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Abstract:

The research discussed investigates the properties of a photocatalytic material containing metal oxides
V205. X-ray diffraction analysis was used to improve the atomic arrangement in the material, and the
generalized gradient approximation (GGA-PBE), was employed in electronic and optical calculations using
the CASTEP code to analyze the structural configuration of the V205 compound. The optimized structure
was used to calculate the electronic band structure and related properties using (GGA-PBE). It was
determined that the bandgap of the material is a direct gap (Eg2.20eV)(GGA-PBE), which closely agrees
with the experimental energy gap(2.3eV).Additionally, the study indicated that the O2p (valence band) and
V4d (conduction band) states make a crucial role in governing the energy gap. The electronic charge density
distribution was calculated to explore the chemical bonding properties, and the optical properties showed an
increase in absorbance in the visible light region with an increase in particle concentration. Based on these
characteristics, V205 compound is considered a suitable material for photocatalytic applications.
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Introduction

1. Introduction

Environmental purification is a significant and globally significant scientific field [1-6].
Environmental concerns have increased due to industrial dangers, with manufacturing waste and
harmful energy sources causing around 20% of water contamination [4-9]. Liquid waste, containing
numerous organic, chemical, and biological contaminants, poses a significant threat to both
individuals and the environment. [9,10-16]. Various methods have been used to convert hazardous
waste into usable form, but most are expensive and require significant energy. Semiconductor
photocatalysis treatment is an environmentally friendly method for removing harmful pollutants
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from wastewater[17-21]. V.Os is a promising material for n-type semiconductors due to its
adjustable bandgap within the visible-light range, specifically between 1.8 and 2.7 eV [17,20-26].
The material's exceptional chemical stability and non-toxicity make it an ideal choice for
photocatalysis for breaking down organic effluent. [24-27]. The composition of nanoparticles
significantly influences their ability to catalase chemical reactions through light, according to recent
research. [28-35]. Density functional theory (DFT) can explain processes like analyzing pollutants
and producing clean energy, such as hydrogen production and biological pollutants, using
experimentally prepared compounds [33,36-39]. The structural configuration of the V20s
compound was analyzed using the generalized gradient approximation (GGA-PBE) in electronic
and optical calculations using the CASTEP code[40-43].The optimized structure was utilized to
calculate the electronic band structure and properties using (GGA-PBE), revealing a direct energy
gap of 2.20eV, which closely matches the experimental gap value of 2.20 eV [32,41,45]. The study
revealed that the Op (valence band) and V4d (conduction band) states significantly influence the
energy gap[41,43,46]. The study calculated the electronic charge density distribution to investigate
chemical bonding properties, revealing an increase in absorbance in the visible light region with
increased particle concentration.

2. Computational methodology

The study utilized the CASTEP algorithm to analyze the electrical and structural properties of V20Os,
a 40-atom material, using Density Functional Theory (DFT) to understand the photocatalytic
efficiency of V20s nanoparticles, resulting in highly accurate results. This systematic approach in
computer-based problem solving and analysis is crucial. [41]. The calculations were based on
crystallographic information from a single X-ray diffraction, using the generalized gradient
approximation with the Perdew-Burke-Ernzerhof parameterization [42,43]. The interactions
between ionic cores and valence electrons were characterized using a norm-conserving
pseudopotential [44]. The Brillouin zone was sampled using a Monkhorst-Pack k-point mesh and a
plane wave basis with an energy cut-off of 430 eV. Convergence conditions for atomic force and
mass were established with thresholds of 0.05 eV.

3. Results and discussion
3.1 Structural properties

Vanadium pentoxide (V20s) is found in the orthorhombic phase of the crystal lattice in the Pnma
(No. 62) space group. The lattice constants were experimentally determined and optimized using the
generalized gradient approximation (GGA) PBE method Table(1)[48].The results for lattice
constants show a close agreement between theoretical and optimized results, indicating high
accuracy in atomic arrangement, internal angles, and crystal packing, as shown in Figures(1) and
Table(2)[49].

Table (1). It represents data on the structural properties of the compound V20s.

Lattice tvpe P
Space groupname Pnma
Space group number 62
Lattice parameters

a(A) b(A) ¢ (A) a p ¥
0. 6RE70 11.37820 | 3.81670 o o ofF
Unit-cell volume = 405713103 A3
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Figure (1): The Crystal structure and arrangement of atoms of the compound V205.

Table (2). Represents the theoretical (COD), geometrically optimized lattice constants of a
compound V20s.

Compound a( A) b (A) c(d) V(A3
optimized Lattice 9688718 11.578192 3.616677 405.711004
parameters
Reciprocal Lattice 0648505334 | 0542674133 | 1737281296 | 0.61396316
Lattice parameters =727
COD (6012220) 0.68870 11.57820 3.616670 405.713103

Figure (3): Geometric optimization and energy of crystal lattice constants.
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3.2. Electronic properties
3.2.1 Band Structure Electronic

To study the electronic behavior of V205, We calculated the electronic band structures and total and
partial densities of states using several potentials, including GGA-PEB. For all calculations, the
Fermi energy level Es is defined as 0 eV. 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)[48]. The
band structure is a critical characteristic in solid-state physics because it directly or indirectly
influences all physical properties of materials through the band gap[49,50]. The results for V205
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show that the valence band maximum (VBwm) and conduction band minimum (CBwm) occupy a single
position, the K-point, represented by the coordinates Y, S, and K.Therefore, the semiconducting
compound exhibits both direct and indirect energy gaps. This result aligns with the theoretical
results (Fig. 3 a, b), which show a false indirect energy gap of 2.20 eV and a direct gap of
approximately 2.21 eV. Table 3 displays other Present work and theoretical works related to the
compound's energy. The figure illustrates the metallic behavior of the metal oxide material.

Table (3): The energy gap is the Present work and theoretical V205 results.

Compound Present work The researchers [49.5]
0+ 2280 eV 2.26deV Theoretical
- 2.20eV 2.21eV | approximately

Figure (4) represents the electronic band structure of a compound V20s.
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3.2.2. Total Density of States (TDOS) and Partial Density of States (PDOS).

The band structures of V20s compounds, with varying cross-linking potential levels, closely
resemble real results due to spin-orbital interaction. Understanding the density of states helps
comprehend electronic band structures and their impact on electron energy levels[51]. Figure (5a)
displays the overall density of states (TDOS), whereas Figure (5b) illustrates the partial density. The
Figure (5a) shows how V:Os's total density of states (TDOS) changes when the exchange link
potential changes. Semiconductors possess distinctive characteristics due to the narrow energy gap
between the valence band (VB) and the conduction band (CB) at the Fermi level. This shows that
the potential densities of GGA and GGA-PEB are nearly identical, with only slight
variations[49,52]. This highlights the potential of GGA-PEB in highly interconnected materials. that
the partial density of state energy for the Fermi energy level, which is 2.64 to 2.20 eV. Figure (5b)
demonstrates that the atomic states of d_V, s_V, and p_O have the greatest influence on the valence
band (VB) of the state with an energy range of (1.18-6.77) eV. For PDOS practitioners, both of
them are unappealing. The valence band peaks d_V, s_V, and p_O are located at an energy level of
-5.31 eV. The primary contribution arises from T(V_O), which reaches its maximum at (-2_-
2.46)eV in the lower valence band. Figure 13 shows that the conduction band, with a value of
3.31eV, contains the energy levels with the maximum energy, denoted as T (O_V). The states V_s,
V_d, and O_s are located at distinct energy levels within the valence band, as depicted in the figure
below. V205 is semiconducting because none of these states are above the Fermi energy level.
These beneficial features simplify the management of exchange and correlation in highly correlated
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photocatalytic systems, resulting in improved outcomes consistent with experimental
observations[55].

Figure 5: (a) represents the total density of states (TDOS). (b) represents the Partial density of
states (PDOS).
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3.3. Optical properties results

A study was conducted on the optical properties of V205 under different conditions as a direct
bandgap material with medium bandgap energy. The calculated bandgap energy for V205 is 2.20 eV
for materials that are active in the visible light region. These materials, due to the bandgap, have
many applications in optical detectors and photo-stimulated devices [50,49]. To understand the
material's optical characteristics, it is necessary to know the energy loss function, efficiency, real
and imaginary dielectric constants, refractive index, and oscillator strength. We computed the given
parameters for the first time, as shown in figure (6). The chemical's polarizability is dependent on
the inherent component of the dielectric function. The real portion of the dielectric function with an
external photon energy of 0 eV is 5.89. A photon with an energy of 4.16eV from an external source
can reach a maximum value of 9.26 when directed towards a target. As the external photon's
frequency increases, its value declines with periodic fluctuations and ultimately hits zero at 6.52 eV.
As the external energy increases, the refractive index's value begins to rise again. Once it reaches 20
eV, the refractive index becomes saturated. The computed outcomes for V20s are displayed in
Figure (6). We often use the imaginary portion of the dielectric function to describe the absorption
of light by a material. The high magnitudes of the imaginary component of the dielectric function
indicate substantial light absorption[50-54]. The complex component of the dielectric function is
seen in Figure (6). The data suggests that the VV.Os material begins absorbing energy at a threshold
of 2.28 eV and continues to absorb more energy until it reaches a peak at 9.28 eV. However, within
the energy range of 7.53 eV, the absorption steadily declines to a value of 0.978 at 10 eV. The peaks
observed in the figure correspond to distinct transitions between the estimated conduction and
valence bands[52-55].

Figure (6): shows the Real £;(w) and Imaginary &,(w) Dielectric functions.
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We determined the refractive index of V20s for the first time. Figure (15) displays the refractive
index n (o) of V20s. The refractive index changes in response to incoming photon energy. When
there are no external photons with an energy of 0 eV, the determine the refractive index of V20s to
be 2.48. The value steadily diminishes as the intensity drops and reaches 0.46 when the incoming
photon has an energy of 9.28 eV. The stimulation and relaxation processes, which include many
internal energy levels in V2Os, cause a slight deviation in the refractive index. The provided Figure
(7) displays the extinction coefficient k(w), which reaches its highest value throughout the energy
range of extinction between 2.81 eV and 9.16 eV. The coefficient ranges from 0 to 2.43. The
numerous peaks in the curve are a result of the transitions that occur between the valence band and

the conduction band. The compound's strong light absorption is responsible for its high extinction
coefficient[54,55].

Figure (7): shows the refractive index n(w) and extinction coefficient k(w).
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The reflectivity R(w) of V20s was computed and is depicted in Figure(8). Reflectance
unequivocally exposes the inherent characteristics of a material's surface[55]. The reflectance of
V205 is approximately 0.79 in the absence of external photons (0 eV). The reflectance has a clear

pattern of reaching its lowest point at 35 eV and its highest point at 9.28 eV, which may be
attributed to plasmon resonance.

Figure (8): shows the calculated reflectivity spectra of V20s.
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One may provide a clear understanding of several factors, such as transmission, reflection, and
reflectance, by doing a spectral analysis of the Energy Loss Function (ELF) [52-55]. Researchers
can investigate the characteristics of the targeted atom and the dispersed and absorbed photons
using the energy loss function [45-56]. Figure (9) displays the computed electron loss function
(ELF) for vanadium pentoxide (V20s). We found dispersion and transparency in V20s, without any
photon scattering. We investigated inelastic scattering and found that the medium energy range had
the highest energy loss. We discovered that the peak values occurred in the energy range of 24.31
eV. Using the sum rule, we determined the effective electron count associated with the optical
transitions. The oscillator strength quantifies the intensity of transitions occurring between the
valence and conduction bands. Because of an electronic band gap, a partial density of states, and an
ELF (Electron Loss Function) analysis, these materials have electronic activity[55].

Figure (9): The energy loss function (ELF) for the compound V20s.
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On the other hand, the conductivity of the V20s compound, which lies between the valence and
conduction bands, is essential for electron transitions between the two bands and energy levels that
are crucial in photocatalysis processes, solar cells, and electronic detectors[55]. Through Figure(10),
the conductivity starts at (0 Q'cm™) with an energy of 2.18 eV and increases to 7.5 Qlcm™ at 7.29
eV, then gradually decreases to (0 Qcm™) at an energy of 25.7 eV. Afterward, it starts growing
again at 40 eV, indicating that it is optically active.

Figure (10): the conductivity to compound V20s by method (GGA-PEB).
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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 V.0s. The supercell structure of V20s, which has been improved, is seen
in Figure (3). The mean bond distance between V and O in this study is 1.8554 A, 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.
The topics of interest are[54-56]: (i) the band gap of V20s, (ii) the electronic properties of V20s,
and (iii) the optical properties of V20s. The developed V.05 supercell has a visible area bandgap
value of 2.20 eV in the present study. The PDOS spectrum (Fig. 5b) demonstrates the orbital impact
of the V and O atoms. The figure clearly demonstrates that the presence of O_p orbitals has a
significant impact on the valence band. However, the V_d 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[55-57]. In addition, there are a lot of different energy
states in both the valence and conduction bands. This is because vanadium (V) atoms have 3d
orbitals and oxygen (O) atoms have 2p orbitals. The redox capability of V205 can be attributed to
the band edge potentials, which have a pivotal role in oxidation and reduction reactions. The band
edge potentials for the VV.Os nanostructure are determined using the following equations[43].

Figure (11): the photodegradation to compound V20s by method (GGA-PEB).
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Here, Ee represents the energy of an unbound electron on the hydrogen scale, Eg designates the
calculated energy difference, and y represents the electronegativity. The valence band and
conduction band edge potentials have been determined to be 1.9575 eV and -0.2425 eV,
respectively. The V.0Os's calculated band edge potentials meet the requirements for a good
photocatalytic material[55]. The valence band potential is higher than 1.9575 eV, and the
conduction band edge is lower than -0.2425 eV. The relevant potentials mentioned are the standard
normal hydrogen electrode (NHE) potentials used for scaling efficient photocatalytic materials [54-
56].Charge-free carrier mobility is employed as a measure to assess the photocatalytic activity of
V>0s. The increased 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 [58-
60], it is necessary for the effective mass of charge carriers in a nano-photocatalytic material to be
less than 0.5 me in all crystallographic orientations. The present investigation has established that
the effective mass of charge carriers in V20s is 0.473 times the electron mass. This leads to a
reduction in the diffusion coefficient, resulting in a drop in the rate of recombination. An in-depth
understanding of the light absorption properties of the V.Os nanostructure can be gained by
examining its imaginary component of the frequency-dependent dielectric function. The dielectric
function in this study was determined by calculating the in-plane &; (w) and plane &,(w) dielectric
functions, as shown in Figure (14). When examining the actual portion of the spectrum, specifically
the real dielectric function mode &; (w), it becomes evident that there is no alteration in magnitude.
This implies that the entirety of the radiation is traversing the structure. However, there is a notable
reduction in the amplitude observed for the out-of-plane mode (&, (w)), indicating that the structure
is unable to transmit radiation in these energy ranges. However, upon examining the imaginary
component, it is clear that there is once again no absorption of the incident radiation in the in-plane
mode[58-63]. However, we see a distinct peak in the visible region for the out-of-plane mode.
According to the DFT calculations, it is evident that the V20s structure is a feasible choice for
photocatalytic reactions that are powered by visible light[55].

The charge density charts of the valence band maximum (VBwm) and the conduction band minimum
(CBw) states projected on the (010) plane for both configurations are shown in Figure (12). The
valence bond model (VBM) state of V.Os arises from the notable V-O bond length, with the
majority of the charge density focused on the oxygen ions. The CBM state is generated by the
hybridization of d_V, s_V, and p_O. A band [62,64] separates, and the charge density map indicates
enhanced orbital overlap between the VV_ 3d and O_ 2p states. The separated group serves to restrict
electric charge and has been proven to be responsible for the formation of large polarons, resulting
in uneven alkali intercalation [65]. The charge density plot of the valence band maximum (VBwm)
indicates that the O ion has the largest concentration of electron density. The distribution exhibits
spherical symmetry, indicating the existence of ionic bonding. For systems that do not exhibit any
spin polarization, the electronic structure can be correctly described using Density Functional
Theory (DFT) at the Generalized Gradient Approximation (GGA) level. Further improvement can
be attained by considering on-site Coulombic interactions, which encompass the lattice
characteristics and electronic structure of different elements[59-64].

Figure (12): The charge density distribution of V205 in (010) crystallographic.
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Recent research have employed (DFT) and (GGA) calculations to examine However, the band gap
value grows as the value of Ue increases. This increase is attributed to the charge distribution in the
V-0 bond, specifically the splitting of the band. Many individuals often use a widely known value
of Ueff = 3.0 eV for V20s, as it results in a band gap that roughly corresponds to experimental
observations[65,66].

4. Conclusions

The study investigated the use of V205 as active photocatalysts using the PBE-GGA method. It
examined the optical, structural, photocatalytic, and transport properties of these metal oxide
semiconductors. The effect of vanadium (V) and oxygen (O2) on these properties was also studied.
The optical properties showed an absorption edge shift to A = 563.63 nanometers, which aligns with
the solar spectrum. The electronic structure and angular momentum characteristics confirmed
electron charge distribution, revealing a clear map of electron charge transfer and chemical bonding.
The charge density distribution showed a high concentration of charge density on oxygen ions in the
valence band maximum (VBM) and an optimized orbital overlap between vanadium and oxygen in
the conduction band minimum (CBM). This led to the formation of electron-hole recombination
inhibitors (e_h) and limited electrical charge leakage in the alkaline interface. The bandgap value
increased with the Ue value, and Ueff = 3.0 eV was preferred for organic material analysis.
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