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Abstract: The study investigated the photocatalytic properties of the CuAl:Os compound containing metal oxides.
The X-ray diffraction analysis was used to refine the atomic arrangement in the material, and the Generalized
Gradient Approximation (GGA-PBE) was applied in electronic and optical calculations using CASTEP code to
analyze the structural composition of the compound. The optimized structure was utilized to compute the
electronic structure and related properties. The study revealed that the calculated optical bandgap of the
compound is 3.39 eV, enabling it to absorb light in the UV range. The electronic charge density distribution results
showed a significant interaction between Al-O and Cu-O. The valence bands had substantial contributions from
O_p and Al_d, while most of the energy levels in the conduction band were from Cu_d and Cu_s. This distribution
enhances charge transfer and reduces recombination rates, thereby improving the efficiency of catalytic reactions.
Based on these properties, the CuAlLOs compound is considered a promising material for photocatalytic
applications, opening new avenues for its use in photo reactive processes.
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1. INTRODUCTION

The environmental purification from pollution represents a critical and globally significant scientific issue essential for
maintaining a healthy, pollutant-free environment [1-6]. The growing environmental concerns are largely attributed to
industrial hazards, with manufacturing waste and harmful energy sources contributing approximately 20% of water
contamination [4-9]. Liquid waste, laden with diverse organic, chemical, and biological contaminants, poses a substantial
threat to both human health and the environment [9,10-16]. While various methods have been developed to convert
hazardous waste into manageable forms, most are costly and energy-intensive. In this context, semiconductor
photocatalysis has emerged as a promising, eco-friendly technique for effectively removing harmful pollutants from
wastewater [17-21]. The chemical stability of materials plays a crucial role in their suitability for photocatalytic
applications aimed at decomposing organic waste [24-27]. Recent studies have highlighted the significant impact of
nanoparticle composition on their ability to catalyze chemical reactions through light [28—35]. Over recent years, metal
oxide compounds have garnered substantial interest due to their advantageous optical and electronic properties, making
them ideal candidates for a variety of applications. Among these, CuAl:Oa stands out as a chemically stable material with
minimal internal defects, excellent optical response, and effective light absorption. Furthermore, its appropriate energy
bandgap, abundance, and cost-effectiveness render it particularly suitable for photovoltaic and photocatalytic applications
[12, 24].

The compound CuAl:O4 consists of two copper atoms, four aluminum atoms, and eight oxygen atoms, crystallizing in a
moderately cubic crystal system, specifically within the Fd-3m space group. This space group defines the symmetry and
arrangement within the crystal, imparting distinctive geometric and organizational properties to the material [34].The
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density Functional Theory (DFT) is a precise computational method utilized to explore the photocatalytic mechanisms of
CuAl:Os. In this study, the Generalized Gradient Approximation (GGA-PBE) was applied for electronic and optical
calculations using the CASTEP code [40-43]. The results revealed that the optimized structure of CuAlO4 exhibits a
direct bandgap of 3.39 eV, which closely matches values obtained from various approximate methods [46-50,23].The
analysis of the supercell structure of CuAl.Os demonstrated that the compound, with its specific Cu-O and Cu-Al bond
distances and an energy bandgap of 3.39 eV, effectively absorbs light in the ultraviolet range.

Additionally, the electronic charge density distribution showed significant interactions between Al-O and Cu-O, with
notable contributions from O_p and Al _d in the valence band, while Cu_d and Cu_s dominate the conduction band.
Moreover, the study indicates that the photocatalytic activity of CuAl:O4 has considerable potential in redox reactions,
with valence band and conduction band potentials determined at 0.28126 eV and 3.68024 eV, respectively. These findings
underscore the compound's effectiveness in meeting the demands of photocatalytic applications, making it an excellent
material for water purification and hydrogen production.

2. COMPUTATIONAL METHODOLOGY

The study employed the CASTEP algorithm to analyze the electrical and structural properties of CuAl.Os, a material
comprising 86 atoms, using Density Functional Theory (DFT) to assess its photocatalytic efficiency, yielding highly
accurate results. This systematic approach in computational problem-solving and analysis is essential [41]. The
calculations were based on crystallographic data from single-crystal X-ray diffraction, utilizing the generalized gradient
approximation with the Perdew-Burke-Ernzerhof parameterization [42,43]. The interactions between ionic cores and
valence electrons were described using a norm-conserving pseudopotential [40]. The Brillouin zone was sampled using a
Monkhorst-Pack k-point mesh and a plane wave basis with an energy cut-off of 440 eV. Convergence criteria for atomic
forces and mass were set with thresholds of 0.0483 eV.

3. RESULTS AND DISCUSSION
3.1 Structural properties

The copper aluminate (CuAl;0.) belongs to the space group F d -3 m (No. 227), representing the cubic phase of the
crystal lattice, as shown in Table (1) (JCPDS card No. 01-077-2494). The lattice constants were experimentally
determined and subsequently optimized using the generalized gradient approximation (GGA-PBE), as illustrated in Fig.1
[50, 51]. It can be observed that there is a close agreement between the experimental and theoretically optimized results,
indicating high accuracy in the arrangement of atoms, internal angles, and crystal packing [52]. The figure from
arrangement indicates an ordered crystal structure, enhancing the properties of the compound as an effective
photocatalytic material. The figure represents an optimization process analyzing the convergence of energy, displacement,
and maximum force criteria. The blue line shows a sharp decrease in energy change, indicating system stabilization. The
orange and purple lines display gradual decreases in maximum displacement and force, respectively, reflecting the
stabilization of atoms and forces. Demonstrates the effectiveness of the optimization in converging the system toward a
more stable state, though additional steps are required for full convergence. the precise geometric arrangement of the
atoms plays a crucial role in the compound's interaction with light and photocatalytic reactions.

Table (1) It data on the structural properties of the compound CuAl20a..

JCPDS card No. 01-077-2494

Lattice type F
Space group name Fd-3m
Space group number 227

8.07500 8.07500 8.07500 90 90 90
Unit-cell volume = 529.535385 A3
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Fig.(1): (a) The crystal structure and arrangement of atoms of the compound CuAl20.. (b) Analysis of convergence
in energy, displacement, and maximum force during optimization.

3.2. Electronic properties

3.2.1 Band Structure Electronic

The electronic to study behavior of CuAl»Oa, the electronic band structures and The total and partial densities of states
were computed using several potentials, including GGA-PBE. The plots are displayed in fig. (2,3), correspondingly. The
fermi energy level (Ef) is defined as OeV for all computations. This energy level corresponds to both the highest energy
level in the valence band (VB) and the lowest energy level in the conduction band (CB).

The band structure is a crucial characteristic in the field of solid-state physics, since it directly or indirectly influences all
physical properties of materials through the band gap. The results obtained for CuAl,O4 show that the valence band
maximum (VBw) and conduction band minimum (CBw) lie on one (K-point) G, A,H, K,M and L. The semiconducting
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compound has an energy gap direct and indirect, and this result is identical to the experimental results, the compound has
a false direct energy gap of 3.46 eV[53,5]. The energy of the compound, other experimental and theoretical works are
shown in table (2). The metallic behavior of this material, metal oxide.

Table (2) The energy gap is the experimental and theoretical CuAl2O4 results.

Compound
Theoretical Experimental
CuAl204 3.3%eV 3.46 eV
10 \/ —

"= i =
\\Q

e 1

Energy (eV)

K- point

Fig. (2) The electronic band structure of a compound CuAl2Oa.
3.2.2. Total Density of States (TDOS) and Partial Density of States (PDOS).

The band structure of CuAl-Os compounds, analyzed using different cross-linking potentials, shows minimal variation
from actual results, with the spin-orbital interaction being the primary factor influencing these materials. Theoretical
analysis of electronic band structures and their impact on electron energy levels is elucidated through the density of states
(DOS).

Fig.3(a) illustrates the total density of states (TDOS) for CuAl.O., with the energy range from (-8_12) eV. The valence
band is indicated by negative values, and the conduction band by positive values. The energy gap is approximately 3.38
eV, with zero density at the fermi level (Es = 0 eV). Multiple peaks at negative energies indicate concentrated electronic
states, while the conduction band shows a gradual increase in density with several peaks, the highest between 10.40 eV
and 12 eV. The partial density of states (PDOS) for CuAL:Os reveals specific contributions from each element (Cu-3d)
orbitals significantly contribute to the valence band (-7 _ 0)eV, while (Al-3d) orbitals, although less prominent, contribute
to the compound's electronic properties. The oxygen's orbitals (O-2p) significantly contribute to the valence band,
enhancing chemical bonding and charge transfer. The valence band (VB) contains a high density of states, primarily from
(Cu-3d) and (O-2p) orbitals, within the energy range of (-6 _ 0) eV. The conduction band (CB) starts from 0 eV, with
contributions from Cu and Al orbitals increasing with energy. The energy gap between the filled and empty states is
critical, with orbitals near the fermi level, particularly (Cu-d) and (Al-p) orbitals, playing a decisive role in the
photocatalytic process. CuAl:O4 exhibits semiconducting properties, making it suitable for photocatalytic applications,
where orbitals (Cu-d) are crucial for photoabsorption and catalytic activity, and orbitals (O-2p) significantly impact
chemical reactions and bond formation.
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Fig.(3): (a) The total density of states (TDOS), (b) The Partial density of states (PDOS).
3.3. Optical properties results

The study of the optical properties of CuAl.O4 reveals several key findings crucial for its potential applications. CuAl:Oa4
exhibits a direct bandgap of 3.39 eV, indicating its activity in the UV region, which is advantageous for optical detectors
and photo-stimulated devices. The dielectric function of CuAl.O4 shows a high peak in the real part at low energies (0-
5)eV, suggesting strong dielectric behavior and respons-iveness to external electric fields, which stabilizes at lower values
at higher energies (5-30)eV with minor oscillations. The imaginary part of the dielectric function reveals prominent peaks
around 3 eV, signifying significant energy absorption due to electronic transitions, with a gradual decrease at higher
energies (5-30)eV.

In terms of refractive index and extinction coefficient, the refractive index starts high (6.5) at near-zero energies,
decreases sharply, and stabilizes between (1.5 _2.5)eV, eventually reaching lower values at higher energies (15-30)eV.
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The extinction coefficient begins at low values, peaks around 2 eV, and then decreases gradually, with a second peak
around 15 eV before nearing zero. The energy loss function, spanning from 0 to 20 eV, starts with very low values,
remains close to zero until about 20 eV, sharply increases around 23 eV, peaks near 25 eV, and then rapidly decreases to
near zero around 27 eV, indicating strong electron-photon interactions and effective energy absorption in this range.

The conductivity variations show that the real part of conductivity increases gradually at low energies, peaks at 13.56 eV,
rises significantly at intermediate energies, peaks at 14.73 eV, and then declines sharply. The imaginary part of
conductivity starts near zero, decreases to -0.573 at 1.275 eV, then rises again, peaking at 20 eV before gradually
decreasing after 25 eV, as in the fig. 4(a,b,c,d,e). These optical properties position CuAl:O4 as a promising candidate for
photocatalytic applications, including water splitting, organic pollutant removal, and enhancing solar cell efficiency. The
stable dielectric response and refractive index at various energy ranges support its effectiveness in photonic excitation and
catalytic processes. Additionally, the peaks in the extinction coefficient and energy loss function suggest efficient energy
absorption and electron excitation, which are crucial for photochemical reactions.
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Fig.4 The calculated Optical properties of CuAl204 by method (GGA-PBE): (a) The Real &, (w) and Imaginary
&, (w) dielectric functions, (b) the refractive index n(w) and extinction coefficient k(w), (c) The calculated
reflectivity, (d) The energy loss function (ELF), (e) The conductivity.
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Fig.(6): Photocatalytic mechanism of CuAl:Os compounds for organic dye degradation by using ultraviolet
radiation.
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3.4. photodegradation

In order to get a deeper understanding of the experimentally reported results, a computational analysis based on density
functional theory (DFT) was conducted. This work involved creating an orthorhombic supercell of CuAl,O4. The
supercell structure of CuAl,O4, which has been improved, the mean bond distance between Cu-O in this study is
1.74829A and Cu-Al is 2.01875A, which closely corresponds to previously documented measurements. The efficacy of
dye degradation in a nanoparticle can be assessed by utilizing a limited number of factors derived from DFT
simulations[45,55].

The developed supercell has a visible area bandgap value of 3.39¢eV in the present study. The PDOS spectrum in fig.(3)
demonstrates the orbital impact of the Cu, Al and O atoms. The figure clearly demonstrates that the presence of (O_p) and
(Al_d) orbitals has a significant impact on the valence band. However, the (Cu_d),(Cu_s) orbitals on the conduction band
side provide the majority of the energy levels. These orbitals facilitate the transmission of electric charge between the
valence and conduction bands. In addition, there are a lot of different energy states in both the valence and conduction
bands.

The redox capability of CuAl,O4 can be attributed to the band edge potentials, which have a pivotal role in oxidation and
reduction reactions. The band edge potentials for the CuAl,O4 nanostructure are determined using the following
equations[51, 55-57].

1
E,, =x—E, +§(Eg)
Epp = Eyp — Eg

Here, Eg designates the calculated energy difference, and y represents the electronegativity. The valence band and
conduction band edge potentials have been determined to be 0.28126eV and 3.68024 eV, respectively. The CuAl;O4
calculated band edge potentials meet the requirements for a good photocatalytic material[55]. The valence band potential
(PH =0) is 0.28126eV, and the conduction band edge is 3.68024eV. The relevant potentials mentioned are the standard
normal hydrogen electrode (NHE) potentials used for scaling efficient photocatalytic materials, According to the
equation, the voltage edge for the equalization and conduction bands (NHE) and at PH = 7 is as follows [56,58]:

E.,(NHE) = E,, (PH = 0) — 0.059 * PH
E,,(NHE) = E,,(PH = 0) — 0.059 * PH

The Charge free carrier mobility is employed as a measure to assess the photocatalytic activity of CuAl,O4. The increase
mobility of the charge carriers results in a reduction in the rate of recombination, hence enhancing the rates of redox
reactions, to quantify mobility, one can determine the effective mass (m+*) of the charge carriers. Based on the findings in
the literature [56-58]. It is necessary for the effective mass of charge carriers in a nanomaterial to be less than 0.5me in all
crystallographic orientations.

This leads to a reduction in the diffusion coefficient, resulting in a drop in the rate of recombination. An in-depth
understanding of the Distribution of the electronic charge density of the compound CuAl,O4 by the density functional
theory (DFT) (GGA-PBE) to calculate the charge density of the expected compound atoms on the (311) plane, as in fig.
(5)-

A figure representing the distribution of electronic charge density, where different colors indicate various charge
densities. Red represents high charge density, while blue represents low charge density. In this figure, the red regions
reflect large clusters of electrons centered around basic atoms such as copper and aluminum, while the blue regions show
low charge density in the spaces between the atoms.

Crystal structure plays a crucial role in this distribution, as heavy atoms show high charge density while voids show low
density. This distribution has a significant impact on physical processes such as redox during photocatalysis. Regions with
high density contribute to reduction processes easily due to the abundant availability of electrons, while regions with low
density are good centers for oxidation processes due to the lack of electrons and the presence of holes. This distribution
enhances the photocatalytic efficiency of the CuAl,O4 compound, making it a useful material in water purification and
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hydrogen production. Understanding the charge density distribution helps improve the performance of materials in
photocatalysis by identifying the most effective regions for chemical reactions, as in the fig. (6).

The optimal distribution of electronic charges enhances the efficiency of the CuAl,O4 compound in photocatalysis. The
detailed distribution of electronic charges provides deep insight into how to improve the efficiency of photocatalytic
materials and increase their effectiveness in diverse applications. CuAl,O4 appears as a distinguished choice thanks to its
ideal distribution of charges that enhances the effectiveness of photochemical reactions, which enhances its ability to
perform photocatalysis efficiently in redox processes, which increases the efficiency and effectiveness of its use in various
photocatalytic applications.

4. CONCLUSIONS

The study investigated the use of CuAl:Os4 as an active photocatalyst using the DFT (PBE-GGA) method. It was
concluded that computational analyses using the GGA-PBE approximation for the crystal structure of CuAlO. show
notable optical and electronic properties. The calculated optical bandgap of 3.39 eV (365.78 nm) for the incident light
highlights its suitability for photocatalytic applications. The partial density of states (PDOS) spectra indicate significant
contributions from O_p and Al_d orbitals in the valence band, while Cu_d and Cu_s orbitals dominate the conduction
band. The band edges, determined at 0.28126 eV for the valence band and 3.68024 eV for the conduction band, suggest
that CuAl:O4 meets the criteria for effective photocatalysis. The charge density distribution shows high electron density
around the Cu-O and Al-O atoms, enhancing chemical reactions and photocatalytic efficiency. This distribution improves
the effectiveness of CuAl:Os4 in catalytic processes such as the purification of polluted and biological water and the
production of renewable energy (hydrogen).
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