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A B S T R A C T   

In this study, density functional theory (DFT) simulations have been used to study the structural, 
electrical and optical properties of AlAuO2 and AlAu094Fe006O2. Initially, the estimated bandgap 
of AlAuO2 0.45, 0.486, 0.419 and 2.49 eV in Perdew-Burke-Ernzerhof (PBE), Revised Perdew- 
Burke-Ernzerhof (RPBE), PBE for solids (PBE sol) and Becke three-parameter Lee-Yang-Parr 
(B3LYP) method respectively while AlAu094Fe006O2 has a zero-band gap after 6 % Fe doping. 
Then, density of state (DOS) and partial density of state (PDOS) were studied to determine the 
characteristics of the various orbitals of AlAuO2. The bonding characteristics and thermal stability 
of this crystal are determined by the Mulliken population charge and thermos physical parame-
ters. Band edge of AlAuO2 was calculated which revealed that the AlAuO2 has suitable oxidation 
and reduction potential to degrade the contamination. A remarkable absorption has recorded for 
both AlAuO2 and AlAu094Fe006O2 in visible and ultraviolet region and capability to utilize pho-
tocatalytic dye degradation and hydrogen production through water splitting.   

1. Introduction 

In the next decades, the world’s major energy supply will finally run out. Ultimately, sources of renewable energy are essential for 
the survival of the entire globe. Currently, solar radiation-based energy is one of the most appealing forms renewable energies. Due to 
solar energy’s availability and vast potential for harnessing, several methods of exploiting it for commercial, industrial, environmental, 
and other uses have been studied [1,2]. Over the past year, semiconductor nanoparticles have caught the attention of researchers as 
potential candidates for application in catalyst, photovoltaic, electronic, optoelectronic, and due to their exceptional optical properties 
[3–5]. For macroscopic solar cells, optoelectronics and photocatalyst, metal oxides have been studied to function as light absorbers, 
such as ZnO [6], CuO [7], Fe2O3 [8], TiO2 [9], CaO [10], SrTiO3 [11], MoS2 [12], and MgO [13]. However, a colossal challenge to 
achieve a higher-efficiency semiconductor at ambient temperature from metals (group two to four in periodic table) owing to the broad 
variety of acceptable circumstances [14–18]. Within these shortcomings, the atomic radii, the broad band gap, and the pricing are the 
most crucial factors to consider about when making new semiconductor-based devices, even though they have big effects on how 
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optoelectronic devices absorb or emit ultraviolet (UV) light [19,20]. Crystals of aluminum oxides are some of the most promising 
alternatives for translucent electronic parts, chemical compound and gas sensing devices, optoelectronics [21–25] and ultraviolet light 
emitters with a broad energy gap [26,27]. Because of the numerous shapes of Aluminium oxide crystals and Aluminum-based metallic 
alloys have been used to implant femtolitre-sized specimen into cells [28] and print moveable columns and geometries of EGaIn [29], 
scientists have been asked to study and develop novel materials with favorable thermochemical properties [30]. In this study, a new 
material called AlAuO2, which is an alloy of aluminum oxide and gold, has been designed to study its electronic structure, structural 
configuration, and optical characteristics. The selection of aluminum and gold as the main components was driven by the moderate 
atomic sizes, resulting in more facile electronic migrations from valence band to conduction band. This results in the creation of many 
free electrons, which are important for the material’s conductivity. The presence of oxygen in AlAuO2 also contributes to the creation 
of free electrons, Oxygen generates a higher quantity of free electrons compared to aluminum and gold. Consequently, AlAuO2 has 
been characterized as an n-type material, which means it has more electrons than holes and is a good carrier of electrons. Based on 
these findings, AlAuO2 has potential applications in a range of electronic devices, including nano sensors, light emitting diodes (LEDs), 
lasers, and solar cells. This is because it has favorable electronic properties, such as high conductivity and a large number of free 
electrons, which are important for the functioning of these devices. In order to improve the current conduction of the AlAuO2 material, 
it was doped with 6 % Fe (AlAu094Fe006O2). The addition of Fe was chosen because it is expected to reduce resistance to flow of 
electron, leading to improved efficiency. However, there is no limited theoretical and computational studies on AlAuO2, there is an 
opportunity to investigate the crystal further using Density Functional Theory (DFT) computational simulations. Researchers have 
employed a first-principles method to investigate various characteristics of the metal oxides crystal, including their electrical structure, 
structural geometry, thermodynamic properties, and its optical properties. In essence, the purpose of this study was to better un-
derstand the properties of the AlAuO2 crystal, and to determine if it can be improved through doping with Fe. 

Generalized gradient approximation (GGA) functionals include density and gradient at a specified position. This approach corrects 
the LDA’s overestimation of binding energy in molecules and solids. This allows a more complete description of systems (within limits) 
and can help characterize certain systems. In large systems where higher-level approaches are impracticable, the Generalized Gradient 
Approximation (GGA) is commonly used in research. On the other hand, B3LYP hybrid functional was invented in the late 1980s. 
B3LYP is popular for several reasons. This method was an early development in Density Functional Theory (DFT), which outperformed 
Hartree-Fock. The B3LYP method outperforms numerous Post Hartree-Fock methods in computational performance while yielding 
comparable results. When applied to the DFT, this method is quite robust. Hybrid functionals improve the accuracy of properties that 
strongly depend on a material’s energy spectrum, like defect energy levels in a semiconductor’s bandgap. By using DFT, our aim is to 
provide a detailed understanding of the crystal’s structure, electronic properties, and other relevant characteristics, which will help to 
inform future studies and applications of this material. Doping is a process in which impurities are introduced into a material to modify 
its properties. In this study, Fe incorporation impact of AlAuO2 was examined comprehensively for the first time. The aim is to 

Fig. 1. (a) Structures of AlAuO2 and (b) Structures of AlAu094Fe006O2 (gray sphere is Fe atom) respectively.  
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understand how the doping process can be used to modify the material’s structural, electrical, and optical properties. To obtain ac-
curate results, three different computational simulation methods were used such as GGA with PBE, RPBE, and PBESol functionals and 
also, a hybrid method used named Becke three-parameter Lee-Yang-Parr (B3LYP). These approaches are utilized to conduct a 
comparative examination of the characteristics of the doped AlAuO2 crystal in order to get a more precise knowledge of the impacts of 
the doping process. 

2. Computational method 

In this study, generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) method has been employed to 
calculate various properties of AlAuO2 and Fe atom-doped AlAuO2 crystal. The calculations were carried out by utilizing Cambridge 
Sequential Total Energy Package (CASTEP) based on the DFT and the results obtained were considered to be the most reliable and 
acceptable. A cut-off energy of 550 eV and a k-point of 4 × 4 × 1 was used in conjunction with norm-conserving pseudopotentials in 
order to determine the bandgap, total and partial density of state (DOS, PDOS) respectively. Additionally, optical attributes were 
performed to determine the reflective properties, absorption coefficient, index of refraction, dielectric property, conductivity of the 
material, and the loss function. Before energy calculation, geometric optimization was carried out and the consolidation requirement 
for force among the atoms was set at 3 × 10− 6 eV/Å. The elastic limit was set at 1 × 10− 3 Å while the maximum energy and stress were 
set at 1 × 10− 5 eV/atom and 5 × 10− 2 GPa, respectively [31]. The Fe element was doped into the AlAuO2 crystal structure by replacing 
Au atoms with a doping ratio of 6 %. This doping ratio was optimized as the minimum portion of doping while still maintaining the 
symmetry pattern of the crystal structure. 

3. Results and discussions 

3.1. Optimized structure 

The crystalline structure of a material has a significant impact on its properties. To understand a material’s properties, it is 
necessary to understand its structure. The calculated structure of AlAuO2 and AlAu094Fe006O2 are depicted in Fig. 1 (a, b). AlAuO2 and 
AlAu094Fe006O2 are two crystals with an optimized hexagonal structure, which has a lattice constant of 2.886 Å for both a and b, and 

Fig. 2. Electronic band structure of AlAuO2 and AlAu094Fe006O2 in GGA with PBE (a, b) B3LYP method (c, d) respectively.  

Md.Z. Rana et al.                                                                                                                                                                                                      



Heliyon 9 (2023) e21405

4

12.362 Å for c, having α = β = 90◦ and γ = 120◦. The structure is described as a Hermann-Mauguin symbol of P63/mmc and Hall symbol 
of P6c/2c [32]. 

In the case of AlAuO2, as shown in Fig. 1(a), the cations Al3+ and Au + are positioned at four apex angles of a tetrahedral structure, 
whereas the anion O2− is placed in the middle. Au+ is bonded with two identical O2⁻ atoms in geometry, and Al3+ is bonded to six 
identical O2⁻ atoms, forming an edge-sharing AlO6 octahedron, resulting in Au–O and Al–O chemical bonds. Similarly, in the case of 
AlAu094Fe006O2, as shown in Fig. 1(b), the cations Al3+, Au+, and Fe2+ and the anion O2⁻ form various chemical bonds such as Al–O, 
Au–O, and Fe–O, respectively. 

3.2. Electronic band structure 

The electronic band structures of two compounds, AlAuO2 and AlAu094Fe006O2, were analyzed using some distinct computational 
methods: Generalized Gradient Approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional, and a 
hybrid method Becke three-parameter Lee-Yang-Parr (B3LYP) shown in Fig. 2(a–d). Other two method such as GGA with revised 
Perdew-Burke-Ernzerhof (RPBE) functional and GGA with PBESol, a revised Perdew-Burke-Ernzerhof are shown in ESI*(Figs. S1 
(a–d)). 

In this calculation, the zero of energy was defined as the Fermi energy level. By analyzing the electronic band structures of AlAuO2 
using the GGA using PBE method and it was found that the conduction bands of this compound had a minimum value at a point located 
between the K and M symmetry points. On the other hand, the height value of valence bands was found at the K symmetry point. As a 
result of this band structure, the band gap of AlAuO2 was determined to be indirect, with a magnitude of 0.45 eV. 

The introduction of Fe impurities into AlAuO2 at a concentration of 6 % caused a significant alteration in the electrical band 
structure of desired material. This resulted by zero band gap as determined by the GGA with PBE method. Table 1 shows the band gap 
values obtained from three different computational methods for AlAuO2 and AlAu094Fe006O2. 

Specifically, the GGA with RPBE approach resulted in an indirect band gap of 0.486 eV for AlAuO2 and a direct band gap of 0.00 eV 
for AlAu094Fe006O2. Similarly, GGA with PBESol method generated values of 0.419 eV and zero for the band gaps of AlAuO2 and 
AlAu094Fe006O2, respectively. It is noteworthy that all three methods yielded similar results for the band gaps of these compounds. 
Another hybrid was performed method B3LYP, which provided the value of band gap 2.49 eV and 0.00 eV for AlAuO2 and 
AlAu094Fe006O2, respectively. The bonding properties of AlAuO2 and AlAu094Fe006O2 crystals have been studied by analyzing their 
Mulliken atomic populations [33,34]. 

This analysis helps to understand how different types of atoms in a substance overlap and share charges. Both materials consist of 
positively and negatively charged atoms, with Al, Au, and Fe having positive charges and oxygen having negative charges. The 
observed atomic charges of these elements in AlAuO2 and AlAu094Fe006O2 are presented in Table 2. These results indicate that charge is 
transferred from the Al, Au, and Fe atoms to the oxygen atom, which acts as a charge receptor. 

3.3. States of total and partial density 

To understand the character of energy band structures and the dispersion of orbitals in crystal of AlAuO2 and AlAu094Fe006O2, the 
density of states (DOS) and partial density of states (PDOS) of Al, Au, Fe, and O elements were determined using the GGA with PBE 
method [35]. The results showed that AlAu094Fe006O2 had a higher electron density in the valence band compared to AlAuO2, as shown 
in Fig. 3(a–b). The analysis of the electron transition resulting from hybridization in AlAuO2 was conducted through the study of the 
partial density of states (PDOS) presented in Fig. 3(c and d). By examining the PDOS, it was discovered that the dominant peak in the 
band of conduction originated from the collaborative influence of the p-orbital at approximately 2 eV and the s-orbital at 7.5 eV. The 
p-orbital in the conduction band had the highest contribution and the d-orbital had the same as p orbital contribution in the valence 
band of AlAuO2. The electronic structure of a AlAuO2 is such that the valence band is primarily made up with p and d orbitals, while the 
conduction band is formed from a combination of different orbitals. Specifically, the conduction band is made up of the 3p1 orbital of 
aluminum (Al), the 5 d10 and 6s1 orbitals of gold (Au), and the 2p4 orbital of oxygen (O). 

In the case of AlAu094Fe006O2, the PDOS consisted of the 3s2 and 3p1 orbitals of Al, the 5 d10, 5p6 and 6s1 orbitals of Au, the 3 d6 and 
4s2 orbitals of Fe, and the 2s2 and 2p4 orbitals of O. The conduction band in the Fe atom was primarily influenced by the p-orbital, 
which had the highest contribution within the energy range of 0–2.5 eV. Additionally, the d and s orbitals also had an impact on the 
conduction band, with contributions occurring at energies of 1 and 2.5 eV, respectively. In contrast, the valence band of the Fe atom 
was influenced by the d and p orbitals, which had the highest contributions at energies of 2.5 and 4 eV, respectively. AlAu0.94Fe0.06O2 
showed the highest contribution from the d-orbital inside conduction band, and the incorporation of Fe dropped the energy band gap 
energy to 0.00 eV. The contribution of s, p and d orbitals in AlAuO2 and AlAu094Fe006O2was further compared and is shown in ESI* 

Table 1 
The values of band gap of AlAuO2 and AlAu094Fe006O2 through different methods.  

Samples name Bandgap 

GGA with PBE GGA with RPBE GGA with PBESol B3LYP 

AlAuO2 0.45 eV 0.48 eV 0.41 eV 2.49 eV 
AlAu0.94 Fe 0.06 O2 0.00 eV 0.00 eV 0.00 eV 0.00 eV  
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(Figs. S2(a–g)). It was found that the contribution of s and p orbitals was almost the same in both AlAuO2 and AlAu094Fe006O2, while d- 
orbital contributed differently. The d-orbital had the highest contribution in the conduction band within the zone of 0.0–2.5 eV in 
AlAu094Fe006O2, while both p and s orbitals had a contribution in both AlAuO2 and AlAu094Fe006O2 after 1.0 eV. 

3.4. Optical properties 

The optical characteristics of a solid are crucial for the investigation of its band structure, resonances, impurity levels, localized 
flaws, and lattice vibrations. To study of optical characteristics of both AlAuO2 and Fe-doped AlAu094Fe006O2 crystals, some studies 
have been conducted to measure their absorbance, reflectivity, index of refraction, dielectric function, dielectric loss function and 
conductivity. Optical properties of AlAuO2 and AlAu094Fe006O2 were analyzed to understand how the introduction of Fe atoms affects 
these properties to predict the photovoltaic, optoelectronic and photocatalytic properties. 

Table 2 
The values of charge population, bond length, and Hirsfeld charge in GGA with PBE method of AlAuO2 and AlAu094Fe006O2.  

Compound 
Name 

Element Charge (e) Bonding element Population Bond length (Å) Hirsfield charge (e) 

AlAuO2 Al 1.60 Al–O 0.99 1.88310 0.36 
Au 0.24 Au–O 0.13 2.18467 0.26 
O − 0.92 O–O − 0.32 2.45342 − 0.31 

AlAu094Fe006O2 Al 1.64 Al–O 0.35 1.83052 0.37 
Au 0.19 Au–O 0.32 1.98271 0.23 
Fe 0.25 Fe–O 0.42 1.83183 − 0.03 
O − 0.94 O–O − 0.15 1.98271 − 0.30  

Fig. 3. (a, b) States of density and (c, d) partial density of state of AlAuO2 and AlAu094Fe006O2 in GGA with PBE method.  
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3.4.1. Optical reflectivity 
In recent years, there has been an increase in interest in the production of regularly spaced vacancy layers inside the postmodern 

phase of Al–Au–O2-based materials. This is due to the fact that these electron delocalization processes promote a transition from 
insulator to metal. It is essential, in order to investigate the potential of this vacancy regulating phenomenon, to construct the crys-
talline structure of the postmodern phase in a manner that is distinct from the strongly linked thermally stable phase. The optical 
characterizations of solids play an important role in investigating band structure, resonances, impurity levels, localized flaws, and 
vibrations of lattice. There is a one-to-one correspondence between the structure of energy bands of solids and either the dielectric 
function or the complex conductivity. The absorbance, reflectivity, index of refraction, dielectric function, dielectric loss function and 
conductivity. Optical properties of AlAuO2 and AlAu094Fe006O2 have analyzed. Reflectivity is a key tool in analyzing the optoelectronic 
and photovoltaic behaviors of AlAuO2 and AlAu094Fe006O2, as it is directly related to the absorbance capability of the material and the 
transfer of electrons from the valence band towards the conduction band. It has been reported that a lower reflectivity indicates a 
greater absorption of visible or ultraviolet radiation. 

Fig. 4(a) demonstrated that the reflectivity of AlAuO2 and AlAu094Fe006O2 begins at 0.68 and 0.29, from the starting frequency 
respectively. For AlAuO2, the reflectivity has a lower value until 1.75 eV and then reached to height value of 0.66 at 1.75 eV. In the case 
of AlAu094Fe006O2, the reflectance shifts in vigorously, but it is somewhat smaller than that of AlAuO2. The value of reflectance is much 
lower than the value of absorption for the both AlAuO2 and AlAu094Fe006O2. 

3.4.2. Conductivity 
The electronic conductance of semiconductors is related to the distribution of electrons in orbitals and energy bands. In a crystal 

lattice, conduction can occur when there are free electrons and holes present. The conductivity of AlAuO2 and AlAu094Fe006O2 
depicted in Fig. 4(b) The conductivity of the doped material AlAu094Fe006O2 was found to be slightly greater than the pure AlAuO2. The 
real parts of the conductivity increased gradually from 1.75 eV until 2.75 eV and then increased rapidly, while the imaginary parts 
decreased little change at the end in the opposite direction. The conductivity’s top peak was found to reach about 10 1/fs at 3.0 eV for 
AlAu094Fe006O2. The results of the study showed that conductivity increased after 6 % Fe doping. 

3.4.3. Loss function 
The energy loss function (ELF) is a fundamental physical quantity describing the interaction between electrons and matter in solids 

and is essential for quantitative evaluation of inelastic scattering during electron transport in solids. 
In contrast, the low energy region, below 3.0 eV according to Fig. 5(a), gives more information on the sample’s composition and 

electrical structure. The loss function of AlAu094Fe006O2 is seen to be higher than AlAuO2 in the low energy region, indicating the much 
more loss of energy due to the electrical structure and composition elements in the sample. However, there is a significant change of 
loss function in between AlAuO2 and AlAu094Fe006O2, suggesting that there is significant difference in the d-orbital splitting between 
the two samples. 

3.4.4. Dielectric function 
To understand the optical properties of materials, dielectric function is a crucial tool which are closely tied to the adsorption 

properties of solids. It is defined as: 

(ω)= ε1(ω) + iε2(ω) (1)  

In equation [1] ε1(ω) is the dielectric constant (the real part) whereas ε2(ω) is the dielectric loss factor (the imaginary part), respec-
tively. The dielectric function, which is connected with absolute permittivity or permittivity and characterizes the material space. The 

Fig. 4. (a) Optical reflectivity and (b) Optical conductivity of AlAuO2 and AlAu094Fe006O2 in PBE method.  
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dielectric function’s real part represents the energy storage capability of the solid material when it is placed in electric field, whereas 
dissipation capacity is indicated by the imaginary part. As seen in Fig. 5 (b), for the both materials, the real parts exhibit greater value, 
making them suitable for use as electrostatic cell materials for energy storage. Furthermore, AlAu094Fe006O2 is shown to be a more 
effective material than AlAuO2 for use as an electrostatic cell. 

3.4.5. Index of refraction 
The refractive index of a substance quantifies the relative change between the velocity of light in that medium and in a vacuum. A 

higher refractive index indicates a denser medium which can gives low absorption. The refractive index of AlAuO2 and AlAu094Fe006O2 
which is an attribute of the photon energy and consists with real and imaginary part depicted in Fig. 6 (a, b). For optoelectronic 
applications, a higher value of the real part of the index of refractive is desirable, while the opposite is true for the imaginary part. At 
low photon energies, both AlAuO2 and AlAu094Fe006O2 have a high real part of the refractive index and AlAuO2 has a near-zero 
imaginary part. The real and imaginary component of refractive index remains stable before 1.5 eV, after that it is vigorously 
increasing with the increasing photon energy for AlAuO2. It is noted that, the real part of AlAu094Fe006O2 is lower than AlAuO2 after 
1.1 eV photon energy, which making it a better material for use in the desired area, despite its band gap being around 0.45 eV. 

3.4.6. Optical absorption 
The optical absorbance of AlAuO2 and AlAu094Fe006O2 materials was analyzed by utilizing the polycrystalline polarization method 

and applying a small smearing value of 0.1 to clearly distinguish the absorption peaks. Fig. 7 illustrates the findings, which represent 
the absorption as a function of the photon energy. The absorbance peaks indicate the occurrence of transfer of electron from maximum 
valence band (MVB) to maximum conduction band (MCB) due to the incident light, particularly in the visible range. 

The absorbance for AlAuO2 is observed that it is increased randomly from 0.0 to 4 eV and then sharply increased after 4 eV. On the 
other hand, the Fe-doped crystal (AlAu094Fe006O2) shows higher absorption, with more peaks than the undoped crystal. The 

Fig. 5. (a) Optical Loss function (b) Dielectric function of AlAuO2 and AlAu094Fe006O2 in GGA with PBE method.  

Fig. 6. Refractive index (a) Real part (b) Imaginary part of AlAuO2 and AlAu094Fe006O2 in GGA with PBE method.  
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absorbance level of AlAu094Fe006O2 is higher than that of AlAuO2 from 1.0 to 10.0 eV shown in Fig. 7 (a). 
The results indicate that the doped material has a narrower energy gap, sometime it will be zero and greater absorbance compared 

to the pure material. Additionally, the doped material displayed a greater range of photon energy absorption capabilities. Furthermore, 
Fig. 7 (b), represented the absorption coefficient of AlAuO2 and AlAu094Fe006O2 materials depending on wavelength in the visible light 
region. The height peak of absorbance was found at about 380 nm, 480 nm and 600 nm for AlAu094Fe006O2 crystal while the maximum 
peak of absorption for AlAuO2 was obtained at 330 nm, 440 nm respectively. Therefore, these materials might be highly adept at 
utilizing the visible and ultraviolet energy regions. However, AlAu094Fe006O2 crystal exhibit more promising absorbance compared to 
AlAuO2 in visible and ultraviolet region. These properties make the doped material a suitable candidate for use in various optical 

Fig. 7. (a) Optical absorption vs. energy in eV (b) Optical absorption vs. energy in nm of AlAuO2 and AlAu094Fe006O2.  

Fig. 8. Thermodynamic properties of AlAuO2 and AlAu094Fe006O2 (a) Heat capacity (b) Enthalpy (c) Entropy (d) Free energy in GGA with 
PBE method. 
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communication devices and in the construction of additional transoms, skylights, and window planes for semiconducting materials in 
the field of optoelectronic devices [36,37]. 

3.5. Thermoelectric properties 

Thermodynamic qualities describe a system’s energy content. A system in thermal equilibrium has measurable thermodynamic 
properties. Most thermodynamic parameters include enthalpy, entropy, Gibbs free energy, and internal energy. Enthalpy represents a 
system’s heat content under constant pressure. Entropy measures system dysfunction. Gibbs free energy measures a system’s work 
capability, while internal energy includes all its energy. Dedicated equipment is needed to quantify these properties. Thermodynamic 
features help create new systems and predict system dynamics. Thermoelectric properties arise from the interaction between heat and 
electronic transportation in chemical and physical processes, and define the ability of a material to generate an electric potential in 
response to a temperature difference or vice versa, the transfer of energy during biochemical reactions and the connection between a 
given system and its external and internal environments [38–40]. Thermodynamics includes numerous essential concepts, such as 
enthalpy, heat capacity, free energy and entropy, which are most important in understanding the behavior of physical systems. These 
ideas are important to both physics and physical chemistry, and they offer a framework for understanding and predicting the behavior 
of many different systems. According to Petersen et al. there is a close relationship between entropy and enthalpy in thermodynamics. 
These concepts are related by the Gibbs free energy equation, which describes how changes in a system’s entropy and enthalpy relate 
to changes in its free energy. Entropy, which measures the degree of disorder in a system, can be a useful indicator of the discharge 
condition of a substance. This is because changes in entropy can reflect changes in the configuration and organization of the sub-
stance’s molecules during a discharge process, providing important information about the substance’s behavior and state. 

3.5.1. Heat capacity 
The quantity of energy that is required to get the temperature of a substance up to a certain level is referred to as heat capacity of a 

substance. This quantity of energy is the maximum amount of heat the thing can hold. Temperature is a measurement of the overall 
average kinetic energy of the particles that make up a material. Heat transfers heat energy from hotter regions to colder region. The 
total number of degrees of freedom of constituent particles is utilize to measure heat capacity of a thermodynamical system. The 
greater the number of degrees of freedom represent the more energy the system can store, and system has higher heat capacity. These 
degrees of freedom can include translational, rotational, and vibrational motions of the particles, and they all contribute to the sys-
tem’s overall ability to absorb and release heat [41]. Fig. 8 (a) displays the results of a study that compared the total heat capacities of 
AlAuO2 and AlAu094Fe006O2. AlAu0.94Fe0.06O2 crystals have a higher heat capacity than AlAuO2 crystals, yet both exhibit the same 
degree of variability in this regard. Maximum heat capacities of AlAu094Fe006O2 and AlAuO2 at 1000 K are 35 eV and 30 eV, 
respectively. This material is suitable for use in the field optoelectronic devices because it has a much higher heat capacity. 

3.5.2. Enthalpy 
Enthalpy is a unit of energy measurement in thermodynamics. It indicates a system’s total heat energy, determined by the sum-

mation of the internal energy with the pressure-volume product. Enthalpy is the technical name for the amount of energy needed to 
build a structure and make room for it by setting its pressure, volume, and displacement. The idea of enthalpy includes the highest non- 
mechanical activity and the highest possible temperature of the exhaust. Enthalpy is a crucial factor in any productive work, as it 
involves the measurement of heat or temperature contained within a body [42]. The following mathematical equations [2,3] are 
employed to define enthalpy. 

H=U + PV (2)  

dH=TdS + PdV (3) 

Enthalpy is represented by the letters H, internal energy is expressed by U, P for pressure, and V for volume, respectively. The 
enthalpy of AlAuO2 and AlAu094Fe006O2 increases from 100 to 1000 K and maximum at 1000 K as shown in Fig. 8 (b). However, 
AlAu094Fe006O2 show more significant value of enthalpy than AlAuO2. 

3.5.3. Entropy 
Entropy is a measurement of the amount of randomness or dispersion in the energy of the components, such as atoms or molecules, 

in a system. As entropy rises, the energy is spread more uniformly and the system becomes less structured and more chaotic [43]. 
Additionally, it is a distinctive characteristic of thermal systems that varies in relation to the quantity of matter, and it is used to 
measure the degree of order of the system. This fundamental property of thermodynamic systems means that value changes depending 
on the amount of material present. Entropy may have a positive or negative value. In accordance with the second law of thermody-
namics, the entropy of a system may only reduce if the entropy of another system increases. Fig. 8 (c) represented the entropy of 
AlAuO2 and AlAu094Fe006O2. Among the two materials AlAuO2 has the greater value of entropy than AlAu094Fe006O2. As seen in Fig. 8 
(c), when the temperature rises, the entropy of both materials increases. 

3.5.4. Free energy 
This term usually refers to the amount of energy available to do useful work in a system. Free energy is a thermodynamic potential 

that is dependent on the system’s internal energy and entropy. The free energy of a system can be changed by changing its internal 
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energy or its entropy. The two essential parameter of free energy include the Helmholtz (F) and Gibbs (G), expressed by equations 
[4–6] as: 

F=U – TS (4)  

G=H – TS, (Where,H=U+ PV is the enthalpy) (5)  

G=U + PV – TS (6)  

Where U represent the internal energy, TS indicates that the multiplication of temperature and entropy and PV stands for the com-
bination of pressure and volume. Changes of free energy are used to estimate the work done of a thermal process. It was observed that 
the permitted energy of AlAuO2 and AlAu094Fe006O2 initiates at 178 K and continuously changes with increasing temperature which is 
shown in Fig. 8 (d). Fig reveal that AlAu094Fe006O2 has more free energy than AlAuO2 crystal. 

3.6. Photocatalytic mechanism 

A photo-catalyst required both a high redox potential and robust light absorption capabilities to function well in visible light. The 
electron transfer to the surface of adsorbates is reliant on both the redox potential and the location of band edges, which must be 
adequate for the process to occur effectively [44]. The band edge’s locations of the samples were estimated by Mulliken electro-
negativity and the value of band gap of AlAuO2 using B3LYP method, which are shows using the following equations [7,8,45]. 

EVB =Х − Ee +
1
2

Eg (7)  

ECB =EVB − Eg (8)  

Where, EVB is represented valence edge whereas ECB is for conduction edge potential respectively and Mulliken electronegativity 
express by χ which stands for the average geometric quantity, Ee the electron’s free energy having value near to 4.5 eV through 
hydrogen scale [46]. The expected band gap value, Eg, was determined using the B3LYP method which is shown in Table 1. Based on 
our research, the potential of edge the of valence band was determined for AlAuO2 is around 2.41 eV shown in Fig. 9 (a), whereas the 
potential of conduction band edge is about − 0.075 V. The obtained values are shown in Fig. 8 which displayed an illustration of 
photocatalytic mechanism and the band edge position of AlAuO2. The redox potential of AlAuO2 is determined by band edges posi-
tions. A positive valence band maximum (VBM) potential indicates that the material has a high capacity to oxidize, while a negative 
conduction band minimum (CBM) potential suggests a high potential for reduction by electrons [47]. AlAuO2, as we hypothesized, has 
strong oxidation capabilities that allow them to generate oxygen from water. This is because the valence band potential of these 
materials is so high. In the presence of holes or highly oxidizing agents like O2− , H2O2, and ⋅OH, organic pollutants are degraded 
photocatalytically owing to their greater oxidation capacities. The strong oxidative capability of these materials degrades organic 
contaminants. AlAgO2 (2.41 V) has greater VBM potentials than Eo (O2/H2O) (1.23 eV). These materials oxidize water and produce 
reactive oxygen species, which break down organic contaminants [48,49]. After that, a portion of the O2 then interacted with the H+ to 
produce H2O2, another catalytic molecule. Furthermore, the potential of CVM of AlAuO2 is − 0.075 eV, which is greater than Eo (H+), 
indicating the capability of AlAuO2 to decrease H+ by producing H2 through the water splitting. 

The outstanding photocatalytic performance AlAuO2 in breaking down organic contaminants is primarily attributed to its oxidation 
potential of holes, O2− , and H2O2. Hopefully this material will perform significantly in the field of photocatalytic dye degradation as 
well as photocatalytic hydrogen generation. The band gap of AlAu094Fe006O2 was calculated 0.0 eV so, it is impossible to calculate 
band edge position for this doped material. For this reason, it is quite difficult to predict the photocatalytic properties of 

Fig. 9. (a) Band edge potential (b) Dye degradation mechanism of AlAuO2.  
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AlAu094Fe006O2 but the experimental result may be changed. The graphical representation of photocatalytic performance of AlAuO2 
depicted in Fig. 9 (b) and the probable reaction can be expressed by equations [9–12] as follows; 

AlAuO2 + hυ → AlAuO2 (e− + h+) (9)  

AlAgO2(e− ) +O2→ O2− (10)  

AlAuO2 (h+)+H2O → H+ + .OH (11)  

Dye(MB,RhB etc.)+
(
O2,OH, e− , h+

)
→non toxic byproducts (12)  

4. Conclusion 

The study of the optoelectronic properties of AlAuO2 and AlAu094Fe006O2 using computational tools revealed that AlAuO2 was 
discovered as a material with narrower bandgap energy while 6 % Fe doped crystal was considered as a material with zero band gap 
energy to utilize in optoelectronic devices. The band gap of AlAuO2 was calculated to be 0.45 eV using the PBE method of the GGA 
functional. Further study with the GGA with RPBE, with GGA with PBESol and B3LYP methods, respectively, resulted in values of 
0.486 eV, 0.419 eV and 2.49 eV. The 6 % Fe doping resulted in a decrease in the electronic band gap of AlAu094Fe006O2 and finally 
reached to 0.0 eV. The results indicated that AlAu094Fe006O2 was a better material to utilize in the field of optoelectronic devices than 
AlAuO2 due to its superior absorption and conductivity. However, AlAu094Fe006O2 was found to be good thermally and chemically 
stable than AlAuO2 based on entropy and free energy calculations. Nevertheless, both AlAu094Fe006O2and AlAuO2 showed perfect 
crystal behavior at room temperature. Based on this investigation, this material can be utilized in the field of optoelectronic devices 
and photocatalytic dye degradation as well as hydrogen generation through the water splitting. 
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