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A B S T R A C T   

The MnMoO4 is an environment-friendly semiconductor material with exciting properties and low cost to obtain 
highly employed supercapacitors. In this work, the α-MnMoO4 phase was investigated by a careful DFT approach 
providing a detailed description of the electronic, optical, structural, magnetic, and photocatalytic properties of 
the surfaces. The results provide interesting insights on surface properties at the molecular level and point out 
novel applications for the evaluated materials, such as the treatment of water effluents or clean energy 
obtainment from water splitting. The available morphologies for MnMoO4 were also investigated, enabling the 
tuning of material properties according to crystalline morphology.   

1. Introduction 

To maintain the fast technological advance experienced in our 
modern society, the development of new materials that attends to some 
specific features is mandatory [1,2]. Thus, the interest in novel 
environment-friendly materials with exciting properties and low fabri
cation costs increases drastically [3,4]. Among the limited number of 
candidates that meeting such conditions stands out the manganese 
molybdate (MnMoO4), which is a semiconductor material extensively 
employed as a supercapacitor in the development of all kind of portable 
devices, electric/hybrid vehicles components, industrial power, instant 
switches, backup power sources, varied start engines, energy manage
ment, and others [1]. The supercapacitors represent the best power 
source today due to high power density, fast charging, low maintenance 
rate, high specific capacitance, and long lifespan (high number of 
operating cycles). 

The relevance of manganese molybdate is also favored by the 
abundance in the Earth and outstanding structural (mechanic/thermal) 
stability [5]. Besides the previously mentioned supercapacitors devel
oping, the MnMoO4 material is also used in catalysts, optical and mag
netic devices, and electrochemistry [6]. In summary, this material can 
be observed in three different polymorphs: α, β, and ω. The α-MnMoO4 
presents a C2/m space group where the Mn species occupies octahedral 
sites, and Mo atoms are surrounded by four O atoms, forming low- 
distorted tetrahedral [7–9]. This is the most stable phase of MnMoO4, 
exhibiting remarkable stability under room conditions [10]. The 

β-MnMoO4 exists in a wolframite structure (P2/c space group) where Mn 
and Mo atoms are octahedrally-coordinated sites. Consequently, in this 
polymorph, the Mn and Mo sites occupy 25 % of the interstitial positions 
of the distorted polyhedral close packing [11,12]. In turn, the 
ω-MnMoO4 presents a CoMnO4 structure where Mn and Mo atoms 
occupying octahedral and tetrahedral sites; differently from the α phase, 
the Mo polyhedra has a high distortion degree [12]. 

Due to the high interest in MnMoO4 materials, several scientific 
studies were reported in literature focusing on the improvement of 
properties [13,14], fabrication of heterostructures [15,16], controlled 
synthesis routes to the obtainment of different morphologies [17,18], 
and device performance evaluation [19,20]. Although several manu
scripts report morphological results for MnMoO4, some experimental 
works present nanoparticles without well-defined crystal shapes 
showing properties evaluation [5,18]. Therefore, to the best of our 
knowledge, there is no detailed and broad investigation of the 
morphological features of MnMoO4 and its relationship to observed 
properties. 

In this work, the α-MnMoO4 phase was investigated, presenting an 
in-depth DFT investigation of electronic, optical, structural, magnetic, 
and photocatalytic properties of surfaces predicting the potential ap
plications for each available morphology. The obtained results provide 
interesting insights on surface properties at the molecular level and 
point out novel applications for the evaluated materials, such as the 
treatment of water effluents or production of atomic hydrogen from 
homolytic cleavage of water molecule aiming at renewable energy 
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resources and pollutants degradation. 

2. Computational details 

This manuscript presents DFT simulations to investigate the surface 
and morphological features of the α-MnMoO4 material in the C2/m 
space group being the models constructed according to reported crys
tallographic data [21,22]. From the optimized bulk structure, the sur
face models were cut out along different crystalline directions parallel to 
specific hkl planes selected according to the prominent peaks observed 
on XRD results [21,22]. Thus, the low-index (220), (− 112), (021), 
(112), (–222), (201), and (− 202) surfaces were evaluated by stoi
chiometric models obtained from different slab stacking and compared 
in terms of surface energy. All possible stoichiometric slab stacking were 
tested for each surface, and the model with minor energy was chosen. In 
particular, all surface cuts investigated in this work result in polar sur
faces since they present significant macroscopic dipole moment (µZ) 
[23]. The main reason behind this is that all possible stoichiometric 
surface models for each direction possess a high macroscopic dipole. 
Consequently, it is not possible to create non-polar surface models for 
the selected surface directions using our methodology because modeling 
non-defective and stoichiometric surfaces leads to polar surface cuts. 
Non-polar surfaces could be obtained by introducing surface defects, 
modeling non-stoichiometric models, adsorption of molecules on the 
surface, or reconstruction processes [24–27]. However, these kinds of 
approaches are far from the scope of this work. 

Table 1 shows detailed information about surface models, summa
rizing the surface classification based on µZ value, the number of layers, 
surface thickness, and atomic composition. Surface models are shown in 
Fig. 1. 

To adequately reproduce the surface effects experimentally reported, 
a slab growth was performed for all surfaces. Thus, a widely employed 
methodology consists of the growth of the surface models until 
convergence of surface energy values is achieved. This simple strategy 
does not require chemical adsorption or surface reconstruction to cancel 
the macroscopic dipole [26,28]. Firstly, the unrelaxed cleavage energy 
(γunrelax) was calculated from two complementary terminations using 
Equation (1). An unrelaxed surface termination is composed of the up 
(TU) and down (TD) terminations. Eunrelax

slab and Ebulk refer to the total en
ergies for the unrelaxed model and the bulk unit, respectively, n is the 
number of bulk units, and A is the surface area. 

γunrelax =
(Eunrelax

slab − nEbulk)

2A
(1) 

Next, the relaxation of each termination (TU and TD) was separately 
performed to obtain a surface model in which both terminations were 
optimized. The surface energy (γ) for relaxed models is computed by 
Equation (2). The scientific explanation for surface relaxation comes 
from structural modifications on the surface region to increase surface 
stability. It is essential to highlight that the applied methodology con
siders the internal polarization raised within the surface and its influ
ence on surface energy and properties. The increase of surface thickness 
is also responsible for the minimization of the macroscopic dipole in 

polar surfaces. Table 1 contains the thickness of the converged models 
for each surface direction. 

γ =
(Erelax

slab − nEbulk)

2A
(2) 

Based on the calculated cleavage energies, it is possible to describe 
the energy cost to create a specific surface cut considering the breakage 
of chemical bonds and changes in the coordination numbers of cations 
sites on the surface. The methodology employed in this work is very 
representative and already successfully predicted the surface properties 
of several materials [29–37]. 

The magnetic features of the surface models were studied using the 
Ising Model. This method is required since Heisenberg hamiltonian, 
which defines the unpaired electrons, is not considered by in silico ap
proaches. The Ising model represents a powerful tool to study magnetic 
solid-state materials [30–32,38–43]; however, this method can be 
employed only for highly periodic systems (such as the bulk phase), 
being impossible to fully apply it on surface investigations due to the 
modified coordination of magnetic sites in the surface. Therefore, it is 
not possible to determine the magnetic coupling constant (J) values for 
surfaces. Otherwise, using Equation (3) is possible to access the mag
netic ground state of each surface by the energy difference (ΔET) be
tween different magnetic states [35,36,38–40]. A positive value for ΔET 
indicates a ferromagnetic (FM) ground state; meanwhile, a negative 
value suggests an antiferromagnetic (AFM) or ferrimagnetic (FeM) 
ground state. To correctly reproduce the magnetic ground state, all 
possible magnetic orderings were evaluated for all surface directions. 

ΔET = ETAFM − ETFM (3) 

In particular, the quantum package used in this work employs a 
collinear method to elucidate the magnetic ordering describing the un
paired electrons as symmetrically distributed along the three spatial 
coordinates (x, y, and z). Further, the spin–orbit coupling (SOC) was 
neglected because spin symmetry is decreased/removed from the 
coupling effect; it is possible in complex oxide structures because col
lective spin ordering is determined from the Pauli rule, intrinsically 
associated with a crystalline structure. Different works [32,33,36,44,45] 
reported the efficiency of this approach, demonstrating agreement with 
experimental results. 

Finally, based on surface investigation allied to Wulff construction, a 
large set of available morphologies for α-MnMoO4 was predicted. 

DFT-based calculations using B3LYP [46–49] hybrid functional as 
implemented in CRYSTAL17 [50,51] were carried out. Mn, Mo, and O 
atoms described by 86-411d41G [52], HAYWSC-311(d31)G [53], and 
86-4111(41D)G [54] Gaussian basis sets, respectively. All calculations 
were performed in vacuum and 0 K. The energy self-consistent field 
(SCF) criteria convergence was 10− 8; the Mohnkhorst-Pack method 
[55,56] for k points sampling was set to 8 × 8 × 8, and the Coulomb and 
Hartree-Fock integrals defined as 10− 8 and 10− 16. 

Table 1 
Features of low index surfaces of α-MnMoO4 material.   

Layers composition in each minimal unit Type Thickness 

Layers Å 

(220) O2–Mn–O2–Mn–O2–Mo2–O4–Mo2–O2–Mn–O2–Mn–O2 Polar 72  19.09 
(–222) O3–Mn–O–Mn–O–Mo2–O6–Mo2–O–Mn–O–Mn–O3 Polar 72  14.81 
(112) O4–Mo–O2–Mn–O–Mo–Mn–O2–Mn–Mo–O–Mn–O2–Mo–O4 Polar 72  8.06 
(¡202) O2 –Mn–Mo–O6–Mn2–Mo2–O6–Mo–Mn–O2 Polar 45  9.43 
(¡112) O2–Mn–Mo–O6–Mo–Mn2–Mo–O6–Mo–Mn–O2 Polar 72  9.12 
(021) O–Mn2–O5–Mo–O–Mo–O–Mo–O2–Mo–O5–Mn2 - O Polar 66  11.27 
(201) O3–Mn2–O3–Mn–O5–Mo4–O5–Mn Polar 48  9.74  
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3. Results and discussion 

3.1. Surface properties 

3.1.1. Surface stability and structural features 
The surface models for the C2/m phase of MnMoO4 were constructed 

and evaluated according to previous computational details. (Table 2) 
presents the results for the cleavage energy (γunrelax), the surface energy 
(γ), the atom composition of both up and down terminations (TU and TD) 
for each surface, and the contribution of each termination to energy 
minimization. Moreover, Table 3 shows the coordination number of Mn 
and Mo cations and the density of defects (oxygen vacancies) in the 
surface. 

In the α-MnMoO4 structure, two different six-fold Mn sites and two 
different four-fold Mo sites are observed. The main difference between 

both sites is the distortion degree, which indicates how far the cation is 
displaced from the central position of the polyhedra. In summary, the 
Mo cation is slightly dislocated from the central position of the tetra
hedral. In contrast, the Mn cations have a significant delocalization, 
presenting the highest distortion degree in the bulk structure. For the 
investigated MnMoO4 surfaces, the surface energy increases following: 
(220) < (–222) < (112) < (− 202) < (− 112) < (021) < (201). The 
different surface energy values can be attached to some surface features, 
such as symmetrical terminations (TU = TD), the density of defects in 
each termination, and its atom composition. Thus, the most stable sur
face occurs along the (220) direction, being observed a symmetric O- 

Fig. 1. Side view of the fully-relaxed surface models for α-MnMoO4.  

Table 2 
Calculated values for calculated cleavage (γunrelax) and surface energy (γ), TU and 
TD contribution to energy minimization (%) and atom composition of both upper 
and down terminations (TU and TD). Energy values in J/m2.  

Surface γunrelax  γ  TU (%) TD (%) Termination   

(220) 0.357 0.237 50.00 50.00 TU = TD O–O–Mn–O 
(–222) 0.987 0.551 50.01 49.99 TU = TD O–O–O–Mn–O 
(112) 1.431 0.833 39.16 60.84 TU O–O–O–O–Mo 

TD Mo–O–O–O–O 
(¡202) 1.838 0.998 53.17 46.83 TU O–O–Mo–Mn 

TD Mo–Mn–O–O 
(¡112) 2.288 1.069 62.03 37.97 TU O–O–Mn–Mo 

TD Mo–Mn–O–O 
(021) 2.006 1.112 49.94 50.06 TU = TD O–Mn–Mn–O 
(201) 2.896 2.076 66.12 33.88 TU O–O–O–Mn 

TD O–O–O–Mn  

Table 3 
The coordination number for Mn and O atoms and the number of oxygen va
cancies (VX

O) on the two different upper and down terminations (TU and TD) for 
low index surfaces. The number of defects was calculated regarding the coor
dination of Mn and Mo cations within the bulk structure, i.e., [MnO6] and 
[MoO4] clusters.  

Surface  Defects 

Coordination number VX
O  

Mn Mo 

(220) TU = TD 5 – 1 
(–222) TU = TD 4 – 2 
(112) TU – 4 – 

TD – 4 – 
(¡202) TU 3 3 4 

TD 3 2 5 
(¡112) TU 4 3 3 

TD 4 3 3 
(021) TU = TD 3 – 3 
(201) TU 3 – 3 

TD 3 – 3  
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terminated surface with a low number of vacancies on both termina
tions. Following the increasing energy ordering, the (–222) surface is 
also a symmetric O-terminated surface but presents a high number of 
vacancies in TU and TD. In particular, the (112) direction is a symmetric 
O-terminated surface where both terminations possess the same chem
ical composition but different features for Mo sites. As presented in 
Table 4, the difference between both sites lies in bond lengths and, 
consequently, different distortion degrees for Mo clusters in TU and TD. 
This particular structural behavior yields higher γ values regarding 
(220) and (–222) surfaces, even in the absence of defects. For (− 202) 
surface, different TU and TD terminations are observed. The TU termi
nation has exposed Mn cations while the TD is O-terminated; both ter
minations exhibit a high density of defects since miss-coordinated 
[MnO] and [MoO] clusters are observed. The other surfaces are Mn- 
terminated ((− 112) and (201)) or O-terminated ((021)) surfaces 
with a high number of vacancies around Mn and Mo sites. The Fig. 2 
presents the clusters coordinations for all evaluated surfaces. 

In terms of [MnO] and [MoO] cluster distortion degree, it is essential 
to highlight the specific octahedra exhibited in each surface. As previ
ously mentioned, the bulk form presents distorted [MnO6] and [MoO4] 
clusters where the cations are significantly dislocated from the central 
position of the polyhedral. In the investigated surfaces, besides changes 
in Mn and Mo coordination numbers, the cations are profoundly dis
located from the central position of the polyhedral. This delocalization is 
mainly evidenced in Mo and Mn sites occupying the facets of polyhedra, 
being this type of cluster found in all investigated surfaces, except by the 
(220) direction. The existence of this kind of cluster can be connected to 
the photoluminescent behavior of solid-state materials [34,57–60]. 

In summary, the results indicate that a high number of vacancies is 
related to high surface energy, as previously reported [31,35,61]. Such 
influence is caused by the number of Mn–O and Mo–O bonds that 
should break to create a slab cut. Consequently, the number of dangling 
bonds represents the number of oxygen vacancies formed. However, the 
results also indicate that symmetric cuts (surface cuts with equal ter
minations) present minor energy due to a minor macroscopic dipole 
moment observed  

Other essential comments lie on surface energy contribution to the 
energy minimization depicted in Table 2. This value indicates how much 
a termination is responsible for the surface energy minimization (γ) after 
structural relaxation. From such contribution, it is possible to predict the 
most stable termination and most likely to be obtained experimentally. 
As observed, the (220), (–222), and (021) are perfectly symmetric 
surfaces where both terminations are equal and have the same contri
bution to energy minimization. In the (112) surface, both terminations 
possess the same chemical composition; however, different features for 
Mo sites were observed. As previously mentioned, the difference be
tween the cation sites in the up and down terminations comes from 
particular bond lengths and distortion degrees. The difference between 
both terminations justifies the different contributions to surface energy 
minimization (Table 2) and indicates the TD as the most stable termi
nation. The same behavior is observed for the (− 112) surface, being the 
TU the most favorable termination. The particular features of cations 
sites for such surfaces are presented in Table 4. The distortion degree 

values were determined from Equation (4), which relates the bond 
length (di), the average bond distance (dave), and the cation coordination 
number (cn). In these cases, the results suggest that the surface termi
nation with more distorted clusters presents higher surface energy. 
Finally, the (− 202) and (201) surfaces are not symmetric cuts and have 
different terminations, being the TU termination the most favorable in 
both cases. 

Δ =
1
cn

∑

i

{
(di − dave)

2

dave

}

(4) 

The obtained results for surface structural features are in agreement 
with other surface investigations for solid-state materials [33,35–37]. In 
general, surface energy is dependent on the coordination number 
observed for each cation (directly related to the O vacancy number) and 
the atom composition of the terminations. Finally, the influence of the 
density of defects on surface energy is related to the number of Mn–O 
and Mo–O bonds that need to be broken to obtain a slab cut. 

3.1.2. Magnetic properties 
Once the structural properties were discussed, other important fea

tures of MnMoO4 surfaces come from unpaired electrons on Mn cations 
within the surface, resulting in magnetic properties for the surface and 
bulk phase. Since there are four magnetic sites in the C2/m bulk of 
MnMoO4, and, consequently, four magnetic sites per bulk unit, several 
magnetic models (representing all the possible magnetic states) should 
be considered to determine the magnetic ground state and its magnetic 
moment. In this work, besides the magnetic ground state, the local and 
overall magnetic moment (µB) were evaluated, and the results are pre
sented in Table 5. The results obtained for the bulk are in agreement 
with reports by Ehrenberg et al. [62] and Ochsenbein et al. [8], while the 
magnetism for surfaces has not been reported yet. 

The (220), (− 112), and (021) surfaces present AFM ground states, 
while the (112), (− 202), and (201) surfaces possess a FeM ground 
state. In particular, the (–222) presents an FM ordering. As expected, the 
overall µB for AFM is null, while the FeM and FM surfaces show a high 
overall µB. The local µB for Mn sites indicates a slight decrease of spin- 
charge on Mn sites observed on the surface terminations regarding the 
bulk sites. In particular, the analysis of local µB for (112) and (− 202) 
indicates an increase of spin population on Mo cations, which are non- 
magnetic species. As Lewars [63] stated and also well-known in litera
ture, the spin population should be greater than 10 % of that observed 
on the magnetic species. On the other hand, the µB value is considered 
spin contamination observed as an intrinsic aspect of DFT methodology 
and not a behavior that can be experimentally expected for the material. 
Thus, for such surfaces, the spin population is not expected in experi
mentally obtained surfaces. In turn, it is expected a spin population on 
Mo sites for both terminations on (− 112) surfaces and TD terminations 
of (− 202) surfaces. The spin population of O atoms was also evaluated 
and suggested that a magnetic moment is experimentally expected only 
on TU terminations for (201) surfaces. 

The three-dimensional representation of spin densities (Fig. 3) 
around the atoms in the surface corroborates that the spin population 
occurs on O 2p orbitals and Mo 4d orbitals. The 3D spin densities 

Table 4 
Bond lengths (Å) and cluster distortion degree (Δ) for (112) and (− 112) surfaces of α-MnMoO4.  

Surface Cluster features  

[MoOx] [MnOx]  

Bond lengths (Å) Δ (10− 4) Bond lengths (Å) Δ (10− 4)  

O1 O2 O3 O4 O1 O2 O3 O4 O5 O6 

(112) TU  1.767  1.842  1.930  2.028  26.59  –  –  –  – – –  – 
TD  1.768  1.776  1.849  1.864  5.53  –  –  –  – – –  – 

(¡112) TU  1.793  1.796  1.864  –  3.25  2.061  2.063  2.081  2.134 – –  2.00 
TD  1.782  1.793  1.843  –  2.16  2.043  2.064  2.081  2.115 – –  16.12  
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confirm our previous statement that no spin populations are observed 
for surfaces with spin charges minor than 0.4 |e| on O or Mo atoms. The 
density of defects can justify the existence of spin population on non- 
magnetic species on the surface, which comes from dangling bonds on 
Mn and Mo atoms spontaneously created when a surface outcrop occurs. 
The presence of vacancies is responsible for the degeneration of Mn and 
Mo d orbitals and O 2p orbitals, allowing the spin population in inter
metallic bonds (Mn–O–Mo). Similar behavior was observed on other 
complex oxides [31,32,35]. 

Finally, the magnetic evaluation provides some critical insights into 
the magnetism on complex oxides to understand the magnetism on 
α-MnMoO4 surfaces and the influence of O vacancies on such properties. 
The existence of magnetism on the studied materials points out to 
promisor candidates developing actuators, magnetic sensors, spin-based 
devices (spintronic), magneto-capacitive devices, and other technolog
ical purposes. 

Fig. 2. [MnO] and [MoO] clusters in the investigated surfaces of MnMoO4. The blue and gray polyhedral refers to Mn and Mo clusters.  

Table 5 
Magnetic ground states, overall μB, and local μB for Mn, Mo, and O species for surfaces. The oxygen atoms were labeled from 1 to 6 according to their respective distance 
from the magnetic cation.  

Surface Magnetic ground state μB  μB (local)  

Mn1 Mn2 Mo1 Mo2 O1 O2 O3 O4 O5 O6 

Bulk AFM 0.0   4.747  4.745  0.047  0.048  0.015  0.014  0.011  0.08  0.06  0.04 
(220) AFM 0.0 TU = TD  4.748  –  –  –  0.004  0.003  0.005  –  –  – 
(–222) FM 59.98 TU = TD  4.722  –  –  –  0.038  0.036  0.036  0.022  –  – 
(112) FeM 20.03 TU  –  –  0.384  –  − 0.181  0.027  0.020  − 0.001  –  – 

TD  –  –  − 0.049  –  − 0.036  − 0.016  − 0.014  0.001  –  – 
(¡202) FeM 20.00 TU  4.683  –  0.086  –  0.021  0.017  –  –  –  – 

TD  4.674  –  0.903  –  0.002  0.002  –  –  –  – 
(¡112) AFM 0.0 TU  4.737  –  0.891  –  0.017  0.05  –  –  –  – 

TD  − 4.732  –  − 0.864  –  − 0.016  − 0.010  –  –  –  – 
(021) AFM 0.0 TU = TD  4.681  4.661  –  –  0.014  0.011  –  –  –  – 
(201) FeM 5.99 TU  4.668  –  –  –  0.862  0.699  0.184  –  –  – 

TD  4.663  –  –  –  0.021  0.018  0.017  –  –  –  
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3.1.3. Electronic structure and properties 
Once the structural and magnetic properties of α-MnMoO4 surfaces 

were carefully depicted, the electronic structure of the investigated 
surfaces was discussed from the density of states (DOS) projection and 
band structures (BS), and the results presented in Fig. 4. The DOS 
analysis considers the atomic contribution in the valence band (VB) and 
conduction band (CB) energy regions; in turn, the BS considers the 
distribution of energy levels along the high symmetry points of the 
Brillouin zone (G, B, LD, and V) of the C2/m space group. Such high- 
symmetry points are among those observed for α-MnMoO4 bulk struc
ture and are the only ones that remain after the obtainment of the sur
faces [64]. Both analyses were focused on the band gap region, taking 
into account the energy levels on the top of VB and the bottom of CB. 

The DOS results show a relevant contribution of O atoms to the VB 
and CB; the Mn species contribute significantly to VB and CB while the 
Mo species contributes majorly on the top of VB and overall the CB. 
Therefore, the Mn, Mo, and O present the same contribution to the 
electronic structure for all surfaces. The BS indicates energy levels very 
close to each other on VB and CB for the (220) surface; as well as, in this 
surface, the energy levels are very dependent on high symmetry points 
of the Brillouin zone. The (− 112) surface also presents a high de
pendency between energy levels and Brillouin zone points, but the en
ergy difference between the VB or CB levels increases regarding the first 
mentioned surfaces. In particular, the (− 202) and (112) surfaces pre
sent specific band structures since they present energy levels 

significantly spaced to each other in terms of energy as well as flat 
bands, corresponding to energy levels that are not influenced by the 
Brillouin zone symmetry points. The flat bands are observed as the 
bottom CB of the (021) surface, as the frontier energy levels of the 
α-spin channel of (112) surface; inner levels in VB of (–222), CB and VB 
for (201) direction, and the frontier energy levels for both spin channels 
of the (− 202) surfaces. The flat band behavior can be attributed to O 
vacancies neighboring the Mn and Mo sites in the surface; as observed in 
the DOS projection, the flat bands in VB are composed of Mn while in CB 
are composed of O states. This behavior was previously observed for 
other complex magnetic oxides [33,35,36]. 

The application of the Fermi distribution [65,66] on calculated DOS 
makes possible the prediction of charge carrier concentration for solid- 
state materials, taking into account the influence of temperature on the 
number of holes (h•) and electrons (e− ). Thus, our results are in agree
ment with a reported experimental analysis and other theoretical cal
culations [67–71]. For semiconductors, the conduction process is 
majorly controlled by the predominant charge carrier. Thus, a higher 
number of holes refers to a p-type semiconductor where the conduction 
process is mainly related to holes; meanwhile, electrons are the pre
dominant charge carrier involved in the conduction process for n-type 
semiconductors. Table 6 presents the results for charge carrier concen
tration at 300 K, 600 K, and 900 K for α-MnMoO4 surfaces, suggesting an 
n-type conductivity for the bulk and (220), (021), the α-spin channel of 
(201), and β-spin channel of (–222), (112), and (− 202) surfaces. The 

Fig. 3. 3D Spin Density for the investigated surfaces of α-MnMoO4. The yellow and blue densities represent the alpha and beta electrons.  
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Fig. 4. Total Density of States (DOS) projection and Band Structures for investigated MnMoO4 surfaces. The band structures analysis were performed along high 
symmetry points of the Brillouin Zone, which are G (0.00.00.0), B (0.50.00.0), LD (0.00.50.0), and V (0.50.50.0). 
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same semiconductivity type was experimentally reported for bulk and 
surfaces, indicating the reliability of our results [72,73]. The other 
surfaces are p-type semiconductors, being this behavior also reported for 
α-MnMoO4 materials obtained from high-temperature synthesis [73]. As 
evidenced by DOS analysis, the p-type semiconductivity rises from a 
major contribution of the O atoms in VB, promoting the accumulation of 
positive charges on the surface. The semiconductivity type investigation 
for surfaces is crucial to understand the primary chemical entity 
responsible for the electronic conduction. 

Table 7 presents the band gap and charge carrier stability for all 
investigated α-MnMoO4 surfaces enabling us to predict optical proper
ties. The α-MnMoO4 surfaces show a typical semiconductor bandgap, 
except for the β-spin channels for (− 202) and (201) surfaces, which 
exhibit a characteristically conductor band gap. Thereby, the results 
point out the investigated surfaces as potential candidates to develop 
electronic and optical devices. It is also worth noticing that our theo
retical prediction for bandgap values agrees with experimental results 
for bulk and surfaces [73–77]. This agreement strongly demonstrates the 
reliability of our DFT results. Furthermore, the existence of such results 
already reported in the literature did not minimize our scientific 

contribution once the experimental results only present a measurement 
of α-MnMoO4 properties instead of a broad description of properties and 
surface features as presented in our work. 

Besides electronic and optical potential, the photocatalytic activity 
for the evaluated surfaces can be estimated from charge carriers stability 
(Table 7). The study of charge mobility (stability) is mandatory to 
determine the photocatalytic potential of a material and can be per
formed through the effective mass method [78–81]. Thus, the electron 
(mh*/mo) and hole (me*/mo) effective masses are calculated from Equa
tion (5) and Equation (6), where m* is the effective mass of the charge 
carrier, k is the wave vector, ℏ is the reduced Planck constant, and ν is 
the transfer rate of electrons and holes photogenerated. From the ratio 
between effective masses of electrons (e− ) and holes (h•) (mh*/me* ) it is 
possible to determine the recombination rate of photogenerated 
electron-hole pairs. Usually, low rates (ratio values minor than 0.5 or 
higher than 1.5) are related to increased photocatalytic efficiency 
[82–85]. Before stating the potential candidates for photocatalytic- 
based applications, it is noteworthy that the desired material for this 
kind of application presents band gaps in the visible region of the 
electromagnetic spectrum (1.6 eV to 3.3 eV) [86]. Therefore, it is ex
pected that the (− 202), (− 112), and (021) surfaces of α-MnMoO4 
possess fascinating properties for photocatalytic purposes, being strong 
alternatives to the development of photocatalysts. The high stability of 
charge carriers is also exciting for thermoelectric applications [87–90]. 
The reliability of the prediction of the photocatalytic potential by such 
methodology can be evidenced from the similarity of our theoretical 
results for (220) surfaces and experimentally obtained nanorods 
(majorly composed by this surface), since both approaches suggest a low 
photocatalytic potential for this material [7]. 

ν = ℏk/m* (5)  

m* = ℏ2
(

d2E
dk2

)− 1

(6) 

Moreover, the work function (ϕ) for α-MnMoO4 surfaces was 
computed as the difference between electrons in the infinite (E∞) and 
the Fermi energy level (EF) [91,92]. The work function represents the 
required energy to remove an electron from each materials surface [93]. 
The calculated ϕ values show that the lowest work function is observed 
for the (021) surface, while the (220) surface possesses the highest 
value. Therefore, it is expected that photogenerated electrons to be 
found preferentially in (021) surfaces which act as reductive centers 
throughout the morphologies. Otherwise, the (220) surface concen
trates the holes, creating a promising oxidative center. The results yield 
a charge gradient throughout the crystal, promoting the migration of the 
hole (positive) and electron (negative) carriers to distinct exposed sur
faces [94,95]. 

Finally, another critical analysis lies in the determination of valence 

Table 6 
Charge carrier density (cm− 3) at 300 K, 600 K, and 900 K obtained from Fermi distribution for bulk and surfaces of the MnMoO4.     

Charge carrier density (cm− 3)  

Semiconductor type 300 K 600 K 900 K 

holes electrons holes electrons holes electrons 

Bulk  n 6.967 ⋅ 1021 7.229 ⋅ 1021 7.141 ⋅ 1021 7.409 ⋅ 1021 7.567 ⋅ 1021 7.851 ⋅ 1021 

(220)  n 7.329 ⋅ 1021 7.748 ⋅ 1021 7.401 ⋅ 1021 7.824 ⋅ 1021 7.426 ⋅ 1021 7.898 ⋅ 1021 

(–222) α p 2.325 ⋅ 1023 4.552 ⋅ 1021 2.330 ⋅ 1023 4.563 ⋅ 1021 2.332 ⋅ 1023 4.573 ⋅ 1021 

β n 6.942 ⋅ 1021 2.024 ⋅ 1023 6.959 ⋅ 1021 2.029 ⋅ 1023 6.965 ⋅ 1023 2.033 ⋅ 1023 

(112) α p 4.632 ⋅ 1022 7.295 ⋅ 1021 4.715 ⋅ 1022 7.425 ⋅ 1021 4.743 ⋅ 1022 7.553 ⋅ 1021 

β n 6.081 ⋅ 1021 4.035 ⋅ 1022 6.190 ⋅ 1021 4.107 ⋅ 1022 6.227 ⋅ 1021 4.178 ⋅ 1022 

(¡202) α p 3.019 ⋅ 1022 1.124 ⋅ 1022 3.046 ⋅ 1022 1.134 ⋅ 1022 3.055 ⋅ 1022 1.143 ⋅ 1022 

β n 8.058 ⋅ 1021 3.619 ⋅ 1022 8.129 ⋅ 1021 3.651 ⋅ 1022 8.154 ⋅ 1021 3.683 ⋅ 1022 

(¡112)  p 4.333 ⋅ 1021 4.103 ⋅ 1021 4.350 ⋅ 1021 4.120 ⋅ 1021 4.356 ⋅ 1021 4.135 ⋅ 1021 

(021)  n 4.896 ⋅ 1021 5.727 ⋅ 1021 4.920 ⋅ 1021 5.755 ⋅ 1021 4.927 ⋅ 1021 5.781 ⋅ 1021 

(201) α p 1.367 ⋅ 1022 6.183 ⋅ 1021 1.381 ⋅ 1022 6.244 ⋅ 1021 1.385 ⋅ 1022 6.303 ⋅ 1021 

β n 1.487 ⋅ 1022 1.589 ⋅ 1022 1.502 ⋅ 1022 1.605 ⋅ 1022 1.507 ⋅ 1022 1.620 ⋅ 1022  

Table 7 
Band gap (eV), effective masses of charge carriers, and work function (ϕ, in eV) 
for MnMoO4 surfaces.   

Band- 
gap (eV) 

Effective mass Workfunction ϕ 
(eV) 

mh* /mo  me* /mo  mh* /me*  

Bulk  3.670 (V 
– G)  

17.592  43.524  2.474 - 

(220)  3.690 (G 
– G)  

50.579  58.536  1.157 6.205 

(–222) α 2.180 (B 
– G)  

58.962  43.263  0.734 5.775 

β 3.160 
(LD – G)  

116.447  17.794  0.153 

(112) α 2.818 (V 
– B)  

262.045  153.284  0.581 5.805 

β 1.795 (V 
– B)  

44.963  35.152  0.782 

(¡202) α 2.513 
(LD – G)  

1365.640  172.639  0.126 5.179 

β 0.903 (B 
– G)  

244.553  95.253  0.389 

(¡112)  2.375 (G 
– G)  

0.351  0.731  2.079 5.322 

(021)  3.387 
(LD – G)  

48.352  178.294  3.687 4.307 

(201) α 2.352 
(LD – V)  

20.447  163.389  7.991 4.448 

β 0.724 
(LD – 
LD)  

58.962  43.815  0.743  
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and conduction band edge potentials. While the band gap determines 
the interaction of materials surface with radiation, the band edge loca
tions indicate the redox potentials of charge carriers during surface re
actions [96,97]. Consequently, it is possible to predict what reactions 
can occur on the surface by comparing the surface band edges and the 
potential formation of different reactive oxygen species (ROS). In this 
work, the valence and conduction band edge potentials for α-MnMoO4 
were computed using the calculated Mulliken electronegativity (χ =
5.94 eV); the band edge potential values with respect to vacuum and the 
hydrogen electrode potential compose Fig. 5. The values were calculated 
from a well-known set of equations [98,99], and its efficiency is proven 
by a good agreement with experimental evidences [94,98,100]. The 
results indicate that VB edge potential values are more positive than the 
O2/H2O (1.23 V) potential for all surfaces and bulk; consequently, 
α-MnMoO4 can oxidize H2O molecules to produce O2 or also to oxidize 
pollutants. In turn, the values for CB edge potential suggest that the bulk 
and (220) and (021) surfaces can reduce H+ to H2 (0 V). The surfaces 
with such ability are potential alternatives to the sustainable obtainment 
of energy from H2 produced from water splitting [101–106]. 

Based on the CB and VB band edge potentials, it is also possible to 
predict the antiviral and bactericidal potential of semiconductor mate
rials. This is a critical feature, mainly in recent days. Over the years, the 
human beings have faced several kinds of viral threads, such as SARS, 
Ebola Virus, H1N2 (2009 influenza), MERS, and SARs-CoV-2 [107,108]. 
The spread of these viruses occurs through person-to-person, contact 
with airborne droplets containing viruses, or indirectly by contact with 
contaminated surfaces or objects [109,110]. In particular, the SARs- 
CoV-2 virus, also known as COVID-19, has changed the world drasti
cally in 2020, and its effects are still felt in 2021. Several antiviral agents 
that deactivate viruses by denaturing their proteins were largely 
employed to avoid contamination and stop the virus spread [111]. 
However, these compounds still no present the desired efficiency due to 
the surface protection time. In this context, solid-state materials stand 
out as potential alternatives to developing robust antiviral surfaces with 
long virus-deactivation time. Further, it is also expected that this kind of 
material presents high antibacterial effects. In summary, the antiviral 
and antibacterial potential of this kind of metals, semiconductors, and 
other solid-state materials is related to the photogeneration of ROS from 
ultraviolet or visible radiation absorption. The ROS can kill pathogens 
directly through oxidative damage to biological compounds or indi
rectly by non-oxidative paths such as autophagy or T-lymphocyte re
sponses [111–118]. One of the essential features of photoinduced 
antiviral effects lies in a high concentration of ROS, which also gua
rantees a long-time antibacterial activity on materials surfaces to bleach 
even drug-resistant bacteria [115]. 

To the best of our knowledge, the antiviral and antibacterial 

properties of α-MnMoO4 were not reported yet. Thereby, this work 
evaluates these features of α-MnMoO4 surfaces, comparing the VB and 
CB edges values to the formation potential of •O2

− , H+/H2, O2/H2O, 
singlet/dioxygen and H2O/•OH couple species. The reliability of this 
approach is corroborated by experimental and theoretical data reported 
by Li et al. [119] and He et al. [108]. Our results suggest that all 
investigated surfaces can interact with ultraviolet or visible radiation, 
creating at least one ROS type. Thus, a possible antiviral and antibac
terial property is expected for α-MnMoO4 surfaces, mainly (220), 
(–222), and (021) surfaces which can create all the mentioned ROS. In 
this context, it is noteworthy the possible antiviral and bactericidal 
potential of the α-MnMoO4 (220) surfaces, which is the most stable and 
majorly observed surface in experimental results [1,3,4]. The results 
suggest the possibility of producing α-MnMoO4-based masks, cloths, 
gloves, and other health devices with high antiviral and antibacterial 
potential. Furthermore, the development of inks and other protections 
for surfaces or objects represents a critical alternative to stop/minimize 
the spread of the virus in indoor environments. 

3.2. Crystal morphology 

In this section, the available crystal morphologies for α-MnMoO4 
were predicted using the Wulff model [120,121], employing the γ values 
for the main surfaces to obtain an ideal morphology. Other morphol
ogies were then obtained by tuning the γ values of specific surfaces; this 
theoretical strategy allows to access different crystal shapes and com
pares with those morphologies experimentally obtained through 
different synthesis routes or conditions [122–124]. The contribution of 
each surface to the morphology is inversely proportional to its γ, then 
low γ values correspond to a high contribution to the crystal shape. 

Fig. 6 presents a complete set of available morphologies for 
α-MnMoO4 materials. The ideal morphology (0) is mainly composed of 
(220) surfaces allied to a significant contribution of (–222) surface. 
From this polymorph, a complete set of available morphologies was 
obtained, decreasing γ for (220) surfaces, resulting in the (1) and (1.1) 
morphologies, which were often reported by SEM images 
[1,3,4,6,10,125–128]. The (2) and (3) sets were obtained by tuning the 
(–222) and (112) surfaces being obtained balloons-like crystal shapes 
very similar to that reported by Zhang et al. [11], Lee et al. [19], Lei et al. 
[12] and Wang et al. [129]. The fourth set – (4) – was obtained from 
tuning more than one surface energy, resulting in several prismatic 
shapes; in this set stand out the (4) crystal shape that is very similar to 
the crystal shapes obtained in Ref. [76]. Likewise, the (5), (6), and (7) 
sets are composed of prismatic shapes with a significant contribution of 
(220) surface allied to a significant contribution of (− 202), (− 112), 
and (021) surfaces, respectively. From these sets, the (5.2) [17], (6.2) 

Fig. 5. Calculated valence (green) and conduction (red) band edge potential for bulk and surfaces of MnMoO4 surfaces with respect to Hydrogen electrode potential 
(NHE) and vacuum. 
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[11], and (7.2) [130] are in agreement with experimental results. 
Finally, the (8) set contains plate-like (8.2.2.2), diamond-like (8.2.5, 
8.2.5.1, and 8.3), and nanorods (8.2.3 and 8.2.4) shapes. In this set, the 
(8.2) [7,131], (8.2.2) [76], (8.2.2.2) [131], and (8.2.5.1) [12] crystal 
shapes are very similar to SEM results observed in the literature. 

From these theoretical results, it is feasible to relate a predicted 
crystal morphology to its expected properties. In summary, the suit
ability of α-MnMoO4 to be used in electronic, optical, magnetic, and 
photocatalytic devices or processes was evaluated. Electronic devices 
are typically developed by conductor or semiconductor materials, while 
optical devices require only semiconductor materials with a band gap 
ranging from 1.65 eV to 3.35 eV; this range refers to the visible range of 
the electromagnetic spectrum. Therefore, all predicted morphologies are 
potential alternatives for developing general electronic and optical de
vices due to band gap values. Meanwhile, crystal shapes with significant 
magnetization can be applied to the development of magnetic-based 
devices; in this scenario, the (3), (4), (4.1), (4.2), (5.2), (8.2.2), 
(8.2.4), (8.2.5), (8.2.5.1), (8.2.5.4), and (8.3) morphologies are poten
tial candidates due to high magnetization in (112) and (− 202) surfaces. 
In the case of the photocatalytic process, which characteristically re
quires good stability of charge carriers (as evaluated by charge carrier 
effective mass) allied to visible-range band gap and ability to reduce or 
oxidize H2O molecules, the results indicate the morphologies with a 

significant contribution of (− 202), (− 112), and (021) surfaces. Thus, is 
expected a powerful photocatalytic potential for (4.1), (5.2), (6.2), (7.1), 
(7.2), (8.2.1), and (8.2.1.1) polymorphs. Similarly, the ability of the 
(021) surfaces to produce H2 from H2O reduction suggests the (7.1), 
(7.2), and (8.2.3) shapes as potential candidates for photocatalytic water 
splitting purposes. Thereby, the results evidence the high versatility of 
α-MnMoO4 since one crystal shape is suitable for at least two different 
goals. 

4. Conclusion 

This manuscript reports a careful DFT/B3LYP investigation of sur
face properties and morphologies for the MnMoO4 in the C2/m space 
group. The structural, magnetic, electronic, optical, and photocatalytic 
properties of the main surfaces were investigated. The main conclusions 
are summarized as follows.  

(i) The stability of α-MnMoO4 surfaces decreases in the order (220) 
> (–222) > (112) > (− 202) > (− 112) > (021) > (201). The 
different surface energies can be justified by density of defects 
(vacancies) in the surface, surface symmetric or non-symmetric 
terminations and chemical composition of surface termination; 

Fig. 6. Complete set of available morphologies for MnMoO4 considering the (220), (–222), (112), (− 202), (− 112), (021), and (201) surfaces. The color of the 
dashed lines indicates which surface energy was tuned to reach each crystal shape, being the new energy value presented along the morphology. The surface energy 
(γ) values are in J/m2. 
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(ii) The investigation of magnetic properties indicates an antiferro
magnetic ground state for (220), (− 112), (021), and (201) 
surfaces and a ferrimagnetic ground state for (112) and (− 202) 
surfaces;  

(iii) A high number of vacancies around the Mn and Mo sites creates a 
spin population on Mo sites for both terminations on (− 112) 
surfaces and O atoms on TD terminations of (− 202) surfaces. 
Thus, local magnetic moments are observed in these non- 
magnetic sites; 

(iv) The evaluation of the density of states indicates that, for all sur
faces, O atoms present a relevant contribution to the VB and CB, 
Mn species contribute significantly to the formation of VB and CB. 
In contrast, the Mo species contributes majorly on the top of VB 
and overall of CB. The band structure also indicates the existence 
of flat bands for (021), (112), and (− 202) surfaces, being this 
behavior raised from O vacancies neighboring the Mn and Mo 
sites in the surface; 

(v) The evaluation of electronic and optical properties typically in
dicates conductor or semiconductor band gaps. The study of 
available states on valence and conduction bands suggests which 
charge carrier (electron or hole) is the primary responsible for the 
conduction process;  

(vi) The stability of charge carriers, allied to suitable band gaps 
values, indicates a high photocatalytic potential for (− 202), 
(− 112), and (021) surfaces. 

(vii) The valence and conduction band edge potential vs. NHE elec
trode indicates that bulk and surfaces of MnMoO4 can oxidize 
H2O molecules to produce O2 or oxidize pollutants. The results 
also suggest that the bulk and (220) and (021) surfaces can 
reduce H+ to H2.  

(viii) All investigated α-MnMoO4 surfaces present a possible antiviral 
and bactericidal potential since they can produce at least one type 
of reactive oxygen species (ROS). The (220), (–222), and (021) 
surfaces stand out as the most promising alternatives due to their 
ability to produce five different ROS. 

(ix) The morphological sets include both reported and novel crystal
line shapes for α-MnMoO4.  

(x) The predicted morphologies for α-MnMoO4 exhibit a high 
versatility since one crystal shape is suitable for at least two 
different technological purposes such as electronic, optical, 
magnetic, photocatalytic, or water splitting. 

Finally, the prediction of a large set of crystal shapes to solid-state 
materials is critical to materials development and provides a valuable 
strategy to control its properties through morphology adaptation. Thus, 
this study is strongly indicated to guide experimental scientists focused 
on novel or improved applications of α-MnMoO4. 
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