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Abstract. Fe-air batteries are promising energy storage devices with high 

energy density, excellent electrochemical performance, and affordability 
with low toxicity. However, challenges such as high over-potential, limited 

cycle life, and side reactions hinder its widespread applications. To address 

this, we performed density functional theory (DFT) calculations to 

investigate the structural, thermodynamic, and electronic properties of bulk 
Mn2O3. The calculated lattice parameters for Mn2O3 were in good agreement 

with experimental data with less than 2% difference. Mn2O3 is 

thermodynamically stable, shown by negative ΔH°f (-821.46 kJ/mol). The 

electronic band structures and the density of states (DOS) showed that the 
system has a direct band gap of 0.449 eV, displaying semiconducting 

behaviour. Thus, the partial density of states (PDOS) identified Mn-d states 

as the primary contributors to electronic states at Ef, with O-p orbitals 

participating through hybridization. These findings provide insights into 

Mn₂O₃’s potential as a catalyst in Fe-air batteries. 

1 Introduction 

The rising global economy and improving living standards have led to a significant increase 

in energy demand, resulting in a 57.5% rise in global greenhouse gas emissions from fossil 

fuel use, thereby contributing to climate change [1]. Therefore, advancing modern 

rechargeable energy storage devices is crucial for creating a more sustainable future [2]. 

Cleaner energy production has been made possible by the development of alternative energy 

sources including solar [3], wind [4], and battery technologies [5]. Metal-air batteries have 

gained attention as a next-generation energy storage solution, delivering a practical specific 

capacity of 400-1700 Wh/kg [6], which is nearly five times higher than that of traditional 

lithium-ion batteries (100-200 Wh/kg) [7]. The Fe-air battery (764 Wh/kg) is a standout due 

to its cost-effectiveness and eco-friendly nature. It is a type of metal-air battery that combines 

a metallic negative electrode having a low redox potential with air positive electrode. The 

iron-air battery is composed of three essential components: the iron-based negative electrode, 

the air-based positive electrode, and an alkaline electrolyte. The theoretical voltage of this 

system, approximately 1.28 V, arises from the Fe(II)/Fe (0) and Fe(III)/Fe(II) redox reactions 

at the negative electrode,  
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coupled with oxygen reduction at the positive electrode [8]. Unlike zinc-air batteries with 

a 1083 Wh/kg theoretical specific capacity, Fe-air battery has the added advantage of being 

less prone to dendrite formation [9]. However, their widespread commercialization is 

hindered by challenges such as high over-potential between the oxygen evolution reaction 

(OER) and the oxygen reduction reaction (ORR) and reduces the cycle life-limiting the 

performance of the Fe-air batteries [10], wherein a substantial amount of energy is lost during 

the charge-discharge cycle. A key challenge to achieving higher performance is the inherently 

sluggish kinetics of the ORR, which limits the efficiency and power output of Fe–air batteries 

by slowing down the cathodic reaction and increasing energy losses [11]. To alleviate these 

issues, the incorporation of bi-functional electrocatalysts into the air cathode was shown to 

improve the electrochemical performance and formation of stable discharge products [12]. 

In this study, we report the structural, thermodynamic and electronic properties of the bulk 

Mn2O3 potential catalyst for use in Fe-air batteries. 

2 Materials and methodology 

The density functional theory (DFT) [13] code embedded with VASP software [14] was 

employed to probe into the structural, thermodynamic and electronic properties of Mn2O3 

structure within the generalized gradient approximation (GGA) with the Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional [15]. For successful optimization, a 

planewave energy cut-off of 560 eV and k-point mesh of 4×4×4 with the addition of a 

Hubbard U parameter of 4 eV to correct self-interaction error in localized d-orbitals (Mn), 

was found sufficient to fully converge the Mn2O3 bulk structure, ensuring accurate 

optimization of the lattice parameters.  

Thermodynamic stability was assessed by calculating the heats of formation (ΔH°f) of 

Mn₂O₃ from the total energies of the optimized Mn₂O₃ bulk, elemental Mn in its stable α–Mn 

phase, and an isolated O₂ molecule. The total density of states (TDOS), partial density of 

states (PDOS) and band structure were calculated to gain insight into the material’s electronic 

behavior. 

3 Results and discussion 

3.1  Mechanical and thermodynamic properties 

3.1.1 Lattice parameters and heats of formation 

Manganese (III) oxide (Mn₂O₃) crystallizes in an orthorhombic crystal system with the Pbca 

space group (no. 61). In this orthorhombic arrangement, Mn³⁺ ions occupy octahedral 

coordination sites, where each manganese ion is surrounded by six oxygen atoms, forming 

slightly distorted MnO₆ octahedral. The oxygen ions occupy general positions and link the 

Mn-centered octahedral through shared corners and edges, generating a three-dimensional 

network. Upon full optimization, the structural properties of Mn₂O₃ were successfully 

determined using DFT calculations, with the computed lattice parameters (a = 9.418 Å, b = 

9.423 Å, c = 9.412 Å) closely matching experimental data [16] as shown in Table 1 below. 

These values confirm the orthorhombic nature of the structure, with a percentage deviation 

of only 2% from experimental measurements, demonstrating the accuracy of the 

computational approach.  
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The large negative heats of formation obtained for Mn₂O₃, both computational (–821.46 

kJ·mol⁻¹) and experimental (–961.536 kJ·mol⁻¹ [17]), indicate that Mn2O3 is highly 

thermodynamically stable with respect to its constituent elements at standard conditions. A 

more negative ΔH°f signifies a greater thermodynamic driving force for the compound to 

form from metallic Mn and O₂ gas, and consequently a lower tendency for decomposition 

back into those elements. This stability is important in practical applications such as Fe–air 

batteries, where the cathode material must maintain structural integrity and resist phase 

decomposition under operating conditions. 

 
Table 1. The theoretical lattice parameters (in Å) and heats of formation (kJ/mol) for Mn2O3 bulk 

structure. The experimental values are referenced for comparison. 
 

 

  Structure   Symmetry Calculated  Experiment 

  

ΔH°f 

  

 
Mn2O3 

 

 
Pbca 

 

 

 

 
a = 9.418   

b = 9.423 

c = 9.412 

 α=β=γ=90 
 

 
-821.46 

 
a = 9.416 [16]  

b = 9.423…..   

 c =9.405…… 

  α=β=γ=90-

…….. 

 

-961.536 [17] 

3.2 Electronic properties 

3.2.1 Total density of states (TDOS) and band structure 

The density of states (DOS) represents the number of available quantum states at each energy 

level per unit volume and per unit energy in a system [18]. It describes how electronic states 

are distributed as a function of energy and indicates how many states are accessible for 

electrons to occupy at a given energy. In contrast, the band structure of a material illustrates 

how the allowed electronic energy levels vary with the electron’s momentum (wave-vector) 

within the crystal lattice. It provides detailed insight into both the allowed energy bands and 

the forbidden energy regions (band gaps).  

The band gap reflects the relative position of the valence band maximum (VBM) and the 

conduction band minimum (CBM) in the electronic structure, representing the energy 

difference between the highest occupied state in the valence band and the lowest unoccupied 

state in the conduction band. The magnitude of the band gap directly influences the material’s 

electronic properties: a large band gap corresponds to insulating behaviour, while a smaller 

band gap permits semiconducting behaviour [19]. 
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Fig. 1. The spin polarized total density of states for Mn2O3 bulk structure. 

Figure 1 above shows the spin polarized total density of states (TDOS) for bulk Mn₂O₃ system 

around the Fermi energy (Ef). The spin-up and spin down channels are asymmetric, consistent 

with magnetic Mn-3d states. Notably, near the Ef  the TDOS is small, indicating 

semiconducting behaviour. This semiconducting nature arises from the clear depletion of 

states at the fermi level, where the spin-up and spin down curves both dip to ~0 around 0 eV.  

Thus, this dip is attributed to the gap (or a very narrow pseudogap) separating occupied 

and unoccupied orbitals. A true metal would show finite DOS right at 0 eV. The observed 

sharp peaks and valleys correspond to localized Mn-3d contributions hybridized with O-2p 

states. The peaks just below Ef arise mainly from occupied Mn-3d and O-2p bonding states, 

while those above the Fermi level originate from the unoccupied Mn-3d orbitals. The visual 

estimate of the gap from TDOS appears to be smaller than experimental values (~1.29 eV) 

[20]. 
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Fig. 2. The spin polarized partial density of states for Mn2O3 bulk structure. 

The partial density of states (PDOS) in figure 2 above reveal that states near Ef  are 

predominantly contributed by Mn-d orbitals, with minor contributions from O-p orbitals. The 

Mn-d states exhibit significant intensity both just below and above Ef, implying strong Mn-

centered electronic activity around the Fermi level. The hybridization between Mn-d and O-

p states, visible in the overlapping energy ranges around Ef, indicates covalent Mn-O bonding 

interactions. Such hybridization can influence surface reactivity by modifying the adsorption 

strength of oxygen-containing intermediates. 

Below the Fermi level (around -0.5 eV), the PDOS shows a dominant Mn-d contribution 

with a corresponding O-p feature, suggesting bonding interactions between Mn and O atoms. 

Above Ef, unoccupied Mn-d states dominate, which could facilitate electron acceptance 

during ORR. The relatively low contribution from Mn-s and O-s orbitals in this energy range 

indicates that these states play a negligible role in the surface catalytic behavior. 
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The band structure in figure 3 is observed to agree with the density of states by confirming 

that the system is a semiconductor, since there is a direct band gap of 0.449 eV. The reduced 

gap in Mn₂O₃ suggests higher intrinsic electronic conductivity, which can facilitate faster 

charge transfer during oxygen reactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3. The band structure for Mn2O3 bulk system. 

4 Conclusion 

This study explored the structural and electronic properties of manganese (III) oxide (Mn₂O₃) 

as a potential catalyst for Fe–air batteries employing density functional theory (DFT) 

calculations. The optimized lattice parameters showed excellent agreement with 

experimental data, and the large negative heats of formation confirmed strong 

thermodynamic stability. Electronic structure analysis indicated narrow-gap semiconducting 

behaviour with Mn–d states dominating near the Fermi level and strong Mn–O hybridization, 

features that may facilitate charge transfer and influence the binding of ORR/OER 

intermediates. These results establish a solid foundation for subsequent surface and 

adsorption studies to directly evaluate catalytic activity under battery-relevant conditions. 
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