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Abstract 

We have employed first-principles density functional theory (DFT) calculations to systematically explore 

the influence of partial substitution of Fe with Mg in FeAl₂O₄ on its structural properties. This strategic 

substitution of Mg emerges as a crucial factor in enhancing the multifunctional characteristics of the 

material, particularly for advanced thermocatalytic applications. Despite its promising potential, the effect 

of Mg incorporation on FeAl₂O₄ has remained unexplored from a first-principles perspective, especially 

in the context of solar thermochemical fuel generation and photovoltaic technologies. Our electronic 

density of states (DOS) analysis reveals a significant band gap upon Mg doping, when applied GGA there 

is no band gap and when we apply GGA+U there is band gap with 2.0 eV. Which in turn strongly 

modulates the electronic structure of the material making it a more efficient candidate for energy 

harvesting and conversion applications. 
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1. Introduction 

Energy security and climate change are intrinsically linked to the continued dependence on fossil fuels, 

which has prompted an urgent and concerted global effort to mitigate carbon emissions through CO₂ 

capture, sequestration1–3, and its subsequent transformation into valuable liquid hydrocarbon fuels4–8. 

Among the various emerging strategies, two-step solar thermochemical cycles utilizing non-volatile metal 

oxide redox reactions have garnered significant attention as a cmpelling alternative to conventional 

methods such as biomass conversion, artificial photosynthesis, and photovoltaic-driven electrolysis. 
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These thermochemical cycles offer distinct advantages: they operate at higher thermal efficiencies, 

minimize system complexity, and require fewer auxiliary components, thus reducing technological 

barriers and enhancing scalability. Moreover, by harnessing concentrated solar energy, these systems 

enable a more direct and efficient pathway for solar-to-fuel conversion, paving the way for a cleaner, more 

resilient, and sustainable energy future6,9. 

In recent years, Density Functional Theory (DFT) has become an essential tool for understanding 

and predicting materials behaviour. DFT allows researchers to study materials at the electronic/atomic 

level, enabling them to calculate important materials properties including structural, electronic, thermal 

and optical behaviour10–13. This makes DFT a powerful tool for designing materials tailored for specific 

applications14. Using computer simulations, researchers can predict the effect of doping in the materials, 

such as partially replacing Fe by Mg in FeAl2O4, leading to Fe₀.₅Mg₀.₅Al₂O₄. 

Hercynite (FeAl₂O₄) is a member of the spinel mineral group and exhibits a solid solution with the 

general formula FeAl₂O₄. Structurally, it accommodates iron in both ferrous (Fe²⁺) and ferric (Fe³⁺) 

oxidation states, which can occupy either tetrahedral or octahedral coordination sites15–17 within the lattice 

framework. As a representative of the normal spinel structure, hercynite typically exhibits a preferential 

cation distribution in which divalent cations (Fe²⁺) occupy tetrahedral sites, while trivalent cations (Al³⁺ 

and/or Fe³⁺) are situated in octahedral16 coordination. This arrangement closely parallels the cation 

ordering observed in the classical spinel MgAl₂O₄, where Mg²⁺ and Al³⁺ are similarly distributed18–20. 

However, under elevated thermal conditions, the ideal cation ordering of the spinel lattice 

undergoes a progressive breakdown. The increased thermal energy facilitates cation migration, resulting 

in a redistribution of metal ions across the lattice sites. Specifically, divalent cations tend to migrate from 

tetrahedral to octahedral positions, while trivalent cations become increasingly disordered, occupying both 

tetrahedral and octahedral sites. This thermally induced cation rearrangement drives the transition from a 

normal to an inverse spinel configuration, significantly influencing the structural, electronic, and 

thermochemical behavior of the material21. 

Mg-substituted hercynite emerges as a highly promising material for high-temperature 

applications, including refractory materials and hydrogen production22.  However, the Mg-substitution in 

hercynite has not been studied for the application of renewable energy production and photovoltaic 

application through first-principles approach23. 

We have investigated the effect of substitution of Fe by Mg, on FeAl2O4 through first-principles 

study, and explore the structural properties of Fe0.5Mg0.5Al2O4 which has potential application for 

renewable energy production and photovoltaic application with GGA and GGA+U functional. 
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2. Computational Methodology 

 

The first principle calculations has been performed24–27 using the SIESTA (Spanish Initiative for 

Electronic Simulations with Thousands of Atoms)25 package. Fermi-Dirac smearing technique and 50 

meV electronic temperature was used. The crystallographic information files of FeAl2O4 was obtained 

from Materials Project28, having  Fd3m (227) space group structure. The Perdew Burke Ernzerhof (PBE) 

scheme of Generalized Gradient Approximation (GGA)29 was used as the exchange-correlation functional. 

GGA has been applied for structural optimization and electronic property calculation of the Section 3.1 

only. The GGA calculation was done to compare our data with the literature. Since the band structure of 

FeAl2O4 shows no band gap while applying GGA; and GGA method is known to yield smaller band gap30 

than the actual band gap, GGA+U approach has been adopted for all other calculations.  

 The energy was minimized using the conventional conjugate-gradient (CG) technique until each atom's 

forces were less than 0.001 eV/Å. The self-consistent cycle has been performed until the energy 

convergence reached a value of 0.0001 Ry. The elastic constants have been computed using stress-strain 

method. 

GGA+U31, an extension of DFT32,33,  has also been used, which corrects the delocalization error67 of Fe's 

d electrons in the GGA and the Coulomb interaction between electrons in the transition metal ions34. The 

value of U varies between 2 to 6 eV35 in Fe-based compound. In this work, the value of U is chosen as 5.4 

eV.  

3. Results and Discussion 

This image Figure-1 appears to represent a crystal structure model of Mg-doped FeAl₂O₄ (hercynite), 

likely visualized using a computational tool like Molden. Here's a breakdown of the elements and 

structure shown in the Figure-1: 

      Structural Description: 

       Atoms & Colours 

 Fe (Iron): Yellow sphere, bonded to six oxygen atoms forming an FeO₆ octahedron. 

 Mg (Magnesium): Brown sphere, also bonded to six oxygen atoms, forming a MgO₆ octahedron. 

 Al (Aluminium): Purple spheres, forming a tetrahedral network (AlO₄) in the spinel lattice. 

 O (Oxygen): Red spheres, connecting cations (Fe, Mg, Al) through shared corners. 

 

Fe and Mg are shown in octahedral coordination, surrounded by six oxygen atoms. Al atoms form a 

tetrahedral cluster, a key feature of the spinel structure. This distribution reflects the spinel-type lattice, 

where: Divalent cations (like Mg²⁺) can occupy either tetrahedral or octahedral sites, Trivalent cations 

(like Al³⁺ and Fe³⁺) mostly occupy octahedral sites. The box enclosing the structure represents a unit cell, 
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the smallest repeating unit of the crystal lattice. Lattice directions a, b, and c are labeled at the corners, 

defining the crystallographic orientation. 

This model highlights Mg substitution into the FeAl₂O₄ lattice, where Mg replaces Fe at specific 

sites, likely to investigate: Cation site preference (tetrahedral vs. octahedral), Structural distortion due to 

doping, Impact on electronic properties of the spinel. Such visualizations are crucial in density functional 

theory (DFT) studies to understand the local atomic environment, bonding geometry, and charge 

distribution upon doping or defect introduction. 

Figure 2 shows the electronic property of Mg-doped FeAl₂O₄ (hercynite), The electronic structure of Mg-

doped hercynite (Fe₀.₅Mg₀.₅Al₂O₄) has been investigated through density of states (DOS) analysis using 

both the Generalized Gradient Approximation (GGA) and GGA+U methods. In the leftmost panel, the 

total DOS obtained using GGA reveals a considerable density of states near the Fermi level 

(E<sub>f</sub>), suggesting a metallic or small band gap behavior. However, standard GGA functionals 

often fail to capture the strong correlation  

 

 

effects associated with transition metal d-electrons, particularly those of Fe in the spinel framework. 

To address this limitation, the GGA+U35 method has been employed, as shown in the middle and right 

panels. The inclusion of the Hubbard U correction on Fe-3d orbitals leads to a significant modification in 

the electronic structure, typically resulting in the opening of a band gap or shifting of d-states, thereby 

indicating a transition from metallic to semiconducting nature. The projected DOS (PDOS) further 

highlights the orbital contributions of various atoms, where the O-2p states dominate the valence band 

and the Fe-3d states contribute significantly around the conduction band edge. The hybridization between 

Fe-3d and O-2p states suggests strong covalent interactions in the lattice. These insights are crucial for 

Figure 1 optimized crystal structure of FeMgAl2O4 
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understanding the electronic behaviour and potential redox performance of Mg-doped FeAl₂O₄ in solar 

thermochemical and catalytic applications. 

The Hubbard U model provides the coulomb-energetics of two electrons, at the same site. The GGA+U36 

method usually results in an increase in the band gap compared to the GGA calculations. The U correction 

increases the localization of the Fe 3d electrons, which reduces the band overlap and increases the energy 

separation between the valence and conduction bands. GGA+U correction to Fe₀.₅Mg₀.₅Al₂O₄ leads to a 

more accurate and larger band gap compared to the GGA calculations, providing a better match with 

reported value and a more reliable description of its electronic and thermal properties37. It is observed that 

the value of U for iron-based compounds varies from 2 to 6 eV31,38. Here, the value of U is taken 5.4 eV 

for this work. The obtained band gap of 2.00 eV, as shown in Figure (2), which is in good agreement with 

the literature reported data (2.2eV)37,38. 

The inclusion of the Hubbard U correction on Fe-3d orbitals leads to a significant modification in the 

electronic structure, typically resulting in the opening of a band gap or shifting of d-states, thereby 

indicating a transition from metallic to semiconducting nature, which is useful for renewable hydrogen 

production and photovoltaic applications. 

 

4. Conclusion 

Within the framework of density functional theory (DFT), first-principles calculations were carried out 

using the SIESTA method to investigate the structural and electronic properties of Mg doped FeAl₂O₄. 

From the electronic structure calculations, the band gap of Mg doped FeAl₂O₄ was determined to be 2.00 

eV upon applying the GGA+U correction, which appropriately accounts for the strong correlation effects 

in Fe-3d orbitals. This band gap value highlights the material's semiconducting nature and its potential 

Figure 2 Electronic property of Mg doped FeAl2O4, GGA and GGA+U 
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suitability for applications in high-temperature solar thermochemical processes and electronic devices. 

Further investigation into defect-induced electronic states and their influence on charge transport can 

provide deeper insights into the material’s functional behaviour under operating conditions. 
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