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Abstract

Bismuth oxyhalides (BiOX) are layered materials with unique physicochemical and optical

properties. This study investigates the characteristics of BiOX (X= F, Cl, Br, I) crystals

using �rst-principles calculations. The effect of post transition metals (In, Sn, Tl) doping

and co-doping with Br atom on the electronic and optical properties of BiOCl was analyzed

using the density functional theory (DFT) method. The molecular interaction of different

dyes with water and adsorption behaviors on [001] BiOCl surface were investigated via

DFT and Monte Carlo dynamics simulations (MCDS). The electronic properties analysis

shows BiOX has a different energy band gap which varies with the halogen atom, BiOF has

a wide band gap, and BiOI has a narrow band gap. Phonon dispersion studies con�rmed

the geometric stability of optimized BiOX structures, while thermodynamic evaluations re-

vealed that BiOX exhibits hard material characteristics at higher temperatures but softer

characteristics at lower temperatures. The electronic band structure indicates that doping

introduces additional extrinsic electronic states within the energy band gap. Partial density

of states (PDOS) analysis con�rms that the extrinsic band within the forbidden energy gap

arises from the dopants. Consequently, doping with post transition metals and co-doping

with bromine have enhanced the electronic and optical properties of the BiOCl crystal. The

molecular interaction analysis of dye interactions with water revealed a stable electronic

structure in an aqueous medium. Based on the assessed energy gaps, methylene blue (MB)

proves to be a stronger electron donor compared to methyl orange (MO) and methyl red

(MR). Conversely, MO exhibits a greater electron-accepting capacity. The electrophilic-

ity index result shows that MB interacts more with BiOCl crystals than MO and MR dye.

The 2D-reduced density gradient graph and 3D isosurfaces of the non-covalent interaction

analysis con�rm repulsive, attractive, and weak interactions. The molecular electrostatic

potential map analysis of the dyes revealed regions of varying potential values indicating

both nucleophilic and electrophilic sites. MCDS results shows MO has a higher adsorption

energy of -89.34 kcal/mol than MB and MR. Similarly, the experimental results show that

the synthesized samples have a nanosheet with a layered structure. The absorption intensity

of the Sn-doped samples exhibited a redshift and relatively had a higher excitation lifetime

compared to pristine BiOCl. Furthermore, the electronic band gaps obtained from the com-

putational and experimental results are consistent with each other. In conclusion, this study

will help to create more effective and customized adsorbent materials for dye removal appli-

cations, advancing environmental remediation technologies.
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1

INTRODUCTION

1.1 Background of the Study
The rapid advancements in urbanization, industrialization, and healthcare have signi�cantly

contributed to environmental pollution, presenting a considerable challenge to sustainable

development (Bhat and Sundaram, 2015). Among the various forms of pollution, water

pollution has escalated into a critical issue, with dyes such as methylene blue (MB), methyl

orange (MO), methyl red (MR) and antibiotics being major contributors (Aneyo et al., 2016).

These substances are extensively utilized in industries such as textiles, paints, and plastics

(Zheng et al., 2023; Yang et al., 2023b). Dyes can affect the physical and chemical prop-

erties of water, including oxygen levels and pH, which are vital for aquatic life (Rauf and

Hisaindee, 2013). Therefore, the presence of these dyes in the environment has raised con-

cerns about their potential harmful effects on human health and the ecosystem (Khattab et al.,

2020; Islam et al., 2023). Addressing the environmental pollution caused by the discharge of

dye-containing ef�uents has become a pressing concern. Thus, interest in developing effec-

tive methods for removing dyes from wastewater is increasing. Photocatalysis has emerged

as a promising technology capable of addressing these environmental challenges by utilizing

solar energy to convert pollutants into harmless by-products under mild conditions (Zhao

et al., 2023).

Recently, various types of nanostructured materials such as semiconductors, non-noble

plasmonic metal (Sayed et al., 2022), metal oxides(Mubeen et al., 2023; Wang et al., 2023),

polymers (Xie et al., 2023b; Zhang et al., 2023), composites (Tharuman et al., 2023; Zahraei

et al., 2023), etc., have been used for photocatalytic applications due to their unique proper-

ties at the nanoscale (Mubeen et al., 2023; Tharuman et al., 2023; Wang et al., 2023; Sayed

et al., 2022). In particular, semiconductor-based photocatalysts, TiO2, ZnO, Fe2O3, BiOX,

C3N4 etc., have attracted signi�cant attention for their ability to effectively degrade pollutants

and mineralize them into non-toxic products(Hazaraimi et al., 2022). These photocatalysts

facilitate the puri�cation of air and water by degrading organic pollutants through photo-

assisted processes leveraging solar energy. However, traditional metal oxide semiconductors

face several limitations, including wide band gaps, high recombination rates of photoinduced
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charge carriers, and chemical instability (Zhang et al., 2020).

Recently, bismuth-based semiconductor (BBSs) photocatalysts are a new emerging re-

search topic in the nanoscience and nanotechnology arena. Compared to metal oxide pho-

tocatalysts, BBSs has better photocatalytic ef�ciency owing to the Bi 6s and O 2p hybrid

orbitals in the valence band (facilitate the separation of photogenerated carriers), and ab-

sorbs broad visible light radiation (Wang et al., 2020). Moreover, bismuth metal is benign

to the environment (Wang et al., 2019), inexpensive and easily manufactured, and has been

found to have plasmon resonance effect properties (Chen et al., 2022). BiOX is a V-VI-

VII ternary semiconductor material that crystallizes in a tetragonal PbFCl-type structure.

Its crystal structure consists of [Bi2O2] blocks interleaved with double halogen slabs. The

structure is two-dimensional, characterized by strong covalent Bi-O and Bi-X bonds, with

halogen atoms (X-X) connected by weak van der Waals forces. The distinct layered structure

of BiOX facilitates the separation of photo-generated electron-hole pairs, a critical require-

ment for effective photocatalysis. The electronic structure, optical, phonon, and thermody-

namic properties of BiOX materials are interconnected and play vital roles in their photocat-

alytic activity. For example, Zhang et al. (2013) synthesized hierarchical BiOX (X=Cl, Br,

I) nanoplate microspheres via a solvothermal process for methyl orange degradation. Lee

et al. (2018) reported the fabrication of hierarchical BiOX (X= Cl, Br, I) crystals for hydro-

gen production through water splitting, achieving signi�cant hydrogen production rates with

BiOI crystals. Furthermore, Li et al. (2015a) employed microwave irradiation to synthesize

BiOX (X = Cl, Br, I) crystals, which displayed superior photocatalytic activities compared

to commercialT iO2. Jia et al. (2021) developed BiOCl using a simple hydrolysis method

for cipro�oxacin degradation.

From a computational standpoint, understanding the properties and behaviors of BiOX

crystals involves utilizing various theoretical and computational techniques. DFT is com-

monly employed to investigate these materials' electronic structure, stability, and band gap

properties. By simulating the crystal structure and performing energy calculations, researchers

can predict how variations in composition and structure affect the material's performance.

So far, several researchers have investigated the properties of BiOX crystals. For example,

Zhang et al. (2006) and Huang and Zhu (2008) explored the electronic structure, photo-

catalytic activity, and properties of BiOX crystals. Zhou et al. (2019) and Barhoumi and

Said (2021) further investigated the electronic band structure and energy band gap of BiOX

crystals using methods like GW and BSE, with calculated band gaps closely aligning with

experimental data.

This study employs a dual approach that combines computational calculations with ex-

perimental work. The computational methods were used for detailed predictions of the elec-

tronic, optical, vibrational, and thermodynamic properties of BiOX and doped BiOCl crys-

tals. On the other hand, the experimental approach was utilized to synthesize and character-

ize using methods that yield empirical data on material properties, such as spectroscopy, mi-
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croscopy, and X-ray diffraction (XRD). Furthermore, computational approaches were used to

analyze the effects of doping on the charge distribution, band structure, optical, and stability

of both pure and post transition metal doped BiOCl photocatalysts. This theoretical calcula-

tion with the experimental results provides a comprehensive understanding of the properties

of BiOX for photocatalytic application.

1.2 Statement of the Problem
BiOX has attracted signi�cant attention due to its remarkable photocatalytic ef�ciencies and

unique structural features. Its layered structure facilitates the separation of photo-generated

electron-hole pairs, which is essential for effective photocatalysis. Moreover, multiple halo-

gen constituents enable the tuning of electronic and optical properties, thereby enhancing

light absorption and photocatalytic activity. Previous studies have shown that BiOCl exhibits

remarkable photocatalytic activity, particularly for the degradation of organic pollutants and

the production of hydrogen from water splitting.

However, several researchers reported that BiOCl still faces challenges such as a fast

charge recombination rate and a weak visible-light response, which limit its application in

photocatalysis. To solve this challenges several studies have reported that metal doping, in-

cluding Nb, W, Sn, In, Al, Zn, Co, Ti, Ni, Mo, Cd, and Fe, has been used to modify the energy

band width of BiOCl (Nussbaum et al., 2014a; Liu et al., 2022a; Mokhtari and Tahmasebi,

2021; Attri et al., 2023). Similarly, non-metal elements, such as sulfur (S), bromine (Br),

boron (B), nitrogen (N), and carbon (C), have been used to adjust the band gap of BiOCl and

improve its photocatalytic activity (Chen et al., 2015; Zhang et al., 2022; Yao et al., 2021;

Meng and Zhang, 2016).

Achieving high visible light absorption and preventing fast recombination simultane-

ously is another challenge in the doping method. To overcome this challenge, researchers

have explored co-doping of metal and nonmetal, because it takes advantage of synergetic

effects (Yang et al., 2023a; Xie et al., 2023a). Metal elements in co-doping can be used to

modify the CB edge, whereas non-metal doping modi�es the VB edge. While there is a

wealth of literature on BiOCl, there remains a signi�cant gap regarding the exploration of its

electronic and optical properties in the context of post-transition doping and Br-co-doping.

Additionally, there has been no prior work on the molecular interactions of different dyes

in water and their adsorption behavior on the surface of BiOCl crystals. Investigating these

areas could lead to new insights and enhancements in its photocatalytic performance.

To address these gaps, post-transition elements such as indium (In), tin (Sn), and thallium

(Tl) were used as dopants, along with Br, to enhance the electronic and optical characteris-

tics of BiOCl crystals. Furthermore, the molecular interactions and adsorption behavior of

various dyes on the BiOCl surface were also investigated.
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1.3 Objectives of the Study

1.3.1 General Objective

The general objective of this research is to study post-transition metals doped bismuth oxy-

halides for photocatalyst applications using computational and experimental approaches.

1.3.2 Speci�c Objectives

The speci�c objectives of this study are:

• to determine the structural, optical, Raman, phonon, and thermodynamic properties of

pure BiOX using DFT methods.

• to analyze the effect of post-transition metal doping and co-doping on electronic and

optical properties of BiOCl crystal.

• to identify the molecular surface interactions and adsorption behavior of various dyes

on BiOCl surfaces using DFT and MCDS methods.

• to analyze the structural, morphological and optical properties of pure BiOCl and Sn-

doped BiOCl nanopasheets using different characterization techniques.

1.4 The scope of the study
This study employs DFT to investigate the structural, optical, Raman, phonon, and thermo-

dynamic properties of pure bismuth oxyhalides (BiOX). The primary objective is to establish

a foundational understanding of the intrinsic characteristics of BiOX, which are crucial for

assessing its potential applications. Following this analysis, the effects of post-transition

metal doping and Br co-doping on the electronic and optical properties of BiOCl are ex-

plored. This investigation speci�cally examines the alterations in the material's electronic

structure and light absorption capabilities induced by doping, which are critical factors for

enhancing photocatalytic performance.

The experimental phase encompasses the synthesis of pure BiOCl and Sn-doped BiOCl

nanosheets. An analysis of the structural, morphological, and optical properties of the syn-

thesized samples is conducted and compared with the theoretical �ndings. Furthermore,

the study investigates the molecular interactions and adsorption behavior of various dyes

on the surface of BiOCl, utilizing DFT calculations and Molecular Dynamics Simulations

(MCDS). This multifaceted approach aims to deepen the understanding of BiOCl's potential

in photocatalytic applications, particularly in the degradation of dyes.

1.5 Signi�cance of the Study
This research explores BiOX using both theoretical and experimental approaches, empha-

sizing several important features. It establishes a foundational understanding of BiOX prop-

erties, including structural, optical, and thermodynamic characteristics via DFT, which is
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essential for its applications in optoelectronics and photocatalysis. The research explores

the effects of post-transition metal doping on the electronic structure and light absorption of

bismuth oxychloride (BiOCl), enhancing its photocatalytic performance for environmental

remediation. By synthesizing and analyzing pure and Sn-doped BiOCl nanosheets, the study

bridges theoretical predictions with experimental, validating DFT methods and elucidating

the in�uence of dopants. Additionally, it investigates molecular interactions and dye adsorp-

tion behaviors critical for optimizing dye degradation processes, thus contributing to the �eld

of sustainable materials science and paving the way for ef�cient technologies in energy and

water puri�cation. The �ndings of this research support the development of economically

viable and scienti�cally advanced materials for photocatalytic applications. Furthermore,

the study lays a solid basis for further research in photocatalysis and related �elds, allowing

scientists to explore novel approaches to enhancing photocatalytic stability and ef�ciency by

comprehending post-transition doping effects.

1.6 Document Organization
This dissertation is structured into �ve chapters, each focusing on a distinct aspect of the

research regarding the properties and applications of bismuth oxyhalides and related ma-

terials. Chapter 1 provide an essential background on bismuth oxyhalides, their relevance

in photocatalysis, research gaps, and the motivations for the study, while outlining the re-

search objectives. Chapter 2 presents a comprehensive literature review related to bismuth

oxyhalide materials, including basic density functional theory, properties of BiOX, the syn-

thesis methods and photocatalytic applications. Chapter 3 details the materials and methods

used, which divided into two sections: Computational Methods, which discusses the theoret-

ical approaches, such as DFT, and Experimental Methods, which outlines the synthesis and

characterization techniques employed. Chapter 4 showcases the results from both computa-

tional and experimental analyses, offering insights into the electronic, optical, and structural

properties of the materials studied, and discusses their implications for photocatalytic ap-

plications. Finally, Chapter 5 summarizes the conclusion of key �ndings, highlights their

signi�cance, and proposes recommendations for future research directions.
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2

REVIEW OF RELATED LITERATURE

2.1 Bismuth Oxyhalides Materials
BiOX is a group of layered semiconductor materials that have garnered interest due to their

unique structural characteristics and promising photocatalytic properties. Research on BiOX

dates back several decades, but signi�cant advancements have been made since the early

2000s (Gujar et al., 2005; Wakjira et al., 2024). Early studies primarily focused on their syn-

thesis and fundamental properties, with a particular emphasis on understanding their struc-

tural and electronic characteristics. In the late 2000s and early 2010s, researchers began

exploring the photocatalytic capabilities of bismuth oxyhalides, particularly for environmen-

tal applications such as pollutant degradation and water puri�cation (Zhang et al., 2006).

Investigations highlighted the effectiveness of BiOX materials in degrading organic contam-

inants under UV light. The interest in these materials continued to grow as the demand for

ef�cient and sustainable technologies increased, particularly in light of global environmental

challenges.

Despite advancements, pristine BiOX photocatalysts exhibit certain limitations. A pri-

mary drawback is their photocatalytic ef�ciency, which is intrinsically linked to their stability

(Baaloudj et al., 2022; Wang et al., 2019). Recently, band gap engineering through elemental

doping has been an effective technique for enhancing photocatalytic activity as it regulates

the optoelectronic properties and dynamics of the materials (Liu and Peng, 2020). In pho-

tocatalysts, doping is one of the primary objectives to trap photoexcited charge carriers and

to promote their separation. There are two distinct types of elemental doping: metal and

non-metal doping. Metal doping can impact the electronic structure of photocatalysts in two

ways. Firstly, it introduces defects in the crystal, which increases the absorption properties

of the photocatalyst and enhances the lifespan of the photogenerated charge carrier. Sec-

ondly, it generates a surface plasmon resonance (SPR) effect on a Bi-based semiconductor

surface. The presence of SPR can robust the spectral response of semiconductor photocat-

alysts and enhance its quantum yield Chen et al. (2020). Noble metals such as Ag, Ni, Au,

Pt, Pd, V, and others have been reported to be used to modify the electronic band structure

of Bi-based semiconductor photocatalysts. These metals absorb photo-induced electrons on
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the surface of semiconductor materials and enhance the lifespan of photogenerated charge

carriers, thereby boosting photocatalytic reactions.

Doping materials with post-transition metal ions can introduce lattice defects in a semi-

conductor or change the crystallinity, inhibiting the recombination of electron-hole pairs and

prolonging the life of the carriers (Zulki�ee et al., 2023a). The variable valence states and 3d

orbits of post-transition metals have a great impact on the photoelectrochemical properties

of semiconductors, and doping with certain metal ions can also extend the light absorption

region. The metal ions incorporate into the crystal lattice, producing impurity levels in the

forbidden band of a semiconductor. The red shift is attributed to the transition between

the impurity levels to the CB or VB. Usually, highly ef�cient doped photocatalysts depend

largely on tuning by doping with transition metal ions, which should satisfy two criteria: (1)

The dopant can capture the electron and hole and further enable effective local separation.

(2) The trapped electron and hole can be released and migrate to the interface (Belousov

et al., 2023).

The introduction of non-metal dopants creates additional extrinsic electronic states within

the energy bandgap. Two primary hypotheses have been suggested to explain this phe-

nomenon: (i) the maximum of the valence band (VB) is elevated due to the hybridization

of the valence orbitals of the non-metal elements, and/or (ii) the formation of localized states

originating from the valence orbitals of the non-metals. The �rst scenario could result in

a band-to-band absorption edge, allowing electrons in the newly formed VB to transition

into the conduction band (CB). In contrast, the second scenario would preserve the original

absorption edge while potentially introducing minor absorption features, such as shoulder

or tail peaks (AlMohamadi et al., 2024). This leads to improved optical properties of pure

BiOX photocatalyst. Furthermore, it enhances charge transmission, which promotes the

effective separation of electron-hole pairs and hinders the recombination of photoinduced

charge carriers. Liang et al. (2019) successfully conducted a simple hydrothermal synthe-

sis to prepare a dual-doped Bi2WO6, decorated with metallic bismuth (Bi) and nonmetallic

carbon (c) atoms. The synthesized material was instigated with different characterization

techniques. The results showed that the co-decorated C / Bi Bi2WO6, exhibited signi�cantly

higher photocatalytic activity than the undoped Bi2WO6, when decomposing various indus-

trial pollutants under visible light. The synergistic effects of SPR and C doping are attributed

to the increased photocatalytic activities (Qian et al., 2016).

Another alternative in band gap engineering is the deposition of cocatalysts on the surface

of BiOX, as it enhances charge carrier separation and improves the ef�ciency of speci�c

reactions. Co-catalysts, such as noble metals (e.g., Pt, Au) or co-catalysts like NiO or CoOx ,

can serve as active sites for charge transfer and promote speci�c reaction pathways. The

appropriate choice and deposition of co-catalysts can accelerate the kinetics of photocatalytic

reactions, leading to enhanced ef�ciency. The key advantages of doping on photocatalysts

are i) enhancing visible light absorption, ii) ef�cient charge carrier separation, improving

7



catalytic activity, iv) extended lifespan and stability and v) impart selectivity and tunability

to photocatalysts, enabling control over the types of reactions they can catalyze (Feng et al.,

2021).

The photocatalytic performance of a semiconductor is contingent upon the semiconduc-

tor's band edge potentials and the adsorbed species' redox potential. From a thermodynamic

perspective, for effective photocatalytic reactions, the equilibrium potential of the accep-

tor species must be lower (more positive) than that of the conduction band (CB), while the

equilibrium potential of the donor species should be higher (more negative) than that of the

valence band (VB). The redox potentials of the VB and CB are critical in in�uencing pho-

tocatalytic activity. Generally, a more positive maximum in the VB indicates a stronger oxi-

dizing capability of the holes, while a more negative minimum in the CB signi�es a stronger

reducing potential of the electrons. From a kinetic standpoint, a greater degree of delocal-

ization in the VB or CB can enhance the migration ef�ciency of charge carriers, thereby

facilitating photocatalytic oxidation and reduction reactions (AlMohamadi et al., 2024).

2.2 Crystal Structure and Properties of BiOX

2.2.1 Structural and Electronic Properties

BiOX are p-type semiconductors, meaning the energetic arrangement of their conduction

and valence bands means favor reduction processes over oxidation. Pristine BiOX are lay-

ered materials with an open crystal structure, exhibiting properties such as easy modi�cation

and formation of heterogeneous structures with other materials, chemical stability and the

ability to absorb UV and visible light. The crystal structure consists of alternating layers of

bismuth oxide and halides, contributing to their photocatalytic effectiveness. The anisotropic

nature of BiOX facilitates charge separation and migration, enhancing their photocatalytic

performance.

The bismuth (Bi) atoms and halogen (X) atoms form a lattice where the bonding char-

acteristics lead to distinct regions of positive and negative charge density (Castillo-Cabrera

et al., 2022). These materials crystallize in a tetragonal matlockite structure, characterized

by the P4/nmm space group. The layered structure of BiOX is composed of [X–Bi–O–Bi–X]

slabs held together by weak van der Waals interactions as shown in Fig. 2.1. Within each

[X–Bi–O–Bi–X] slab, bismuth (Bi) atoms are coordinated to four oxygen (O) atoms and four

halogen (X) atoms. This arrangement leads to strong intralayer covalent bonding, while the

interlayer van der Waals forces contribute to the material's layered structure. The combina-

tion of strong intralayer bonding and weak interlayer interactions gives rise to anisotropic

properties in BiOX materials. This anisotropy is observed in their structural, electrical, opti-

cal, and mechanical properties, making them promising candidates for various applications

(Bhachu et al., 2016).

The band structure and density of states are fundamental concepts in solid-state physics,
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Figure 2.1: Crystal structures of BiOX

providing a comprehensive description of the electronic structure of materials. The band

structure arises from the interaction of atomic orbitals in a periodic lattice. When atoms

come together to form a solid, their atomic orbitals overlap and hybridize, forming bands

of allowed energy levels. These bands are separated by forbidden energy gaps, where no

electronic states exist. The highest occupied band at absolute zero temperature is called

the valence band. It contains the electrons responsible for bonding within the solid. The

lowest unoccupied band is called the conduction band. Electrons in this band are free to

move and contribute to electrical conductivity. The energy difference between the valence

and conduction bands is known as the band gap (Eg) (Arumugam et al., 2021). The size

and nature of the band gap determine how a material interacts with light and electricity,

in�uencing its conductivity and optical properties. In most cases, the electron momentum

at the valence band's top and the conduction band's bottom do not exist at the same k-

point. A direct band gap occurs when the maximum energy level of the valence band and

the minimum energy level of the conduction band are aligned in momentum space as shown

in Fig. 2.2 (a). This alignment allows electrons to transition directly between these bands

without the need for a change in momentum. In contrast, an indirect band gap occurs when

the maximum of the valence band and the minimum of the conduction band are located at

different momentum values as shown in Fig. 2.2 (b). As a result, an electron transitioning

from the valence band to the conduction band must also change its momentum, typically

involving the interaction with a phonon (a quantized mode of vibration in a crystal lattice).

The electronic density of states (DOS) is a property on how many electronic states ex-

ist per volume per energy. It provides information on the distribution of electronic states
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Figure 2.2: Schematic diagram of electronic band structure (a) direct band gap and (b) indi-
rect band gap.

within the energy bands. The DOS exhibits sharp peaks and valleys, known as Van Hove

singularities, corresponding to critical points in the band structure where the energy gradient

vanishes. The DOS is directly related to the band structure. Peaks in the DOS correspond

to regions of high density of states in the band structure, while valleys indicate regions with

low density of states. The DOS near the Fermi level determines the material's conductivity.

2.2.2 Optical Properties

The interaction of light with matter results in a variety of phenomena, including transmis-

sion, re�ection, and scattering. At the microscopic level, light, or more precisely, photons,

interacts with electrons within the material. These interactions give rise to the material's op-

tical properties, which can be broadly categorized into absorption, emission, and scattering.

In semiconductors, optical absorption (or emission) is particularly sensitive to the energy of

the incident photon. Absorption occurs when the photon energy exceeds the semiconductor's

band gap, promoting an electron from the valence band to the conduction band.

The dielectric function Eq. (2.1) describes the response of a material to an external

applied �eld and is related to the material's ability to polarize and store electrical energy

(Kumar et al., 2009).

� (! ) = � 1(! ) + i� 2(! ) (2.1)

where� (! ) is the linear response of electrons and optical transitions to photons expressed as

a function of the angular frequency. The real part is related to the electronic polarizability

of the crystal and is denoted by� 1(! ), while the imaginary part, which corresponds to the

energy absorbance, is represented by� 2(! ). The imaginary part is computed from the mo-

mentum matrix between the occupied and unoccupied wave functions in the �rst Brillouin
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zone using Eq. (2.2) (Okoye, 2004). The Kramer-Kronig relation Eq. (2.3) can be used to

determine the real component of the dielectric function from the imaginary component for

all positive frequencies Wu and Wu (2016).

� 2 =
�e 2

� oV
1
q2

�
 c

ke� iq:r  �
k0

� 2
(2.2)

where e is the charge on an electron,� o is the permittivity of free space, V is the volume of

the unit cell, and q is the momentum transfer and k is wave number with k' = k+q.

� 1(! ) = 1 +
2
�

p
Z 1

0

! 0� 2(! 0)
! 02 � ! 2
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Wherep denotes the Cauchy principal value,! 0 is the angular optical frequency variable,

� 1(! ) is related to the absorption coef�cient and� 2(! 0) is related to the refractive index. The

dielectric constant (� ) is related to the ratio of the speed of light in a vacuum (c) to the speed

of light in a medium (v) through� = N 2. The optical properties of a medium are directly

linked to its dielectric constant using Eq. (2.4).

N =
p

� = n + ik (2.4)

The refractive index (n) and the extinction coef�cient (K) are typically not measured directly

in optical experiments. Instead, the absorption coef�cient (� ) and the re�ectivity (R) are the

measurable quantities (Beal and Liang, 1976). Once the dielectric function is known, the ab-

sorption coef�cient and re�ectivity can be calculated using Eq. (2.5) and (2.6), respectively.

� =
2K!

c
(2.5)

R =
(n � 1)2 + K 2

(n + 1) 2 + K 2
(2.6)

where n and K are calculated using Eq. (2.7).
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1
2

([� 2
1 + � 2

2]
1
2 + � 1); K 2 =

1
2

([� 2
1 + � 2

2]
1
2 � � 1) (2.7)

The imaginary part of the inverse dielectric tensor is proportional to the electron energy loss

spectrum (EELS) as expressed in Eq. (2.8).

EELS = Im [
� 1
� (! )

] (2.8)

The real values of the dielectric permittivity, or equivalently, the complex dielectric func-

tion at imaginary frequencies, denoted as� (i! ), were determined using the Kramers-Kronig

relations, as expressed in Eq. (2.9). This approach allows for the extraction of the frequency-
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dependent dielectric response from the material's optical properties.

� (i! ) = 1 +
2
�

p
Z 1

0

! 0� 2(! 0)
! 02 + ! 2

d! 0 (2.9)

The joint density of states (JDOS) is a crucial concept in solid-state physics and materials

science, particularly in the study of the electronic properties of materials. It describes the

number of available electronic states at a given energy level for two interacting particles,

such as electrons in a solid. The JDOS is de�ned as the density of states for two particles

(often electrons) in a system, considering their energy levels. It quanti�es how many pairs of

states (e.g., an electron in the conduction band and a hole in the valence band) are available

for a given energy. Mathematically, it can be expressed as (Cabrera et al., 2016):

g(E1; E2) =
d2N

dE1dE2
(2.10)

whereE1 andE2 are the energies of the two particles, and N is the number of states. The

absorption spectrum of a material can be understood by analyzing the JDOS. A prominent

peak in the JDOS indicates a high density of available transitions at a speci�c energy dif-

ference,E f � E i . This energy difference corresponds to the energy of photons absorbed

by the material. Consequently, a large peak in the JDOS directly translates to a peak in the

absorption spectrum, signifying a high probability of photon absorption at that energy.

Non-resonant Raman spectroscopy is a valuable technique for probing molecular vibra-

tions, lattice dynamics, and low-energy excitations in materials. Unlike resonant Raman

spectroscopy, which relies on aligning incident laser frequencies with the electronic transi-

tions of materials, non-resonant Raman spectroscopy operates independently of these tran-

sitions, with Raman scattering resulting from the inelastic scattering of light by molecules.

Under non-resonant conditions, the incident photon energy does not match any electronic

transitions, allowing the Raman signal to arise exclusively from the material's vibrational

modes without electronic state enhancement (Boutahir et al., 2020). Key aspects of this

method include the interaction of photons with molecular vibrations, which induces a tem-

porary excited state and results in the emission of photons with energy corresponding to

the vibrational levels. The emitted light can be classi�ed into Stokes and anti-Stokes com-

ponents, and the analysis of the Raman spectrum provides a distinct ”�ngerprint” of the

molecular composition, offering insights into functional groups, molecular symmetry, and

interactions within complex mixtures. This technique's capacity to characterize materials

without requiring resonance makes it an effective analytical tool for understanding various

material properties and behaviors.
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2.2.3 Lattice Oscillations

Phonons, are quantized lattice vibrations of atoms in a crystal lattice. The relationship be-

tween the phonon frequency (! ) and wavevector (q) is known as the phonon dispersion

relation, which provides a comprehensive picture of the vibrational modes within the solid.

Their understanding is crucial for predicting and controlling the thermal, mechanical, and

optical properties of solids, leading to advancements in various �elds, including materials

science, condensed matter physics, and nanoscience (Jessen and Deutsch, 1996). A crystal

lattice with N atoms per unit cell exhibits 3N phonon modes, representing collective atomic

vibrations. These modes are categorized as acoustic and optical phonons. Acoustic phonons

(3 modes) have low frequencies, approaching zero at the Brillouin zone center, and repre-

sent long-wavelength vibrations where neighboring atoms move in unison. They are further

classi�ed as longitudinal (LA) or transverse (TA) based on the oscillation direction relative

to wave propagation. Optical phonons (3N-3 modes) have higher frequencies and involve

out-of-phase atomic motion. They are similarly classi�ed as longitudinal (LO) or transverse

(TO) based on the oscillation direction. The speci�c mode type can be identi�ed by analyz-

ing atomic displacements at the Brillouin zone center.

The phonon angular frequencies(! q) are determined by solving the simultaneous equa-

tion of motion for each q as

X

j

D i � ;j � (q)uj � (q) = ! 2
qui � (q) ( i � = 1; : : : ; 3N ); (2.11)

where N is the number of atoms in the unit cell and� (� ) corresponds to x, y, z components

of oscillation. ui� (uj � ) is a phonon eigenvector (or the amplitude of the phonon) of the

i th (j th ) atom. Summation onj � is taken for neighbor atoms from a giveni th atom up to

several nearest neighbors.D i � ;j � (q) is called the dynamical matrix, which is de�ned by

D i � ;j � (q)uj � (q) =
1

p
M i M j

Fi � ;j � (q) (2.12)

whereM i (M j ) is mass of thei th (j th ) atom. Fi � ;j � is second derivative of the total energy

E tot with respect to the displacements(ui � ; uj � ) of atomic positions, which is called the

inter-atomic force constant (IFC), which is given

Fi � ;j � (q) =
@2E tot

@ui � (q)@uj � (q)
(2.13)

2.2.4 Thermodynamic Properties

The thermodynamic properties of BiOX crystals, including enthalpy, entropy, Gibbs free

energy, and heat capacity, provide essential insights into their stability, phase behavior, and
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overall performance in various applications. The statistical thermodynamic expressions used

to determine the thermodynamic properties of the BiOX crystals in reciprocal space are listed

in Eq. (2.14)-(2.18). Eq. 2.14 can be used to relate the system's internal energy to its

temperature.

E(T) = ET + Ezp +
Z

h!

e
h!
KT � 1

F (! )d! (2.14)

whereET is the total electronic energy at 0 K,Ezp is the zero-point vibrational energy, h is

Planck's constant, k is the Boltzmann constant, andF (! ) is the vibrational density of states.

The zero-point vibrational energy of the BiOX crystal was calculated using Eq. (2.15),

Ezp =
Z

F (! )h!d! (2.15)

The vibrational contribution to the free energy, F, is given by:

F (T) = ET + Ezp + KT
Z

F (! )ln
�
1 � exp(�

~!
KT

)d!
�

(2.16)

The vibrational contribution to the entropy, S, can be obtained using:

S(T) = K

" Z ~!
KT

exp( ~!
KT ) � 1

F (! )d! � ln
�
1 � exp(�

~!
KT

)d!
� #

(2.17)

The expression in Eq 2.17 typically includes two main terms, each representing different

contributions to the overall entropy. The �rst terms represents the thermal energy contri-

bution of the phonons to the entropy density. As temperature increases, this term becomes

signi�cant because it accounts for the average energy per mode that contributes to disorder in

the system. The second terms represents the contribution to entropy from the phonon modes

at a given frequency. This term re�ects how the number of available phonon states increases

with temperature, leading to higher entropy as more states become thermally accessible. At

higher temperatures, more phonons can be excited, resulting in greater disorder and thus

higher entropy. Furthermore, the lattice contribution to heat capacity (Cv) can be calculated

using Eq. (2.18)

CV = K
Z

( ~!
KT )2e

~!
KT

�
( ~!

KT )2 � 1
� 2 F (! )d! (2.18)

The temperature dependence of the heat capacity is given by the Debye model Eq. (2.19):

C =
12� 2NK B

5� 3
D

T3 (2.19)
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2.3 An overview of Density Functional Theory
The main objective of computational material science is to predict and control material prop-

erties through an understanding of atomic, molecular, crystalline, and microscopic structures.

The complex interactions between electrons and nuclei determine the properties of the mate-

rials. The materials are held together by a �nely balanced repulsive and attractive Coulomb

interaction between the nuclei and electrons (Engel, 2011). Electrons are treated as wave

functions in quantum mechanics instead of classical particles. Hence, the Schrödinger equa-

tion is used to describe the interactions between electrons and nuclei. A system of electrons

and nuclei is described by the Schrödinger Eq. (2.20)

Ĥ = E (2.20)

whereĤ is the Hamiltonian operator of the system given as Eq. 2.21, E is the total energy of

the electrons and nuclei, and is the wavefunction of the system (Kohn and Sham, 1996).

H = Tn + Vn + Te + Ve + Ven (2.21)

where,Tn is the kinetic energy of nuclei,Te is the kinetic energy of electron,Vn Coulomb

repulsion between a pair of nuclei,Ve Coulomb repulsion between a pair of electrons and

Ven Coulomb attraction between electrons and nuclei. Hence, the more complete description

of the Schrodinger equation is expressed as Eq. (2.22)

"
~2

2m

NX

i =1

r 2 + V(r i ) +
NX

i =1

X

j<i

U(r i ; r j )

#

 = E (2.22)

Fortunately, in most practical purposes, the potential �eld is not a function of time (t), or

even if it is a function of time, it changes relatively slowly compared to the dynamics we

are interested in. However, the nuclei are much heavier than the electrons. Moreover, the

average speed of the nuclei is much smaller than that of the electrons. Therefore, we can

assume that the electrons will follow the nuclear motions without any delay, and we can

decouple the electronic and nuclear motions to the �rst approximation, which is known as

the Born-Oppenheimer approximation. Hence, Eq. (2.20) is rewritten as Eq. (2.23).

 (r; t ) =  (r )f (t) (2.23)

That reduces our task to solving only time-independent Schrödinger equation:

�
� ~2

2m
r 2 + V(r )

�
 = � (2.24)

However, the Schr̈odinger equation can only be analytically solved for systems with a
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single electron. The real physical system consists of a large number of atoms. Because of

the intricacy of the Coulomb interactions, the Schrödinger equation can only be solved with

some approximations for any system containing more than two electrons. To overcome this

problem, many researchers have been developing methods of approximation since the late

1920s. The most successful method in the computational realm is the density-functional

theory (DFT). The DFT is a quantum-mechanical theory of approximation in which the

Coulomb interaction between electrons is expressed by a functional of the electron density

(Engel, 2011). It calculates the ground-state electronic state of materials. Hence, it allow the

prediction and calculation of material behavior at the ground state on the basis of quantum

mechanical considerations. The electronic structure is evaluated using a potential acting on

the system's electrons. This DFT potential is constructed as the sum of external potentials

Vext , which is determined solely by the structure and elemental composition of the system,

and an effective potentialVef f , which represents the electron-electron, electron-phonon, and

nuclei-electron interaction (Kohn and Sham, 1996).

The nuclei within the material are nearly immobile, and X-ray crystallography allows for

the precise determination of their locations. To determine the electronic energy band, we can

therefore �x the locations of the nuclei in real space with zero kinetic energy. At that point,

Vn turns into an external potential or just a constant. In such case, the problem that we have

to solve becomes a purely electronic one and Eq. 2.21 becomes, (2.25)

H = Te + Ve + Ven (2.25)

The Schr̈odinger equation becomes coupled many-body equation.

"
� ~2

2m

NX

i =1

r 2 +
NX

i =1

V(r; t ) +
NX

i =1

X

j<i

U(r i ; r j )

#

 (r1; r2; :::; rN ) = E (r1; r2; :::; rN )

(2.26)

With today's available computing power, it is far from feasible to solve the actual electronic

wave function of a condensed matter system, where N is of the order of1023.

2.3.1 Hartree-Fock Theory

Hartee method assumes for an n-electron system, each electron is independent and interacts

with each other in an average way. Hence, the self-consistence �eld method is used to solve

the equation of wave. And the total energy is the sum of all the energy of the electron. How-

ever, the Hartee method does not include two basic principles of quantum mechanics: the

antisymmetry principle and Pauli's exclusion principles. Furthermore, it does not consider

the exchange and correlation energies due to the n-electron nature of real system (Engel,

2011). Fock improves the Hartee methods by considering the n-electron system wavefunc-

tion as a combination of non-interacting one-electron wave functions which are expressed

in the form of Slater determinant. Hatree-Fock theory is fundamental to many subsequent
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theories of electronic structure. The generalized Slater determinant form of the N-electron

system is

 =
1

p
N !

�
�
�
�
�
�
�
�
�
�

� 1(r1) � 2(r2) : : : � N (r1)

� 1(r2) � 2(r2) : : : � N (r2)
...

...
...

...

� 1(rN ) � N (rN ) : : : � N (rN )

�
�
�
�
�
�
�
�
�
�

(2.27)

where the prefactor1p
N !

is a normalization constant and� i (r i ) are electron orbital states.

The above antisymmetrized product can describe electrons that move independently of each

other while they experience an average (mean-�eld) Coulomb force (Kohn and Sham, 1996).

2.3.2 Hohenberg-Kohn Theorem

The foundation of DFT rests upon two seminal publications: the work of Hohenberg and

Kohn and the subsequent paper by Kohn and Sham (Epstein and Rosenthal, 1976). The ini-

tial formulation, presented in the Hohenberg-Kohn paper, is known as the Hohenberg-Kohn

theorem. This theorem established the fundamental principle that the ground state electron

density of a system uniquely determines its Hamiltonian, thus providing a framework for

describing the system's properties based on its electron density. The second paper, by Kohn

and Sham, introduced a practical method for applying the Hohenberg-Kohn theorem. This

method, referred to as the Kohn-Sham equations (discussed in section 2.3.3), employs an ef-

fective potential to approximate the true electron interaction, allowing for the calculation of

the ground state electron density and subsequently, other electronic properties of the system

(Kohn and Sham, 1996). According to their theorems, the Hamiltonian is completely deter-

mined by the external potentialVext (r ) for an N-electron system. Therefore, both the number

of electrons and the external potential determine all electronic properties of the ground state

energy. However, it is reasonable because the external potential is determined by the nucleus

structure.

• Theorem-I: The external potential energy is a unique functional of the ground state

electron densityn0(r ).

• Theorem-II: The ground state energy of the system is obtained via minimization of

the energy functional with respect to the electron density, which is equivalent to ground

state electron density (Salami and Shokri, 2021).

2.3.3 The Kohn-Sham Equations

As discussed in section 2.2.2 the Hohenberg-Kohn theorem, which guarantees to give the

ground-state energy. Despite the theoretical elegance of the Hohenberg-Kohn theorem, it

lacked an analytical solutions for determining the exact form of functional F[n(r)] given

by Eq. (2.28), which relates the electron density to the system's energy. Kohn and Sham
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(1965) addressed this challenge by introducing an explicit form for F[n(r)] and constructing a

Schr̈odinger-like equation known as Kohn-Sham equation Eq. (2.29) based on this functional

(Kohn and Sham, 1996). This equation, amenable to solution using the Self-Consistent Field

(SCF) method, facilitated the implementation of DFT calculations within computer codes,

making it a powerful tool for practical applications in quantum chemistry and condensed

matter physics.

F (n) = To(n) +
e2

2

Z
n(r )n(r 0)
jr � r 0j

drdr 0+ Exc(n) (2.28)

The �rst term is the kinetic energy, the second is classical electrostatic self-interaction of the

electron charge-density distribution, and the third is exchange-correlation energy in Eq.

�
~2

2m
+ V(r ) + VH (r ) + VXC (r )

�
 i = E i (2.29)

WhereE i is the orbital energy of the corresponding Kohn-Sham orbital i , VH (r ) is Hartee

potential,VXC is the exchange-correlation potential.

2.4 Basic Parameters in DFT Calculations

2.4.1 Total Energy and Self-Consistent Field

In quantum mechanics, the single-particle Schrödinger equation describes the behavior of a

quantum particle in a potential. In the context of many-body systems, such as those encoun-

tered in DFT, the situation becomes more complex due to electron-electron interactions.

The dif�culty arises becauseVH depends on the electron density, which in turn is deter-

mined by the wave functions obtained from solving the single-particle Schrödinger equa-

tion. This leads to a circular dependency: To calculateVH one must �rst assume a form for

Solve Schr̈odinger Equation: With this guess, the single-particle Schrödinger equation can

be solved. From the wave functions i one computes a new density. This new density is then

used to recalculateVH , leading to a newVef f , and the process repeats. The iterative process

must converge to a self-consistent solution where the input density and the output density

remain unchanged.

The total energy of a system is expressed as a functional of the charge density as

E(� ) = Ts[� (r )] + J [� (r )] +
Z

� ext (r )� (r )dr + Exc[� (r )] (2.30)

Where the �rst term in Eq. (2.30) is the kinetic energy of the non-interacting system, the

second term is the classical Coulomb repulsion energy, the third term is the interaction of the

external potential acting on the electrons, and the last term is the exchange and correlational

energy and expressed as

Exc[� (r )] = ( Vee[� (r )] � J [� (r )]) + ( T[� (r )] � Ts[� (r )]) (2.31)
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WhereT[� (r )] is the kinetic energy of the interacting system andVee[� (r )] is the non classi-

cal interaction between electrons.

The electron density is constructed from a set of one-electron wavefunctions called Kohn-

Sham orbitals. These orbitals are solutions to a �ctitious non-interacting system that has the

same electron density as the real interacting system. The total electron density is calculated

as the sum of the squares of the Kohn-Sham orbitals: The electron density is the main vari-

able in DFT calculation. Therefore, the electron density for an N-particle system is given

as

� (r ) =
X

j i j2 (2.32)

Where i is the i th Kohn-Sham orbital. Thus, it is necessary to determine the charge

density by solving Kohn-Sham equations self consistently. Solving the electron density from

the Kohn-Sham equation begins with a guess and continues iteratively until it converges. The

�owchart of iteration is shown in Fig. 2.3.

Figure 2.3: The �owchart of optimization of atomic positions

A simple method to damp charge oscillations during the iterative process is to use a linear

combination of input and output densities as the input charge density to the next iteration

using a mixing algorithm

� (r )new = �� (r ) i + (1 � � )� (r )new 0 < � < 1 (2.33)

Electron density can be expressed in terms of a basis set. However, Gaussian and plane waves
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are the most ef�cient for the description of the orbitals. A Gaussian basis set is localized at

each atom to expand the Kohn-Sham orbitals and a plane wave basis set is not localized at

each atom to describe the electron density.

2.4.2 Cut-off Energy and Pseudopotential

The size of the Hamiltonian matrix, N, is determined by the number of reciprocal lattice

vectors G. As N increases, the accuracy of the calculation improves, but this also leads to an

increase in the computer's memory size and computational time. Therefore, it's important

to �nd an optimal N by plotting the total energy and computational time against N. In �rst-

principles calculations, we typically don't compare N for different calculations, but instead

use a cut-off energy in atomic units as a reference point which is expressed as

ECutt � of f =
~2

2m
G2

max (2.34)

whereGmax is the largest reciprocal lattice vector. We use the cut-off energy because the

values of N depend on the size of the unit cell (Garrity et al., 2014).

The pseudopotential selection for each atom also in�uences the choice of cut-off energy.

For heavy elements, the solid-state properties are mainly determined by the valence electrons

in the highest occupied orbitals, and the inner-core electrons in the 1s, 2s, and 2p atomic

orbitals are less signi�cant. The valence electrons located near the highest occupied orbitals

primarily contribute to the properties, as they experience screened Coulomb potentials by

core electrons, excluding the core region of the atom. A pseudopotential is a potential in

which the core region of an atom is arti�cially smoothed out near r = 0, reducing the need

for many G (or N) to obtainVG with the same numerical accuracy. The pseudopotential

is expressed as a function of the distance from the center of the atom (r) and the electron

density based on the density-functional theory.

The three commonly used types of pseudopotentials are norm-conserving pseudopoten-

tials, ultrasoft pseudopotentials, and projector-augmented wave (PAW) methods, each with

unique characteristics and applications. Norm-conserving pseudopotentials are designed to

ensure that the norm of the pseudowavefunctions matches that of the all-electron wavefunc-

tions. This requirement enhances the accuracy and transferability of the pseudopotentials

across different systems. Additionally, an important condition is imposed: the energy deriva-

tive of the logarithmic derivative of the pseudofunctions must correspond to that of the all-

electron wavefunctions. This strict norm conservation ensures that the core regions are ac-

curately represented while simplifying the valence electron interactions.

Ultrasoft pseudopotentials, on the other hand, relax the norm-conservation constraint,

which allows for the incorporation of multiple potentials for each angular momentum chan-

nel. This �exibility results in softer potentials that enable the alignment of all-electron eigen-

values over a wider energy range. One of the signi�cant advantages of ultrasoft pseudopoten-
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tials is the larger core radius that can be achieved compared to norm-conserving pseudopo-

tentials of similar accuracy, enabling calculations that reduce computational costs without

compromising results.

The PAW method represents a more sophisticated framework for handling atomic po-

tentials. In this approach, the atomic potential is divided into two distinct regions: the core

region and the valence region. In the core region, wavefunctions are treated explicitly as all-

electron wavefunctions, while in the valence region, a simpler pseudopotential is employed.

The PAW method uses projectors to reconstruct the all-electron wavefunctions from the sim-

pler pseudopotential wavefunctions, achieving both accuracy and computational ef�ciency.

2.4.3 K-point for Brillouin Zone Integration

To calculate the periodic system's �rst principle electronic structure, we must perform the

numerical integration in the wave-number space, speci�cally the integration in the Brillouin

zone (Kratzer and Neugebauer, 2019).

Z
f (kx ; ky; kz)dkxdkydkz (2.35)

The integral is replaced by the summation of the discrete sample points:

X
wi f (ki

x ; ki
y; ki

z) (2.36)

where the summation is taken over the sampling points(ki
x ; ki

y; ki
z) with weightwi . A quan-

tum mechanical quantity f(k) on one k-point may have a physical property related to that on

another k-point f(R.k) by the symmetry operation R; these two quantities have the same value

because of the periodic structure. To obtain information about the other sampling k-points,

it is practical to compute the quantum mechanical quantity only in the representatives of the

sampling k-points. These representatives ought to be taken in the irreducible Brillouin zone,

which is the smallest segment of the integral's range and where sampling point weights may

vary (Setyawan and Curtarolo, 2010).

The wave-number vector is given by the coef�cients(k1; k2; k3) on the reciprocal lattice

vectors(G1; G2; G3), which are expressed asK = k1 � G1 + k2 � G2 + k3 � G3. The uniform

k-points in the whole Brillouin zone are generated by using

k(i;j;l )
1 =

(i � 1) + s1

N1
; k(i;j;l )

2 =
(j � 1) + s1

N2
; k(i;j;l )

3 =
(l � 1) + s1

N3
(2.37)

whereN1, N2, andN3 are the numbers of divisions along each reciprocal vector and(s1; s2; s3)

are the shift of the origin (Kratzer and Neugebauer, 2019).
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2.5 Exchange-Correlation Functional
In DFT, the most important energetic contributions are accounted for the kinetic energy of

the non-interacting system and electrostatic interactions of the electrons with their charge

density and with the nuclear cores. The exchange-correlation energy accounts for the re-

maining electronic energy not included in the non-interacting kinetic and electrostatic terms.

Currently, there is no analytical solution to solve the Kohn-Sham equations. Therefore, to

solve this puzzle in the DFT calculation, we use different approximation methods such as

the semilocal exchange correlation functional, the local density approximation (LDA), gen-

eralized gradient approximations (GGA), or hybrid.

A LDA is an approximation for the exchange-correlation energy(Exc), which depends

solely on the value of the electronic density at each point in space. A local density approxi-

mation for the exchange-correlation energy is written as

E LDA
XC =

Z
d3rE 0

XC (� o)j � o ! � (r ) (2.38)

whereE 0
XC (� o) is the exchange-correlation energy in a homogeneous electron gas with the

density� o = � (r ). The LDA is exact in the limit of high density or a slowly varying charge-

density distribution. Hence, for weakly correlated materials, such as semiconductors and

simple metals, the LDA accurately describes structural and vibrational properties (Lewin

et al., 2019). The electron density is not distributed uniformly in real crystals. Hence, LDA

approximation cannot predict the exact exchange energy in the real crystal. This problem

can be solved by considering the gradient of the electron density.

The GGA greatly improves the calculation results of the energy related to electrons and

exchange. In GGA, the exchange-correlation energy is the functional of two variables, i.e,

electron density and electron-density gradient which is given below. The most commonly

used GGA functions include PW91 and Perdew–Burke Ernzerhof (PBE) (Perdew, 1991).

EXC = EXC [� (r ); r � (r )] (2.39)

Hybrid functionals represent a signi�cant advancement in DFT, combining the strengths

of both Hartree-Fock (HF) theory and pure DFT functionals. By incorporating a portion

of exact exchange from HF theory into the DFT exchange-correlation functional the hybrid

functional has demonstrated remarkable accuracy for a wide range of systems and properties.

Generally, the accuracy of DFT method depends on different parameters such as the choice

of the exchange correlation functional, pseudopotentials, initial spin states, energy cutoffs,

and k-point grid. Furthermore, numerical convergence must often be monitored and tuned

through the choice of matrix diagonalization schemes, charge mixing strategies, and k-space

integration methods (Arbuznikov, 2007).
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2.6 Molecular Dynamics Simulation
The potential energy surface (PES) of a small molecule is a multidimensional landscape that

represents the energy of the molecule as a function of its atomic positions. Understand-

ing this surface is crucial for predicting molecular behavior, reactivity, and stability (Cao

et al., 2021). The lowest point on the PES, representing the most stable con�guration of the

molecule. Identifying this point is essential for understanding the molecule's equilibrium

state. The PES can have numerous local minima due to variations in bond lengths, angles,

and torsional angles. This complexity arises from the interplay of various types of molec-

ular interactions like van der Waals forces, hydrogen bonding, and electrostatic interactions

(Ngambia et al., 2019). There are different methods for �nding the global minimum like

Monte Carlo Algorithms and molecular dynamics. The Monte Carlo method is a probabilis-

tic method that involve randomly sampling con�gurations of the system. By using a de�ned

temperature, Monte Carlo algorithms can help escape local minima, allowing for exploration

of the PES. Techniques such as simulated annealing can be employed, where the system is

gradually cooled to promote convergence to the global minimum (Hammersley, 2013).

Several quantum chemical descriptors can be used to analyze the chemical reactivity

of molecules on the surface of a crystal. One very important electronic properties of the

molecule is its HOMO and LUMO energy. The energy gap between the HOMO and LUMO

for each dye was calculated as (Khni�raa et al., 2020)

� Egap = ELUMO � EHOMO (2.40)

Another molecular quantum chemical descriptor that determines the chemical reactivity of

dyes on the surface of semiconductor crystals is electronegativity(� ), which is de�ned as

(Cao et al., 2021),

� =
IE + EA

2
(2.41)

where IE is the ionization energy and EA is the electron af�nity. This parameter re�ects

the tendency of an atom to attract electrons in a bond. The IE is approximated from the

EHOMO value asIE = � EHOMO , whereas the EA is obtained from theELUMO value as

EA = � ELUMO . The global hardness and softness of molecules are signi�cant parameters

in�uencing their stability and reactivity during the adsorption process. The global hardness

(� ) is de�ned as

� =
� Egap

2
(2.42)

The global electrophilicity index serves as a valuable descriptor in predicting the behavior

of molecules during adsorption processes, in�uencing their reactivity and interaction with
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surfaces and other species in a chemical environment (Jupp et al., 2018). It is de�ned as

! =
� 2

2�
(2.43)

where� is the electrochemical potential of the molecule de�ned as� = � � . According

to 2nd-order perturbation theory, the stabilization due to delocalization of an electron pair

from the donor orbital (i) to the acceptor orbital (j) is calculated as

E(2) = qi
F (i; j )2

(E j � E i )
(2.44)

whereqi is the donor orbital occupancy,E i ; E j are diagonal elements (orbital energies) and

F(i, j) is the off-diagonal NBO Fock matrix element (Demircio�glu et al., 2015).

The total energy of con�guration m is calculated according to the following sum,

Em = E AA
m + E AS

m + UA
m (2.45)

whereE AA
m represents the intermolecular energy among the molecules of dyes,E AS

m signi�es

the interaction energy between the dye molecules and the BiOX surface and whereUA
m indi-

cates the total intramolecular energy of the dye molecules. Importantly, the intramolecular

energy of the dye structures was not included in the calculations, as these structures were

held constant throughout the simulation. Consequently, this energy contribution remains

constant and effectively cancels out since only the differences in energy are signi�cant for

the adsorption locator calculations. The total intramolecular energy is calculated as the sum

of the intramolecular energies of all adsorbates across all the components:

Um
A =

X
Uintra (2.46)

where N denotes the set of adsorbate loadings of all the components in con�guration m. The

adsorption energy is calculated as

Eads = Esys � (Esurf + Edye) (2.47)

whereEsys is the total energy of the dye-surface system,Esurf is the energy of the clean

surface andEdye is the energy of the isolated dye molecule (Carrasco et al., 2013).

2.7 Synthesis Methods of BiOX Nanomaterials
There are two general approaches to synthesize nanomaterials for various applications, that

is, top-down and bottom-up (Yi et al., 2023). Mechanical, electrical and thermal forces are

used in the top-down approach to crushing bulk materials into microparticles or nanopar-

ticles. Due to the chemical reactions and attractive forces small molecules and atoms are
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assembled in bottom-up processes. Speci�cally, the BBSc photocatalysts can be synthesized

through physical, chemical, and biological (green) methods. In contrast to physical synthe-

sis methods, chemical synthesis methods are profoundly dependent upon chemical solvents,

while green synthesis methods are characterized by non-toxic chemicals and substrates (Bhat

and Sundaram, 2015).

The performance of catalysts depends on various parameters such as morphological char-

acteristics such as particle shape, size, and surface area, electronic structures, catalyst dose,

pH and pollutant concentration, and temperature (Kumar and Pandey, 2017). Therefore, syn-

thesis methods may have a signi�cant contribution to enhancing the noninherent parameters

of the photocatalytic materials, such as morphology and surface properties. To date, the

BiOX photocatalyst has received special research attention in the catalysis �eld owing to its

strong redox reaction capacity (Li et al., 2022). The photocatalytic activity of BiOX photo-

catalysts mainly depends on their size, morphology, speci�c surface area and crystalline

structure. Over the past two decades, various species of BiOX with different morphology

such as nanobelts, nanowires, nanosheets, nanoplates, nanotubes, nanoparticles, nano�ow-

ers, hollow structures, and hierarchical nanostructures have been reported (Meena et al.,

2021). Hence, there are several techniques to fabricate nanostructures of BiOX and their

nanocomposite for various applications. A few of them are hydrothermal, solvothermal, hy-

drolysis, precipitation method, two-phase method, ultrasonic/ microwave-assisted method

and physical method.

2.7.1 Chemical Precipitation Method

Chemical precipitation is one of the most promising methods to prepare the nano-catalysts.

Because it allows the complete precipitation of the metal ions. Furthermore, nanoparticles

of higher surface areas are commonly prepared by using this method. In a chemical pre-

cipitation method, an alkali solution containing halide sources is slowly dropped into the

Bi-containing precursors under continuous stirring and BiOX precipitate is formed. The

bene�ts of this approach include its convenient synthesis, cheapness, and low energy us-

age. However, its drawbacks include particle aggregation, impurities, and uncontrolled mor-

phology (Dutta et al., 2022). Recently, nanoparticles of BiOCl were synthesized using the

co-precipitation method for the photodegradation of methylene blue (Puttaraju et al., 2022).

2.7.2 Solvothermal/Hydrothermal Method

The hydrothermal/solvothermal method is a soft chemical method using different solvents

in which pressure is generated to promote chemical reactions, increasing the reactivity and

precursors solubility (Bai et al., 2023). The main difference between the two methods are

organic solvents used. Thus, in a typical hydrothermal or solvothermal method, the precur-

sors of the Bi source and the halogen source or ionic liquids are dissolved in solvents and

transferred into the autoclave. Under a condition of high temperature and high pressure,
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various BiOX nanostructures are synthesized. It is the most widely reported method for the

synthesis of bismuth based photocatalysts. Hydrothermal synthesis promotes the formation

of well-crystallized BBSs photocatalysts and allows for the precise control of the size, shape,

and morphology. The high-pressure and high-temperature conditions in hydrothermal reac-

tions lead to the controlled growth of nanoparticles, resulting in improved crystallinity and

reduced defects in the material (Wei et al., 2021).

2.7.3 Thermal Decomposition Method

Calcination is a thermal treatment process applied to solid materials to bring about a thermal

decomposition, phase transition, or removal of a volatile fraction. Modi�ed BiOX-based

photo-catalysts can be produced via heat treatment of pure BiOX materials. Hence, it is

a useful method for the production of bismuth-rich bismuth oxyhalide semiconductors as

heating removes unstable halogen atoms in the crystal structure. For example, Huang et al.

synthesized Bi4O5I2, Bi5O7I, and Bi4O5I2-Bi5O7I composites using BiOI as the precursor

(Huang et al., 2017).

2.7.4 Green Synthesis Method

In the �eld of nanomaterials preparation, green synthesis is a rapidly emerging technology.

As a reducing and stabilizing agent, plants, bacteria, fungi, and algae are used. As a result,

the green method of nanomaterials is an eco-friendly, biocompatible, cheap, and non-toxic

method. Recently, a green synthesis method was used to synthesize Z-scheme heterojunction

photocatalysts. For example, the Z-scheme heterojunction of CdSe/BiOCl photocatalysts

was synthesized through the green synthesis method for organic dye degradation (Shi et al.,

2020). Similarly, Li et al. used the green synthesis method to prepare heterostructured

ternary Cd/CdS/BiOCl photocatalysts for the removal of persistent organic contaminants in

wastewater (Li et al., 2015b).

2.8 Characterization Techniques

2.8.1 X-Ray Diffraction

X-ray diffraction (XRD) spectroscopy is used to study crystal structure and size, phase iden-

ti�cation, and lattice parameters. The crystal sizeDs of the powder will be calculated ac-

cording to the Dubye Scherrer Eq. 2.48.

Ds =
0:9�

�cos�
(2.48)

Where� is the x-ray wavelength,� is the peak width of the diffraction line at half of the

maximum intensity and� is the Bragg angle. For a tetragonal structure, the lattice constants

are denoted as a and c, where a is the in-plane lattice constant and c is the out-of-plane

lattice constant (Stanjek and Häusler, 2004). Thus, from the X-ray diffraction result, the
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lattice parameters are determined using Bragg's Law;

n� = 2dhkl sin� (2.49)

wheredhkl is the interplanar spacing,� is the angle of diffraction, and� is the wavelength of

the X-ray. For a tetragonal system,dhkl for the (hkl) planes can be calculated using Eq. 2.50:

1
d2

hkl

=
h2 + k2

a2
+

l2

c2
(2.50)

where h, k, and l are Miller indices.

2.8.2 Microscopy Techniques

Microscopy is a vital tool in material science and nanotechnology, allowing researchers to

visualize and analyze materials at micro and nanoscale levels. Scanning electron microscopy

(SEM) and transmission electron microscopy (TEM) are two widely used techniques to study

the morphology, structure and distribution of particles. SEM utilizes a focused beam of elec-

trons that scans the surface of a specimen. As the electron beam interacts with the sample, it

generates various signals, including secondary electrons, backscattered electrons, and char-

acteristic X-rays, which are collected to form high-resolution images of the surface topogra-

phy (Hafner, 2007). SEM can be coupled with Energy Dispersive X-ray Spectroscopy (EDS)

to provide elemental analysis, enabling the identi�cation of the composition of materials di-

rectly from the images.

TEM involves transmitting a high-energy electron beam through an ultra-thin specimen.

As the electrons pass through the material, they interact with its atoms, producing images

based on variations in electron density. TEM provides atomic-resolution images and in-

formation regarding the internal structure of the material. TEM is particularly useful for

analyzing the structure of nanoparticles, revealing details about size, shape, and crystallinity

(Zuo and Spence, 2017).

2.8.3 Spectroscopy Techniques

Spectroscopic techniques are essential tools in the characterization of material properties,

providing valuable insights into the electronic structure, vibrational modes, and chemical

composition of materials. UV-Vis spectroscopy measures the absorption of ultraviolet and

visible light by a material, providing information about its electronic transitions. When light

of speci�c wavelengths is incident on a sample, electrons in the ground state can absorb

energy and transition to excited states. UV-Vis spectroscopy is commonly employed to de-

termine the band gap of semiconductor materials. By analyzing the edge of the absorption

spectrum, one can identify the energy needed for electronic transitions, offering insights into

the material's conductivity and optoelectronic properties. The optical band gap of prepared

samples is usually evaluated from the UV-Vis spectra. In ultraviolet-visible light (UV-vis)
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spectroscopy, light absorption is measured as a function of wavelength. The wavelength (� )

of the absorption edge is converted to energy (E) using the Eq. 2.51:

E =
hc
�

(2.51)

whereh is Planck's constant (6:626� 10� 34 Js),c is the speed of light (3:00 � 108 m/s),

and� is the wavelength in meters. The energy band gap of a given material can be precisely

calculated using the Tauc method as given in Eq. 2.52.

(�hv )1=n = A(hv � Eg) (2.52)

where� is the absorption coef�cient and calculated from the absorbanceA using the Beer-

Lambert lawA = � � l wherel is the path length in centimeters. A Tauc plot is generated

by plotting (h� )n versush� , whereh� is the photon energy andn depends on the type of

transition (1/2 for direct transitions, 2 for indirect transitions) (Andrade et al., 2024).

Photoluminescence (PL) spectroscopy involves the emission of light from a material after

it has absorbed photons and transitioned to an excited state. The emitted light is characteristic

of the material and can reveal information on electronic and optical properties (Aoki, 2002).

Emission peaks in PL spectra often correspond to speci�c electronic transitions associated

with these defects, allowing for the identi�cation and characterization of their impact on

material properties.

Fourier Transform Infrared (FTIR) Spectroscopy measures the absorption of infrared

radiation by a material, which causes molecular vibrations and rotations. The resulting spec-

trum provides information on functional groups and molecular interactions within a material.

FTIR is widely used to characterize the presence of speci�c functional groups in organic and

inorganic compounds. The absorption bands in an FTIR spectrum correspond to vibrational

modes of chemical bonds, allowing for comprehensive chemical analysis (Berthomieu and

Hienerwadel, 2009).

2.9 Photocatalytic Application of BiOX
The �rst applications of BiOX in photocatalysis were reported in the 1990s. Researchers

began investigating BiOCl, BiOBr, and BiOI for their ability to degrade organic pollutants

under UV light (Li et al., 2014). BiOX materials are actively being researched for their ap-

plications in wastewater treatment, air puri�cation, and the production of hydrogen through

photocatalytic water splitting. Their effectiveness in degrading dyes and other contaminants

underscores their practical utility in environmental remediation (Zulki�ee et al., 2023a).

2.9.1 Organic Pollutants Degradation

The rapid industrialization of the 21st century has resulted in signi�cant environmental

challenges, particularly concerning water quality. The introduction of various toxic sub-
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stances—synthetic chemicals, heavy metals, fertilizers, and organic dyes has led to widespread

water contamination. This pollution not only threatens aquatic ecosystems but also poses se-

rious health risks to humans and terrestrial life (Thakur and Kumar, 2022). Organic dyes are

extensively used across industries such as textiles, plastics, and paper production to impart

color. These dyes often contain complex synthetic compounds that are resistant to degrada-

tion, making them persistent pollutants in aquatic environments. The release of these dyes,

along with other organic pollutants like pesticides and pharmaceuticals, from manufacturing

and domestic waste, contributes signi�cantly to the degradation of water quality (Arumugam

et al., 2021).

The presence of organic pollutants not only disrupts aquatic ecosystems but also compro-

mises the safety of drinking water, impacting public health and biodiversity. One promising

approach for addressing water pollution is photocatalytic degradation, which utilizes ad-

vanced catalysts to break down organic dyes and other pollutants under light irradiation.

This method has gained traction due to its potential for ef�cient degradation of contaminants

without the need for extensive chemical treatments. Recent advancements in photocatalysts,

particularly BiOX materials, have shown enhanced charge transfer and separation capabili-

ties, making them effective in facilitating the degradation of organic dyes (Foo et al., 2022;

Zhang et al., 2023; Song et al., 2022).

Bismuth oxyhalides (BiOX, where X = Cl, Br, I) are emerging as promising materials

for photocatalytic applications due to their unique properties and effectiveness in degrading

pollutants and facilitating chemical reactions under light irradiation. BiOX photocatalysts

harness light energy to generate reactive species that can oxidize and mineralize complex

organic molecules into benign byproducts, thereby contributing to environmental sustain-

ability. Their effectiveness in various pH environments and operational conditions positions

them as viable candidates for industrial wastewater treatment applications (Bhat and Sun-

daram, 2015; Baaloudj et al., 2022). The basic photocatalysis mechanisms involve photon

absorption, charge separation, and redox reaction. When BiOX is exposed to light, it absorbs

photons, which excites electrons from the valence band to the conduction band, creating

electron-hole pairs. The unique layered structure of BiOX facilitates the separation of these

charge carriers. The internal electric �eld generated by the layered structure helps prevent the

recombination of electrons and holes, which is critical for maintaining high photocatalytic

activity. The photogenerated electrons migrate to the catalyst surface, where they participate

in reduction reactions, while holes engage in oxidation reactions with water molecules.

2.9.2 Hydrogen Production

Developing hydrogen energy has increasingly come to the forefront as it is a clean, safe, and

sustainable source of energy. Recently, BiOX has gained considerable attention as a pho-

tocatalyst for generating hydrogen through water splitting (Liao et al., 2022). This process

is crucial for developing sustainable energy sources, and BiOX materials offer unique ad-
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vantages due to their structural and electronic properties. Lee et al. synthesized hierarchical

BiOX (X = Cl, Br, I) microspheres using a microwave-assisted solvothermal method with

bismuth(III) nitrate pentahydrate as the precursor, employing ethylene glycol and ethanol

as solvents. The resulting photocatalysts were evaluated for their photocatalytic hydrogen

evolution capabilities via water splitting under visible light irradiation. Among the syn-

thesized BiOX materials, BiOI exhibited the highest hydrogen production rate, achieving

1316.9� mol h� 1g� 1 over 360 minutes (Lee et al., 2018). This superior performance can be

attributed to several key factors: (I) BiOI demonstrated the lowest PL intensity among the

BiOX series, which indicates a more effective separation of photogenerated charge carriers

(electrons and holes). Enhanced charge separation is critical for minimizing recombination

losses, thereby improving photocatalytic ef�ciency. (II) BiOI possesses a suf�ciently high

overpotential at its conduction band, facilitating the reduction of protons (H+ ) to molecular

hydrogen (H2). This characteristic is essential for achieving an ef�cient conversion during

the photocatalytic reaction.

2.9.3 Carbon Dioxide Reduction

BiOX are emerging as promising photocatalysts for the reduction of carbon dioxide (CO2)

into useful fuels and chemicals. This process is crucial for mitigating climate change and

developing sustainable energy sources. The unique layered structure of BiOX facilitates

ef�cient charge separation and migration. The electrons can migrate to the surface to partic-

ipate in reduction reactions, while holes can contribute to oxidation processes. The adsorbed

CO2 molecules on the surface of BiOX are activated through interactions with photogen-

erated electrons and holes, leading to various reduction products. CO2 can be reduced to

CO through a one-electron transfer process. Further reduction can lead to the formation

of hydrocarbons like methane (CH4) through multiple electron transfer steps. Intermediate

species can also be converted into alcohols like methanol (CH3OH), which are valuable as

fuel (Ren et al., 2020). The photoelectrocatalytic reduction of CO2 using bismuth oxyhalides

(BiOX, where X = Cl, Br, I) was investigated through a combination of physicochemical and

photoelectrochemical analyses. The results from the photoelectrochemical measurements

demonstrate that all BiOI-metal composites are effective materials for CO2 reduction in neu-

tral media (Mora-Hernandez et al., 2023).
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3

MATERIALS AND METHODS

3.1 Computational Methods

3.1.1 Packages and software

In this dissertation, a variety of computational packages and software tools were employed

for numerical calculations, data visualization, and graphical plotting. For computational cal-

culations, the QUANTUM ESPRESSO package, Materials Studio, and Gaussian 09 package

were utilized. The name ”ESPRESSO” stands for ”opEn-Source Package for Research in

Electronic Structure, Simulation, and Optimization”. For visualization and plotting of re-

sults, several software applications were implemented, including Visualization for Electronic

and STructural Analaysis (VESTA), phonopy (X-window) Crystalline Structures and Densi-

ties (XCrysDen), and XMGrace, along with Origin Pro 2018, Match for diffraction analysis

and ImageJ.

3.1.2 Electronic, Optical, Vibrational and Thermodynamics prop-

erties calculation

For this dissertation work, the crystallographic information �le (CIF) of the BiOX was ob-

tained from the Materials Project database. The computational investigation followed a sys-

tematic approach to optimize the crystal structure and analyze its properties. The geometry

was optimized using the GGA method and the Perdew-Burke-Ernzerhof (PBE) exchange-

correlation functional. To achieve acceptable convergence, the force acting on the atoms was

set at less than 0.03 eV, the maximum stress was set at less than 0.05 Gpa, the maximum dis-

placement of the atom was set at less than 0.001	A, and the energy modi�cations per atom

were set at less than 10� 5 eV.

Following structure optimization, a non-self-consistent (non-SCF) calculation was per-

formed on a denser k-point mesh grid to analyze the electronic properties. The band struc-

tures were computed along the special lines connecting the following high-symmetry points

� -X-M- � -Z-R-A-ZjX-RjM-A where� (0, 0, 0), X (0, 0.5 0), M (0.5, 0.5, 0), Z (0, 0, 0.5), R

(0, 0.5, 0.5), and A (0.5, 0.5, 0.5) are the coordinates of a crystal in the k-space. The energy
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band gap of BiOX was calculated using GGA and HSE methods. The density of states (DOS)

was calculated using a denser k-point grid than that used for the SCF calculation. The tetra-

hedron method was employed, wherein the Brillouin zone was divided into non-overlapping

tetrahedra. The integrated quantity was computed using linear interpolation of energy for

each tetrahedron, yielding a comprehensive DOS pro�le. To evaluate the contributions of

speci�c atoms or orbitals to the total density of states, the partial density of states (PDOS)

was computed. This analysis provides insights into the electronic structure, demonstrating

how particular atomic characteristics in�uence the overall electronic properties of BiOX.

The optical properties were calculated using norm conservation pseudo potential with

linear response methods, which relate the dielectric function to the electronic polarizability.

Other optical properties of the BiOX were calculated via the equations discussed in section

2.2.2. The response of the electric �eld of BiOX in the infrared region was investigated

through the calculation of infrared (IR) and Raman spectra. The IR and Raman spectra were

calculated at the gamma point and the system was con�gured to operate as a crystal struc-

ture, with the option for Raman intensity calculations enabled. Additionally, the electronic

minimization was set to all bands of electronic density functional theory (EDFT) to enhance

computational ef�ciency. Similarly, we used the GGA approximation with norm-conserving

pseudopotentials to calculate the phonon frequency of the BiOX crystal. The phonon fre-

quencies are computed based on a plane wave basis set on a 6 × 6 × 6 mesh grid with a

cutoff energy of 750 eV. The phonon calculations were con�gured to compute both phonon

dispersion and density of states utilizing the linear response method. Interpolation was per-

formed on a q-vector grid with a spacing of 0.05 1/	A, and a convergence tolerance of 1 X

10� 5 eV/ 	A2 was applied to ensure the accuracy of the results. The phonon frequencies were

estimated by sloping the dynamic matrix, which was built from the force constant array ac-

quired by the linear response method. The heat capacity and other thermodynamic properties

were computed at constant volume as a function of temperature utilizing the quanti�ed wave

spectrum.

To consider the effect of doping concentration, a supercell of 2 x 2 x 1, and 4 x 2 x 1

were constructed using phonopy software. A convergence tolerance per atom of total energy

of 1 x 10� 4 eV and a high-energy convergence tolerance of 1� 10� 6 eV was used. Here

we considered a model of SnxBi1� xOBrxCl1� x , where x represents the replacement of 1, 2,

or 3 Sn/Br atoms for every host atom in the supercell of BiOCl, which represents the con-

centration of 0.0625, 0.125, and 0.25, respectively. We calculated the band structures, DOS,

PDOS, JDOS, and optical properties using the optimized structure. To investigate the effects

of doping and co-doping of post-transition metals on the electronic and optical properties,

BiOCl has been selected from the BiOX family due to its promising characteristics and ap-

plications in photocatalysis. BiOCl has a wide band gap of approximately 3.0 to 3.5 eV,

which limits its photocatalytic activity mainly to ultraviolet (UV) light. This wide band gap

is bene�cial because it enables BiOCl to absorb a signi�cant amount of UV radiation, which
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is abundant in sunlight, thereby facilitating ef�cient photocatalytic reactions under UV il-

lumination. Although BiOCl's absorption in the visible spectrum is limited, modi�cations

such as doping and co-doping can enhance its light absorption capabilities, making it more

effective for photocatalytic applications.

3.1.3 Molecular Interaction and Adsorption Calculation

The chemical structures of the MB, MO, and MR dyes were optimized using the B3LYP

/ 6-311G base set implemented in the Gaussian 09 software. The electronic properties of

these structures were analyzed through NAO and NBO analysis. To explore the chemical

reactivity and kinetic stability of the molecules, various quantum chemical descriptors, such

as absolute electronegativity(� ), global hardness(� ), softness (S), chemical potential(� ) and

electrophilicity index(! ), were analyzed. These descriptors are obtained from calculations

of the HOMO and LUMO energy values. The effects of the solvent were examined by

computing the conductor-like screening model (COSMO) sigma pro�le for each dye via the

DMol3 module within the Material Studio software.

The molecular Quantum Theory of Atoms in Molecules (QTAIM) and Non-Covalent In-

teraction (NCI) calculations were conducted as follows: The wavefunction was generated

from the optimized electronic structure of each dye using Gaussian 09W software. The

electron density was derived from the wavefunction generated. Then a point-by-point topo-

logical analysis was performed on the electron density to identify critical points and bond

paths. This analysis was conducted using the Multiwfn software version 3.8, and the results

were visualized with visual molecular dynamics (VMD) software.

MCDS methodology was utilized to identify the most stable and lowest-energy adsorp-

tion sites and investigate the preferential adsorption behavior of different dyes (MB, MO and

MR) on the 001 facet of BiOCl crystals in an aqueous environment. This approach employs

the adsorption locator code integrated within the Materials Studio software. Initially, a slap

of 001 facets of a BiOCl crystal with a vacuum layer of 30	A was built and then expanded

to create a (6 x 6 x 1) supercell. A dye, water and BiOCl system was subsequently devel-

oped for MCDS calculations. Throughout the simulation, the universal force �eld (UFF) was

applied to optimize the geometries of all the components within the system under investiga-

tion. Furthermore, each adsorption con�guration included 100H2O molecules to simulate

the effects of the solvent accurately.

3.2 Experimental Methods

3.2.1 Chemicals and Reagents

The precursors salt and reagents used to synthesize pure and Sn-doped BiOCl nanoparti-

cles are bismuth nitrate pentahydrate (Bi(NO3)3.5H2O), 99%, analytical grade), Quangdang

Quanghua sci-Tech, China, deionized water, potassium chloride (KCl) 99 % Loba Chemie
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PVT. Ltd, stannous chloride dihydrate (SnCl2.2H2O) 97 % Sisco research laboratory PVT.

Ltd, India, sodium hydroxide (NaOH) and ethanol.

3.2.2 Synthesis of BiOCl and Sn-BiOCl Nanosheets

Pure BiOCl nanosheets were synthesized via a co-precipitation method according to method

developed by (Puttaraju et al., 2022). Initially, 0.1 M of (Bi(NO3)3.5H2O) was dissolved in

100 mL of a 1:1 (v/v) mixture of ethanol and distilled water. The solution was subjected

to continuous stirring for 20 minutes. Subsequently, 5 mL of a 2 mmol KCl solution was

added to the stirring mixture, which was maintained at room temperature for an additional

60 minutes. Following the formation of a white precipitate, the product was washed several

times with ethanol and distilled water to eliminate impurities. The resulting sample was then

�ltered using Whatman �lter paper and dried at 80 °C for 6 hours.

Sn-doped BiOCl nanosheets with doping concentrations of 1%, 3%, and 5% were also

synthesized through the co-precipitation method. For this synthesis, 4.81 grams of (Bi(NO3)3.

5H2O) was dissolved in 50 mL of a 1:1 (v/v) mixture of ethanol and distilled water, labeled

as Solution A (Sol-A). In a separate container, 0.15 grams of potassium chloride (KCl) was

dissolved in 30 mL of the same solvent mixture, designated as Solution B (Sol-B). Addition-

ally, 0.04 grams of (SnCl2.2H2O) was dissolved in 15 mL of the solvent mixture, referred

to as Solution C (Sol-C). Solution B was gradually introduced into Sol-A under magnetic

stirring at a controlled rate. Following this, 5 mL of NaOH was added slowly to the amal-

gamated Sol-A and Sol-B. After stirring for 60 minutes, Sol-C was added dropwise into the

mixture, which was then stirred for an additional 3 hours. The resultant precipitate was sub-

jected to several washes with ethanol and deionized water to remove residual contaminants.

Finally, the product was �ltered and dried at 80 °C for 6 hours.
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4

RESULTS AND DISCUSSION

4.1 Computational Characterization of Pristine Bis-

muth Oxyhalides

4.1.1 Crystal structure

Figure 4.1 shows a crystal structure of BiOX crystal. The crystal structure of BiOX is

characterized by interlocking[Bi 2O2] blocks and double halogen slabs, resulting in a two-

dimensional arrangement. Within this structure, bismuth-oxygen (Bi-O) and bismuth-halogen

(Bi-X) bonds are established through strong covalent interactions, while the halogen atoms

(X-X) are connected via weaker van der Waals forces. BiOX compounds typically exhibit

a layered architecture, wherein bismuth and oxygen atoms form a continuous network, with

halide atoms (such as F, Cl, Br, or I) occupying interstitial sites between these layers. The

optimized crystal structure of BiOX is identi�ed as a tetragonal matlockite structure, clas-

si�ed under space group 129 (P4/nmm, P 4ab 2ab-1ab) and point group 15 (D4h, 4/mmm,

4/m 2/m 2/m). The calculated lattice parameters for the unit cell of each BiOX crystal are

presented in Table 4.1. The result suggests that the current work presents reliable band gap

and lattice parameter values for the studied BiOX compounds. The results show signi�cant

alignment with both previous reports Huang et al. (2020), indicating the effectiveness of the

computational methods employed. This investigation contributes critical knowledge to the

understanding of the electronic and structural properties of bismuth oxyhalides, which is

essential for their potential applications in photocatalysis and other technological domains.

4.1.2 Electronic band structure and Density of states

Band gap is a crucial parameter in studying the optical properties of semiconductor materials.

In this work, the electronic band structures of BiOX crystal species were calculated. In the

BZ, the band structure demonstrates how the electronic energies depend on the k-vector

along with high symmetry points. The electronic band structure of BiOX crystal is plotted

in Fig. 4.2. From the electronic band structure, the locations of the maximum valence

band (MVB) and the minimum conduction band (MCB) for BiOX are located at different
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Figure 4.1: Crystal structure of BiOX crystals, where red color is the bismuth atom, green
color is halogen atoms (F, Cl, Br or I) and black is the oxygen atom.

Table 4.1: Electronic band gap energies and lattice parameters of BiOX

Energy Band Gap (eV) Optimized Lattice Parameters
Crystal Current Work Literature� Current Literature

PBE HSE06 PBE, HSE06 Exp.
Compt. Comp. Exp.��

a(	A) c( 	A) a( 	A) c( 	A) a( 	A) c( 	A)
BiOF 3.36 3.43 3.34, 4.18 3.2-3.6 3.99 5.75 3.72 6.2 - -
BiOCl 2.9 3.29 2.92, 3.37 2.9-3.4 3.87 8.01 3.87 7.42 3.88 7.35
BiOBr 2.37 3.05 2.65, 2.82 2.3-2.92 3.91 9.01 3.9 8.14 3.91 8.08
BiOI 1.58 2.19 1.75, 2.00 1.8-2.1 3.99 9.89 3.98 9.15 3.98 9.13

� (Huang and Zhu, 2008; Huizhong et al., 2008),�� (Zhao et al., 2012)

high symmetry k-points, indicating that all BiOX crystal's exhibit indirect band gaps. This

�nding is consistent with literature report (Huang and Zhu, 2008).

The energy band gap for the BiOX (X= F, Cl, Br, or I) system was estimated using PBE

and HSE06 exchange-correlation functionals. The band gap calculated by PBE is 1.58 eV,

2.37 eV, 2.90 eV, and 3.36 eV for BiOI, BiOBr, BiOCl, and BiOF respectively. This result is

below the experimental results due to the approximation used by PBE functional. However,

the energy band gaps using HSE06 functional are 2.19 eV, 3.05 eV, 3.29 eV, and 3.43 eV,

for BiOI, BiOBr, BiOCl, and BiOF respectively. The result obtained from HSE06 functional

is in good agreement with previously reported experimental data as listed in Table 4.1. Ac-

cording to the previous report (Barhoumi and Said, 2021) and current calculation result, the

HSE functional is the best pseudo-potential for determining the electronic band structure of

a periodic crystal. From both functional, the calculated energy band gap decreases as the

atomic number of the halogen atoms increases from F to I. Because the band gap of mate-

rials is in�uenced by their atomic structure and the nature of the bonds between atoms. As

the halogen atoms change from �uorine to iodine, the electronegativity and the size of halo-

gen atoms change. Fluorine being the smallest and most electronegative, leads to a stronger
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Figure 4.2: The electronic band structures and DOS of (a) BiOF, (b) BiOCl, (c) BiOBr and
(d) BiOI crystals.
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interaction with bismuth, resulting in a wider band gap compared to other BiOX families.

Furthermore, as we move from I to F in the halogen series, the atomic radii decrease and the

electron af�nity increases. This can affect the overlap of atomic orbitals and energy levels of

the electrons, thus altering the band gap.

The energy band gap and the con�guration of band edges play a pivotal role in the ef�-

ciency of photocatalytic applications. Additionally, the lifetime of excited electrons is crucial

for facilitating redox processes inherent in photocatalysis (Hazaraimi et al., 2022). Indirect

band gap semiconductors are particularly advantageous for photocatalytic applications due

to their ability to prolong the lifespan of photogenerated charge carriers. This is because

these carriers traverse a �nite k-space distance before transitioning to the conduction band

(CB). The presence of photogenerated charge carriers is associated with considerable redox

potential, which is contingent upon the position of the valence band edge in the photocatalyst

(Han et al., 2016). A higher valence band position correlates with enhanced photocatalytic

oxidation capabilities. Consequently, the upward shift of the conduction band minimum

(CBM) leads to an increased generation of electrons that can react with oxygen molecules

adsorbed on the material's surface (Wu et al., 2022).

To better understand the types of orbital mixing in the chemical bonds of BiOX crystal

structure, the projected density of states (PDOS) of each BiOX species was analyzed. Figure

4.3 shows the PDOS of the BiOX species. According to the previous report (Wang et al.,

2013) and current analysis of PDOS results, the VBM of the BiOX crystal consists mainly

of the O 2p and halide X np states (n = 2, 3, 4, and 5 for X = F, Cl, Br, and I, respectively),

and the Bi 6p states dominate the CBM. It is conceivable for an electron to transition from

the valence band of O (2p) into the empty conduction band of Bi (6p) in the initial optical

interband transition, which progressively transforms into a transition from mixed valence

states of X (np) and O (2p), moving from Cl to I (Attri et al., 2023; Barhoumi and Said,

2021). Due to the delocalized nature of the plane wave basis set, to understand the location

of the electron in the crystal, i.e. the interatomic bonding behavior, population analyses were

performed using the Mulliken formalism (Mulliken, 1955). The net charges of Bi are +0.97e,

+1.31e, +1.38e, and +1.57e, in the BiOI, BiOBr, BiOCl, and BiOF crystals; respectively.

Hirschfeld charge analysis of BiOX compounds (X = F, Cl, Br, I) reveals a systematic

trend in the charge distribution around the bismuth (Bi) atom as shown in Fig. 4.4. The

calculated atomic and charge Mulliken population analysis of BiOF, BiOCl, BiOBr, and

BiOI crystals are summarized in Table 4.2. The calculated Hirschfeld charges for Bi in

BiOI, BiOBr, BiOCl, and BiOF are +0.47e, +0.52e, +0.55e, and +0.62e, respectively. These

positive values indicate that the Bi atom has a partial positive charge, suggesting electron

depletion relative to its isolated state. The magnitude of the Hirschfeld charge provides in-

sights into the degree of covalence in the Bi-X bond. A larger positive charge on Bi indicates

a greater deviation from a purely ionic bond, implying a stronger covalent character. This

observation is consistent with previous reports and the computed density of states (DOS)
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Figure 4.3: The projected density of the state of (a) BiOF, (b) BiOCl, (c) BiOBr, and (d)
BiOI crystals.

results, highlighting the stronger and more durable nature of the Bi-O bond compared to the

Bi-X bond. The trend in Hirschfeld charges is directly related to the electronegativity of the

halogen atom (X). Electronegativity decreases as we move down the halogen group from F

to I. This decrease in electronegativity reduces the polarity of the Bi-X bond, resulting in a

more electron-rich Bi atom and a less electron-rich halogen atom. Consequently, the charge

density shifts towards the Bi atom as we progress from BiOF to BiOI. The signi�cant dif-

ference in hybridization ranges between Bi and I, as observed in the DOS results, further

supports the stronger covalent character of the Bi-X bond. This difference in hybridization

suggests a more substantial overlap of atomic orbitals, contributing to the enhanced covalent

bonding strength.
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Figure 4.4: The charge density plot for (a) BiOF, (b) BiOCl, (c) BiOBr and (d) BiOI crystal.

Table 4.2: Calculated atomic and charge Mulliken population analysis of BiOF, BiOCl,
BiOBr, and BiOI crystals.
Species s p d f Total Charge(e) Hirsch�eld Charge (e)
O 1.92 5.00 0.00 0.00 6.92 -0.92 -0.35
F 1.97 5.67 0.00 0.00 7.65 -0.65 -0.27
Bi 1.96 1.47 0.00 0.00 3.43 1.57 0.62
O 1.93 4.94 0.00 0.00 6.86 -0.86 -0.34
Cl 1.96 5.55 0.00 0.00 7.52 -0.52 -0.21
Bi 1.96 1.66 0.00 0.00 3.62 1.38 0.55
O 1.92 4.94 0.00 0.00 6.86 -0.86 -0.86
Br 1.95 5.47 0.00 0.00 7.42 -0.42 -0.18
Bi 1.99 1.70 0.00 0.00 3.69 1.31 0.52
O 1.91 4.66 0.00 0.00 6.56 -0.56 -0.36
I 1.95 5.45 0.00 0.00 7.40 -0.40 -0.11
Bi 1.97 2.06 0.00 0.00 4.03 0.97 0.47

4.1.3 Optical properties

The optical properties of BiOX crystal species were analyzed considering the electronic tran-

sitions within the crystal. When an electron within the crystal interacts with an electromag-

netic wave, it leads to the excitation of electrons from the ground state to higher energy
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states. The complex dielectric functions provide a description of the process through which

an electron moves between these different energy states.

Figure 4.5: The real and imaginary dielectric function for (a) BiOF, (b) BiOCl, (c) BiOBr,
and (d) BiOI crystal.

Due to the anisotropy property of the BiOX crystal structure, the real and imaginary

parts of the dielectric constants were calculated along different polarization directions. The

polarization directions considered in this work were [100] and [001]. For the crystal structure

of BiOX, the imaginary and real parts of the dielectric function were calculated in an energy

range of 0-30 eV, as plotted in Fig. 4.5. It can be seen that there are two peaks for both

the imaginary and real spectra curves of all three crystals. The intensity of the main peaks

along the [001] polarization direction is lower than along the [100] polarization direction.

The main peaks for BiOF, BiOCl, BiOBr, and BiOI in the real spectra are at 4.04, 3.75,

3.33, and 2.82 eV along the polarization direction [001]. It occurs at photon energies of

8.07 eV, 5.76 eV, 4.54 eV, and 4.21 eV for the imaginary parts, respectively. However, in

real spectra, the main peak along the [100] polarization direction appears for BiOF, BiOCl,

BiOBr, and BiOI at 4.04 eV, 3.94 eV, 3.33 eV, and 2.62 eV, respectively. For imaginary

spectra, the main peaks appear at 4.84 eV, 5.16 eV, 4.24 eV, and 4.14 eV for BiOF, BiOCl,
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BiOBr, and BiOBr, respectively. The intense peaks in the real spectrum of each BiOX crystal

species are caused by the optical transition between the Cl and O p-state in the highest

VB and the Bi p-state in the lowest CB. However, the intense peak for the imaginary part

indicates an electron transition between the X-np states in the VB and Bi 6p states in the

lower CB. The spectra curve then decreases from the main peaks to the lowest points. After

that, it gradually increases until the local peaks, and then gradually drops, suggesting that the

gradual appearance of X-nanosecond states in the upper VB and lower CB affects electron

transition ef�ciency to some extent.

As depicted in Fig. 4.6, the strong absorption of the edge of BiOF, BiOCl, BiOBr, and

BiOI crystals was estimated to be 320 nm, 367 nm, 449 nm, and 540 nm respectively. The

absorption edges of BiOF and BiOCl are in the UV spectra region. This result agrees with the

experimental and theoretical studies (Huizhong et al., 2008; Castillo-Cabrera et al., 2022).

The peak absorption edge of BiOBr and BiOI is in the visible spectra region. Additionally,

different BiOX species exhibit different absorption edges, and their absorption edge red shifts

with increasing X atomic number.

Figure 4.6: Absorption spectrum of BiOX crystal calculated from DFT simulation.

Table 4.3 shows the calculated optical properties of BiOX crystals in different polar-

ization directions. The static dielectric constant is an important parameter that affects how
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Table 4.3: Calculated optical properties of BiOX along different polarization directions

Crystals Polarization Directions Static dielectric constant Refractive index Re�ectivity

BiOF
100 5.41 2.31 0.16
001 4.86 2.19 0.14

BiOCl
100 6.50 2.55 0.19
001 5.30 2.30 0.15

BiOBr
100 7.06 2.66 0.20
001 5.66 2.38 0.17

BiOI
100 8.51 2.92 0.24
001 6.74 2.60 0.20

materials respond to electric �elds and thus their photocatalytic ef�ciency. Higher dielec-

tric constants generally indicate better charge separation and stability, which are critical for

photocatalytic processes. The static dielectric constant along all polarization directions in-

creases as the atomic mass of halogen atoms increases from F to I. BiOI displays the highest

static dielectric constant of 8.51 in the 100 and 010 directions and 6.74 in the 001 direc-

tion, indicating potentially superior charge separation capabilities crucial for photocatalytic

applications. The refractive index provides insight into how light propagates through a ma-

terial, which impacts its optical absorption and photocatalytic ef�cacy. The refractive index

analysis shows that BiOI crystal has the highest refractive index of 2.92 for the 100 direc-

tions and 2.60 for the 001 direction, which could enhance interactions between light and the

photocatalyst, improving photoabsorption and ef�cacy in photocatalytic applications. Fur-

thermore, we have also analyzed the re�ectivity of BiOX crystals. Lower re�ectivity values

are preferable as they signify more light being absorbed for photocatalytic reactions. Hence,

the calculated result con�rms all BiOX crystals have lower re�ectivity with slightly larger

BiOI crystals. Therefore, the analysis suggests that BiOI demonstrates the most promis-

ing optical properties for photocatalytic applications due to its high static dielectric constant

and refractive index, which correlate with improved light interaction and charge separation

capabilities.

4.1.4 Raman and IR spectra

Raman spectroscopy involves the scattering of light caused by the interaction with vibra-

tional modes (phonons) in a material. BiOX crystals typically display characteristic Raman

and IR spectra, which provide valuable information about their crystal structure and phonon

modes. BiOX crystals possess several Raman-active vibrations arising from the displace-

ments of atoms within their crystal lattice. These modes can include vibrations of Bi-O

bonds, stretching or bending modes of oxygen, and lattice vibrations. The Raman-active

modes can vary depending on the speci�c BiOX composition (X = halogen) and crystal

structure. The positions and intensities of IR absorption peaks can be used to identify spe-

ci�c functional groups and con�rm the crystal structure of BiOX crystal. Figure 4.8 (a, b)
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illustrates the Raman and IR spectrum of BiOX crystals. BiOX is a tetragonal crystalline

material with a space group of P4/nmm and a point group of 15, D4h. A tetragonal crystal

of BiOX can be described by the vibrational modes 2A1g + B1g + 3Eg + 2Eu + 2A2u com-

puted by the analysis of its eigenvectors in group theory (Ferrer et al., 2018; Yu et al., 2007).

The modes A1g, B1g and Eg and others represent different types of vibrations. Where A1g is

symmetric stretching modes, B1g is antisymmetric bending modes, Eg is degenerate modes

involving in-plane vibrations and Eu and A2u are represents out-of-plane vibrations. The

vibration mode with subscript g is Raman active mode and the vibration with u subscript is

IR active mode. The Raman spectra of the BiOX species consist of strong peaks and weak

peaks scattered band. The strong peaks are located at 80.32, 101.61, 132, and 167.16 cm� 1

for BiOI, BiOBr, BiOCl and BiOF respectively. BiOI, BiOBr, and BiOCl crystals had Rama

scattered bands of 87, 109.9, and 142 cm� 1, respectively. Based on the vibrational mode po-

sition, the calculated Raman spectrum matches the experimental results (Dutta et al., 2018;

Sajjad et al., 2020). Thus, from the previous reports and our analysis results, the strong scat-

tered band were due to the �rst order scattering of A1g modes of Bi atoms for BiOX (X=

I, Bi or Cl), and B1g modes for BiOF crystals. Moreover, the peaks at 42.53, 350.19, 395;

51.92, 162.27, 365; 60.56, 190, 385, 457; 60.56, 190, 385, 457, and 133, 338.95, 397 cm� 1

for BiOI, BiOBr, BiOCl, and BiOF are corresponding to A1g external Bi-X stretching mode,

Eg internal Bi-X stretching mode, and A2u, produced by the motion of oxygen atoms (Dutta

et al., 2018). As a result, there are very weak bands produced at 395, 365, 385, and 397

cm� 1 for BiOI, BiOBr, BiOCl and BiOF, respectively, which cross-correspond to the modes

A2u. The presence of sharp scattering peaks indicates the crystallization of BiOX species.

The theoretical calculations can provide insights into the temperature-dependent behavior

of Raman-active modes in BiOX crystals. The intensity of the Raman spectrum for BiOX

crystals was investigated at different temperatures. Figure 4.7(a–d) illustrates the effect of

temperature on the intensity of the Raman spectrum for the BiOX crystal. As the temper-

ature increases, the intensity of the Raman spectrum peak increases due to the increase in

the polarizability of electrons in the crystal. This is because, the crystals undergo thermal

expansion, leading to changes in the lattice parameters. This thermal expansion affects the

phonon energies and alters the Raman scattering process. As a result, the Raman intensity

may change with temperature due to modi�cations in the phonon modes' frequencies and

their associated scattering strengths. Anharmonicity in the lattice vibrations becomes more

pronounced at high temperatures. Anharmonic effects can lead to changes in the phonon

energies and Raman scattering strength. Furthermore, BiOX crystals exhibit phase transi-

tions with temperature changes. These transitions may occur due to alterations in the crystal

structure, symmetry, or atomic arrangements.
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Figure 4.7: (a) Raman Spectrum and (b) IR spectrum of BiOX calculated by the GGA
method.

Figure 4.8: Effect of temperature on the intensity of Raman spectrum of (a) BiOF, (b)
BiOCl, (c) BiOBr and (d) BiOI crystal.

4.1.5 Phonon and thermodynamics properties

Phonon calculation provides valuable information regarding the properties, such as thermal

expansion, speci�c heat capacity, heat conduction, electron-phonon interactions, supercon-
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ductivity, and resistivity. X-ray scattering and neutron scattering can be used experimen-

tally to determine such properties of the materials. Currently, the phonon properties of the

BiOX crystal have been calculated on the basis of the density functional perturbation theory

(DFPT) method. The phonon dispersion curves in the Brillouin zone provide insight into

the variation in the phonon energy with the q-vector along directions of high symmetry. The

BiOX crystal unit cell consists of three types of atoms: Bi, O, and X (F, Cl, Br, or I). As a

result, it has three acoustic and 3(N-1) optical phonon modes of vibration. Hence, there are

longitudinal optical (LO), transverse optical (TO), longitudinal acoustic (LA) and transverse

acoustic (TA) phonon modes for all BiOX crystals. In Fig.4.9, the phonon vibrations and

their density of states for BiOF and BiOCl are plotted. Figure 4.9 (a) shows that the phonon

dispersion for the BiOF crystal has only one region. On the other hand, the phonon dis-

persions for BiOCl, BiOBr and BiOI crystals have two characteristic regions separated by a

phonon gap or forbidden frequency gap around (6–8) THz. The phonon dispersion and den-

sity of states for the BiOBr and BiOI crystals are plotted in Fig. 4.10. In the low-frequency

range, there is a hybrid of TO, LA and TA phonon modes. This is due to the vibrations of

Bi atoms causing acoustic phonons and optical phonons to produce low-frequency phonons.

In the second region (above 6 THz), an optical phonon is generated from the vibrations of

light oxygen atoms. The calculated phonon frequencies in all the BiOX crystal species are

positive (Ferrer et al., 2018). This result con�rmed that the optimized crystal structure of

the BiOX crystal was geometrically stable. These �ndings align with previous research con-

ducted by Dutta et al. [59] and Sajjad et al. [60]. According to Dutta et al., the dynamic

stability of BiOF crystals was achieved by a compression strain of 4%. In our fndings, the

dynamic stability of the phonon band dispersion of all the species of the BiOX crystal was

attained without using compression strain.

The quasi-harmonic approach has been used to study the thermodynamic properties re-

lated to phonon vibration such as Helmholtz free energy (E), enthalpy, entropy, and isochoric

heat capacity as a function of temperature. The statistical thermodynamic expressions used

to determine the thermodynamic properties of BiOX crystals in the reciprocal space are dis-

cussed in section 2.2.4. The zero-point vibrational energy of the BiOX crystal was calcu-

lated. At absolute zero, the zero-point energy of the BiOX system is 0.316 eV, 0.258 eV,

0.337 eV, and 0.211 eV for BiOF, BiOCl, BiOBr, and BiOI, respectively. Figure 4.11(a-d)

shows the thermodynamic properties of BiOX crystal at room temperature for each species.

The graph of energy versus temperature indicates that as temperature increases, the degree

of disorder in the crystal of BiOX species also increases because the particles get more ki-

netic energy. Similarly, as the temperature increases, the internal energy of BiOX crystal

species increases, which means that the change in enthalpy of the system is positive at con-

stant volume. However, as temperature increases, the Helmholtz free energy will decrease

because there is a high degree of disorder at a large temperature in the crystal of BiOX crystal

species. This is the consequence of the conservation of energy because, at non-zero temper-
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Figure 4.9: Phonon dispersion a(c) and DOS b(d) of BiOF(BiOCl) crystal respectively.

atures, the lattice's energy is not constant, but rather �uctuates randomly around some mean

value. Random lattice vibrations, which can be viewed as a gas of phonons, cause these

energy �uctuations. Furthermore, at a constant volume, as temperature rises, so does phonon

oscillation, as their kinetic energy rises with temperature. As a result, the potential energy in

the BiOX crystal system decreases.

The phonon density of states combines all possible phonons described by the above

phonon dispersion relations to determine a crystal's heat capacity. The heat capacity of

harmonic oscillators of BiOX crystal species was calculated at constant volume and plotted

in Fig. 4.12 (a). The results show that, at high temperatures, the heat capacity of BiOX

crystal is independent of temperature, which agrees with the classical result of Dulong and

Petit's law of solids materials. This shows the existence of an anharmonic effect at high

temperatures. The calculated value of the speci�c heat capacity at room temperature is 29.9,

30.7, 31.8 and 32.4 J/mol.K for BiOF, BiOCl, BiOBr and BiOI crystal respectively. As seen

in Fig. 4.12(a), in the temperature range of 5 K to 200 K, there is a rapid increase in heat ca-

pacity with temperature. But below 5 K temperatures, the vibrational heat capacity of BiOX

crystals con�rms that the vibrational degrees of freedom of atoms are getting frozen out. At

absolute zero temperature, crystal lattices do not have phonons in their ground state. The

temperature dependence of heat capacity is given by the Debye model.

The Debye temperature can be linked to the Debye frequency (the maximum frequency
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Figure 4.10: Phonon dispersion a(c) and DOS b(d) of BiOBr(BiOI) crystal respectively.

of the phonons in the crystal). Debye's temperature is proportional to sound velocity in the

crystal. Figure 4.12(b) illustrates the Debye temperature versus temperature graph of the

BiOC crystal. The results indicate that at high temperatures, the high kinetic energy of the

crystal's atoms or molecules results in phonons with high velocities. In other words, phonon

oscillation is faster at high temperatures than at low temperatures. Therefore, BiOX has the

properties of hard materials at high temperatures but the properties of soft materials at low

temperatures. Therefore, BiOX crystals exhibit promising thermoelectric properties at high

temperatures. BiOX crystals can also be utilized in high-temperature sensors for applications

such as gas sensing or combustion monitoring. Furthermore, the wide band gap and surface

properties of BiOX crystals make them potential catalysts for high-temperature reactions,

such as oxidative coupling of hydrocarbons, steam reforming, or selective oxidation. At low

temperatures, the band gap energy of BiOX crystals allows them to absorb visible light and

generate photo-excited charge carriers, enabling ef�cient solar energy conversion processes.

BiOX crystals can be utilized as gas sensors at low temperatures, operating in ambient envi-

ronment. Moreover, BiOX crystals, with their wide band gaps and photoconductive proper-

ties, hold potential for the development of optoelectronic devices such as photodetectors and

light-emitting devices.
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Figure 4.11: Helmholtz free energy, enthalpy, and entropy of (a) BiOF, (b) BiOCl, (c)
BiOBr, and (d) BiOI crystal.

Figure 4.12: The heat capacity and (b) Debye temperature of BiOX crystal.
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4.2 Electronic and optical of properties doped and

co-doped BiOCl

4.2.1 Effect of doping and co-doping on electronic properties

The crystal structure of bismuth oxychloride (BiOCl) is tetragonal, classi�ed under space

group P4/nmm (no. 129). It features layers of [Bi2O2] double units, with chloride ions

interleaved to maintain charge neutrality. In the [Bi2O2] unit, bismuth ions are arranged in

a square planar con�guration, with oxygen ions positioned above and below. This structure

contributes to BiOCl's semiconductor properties and photocatalytic activity.

Upon doping with post-transition metals (In, Sn, Tl), minimal lattice distortions were

observed, attributed to difference in ionic radii and valence con�gurations. The top view of

the crystal structure of the undoped and post-transition metal-doped BiOCl crystal is shown

in Fig. 4.13. The unit cell of BiOCl contains six atoms, with Bi3+ coordinated to four O2�

and four Cl1� ions in a four-coordinate arrangement. Characteristic bond lengths are 2.34	A

(Bi-O), 3.10 	A (Bi-Cl), and 3.91 	A (Bi-Bi). Recent studies have con�rmed that the experi-

mental lattice parameters for both pristine and Sn-doped BiOCl align closely with theoretical

predictions, with slight variations noted along the c-axis. Doping does not alter the funda-

mental crystal structure, indicating structural stability despite changes in bond lengths due

to size differences between dopants and host atoms (Zulki�ee et al., 2023b).

The optimized lattice parameters of the pristine and doped systems are summarized in

Table 4.4. Recently, Zulki�ee et al. reported that the experimental lattice parameters for

pristine and Sn-doped BiOCl were a = b = 3.885; 3.876	A, and c =7.371; 7.343	A, (Zulki�ee

et al., 2023b). The calculated lattice parameters were in agreement with previously reported

experimental results (Xie et al., 2014; Zulki�ee et al., 2023b). The crystal structure of Sn/Br

co-doped is depicted in Fig. 4.14.

The electronic band structures of pristine BiOCl, In-doped BiOCl, Sn-doped BiOCl, and

Tl-doped BiOCl were computed along a high-symmetry path in reciprocal space, which in-

cludes the k-points� , X, M, Z, R, and A. The resulting band structures for these materials

are illustrated in Figure 4.15(a-d). BiOCl exhibits semiconductor behavior characterized by

a layered structure. The band arrangement reveals that the valence band is predominantly

composed of oxygen (O) and chlorine (Cl) p orbitals, while the conduction band primar-

ily consists of bismuth (Bi) p orbitals. Notably, BiOCl displays a valence band maximum

(VBM) at the R k-point and a conduction band minimum (CBM) at the Z k-point, indicating

its nature as an indirect band gap semiconductor.

The impurity states emerge within the band gap of doped BiOCl crystals (Fig. 4.15(b-d))

due to the presence of dopant atoms. This result is consistent with previous reports (Zulki�ee

et al., 2023b; Long et al., 2022). Doping BiOCl with In, Sn, or Tl results in speci�c energy

band con�gurations. For example, the distance between the impurity energy band's bottom
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Figure 4.13: The Crystal structure of (a) Pure BiOCl, (b) In-doped BiOCl, (c) Sn-doped
BiOCl and (d) Tl-doped BiOCl

and the valence band's top is 0.62 eV for In-doped, 0.77 eV for Sn-doped, and 1.47 eV

for Tl-doped BiOCl. Additionally, the gap between the impurity energy band's top and the

conduction band's bottom varies, with values of 1.83 eV for In-doped, 1.58 eV for Sn-doped,

and 1.07 eV for Tl-doped BiOCl. The width of the impurity band gap also differs among

these doped crystals, measuring 0.40 eV for In-doped, 0.61 eV for Sn-doped, and 0.19 eV for

Tl-doped BiOCl. As a result, the differences between the highest point in the valence band

and the lowest point in the conduction band are 2.45 eV for In-doped, 2.35 eV for Sn-doped,

and 2.54 eV for Tl-doped BiOCl. These values are less than the energy gap observed in pure

BiOCl crystals (2.80 eV). These calculations suggest that incorporating posttransition metals

into the BiOCl host creates new impurity energy levels while preserving the fundamental

characteristics of the electronic structure of BiOCl. In addition, the current �ndings indicate
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Figure 4.14: (a) Top view of 2� 2 � 1 supercell of pure BiOCl, (b) Sn0:25Bi0:75OCl, (c)
BiOBr0:25Cl0:75 (d) SnxBi1� xOBrxCl1� x ,(x = 0.25), (e) SnxBi1xOBrxCl1� x (x = 0.125), and
(f) 4� 2 � 1 supercell of SnxBi1� xOBrxCl1� x (x = 0.0625), crystal structure

.

that the energy required to excite an electron in any of the doped crystals is reduced due to

the formation of intermediate states (Attri et al., 2023; Belousov et al., 2023).

Additionally, the electronic band structure of Sn/Br co-doped BiOCl was calculated and

is presented in Fig. 4.16(a-d). The analysis indicates that Sn/Br co-doping preserves the

Table 4.4: Calculated value of bond angles, bond length, lattice parameters and band gap of
pristine, doped and co-doped BiOCl crystal.

Crystal Angles(o) Distances(	A)
Lattice Parameter (	A)

Eg (eV)
a=b c

BiOCl
O-Bi-O 113.57 Bi-O 2.34

3.91 7.88Cl-Bi-Cl 78.45 Bi-Cl 3.10 2.80
O-Bi-Cl 73.50 Bi-Bi 3.91

Sn-BiOCl
O-Bi-O 112.45 Bi-O 2.29

3.83 8.46Cl-Sn-Cl 78.61 Bi-Cl 3.01 2.35
O-Sn-Cl 73.76 Bi-Sn 3.81

BiOCl-Br
O-Bi-O 108.66 Bi-O 2.34

3.94 8.23Cl-Bi-Br 77.25 Bi-Cl 3.07 2.30
O-Bi-Br 76.52 Bi-Sn 3.90

6.25% Sn/Br-BiOCl
O-Sn-O 76.74 Bi-O 2.26

3.88 8.42 2.30Bi-O-Bi 112.40 Bi-Bi 3.88
Bi-Cl-Bi 79.92 Bi-O 2.34

12.5% Sn/Br-BiOCl
O-Sn-O 76.44 Bi-O 2.37

3.90 8.62 2.02Cl-Sn-Br 74.45 Bi-Cl 3.07
O-Bi-O 71.34 Bi-Sn 3.90

25% Sn/Br-BiOCl
O-Bi-O 111.24 Bi-O 2.35

3.89 8.36 2.20Cl-Sn-Br 76.20 Bi-Cl 3.06
O-Bi-Br 73.57 Bi-Sn 3.89
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indirect band gap characteristic of BiOCl, with the maximum valence band (MVB) and min-

imum conduction band (MCB) appearing at distinct high-symmetry points. The bandgap of

the co-doped BiOCl crystal is narrower compared to both the Sn-doped and pristine BiOCl,

aligning with previous experimental observations reported by (Li et al., 2018). The intro-

duction of Sn and Br atoms generates additional localized energy states within the band gap

due to differences in electronic con�gurations and atomic sizes between Sn and Bi, as well

as Cl and Br. These new states facilitate band gap narrowing, which directly impacts its op-

tical properties, including absorption spectra, transparency, and charge carrier dynamics (Li

et al., 2018; Xie et al., 2014). A reduced band gap enhances BiOCl's ability to absorb light

at longer wavelengths, notably within the visible spectrum, thereby increasing its optical

absorption ef�ciency.

Figure 4.15: Electronic band structure of (a) pure BiOCl, (b) In-doped BiOCl, (c) Sn-doped
BiOCl and (d) Tl-doped BiOCl

Figure 4.17 shows the total density of states and projected density of states for different

atoms in the In-doped BiOCl crystals. The results indicate that the In-doped BiOCl crystals'

valence band primarily consists of hybridizing O and Cl atoms. Figures 4.17 (b-d) illustrate

the projected density of states (PDOS) for the In-doped BiOCl crystal. The valence band is
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Figure 4.16: Optical bandgap of (a) BiOCl, (b) 6.25% Sn/Br-BiOCl, (c) 12.5% Sn/Br-BiOCl-
Br and (d) 25%Sn/Br-BiOCl.

predominantly in�uenced by the hybridization of the O 2p and Cl 3p states, whereas the Bi

6p states are crucial for the conduction band. These �ndings align with previous studies, and

the impurity energy band mainly consists of In-5 s states [Fig. 4.17 (c)], showing localized

states. Figure 4.18 (a) illustrates the total density of states and projected density of states for

various atoms in the Sn-doped BiOCl crystal. The results demonstrate that the valence band

of the Sn-doped BiOCl crystal primarily consists of a hybridization of O and Cl atoms.

Figure 4.18 (b-d) shows the PDOS from the orbitals of each atom in the In-doped BiOCl

crystal. The valence band consists of O-2p and Cl-3p states and the conduction band is dom-

inated by Bi-6p states. These bonding characteristics are consistent with previous �ndings

(Barhoumi and Said, 2021) and are maintained in the case of In-doped BiOCl, where the

impurity energy band consists primarily of Sn-5 s states [Fig. 4.18 (c)], displaying isolated

and localized states. Notably, vacant states are formed above the Fermi level (half-occupied)

due to the presence of Sn impurities.

The DOS of the Tl-doped BiOCl crystal is shown in Fig. 4.19 (a). The valence band of

the Tl-doped BiOCl crystal is mainly formed by the hybridization of O and Cl atoms. The
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Figure 4.17: TDOS and PDOS of In-doped BiOCl

projected density of states for the orbitals of each atom is illustrated in Fig. 4.19 (b-d). As

with In- and Sn-doped BiOCl crystals, the valence band is a hybridization of O-2p and Cl-3p

states, while the conduction band is predominantly composed of Bi-6p states. The interband

level in the Tl-doped BiOCl crystal arises from the presence of Tl atoms, primarily from the

5 s orbital states [Fig. 4.19 (c)].

The total density of states and the partial density of states (PDOS) of each atom in co-

doped are shown in Fig. 4.20 (a). The PDOS of each element's atomic orbital states are

displayed in Fig. 4.20 (b-f). According to the �nding, the valence band (VB) of Sn/Br co-

doped BiOCl crystal is composed of Cl(3p), Br(3p), O(2p), Sn(5s) states. The conduction

band (CB) is mainly composed of the Bi(6p) states. This con�rms that there is an optical

transition of the electron from the top valence states to the conduction bands. Therefore, the

presence of Sn and Br atoms in the crystal brings about a change in the electronic structure.

There is a redshift in the energy state to a lower energy level (large wavelength). Our �ndings

are inconsistent with previously reported experimental results (Zulki�ee et al., 2023b; Chen

et al., 2020; Xie et al., 2014). These energy changes can in�uence the electronic transition

and optical absorption properties of the materials.
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Figure 4.18: TDOS and PDOS of Sn-doped BiOCl crystal

Figure 4.19: TDOS and PDOS of Tl-doped BiOCl crystal
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Figure 4.20: (a) PDOS of the 25 % Sn/Br co-doped BiOCl crystal (b) PDOS of the Bi atom
from each orbital, (c) DOS of the Br atom from each orbital, (d) DOS of the Cl atom from
each orbital, (e) PDOS of the O atom from each orbital, and (f) PDOS of the Sn atom from
each orbital.

The JDOS of pristine BiOCl and doped BiOCl crystal has been calculated and plotted

in Fig. 4.21. The results demonstrate that broad peaks were observed at 3.5 eV, 2.00 eV,

and 1.77 eV, for pure BiOCl, 25% Sn-BiOCl, and 25% Sn / Br-BiOCl, respectively. The

peak in the JDOS plot indicates an electronic transition from the highest valence band to

the lowest conduction band due to the absorption of photons. However, there is no peak

observed in the energy range of (0-3) eV for pristine BiOCl crystal due to its wide band gap

nature. Hence, Sn and Sn/Br co-doping signi�cantly enhances the optical transition in the

lower energy of pure BiOCl crystal. The DOS results generally indicate that incorporating

In, Sn, and Tl dopants into BiOCl crystals leads to alterations in the valence and conduction

bands, which impacts the optical transitions and absorption characteristics of the material.

These �ndings are consistent with prior studies Liu et al. (2022b); Nussbaum et al. (2014b);

Han et al. (2016) and highlight the signi�cance of changes in the electronic structure and

optical properties caused by dopant integration in pristine BiOCl crystal.
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Figure 4.21: The joint density of state for pristine 25%Sn-doped and 25% Sn/Br co-doped
BiOCl crystal

.

4.2.2 Effect of doping and co-doping on optical properties

The crystal structure of a material has a signi�cant in�uence on its optical properties. This

is useful for analyzing energy band structure, contamination levels, excitons, lattice defects,

lattice vibrations, and magnetic stimulation Barhoumi and Said (2021). It is well-known that

the external �eld can polarize the material. The optical properties of materials are gener-

ally assessed using various optical parameters. Figure 4.22, illustrates the optical proper-

ties of pure BiOCl and various post-transition metal-doped BiOCl crystals. Figure 4.22(a)

shows the absorption spectra of both pure BiOCl and post-transition metal-doped BiOCl

crystals. According to the results, the absorption edge of all post-transition metal-doped

BiOCl crystals is shifted towards the low-energy region (redshift) compared to the pristine

one. Additionally, a new peak is observed in the low-energy region for all doped crystals.

The absorption edge of Sn-doped BiOCl shifts more toward the lower energy region than In

and Tl-doped BiOCl. As a result, Sn-doped BiOCl absorbs more visible light than In-doped,

Tl-doped, and pristine BiOCl. Overall, the �ndings demonstrate that post-transition metal
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doping signi�cantly enhances the absorption coef�cient in the visible region for pure BiOCl.

The peak position on the absorption graph corresponds to electronic transitions from the va-

lence to the conduction band. In doped crystals, the optical transition occurs from the Cl

and O p-states to the Bi p-states in the lowest conduction band. The introduction of dopants

aids the transition of electrons from the top of the valence band to the conduction band at

lower energy levels (Belousov et al., 2023). Additionally, the peak seen in the absorption

spectra suggests that the doped crystals are more likely to absorb visible light compared to

pure BiOCl crystals. These �ndings align with those reported in the literature (Zhang et al.,

2017; Attri et al., 2023). Therefore, the signi�cant absorption within the visible spectrum

observed in post-transition metal (In, Sn, Tl)-doped BiOCl crystals indicates substantial po-

tential for improving solar energy utilization and boosting the ef�ciency of solar cells and

photocatalytic processes.

Figure 4.22 (b) shows an extinction coef�cient of pure BiOCl and doped BiOCl crystal.

The result shows that there is an additional peak observed in the visible light energy zone

compared to that of the pristine one. This result also agrees with the absorption coef�cient

graph. Another important parameter used to analyze the optical properties of materials is the

dielectric function. The dielectric constant, or relative permittivity, quanti�es the capacity of

a material to retain electrical energy within an electric �eld.

Figure 4.22 (c) refractive index of pure BiOCl and post-transition metals doped BiOCl

crystal. The refractive index serves as a crucial optical parameter dictating the behavior of

light within a material. In the context of pure BiOCl crystals, the refractive index typically

ranges from 2.3 to 2.5 in the visible light spectrum, re�ecting a notably high value. This

high refractive index primarily arises from the substantial polarizability ofBi 3+ cations and

the unique layered crystal structure, which instigates signi�cant dielectric anisotropy (Zhou

et al., 2023). The refractive index of BiOCl can be adjusted by manipulating the crystal lat-

tice, for example, through defect introduction or doping. Introducing post-transition metals

like In, Tl, or Sn as dopants into BiOCl can elevate the material's optical characteristics. The

addition of these dopants can introduce new energy levels within BiOCl's bandgap, in�u-

encing its electronic structure and light absorption properties. Doping has the potential to

modify the refractive index of BiOCl by either inducing changes in the crystal structure or

creating fresh electronic states. Notably, studies have shown that Sn-doped BiOCl exhibits

a heightened refractive index compared to its pure counterpart, attributable to the electronic

polarizability ofSn4+ ions. Likewise, other post-transition metal dopants such as In and Tl

can similarly impact the refractive index of BiOCl through analogous mechanisms.

We have calculated the dielectric function of both pure and doped BiOCl crystals. Figure

4.22(d) displays the real dielectric function of both pure BiOCl and doped BiOCl crystals.

The relative dielectric constant for the pure BiOCl crystal is 5.26. However, for the doped

BiOCl crystals, the calculated static dielectric constants are 5.93, 6.93, and 6.15 for In-,

Sn-, and Tl-doped BiOCl, respectively. This result shows that introducing post-transition
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metals into the BiOCl crystal increases the static dielectric constant compared to the pristine

one. This is because metal doping can alter the charge carrier concentration and mobility

within the material. Consequently, this can change the electrical properties and the material's

response to an applied electric �eld.

Figure 4.22: Optical properties of pure BiOCl and doped BiOCl, (a) the absorption spectra,
(b) an extenction coef�cient (c) refractive index and (d) dielectric function.

Furthermore, the optical properties of Sn/Br co-doped were investigated. Figure 4.23

(a-f) shows the dielectric and the electron energy loss function. The calculated static dielec-

tric constant is different for the co-doped crystals in comparison to the pure BiOCl. The

substitution of Bi with Sn and Cl with Br in the lattice can affect the charge distribution

and polarization, leading to changes in the dielectric constant. The static dielectric con-

stant for the pure and doped system was calculated, and its values are summarized in Table

4.5. Compared to pristine BiOCl, the static dielectric constant is larger for a doped system.

This indicates that the dopants enhance the polarization and have a strong binding capacity

to electrons; that is, they extend the life span of the photogenerated charge carrier on the

conduction band, which is recommended for photocatalytic activity.

The peak position on the imaginary part of the dielectric function corresponds to elec-

tronic transitions from the valence to the conduction band. Because pure BiOCl and doped

BiOCl have an indirect bandgap, the transition of electrons from the valence band to the con-

duction band requires the assistance of the phonon, resulting in peaks (Barhoumi and Said,
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Figure 4.23: (a) Dielectric function, (b) Energy loss function of pure BiOCl crystal, (c)
Dielectric function, (d) Energy loss function of 25% Sn/Br-BiOCl, (e) Dielectric function
and (f) Energy loss function of 12.5% Sn/Br-BiOCl along ZZ-polarization direction.

2021). For pure BiOCl, the intense peak indicates the optical transition from the Cl 3p, Sn

3p, Br 3p, and O 2p states in the highest valence band to the Bi p states in the lowest conduc-

tion band. An extra peak is observed at lower energy for Sn/Br-doped BiOCl, indicating that

the presence of dopants facilitates the transition of electrons from the top VB to the CB at

lower energy, i.e., from the Sn 3p and Br 3p states to the Bi 6p state. Furthermore, the peak

observed in the imaginary curve indicates the presence of an absorption band, revealing en-

ergy ranges where photons are more likely to be absorbed by the material. These absorption

characteristics are particularly important for applications such as solar cells, light-sensitive

detectors, and photocatalysis applications.

Another very important parameter in studying optical properties is the energy loss func-

tion. The energy loss corresponds to the difference between the initial and �nal states of the

core electron. The energy-loss spectrum is a useful way of examining the electronic, struc-

tural, and vibrational characteristics of materials. It reveals the energy-loss or absorption

processes that take place when a material is exposed to external stimuli such as photons or

electrons. By studying the energy-loss spectrum, we can gain insight into the properties of

the material. Figure 4.24(b-d) shows the energy loss function of a pure BiOCl and Sn/Br

co-doped system along the XX, YY and ZZ-polarization directions. The sharp maxima in
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Figure 4.24: (a)complex dielectric function (b) Energy loss function along XX-polarization
direction, (c) energy loss function along YY-polarization direction, (d) energy loss function
along ZZ-polarization direction.

the energy loss function correspond to plasma oscillations. The plasma frequency for the

pure BiOCl crystal along the crystallographic polarization directions of XX, YY, and ZZ ap-

pears at 10.9 eV, 12.12 eV and 11.22 eV, respectively. However, 6.25 % Sn/Br, 12.5% Sn/Br

and 25% Sn/Br co-doped BiOCl have a plasmon frequency of 15.46 eV, 8.75 eV and 8.93

eV along ZZ-polarization direction respectively. In comparison to an undoped BiOCl crys-

tal, the plasmon frequency for the doped system appears at different energies. This shows

that doping can change the energy-loss properties of the BiOCl crystal. Sn/Br co-doping

can affect the loss energy function of BiOCl, and through band modi�cation, Sn/Br doping

modi�es the bandgap of pure BiOCl. Sn/Br co-doped BiOCl can absorb photons with lower

energy and, consequently, experience higher energy losses. Band gap narrowing caused

by Sn and Br doping results in increased absorption of visible light. Thus, Sn/Br co-doped

BiOCl crystals have a small energy band gap and higher energy losses in the visible spectrum

compared to those of pure BiOCl. Additionally, there are optical absorption that arises from

the promotion of electronic transitions enabled by the defect energy levels introduced by the

Sn and Br impurities. Moreover, Sn/Br co-doping may also affect the plasmonic behavior
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Table 4.5: The peaks values of energy loss function between (0-5) eV along different polar-
ization direction and its corresponding plasma energy and static dielectric constants of pure
and Sn/Br-BiOCl crystal.
Crystal Direction Energy at peaks (eV) ~! p (eV) � 1(0)

BiOCl
XX 3.92, 4.25. 4.80 11.84 5.27
YY 3.90, 4.24, 4.77 13.06 6.07
ZZ 3.28, 3.82 13.17 4.85

6.25% Sn/Br-BiOCl
XX 1.68, 2.14, 4.78 19.27 3.52
YY 2.07, 4.77 19.27 3.00
ZZ 1.87, 4.69 19.27 4.25

12.5% Sn/Br-BiOCl
XX 1.62, 2.29 10.90 8.46
YY 0.25, 2.25, 4.55 11.10 7.79
ZZ 1.73, 4.83 10.60 14.4

25% Sn/Br-BiOCl
XX 1.73, 1.95, 2.34, 2.78, 4.14, 4.82 11.30 6.93
YY 0.46, 1.98, 2.32, 4.07, 4.71 11.55 6.43
ZZ 0.64, 1.75, 2.75, 3.50, 4.85 10.56 4.32

where,! p is plasma frequency

of BiOCl crystal. Plasmon are collective oscillations of electrons, and the introduction of

Sn and Br impurities can alter the electron density and dielectric properties of the material.

Extra electrons contribute to the overall electron density. As a result, the frequency of the

plasmon tends to decrease with increasing Sn concentration. This decrease is due to the in-

creased screening effect from the higher electron density, which reduces the strength of the

collective electron oscillations.

We also evaluated the real values of the dielectric permittivity or complex dielectric func-

tion at the imaginary frequencies� (i! ) by utilizing the Kramers-Kronig formula. The com-

plex dielectric function of a material describes its electrical response to an applied external

electric �eld. The dielectric function versus imaginary frequency graph provides important

insights into the optical properties of a material. The complex dielectric function is plotted

in Fig. 4.24(a). The calculated static complex dielectric function along the ZZ-polarization

direction where 5.20, 7.67, 14.39 and 6.98 for BiOCl, 6.25% Sn/Br-BiOCl, 12.5% Sn/Br-

BiOCl and 25 % Sn/Br-BiOCl respectively. The �ndings demonstrate that doping alters the

dielectric permittivity, which is consistent with the results from the real dielectric function

curve. For Sn/Br co-doped system, the complex dielectric function changes with concentra-

tion due to the alteration in the material's composition and structure. It affects the arrange-

ment and density of atoms in the BiOCl crystal, resulting in modi�cations to the electronic

and vibrational properties.
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4.3 Molecular interaction and adsorption of dyes on

bismuth oxychloride surfaces

4.3.1 Molecular orbitals and population analysis

Molecular orbitals and population analysis are essential factors for comprehending electron

distribution, which aids in predicting molecular reactivity, stability, and interactions. In this

study, NAO and NBO analyses of MB, MO, and MR dyes were performed via Gaussian

NBO Version 3.1 as implemented in Gaussian 09 software. NPA revealed that MB has a

stable electronic structure characterized by high occupancy of the core (99.96% of 24 elec-

trons) and high valence levels (99.6% of 52 electrons), indicating robustness in its molecular

integrity and reactivity. The near-complete occupancy of the core and valence populations

suggests a balance that enhances the stability and interaction capabilities of the dye. The

minimal contribution from the natural Rydberg basis, comprising only 0.29% of the 76 elec-

trons, supports the hypothesis that excitation to higher electronic states is limited. The op-

timized structure and atomic charge distributions of the MB dye, represented by NAO and

NBO analyses, are illustrated in Fig. 4.29 (a) and (b), respectively. The charge distribu-

tion for the NAO analysis ranged from -0.841 to +0.841, whereas that for the NBO analysis

ranged from -0.505 to +0.505. This �nding is in agreement with previous �ndings (Demir-

cio�glu et al., 2015). Additionally, both Fig. 4.29 (a) and (b) depict bond lengths, color-coded

within a range of 1.081 to +1.773	A. The total Lewis population for MB was 72.84 elec-

trons, which accounted for 97.12% of the expected total. The valence non-Lewis population

was recorded as 2.02 electrons, constituting 2.69% of the total electron count. Furthermore,

the Rydberg non-Lewis population was 0.14 electrons, representing only 0.18% of the total.

This demonstrates that the contribution from the Rydberg orbitals is minimal in the context

of the electronic structure of MB in the ground state. The high percentage of the total Lewis

population indicates that a substantial majority of the electrons in the molecule are engaged

in bonding interactions, resulting in a stable electronic structure. The presence of a pre-

dominantly complete Lewis electron con�guration suggests that MB has optimal electronic

characteristics.

The NPA analysis of the MO dye revealed that the core population was 49.98 electrons,

representing 99.97% of the expected total of 50 electrons. The valence population is quan-

ti�ed at 109.39 electrons, corresponding to 99.44% of the anticipated total (110 electrons).

The natural minimal basis population is measured at 159.37 electrons, which is 99.61% of the

expected total (160 electrons). The Rydberg basis population is reported at 0.63 electrons,

constituting 0.39% of the total. The NPA data for MO illustrate a well-de�ned electronic

structure characterized by high occupancy of core and valence electrons. This stability, cou-

pled with the minimal contribution from Rydberg states, underscores the ef�cacy of MO as a

dye in diverse applications, particularly in photonics, dye-sensitized solar cells, and chemical
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Figure 4.25: (a) Atomic charge distributions of MB of the Mulliken type (b) Atomic charge
distribution by natural bond orbitals, (c) molecular orbital energy level of HOMO (d) molec-
ular orbital energy level of the LUMO of the MB dye.

sensors. The optimized structure and atomic charge distributions of the MO dye, represented

by NAO and NBO analyses, are illustrated in Fig. 4.26 (a) and (b), respectively. The charge

distribution for the NAO analysis ranges from -0.659-+0.659, whereas that for the NBO

analysis ranges from -2.253 - +2.253. Additionally, both Fig. 4.26 (a) and (b) depict bond

lengths, color-coded within a range of 0.973 to +1.776	A. The valence Lewis population was

quanti�ed at 104.95 electrons, corresponding to 95.41% of the anticipated total of 110 elec-

trons, whereas the total Lewis population amounted to 96.83% of the expected total of 160

electrons. The valence of the non-Lewis population is reported to be 4.65 electrons, consti-

tuting 2.91% of the total. This small proportion indicates a limited number of nonbonding

electrons, potentially including lone pair electrons. This near-complete occupancy re�ects

a well-de�ned bonding structure, suggesting that methyl orange is effectively represented

by natural population analysis and indicating robust predictive capabilities for its chemical

behavior. Furthermore, the Rydberg non-Lewis population is measured at 0.41 electrons, or

0.26% of the total. The minimal occupancy of Rydberg states suggests that the contributions

from excited states are negligible underground state conditions. This �nding indicates that

the molecule primarily resides in a stable lower-energy con�guration. The total non-Lewis

population amounts to 5.07 electrons, accounting for 3.17% of the total population. This rel-
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atively low value con�rms that the electronic properties of methyl orange are predominantly

governed by Lewis electrons, reinforcing its stability and reactivity. Similarly, the NPA of

Figure 4.26: (a) Atomic charge distributions of the Mulliken type, (b) atomic charge dis-
tribution by natural bond orbitals, (c) molecular orbital energy level of the HOMO, and (d)
molecular orbital energy level of the LUMO of the MO dye.

the MR dye core population accounted for 99.96% of 40 electrons, the valence population

accounted for 99.64% of 102 electrons, the natural minimal basis population accounted for

99.73% of 142 electrons, and the Rydberg basis population accounted for only 0.27% of

142 electrons. The results indicate that MR dyes exhibit a well-de�ned electron distribution,

with nearly complete core and valence populations, suggesting stability and signi�cant in-

volvement in bonding. The minimal contribution from the Rydberg state implies that the dye

remains predominantly in its ground state, which is pertinent for understanding its chemical

reactivity and properties. The optimized structure and atomic charge distributions of the MR

dye, represented by NAO and NBO analyses, are illustrated in Fig. 4.27 (a) and (b), respec-

tively. The charge distribution for the NAO analysis ranges from -0.598 - +0.598, whereas

that for the NBO analysis ranges from -0.846 - +0.846. Additionally, both Fig. 4.27 (a) and

(b) depict bond lengths, color-coded within a range of 0.986 to +1.492	A. The total Lewis

population is quanti�ed at 137.86 electrons, representing 97.08% of the expected total. The

valence of the non-Lewis population is 3.84 electrons, which corresponds to 2.70% of the to-

tal. This relatively small contribution indicates the presence of nonbonding electrons, likely

66



representing lone pairs that may in�uence the chemical reactivity and physical properties of

the dye. Furthermore, the Rydberg non-Lewis population was measured at 0.30 electrons,

accounting for 0.21% of the total. The high total Lewis population suggests that the MR

possesses a stable electronic structure, which is advantageous for its performance as a dye.

The signi�cant presence of bonding electrons contributes to the stability and reactivity of

dyes under various chemical conditions. The probability distributions of the charge density

Figure 4.27: Atomic charge distributions of the Mulliken type, (b) atomic charge distribution
by natural bond orbitals, (c) molecular orbital energy level of the HOMO, and (d) molecular
orbital energy level of the LUMO of the MR dye.

and surface area fragmentation were analyzed via sigma(� ) pro�le calculations of MB, MO,

and MR, as shown in Fig. 4.28. These(� ) pro�les allow for quanti�cation of the spatial dis-

tribution of the charge density, offering insights into the surface characteristics of the dyes.

Furthermore, the analysis of the(� ) pro�les aids in assessing surface area fragmentation,

which helps evaluate how these properties affect the interaction dynamics and adsorption

behavior of the compounds in different environments. The sigma pro�le of H2O displays a

broad distribution that indicates signi�cant charge polarization. A prominent peak between

� = 0.014 and� = 0.015 e/	A2is associated with the oxygen lone pairs and polar hydrogen

atoms, whereas a peak at approximately� = 0.001 e/	A2 re�ects the characteristics of the

67



nonpolar surface region. Additionally, the peak at -0.015 e/	A2 is related to polar hydrogen

atoms, emphasizing their role in hydrogen bonding. The peaks observed in the symmetric re-

gions of the sigma pro�le underscore the stability and strength of the hydrogen bonds formed

between water and other molecular entities, highlighting the critical role of the polar nature

of water in facilitating intermolecular interactions. The sigma pro�le for MB is shown in

Fig. 4.28 (b). The peaks at -0.005, -0.002, 0.005 and 0.01 correspond to different parts of

the molecule, such as the nitrogen-containing aromatic groups and the sulfonate functional

group. This �nding is in agreement with previous �ndings Khni�raa et al. (2020). These

peaks re�ect areas of high electron density, which are pivotal in determining the ability of a

molecule to interact with electromagnetic radiation and facilitate electron transfer processes.

Furthermore, the polar regions (such as where the ionic sulfonate groups are located) may

show increased charge density, whereas nonpolar regions corresponding to the hydrocarbon-

like components of the molecule may indicate lower electron density. The peaks at -0.006,

-0.003, 0.004, and 0.009 in the sigma pro�le of MO in Fig. 4.28 (c) likely arise from the in-

teractions between the functional groups and their surrounding electronic environment. The

-SO3H group is polar and contributes to speci�c charge density characteristics, which may

correlate with the observed peaks in the sigma pro�le. Similarly, the peaks observed at -

0.005, -0.002, 0.004, and 0.012 in the sigma pro�le MR dye in Fig. 4.28 (d) are typically

associated with speci�c functional groups, such as azo groups (-N=N-) and aromatic rings.

The electron-donating and electron-withdrawing characteristics of the azo group can affect

the electron density distribution, leading to distinct peaks in the sigma pro�le. The presence

of sulfonic acid groups also in�uences the charge distribution in the molecule. The contribu-

tions from the benzene rings in the MR structure can also result in characteristic peaks. The

resonance stabilization within the aromatic systems may lead to localized electron density,

contributing to the sigma pro�le peaks.

4.3.2 Bonding and antibonding interaction analysis

Second-order perturbation theory in the context of NBO analysis allows us to quantitatively

assess donor–acceptor interactions, which are crucial in understanding molecular stability,

reactivity, and properties in molecular systems. The analysis was carried out by examining

all possible interactions between ”�lled” (donor) Lewis-type NBOs and ”empty” (acceptor)

non-Lewis NBOs. The chemical structure of MB, MO and MR dyes is portrayed in Fig.

4.29. The stabilization energy between the donor-acceptor interactions was calculated via

Eq. (2.44). The stabilization energy of the N3–C20 bond donors to the antibonding accep-

tor of C5–C11 in the MB dye was calculated to be 4181.78 kcal/mol, indicating that the

strongest interaction was observed. Similarly, the stabilization energy of the N3–C19 bond

donors to the antibonding states of the C5–C11 antibonding acceptor was calculated to be

994.84 kcal/mol. Furthermore, the stabilization energy of the C6–C12 bond donors to the

antibonding acceptor of C5–C11 was calculated to be 739.20 kcal/mol. In addition, the de-
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Figure 4.28: Sigma pro�le of (a) H2O, (b) MB, (c) MO and (d) MR

localization of the MB dye involves interactions between the nitrogen and sulfur lone pairs.

Speci�cally, powerful pi-type conjugative delocalization from the sulfur lone pair donors

to the C12-H22 antibonding acceptor was observed, with a stabilization energy of 1143.13

kcal/mol. Moreover, the interaction between the nitrogen lone pair and the antibonding state

of C10 C12 is estimated to provide a stabilization energy of 27.60 kcal/mol. These �ndings

are in agreement with a previous report Pembere et al. (2017).

The stabilization energies associated with various interactions in the MO dye were calcu-

lated, revealing signi�cant insights into its electronic structure. The interaction between the

bonding and antibonding states of the S1-O2 system and C21-H35 yielded a stabilization en-

ergy of 17.85 kcal/mol. Additionally, the bonding interaction of N7-C15 with the antibonding

states of C21-H35 resulted in a stabilization energy of 16.39 kcal/mol. A stronger interaction

was observed between the bonding of C12-C13 and the antibonding states of N6-N7, provid-

ing a stabilization energy of 30.74 kCal/mol. Furthermore, interactions between the nitrogen

and oxygen lone pairs in�uenced delocalization in the MO dye, with the oxygen lone pair

interacting with S1-O2 antibonding state and contributing 32.28 kcal/mol to stabilization.

Notably, the interaction between the nitrogen lone pair and the antibonding state of C8-C9

resulted in the highest stabilization energy (55.68 kcal/mol). The interactions in the MR dye

show signi�cant stabilization energies between various atomic pairs. Speci�cally, the bond-

ing interaction between N4-N5 and the antibonding states of C14 -C15 produces a stabilization
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c)

Figure 4.29: Optimized molecular structure of (a) MB, (b) MO and (c) MR dyes
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energy of 10.45 kcal/mol. The bonding of C14 -C15 with the antibonding states of C17 -C19

generates a stabilization energy of 21.41 kcal/mol. The interaction between C16-C18 and the

antibonding states of C14 -C15 provides a stabilization energy of 23.02 kcal/mol. Delocaliza-

tion within the MR dye also involves interactions between lone pairs on the nitrogen, carbon,

and oxygen atoms. The interaction between the lone pair of O1 and the antibonding state of

O2-C20 yields a stabilization energy of 42.24 kcal/mol. The contribution of the nitrogen lone

pair (N3) to the antibonding state of N4-N5 is estimated to be 115.35 kcal/mol. Furthermore,

the interaction between the (N3) lone pair and the antilone pair state of C6 results in the

highest stabilization energy of 120.74 kcal/mol within the MR dye.

4.3.3 Quantum chemical descriptor analysis

Several quantum chemical descriptors have been used to analyze the chemical reactivity of

MB, MO and MR dyes. The HOMO and LUMO structures of MB, MO and MR dyes are

plotted in Fig. 4.25 (c, d), Fig. 4.26 (c, d), and Fig. 4.27 (c, d), respectively. The important

electronic properties of the three dyes are summarized in Table 4.6. The results show that

the HOMO energy levels of the dyes MB, MO, and MR were approximately -4.25, -5.70,

and -5.53 eV, respectively. In contrast, the calculated LUMO energy levels for these dyes

were approximately -2.65, -2.85, and -2.58 eV, respectively. Compared with the MO and

MR dyes, the MB dye has higher EHOMO values, which indicates a greater ability to donate

electrons to the surface of the BiOCl crystal. The HOMO of MB is mainly localized on the

nitrogen and carbon atoms of the nitrogen-containing aromatic rings, re�ecting the electronic

structure of the compound and its potential reactivity in various chemical environments. The

LUMO of MB is predominantly localized on the carbon atoms, re�ecting the electronic

properties of the compound and its ability to participate in electron transfer processes. The

carbon atoms contribute signi�cantly to the HOMO for both the MO and MR dyes. Their

involvement in resonance structures enhances electron density. In addition, the nitrogen

atoms in aromatic rings are also key contributors. The delocalized� -electrons in these rings

enhance the stability and reactivity of the HOMO. The nitrogen atoms in the azo group play

a signi�cant role in de�ning the LUMOs of the MO and MR dyes. The LUMO is also

localized on the carbon atoms of the aromatic rings, involving a� ? character that allows for

electron acceptance.

The energy difference between the HOMO and LUMO was calculated using Eq. (2.40)

and its values for the MB, MO and MR dyes were 1.60, 2.65, and 3.26 eV, respectively. The

results revealed that, compared with MO and MR dyes, MB has a smaller energy gap, which

results in more electron donors. The� was calculated via Eq. (2.41), and its values are 3.45,

4.44 and 3.95 eV for the MB, MO and MR dyes, respectively. This result shows that MO

has the highest electronegativity and is likely to attract electrons more strongly than the other

two dyes. This characteristic can enhance its reactivity, particularly in nucleophilic reactions.

The� , which re�ects the stability of the electronic structure, is 0.8 for MB, 1.33 for MO, and
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Table 4.6: Calculated quantum chemical descriptors (electronegativity (� ), global hardness
(� ), global softness (S), electrochemical potential (� ) and global electrophilicity index (! ))
of different dyes
Dyes EHOMO (eV) ELUMO (eV) � Egap (eV) � � S � !
MB -4.25 -2.65 1.60 3.45 0.8 1.25 -3.45 7.44
MO -5.76 -3.11 2.65 4.44 1.33 0.76 -4.44 7.41
MR -5.58 -2.32 3.26 3.95 1.63 0.61 -3.95 4.79

1.63 for MR. Higher values suggest that MO and MR are more thermodynamically stable

and resistant to changes in electron density than MB. Consequently, MB is more chemically

reactive than MO and MR on BiOCl crystals' surface.! was calculated via Eq. (2.43) for

the MB, MO, and MR dyes, and the values were 7.44, 7.41, and 4.79 eV, respectively. The

! for MB is greater than those for MO and MR. According to a previous report, dyes with a

high electrophilic index are more likely to participate in electrophilic substitution reactions

Cao et al. (2021). Consequently, this property facilitates electron transfer of the MB dye on

the 001 surface of BiOCl crystals.

4.3.4 Quantum Theory of Atoms in Molecules and the Non-Covalent

Interactions Analysis

We have calculated and analyzed the electron density topology of dyes using the Quantum

Theory of Atoms in Molecules (QTAIM) and Non-Covalent Interactions (NCI) methods Cao

et al. (2021). The analysis of electron density topology serves as a fundamental approach for

identifying and classifying both inter- and intramolecular interactions within molecular sys-

tems Ji et al. (2022). QTAIM employs topological properties derived from electron density

to identify and classify interactions. For the three dyes, three critical points were observed

in QTAIM analysis. An atom critical point (3,-3) corresponds to the position of a nucleus

in the molecular structure shown in a pink sphere and is characterized by a local maximum

in electron density Gianopoulos et al. (2019). All bond critical points (3,-1) are shown in

orange spheres for the three dyes in Fig. 4.30(a-c). A bond critical point is located along

the bond path between two nuclei and signi�es a local minimum in electron density. A ring

critical point (3, 1) occurs at the center of a cyclic structure shown in a yellow sphere where

there is a local minimum in the electron density within a plane de�ned by the atoms forming

the ring Ji et al. (2022).

In particular, the NCI method allows for the visualization of non-covalent interactions

by employing parameters derived from the electron density. The NCI isosurfaces for MB,

MO, and MR, the non-covalent interactions, were computed using Multiwfn software. The

plot of the 2D-RDG graph and the 3D isosurfaces of the NCI analysis for the three dyes

are shown in Fig. 4.31 (a-f). The 2D-RDG graph shows three regions: (I) the Repulsive

Interaction Region: In� 2 > 0, the electron density is depleted. (II) Concentrated Electron

Density Region; here� 2 < 0 indicates the electron density concentration; (III) Weak van der
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(a)

(b)

(c)

Figure 4.30: : QTAIM topology map of (a) MB, (b) MO and (c) MR dyes

Waals Interaction Region: This region corresponds to� 2 � 0. This �nding is in agreement

with previous reports. Typically, higher RDG values suggest regions where the electron

density changes rapidly, indicating possible covalent or strong non-covalent interactions.

Regions with high RDG and negative (� ) values indicate strong attractive forces, whereas

high RDG values with positive (� ) values imply repulsive forces or areas lacking signi�cant

stabilizing interactions Cao et al. (2021). The 3D isosurfaces of the NCI analysis con�rmed

the existence of non-covalent dispersive interactions in each dye.

Furthermore, the molecular electrostatic potential (MEP) maps of dyes were analyzed to

identify the regions of nucleophilic and electrophilic character within a molecule, which can

in�uence the reactivity, stability, and interaction with other molecular species Ji et al. (2022);

Cao et al. (2021). The electrostatic potential energy per unit charge experienced by a positive

test charge is placed in the vicinity of the dyes. This was derived from the electron density

distribution calculated using quantum chemical methods. The MEP analysis of the MB dyes
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(a) (b)

(c) (d)

(e) (f)

Figure 4.31: (a, c, e) 2D-RDG graphs and (b, d, f) NCI isosurfaces of MB, MO, and MR,
respectively (where the green color indicates van der Waals interactions, red denotes strong
non-bonded overlap or repulsive interactions, and blue highlights strong attractive interac-
tions, including hydrogen bonds and electrostatic forces).

revealed regions of high electron density associated with the nitrogen atoms in the aromatic

rings, indicating potential sites for electrophilic attack (Fig. 4.32(a)). The positive regions

suggest strong interactions with the nucleophiles. Similarly, the MEP map in Fig. 4.32 (b) of

the MO dyes shows distinct areas of negative potential near the azo group, making it a site for

hydrogen bonding and interactions with positively charged species. This behavior indicates

its role as a pH indicator. The MEP of the MR dye (Fig. 4.32 (c)) highlighted regions with

varying potential values, indicating both nucleophilic and electrophilic sites. The presence

of carboxylic acid groups contributed to a more complex electrostatic landscape compared

to that of MB and MO.
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