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A B S T R A C T   

The knowledge about the mechanisms of the morphological control of nanoparticles (NPs) is directly correlated 
with the atomic configurations of their exposed surfaces, which can facilitate materials functionalization ac-
cording to the surface-dependent properties. In this context, this study focused on modeling via the density 
functional theory (DFT) the (001), (100), (101), (103), (110), (111), and (112) surfaces of the CaXO4 (X = Mo or 
W) (scheelite phase) to offer a comprehensive study of their structural and electronic properties. Additionally, a 
systematic mapping of the NPs morphology was elaborated as a function of the modulation of the surface en-
ergies. For the surfaces of both systems, a stability order of (001) > (112) > (111) > (101) > (110) > (103) >
(100) was observed. Differences were observed in both systems concerning the outermost polyhedral distortion 
and their atomic charges. The band alignment analysis revealed the potential use of both materials in photo-
catalytic environmental remediation. The methodology and results presented herein can be useful for targeting 
the synthesis and functionalization of CaXO4 and related materials.   

1. Introduction 

The control of nanoparticle (NP) morphology has received much 
attention in recent years due to its influence on the properties of the 
materials [1–4]. The morphology control depends on several parame-
ters, such as reaction time, temperature, pressure, surfactants, and pH, 
and can be adjusted according to several synthesis methods [3,5–9]. In 
this context, theoretical research has been dedicated to studying special 
features of NPs, including the atomic configuration of their exposed 
surfaces and their respective electronic properties [10–20]. In partic-
ular, the NP morphology is directly connected with the surface energy of 
their facets by an inversely proportional relation, where the lower the 
surface energy is, the greater their exposed area. However, the experi-
mental determination of surface energies at the nanoscale is still a 
challenge for experimentalists. In this sense, theoretical methods have 
been used to estimate these values. According to the classical Wulff 
theory [21], the crystal equilibrium shape is determined by minimizing 
the total surface energy for a given volume. 

In this study, the particular interest is in the molybdate and tungstate 

families, which have been applied in optical fibers, [22], scintillators, 
[23,24], multiferroic materials, [25,26], humidity sensors, [27,28], 
high-temperature lubricants, [29], corrosion inhibitors, [30,31], battery 
materials, [32], antenna materials [33] and catalysts [34,35]. Among 
these compounds, calcium molybdate (CaMoO4) and calcium tungstate 
(CaWO4), both scheelite-type ABO4 (A = Cd, Ca, Sr, Pb or Ba and B = Mo 
or W), have interesting thermal and luminescent properties and can be 
applied in phosphors, scintillators, optical fibers and gas sensors [36,37] 
or used as hosts for components emitting green color in white LEDs [38]. 

CaXO4 (X = Mo or W) compounds have been the focus of theoretical 
and experimental studies evaluating the effects of their morphological 
transformations [2,39–41]. In particular, Longo et al. [42] synthesized 
CaWO4 NPs with octahedron with flattened tips morphology via the 
microwave-assisted hydrothermal method. In addition, the relative 
stability and electronic properties of the surfaces were also calculated, 
resulting in the following stability order: (001) > (101) > (100) > (110) 
> (103) > (111). In contrast, Oliveira et al. [40] obtained 
dodecahedron-shaped CaMoO4 NPs by MAH and calculated the stability 
order (001) > (112) > (110) > (101) > (100) > (111). The authors 
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proposed surface energy stabilization routes from these theoretical re-
sults representing the experimental nanoparticle shapes achieved. 
Comparing these two studies, it is possible to observe differences in the 
relative stability order and two different terminations of the (101) sur-
face. Longo et al. [42] reported that such a surface is terminated in 
[CaO5] polyhedra, while Oliveira et al. [40] found the termination of 
[MoO4] polyhedra. 

In this sense, it is important to highlight that the success of surface 
simulations depends directly on the knowledge of the most stable atomic 
configurations of the outermost layers [4,43–45]. Therefore, consid-
ering the differences observed in the abovementioned studies, it is 
noteworthy that a consensus regarding the atomic configuration of the 
outermost layers of the exposed NP facets and their stability order is 
crucial for the success and accuracy of the simulation results. Therefore, 
it is possible to modulate the electronic characteristics and their tech-
nological applications [46–48]. 

Due to the direct correlation between the surface-dependent prop-
erties and morphology of NPs [49–54], this study aimed to carry out 
computational simulations based on density functional theory (DFT) 
[55] to evaluate the electronic and structural properties as well as the 
relative stability of the (001), (100), (101), (103), (110), (111) and 
(112) surfaces of CaXO4 (X = Mo or W). The selection of surfaces was 
made according to the Bravais-Friedel-Donnay-Harker law [56–58] 
which states that the most important facets are those with greater 
interplanar distances due to space-group symmetry. The results of the 
relative stability of the surfaces were used to generate the ideal NP 
morphology and elaborate a complete mapping of the morphological 
transformations of their NPs. Additionally, the densities of states of the 
NPs were simulated, considering the surface contributions. 

2. Computational procedure 

The simulations were performed using the periodic DFT methodol-
ogy implemented in the CRYSTAL17 program [59]. The atomic centers 
of Ca, Mo, W, and O were described by the triple-zeta valence with 
polarization (TZVP) [60], Hay-Wadt-311(d31)G, [61], cora_1996 [62] 
and 8–411d1 [63] basis sets, respectively. 

Initially, both CaMoO4 and CaWO4 bulk structures were optimized, 
starting from the respective experimental lattice parameters. Both sys-
tems have a scheelite-type structure and belong to the space group I41/a 
(symmetry C6

4h) and lattice parameters a = b = 5.233 Å and c 
= 11.448 Å for CaMoO4 and a = b = 5.243 Å and c = 11.376 Å for 
CaWO4, which are formed by [CaO8] and [MoO4] (or [WO4]) polyhedra 
[64]. Fig. 1 depicts the respective structures. 

It is known that the crucial point to designing accurate models via 
DFT formalism is the choice of the functional to be used in the target 
systems. For this reason, several tests were made in the set of the 
following seven hybrid density functionals: B1WC [65], B3LYP [66], 
HSE06 [67,68], PBE0 [69] and WC1LYP [70]. Compared to the exper-
imental parameters for both systems, the B1WC was the functional that 
provided the best results for lattice parameters and band gap energy 
(Egap) for the CaXO4 compounds (see Table 1). The equation that defines 
the B1WC functional is EB1WC

XC = EGGA
X + P

(
EHF

X − EGGA
X

)
, where EGGA

X is the 
GGA exchange energy, EHF

X is the Hartree–Fock (HF) exchange energy, 
and P = 16% is the HF exchange parameter. By adopting the same 
methodology reported by Gomes et al. [71], a scan of the P parameter 
was performed in the range from 10% to 20%, where P = 13.2% showed 
better accuracy. 

Table 1 lists the percentage differences from the experimental pa-
rameters of the B1WC functional, showing the lattice parameters and 
Egap (before and after the P parameter scan). Although there was no 
considerable change in the approximation to the lattice parameters, 
there was a significant improvement in the Egap accuracy, from 11.1% to 
6.5% for CaMoO4 and from 7.2% to 1.4% for CaWO4. 

To better understand the structural behavior of both systems in an 

equilibrium state, the NP morphology was determined using the clas-
sical Wulff’s theory [4,21] and the calculated surface energies (Esurf ), 
whose general formula is defined by Esurf = (Emodel − nEbulk)/2A, where 
Emodel is the total energy of the surface model, Ebulk is the total energy of 
the bulk, n is the number of bulk units in the surface model, and A is the 
unit cell surface area. The (001), (100), (101), (103), (110), (111), and 
(112) surfaces were analyzed using models that have reached the Esurf 

convergence (ΔEsurf (z) < 0.01J/m2 ) with the stoichiometric increases 
of atomic layers in the z-direction. A morphological network diagram 
was elaborated from a combination of surface energies of the exposed 
surfaces according to the methodology used by Laranjeira et al. [4]. 

The parameters described below were used in all simulations. The 
precision of the infinite Coulomb and HF exchange series is controlled by 
five parameters αi, with i = 1, 2, 3, 4, and 5, where α1 is the overlap, and 
α2 is the penetration for Coulomb integrals, α3 is the overlap for HF 
exchange integrals and α4 and α5 are the pseudo-overlap (HF exchange 
series). The five parameters αi were set to 8, 8, 8, 8, and 16, respectively. 
The two-electron contributions are neglected when the overlap between 
atomic functions is below 10− αi . The convergence criteria for the elec-
tronic energy were set to 10− 6 u.a. For periodic systems, the only 
mandatory parameter is the shrinking factor, which generates a pro-
portional grid of k-points in reciprocal space, according to the 

Fig. 1. The unit cell of CaXO4 (X = Mo or W) and octahedral [CaO8] and 
tetragonal [XO4] (X = Mo or W) polyhedra are highlighted. 

Table 1 
Lattice parameters (a = b and c) (Å) and band gap energy (Egap) (eV) for CaXO4 
within the B1WC (13.2%) functional. The values in parentheses indicate the 
percentage differences compared to the experimental data.   

Functional a = b c Egap 

CaMoO4 B1WC 5.23 (0.0%) 11.29 (1.4%) 4.62 (11.1%) 
B1WC (13.2%) 5.29 (1.1%) 11.48 (0.3%) 4.43 (6.5%) 
Exp.[64,72] 5.23 11.45 4.16 

CaWO4 B1WC 5.26 (0.3%) 11.50 (1.1%) 5.21 (7.2%) 
B1WC (13.2%) 5.26 (0.3%) 11.51 (1.1%) 4.93 (1.4%) 
Exp.[72,73] 5.243 11.376 4.86  

Table 2 
Hirshfeld atomic charges (q) in elementary charge units (|e|) for the bulk and 
outermost atoms of the CaXO4 surfaces.   

CaMoO4 CaWO4 

Charge Ca Mo O Ca W O 
Bulk 2.067 1.322 -1.108 2.118 3.151 -1.317 
(001) 2.038 2.288 -0.946 2.081 3.080 -1.152 
(112) 2.054 2.310 -0.677 2.098 3.079 -0.888 
(111) 2.041 2.266 -0.708 2.083 3.057 -0.918 
(101) 2.032 2.327 -1.009 2.078 3.111 -1.216 
(110) 2.035 2.252 -0.710 2.076 3.038 -0.918 
(103) 2.030 2.181 -1.118 2.071 2.995 -1.318 
(100) 2.049 2.294 -0.677 2.095 3.081 -0.884  
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Monkhorst-Pack method. The reciprocal space integration used was an 
8 × 8 × 8 k-point mesh (8 x 8 x 1 for surface models) in the irreducible 
Brillouin zone. The geometry optimization calculations demonstrate 
that the optimized structures are in agreement with the space group 
symmetry for both materials. 

3. Results and discussion 

Fig. 2 shows a side view, the outermost polyhedra, and a top view of 
their respective electrostatic potential surfaces of the most stable ter-
minations of the (001), (112), (111), (101), (110), (103), and (100) 

Fig. 2. Side view of the outermost layers of CaXO4 surfaces, effective coordination number (ECoNCa(Mo or W) and ECoN(Mo or W)), average bond length (dCa− O(Mo or W)

and d(Mo or W)− O) for the outermost Ca (Mo or W), Mo (or W)-centered polyhedra, respectively, and electrostatic surface potentials (Vs(r)) top view for (a) (001), (b) 
(100), (c) (110), (d) (112), (e) (101), (f) (103), and (g) (111) surfaces), where Mo and W refer to CaMoO4 and CaWO4-based systems, respectively. 

Table 3 
Surface energy after (Esurf ) (J/m2) and before (Enon− opt

surf ) (J/m2) optimization, model thickness (L) (Å), and band gap energy (Egap) (eV) for CaXO4 surface models.   

Surface Esurf Enon− opt
surf 

L Egap  

(001) 0.61–0.61 0.71–0.71 39.15–39.25 4.39–4.88  
(112) 0.71–0.68 2.36–2.42 18.26–18.24 4.24–4.79 

CaMO4 – CaWO4 (111) 0.80–0.77 4.71–4.84 32.66–32.48 4.31–4.88  
(101) 0.82–0.80 1.14–1.15 21.17–21.15 4.46–4.97  
(110) 0.87–0.84 2.98–3.02 26.97–26.77 4.08–4.71  
(103) 1.06–1.04 2.73–2.77 13.45–13.33 4.20–4.80  
(100) 1.19–1.16 1.88–1.92 22.22–22.05 3.45–3.98  
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surfaces of CaXO4. The outermost layers of the (001) and (112) surfaces 
(Figs. 2a and 2d, respectively) are composed of [CaO6] and [XO4], and 
the (100), (101), (103) (110), and (111) surfaces (Figs. 2b, 2c, 2d, 2e, 
and 2 f) are composed of [CaO5] and [XO4] outermost polyhedra. All 
outermost Ca-polyhedra have coordination lower than those under the 
bulk ([CaO8]). On the other hand, the outermost X-centered clusters 
remain in their original bulk coordination ([XO4]). 

Since the surfaces only have terminations with five-fold (5 f) and six- 
fold (6 f) coordinated Ca-centered polyhedra and four-fold (4 f) coor-
dinated X-centered polyhedra, it is necessary to use a parameter that 
considers the different geometric distortions of each polyhedra. A 
parameter that allows the distortion analysis is the effective coordina-
tion number (ECoN) [74]. ECoN is calculated by adding all surrounding 
atoms of a center through a weighting scheme, with the atoms counted 
as fractional atoms with values between 0 and 1. This parameter tends to 
zero according to the increase in the distance of the surrounding atom 
from the central atom. Therefore, an analysis based on the ECoN should 
consider that for the higher differences between ECoN and usual coor-
dination values, the polyhedra will be most distorted. The ECoN has 
been employed in studying diverse compounds with considerable suc-
cess [75–80]. 

Concerning the [CaO6] polyhedra, the (112) surface has the highest 
ECoN values, while for [CaO5] polyhedra, the (101), (110), (111) and 

the (100) surfaces exhibit the lowest ECoN. Regarding the [XO4] poly-
hedra, the (001) surface has the highest, and the (100) surface has the 
lowest ECoN. The outermost polyhedra are more distorted at the (100) 
surface, which results in the most unstable surface for CaXO4 (see Esurf 

values in Table 3). 
The (101) surface has the lowest density of negative charges indi-

cating its tendency to interact with anionic systems. On the other hand, 
the (112) surface has the opposite characteristic, i. e., a higher density of 
negative charges suitable for interacting with cationic systems. All sur-
faces have similar behavior, with continuous layers of negative charge 
and islands of positive charge density, except for the (100) surface, 
which has continuous layers of interspersed negative and positive 
charge densities. Visually, there are no differences in the electrostatic 
potential due to the X = Mo or W atom. Therefore, the Hirshfeld atomic 
charges (q) were calculated (Table 2). 

Table 2 shows higher charges module (|q|) for CaWO4-based systems 
than for the analogs of CaMoO4. In addition, the bulk has higher |q|
values for all atoms compared to the surfaces due to the coordination 
breakdowns generating oxygen vacancies, causing the lowest coordi-
nation in the outermost polyhedra, which suggests that the concentra-
tion of atom charges is higher in the innermost surface layers. The (103) 
surface has the highest |q| value for outermost O atoms since, in these 
systems, the atoms are bonded with a single atom with only one close 

Fig. 3. Differences between optimized (colorful bars) and non-optimized (gray bars) indicate the Esurf behavior due to the optimization process for (a) CaMoO4 and 
(b) CaWO4, the morphologies from Esurf after optimization for CaMoO4 (c) and CaWO4 (d), respectively, the CaXO4 morphologies of the system generated from non- 
optimized Esurf values (e), and sphere-shaped crystal with equal Esurf values for CaXO4 in both systems for visual purposes (f). 
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neighbor in the same atomic layer to share the charge. 
In the (101) surface, the outermost X atom is localized in an atomic 

layer below the outermost Ca atomic layer and possesses the highest |q|, 
which corroborates the tendency of such atoms to exhibit a greater |q| in 
the innermost atomic layers. The highest values of ECoN and |q| were 
observed for X- and Ca-centered outermost polyhedra in the (101) and 
(112) surfaces, respectively (Fig. 2), indicating that smaller distortions 
are associated with greater atomic charges. 

Table 3 depicts the surface stability order: (001) > (112) > (111) 
> (101) > (110) > (103) > (100) for CaXO4. The most similar coordi-
nation of Ca-centered polyhedra with respect to the original bulk is 
responsible for the high relative stability, which can be evidenced by the 
lower Esurf of the (001) and (112) surfaces. 

Due to the cutting process are generated oxygen vacancies in the 
outermost Ca-centered polyhedra, and the outermost atoms rearranged 
themselves in the optimization process, generating the Esurf variations 
for each (hkl) surface. Considering the Esurf values and using Wulff’s 
model, the morphologies associated with the Esurf values before and after 
optimization were determined (Fig. 3). 

After structural optimization, it was observed that the (112) surface 
has the largest exposed area, with a small contribution of (111) for 
CaMoO4. The only difference between CaMoO4 and CaWO4 is the rela-
tive exposure rate of the (111) surface, which is most exposed in 
CaMoO4. These morphologies (Figs. 3c and 3d) correspond to the ideal 
system, i. e., without considering the influence of external parameters. 
Indeed, the influence of surfactants, impurities, solvents, temperature, 
and synthesis methods, among other factors, can lead to different 
morphologies. 

Therefore, through Esurf modulations, one can represent the 
morphological transformation routes that result in morphologies with 
maximum relative exposure for each surface, allowing associations be-
tween the calculated properties and the experimental data. Thus, it is 
possible to elaborate a map of the morphological transformations using 
a graph G = (V,E,ϕ) = (8,28,7) representation (Fig. 4 and 5). 

Instead of using the direct Esurf values, this study was based on the 
surface energy ratio values (Γ(hkl)), which are given by the expression: 

Γ(hkl) = E(hkl)
surf /E(001)

surf , where E(hkl)
surf is the Esurf for the index (hkl) surface 

and E(001)
surf is the Esurf for the (001) surface, which was chosen as a 

reference value for being the most stable. It should be mentioned that 
Γ(hkl) is a convenient parameter that shows that the morphology of a 
particle is given by the ratio between the Esurf values. 

The Γ values were arranged in matrices for CaMoO4 (Fig. 6a) and 
CaWO4 (Fig. 6b), where each column corresponds to Γ values for 
maximum exposure of each (hkl) plane in ascending order of Esurf , while 
the last column shows the Γ values for the ideal morphology. 

The morphological route map of the CaMoO4 presented in Fig. 5 can 
also be used to represent the morphological transformation routes of 
CaWO4, since these materials have the same symmetry group and rela-
tive surface stability order and are only necessary to change the Γ(hkl)

values (Fig. 7). 
These maps can be directly applied to compare and complement 

experimental results according to NPs morphologies. To this end, the 
theoretical Egap of two NPs with morphology observed experimentally 
[41,81] was estimated through the density of states (DOS) weighted by 
the relative exposure of their exposed surfaces (Fig. 8). In addition, the 

Fig. 4. Diagram of morphologies represented by graph G = (8,28), in which (a) the seven vertices (v1− v7) represent the morphology for which a given (hkl) plane 
dominates the crystal morphology, and the central apex (v8) is the thermodynamic crystal. (b) The edges e1− e7 are the paths that connect (v8) to the crystals (v1−

v7). The paths that connect (c) the next neighbor (e8− e14), (d) the second neighbor (e15− e21), and (e) the third neighbor (e22− e28) to the vertices of the crystals are 
given by the edges that do not pass through the thermodynamic crystal (v8). 
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surface exposed in the CaMoO4 synthesized by He et al. [82] was eval-
uated using a band alignment of surfaces scheme to give information 
about the photocatalytic activity in acid orange 7 (AO7) degradation 
(see Fig. 9). 

Fig. 8a shows the FEG-SEM micrograph of CaMoO4-oriented nano- 
octahedra obtained by the microwave-assisted hydrothermal method 

at 120 ◦C for 60 min. In this study, the increase of the microwave time 
resulted in morphological and Egap changes. For long time intervals, it 
was not possible to determine a particular morphology because of the 
agglomeration of the NPs. Fig. 8b displays the micrograph of a nano-
particle with an octahedral morphology. The respective synthesis with 
β-cyclodextrin-assisted hydrothermal synthesis to prepare 3D flower- 

Fig. 5. Morphologies of CaMoO4 crystals associated using surface energy ratio values (Γ(hkl)). All edges (e1− e28) provide the energetic pathway to reach the particles 
located at the vertices (v1− v8). 

Fig. 6. Surface energy ratios (assuming the energy of the (001) surface as the reference) are used for morphological modulation during vertex determination (v1−

v8). The image shows the 28 edges that connect the vertices (e1− e28). 
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like CaMoO4 structures self-assembled from octahedral crystals. 
Both experimental NPs have similar morphologies, and as it is un-

known which surfaces are exposed, two morphologies were proposed 
according to the modulation of the Esurf values. Figs. 8d and 8g shows the 
modifications made to the Esurf value to obtain the proposed morphol-
ogies. The first morphology (Fig. 8c) has (101) and (111) exposed sur-
faces and an Egap of 2.92 eV, which was determined by the sum of the 
weighted DOS. Similar to the first morphology, the second morphology 
(Fig. 8f) has (101) and (112) exposed planes and an Egap of 2.80 eV. 

He et al. [82] prepared CaMoO4 by the hydrothermal method using 
different pH values of synthesis, a fact that can influence the 
morphology of crystals, and evaluated the sonocatalytic performance of 
each synthesized system in the removal of AO7 [83,84]. According to 
the results, at pH = 7, the microspheres showed superior sonocatalytic 
performance, which is attributed to the generation of hydroxyl radicals 
(•OH), superoxide anion radicals (•O2− ) and holes (h+). Observing the 
micrographs referring to CaMoO4-7, it is not possible to visualize a 
well-defined morphology, although there are some octahedral shapes in 
the agglomerate nanoparticle. 

Based on the methodology proposed by Toroker et al. [85], to 
evaluate band edge positions in potential transition metal oxides, the 
band alignment was built for the CaXO4 surfaces. According to this 
methodology, the positions of the conduction band minimum (ECBM) and 
the valence band maximum (EVBM) are defined by ECBM/VBM =

EBGC ± 0.5Egap − Ee, where EBGC is the energy of the band gap center, 
and Ee is the normal hydrogen electrode (NHE) potential (4.5eV). To 
evaluate the applicability of the systems studied for photocatalysis, four 
dashed lines representing the E0, E0(O2/H2O), E0 and E0 redox potentials 
are introduced in Fig. 9. 

As observed in Fig. 9, all CaMoO4 surfaces have photocatalytic po-
tential for AO7 removal except for (101). He et al. [82] analyzed the 
XRD data and showed a peak associated with the (112) surface, which in 
its energetic stabilization for this surface generates octahedral shapes (v2 
in Fig. 5a) and exhibits band alignment conditions for the degradation 
mechanism. 

4. Conclusions 

The same surface stability order of the studied systems and other 
similar characteristics can be explained by the fact that the lattice- 
forming atoms (Mo and W) have very similar properties, confirming 
that, among scheelite-type ABO4 molybdates or tungstates, the stability 
of the surfaces is determined by the A2+ cation. It was also demonstrated 
that the complete acknowledgment of surface terminations and their 
electronic and structural properties could provide a basis to estimate 
phenomena and the types of interactions that can occur in the experi-
mental environment. Furthermore, the results show that almost all 
surfaces of both systems have band alignment propitious for the 
occurrence of important mechanisms in photocatalytic environmental 
remediation. 

Using the ideal morphology as a starting point and performing var-
iations in the Esurf values, a complete map of morphological trans-
formations of CaXO4 compounds was proposed. These results can be 
used to understand morphological transformations, growth control, and 
photocatalysis mechanisms based on DFT simulations. Such information 
can be very useful to experimentalists to analyze and discuss results 
obtained by scanning electron microscopy and transmission electron 
microscopy. 
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Fig. 7. The lower triangular matrix represents the adjacent matrix, which was used to illustrate the morphology by changing the energy of a specific surface. For all 
edges, only the crystal shape at a midpoint is shown. 
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