoms were described by the standard all-electron-
basis sets (6-31G* basis set).

The irreducible edge of the Brillouin zones was sampled using the
Monkhorst–Pack method [37] at different k-point grids according to the
system size. 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), which assures a convergence in total energy
better than 10−7 a.u., whereas the percentage of Fock/Kohn–Sham
matrix mixing was set to 40 (IPMIX=40) for the calculation of the
equilibrium geometries and electronic properties of the BaW1-xMoxO4

structures.
The initial cell and atomic position parameters used in the optimi-

zation process were taken from the results of Rietveld refinements of
BaWO4 and BaMoO4. The scheelite structure is characterized by barium
atoms bonded to eight oxygen atoms, resulting in [BaO8] bisdisphenoid
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clusters, and the molybdenum or tungsten atoms coordinated to four
oxygen atoms in a tetrahedral configuration, i.e., forming [MoO4] or
[WO4] clusters.

The scheelite BaWO4 conventional unit cell containing 24 atoms is
showed in Fig. 1(a). There are four W atoms in the structure generated
from the 4a Wyckoff position by symmetry operations.

In order to investigate the energetics of the Mo6+ distribution,
several representative cells were generated, differing in the positions of
the Mo6+ cations. In the most stable arrangement, the Mo6+ ions lie far
apart, and the corresponding structures for BaW1-xMoxO4 (x= 0.25,
0.5, 0.75, and 1) are depicted in Fig. 1(b), (c), (d), and (e), respectively.

The slab models containing 4, 4, 4, 8, 4, and 4 molecular units for
the (0 0 1), (1 0 1), (1 1 0), (1 0 0), (1 1 1), and (1 1 2)) crystal faces of
BaW1-xMoxO4 (x= 0, 0.25, 0.50, 0.75, and 1), respectively, were used
in the calculations, and are shown in Fig. 2. These surfaces were

modeled using symmetrical slabs (with respect to the mirror plane), and
all of them were terminated with the O planes. After the corresponding
optimization process and thickness convergence tests, the resulting slab
models consisted of four molecular units containing 24 ions on the
(0 0 1), (1 0 1), (1 1 0), (1 1 1), and (1 1 2) crystal faces, while the (1 0 0)
crystal face was modeled containing 48 ions, considering a thickness of
the slab not lower than 7 Å.

The surface calculations were based on the equilibrium morphology
of a crystal predicted by the classic Wulff construction, which mini-
mizes the total surface energy at a fixed volume, providing a simple
correlation between the surface energy (Esurf) of the (hkl) plane and its
distance rhkl in the normal direction from the center of the crystallite
[38]. The surface energy (Esurf) of each crystal face is defined as the
total energy per repeating cell of the slab (Eslab) minus the total energy
of the perfect crystal per molecular unit for each percentage of solid

Fig. 1. Unit cell representation of BaW1-xMoxO4 crystals: (a) x=0, (b) x=0.25, (c) x= 0.50, (d) x= 0.75, and (e) x=1. The constituent clusters: [MoO4], [WO4]
and [BaO8] are depicted.

Fig. 2. Schematic representations of the different crystal faces of BaW1-xMoxO4 (x= 0, 0.25, 0.50, 0.75, and 1) solid solutions.
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solution, i.e., 0, 25, 50, 75, and 100% (Ebulk) multiplied by the number
of molecular units on the surface (N) and divided by the surface area, A,
per repeating cell of the two sides of the slab, as shown in Eq. (1).

E 1
2A

(E NE )suf slab bulk= − (1)

3. Results and discussion

3.1. X-ray diffraction and Rietveld refinements

The structural study of the BaW1-xMoxO4 (x= 0, 0.25, 0.50, 0.75,
and 1) solid solutions was performed by means of XRD (Fig. 3) and
Rietveld refinements (Fig. S1).

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.apsusc.2018.08.146.

An analysis of the XRD patterns displayed in Fig. 3 shows that all the
peaks can be indexed perfectly to a scheelite-type-tetragonal structure,
with the space group symmetry I41/a and four molecular formula units
per unit cell (Z= 4) [39]. The XRD peak patterns and Rietveld refine-
ment plots of these crystals show good agreement between the ex-
perimentally observed XRD patterns and the theoretically fitted results
(see Fig. S1(a-c)). The XRD patterns illustrate that all the diffraction
peaks for the Ba(W1-xMox)O4 crystals are monophasic, without the
presence of secondary phases. Thus, it was proved that the substitution
of W6+ by Mo6+ in the BaWO4 crystal lattice forms Ba(W1-xMox)O4

solid solutions. The occupation sites of W6+ and Mo6+ for each solid
solution in the crystal lattice, as calculated by the Rietveld refinements,
are presented in Table 1. The good quality for the structural refinements
is evidenced by the low deviations of the statistical parameters (Rwp, Rp,
RBragg and χ2). These parameters are listed in Table 1 and suggest that
the measured diffraction patterns are in good agreement with the ICSD
entry No. 155511 [39].

For comparison, first-principles calculations were used to determine
the lattice parameters (Table 1) and atomic coordinates (Table S1) of
the oxygen anions. These results are in good agreement with previous
experimental observations. An analysis of the results shows that the
substitution of W6+ by Mo6+ induces variations in the atomic co-
ordinates of the oxygen atoms (see Table S1), indicating the existence of
structural and electronic distortions in the [WO4], [MoO4], and [BaO8]
clusters, as well as changes in the lattice parameters and a reduction in
the unit cell volume.

3.2. Vibrational analysis

Molybdate and tungstate crystals with the scheelite-type tetragonal
structure present 26 different vibration modes:
Γ(Raman+ infrared)= 3Ag+ 5Au+5Bg+ 3Bu+ 5Eg+ 5Eu, with Ag,
Bg, and Eg being the Raman-active modes. Furthermore, the odd modes
(Au and Eu) are the active vibrational modes in the infrared spectra
[40]. The experimental/theoretical spectra are shown in Fig. 4(a–f).

The Raman spectra of the scheelite structures can be interpreted in
terms of the modes of the [MO4]2− (M=Mo or W) tetrahedra, which
can be considered as the constituent units in the structures. Thus, these
modes can be classified either as internal vibrations (the [MO4]2−

(M=Mo or W) center of mass does not move) or as external vibrations
(motion of the Ba2+ cations and the movements of the [MO4]2− tet-
rahedra as rigid units). The corresponding representation for the tet-
rahedral symmetry is composed of four internal modes
v1(A1)+ ν2(E)+ ν4(F2), one free rotation mode vfr(F1), and one trans-
lation mode ν3(F2); however, only some of these modes are active in the
IR spectrum, namely, ν3, ν4(F2) [41].

In the FTIR spectrum of BaW1-xMoxO4 (x=0.25, 0.50, and 0.75),
the 3Bu vibrations are silent modes; one Au and one Eu modes are
acoustic vibrations. The experimental FTIR spectra are illustrated in
Fig. S2. A metal-oxygen band in the MO4

2− cluster (M=Mo and W)
appears in the FTIR spectrum (see Fig. (S2)), corresponding to the in-
ternal modes indicated as the antisymmetric stretching (ν3(F2)) vibra-
tions at 811–830 cm−1 and the bending vibration (ν4(F2)), observed as
a strong band at about 380 cm−1.

The experimental and calculated Raman-active modes are shown in
Fig. 4(a–f), indicating the existence of a strong interaction between the
ions, which arises from the stretching and bending vibrations of the
shorter metal–oxygen bonds within the anionic groups [42]. A com-
parison between the relative positions of the Raman-active modes for
the BaW1-xMoxO4 (x= 0.25, 0.50, and 0.75) solid solutions are shown
in Fig. 4(b–f). DFT calculations using the B3LYP functional tend to
overestimate the values of the vibrational frequencies; therefore, a
scaling factor of 0.96 was used [43]. The calculations reveal the pre-
sence of three modes (Ag, Eg, and Bg, at approximately 452–375 cm−1)
not experimentally observed. A plausible explanation for this result can
be that these modes have a very low intensity and are not easily de-
tectable by experimental techniques.

Two high-frequency bands centered at 927 cm−1 for BaWO4 and
894 cm−1 for BaMoO4 are also present in BaW1-xMoxO4 (x=0.25, 0.50,
and 0.75) solid solutions, which correspond to intense peaks in the
Raman (Ag) mode and are assigned to the symmetric stretching ν1(A1)
of the bonds [←O←M→O→] (M=Mo and W), while the two Raman

Fig. 3. X-ray diffraction patterns of BaW1–xMoxO4 (x=0, 0.25, 0.50, 0.75, and
1) crystals.

Table 1
Lattice parameters, unit cell volume, and statistical parameters of the BaW1-

xMoxO4 (x= 0.25, 0.50, and 0.75) solid solutions obtained by Rietveld re-
finements and calculations.

Lattice parameters

Sample
BaW1-xMoxO4

Cell volume
(Å)3

α= β= γ=90°

Experimental Theoretical

a= b (Å) c (Å) a= b (Å) c (Å)

x= 0 401.42 5.614(9) 12.732(6) 5.581(4) 12.412(6)
x= 0.25 401.27 5.608(0) 12.759(0) 5.588(1) 12.445(0)
x= 0.50 400.81 5.599(3) 12.783(9) 5.594(1) 12.477(8)
x= 0.75 400.53 5.591(4) 12.811(0) 5.599(7) 12.519(2)
x= 1 399.83 5.583(0) 12.827(0) 5.602(6) 12.574(6)
ICSD 155511

BaWO4

398.48 5.603(4) 12.693(7)

RBragg(%)=6.95a, 6.83b, 6.29c; χ2(%)= 1.14a, 1.20b, 1.27c; Rwp(%)=13.64a,
14.85b , 16.28c; Rp(%)= 8.71a, 9.94b, 11.07c.
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(Bg and Eg internal) modes at 836 and 792 cm−1 are attributed to the
asymmetric stretching v3(F2) of the bonds (→O→M→O→).

The peaks located at 357 and 324 cm−1 are assigned (v4(F2), ν2(E))
to the rotational modes (Eg, Bg) as the bending modes. The free rota-
tional vfr(F1) mode at about 188 cm−1, in addition to the external peaks
(vext) corresponding to the motions of MO4

2− and Ba2+ are shown at

approximately 74, 107, 126, and 143 cm−1, which are assigned to ro-
tational (Ag, Eg) and translational modes (Bg).

3.3. Photoluminescence emissions

The PL spectra of the BaW1-xMoxO4 (x=0.25, 0.50, and 0.75) solid

Fig. 4. MR spectra of BaW1-xMoxO4 (x= 0, 0.25, 0.50, 0.75, and 1) solid solutions. (a) experimental spectra. In (b) x= 0, (c) x= 1, (d) x=0.25, (e) x=0.50 and (f)
x= 0.75, the calculated values are compared with the experimental Raman-active modes.
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solutions using the same excitation at 350 nm are depicted in Fig. 5.
All the compositions (x= 0, 0.25, 0.50, 0.75, and 1) exhibit PL

emission peaks centered at 522, 520, 528, 512, and 528 nm, respec-
tively. We note that the emission is attributed to the charge transfer in
the [MO4]2− (M=Mo and W) complex. The wide visible emission
originates from the charge-transfer transition between the O 2p orbital
and the empty d orbital of the [MO4]2− (M=Mo and W) tetrahedral
structure, with excitation energies located within the band gap [44,45],
i.e., self-trapping electron states. The one ground state is 1A1 and the
four single excited states are 1A(1T1), 1E(1T1), 1E(1T2), and 1B(1T2)
[46,47].

The PL curves shown in Fig. 5 represent a different type of electronic
transition that can be associated with a specific structural arrangement
of [WO4] or [MoO4] clusters, and can also be observed in the experi-
mental results obtained from the Raman spectra that show two high-
frequency bands at 927 cm−1 and 894 cm−1 for BaWO4 and BaMoO4,
respectively, as well as for the BaW1-xMoxO4 (x=0.25, 0.50, and 0.75)
solid solution. In addition, we believe that the differences in the PL
emission intensities presented in Fig. 5 are induced by the substitution
of W+6 by Mo+6 as the BaW1-xMoxO4 (x=0.25, 0.50, and 0.75) solid
solutions form, which can be associated with the influence of the che-
mical composition and electronic transition, as discussed in the next
section.

3.4. Electronic properties

The local coordination of the superficial Mo6+ and W6+ is funda-
mental for describing the order of stability of the different surfaces of
the BaW1-xMoxO4 (x=0, 0.25, 0.5, 0.75, and 1) solid solutions. The
cleavage process associated with the slab model induces the presence of
under-coordinated cations at the surface plane. Then, it is possible to
find a relationship between the geometry, electronic structure, and
surface energy values in order to discuss the order of stability of the
investigated models.

We note that all the slabs expose the superficial [BaO6] or [BaO5]
clusters. However, the (0 0 1), (1 1 2), (1 0 1), (1 1 0), and (1 0 0) crystal
faces present [MO4] (M=Mo or W) clusters, while the (1 1 1) crystal
face shows superficial [MO3] (M=Mo or W) clusters, implying the
breaking of a MeO bond compared to the bulk compound. An analysis
of both the (0 0 1) and (1 1 2) crystal faces reveals the presence of two-
coordinated superficial O anions, BaeOeM (M=Mo or W) on the
(0 0 1) crystal face, while on the (1 1 2) crystal face, we observe the
appearance of two types of superficial O anions with a coordination of
one, OeM, or two, BaeOeM (M=Mo or W). Then, the (0 0 1) crystal

face exhibits just one dangling bond per exposed oxygen anion, while
the (1 1 2) crystal face presents oxygen anions with the lowest co-
ordination numbers.

The calculated values of the surface energy, relaxation, and gap
energy for the different crystal faces of the BaW1-xMoxO4 (x=0, 0.25,
0.5, 0.75, and 1) solid solutions are presented in Table 2. The inversion
in the stability order between the (0 0 1) and (1 1 2) crystal faces with
respect to pure BaWO4 can be associated with the inclusion of Mo6+ in
the crystalline structure of BaW1-xMoxO4, inducing a stronger Mo(4d)
eO(2p) hybridization compared to W(5d)eO(2p) for the superficial
bonds that stabilize the dangling bond effect. This fact enhances the
electron-transfer process on the surface plane, facilitated by the pre-
sence of the Mo6+ cation. Therefore, we can argue that the (0 0 1)
crystal face becomes more stable than the (1 1 2) crystal face in
BaW0.75Mo0.25O4, BaW0.5Mo0.5O4¸ BaW0.25Mo0.75O4, and BaMoO4 due
to the smallest contribution of the dangling bond effect to the value of
Esurf.

The calculated band structure and density of states (DOS) projected
for the atoms and orbitals of BaW0.5Mo0.5O4 corresponding to the
(0 0 1), (1 0 1), (1 1 0), and (1 1 2) crystal faces are displayed in Fig. 6.
An analysis of the band structure and projected DOS presented here
shows that the band gap values (see Table 2) are in the range
0.1–0.8 eV, and depend significantly on the local coordination of both
Mo6+ and W6+ at the different crystal faces. The main contribution to
the valence band (VB) region is due to the 2p orbitals of the oxygen
anions and a predominance of the dx2-y2 and dz2 states of Mo6+ and
W6+ found in the conduction band (CB) region.

In addition, theoretical methodology can contribute to an explana-
tion for the optical properties, since a reduction in the band gap value is
observed mainly in the cases of the (1 0 0) and (1 0 1) crystal faces. The
density of states projected on the atoms as a function of layer position
for the (1 0 0) and (1 0 1) crystal faces of the BaW1-xMoxO4 (x=0.25,

Fig. 5. PL spectra of BaW1–xMoxO4 (x=0, 0.25, 0.50, 0.75, and 1) crystals.

Table 2
Calculated values of the surface energy, relaxation, and gap energy for each
crystal face of BaW1-xMoxO4 solid solutions for x= 0, 0.25, 0.5, 0.75, and 1.

Crystal face Mo percentage Esuf(J/m2) Relaxation (%) Egap(eV)

(0 0 1) 0%
25%

1.02
0.55

7 5.92

50% 0.54 14 5.97
75%
100%

0.54
0.99

20 5.69

(1 1 2) 0%
25%
50%
75%
100%

0.92
0.65

5 6.14

0.64 9 5.57
0.63
1.02

12 5.54

(1 0 0) 0%
25%
50%
75%
100%

1.22
1.09

4 5.49

1.09 8 5.48
1.08
1.17

10 5.33

(1 1 0) 0%
25%
50%
75%
100%

1.10
0.80

4 6.15

0.79 7 6.14
0.80
1.23

10 5.49

(1 0 1) 0%
25%
50%
75%
100%

1.31
0.91

4 6.16

0.89 8 6.21
0.90
1.34

12 5.31

(1 1 1) 0%
25%
50%
75%
100%

2.06
1.91

1

1.89 1 Conductor
1.90
2.23

1
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0.50, and 0.75) solid solutions is presented in Fig. 7.
An analysis of Fig. 7 shows that for the (1 0 0) and (1 0 1) crystal

faces the distribution of the energy levels of each layer of the BaW1-

xMoxO4 (x= 0.25, 0.50, 0.75) solid solution is related to the electron
transfer from the O anions to the d orbitals of Mo6+ or W6+, which are
the electronic transitions associated with the PL emissions. Further-
more, it was observed that the isoelectronic replacement of Mo6+ by
W6+ perturbs the energy-level distribution in the vicinity of the band-
gap region, narrowing the corresponding excitation energy, mainly for
the CB, since the 4d valence orbitals of Mo6+ have a lower energy than
those of W6+ (5d). However, the results show that both the metals
contribute equally in the lower energy region of the CB, suggesting a
competition for the electron trapping mechanism, i.e., the excited

electrons from the O (2p) levels can be located in both the [MoO4] and
[WO4] clusters, which could be related to the non-linear wavelength
displacement observed in the experimental PL emissions (Fig. 5).

3.5. Morphology

The conventional approach to the quantitative study of changes in
morphology is by applying the Wulff construction using the calculated
surface energies [38]. In previous publications, BaWO4 and BaMoO4

have been described in detail, and it was noted that the ideal mor-
phology for the BaWO4 and BaMoO4 systems is defined mainly by their
(1 1 2), (0 0 1), and (1 0 0) crystal faces [8], as presented in other
scheelite crystals [48].

Fig. 6. The band structure and density of states projected on atoms and orbitals for (a) (0 0 1), (b) (1 1 2), (c) (1 0 0), (d) (1 1 0) and (e) (1 0 1) crystal faces at
BaW0.5Mo0.5O4.
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In order to describe the effects of the isoelectronic replacement of
W6+ by Mo6+ on the morphology, the Wulff construction was applied
to the intermediary composition of the BaW1-xMoxO4 solid solution. The
ideal morphology of BaW0.75Mo0.25O4 is based on 79.24% of (1 1 2),
18.72% (0 0 1), and 2.04% (1 0 1). The ideal morphology of
BaW0.50Mo0.50O4 involves 79.41% of (1 1 2), 18.47% (0 0 1), and 2.12%
(1 0 1). Finally, 80.81% of (1 1 2), 17.91% (0 0 1), and 1.28% (1 0 1)
constitute the ideal morphology for the BaW0.25Mo0.75O4 system. These
calculated morphologies for the BaW1-xMoxO4 system for x=0, 0.25,

0.50, 0.75, and 1 are presented in Fig. 8.
In this study, the effect induced by the substitution in the BaW1-

xMoxO4 solid solution is the alteration of the order of stability between
the (0 0 1) and (1 1 2) crystal faces, as well as between the (1 0 0) and
(1 1 0) crystal faces. This effect on the exposed crystal faces and relative
surface energy values can be observed in Table 3.

Table 3 lists the values of the surface energies values obtained for
the BaW1-xMoxO4 (x= 0, 0.25, 0.50, 0.75, and 1) solid solution, as well
as the changes (increase or decrease) in surface energy for all the

Fig. 7. Density of states projected on atoms as a function of layer position at (1 0 0) and (1 0 1) crystal faces.

Fig. 8. Ideal morphologies of BaW1-xMoxO4 (x= 0, 0.25, 0.50, 0.75 and 1) solid solutions.
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compositions. From the analysis of the corresponding crystal faces, the
order of stability of the BaWO4 system is: (1 1 2) > (0 0 1) >
(1 1 0) > (1 0 0) > (1 0 1) > (1 1 1); however, in the BaW1-xMoxO4

system, for x= 0.25, there is a different order of stability, as follows:
(0 0 1) > (1 1 2) > (1 1 0) > (1 0 1) > (1 0 0) > (1 1 1), which is
maintained for the other solid solutions at x= 0.50 and 0.75. This in-
version in the (0 0 1) and (1 1 2) surface energy values, as well as those
of (1 0 1) and (1 0 0), can be attributed to the presence of more Mo
atoms in the system, as shown in Fig. 7. Thus, the morphology control
and transformation mechanisms provide insights into the electronic,
structural, and energetic properties.

In order to better understand the disappearance of the (1 1 2) crystal
face in the experimental micrographs passing from x=0.25 to 0.50 and
0.75, the morphologies of the BaW1-xMoxO4 (x= 0.25, 0.50, and 0.75)
solid solution have been depicted in Fig. 9. The ideal morphology
changes by tuning the values of Esurf of the different crystal faces, and a
comparison between the theoretical and experimental morphologies for
BaW1-xMoxO4 (x= 0.25, 0.50, 0.75) is presented at the top of Fig. 9.

Fig. 9 shows a schematic representation map of the morphologies of
the BaW1-xMoxO4 (x= 0.25, 0.50, and 0.75) solid solution, in which the
transformations are obtained by tuning the surface energies of the
different crystal faces.

In this work, three ideal morphologies were considered (Fig. 9(a)),
based on the results presented in Table 3, that indicate insignificant
differences in surface energy values for the compositions x= 0.25,
0.50, and 0.75; therefore, we assume only an ideal morphology.

In order to obtain a morphology similar to that observed in the FE-
SEM images, it is necessary to make a morphological modulation of the
theoretical surface energies values. In this case, we started with the
ideal morphology and by decreasing the value of (1 0 0) surface energy
to 0.72 J/m2, while simultaneously decreasing the corresponding value
for (1 0 1) to 0.79 J/m2, generating the shape b. The shapes c and d were
created by decreasing the surface energy values of (1 0 1) to 0.74 and to
0.70 J/m2, respectively. An increase in the (0 0 1) surface energy value
to 1.10 J/m2 and a simultaneous decrease in the (1 0 1) surface energy
value to 0.77, 0.72, and 0.69 J/m2 generates the shapes e, f and g, re-
spectively.

Finally, the increase in the surface energy value to 1.50 and to
1.60 J/m2 for (0 0 1) was simulated, simultaneously increasing the
(1 1 2) surface energy value from 0.64 to 0.95, 0.89, and 0.86 J/m2, as
well as decreasing the energy value for (1 0 0) crystal face to 0.56 J/m2,
generates the shape h. An important objective of this study is to com-
pare experimental and theoretical results and consider their differences
in order to arrive at an understanding of the real system. The experi-
mental micrographs display the images of the morphology in the real
conditions, associated to the synthesis method employed. The variation
of reaction conditions can produce different morphologies. From the
theoretical side, the values of the Esurf are calculated in vacuum, i.e. the
surrounding medium is not taken into account. Then, surface energy is
not a constant material property and may depend on the environment
in contact with the surface, such as the adsorption of a reactant, sur-
factant, or any species present in the solution, which can promote the

stability of a particular surface, structure, or facet. In our case, the
crystal faces (1 1 0) and (1 1 1) do not contribute to the experimental
morphology; this means that these crystal faces are destabilized in the
real conditions.

4. Conclusions

The formation of solid solutions BaW1-xMoxO4 (x=0, 0.25, 0.5,
075, and 1) by using a simple co-precipitation method was reported for
the first time, and their crystal structures and phase compositions were

Table 3
Surface energy values of the ideal morphology for the BaW1-xMoxO4 (x= 0, 0.25, 0.5, 075, and 1) solid solution. The values in parentheses indicate the increased/
decreased surface energy with Mo content.

Surfaces Surface energy (Esurf)

BaWO4 BaW0.75Mo0.25O4 BaW0.5Mo0.5O4 BaW0.25Mo0.75O4 BaMoO4 ΔTotal(BMO-BWO)

(1 1 2) 0.92 0.65 (−0.27) 0.64 (−0.01) 0.63 (−0.01) 1.02 (+0.39) (+0.10)
(0 0 1) 1.02 0.55 (−0.47) 0.54 (−0.01) 0.54 (0) 0.99 (+0.45) (−0.03)
(1 1 0) 1.10 0.80 (−0.30) 0.79 (−0.01) 0.80 (+0.01) 1.23 (+0.43) (+0.13)
(1 0 0) 1.22 1.08 (−0.14) 1.09 (+0.01) 1.09 (0) 1.17 (+0.08) (−0.05)
(1 0 1) 1.31 0.91 (−0.40) 0.89 (−0.02) 0.90 (+0.01) 1.34 (+0.44) (+0.03)
(1 1 1) 2.06 1.91 (−0.15) 1.89 (−0.02) 1.90 (+0.01) 2.23 (+0.33) (+0.17)

Fig. 9. Equilibrium shapes of BaW1-xMoxO4 (x= 0.25, 0.50, 0.75) solid solu-
tions via the Wulff construction principle. Experimental micrographs are also
included for comparison purposes. Surface energy is in J m−2.

M.C. Oliveira et al. Applied Surface Science 463 (2019) 907–917

915



experimentally determined, employing XRD with Rietveld refinements.
FT-IR and MR spectroscopy, in combination with FE-SEM, were used to
describe the microstructure and chemical composition of the synthe-
sized materials. First-principles calculations were performed to obtain
the relative stability of the (1 1 2), (0 0 1), (1 1 0), (1 0 1), (1 0 0), and
(1 1 1) crystal faces, and Wulff construction was employed to rationa-
lize the crystal morphologies observed in the FE-SEM images. This
study is designed to serve as a roadmap of the available morphologies of
the BaW1-xMoxO4 solid solutions (x= 0, 0.25, 0.5, 075, and 1) in order
to understand the fundamentals, key advantages, and potential appli-
cations of the transformation processes along the synthesis pathway,
where the experimental and theoretical morphologies of the BaW1-

xMoxO4 solid solutions are well-matched. We showed that the sub-
stitution of W6+ by Mo6+ enhances the electron-transfer process due to
a stronger Mo(4d)eO(2p) hybridization compared to W(5d)eO(2p) for
the W/MoeO superficial bonds; this is responsible for the change in
morphology from BaWO4 to BaMoO4.

The synthetic approach and findings reported here are important for
understanding the structure–property relationships of molybdate/
tungstate compounds, which have potential applications in the design
of novel functional materials.
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