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ABSTRACT

Crystal shape is a critical determinant of the physical and chemical properties of crystalline materials; hence, it is the challenge of controlling
the crystal morphology in a wide range of scientific and technological applications. The morphology is related to the geometry of their
exposed surfaces, which can be described by their surface energies. The surface properties of β-ZnMoO4 have not yet been well explored,
either experimentally or theoretically. Thus, the first-principle calculation at the density functional theory level was carried out for different
low-index surfaces of β-ZnMoO4, specifically (001), (010), (110), (011), (101), and (111), and the surface energy values (Esurf ) were reported.
The surface stability was found to be controlled by the undercoordinated [MoOn . . . yVx

O] and [ZnOn . . . yVx
O] (n = 4 and 5; y = 1 and 2)

clusters, i.e., their local coordination of Mo and Zn cations at the exposed surfaces, respectively, with the (111) surface being the most
stable. A complete map of investigated β-ZnMoO4 morphologies was obtained using the Wulff construction and changing the values of the
calculated energy surfaces. The final geometries from this map were compared with field emission-scanning electron microscopy images
showing excellent agreement, prevising rectangular and hexagonal plates. Our findings will promote the use of facet engineering and might
provide strategies to produce β-ZnMoO4-based materials for achieving morphology-dependent technological applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5131260

I. INTRODUCTION

The facets of each surface are the key parameters that should
be rationally selected to control the morphology, since they directly
impact the physical and chemical properties of crystals and become
a way of tuning their applications in catalysis, sensors, and energy
conversion, among others.1–6 Investigating facets is an interdisci-
plinary research field in which significant efforts have been devoted
in recent years to understand the growth and processing of

advanced crystalline materials to successfully realize their functional
applications.7–14 Studying surface properties and morphology-
dependent properties can help to better control and achieve the
functionality of specific material surfaces. To this end, it is man-
datory to study their exposed surfaces and to know how the atoms
located on the exposed surfaces of a crystal are coordinated to
their nearest neighbors and, thus, the landscape of the surface
electronic structure.8,15,16
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In general, the properties and functions of any crystal are highly
dependent on its surface composition, geometry, morphology and
electronic structures, and the morphology results from the relative
stability of the exposed surfaces. The equilibrium morphology of a
crystal and its evolution can be predicted by the classical Wulff con-
struction, and its generalizations have been well-recognized proce-
dures for a long time17–22 to obtain the morphology of materials3–19

and require surface energies to be known.23,24

It is important to remark that, despite its importance, experi-
mentally measuring or calculating surface energies of a crystal is
generally a difficult task even for simple cases, because the
exposed surfaces are in very diverse environments, and different
parameters such as temperature, pH, surfactants, or other adsor-
bates on the crystal surface can modify the surface energy.25–29

First-principle calculations are well-suited to obtain the values of
the surface energies for different exposed surfaces.30 As a result,
the atomic and electronic properties of a crystal surface can be
revealed and can provide a fundamental understanding of the
influence of synthesis factors on the material morphology.31–33

The predicted crystal morphology explores the chemical entities
of the material emerging from different exposed surfaces of
the crystal, which help to find a relationship between the crystal
morphology and the atom arrangement in the crystal lattice,
opening the future of shape selective design to technological
applications.34–38

Experimental characterizations of surface structures and
morphology can be achieved due to the recent advancement in
microscopy, namely, field emission-scanning electron microscopy
(FE-SEM), and provide a viable route for directly characterizing
crystals upon variable experimental conditions.39–45 Better under-
standing and control of the exposed surfaces would bring innova-
tive capabilities to design adequate structures with enhanced
applications. Therefore, modulating crystallographic surfaces of
functional materials into desirable morphologies has long been
actively considered.6,46–52 Nevertheless, theoretical frameworks
providing fresh insight into the structure and stability of surfaces
are vital steps toward realizing the true potential of complex
materials and thin films. Our group is engaged in a research
project in which the joint use of theoretical and experimental
investigation has been performed on the geometry, electronic
structure, and optical properties of different members of the
metal molybdate family, implementing a wide range of scientifi-
cally and technologically noteworthy applications.30,53–63 In par-
ticular, zinc molybdate (ZnMoO4) is a representative member of
these widely investigated inorganic materials due to its attractive
features.55,64–71

The multifunctional properties of ZnMoO4 complex ternary
oxides are influenced by the surface structure. Therefore, their
surface controlled synthesis is not only a rational route to study the
relationship between the morphology and the surface structure-
dependent properties but also a feasible approach for developing
highly active materials such as catalysts and sensors. However, the
importance of exposed surfaces, morphology, and their evolution
has not been systematically taken into account to the best of our
knowledge. Herein, first-principle calculations are carried out to
explore the morphology of β-ZnMoO4 surface properties, such as
atomic configurations and stabilities, broken surface bonds, their

cleavage nature, and the degree of surface relaxation for six low-
index (001), (010), (110), (011), (101), and (111) surfaces. We have
provided a further detailed analysis of the relationship between the
surface structures and their stabilities. Finally, the equilibrium shape
and a complete map of available morphologies of the β-ZnMoO4

crystal were drawn using the Wulff construction. Our findings
provide useful insights into the basic understanding of the aniso-
tropic surface properties of β-ZnMoO4 and represent an important
step toward rationalizing their morphology control.

II. COMPUTATIONAL DETAILS

First-principle calculations were conducted within the frame-
work of the density functional theory (DFT) using the CRYSTAL1472

software package with the B3LYP hybrid function.73,74 Here, it is
important to point out that Becke-based hybrid exchange correlation
functional was selected due to the good agreement between the calcu-
lated and experimental bandgaps of complex oxide materials.75–79

Diagonalization of the Fock matrix was performed at adequate
k-point grids in the reciprocal space.80 The thresholds controlling
the accuracy of the Coulomb and exchange integral calculations
were set to 10−8 (ITOL1 to ITOL4) and 10−14 (ITOL5), respec-
tively. The converge criterion for mono- and bielectronic integrals
was set to 10−8 Ha, while the root-mean-square (RMS) gradient,
RMS displacement, maximum gradient, and maximum
displacement were set to 3 × 10−4, 1.2 × 10−3, 4.5 × 10−4, and
1.8 × 10−3 a.u., respectively.

The monoclinic crystalline structure of bulk β-ZnMoO4,
as depicted in Fig. 1, was built based on experimental results
(Rietveld refinement)70 and fully relaxed (lattice parameters and
atomic positions). The Zn, Mo, and O atoms were described by
HAYWSC-311(d31)G, 86-411d31G, and 6-31G* Gaussian basis set,
respectively.81–83

Different surfaces were modeled in the second step by using
unreconstructed (truncated bulk) slab models with calculated
equilibrium geometries. The (001), (010), (110), (011), (101), and
(111) surfaces of β-ZnMoO4 were simulated considering symmet-
rical slabs (with respect to the mirror plane). All surfaces were
terminated with O planes, and the resulting slab models after the
corresponding optimization process and thickness convergence
tests consisted of four molecular units containing 24 atoms, as
shown in Fig. 1.

The Esurf was calculated by using the following equation:32

Esurf ¼ (Eslab � nEbulk)
2A

: (1)

In this case, n is the number of surface molecular units, Ebulk
is the total energy of the bulk, Eslab is the total energy of the
surface slab per molecular unit, and A is the surface area. The
equilibrium shape of a crystal can be calculated by utilizing Wulff
constructions that minimize the total surface free energy at a fixed
volume, providing a simple relationship between the Esurf of a (hkl)
plane and its distance from the crystallite center in the normal direc-
tion.84 The Visualization for Electronic and Structural Analysis
(VESTA) program was used to obtain morphologies of the ZnMoO4

crystals.85
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III. RESULTS AND DISCUSSIONS

A. Crystal structure, energy surface, and electronic
properties

First, let us analyze the structural properties of bulk and sur-
faces of β-ZnMoO4 based on the constituent clusters and existence
of structural defects. The β-ZnMoO4 crystallizes in a wolframite-
type monoclinic structure, space group P2/c and point group sym-
metry C4

2h. In the monoclinic structure, the Zn and Mo cations are
sixfold coordinated by oxygen anions to form the distorted octahe-
dral [ZnO6]/[MoO6] clusters, as presented in Fig. 1. The calculated
lattice parameters and M-O (M = Zn, Mo) distances are presented
in Table I and compared with previous experimental and theoreti-
cal results.

An analysis of the results reported in Table I shows good
agreement with both experimental and theoretical studies available
in the literature. In addition, the obtained results confirm that both
octahedral [ZnO6] and [MoO6] clusters are distorted, showing
three different values of M–O bond lengths, with the Mo–O always
being shorter than Zn–O.

From now, we briefly analyze the geometrical distribution of
the (001), (010), (110), (011), (101), and (111) surfaces of

β-ZnMoO4 (Fig. 1). The cutting process connected to the surface
structures can generate different kinds of undercoordinated centers
from the existence of dangling bonds; an inherent process associ-
ated with the symmetry-adapted cutting strategy that can be associ-
ated with the presence of neutral oxygen vacancies (Vx

O) along the
exposed surfaces. In this case, the exposed local geometries were
notably different compared to the bulk (Fig. 1).

The atomic arrangement of the (001) and (111) surfaces was
described by a local coordination of fivefold Zn/Mo cations, i.e.,
undercoordinated [MoO5 . . . 1Vx

O] and [ZnO5 . . . 1Vx
O] clusters,

respectively. On the other hand, the obtained results indicate the
generation of fourfold Zn or Mo centers, resulting in undercoordi-
nated [ZnO4 . . . 2Vx

O] and [MoO4 . . . 2Vx
O] clusters for (010) and

(011) surfaces, respectively. In addition, the cutting process for the
(110) surface indicates the existence of both undercoordinated
[ZnO4 . . . 2Vx

O] and [MoO4 . . . 2Vx
O] clusters, while the (101)

surface displays the existence of undercoordinated [MoO5 . . . 1Vx
O]

and [ZnO4 . . . 2Vx
O] clusters.

It is well known that the geometrical arrangement of atoms at
different exposed surfaces is related to the surface energetics due to
the presence of different dangling bonds. Herein, we calculated the

FIG. 1. Schematic 3D representation of the β-ZnMoO4 unit cell and its (001), (010), (110), (011), (101), and (111) surfaces. The Zn and Mo local coordinations for both
bulk and surface models are depicted.
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broken bonding density (Db) index proposed by Gao et al.87 as the
relation between the number of bonds broken per surface area as
calculated from Eq. (2), where Nb is the number of broken bonds
per unit cell area on a particular surface, and A is the surface unit
cell area,

Db ¼ Nb

A
: (2)

The calculated values of Esurf for the (001), (010), (110), (011),
(101), and (111) surfaces of β-ZnMoO4 and its Db are summarized
in Table II.

The calculated Esurf values reveal that the stability order is as
follows: (111) < (010) < (110) < (011) < (001) < (101). In addition,
the Db values are intrinsically connected to the Esurf resulting in
overall stability in comparison to the surfaces with reduced density
of defects.

The electronic properties of bulk and surfaces of β-ZnMoO4

are analyzed by calculating the density of states (DOS) and band
structure pictures, as presented in Fig. 2.

The analysis of the main components of the atomic orbitals
(AOs) for selected bands shows that the bulk β-ZnMoO4 [Fig. 2(a)]
valence band (VB) mostly consists of the 2p orbitals of the O
anions hybridized with the 3d and 4d valence orbitals of Zn and
Mo cations, respectively. On the other hand, the conduction band

(CB) shows the dominant composition of Mo valence states hybrid-
ized with oxygen orbitals. This profile indicates that the vertical
excitation associated with the electronic transfer of electrons from
valence band maximum (VBM) to conduction band minimum
(CBM) is associated with the electron transfer from O (2p) states to
empty orbital of Mo through the Mo–O bond path. Looking at the
band structure, the vertical excitation was calculated as direct
bandgap energy of 3.58 eV between X-X points, which is in
agreement with previous experimental (3.17 eV) and theoretical
(3.22 eV) results.70

The electronic profiles of the (001), (010), (110), (011), (101),
and (111) surfaces are shown in Figs. 2(b)–2(g). In this case, the
calculated bandgap for each surface is presented in Table II. It was
observed that the calculated bandgap for β-ZnMoO4 surfaces is
higher than the bulk value in all cases, which can be associated
with the presence of structural defects along the surfaces that affect
both the CBM and VBM resulting in increased excitation energies.

B. Crystal morphology

The precise control of crystal morphology is an effective tool
to tailor material properties. In the case of β-ZnMoO4, a series of
experimental works have been developed in order to elucidate
the shape-dependent properties of the monoclinic wolframite mate-
rial, especially in the photoluminescence and photocatalysis
fields.64,67,69,71,88 However, the reasons behind the shape-dependent
properties remain unclear, with the combination of theory and sim-
ulation being an alternative tool in this research area that can guide
the efficient synthesis of outstanding materials. The Wulff construc-
tion was employed in this study in order to rationalize the crystal
morphologies, which is related to the relative stability of the
exposed surfaces. The complete set of morphologies for the
β-ZnMoO4 structure has been depicted in Fig. 3. The morphology
evolution can be obtained by changing the ratio between the values
of Esurf for each surface, where the rate of each individual surface
change is dependent on different Esurf values.

The equilibrium morphology of β-ZnMoO4 displays a corner-
truncated hexagonal shape that predominantly exposed the (110),

TABLE I. Lattice parameters and M–O (M = Zn, Mo) bond distances for β-ZnMoO4. The available experimental and theoretical results were inserted for comparative purposes.

Lattice parameters Distances (Å)

a (Å) b (Å) c (Å) β (degree) V (Å³) Zn–O Mo–O

This work 4.737 5.815 4.914 90.409 135.33 2.015 (2x) 1.787 (2x)
2.091 (2x) 1.902 (2x)
2.324 (2x) 2.218 (2x)

Experimental70 4.699 5.749 4.904 90.331 132.47 1.990 (x) 1.449 (2x)
2.308 (2x) 1.849 (2x)
2.494 (2x) 2.437 (2x)

Experimental86 4.698 5.738 4.896 90.311 131.98 2.002 (2x) 1.769 (2x)
2.093 (2x) 1.894 (2x)
2.274 (2x) 2.171 (2x)

Theoretical70 4.739 5.810 5.089 90.647 140.12 2.033 (2x) 1.795 (2x)
2.109 (2x) 1.934 (2x)
2.149 (2x) 2.143 (2x)

TABLE II. Values of Esurf, area, broken bonding density (Db), and bandgap (Egap)
calculated for the (001), (010), (110), (011), (101), and (111) surfaces of β-ZnMoO4.

Esurf (J m
−2) Area (nm²) Db (nm

−2) Egap (eV)

(001) 0.793 0.275 29.04 4.35
(010) 0.674 0.233 17.19 3.73
(110) 0.687 0.369 19.00 3.92
(011) 0.761 0.361 19.41 4.37
(101) 0.925 0.323 21.65 4.45
(111) 0.551 0.461 15.18 4.60
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FIG. 2. Calculated band structures and DOS for (a) bulk β-ZnMoO4 and its (b) (101), (c) (001), (d) (010), (e) (011), (f ) (110), and (g) (111) surfaces.
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FIG. 3. Map of available morphologies of β-ZnMoO4 crystals. The experimental FE-SEM images from Ref. 69 (inset) are included for comparison. Reprinted from L. S.
Cavalcante, J. C. Sczancoski, M. Siu Li, E. Longo, and J. A.Varela, Colloids Surf. A 396, 346–351. Copyright (2012) with permission from Elsevier. The experimental
FE-SEM images (inset) are included for comparison.
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(111), (010), (011), and (001) surfaces. Using the Wulff construc-
tion renders that the (110), (111), (010), (011), and (001) facets
account for 30.0%, 37.1%, 10.2%, 12.8%, and 10.0%, respectively.
The two low-energy (110) and (111) surfaces dominate in the
Wulff shape and make up almost 70% of the total crystal shape
area. In addition, it was observed that different shapes were
obtained by tuning Esurf for β-ZnMoO4, such as truncated and
nontruncated rectangular, hexagonal, octahedral, and rhombic
shapes matching the experimental morphologies obtained by exam-
ining the FE-SEM images.64,67,69,71,88 These experimentally
observed morphologies should be close to the equilibrium shapes
under the experimental conditions.

From a thermodynamic point of view, the morphology is con-
trolled by relative stability of different surfaces, and the surface with
the lowest Esurf value is the main component of the corresponding
morphology. Adjusting the ratio of the Esurf values of the three sur-
faces enables obtaining different morphologies, and the correspond-
ing reaction paths can be isolated and studied independently. This
procedure can be considered an effective tool to investigate the mor-
phology transformation and crystal growth mechanisms from a

thermodynamic and kinetic point of view55,89 and can provide useful
insights for fabricating ZnMoO4 materials with suitable morpholo-
gies for a wide variety of specific devices and purposes.

In this study, we were able to calculate the energy profiles of
the paths connecting different morphologies from the values of the
polyhedron energy (Epol) by a function of the form as follows:89,90

Epol ¼
X

Ci x Eisurf , (3)

where Ci is the percentage contribution of the surface area to
the total surface area of the polyhedron, Ci = Ai/Apolyhedron and
E

i

surf is the surface energy of the corresponding surface. The energy
profiles were calculated by decreasing and/or increasing the Esurf
values of a given surface of the polyhedron.

Two pathways connecting the ideal morphology with
those displaying excellent agreement with the experimental mor-
phologies were calculated. Polyhedron energy (Epol) calculated
from Eq. (3) for the selected morphology of β-ZnMoO4 is summa-
rized in Table III.

TABLE III. Values of Esurf (J m
−2), contribution of the surface area by the total area (Ci, %), and the polyhedron energy (Epol, J m

−2) calculated for selected morphologies of
β-ZnMoO4.

Esurf (Ci)

Morphologies (001) (010) (110) (011) (101) (111) Epol

Ideal 0.793 (10.0) 0.674 (10.2) 0.687 (30.0) 0.761 (12.8) 0.925 (0.0) 0.551 (37.1) 0.655
A 0.793 (9.3) 1.100 (0.0) 0.687 (34.1) 0.761 (14.6) 0.925 (0.0) 0.551 (42.1) 0.650
B 0.400 (33.9) 1.000 (0.0) 0.687 (28.5) 0.761 (2.7) 0.925 (0.0) 0.551 (34.9) 0.544
C 0.200 (56.3) 1.100 (0.0) 0.687 (19.8) 0.761 (0.1) 0.925 (0.0) 0.551 (23.8) 0.381
D 1.000 (0.0) 0.674 (9.7) 0.687 (30.0) 0.761 (23.0) 0.925 (0.0) 0.551 (37.2) 0.652
E 1.000 (0.0) 0.200 (54.7) 0.687 (14.8) 0.761 (12.1) 0.925 (0.0) 0.551 (18.4) 0.405

FIG. 4. Schematic representation of the energy profile for different β-ZnMoO4 morphologies. Intermediate morphologies were obtained by a decrease/increase in Esurf
values involved in the process. The experimental FE-SEM images from Ref. 69 (inset) are included for comparison. Reprinted from L. S. Cavalcante, J. C. Sczancoski,
M. Siu Li, E. Longo, and J. A. Varela, Colloids Surf. A 396, 346–351. Copyright (2012) with permission from Elsevier. The experimental FE-SEM images (inset) are
included for comparison.
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The first one, reaction path (A), considers the increase of the
Esurf value for (010) and a posterior decrease of Esurf for (001),
which induces forming a rectangular (C) shape that predominantly
exposes the (001) surface plane, and is in agreement with experi-
mental findings. On the other hand, the reaction path (B) moves
from the ideal path with an increase in the Esurf value for (001),
and a posterior decrease of Esurf for (010) generates a hexagonal
plate (E) that predominantly exposes the (010) surface plane. It is
important to point out that both theoretical morphologies labeled
C and E herein correspond to a minimum in the reaction coordi-
nate diagram as depicted in Fig. 4, indicating that both reaction
paths are thermodynamically favorable, as proven by the experi-
mental reproduction of such morphologies.

From the experimental point of view, the authors state that
distinct surfactants changed the shape and average size of
β-ZnMoO4 microcrystals. In addition, they point out that the
chemical nature of the surfactants (cationic, anionic, and nonionic)
can interact differently with the Zn2+ and [MoO4]

2− ions in solu-
tion, influencing the formation and growth process of the micro-
crystals.59 In looking at the geometrical characteristics of both
(010) and (001) surfaces, the distinct exposed clusters can interact
with the surfactants to generate different crystal morphologies. For
example, the (010) surface shows a smaller broken bond density
(Table I) in comparison to the (001) surface, thus suggesting a
more negative charge character for the (010) surface due to the
presence of a high number of saturated bonds along the exposed
plane. On the other hand, it is expected that the (001) surface
shows a more positive charge concentration due to the increased
unsaturation degree observed for this plane. Those facts can be
directly compared to the interaction between cationic and anionic
surfactants that results in the obtained shapes.

Therefore, the obtained morphological map is a fundamental
tool to understand the morphological transformation associated with
β-ZnMoO4, with the additional morphologies proposed in this study
constituting alternative possibilities that can guide experimental
studies toward enhanced technological properties. The next step will
be to use the present results to establish correlation between the mor-
phology, properties, and applications, such as those which our group
have developed for Co3O4,

33 MnTiO3,
91 CaZrO3:Eu

3+,92 ZnO,93

Ag3PO4,
94 α-Ag2WO4,

89,95 PbMoO4,
60 and ZnWO4.

96,97

IV. CONCLUSIONS

Motivated by the interest in the β-ZnMoO4 material, its
exposed surface and morphology are studied in detail by the
first-principle calculations at the density functional theory level.
The values of the energy surfaces and their atomic and electronic
arrangement of different low-index surfaces (001), (010), (110),
(011), (101), and (111) of β-ZnMoO4 are calculated. Analysis of the
surface structures showed that the surface energies and electronic
properties were associated with the presence of undercoordinated
[MoOn . . . yVx

O] and [ZnOn . . . yVx
O] (n = 4 and 5; y = 1 and 2) clus-

ters. A complete map of the available morphologies was obtained
based on these results and by using the Wulff construction, and it
was revealed that the theoretical morphologies match with previ-
ously reported experimental morphologies when the surface energy
values of the (010) and (001) surfaces were 0.2 J/m². The present

findings will help us to further understand and control the available
morphologies of β-ZnMoO4 crystals and suggest potential strategies
to indicate the morphology transformation.
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