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ABSTRACT 

Wide band gap semiconductors, such as barium molybdate (BaMoO4), remain to attract 

much interest due to their excellent optical, catalytic, and electronic applications. 

Herein, computational simulations based on the density functional theory (DFT) 

calculations were carried out to conduct a systematic study of the electronic, structural, 

and catalytic properties of BaMoO4 bulk and its (001), (112), (101), (110), (103), (100), 

(111) and (211) surfaces. It was found that the relative stability order (001) > (112) > 

(101) > (110) > (103) > (100) > (111) > (211). Band gap energies between 2.06 eV 

(211) and 4.56 eV (101) were observed. The (112) and (103) surfaces are p-type, while 

the others exhibit characteristics of n-type semiconductors. Additionally, by the band 

edge alignment analysis, all surfaces are suitable for promoting the    to   
   and the 

   to    reactions. Finally, a detailed mapping of morphological transformation routes 

of nano/microstructures was built, contributing experimentalists to frontier research 

with scheelite-type materials. Therefore, understanding and controlling the morphology 

allows the development of new materials with highly customized properties and 

functionality, leading to advances in various fields such as electronics, energy storage 

and catalysis, among other applications. 

 

Keywords: BaMoO4; scheelite, morphology; DFT; Wulff; electronic transport; 

catalysis.  

 

 

                  



1. Introduction  

As is known, materials design is an important field of research dedicated to the 

development of new materials, including nanoparticles (NPs) with their controlled 

physical and chemical characteristics, e.g., shape, size, structures and 

atomic/compositional configurations of its most exposed faces, which can significantly 

impact their properties and applications [1–4]. From this perspective, researchers have 

reported that the experimental parameters of synthesis (such as time, solvent, 

temperature, pressure, pH, different reducing agents and surfactants, and so on) may 

significantly affect the nucleation and growth of these materials, taking to a huge variety 

of particle shapes and sizes [5–8]. 

We are currently facing a tremendous global demand to develop novel wide 

band gap semiconductor materials, which can contribute to the emergence of many 

high-performance technological applications [9–12]. Among these materials, the barium 

molybdate (BaMoO4), hereafter named BMO, is a wide band gap (~4.6 eV) 

semiconductor that crystallizes into a scheelite-type and exhibits interesting physical 

and chemical properties, including high thermal resistance, optical transparency, and 

catalytic properties [13,14], which has excellent potential in electro-optics applications 

[15]. BMO can be synthesized by several routes, including solid-state reaction [16], 

electrochemical method [17], complex polymerization method [18], reverse 

microemulsion [19], solvothermal synthesis [20], microwave-assisted hydrothermal 

[21], coprecipitation [22], and sonochemical method [23]. All these strategies have 

contributed to finding a huge morphological diversity for BaMoO4 [24–26], which 

impacts its physical and chemical properties [27,28].  

Through computational research it is possible to understand the materials 

surface-dependent properties at the atomic level with low cost and reduced time, leading 

to a substantial reduction in time for the emergence of new technologies [29–31]. As is 

well-known, applying the Wulff theorem [32] allows an easy morphological 

characterization through the close relation with the relative stability order of the 

surfaces. It should be noted that the relative stability of the surfaces is obtained by 

calculating the energy of each surface, which can only be obtained via theoretical 

methods. Therefore, this consolidated methodology can elucidate the surface 

structure/composition and predict the final shape of a given material from a materials 

design perspective [33–37].  

                  



Some computational studies have made it possible to reveal a close relationship 

between the structure and property of the BMO. For instance, Zhao et al. [38] use 

density functional theory (DFT) [39] simulations to observe that the interstitial oxygen 

of BMO provokes a visible range absorption band peaked at ~320 nm. Qin et al. [40] 

explain that the increased electronic density around Mo atoms leads to a BMO dielectric 

constant decrease under high pressure. Percinatto et al. [41] studied oxygen vacancy in 

BMO by means of DFT calculations and found the increased hardness of the material, 

making it more resistant to compression and shear. 

Therefore, a systematic computational study of the surface effects on the optical, 

catalytic, electronic and transport properties of BMO was outlined here. For this 

purpose, the analysis began with the periodic DFT simulations of the BMO bulk and its 

(001), (100), (101), (103), (110), (111), (112), and (211) surfaces. In addition, the Wulff 

construction was used to elaborate a detailed mapping of the morphological 

nanoparticles transformation. This research is expected to help analyze and predict the 

experimental results of the BMO and related systems. In this direction, understanding 

the morphological-dependent properties of BMO can lead to new perspectives and 

opportunities for its potential technological use in the future.  

 

2. Computational Setup  

The electronic and structural properties of BMO bulk and its surfaces were 

simulated via the periodic DFT approach implemented in the CRYSTAL17 package 

[42], which expressed the crystalline orbitals regarding Bloch functions. These 

simulations were conducted with the modified (8 % of the Hartree-Fock (HF) exchange 

percentage) hybrid B1WC [43], as reported by Sambrano et al. [44]. In addition, the Ba, 

Mo and O atom centers were described by the 311(1d)G [45], 311(d31)G [46], and 8-

411d1 [47] basis set functions, respectively, which are available at the Crystal library 

(www.crystal.unito.it/basis-sets.php). 

For a better description, the geometrical optimization convergence was checked 

on gradient components and nuclear displacements with tolerances on their root mean 

square (RMS) set to 0.0001 and 0.0004 a.u., respectively. The precision of the 

convergence criteria for bi-electronic integrals was controlled by a set of five thresholds 

(10
-7

, 10
-7

, 10
-7

, 10
-7

, 10
-14

) using the TOLINTEG keyword in DFT calculations, 

representing the overlap and penetration for Coulomb integrals, the overlap for HF 

exchange integrals, and the pseudo-overlap, respectively. The reciprocal space was 

                  



sampled with a shrinking factor defined as 8 (SHRINK keyword), corresponding to 78-

k-points in the irreducible Brillouin zone (BZ).  

The band structure and density of states (DOS) were analyzed using the same k-

point sampling employed for the diagonalization of the Fock matrix in the optimization 

process along the high-symmetry BZ path.  

The Raman intensities were computed with the solutions of first and second 

order coupled perturbed Hartree-Fock/Kohn Sham (CPHF/KS) self-consistent equations 

[48,49].  

3. Model System 

Table 1 shows the experimental and standard B1WC and modified B1WC (8%) 

simulations results for the cell parameters and band gap energy (    ) calculations. 

Both functionals yield high accuracy concerning the lattice parameters; nevertheless, 

compared with the experimental results, greater accuracy is achieved to the      

calculation with the modified functional.  

 

Table 1. Lattice parameters (a = b and c) (Å) and band gap energy (    ) (eV), and 

relative error concerning average experimental value in parenthesis.  

Functional a (Å) c (Å)      (eV) 

B1WC 5.62 (0.8 %) 12.53 (2.1 %) 5.28 (22.8 %) 

B1WC (8%) 5.63 (1.0 %) 12.54 (2.1 %) 4.53 (3.6 %) 

Reference Data 5.57
a
, 5.58

b
  12.79

a
, 12.82

b
  4.33

c
, 4.25

d
, and 4.54

e
  

References: a [50], b [51], c [52], d [53], and e [51]. 

 

From the optimized crystalline structure were constructed symmetric and 

stoichiometric surface models corresponding to the crystallographic directions: (001), 

(100), (101), (103), (110), (111), (112) and (211). These surface models (2D) are finite 

in the z-direction but periodic in the plane. 

It is important to emphasize that the successes of surface simulations depend on the 

model thickness (𝑙) to ensure no interactions between the outermost layers and to 

guarantee surface energy  (       convergence, which can be calculated through the 

formula       (              ⁄  , where       is the total energy per unit cell of 

the slab in the [  𝑙] direction, the       is the total energy of the BMO bulk per 

molecular unit,   is the number of bulk units, and   is the surface unit cell area [33,54]. 

                  



The       convergency was reached in 10, 16, 16, 8, 8, 16, 8 and 10 bulk units for 

(001), (100), (101), (103), (110), (111), (112), and (211) surfaces, respectively. As 

mentioned in the introduction section, connecting the surface energy calculation and the 

Wulff theory, it is possible to make a detailed road map of the NPs morphological 

transformations [35,55,56]. VESTA software [57] was employed to elaborate the 

morphological road map.  

4. Results and discussion  

4.1. Bulk  

Figures 1a and 1b depict the representation of the BMO tetragonal unit cell 

(space group I41/a) with [BaO8] and [MoO4] clusters, which are the building blocks of 

the BMO. Figures 1c  and 1d show the simulated XRD patterns and Raman spectra of 

the BMO with the calculated lattice parameters (a = b = 5.63 Å and c = 12.54 Å). From 

the simulated XRD data, we can see in Figure 1c peaks well-defined in 2Ɵ = 26.5°, 

27.8°, 32.1°, 42.9°, 45.9°, 48.4°, 53.8°, 54.5° and 68.9°, which correspond to 

diffractions from (112), (004), (200), (204), (220), (116), (312), (224) and (136) planes 

of tetragonal BMO structure. These theoretical results agree with experimental data 

[58–61]. 

 

 

Figure 1. (a) BMO unit cell, (b) [BaO8] and [MoO4] clusters building blocks, (c) XRD 

pattern was determined through the RIETAN-RF [62] package implemented in the 

VESTA software [57] and (d) vibrational Raman spectrum. 

 

The primitive cell of BMO has 36 zone-center phonon modes in the Raman 

spectrum:                            , where the     are silent 

modes,        acoustic modes. The              modes are active Raman-

                  



active optical modes and         IR-active modes (see Supplementary Material, 

Figure S1). 

In the    modes, the Ba and Mo atoms remain immobile, and the motions are 

attributed to the O atoms. Thus, the    modes are usually symmetric to the rotation of 

the principal axis. On the other hand, the    modes are antisymmetric to the rotation of 

the principal axis, and the    modes are doubly degenerate, with inversion symmetry. 

Regarding the   , modes, it is verified that the main motion is associated with 

deformations of the [MoO4]
2-

 clusters. The Ba atoms move in the R1 and R6, while they 

remain static in the R11, R12 e R17 modes. Some works [44,63–65] usually report the 

existence of only 13 active Raman modes for scheelite structures (          

   ), this occurs because it is not considered that the    modes are doubly degenerate. 

For the R2 e R3 modes, the motion is associated with the [BaO8] cluster rotation. The 

[MoO4] cluster rotations with quasi-static Ba atoms characterize the R4 and R5 modes. 

In the R13 e R14 modes, oxygen atoms move with static Ba and Mo atoms. The R15 e R16 

modes are characterized by the motion of only one O atom of the [MoO4]
 
clusters. 

The calculated Raman spectrum is represented in Figure 1c. The most intense peak 

corresponds to R18 (894 cm
-1

) mode, which is preceded by two different bands 

associated with R17 (843 cm
-1

) and R15 and R17 (807 cm
-1

). Two bands can be noted at 

~350 cm
-1

, one first is associated with R10 (328 cm
-1

) and R11 (331 cm
-1

) modes, and the 

other is relative to R12 (358 cm
-1

) and R13 and R14 (362 cm
-1

). 

Next, the band structure and DOS of the BMO structure are shown in Figures 2a 

and 2b. The calculations demonstrate a direct band gap transition, 4.54 eV, at the   

point (see Figure 2b). Also, these theoretical results demonstrate a negligible variation 

in the estimated     , when compared to the experimental value reported near room 

temperature [66–69], suggesting that the methodology used is suitable for describing the 

electronic properties of these studied systems. Based on the DOS, it is found that the 

valence band (VB) is mainly attributed to the O atom contribution. On the other hand, 

the conduction band (CB) is associated with a major O atom contribution, followed by 

the Mo and Ba atoms, and a bandwidth absence of states of ~1 eV in the CB. Hence, an 

additional d-d interaction in CB region can, in principle, promote a two-photon 

resonance on the BMO. For a detailed description of the electronic structure, the partial 

density of states (pDOS) is taken (see Supplementary Material, Figure S2). Concerning 

Ba and Mo atoms, the most significant contributions on VB are associated with 

                  



degenerate px and py orbitals and for CB with degenerate d2 and d3 orbitals. Considering 

O atoms, the most relevant intensities in CB and VB are from the px and py. In addition, 

it is well known that the synthesis parameters may lead to the formation of complex 

defects on the BMO lattice (at short-, medium- and long-range), thus promoting the 

appearance of intermediary electronic levels in the forbidden region, as well as, 

decreasing the difference between the VB and CB [70]. 

 

  

Figure 2. (a) Band structure and (b) Density of states of BMO bulk.  

4.2. Surfaces properties 

As is known, the surface is a region where the bulk structure is disrupted; therefore, 

the surface properties can significantly differ from the bulk, especially concerning 

atomic terminations [35,55,56]. These regions can be described in terms of their 

outermost clusters (Figure 3). Notice that the (001) and (112) surfaces are terminated on 

[BaO6] and [MoO4] clusters, while the (101), (100), (103), (100), (111) and (211) have 

[BaO5] and [MoO4] clusters.  

To better understand the surface states, the Kroger-Vink notation [71] was 

employed to classify the outermost clusters. This notation describes a defect A with 

effective charge b occupying a lattice site a (  
 ), and vacancies can be represented by 

  
 . Oxygen vacancies characterize the outermost clusters with coordination breakage 

and can be described as   
 , where the sub-index   indicates charge neutrality in the 

Kroger-Vink notation. Yet, the oxygen vacancies are usually responsible for the degree 

of structural order-disorder associated with distortions and changes in the bond lengths 

and angles between the outermost oxygen and barium atoms. Given this, the outermost 

undercoordinated clusters for (001) and (112) surfaces are [         
 ] and 

[         
 ] for (101), (100), (103), (100), (111) and (211).  

                  



 

Figure 3. Outermost layers and [BaO6], [BaO5] and [MoO4] outermost clusters 

highlighted in the Kroger-Vink notation for (a) (001), (b) (112), (c) (101), (d) (110), (e) 

(103), (f) (100), (g) (111) and (h) (211) surfaces, and (i) cutting planes. 

 

The number of nearby atoms on the BMO surface layers is the coordination number 

(CN). Notably, this property cannot describe the distortions during the crystal growth 

because the outermost layers have more freedom to relax, making them more prone to 

structural deformations based on the interaction with neighboring atoms, resulting in 

distorted outermost clusters. In contrast, the inner layers preserve the bulk structure, i.e., 

do not exhibit structural distortions. Therefore, the effective coordination number 

(ECoN) [72] can solve this problem, being an alternative to estimate cluster distortions. 

In this sense, the difference between CN and ECoN describes the relative cluster 

distortion.  

Based on the      , the stability order of the BMO surfaces is (001), (112), (101), 

(110), (103), (100), (111) and (211) (see Table 2). The outermost        are 

significantly less distorted than        clusters. This behavior suggests that in the BMO 

scheelite-type structures, the        are rigid elements, and structural modifications 

can occur more easily in the                . 

                  



In addition, the decrease in surface stability with the ECoN (except by the (101) 

surface) is a trend that can be verified. The distinct behavior for (101) surface can be 

associated with the relative positions of outermost Ba and Mo: the only case where 

outermost Mo atoms occupy the innermost atomic layers compared to outermost Ba 

atoms. 

 

Table 2. Surface energy (     ), band gap energy (    ), effective coordination 

number of outermost [BaOx] (         ) and [MoO4] (         ) cluster.   

Surface       (J.m
-2

)      (eV)                     

(001) 0.44 4.44 5.99 3.97 

(112) 0.54 4.28 5.91 3.91 

(101) 0.60 4.56 4.95 3.99 

(110) 0.66 4.06 4.97 3.90 

(103) 0.78 4.16 4.91 3.91 

(100) 0.91 3.64 4.53 3.88 

(111) 1.08 1.94 4.53 3.54 

(211) 1.27 2.06 2.92 3.84 

 

In the BMO surfaces, it is well known that the electronic properties depend on the 

cluster connectivity,        ] and [        bond shifts, and the formation of 

oxygen vacancies due to a symmetry break between these clusters [46, 47]. The Figure 

4a describes the DOS for the simulated surfaces, and it is verified that all surfaces have 

VB higher than the bulk, except the (101) surface. For all cases, the O states dominate 

the VB and CB. In the CB, the Mo contributions are similar to O, and Ba contributions 

are observed for the higher energies. The calculated band gap energy of surface states 

for (001), (112), (101), (110), (103), (100), (111), and (211) planes are 4.44, 4.28, 4.56, 

4.06, 4.16, 3.64, 1.94, and 2.06 eV, respectively. Except for the (001), (101) and (112) 

surfaces, a lower DOS closer to the VB maximum is observed.  

Figure 4b shows the top view of electrostatic potential isosurfaces, which can be 

used to evaluate the charge distribution on the outermost layers. The surfaces exhibit 

continuous bands of negative charge density intercalated by neutral regions where 

positive charge density accumulation can be found. Only the (100) surface does not 

                  



obey this pattern, with continuous bands of positive charge density. These systems 

generally have a more pronounced nucleophilic character, except for the (101) surface. 

 

 

Figure 4. (a) Density of states of BMO surfaces following the relative stability order 

(from top to bottom) and (b) top view of the electrostatic potential surfaces (  (   . 

4.3. Transport Properties   

When a semiconductor is irradiated with photons, in principle, the electrons (  ) are 

excited and promoted to CB. In addition, holes (  ) are left in the VB. After,    and    

are moved to the photocatalytic surface interface reactions according to the following 

equation:                         . For the occurrence of this process, the 

photons must possess energy equal to or greater than the      [73].  

For semiconductors to be efficient photocatalysts, in addition to the electronic 

structure and optical property favorable to radiation absorption, electronic mobility is 

necessary for the fast transport velocity of electrons and reduce the probability of 

recombination of       within the semiconductor and increase photocatalytic activity 

[74,75]. Hence, the mobility of photoexcited carriers can be evaluated indirectly by their 

effective carrier masses of electrons (  
 ) and holes (  

 ). To analyze the carrier 

stability, it can use the ratio        , for which desired values are lower than 0.5 or 

higher than 1.5 [76]. Here, the   
  and   

  were estimated by the parabolic fitting of the 

CB and VB by the following equation:          ⁄ , with the distance between two 

consecutive k-points smaller than 0.002Å
-1

, and then applying the reciprocal effective 

mass tensor, defined as:   

(
 

  )
  

 
 

 

    (  

      
                                                   (1) 

                  



where   (   is the n-th band energy dispersion,    and    are the k-points in the BZ for 

the   and   directions, respectively. This approximation considers symmetric pathways, 

nevertheless the   
  and   

  can differ according to the high symmetry pathway 

considered.  

To compare these values for each (hkl) direction was used the general effective 

mass of the hole or electron (  ), which is calculated by the following expression: 

 

   
 

  
  

 

  
    

 

    
  

 

  
    (2) 

where   represents the number of high symmetry pathways of the band structure,    

the general effective mass of hole or electron,   
  are the effective masses per pathway 

[77]. 

DOS analysis estimated the charge carrier concentration through Fermi-Dirac 

distribution, see equations (3) and (4), which relate to the Boltzmann constant (  ), 

temperature (T), electronic DOS per unit cell volume ( (  ), Fermi energy (  ), 

valence bands maximum (   ) and conduction bands minimum (   ). From the    and 

   values, the semiconductor nature can be determined. In n-type semiconductors, 

electrons are predominant charge carriers associated with higher states in CB. On the 

other hand, a higher number of states in VB region indicates a p-type semiconductor 

behavior, suggesting a greater presence of photogenerated electrons in CB. 

 

  (   ∫  (  (
 

 ((    )    ⁄ )  
)  

   

  
  (3) 

 

  (   ∫  (  (
 

 ((    )    ⁄ )  
)  

  

   
  (4) 

It has been suggested by Bahers et al. [78] that to achieve good carrier mobility of 

the effective mass must be   
  < 0.5. However, most complex metal oxides have much 

higher effective mass values, usually in the range of 1 to 10   
 , limiting carrier 

mobility [79]. Table 3 shows the effective mass of the electron (  
    ) and hole 

(  
    ), as well as the ratio (  

    
 ). The bulk and the (001), (100) and (111) 

surfaces exhibit the   
     values greater than the   

    . On the contrary, the (112), 

(101), (110), (103), and (211) surfaces have   
     greater than the   

    . None of 

the evaluated surfaces have greater carrier mobility than the bulk. Except for (001) and 

(100) surfaces, all have   
   

 ⁄  ratio suitable to photocatalytic processes.  

                  



Determining the   
  and   

  in these systems requires careful consideration, and 

alternative approaches, particularly a parabolic band fitting approach, were employed to 

determine the effective mass, resulting in unusually high values of effective mass for 

flat bands for some surfaces. These values follow the band structures shown in Figure 

S3 (see Supplementary Material), where it is possible to observe that surfaces with 

flattened bands around the band gap region, such as (111), exhibit quasi-planar bands.  

The charge carrier density values (   and    ) shows that BMO is an n-type 

semiconductor, as reported in the literature [80]. On the other hand, the surfaces are 

predominately n-type, except for (112) and (103), which are p-type. In addition, the 

(110) and (103) exhibit the highest    and    values, respectively. It is noted that the 

increase in the carrier density on the surface when compared to the bulk, may be 

associated with the high electropositive character of Ba
2+

, which results in the lower 

diffusion of interstitial O
2-

 a known fact because of decreasing electrical conductivity 

[81]. In this regard, morphology control can promote mass transfer and quicken the 

charge flow, inducting the electron-hole separation at the material interface. 

 

Table 3. Effective electron (  
   ⁄ ) and hole (  

   ⁄ ), ratio   
   

 ⁄  and electrons 

(  ) and holes (  ) carrier density (10
20

 cm
-3

) in 300 K. 

   
   ⁄    

   ⁄    
   

 ⁄        Type 

bulk 5.39 2.20 0.41 0.42 0.34 n 

(001) 5.65 5.27 0.93 17.51
 

8.87
 

n 

(112) 7.59 26.49 3.49 7.06 32.06 p 

(101) 7.49 18.44 2.46 37.62 13.74 n 

(110) 5.67 13.02 2.30 365.81 69.72 n 

(103) 6.75 23.61 3.50 1.99 228.28 p 

(100) 17.70 16.91 0.96 30.63 23.66 n 

(111) 1099.16 44.69 0.04 59.39 35.47 n 

(211) 51.89 93.62 1.80 69.02 50.73 n 

 

4.4. Morphological nanoparticles route   

The complete BMO morphologies route is represented in Figure 5a, taking as a 

starting point the morphology obtained via Wulff theory and the present surface 

energies calculations (  ). Certain degrees of structural organization can also be 

                  



achieved when the material is subjected to certain experimental conditions to obtain 

different morphologies, some of which are described in the morphological mapping (see 

Figure 5).  

According to Figure 5b, the decrease of      
(    

 results in disk-like morphologies, 

     
(    

,      
(    

,      
(    

,      
(    

 or      
(    

 minimizations favor the formation of octahedral 

morphologies, and those associated with (112) and (103) are more flattening than the 

others. Finally,      
(    

 or      
(    

 decreases result in rod-like morphologies. 

Understanding the exposed surfaces in a giver morphology is essential for 

experimentalists. From this perspective, it is well known that a predominance of highly 

reactive facets in BMO nano/microstructures may enhance their photocatalytic 

performance in many reactions of interest [82–84].  

  

Figure 5. (a) BMO morphologies with all possible variations for surfaces with 

maximum exposed areas and combined two by two, according to the methodology 

reported by Laranjeira et al. [56], (b) Surface energy ratio matrix, and (c) morphological 

modulations proposed given from the morphology estimated via DFT calculations to 

obtain experimental morphologies [85,86]. Reprinted (adapted) with permission from 

Cryst. Growth Des. 2008, 8, 7, 2275–2281. Copyright 2023 American 

Chemical Society. 

Another factor that should be considered is that the BMO exhibits 

photoluminescent (PL) properties; however, the origin and mechanisms of PL emissions 

in metallic molybdates are not yet fully understood. According to Marques et al. [87], 

                  



intermediate energy levels within the band gap are caused by distortions of the [MoO4] 

clusters, which are mainly composed of O 2p orbitals (above the VB) and Mo 4d 

orbitals (below the CB). Wu et al. [88] indicated that slightly distorted tetrahedral 

symmetry leads to a structured absorption band for the A1 → T2(1) transition, which 

induces blue PL emission in BMO microcrystals.  

The surface energy ratio matrix finds application in estimating the DOS of 

nano/microstructures. Previous works have reported a simple additive linear model that 

directly analyzes the electronic contributions of each exposed facet of a given material 

[55,56]. Hence, from this perspective, materials with a single exposed surface are 

expected to exhibit a DOS equivalent to the exposed facet. For those with two or more 

exposed surfaces display a combination of electronic contributions from these facets. 

For instance, the balanced DOS of the ideal morphology (Figure 6a) was developed 

using this model. Notably, the energy gap of surface states is determined by the surfaces 

with the highest VB and the lowest CB, which are the (101) and (112) surfaces, 

respectively. As a result, nano/microstructures with the same exposed surfaces as the 

ideal morphology (  ) are expected to have an energy gap of surface states of about 

2.91 eV. Other authors have observed that the profile PL emission for various wide 

band gap semiconductors is mainly due to surface state defect levels [9–12,89–92]. In 

this sense, Wang et al. [13] reported BMO nanoparticles with rhombohedral 

morphology and achieved a maximum PL emission band at ~2.8 eV, a value closer than 

the    estimated energy gap of surface states.  

Figure 6b illustrates the band gap energy of surface states for various 

morphologies presented in the general map above (see Figure 5). While    and    

exhibit identical in terms of the energy band gap of surface states, the relative 

contribution of each facet varies. Notably, the estimated energy gap of surface states 

may range from 1.21 eV (  ) to 4.56 eV (  ), indicating that morphology is decisive in 

determining the surface states of BMO NPs. Generally, BMO NPs with the (101), (111), 

and (211) exposed facets tend to exhibit lower band gap energy than others. Sun [93] 

synthesized BMO with different morphologies (shuttle-like and flower-shaped) induced 

by ethanol and observed enhanced PL response. In particular, the shuttle-like 

morphology has a similar aspect to    morphology, which has a band gap energy of 

2.06 eV and exhibits PL emission for 500-550 nm, which corresponds to 2.48-2.26 eV, 

closer than the   . 

                  



 

Figure 6. (a) Density of states for each surface exposed on the ideal morphology 

balanced by its relative exposure ratio, and (b) an estimative of the band gap energy of 

the nanoparticles present in the morphological mapping using the balanced DOS. 

4.5. Photocatalytic activity 

Recently, several researchers reported different morphologies of scheelite 

compounds with photocatalytic activity for organic pollutants removal from wastewater 

[94,95]. Reactive oxygen species (   ,   
   and     ) can interact with organic 

pollutants in water resulting in various intermediaries depending on the pollutant.  

The   
   radical is generated when    react with the photoexcited electron in CB 

(Eq. 5). The   
   can be protonated to form the hydroperoxyl (      (Eq. 6) and the 

hydrogen peroxide (      (Eq. 7). 

 

        
           (5) 

  
                    (6) 

                       (7) 

 

The radical hydroxyl production can occur through two routes: (i) in an aqueous 

environment     and     are oxidized by    photogenerated to produce the radical 

    (Eq. 8) or (ii) the      formed in Eq. 7 can be decomposed to produce the     

(Eq. 9). 

 

                     (8) 

                   (9) 

 

                  



It is reported that some scheelite ABO4 structures possess the capacity for 

photochemical hydrogen production [82]. Eq. 10 shows the total reaction for this 

process and can be obtained from the two elemental reactions (Eq. 11 and 12). To occur 

this phenomenon, it is necessary      values higher than 1.23 eV (visible light covering 

range). In this regard, BMO surfaces have an adequate      for this process. In 

addition, the occurrence of the mechanism also depends on the appropriate band edge 

positions (band alignment). The CBM should be above of reduction potential       

and the VBM below of oxidation potential       . 

 

         ⁄            (10) 

                       (11) 

                        (12) 

 

 According to band alignment (Figure 7), the (101) surface is the only one with 

the band edge positions favorable to the occurrence of all processes mentioned. All 

surfaces can reduce the    to   
   and the    to   . Except for the (111), all surfaces 

can oxide the    to     and   
   to     . The (101) surface is unique that can oxide 

the     to    , this way, dye photodegradation mechanisms via hydroxyl radicals can 

occur in the BMO-based system where the (101) is exposed. The bulk structure is 

promising in oxidative processes, with band edge positions favorable for the     

   ,        and   
        reactions, on the other hand, the reduction process 

      and      
   not occur due to the lower position of the CBM.  

 

 

Figure 7. Band edge alignment for BMO surfaces, based on the methodology reported 

by Toroker et al. [96]. The positions of the conduction band minimum (    ) and the 

                  



valence band maximum (    ) are defined by        ⁄                 , 

where      is the energy of the band gap center, and    is the Normal Hydrogen 

Electrode (NHE) potential (       ). 

Yanalak et al. [97] investigated the photocatalytic hydrogen evolution using BMO 

and BaWO4 as catalysts with triethanolamine and eosin-Y as a sacrificial agent and 

visible-light-sensitizer, respectively. The results demonstrate that the BMO and BaWO4 

are capable of hydrogen production. For BMO, these results agree with the band 

alignment predicted herein.   

Bazarganipour [23] has been synthesized rod-like and sphere-like BMO 

nanostructures by a large-scale and simple sonochemical method using as precursors 

Ba(Sal)2 (Sal = salicylidene) and Na2MoO4.2H2O. The shape was controlled by varying 

the surfactant and power source, and it was verified that the BMO nanostructures could 

remove the methylene blue dye. It is pointed out that the     as mainly responsible for 

methylene blue degradation. However, for rod-like, this is in disagreement with results 

for the (100) and (110) surfaces (associated with rod-like morphologies, the    and    in 

Figure 5) do not have band alignment adequately for     production. For rod-like 

morphologies, dye degradation can occur only by     or   
   radicals.  

 

5. Conclusions 

This paper reports the BMO surface-dependent properties via DFT simulations and 

their influence on BMO nanoparticles. According to the results, the surface stability 

order is (001) > (112) > (101) > (110) > (103) > (100) > (111) > (211). For (001), (112), 

(101), (110), (103), (100), (111), and (211) are observed      values of 4.44, 4.28, 4.56, 

4.06, 4.16, 3.64, 1.94, and 2.06 eV, respectively. The BMO surfaces are predominately 

n-type, except for (112) and (103). Also, the electronic and structural surface properties 

depend strongly on the polyhedron connectivity,        ] and [      ] bond 

shifts, and the formation of oxygen vacancies due to a symmetry break between the 

bonded clusters.  

The band alignment reveals that all surfaces can be used to reduce the    to   
   

and the    to   , and except for the (111), all surfaces can oxide the    to     and 

  
   to     . The (101) surface is unique that can oxide the     to    , this way, a 

condition necessary to dye photodegradation mechanisms via hydroxyl radicals is that 

the (101) are exposed. 

                  



By the Wulff construction, a detailed mapping of NPs morphological transformation 

routes was possible. Notably, this finding demonstrates that the predicted morphologies 

by design rules may help elucidate surface states of BMO nano/microstructures that are 

critical in their photophysical properties. Therefore, our results are expected to be useful 

for analyzing and predicting the experimental results of the BaMoO4 and related 

systems. The (001) surface exhibits disk-like morphology, (112), (101), (103), (111) 

and (211) possess octahedral morphologies, and the (110) and (100) rod-like 

morphologies. 
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