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ABSTRACT

The development of innovative, high-performance electrode materials is critical to the evo-
lution of next-generation energy storage technologies. Due to their plentiful supplies and
non-toxic properties, B-based 2D materials have gained attention. Density functional the-
ory computations are used to examine the electrochemical characteristics of a number of
2D-MBenes as potential anode materials for Li-ion batteries. Both theoretical and exper-
imental results confirmed the exciting potential of MBene for energy storage applications.
We present a variety of 2D-MBenes-based hetero-structures based on first-principles density

functional theory.

Computed the material by using the Vienna Ab initio Simulation Package code (VASP) [13].
The exchange-correlation potential was described by Perdew-Burk-Ernzerhof (PBE) general-
ized gradient approximation (GGA) functional. The convergence criterion of electron energy
and ionic force were adopted with 107° eV and 0.05 eV/ A respectively. Monkhorst-Pack k-
point grid with 5 x 5 x 1 (001) the surface of both graphene/MoB, and Graphene/FeB, s HS

by reducing the lattice mismatch between the two layers to 2.16% and 1.16% respectively.

We investigated the electrochemical characteristics, including open circuit voltage (OCV)
ranging from 0.2 to 3V and theoretical capacities of up to 1040.1 mAh/g of graphene/MB, (M
= Fe). Due to ByFe/graphene (-3.154 eV) exhibits more negative Li adsorption energies that
have excellent electronic and ionic conductivities. CI-NEB technique estimates of lithium
ion mobility and diffusion rates demonstrate the efficiency of these materials. These findings
are critical for the development of effective lithium intercalation batteries, emphasizing the

importance of material composition and diffusion paths.

Keywords: BsMo/graphene, BoFe/graphene, DFT, Hetero-structure, MBene, and Li-ion
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CHAPTER 1

INTRODUCTION

1.1 Background

The swift advancement of artificial intelligence in agriculture, industries, service sectors, and
communication technology has led to a significant growing demand for energy. However, this
has harmed the environment, which is a major contributor to global warming, climate change,
and public health due to the increase in energy consumption from fossil fuels rather than
using renewable resources (wind, solar power, bio-energy, geothermal power, and others)
[14, 15]. According to the International Energy Agency (IEA), fossil fuels such as coal,
oil, and natural gas have continued to supply 78% of the world’s energy needs; [16] the
remaining less than 30% are renewable energy sources. To reduce the impact of humans on

the environment and achieve a sustainable, clean energy future [17].

Maximizing energy storage is a long-standing technical and scientific challenge with world-
wide ramifications for humanity. The specifications were created for the use of rechargeable
lithium batteries. Next-generation rechargeable batteries include lithium-sulfur batteries
(Li-SBs) and lithium-air batteries. Developing these technologies for demanding applica-
tions like fast-charging electric vehicles and grid storage can increase high-rate charge and
cycle lifespan while maintaining energy density. Electronic materials have a crucial role in
determining attributes, necessitating the creation of novel 2D materials. These days, 2D
materials are widely used in technology, and researchers leverage the advancement of atomic

technologies like flying minuscule atoms and molecules or sticking thin layers of materials



together to make new devices capable of incredible feats such as atomic layer deposition [18]
and molecular beam epitaxy [19]. The synthesis of multiple layered compounds has produced
a large number of layered compounds, some of which have been proposed as anode materials

for metal-ion batteries

The first example of a 2D electrode material for LIBs is graphene [20]. Since then, anode
materials for lithium-ion batteries (LIBs) have been researched using innovative 2D materials
such as MoSs [21], VS, [22], phosphorene [23, 24], borophene [25], silicene [26], borophane
[27], boron phosphide [28], Mo, C [29], Ti3C; [30]. Recently, there has been a lot of attention
on the topic of 2D transition metal carbides or nitrides (MXene), which function as electrode
materials for ion batteries, particularly anode materials, and MBene, as shown below in
Figure 2 [31]. They are easier to synthesize, have high specific capacities, good electrical

conductivity, highly active surfaces, high rate performance, and good structure stability.

Figure 1: The rapid development of two-dimensional materials [1, 2]

The new family of 2D materials generated from the parent, M, 1B, is as follows: ”"B” is for
boron; and n = 1 to 4. ”M” stands for early transition metals (Sc, Ti, Zr, Hf, V, Nb, Ta,
Cr, or Mo) [7], which have even better possibilities for energy storage due to their highly
conductive skeleton, high chemical activity, and quick charge carrier mobility [32]. Bano
et al. (2018) [33] explored the driven metallic behavior and interfacial charge transport

mechanism in MoS;/MoBs heterostructures. Hetero-structures (HSs) are commonly used in



conventional semiconductors to create changeable electrical properties.
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Figure 2: (A) MBene and (B) MAB phases [3]

The development of future two-dimensional materials has highlighted HSs with Van der
Waals interactions as viable candidates. In 2019, Li et al. [34] demonstrated that the TiB
monolayer has a higher potential as an anode material for Li/Na-ion batteries. Bhaskar et
al. demonstrated in 2021 that Li may be stored between NiB layers and then deintercalated
from the layered polymorphs of LiNiB molecules at room temperature. Wei et al. (2022) [35]
used DFT simulations to predict that V,Bs would significantly adsorb Na ions, making it a
suitable candidate for the anode material in sodium-ion batteries. Luo et al. [36] reported

in 2023 that FeBy monolayers are high-capacity electrode materials for Mg-Ion batteries.

Researchers frequently estimate the structure, electrical properties, adsorption and diffusion
properties of metal atoms on the MBene surface, open circuit voltage, and specific capacity
of MBene to determine how effective it is as a material for metal ion battery electrodes [37].
Concerning the preceding debate, we have been inspired to investigate the electrical and
thermoelectric characteristics of d graphene/MB, (M = Fe and Mo) HS theoretically. The
reason we chose this particular mix of monolayers is that the boron-terminated MoB, and
FeB, layers have a broad range of chemical potentials that can be tolerated by thermody-

namics, which makes them intriguing from an electronic standpoint [38].



1.2 Statement of the problem

In order to address the growing need for energy storage and economics, the world of today
demands incredibly efficient technology. Rechargeable metal-ion batteries have drawn a lot
of attention as cutting-edge technologies for inexpensive renewable energy storage because of
their plentiful supplies and environmentally favorable characteristics. In addition, because of
their low price and high energy densities, rechargeable Li-ion batteries are thus gaining pop-
ularity. However, there are still issues such as volume instability, low voltage, and dendrite
formation, just to mention a few, that need to be solved for the next-generation Li-ion bat-
teries. In order to solve this problem, 2D materials for use as anode electrodes have recently
attracted considerable attention to improving their electronic properties and electrochemical
properties. MBenes such as MBs (M=Mo, Fe) are among the 2D materials that are specifi-
cally used for this purpose. Their properties are adaptable and can be customized for energy
storage systems due to their excellent performance, which includes outstanding safety and
rating skills. Herein we are interested in giving attention to graphene/MB; ( graphene, M

= Fe, Mo) as anode materials for rechargeable Li-ion batteries from first-principles studies.



1.3 Objective

1.3.1 General Objective
The main objective of this study is to investigate the first-principles study of graphene/MB,
(M=Fe, Mo) and MBy(M=Fe, Mo)/graphene Vander Waals hetero-structures as anode ma-

terials in rechargeable lithium-ion batteries.
1.3.2 Specific objective

The specific objectives of this study are:

e To investigate the structural and electronic properties of the structures of MBy (M =
Fe, Mo), Graphene, and their hetero-structures, including the energy, crystal geometry

information, density of states, and band structures.

e To determine the structural stability, such as formation energy as a function of inter-

layer distance of both pristine and hetero-structures.

e To examine the adsorption energies of Li on pristine and hetero-structures as well as

the effect of Li-ion concentration on adsorption on hetero-structures.

e To estimate the average open-circuit voltage (OCV), theoretical storage capacity, and

Li-ion diffusion studies in graphene /MBy and MB,/graphene hetero-structures.

1.4 Scope and Limitations of Research

In this work, the electrical properties, hetero-structure thermodynamic stability, optimal po-
sitions for lithium (Li) atom adsorption, and energy storage capacity and NEB calculation of
graphene/MB, (M = Fe, Mo) and MB5/graphene hetero-structures for rechargeable lithium
batteries are examined using Density Functional Theory (DFT). Since DFT-based computa-
tional modeling occupies much of the work, theoretical predictions rather than experimental

validation are necessarily the study’s only possible application..

The electrical characteristics of the structures are estimated using the Generalized Gradient



Approximation-Perdew, Burke, and Ernzerhof (GGA-PBE) method. The GGA-PBE ap-
proximation is well known for overstating electrical properties, though. In order to better
define electrical features, the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional and the
Gritsenko, Leeuwen, Lenthe, and Baerends Solid State (GLLBSC) potential are included in

the solution.

Specifically, the HSE06 method works well with the d orbitals of transition metals. There are
certain limitations to the research despite these methodological advancements. The optical
and mechanical properties MBene-based heterostructures were not computed in this work
due to computation cost. This points to a research hole that may be filled by subsequent
investigations, contributing to a more comprehensive understanding of the behavior of these

materials in real-world applications.

1.5 Significant Of The Study

For the energy storage industry as well as the scientific community, this work constitutes a
major technological advance. This work explores the computational modeling of graphene/MB,
(M = Fe, Mo) and MBy (M = Fe, Mo)/graphene MBene-based hetero-structures, laying a
strong foundation for future research into anode materials for various types of rechargeable
lithium batteries, including Lithium-ion Batteries (LIBs), Lithium-sulfur Batteries (Li-SBs),

and Lithium-air Batteries (LABs).

We provide insights from our Density Functional Theory (DFT) research that will be the ba-
sis for upcoming computational and experimental endeavors. They provide a comprehensive
understanding of these hetero-structures’ structural integrity and electrochemical activity,
which is necessary for developing and creating next-generation anode materials. These find-
ings have a number of possible applications, one of which is as a guide for enhancing the

effectiveness and performance of systems that use rechargeable lithium batteries.

Moreover, the market for energy storage could be completely changed by the study’s con-



clusions. We might contribute to the development of batteries with greater capacity, longer
life cycles, and improved safety profiles by directing the experimental design and synthesis
of these novel materials. This research contributes to the global search for dependable and

sustainable energy sources while also advancing the science of energy storage.

1.6 Organization of the Study

The five sections of this master’s thesis are as follows. The introductory chapter sets the
scene for the study, clarifies its goal, highlights important issues, and delineates its goals. It

highlights the importance and contribution of the study.

The second section of the literature review is a critical synthesis of pertinent scholarly works
that offers a thorough rundown of the state of the field’s research at the moment. This
chapter places the thesis in the context of the existing body of knowledge, emphasizing the
ways in which it both builds upon and departs from previous studies. It also shows gaps
in the literature that the current study aims to address, demonstrating the significance and

applicability of the research.

The computational method (third chapter) The study’s methodological framework, including
techniques for collecting research data and analytical techniques, is covered in this chapter.
It provides an open overview of the methods, guaranteeing the study’s reliability and re-

peatability.

The results of the investigation are succinctly summarized in the fourth chapter, Results
and Discussion. It looks at the results in relation to the research questions and previously
reviewed literature. This chapter provides significant conclusions on the implications of
the study in addition to summarizing and interpreting the data. The research findings are
summarized in the final chapter, Recommendations, which also makes conclusions based on

the available evidence.



CHAPTER 2

LITERATURE REVIEW

2.1 Lithium-ion Batteries

Among all anode materials because of its encouraging qualities. According to Whitingham
(1976), the electrical potential of this material is the lowest (—3.04,V vs. SHE), and its
theoretical capacity is the larges. But the lithium metal anode has problems with dendritic
formation, low Coulombic efficiency, and cycle life[39]. To address these issues, many ap-
proaches have been put forth, including surface modification, electrolyte optimization, and

host matrix design[40].

Due to their special qualities, such as their large surface area, rapid charge transfer, ad-
justable band gap, and flexibility, two-dimensional (2D) anode materials have been more
and more well-liked in recent years [41, 42]. Numerous applications for 2D materials are an-
ticipated, such as fuel cells, electrochemical processes, electrical devices, sensor applications,
energy storage, catalysis, and renewable energy technologies. Because of their dimensions

and size, these 2D materials have special properties [43].

Since graphene has a large theoretical capacity of 744, mAhg™!, strong electric conductivity,
and mechanical durability, it is the most studied 2D material for use as an anode material in
Lithium-ion batteries[44, 45]. Nevertheless, challenges like severe aggregation, low lithium-
ion diffusion coefficient, poor cycle life, large volume expansion, and lower capacity relative

to lithium metal anodes [46, 47| limit its practical application.



MBenes’ multi-layered structure, large specific surface area, and numerous active centers
enhance the efficiency of lithium ion insertion and storage. The battery’s efficiency varies
depending on the characteristics of the lithium ions, even though MBene functions similarly
for various lithium ions[48]. Theoretically, it has been demonstrated that MBenes are suc-
cessful as anode materials for LIBs. Additionally, MBenes have a higher theoretical capacity
than other two-dimensional materials, making them more beneficial as negative electrodes

149, 50].

2.2 The working principle of lithium-ion batteries

The better recharge and electrochemical cell utilization properties of lithium-ion batteries
are well recognized.comprise a separator, a porous polymer membrane that permits lithium
to flow while preventing short circuiting between the two electrodes, which are the anode
and cathode, and an electrolyte. Their amazing capacity to both emit and absorb electrons
and lithium ions alters their chemical composition significantly. These batteries have an
intricate system that efficiently stores and distributes electrical energy. It is made possible

by redox reactions involving electron exchange [51].

An essential part of the battery is the electrolyte, which facilitates the passage of lithium ions
between the electrodes to produce an electric current that can power a variety of devices.
Fast ionic charge transfer is made possible by the high concentration of Li-ions in the elec-
trolyte, which improves cell operation. According to Thackeray (2012) and Glaize (2013),
the electrolyte needs to be both electrically insulating and ionically conductive.The rocking
chair principle applies to rechargeable batteries. During the discharge process, electrons are
drawn from the graphite (negative electrode) and transferred to the outside circuit, where

they are adsorbed onto the positive electrode (LiCoO, means cathode) (Figure.3).

A portion of the electrons are used by the device. After passing through the device and

the circuit, electrons continue to flow to the cpositive electrode (LiCoOz). To maintain
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Figure 3: Schematic of the configuration of LIBs [4]

electrical neutrality in the positive electrode , lithium ions move back and forth between the
electrodes. The electrical current that powers the electronic devices is created by electrons
traveling across the external circuit. Reversible processes take place when Li moves from
the positive electrode to the negative electrode and electrons move from the external circuit
during the charging process via an external load (figure 3)[52, 53]. In addition, from the
graphite anode to the LiCoO, cathode, lithium ions move within the cell [54]. The following

is a summary of the electrochemical processes involved in the charge/discharge process [55].

Anode: 6C + zLi" + zLi~ = 2LiCq (1)
Cathode: LiCoOy = Li;_,CoOy + ze™ (2)
Overall:LiCoOy = zLiCg + Li;_,Co0O4 (3)

With their own layered architectures, intriguing alternatives like MBenes offer the possibility

of even higher energy storage capacities. As scientific research progresses, batteries will
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experience additional development to provide cleaner and more effective energy solutions,

thereby contributing to a sustainable future.

2.3 Anode materials

The anode is one of the parts of the battery that stores energy. They have higher specific
capacities than traditional graphite and potentially double the energy density of lithium-ion
batteries (LIBs) [56]. In LIBs, new anode materials are becoming more and more popular.
A range of components are included in these materials, such as silicon, metals, metal oxides,
metal sulfides, lithium metal, and various carbons, according to reports. By Shuai Kang and
Junjie Niu. [57] the creation of high-capacity anode materials to meet the expanding need

for energy storage that is more efficient and sustainable.
2.3.1 Lithium Metal Anode

It is possible to employ metallic lithium as an anode material. In reality, the principal
anode material for lithium-batteries was metallic Li. It have the lowest density , the lowest
electro-chemical potential compared to other the [58]. Unlike graphite anodes, which use
intercalation/deintercalation mechanisms, lithium-metal anodes use a conversion reaction

between metallic Li and Li-ions.

The specific energy of lithium-ion batteries (LIBs) with Li-containing TMO as cathodes can
rise from 280 to around 440 Wh/kg [59] once the anode is changed to Li metal. However,
the practical applications of Li anodes are limited by uncontrolled growth of Li dendrites,
which leads to a short lifespan and significant safety issues. To solve these issues, a few
successful techniques have been used, such as membrane modification, the addition of pro-
tective layers, nanostructured anodes, and electrolyte modification. Because of its reactivity,
Li metal requires a great deal more effort before it can be used in batteries, even though the

experimental results are encouraging.
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2.4 Introduction of MBene

The novel 2D material of MBene are built around the combining of boron and different
transition metals. MBene derived (where "M” is the early transition metal and "B” is the
boron element) [60]. MBenes were different derived (AuyB, MnB, NbsB,, HfB, ZrB, Mo,B,
NbsB4, TagB4, OsBy, RuB, and FeB, ), clarifying properties such as high mechanical and
thermal stabilities and low fracture strength. To stabilize the boron sheet, the transition
metal would give boron electrons[61]. It is commonly known that these materials’ structure
vary greatly (Figure 4). The multi-centered bonding of B, which results in a variety of
metal-boride properties [5].A new dimension to the rich science of metal borides has been
added in the last few years with the development and with superior thermal conductivity,and

excellent electron conductivity are becoming more desirable [62].
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Figure 4: Metals forming borides and the structural patterns they exhibit. Periodic table
displaying metals or semi-metals that produce borides of MBene and MAB phases, both
theoretically and experimentally predicted [5]
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First MBenes for LIBs have been discovered through theoretical calculations are Fe;Bo, and
Moy B, [63]. They feature an electronically conductive skeleton, strong chemical activity, and
rapid charge carrier movement, making them more promising for energy storage applications.
The chemical formula for the MAB phase, M,,.1AB,, is as follows: "B” stands for boron,
and n = 1 to 4. 7A” represents elements I1I-V of the A-group (Si, Ge, Sn, As, Bi, Ga, In,
T1, and others). Where "M” is transition metals denoted by Ti, V, Nb, Ta, Cr, Mo, and

others Al mono-layer and bi-layers can be used to divide M-B layers [64].

The layered structures of twenty of the MAB materials have been synthesized experimentally
[32] such as FeBy [65] and MoB, [66]. Most of them have been theoretically studied their
properties and application (as shown in Figure .4a) [67, 68]. In 2015, Ade and Hillebrecht [69]
studied ”7,” the treble borides. The crystal structures of different MAB phases of (MAIB,
M,AIB,, M3Al,Bs, M3AIB,, and M,AlBg) is portrayed in Figure .5 [70].

Owm M4AIBg
O A
°B M3AloB2

o O O

Figure 5: The different MAB phases of Crystal structures[6].

13



Using the crystal structure prediction approach reported on a series of hexagonal 2D MBenes,
Zr5B5, TisBs, MosBs, YoBs, and Scs that were predicted to have good stability and excellent
electronics conductivity. Others, such as Fe;Bs, V3Bo, MnyBs, CraBs, and MoyB,, were also

expected to perform well as electrode materials in LIBs/NalBs [71].

In addition to the orthorhombic configurations for the hexagonal crystal system TMB, has
a family of stacked TMBs. These layered TMBs, which include graphene-like honeycomb
boron layers, can be converted into 2D ”sandwich” structures, such as OsB,, FeBs, MoB,,
and RuB,, that are made up of two boron honeycomb sheets and an intermediate hexagonal
plane of the TM atom (B-TM-B). Illustrates the numerous scientific contributions made in
MBenes, which have validated their various uses and are being predicted both theoretically

and empirically as show as in Figure .6 [7].
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Figure 6: An overview of MBenes’ research efforts. The volume of publications from 2017
to 2023 demonstrates a persistent rise in the subjects of interest for research [7].
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2.4.1 The Mechanical and Dynamic Properties of MBene’s

MBene 2D materials have higher elastic constants, Poisson’s ratio, shear modulus of elas-
ticity, and Young’s modulus compared to other 2D materials. Calculations reveal that they
increase mechanical properties [72]. The shear modulus measurements reveal the system’s
stiffness (softness) under cutting and responsiveness to shear stress. Young’s modulus and
Poisson’s ratio were used to characterize the mechanical characteristics of MBenes monolay-
ers. Furthermore, phonon spectroscopy is used to confirm the stability of crystal formations
with lattice dynamics. If the Brillouin zone exhibits no imaginary frequency, 2D MBenes are
dynamically stable. The computed MBene exhibited thermodynamic stability. Some of the
monolayers include V,B,, CryBs, and MnyB,, whose free energy oscillated slightly during

the AIMD simulations at 350K [49].
2.4.2 The electronic Properties of MBene’s

The electrochemical performance of MBenes electrodes for energy-related applications is in-
fluenced by their electronic properties. The electronic characteristics of MBenes have been
investigated through both theoretical research and experimental characterisation. In a the-
oretical investigation, hybrid functionals were utilized to precisely determine the electronic
band structure of MBenes, whereas the main electronic properties were computed utilizing
the generalized gradient approximation (GGA) framework. Due to tightly coupled ”d” or-
bital electrons in transition metal elements, Hubbard corrections between ”2” and 76" eV

were applied in related works.

Upon functionalization, most MBenes with non-terminated electronic structures exhibit
metallic characteristics, with the Fermi energy situated in the transition metal’s d band.
The p-band of B appears below the d-band in the majority of MBenes, with a little band-
gap between them. In M, 1 B,(n = 1,2,3) MBenes, the d-electrons of the transition metal
atoms on the surface are crucial for the states close to the Fermi level. The electronic struc-

tures of the hexagonal monolayer of pristine and functionalized MBenes (M = Sc, Ti, Zr,
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Hf, V, Nb, Ta, Mo, and W) with F, O, or OH groups have been thoroughly studied by
Khaledialidusti et al. [73].

Without much experimental support, theoretical simulations have lately provided a de-
scription of MBenes, their electronic structure, and their optical characteristics. Non-
functionalized ScoBs, TisBa, VaBa, CroBs, YoBs, ZrsBs, and Mo,Bs, MBenes are identified
as metallic by DFT calculations because the transition metal’s 3d-orbitals occupy electronic

states at the Fermi level [74].

The predicted band structure shows that, in contrast to the band connected to boron, the
metal band has fewer transitions below the Fermi level. As a result, it is typically anticipated
that in 2D MBenes, the degree of hybridization between atomic orbitals in the B-B bond will
be comparatively higher than that of the M-B and M-M bonds. It is evident that F, OH,
or O have higher electronegativity than the transition metals under study when comparing
the predicted band structure of MBF, MBOH, and MBO with the pristine MB, and these

termination groups have an impact on the electronic structure [7].

As first-principle calculations [75] show for CrsBO,, CrsB(OH),, and CrBCl,, a flat band
appears near the Fermi level. Remarkably, ScBO has been expected to have semiconducting
characteristics with an indirect bandgap of 0.5 eV, significantly correlated with the type of
surface termination [76]. When MBenes terminate with —OH and —F groups, they lose
their metallic or semimetal qualities; nevertheless, when they terminate with —O groups,
they unexpectedly acquire semiconducting properties. The fundamental cause is because
—O groups pull out more electrons from boron’s 7* band states or from its occupied d
states below the Fermi energy [76]. Consequently, MBenes seem promising for tuning band

structures; this is especially true after surface functionalization.
2.4.3 Potential Effects of MBenes on Energy Storage

2D materials are used as anode materials in rechargeable batteries due to their outstanding

mechanical qualities, high specific surface area, and excellent electron mobility. Many 2D
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materials, including MoS, [21], graphene [77], and Ti3Cs [30], have been successfully explored
as anode materials in recent years. The importance of theoretical computations in elucidating

MBene’s battery mode of action is becoming more and more important.

Recently, a theoretical study has projected a significant number of MBenes as potential anode
materials for rechargeable batteries. Researchers often compute the structure, electrical
characteristics, thermodynamic and mechanical stability, adsorption and diffusion properties
of metal atoms on the MBene surface, open circuit voltage, specific capacity, and specific
power energy in order to assess the performance of MBene as a metal ion battery electrode

material.
2.4.4 Hetro-structure of MBene

A hetero-structure is a particular kind of hetero-structure that is made up of layers of one
material and other materials layered on top of one another. These materials are utilized in
the investigation of spin-valley coupling and valley polarization because they break inversion
symmetry [78]. Hetero-structures are widely employed in conventional semiconductors to
enhance their structural stability and tune the electrical and optical properties of one or 2D

counterparts.

Van der Waals interactions in Hetero-structures have been identified as viable possibilities
for the development of future 2D materials; prototype van der Waals Hetero-structures
are TMD-based hybrid multilayered structures. According to recent reports, multilayered
hetero-structures [79] MoSs/MoBs [33], MoS,/TiBF, and MoSs/MoBO [80]. It must add
below 5% of lattice mismatches in the smaller lattice constant of one of them due to different

equilibrium lattice constants.
2.4.5 Application of MBene with theoretical and Experimental Synthesis

Rechargeable batteries’ uses for energy storage and conversion (Figure 7). MBenes, a novel
class of 2D , offer a wide range of potential uses as electrocatalyst for NRR and HER. It is also

a compelling method of altering MBenes’ structure to increase activity. MBenes composites
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embedded in a single metal exhibit intriguing characteristics because of the monatomic
and MBenes’ respective high activity and electrochemical characteristics. In addition to
electrocatalytic HER and NRR, MBene catalysts are novel nitric oxide and carbon dioxide

reduction catalysts.

Figure 7: Main applications of MBenes with theoretical calculation [8].

Possible impacts of In the future, additional research in this area is required. Additionally,
we concentrate on 2D MBene research for energy storage applications. MBenes have been
noted to exhibit significant promise as anode materials for the upcoming battery generation.
Researchers have also discovered that they have the greatest promise for biotechnology and
the electrochemistry of technological industry. MBene materials have substantial contribu-

tions to energy storage and other uses via computational calculations.

The two-dimensional family of metal-organic frameworks, or MBenes, has grown in pop-
ularity because of its exceptional mechanical and electrical characteristics and distinctive
structural kinds. It’s also proven to have a wide range of applications in the field of energy

storage and conversion. 2D MBenes are expected to be the brightest material in the future.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 Schrodinger Equation

The Schrodinger equation is the goal of all computations using quantum mechanics and
electronic structure techniques [81]. Because it makes the system’s wave function visible, the
Schrodinger equation is therefore essential to these methods as it allows the computation of
all the system’s physical characteristics. All information about the locations and spins of
the particles that comprise the system is contained in the wave function[82]. We are given

the time-independent Schrédinger equation by|[83]:

HY = Broat) (3.1)

where the system’s Hamiltonian, or total energy, is represented by the operator H. E stands
for both the energy and the wave function that characterize the quantum state of the system.
The observable material attribute of the materials that interest us can be found by solving
this equation. After calculating the contributions of pure electron-electron, electron-nuclear,
and nuclear-nuclear interactions to the total energy of the system, the following description

of the system can be formed using the aforementioned equations [84]:

[:[ =T+ Tn + ‘/int + Vnn + ‘/ext (32)

Where:
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T= kinetic energy of the electrons,

e Tn= kinetic energy of the nuclei,

Vint= potential energy of the inter-electron (electron-electron) repulsions,
e Vnn = potential energy of the nuclear-nuclear repulsions and

e Vext = potential energy of the electron-nuclear attraction (external potential)

Z[ZJe Z[@
zmez ZQMI Z|r1—r]| Z|RI—RJ| Zm R, 7

Now, the Schrodinger equation for several body systems can be solved with ease, notwith-
standing its previous complexity. The spins and positions of the electrons in the system are
now the only factors influencing the many-body wave function (¢); the nuclear positions are

only a part of the external potential (Viey).

3.2 Wave function-based approximations

3.2.1 The Born-Oppenheimer Approximation

In general, the Hamiltonian operator H depends on nuclear and electronic degrees of free-
dom. Because of the significant mass difference between electrons and nuclei, the Born-
Oppenheimer approximation permits the separation of electronic and nuclear dynamics[85].
At almost 2000 times the mass of an electron, a nucleus is far heavier than an electron. As
a result, electronic motion is three to five orders of magnitude quicker than nuclei motion;
as a result, an electron’s motion will be far faster than a nucleus’.Barrera et al. (2024):
Emergent Because the nuclei are assumed to be fixed with certain coordinates ({R;}), that
is, they enter as external parameters, the many-body system’s Hamiltonian can therefore
be reduced to an N-electron Hamiltonian[86]. Therefore, adopting the Born-Oppenheimer

approximation; equations (3.4) can be rewritten in terms of the electronic Hamiltonian H

as[87]:
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or

Hele - Te + VNe + V:ae (35)

The complexity of solving the Schrodinger equation for many body systems is reduced to
a tractable problem for the fact that W(R,r) — (r) thanks to the Born-Oppenheimer

~

approximation and the ensuing simplification of the full Hamiltonian (H) to the electronic
Hamiltonian (ﬁ ). For many-electron systems, the Born-Oppenheimer approximation simpli-
fies the issue, although it is still essentially unsolvable. Wave function-based techniques are
practical and produce good results for small enough molecules. The whole electronic wave
function cannot be determined from the product of wave functions for each electron inside
three three-dimensional degrees of freedom due to the interaction of individual electrons in

many-electron systems. This could also turn the difficulties of H into one of three dimensions

in three dimensions. Numerous methods have been provided to solve equation (3.3).

The Hamiltonian is divided into two components by the Born-Oppenheimer approximation:
the nuclear Hamiltonian Hnuc and the electronic Hamiltonian Hele. Whereas the nuclear
Hamiltonian is only dependent on the nuclear coordinates and the fixed electronic locations,
the electronic Hamiltonian is only dependent on the electronic coordinates and the fixed
nuclear positions. It is possible to further break down the electronic Hamiltonian into terms

of potential and kinetic energy [88].
where:

T, is the kinetic energy operator of the electrons, Ve is the potential energy operator of
the electron-nucleus interaction, Ve is the potential energy operator of the electron-electron
repulsion, and Vi is the potential energy operator of the nucleus-nucleus repulsion. The

nuclear Hamiltonian can be expressed as:

21



[:[nuc = TN + ‘A/NN (36)

where:

Ty is the kinetic energy operator of the nuclei, and Van is the potential energy operator
of the nuclear-nuclear repulsion. In most cases, the nuclear Hamiltonian can be neglected
as it primarily influences the vibrational and rotational motion of the molecule, which are

considerably smaller in scale compared to the electronic motion[89].

3.3 Density Functional Theory

Density functional theory is a computational quantum mechanical modeling technique used
to study the nuclear and electronic structure of many-body systems in the fields of physics,
chemistry, and materials science. Atoms, molecules, and condensed phases are its main
subjects. In addition to that, it makes it possible to solve the Schrodinger equation approxi-
matively and precisely. Reformulating the electronic structure problem in terms of electronic
density is the main concept rather than the many-body wave function ¥(ryoq, re09, ..., ryoN).
The primary idea behind density functional theory is the great balance between computing
expense and the accuracy with which electrons in a material can be described. It has grown
in popularity and versatility in the fields of computational physics, condensed matter physics,

and computational chemistry, based on the spatially dependent electron density.

In 1998, Walter Kohn and John Pople, two scientists, were recognized with the Chemistry No-
bel Prize for their contributions to density functional theory and computational methods[90].
The most effective and accurate computing materials by using DFT because of improvements
in approximations. Using the variational technique depends on the electronic density that
controls the system’s energy in the ground state. It can be used to study molecules, solids,

atoms, nuclei, and both classical and quantum fluids [91]. The first significant developments
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in the development of contemporary DFT were the Hohenberg-Kohn theorems and the work

of Kohn and Sham.
3.3.1 Hohenberg and Kohn

In 1964, two incredibly simple theorems were stated and proved by Hohenberg and Kohn
[92]. Hohenberg and Kohn introduced the idea of electron density po(r) [93] as a substitute
for computing every interaction between electrons within the context of density functional

theory (DFT). There are two theorems|94].

Theorem 1 States that the ground state properties of a many-electron system are deter-
mined by its 3D electron density, n(r). It also explains how all of the system’s physical prop-
erties can be readily understood from a given Hamiltonian by solving the time-independent

Schrédinger equation as functionals of the electronic charge-density, n(r).

Theorem 2 [t holds that Ey < E[p(r)] for any trial density p(r) where the system’s ground-
state enerqgy is denoted by Fy. Stated differently, the ground state energy of the system is
represented by the smallest value of the total-energy functional E[p(r)], and the single particle

ground state density is precisely the density that provides this minimum value.

The Hohenberg-Kohn theorems [95, 96] define the energy functional as

Elpl)] = [ Veu(0)p(x)ds + Flo(x) .7)

The first term in equation (3.7), viewed from the right side, describes how the electrons
interact with the external potential (Viext). The Viexy phrase also includes the interactions
of the nuclei with the system’s electrons. The universal functional, F[p(r)], is unknown
as one cannot have all the information required to determine the ground-state energy of a

many-electron system [97].
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3.3.2 Kohn and Sham

In 1965, Kohn and Sham that The many-body quantum mechanical problem could be
reduced to a system of one-electron equations with self-consistent solutions and precise
equivalents. Overlaying the system of interacting electrons is an additional system of non-
interacting electrons with the same ground state charge density, n(r). Through their refor-
mulation of the basic equations to incorporate the most complex electron interactions into an
”exchange-correlation functional,” Kohn and Sham made practical applications possible. Al-
though the exact form of this exchange-correlation function is not apparent, numerous types
of materials have responded favorably to extensions and approximations based on electron

gas models[95].

Kohn and Sham [98] implemented a method for solving equation (3.7) above for the unknown
term, F'[p(r)]. They did this by constructing a corresponding non-interacting system in some
effective potential Vg such that the non-interacting Hamiltonian produces the same ground
state density po(r)’ for any interacting ground state density po(r). Equation 3.7 shows that,
on the basis of this supposition, Kohn and Sham were able to dissect the unknown energy

functional factor from the Hohenberg-Kohn theorem into many component terms.

Flo(r)] = Exelp(r)] + Enlp(r)] + Exc[p(r)] (3-8)

Inserting equation 3.8 into equation 3.9, Kohn-Sham energy functional in DFT can be written

as:

Flp(r)] = / Vet (t) p(r)dr + Exe[p(r)] + Enlp(r)] + Exe[p(r)] (3.9)

wherein [p(r)] Ey| the energy of a group of non-interacting electrons is described by the
term, which denotes the electrons’ kinetic energy, and Ey[p(r)] the columbic energy of the
electron-electron interaction is denoted by the word, which stands for the Hartree. The
final element, Ey.[p(r)], represents the energy contribution from exchange and correlation of

electrons inside the interacting systems.
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The Hartree energy which could be defined as

Exlp(r)] = %// %drdr’ (3.10)

has no contribution in the case of electron-electron correlational interacting energy. On the
other hand, the assignment of minimizing such unknown exchange correlational functional

would be simplified in the form of the Euler-Lagrange equation [96]:

LB - [ swar o (3.11)

Olplr)] _ 9 r)p(r)dr r E pr)plr’) rdr’ r
) = 5 {/m( )p(r)dr + Eie[p( >]+2// ] O Blp( >J} (3.12)
OB Bl [ o) 3B()]
e S SRR RN e L 19
B _ 0B |,
H = (5p(r) = (Sp(I‘) +‘/éxt( ) (314>

Here we combined together all terms, excepting non-interacting electron kinetic energy, into

an effective potential V,;(r) depending upon r [96]:

Vers(x) = Veur(r) + % / : (_rﬁ| dr' + Vie(r) (3.15)

r

~

here, the last term of equation (3.15), V,.(r), is the exchange-correlation potential and related

to exchange-correlation energy functional, E,.[p(r)], by [96]

Vie(r) = (%) (3.16)

On account of equation (3.16), one would give a solution to the Schrodinger equation for
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non interacting particles of the form [96],

h2
2m,

V2 + Vegs(r) | ¢i(r) = E;hi(r) (3.17)

where the parameters FE;, ¢;(r) and Veff respectively indicate the orbital energies. The
system’s effective potential and non-interacting electrons are located in the Kohn and Sham
orbitals. Everyone would agree that DF'T offers a way to solve the Schrodinger equation for a
particular system, which may be made feasible by combining the Kohn-Sham equation with
the Hohenberg-Kohn theorems. The first step in the iterative process of solving a problem
is to estimate the electron density (p(r)), which is then used in equation (3.15) to create an
effective potential (‘A/eff) term. This effective potential term can be entered into equation

(3.16), which will produce a set of Kohn-Sham orbitals for the system. This makes it possible

to get an improved estimate of the electron density, p(r), using equation (3.17). [96].

plr) = 3 le(x)P (3.18)

The previous analytical discussion can also be condensed using the flow graphic that follows.

As seen in Figure.8 below, this iterative cycle would be continued until convergence upon a
single value for the electron density, at which point one would obtain an improved estimate
of the electron density (p(r)). The ground-state electron density for the system and all of its
physical properties could be determined using the second Hohenberg-Kohn theorem [95] if
the electron density converged in accordance with the self-consistent field method previously

described. The flow chart would continue if the electron density did not converge.

The self-consistent field method involves solving the Hartree-Fock equations to determine the
optimal one-electron wavefunctions for a many-electron system. The Fock operator is built
from the electron density and the external potential, while the electron density is derived

from the Slater determinant of the one-electron orbitals. After then, the Fock operator is
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Figure 8: An simplified flowchart that shows how to solve KS equations using the self-
consistency loop [9)].

diagonalized to produce new orbitals and energies. This procedure is continued until the
electron density approaches a stable value. Hartree-Fock theory and Kohn-Sham density

functional theory are two applications of the self-consistent field approach.

The Hohenberg-Kohn theorems are two key findings in density functional theory that prove
the variational principle for energy functional minimization as well as the existence and
uniqueness of a universal energy functional of the electron density. According to the sec-
ond Hohenberg-Kohn theorem, the ground-state electron density that minimizes the energy
functional is the same as the system’s exact ground-state energy. The theoretical underpin-
ning for use electron density as the fundamental variable in computations involving quantum

chemistry is provided by the Hohenberg-Kohn theorems.

3.4 Exchange Correlation Functionals

The approximation of the exchange-correlation energy functional E,.[p(r)] part of equation

(3.15) mentioned above is seen as a major source of error for current DFT computations.
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Therefore, obtaining a reliable approximation of this amount is crucial to the correctness
of the entire DFT technique. Many different strategies have been used to solve this issue,
but opinions are still divided on whether the best estimate for this term is obtained solely
theoretically or semi-empirically. This issue may be seen using a Jacob’s ladder, as seen in
Figure 9 [10]. The visual ladder that raises the accuracy of DFT approximations from the
so-called " Earth of Hartree,” where exchange and correlation energies are completely ignored
as in the Hartree approximation, to the chemical accuracy ”heaven” corresponds to different
classes of functionals and methods. More sophisticated higher step approaches will often
require more processing power in this basic ranking of methods in exchange for improved

calculation accuracy.

e T N
" Heaven of Chemical 2
Accuracy

& Unoccupied
KS orbitals

Hybrid =
ETTT Exact-?(
~information

Hartree World

Figure 9: Different classes of DFT approximations are ordered by increasing levels of sophis-
tication going up the ladder. Rungs are named at the center and the added components are
noted on the right. p is electron density [10].

Local Density Approximation (LDA) The first and most used approximation for the
exchange-correlation interaction (LDA) is the local density approximation (LDA)[99]. The
exchange-correlation of the system was taken to be equal to that of a uniformly dispersed

electron gas with density n(r). The local density approximation for a homogeneous electron
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gas is expressed as follows [100]:

EXS,[n] = / ()X n(r))dr (3.19)

Where: €X¢ is known as the exchange-correlation energy per particle of a homogeneous
electron with density n in the electron gas. While some aspects of lattice constant equilibrium
geometries and vibrational frequencies are described using LDA, other properties like as

cohesive energies and dissociation energies of molecules are not represented, the LDA has a

decent approximation for slowly charging densities[101].

Generalized Gradient Approximation (GGA) The second method of exchange-correlation
interaction is the Generalized Gradient Approximation (GGA), which takes into account the
non-uniform nature of the electron density by replacing the exchange-correlation of a ho-
mogeneous electron density with the semi-local function of the electron density and the

gradient’s magnitude [102].

ESGln) = [ & fnfe), V() (3:20

where, additionally, f is an analytical function that has multiple parameterization options.
For general uses, Perdew-Burke-Ernzerhof (PBE) is one of the most often utilized functionals.
GGA is a more accurate method than LDA for predicting binding energies, lattice constants
of different materials, and activation energies of chemical processes. Based on the generalized
gradient approximation (GGA) that Perdew-Burke-Emzehof provided for our computation

(PBE), let us examine the exchange-correlation functional.

3.5 Density Functional Dispersion Correction

The dispersion correction energy factor is a very straightforward function of interatomic

distances with adjustable parameters that is fitted to the structural and interaction energies
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calculated using a complete basis set (CBS). Fitting is finished for a particular purpose. All
atom pairs are considered in the energy corrections for DFT-D2 [103]. Furthermore, as an
add-on factor, the dispersion correction has no direct impact on the wavefunction or any
other molecular features. However, geometry optimizations with dispersion correction will
provide a different geometry than those without it because of its contribution to the forces

operating on the atoms[104].

The long-range attractive interactions between molecules that are poorly characterized by
traditional density functional theory (DFT) can be taken into account with the help of
dispersion correction. Dispersion correction can be applied in a variety of ways, including by
incorporating dispersion effects into the exchange-correlation function, adding an empirical

pairwise potential to the DFT energy, or employing a hybrid strategy that combines the two.

The dispersion energy and the self-consistent Kohn-Sham-DFT (KS-DFT) energy, Epgr,
are added to determine the total energy Epo [105, 106] and Epg [107, 108], respectively.

DFT energy as follows [109]:

Eprr-p2 = Exs—prr + Eaisp (3.21)
where
Nat_l Nat 1
Egisp = —56 Z Z Cijﬁfdmp(Rz’j) (3.22)
i=1 j=itl i

and fampis the damping function given by:

1

(3.23)

The number of atoms in the system is denoted by N, the interatomic distance is denoted
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by R;;, the dispersion coefficient for the pair of atoms ¢ and j is calculated using geometric
mean of the form C’fj = ,/CS- Cf, and the global scaling factor is commonly denoted by
sg. For PBE, s¢ = 0.75, R, is the sum of the atomic van der Waals radii, d is the damping
parameter, and fg.mp is a damping function that, in order to prevent overestimation, lowers
the dispersion contribution at short distances. For a set of molecules, the dispersion coeffi-
cients and the damping function parameters are determined by fitting high-level theoretical

or experimental data [110].

DFT-D2 is an easy-to-use and efficient method of increasing the accuracy of DFT for systems
with dispersion-dominated interactions, molecular crystals, biomolecules, and van der Waals
complexes. Nevertheless, DF'T-D2 has certain drawbacks, including the omission of many-
body effects, higher-order factors in the dispersion energy expansion, and the dependency of
the dispersion coefficients on the local environment. More sophisticated dispersion correction
techniques, like many-body dispersion (MBD)[111, 112}, DFT-D3, and DFT-D4 can solve

these problems.

3.6 Beyond Density Functional Theory

As it is well known, the PBE and LDA approximations both underestimate semiconductor
materials’ band gaps and provide an erroneous picture of the band structure of strongly
correlated materials. The DFT+U method, the hybrid functional (HSE06) approach, the
self-interaction correlation (SIC) method, and the DFT4+DMFT method are some of the
techniques used to handle the correlation of electrons [113]. The results shown in this
dissertation[114] are also not obtained using hybrid functionals since they are computation-

ally very demanding.

Accurate results for strongly correlated localized states, such as the d- and f-type orbitals of
transition metal electrons and rare-earth elements, were treated using the DFT+U approach.

This technique uses the on-site Hubbard U correction to treat self-interaction. where it was
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better to take into account the higher correlations between the localized electrons and the
Hubbard U parameter, which increased the Coulomb repulsion between them[115]. The

entire DFT+U functional energy expressed as follows[116, 117];

Eprriv(n(r)] = Epprn(r)] + Ev[nT,] — Eaclnro] (3.24)

where: Eppr is the DFT energy term, n(r)-electron density; nf, the atomic orbital occu-
pations with spin ¢ for correlated atom I; Ey is the on-site Hubbard U correlation energy

and FE,. express the double counting term.

The DFT+U technique involves augmenting the exchange-correlation functional with an
on-site Coulomb repulsion term U in order to rectify the self-interaction mistake in DFT.
U’s value is determined by selecting the localized orbitals that characterize the Hubbard
manifold. This can be done from the ground up using a variety of methods, including
the self-consistent DFT+U method, the constrained random phase approximation, and the
linear response method[118]. DFT+U opens the band gap, increases the magnetic moments,
and stabilizes the proper ground state to better describe systems with strongly correlated

electrons, such as actinides, lanthanides, and transition metal oxides. [119].

3.7 Nudged Elastic Band Method

For researching the kinetics and mechanisms of many different processes, including chemical
reactions, ionic diffusion, surface diffusion, and phase transitions, the NEB technique is an
effective tool. The Arrhenius equation can be used to determine the process’s frequency
using the activation energy that was determined by the NEB technique. Notwithstanding
its potential benefits, the NEB technique presents certain drawbacks and difficulties. These
include reliance on the starting and end states, spring constant selection, and the potential
for many pathways and saddle points to exist[120, 121]. Therefore, it’s crucial to use alter-

native techniques, like harmonic transition state theory or molecular dynamics simulations,
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to confirm the accuracy and dependability of the NEB results.

The curve that connects two (meta)stable states of a system and has the lowest energy at
each point along the curve is known as the minimal energy path (MEP) in physics and
chemistry [122]. The MEP is helpful for researching phase transitions, transition mechanisms,
and rates of other dynamical processes such as chemical reactions. The transition state,
which represents the greatest energy barrier the system must cross to change from one state

to another, is the highest point along the MEP [123].

The nudged elastic band (NEB) method is one of the most often used techniques to
determine the MEP and the transition state. By using a sequence of discrete pictures,
or beads, connected by springs and subjected to forces coming from the potential energy

surface, the NEB technique approximates the MEP.
3.7.1 Principle of NEB method

The pictures’ placements are iteratively optimized by the NEB approach until they converge
to the MEP. An illustration of the NEB approach used on a basic two-dimensional potential
can be found in Figure 10. Examine the potential energy surface that is shown. Two local
minima are identified as the beginning and end states, and two lines—one a straight band
and the other a curved MEP band—connect them. The arrows will direct us to begin our

search in a straight line, and our goal is to reach the MEP line as soon as possible.

3.7.2 The Procedure of the NEB method

Initial and final states

The initial and final states of interest must first be determined using the standard electronic

and ionic relaxations. These two configurations have low energies and all of the forces (first

derivatives of the energy) are zero.

An atom that is within or on the surface of a lattice advances to the following location. As

indicated in the following graphic, atoms must climb the potential mountain and descend
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Figure 10: Principle of NEB method showing the initial band (dotted line) of three inter-
mediate images, nudging toward the minimum energy path (MEP, solid line) which passes
over the saddle point with barrier (activation) energy[11].

to the next position from their most stable location, which has the lowest potential energy.
when The activation energy to move is A E. The mountain’s height and the activation energy
are equal. The Nudged Elastic Band (NEB) computation is the method used by DFT to

determine activation energy.

3.8 Pseudopotentials

If electrons are separated into two groups—valence electrons and inner core electrons—the
many-electron Schrodinger equation can be greatly simplified. The electrons in the inner
shells create an almost inert core with the nucleus because they are tightly bonded and do
not contribute much to the chemical bonding of atoms. They also partially screen the nucleus.
Particularly in metals and semiconductors, valence electrons are virtually entirely responsible
for binding characteristics. With the atom reduced to an ionic core that communicates
with the valence electrons, this distinction means that the inner electrons can often be

disregarded. Fermi and Hellmann were the first to suggest using an efficient interaction, or
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pseudopotential, to simulate the potential experienced by the valence electrons in 1934 and
1935, respectively. Despite the mathematical simplification that pseudo-potentials provide,

they were not widely used until the late 1950s [124, 125].

Figure 11: Schematically, the pseudopotential is represented by solid lines, while electrons
are represented by dashed lines, both with the corresponding wave functions. The symbol
rc stands for the cutoff radius that separates the core and valance zones [12]

3.9 The overall setup for the computation

The density functional theory (DFT) method was employed to calculate the interactions
between different hetero-structure of Graphene/molybdenum diboride (MoBs) and hetero-
structure Graphene/ FeBy and various lithium Li, (n = 1,2,and,3) clusters by using the
Vienna Ab initio Simulation Package code (VASP) [13, 126]. The exchange-correlation po-
tential was described by Perdew-Burk-Ernzerhof (PBE) generalized gradient approximation
(GGA) functional. The wave function was expressed by plane wave basis with a cutoff energy

of 500eV.

The convergence criterion of electron energy and ionic force were adopted with 1075 eV and
0.05 eV /A. Monkhorst-Pack k-point grid with 5 x 5 x 1 (001) the surface of hetero-structure

of both graphene/MoBs and Graphene/FeB, separately. The HS by reducing the lattice
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mismatch between the two layers to 2.16% and 1.16% respectively. This lattice mismatch is
small enough that will not effect the electronic characterises of the hetero-structure, however

such contraction in lattice spacing’s may results in increased DOS [127].

Table 1: Electron Configurations and Pseudopotential Types of Various Atoms

Atom | Electron Configuration | Pseudopotential Type
Fe 3523p545%3d° Ultrasoft
Mo 45%4p°5st4d® Ultrasoft
B 25225%2p! Ultrasoft
C 2522p? Ultrasoft
Li 15%2s! Ultrasoft

The lattice mismatch equation is expressed as follows:

Ahetero—structure — Apristine
% = P x 100 (3.25)
Apristine

Where apetero—structure a0d Qpristine are the lattice constants of the hetero-structure and pris-

tine MBenes, respectively.

For the electronic structure, the calculation considered HSE(06,[128, 128, 129]. The van der
Waals correction of Grimme (D3) was used because of the weak interactions at the hetero-
structure interface. To prevent interactions between the periodically repeated images along

the Z axis, a 204 vacuum gap was established.

Adsorption energy of lithium atoms on hetero-structures and pristine MBenes as follows:

1
AEad = E[ELingraphene/MBene - (Egraphene/MBene + ELin)] (326>

where Ep;, graphene/MBene 18 the total energy of hetero-structure or pristine MBenes with in-
tercalation, Egraphene/MBene 1S total energy of graphene/FeB, or graphene/MoB, without in-

tercalation or FeBs and MoBs pristine MBenes and Fy;, is the total energy of the Li atom.

The formation energy of graphene/FeB2 and graphene/MoB, hetero-structures were calcu-
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lated using the following equation:

AEbind = Egraphene/MBenes - Egraphene - EMBenes (327)

Where: Egraphene/MBeness Egraphene ald EniBenes are the total energy of hetero-structure, pris-

tine of graphene and MBenes (FeBy or MoB,), respectively.

To determine the electrochemical properties of the Li adsorption process into the graphene/FeBy
and graphene/MoB, hetero-structures, the Open-circuit voltage (OCV) were calculated us-

ing the following equation:

1 1

ocvV = _n_e [ELingraphene/MBene - (Egraphene/MBene + nELi)} = AEf (328)

ne

Where: Er;,graphene/MBenes Fgraphene/MBene, L1i, ALy, n and e are the total energy of hetero-
structures after intercalation of n atoms of Li per formula unit, the total energy of hetero-
structure without intercalation species, the chemical potential of intercalated species of Li
atom, formation energy, and the number of Li atom intercalation and elementary charges,

respectively.

The theoretical capacity of LIBs is obtained from the following equation:
(3.29)

Where: n represents the amount of electrons transferred per formula unit (1 for Li), z.x rep-
resents the number of Li atoms adsorbed; in our calculation, x,,.x = 3, F represents the Fara-
day constant (26801mAh/mol), and Mpyetero represents the mole weight of graphene/FeB,

and graphene/MoBs hetero structure or pristine MBenes.

The diffusion rate (r) and diffusion coefficient (D) of lithium ions are calculated using the

following equations, where the activation energy (F,) for each diffusion path is the difference
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between the energy of the saddle point and the initial state:

1) e ()

E,
D = a*vexp (—]%—i}> : (3.30)

where kg is the Boltzmann constant, T is the absolute temperature, and v is the hopping
rate (v = 10" s7'). At a temperature of 300 K, and assuming kp = 8.17333262 x 107>

eV /K, the diffusion coefficient for different £}, values can be calculated.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Structural properties

4.1.1 Lattice Constants and Bond Lengths of Monolayers systems

Lattice constants and bond lengths are computed by scientists studying materials like MoBs,
FeB,, and graphene monolayer in order to comprehend its structural Characteristics. To
validate the conclusions, these computations are frequently compared with experimental
data and findings from other computational investigations. The dimensions of the unit cell,
which are essential to the crystal structure of MoB,, are shown by the lattice constants. The
strength and kind of chemical bonds that are present can be inferred from the bond lengths
between boron atoms and molybdenum (Mo), which in turn influences the qualities of the

material.

Likewise, for FeBs, the lattice constants provide insight into the general structure of the iron
(Fe) and boron atoms. The potential hardness and electrical characteristics of the material
can be inferred from the link lengths between atoms of boron and iron. Last but not least,
the lattice constant is the distance between carbon atoms in a monolayer of graphene. The
remarkable strength and conductivity of the material are largely dependent on the length of

the link between carbon atoms.
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Table 2: Calculated lattice constants and bond lengths of FeB,, MoB,, and graphene mono-
layers of an atom compared with the experimental result and computational study.

System Lattice constant Bond lengths in (A) Reference
(A) Mo-B | Fe-B | B-B | C-C | Mo-Mo

MoB, a=Db=23.045¢c=3.071 | 242 |- 1.75 | - 3.03 expe[130, 131]

231 |- 1.68 | - 291 (132, 133]

a=b= 3.019, c=20.961 242 | - 1.75 | - - [134]
a=b=3.03 , c= 20.000 2.304 | - 1.750 | - 3.03 This work

FeB, a =b = 3.015, ¢ = 20.000 | - 1.93 | 1.82 |- - expe[135, 136]
a=b=3.020,c=2692 |- 222 | 174 |- - [132, 137]
a=Db = 3.015, ¢ =20.000 | - 1.886 | 1.744 | - - This work

Graphene | a =b = 2.46 - - - 142 | - Expe[138, 139]
a=Db=23015c¢=2739 |- - - 1.8 - (140, 141]
a=Db = 2468, c =20.000 | - - - 1.425 | - This work

4.1.2 Optimize Structure of Monolayers systems

The figure (12) shows a monolayer, which is made up of just one layer of molecules or atoms
stacked on a surface. Here, we see an arrangement of atoms in two dimensions. Atoms of
boron (B) are represented by the green spheres, and atoms of iron (Fe) are represented by
the gold spheres. The other monolayer of graphene represented by brown. The monolayer
structure is formed by the arrangement of these atoms. The word ”optimized” denotes
that certain properties have been attained or the energy of the system has been reduced by

adjusting the atomic locations.

Atomic locations are changed during optimization to improve stability, electrical character-
istics, or other desired features. Panel A and E (Side View) presents a cross-sectional view
that reveals the bonding patterns and demonstrates how the atoms stack vertically. In sum-
mary, the figure illustrates an optimized monolayer structure composed of boron and iron
atoms. This transition from a simple linear arrangement (Panel A and E) to a complex lat-
tice (Panel B and F) likely involves adjustments to achieve desirable electronic or mechanical

properties.
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4.1.3 Optimize Hetero-structure of the materials

Figure 13 illustrates the hetero-structure that is significant for the study of lithium-ion
batteries. The hetero-structure is composed of a monolayer of FeB,, where boron (B) atoms
are depicted as green spheres and iron (Fe) atoms as gold spheres, and an instade of FeB,
replaced with MoBs, where molybdenum (Mo) atoms are as purple spheres. This monolayer
is intricately arranged above a layer of graphene, represented by brown. The side view (Panel
A, C, E, and G) and top view (Panel B, D, F, and H) provide different perspectives of this
optimized structure, and vice versa, graphene below with the layers of FeB, and MoB,,

respectively.

The optimization of such a monolayer is crucial for enhancing the performance of lithium-ion
batteries. The FeB,; and MoBy monolayers, with their unique arrangements of boron and
iron atoms and also molybdenum, offer potential sites for lithium adsorption, which is a key

factor in the battery’s charge and discharge processes. The graphene layer contributes to the
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overall stability and conductivity of the hetero-structure, making it an excellent candidate

for electrode materials in lithium-ion batteries.

In-depth investigations employing density functional theory (DFT) are necessary to compre-
hend this hetero-structure’s electrical characteristics and lithium adsorption behavior. The
energy levels, charge distributions, and possible routes for lithium ions inside the structure
can all be understood by DFT simulations. Predicting the behavior of novel materials and
directing the creation of more robust and efficient lithium-ion batteries are made possible
by these theoretical investigations. Thus, the figure the intricate relationship between the-

oretical physics and materials research, which has the potential to advance energy storage

technology.
A) )
FeB; Lﬂ)’ﬂg\ Graphene Layer
S0-0-0BoBe®I-0-0
| Inter-layer
Inter-1 .
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Graphene Layer

Figure 13: The optimized structures of MBene Based hetero-strucures. A) side view of
BsFe/graphene. B)Top view of BoFe/graphene. C) side view of graphene/BsMo. D) Top
view of graphene/BsMo.
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Figure 14: The optimized structures of MBene Based hetero-strucures. (E) side view of
graphene/BoFe. F) Top view of graphene/ByFe. G) side view of BoMo/graphene. H) Top
view of BosMo/graphene
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4.2 Electronic Properties of Monolayer Systems and Hetero-structure

The electronic properties of the electrode materials are described by the band strucure, den-
sity of states (DOS) and project density of states (PDOS) calculations. Metallic conductivity
makes for the best electrode material for use in batteries, and it may be identified by crossed

bands in Fermi-level existing states.
4.2.1 Total Desity states and Project Density of States (PDOS)

The projected density of states (PDOS) plots for FeB,; and MoBs reveal the specific atomic
orbitals contributing to their electronic properties. The d orbitals of iron (Fe) and the p
orbitals of boron (B) atoms greatly influence the electronic bands in FeBy. Similarly, in
MoB,, the valence and conduction bands are affected by the d orbitals of molybdenum
(Mo) and the p orbitals of boron (B) atoms. The Fermi level intersects the total density of
states (DOS) plot at 0 eV, indicating metallic behavior. PBE4+D3 computation is the key

to accurate predictions.

The PDOS for graphene mostly reflects the p orbitals of carbon atoms. The fact that
graphene is metallic, with the Fermi level at 0 eV, is further supported by the total DOS
plot. The HSE06 computation approach provides insights into detailed electronic structures.
When constructing materials with desired electrical properties, these DOS and PDOS graphs
are extremely important. It is critical to comprehend these electrical characteristics in ap-
plications such as lithium-ion batteries, where conductivity and stability are important. The
Fermi level in the plots is referenced by the green broken line at 0 eV, and reliability is

increased by using sophisticated techniques like PBE+D3 and HSE06.

The electronic structures of FeBy[36], MoB»[142, 143, 144], and graphene[] are promising
for Li-ion battery applications. The presence of d orbitals in the conduction band of FeB,
and MoB, suggests a high capacity for lithium intercalation. graphene[145, 146|, with its
superior conductivity, can significantly enhance the electrode’s performance by providing a

conductive network for electron transport which is consistent with the previous study.
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Figure 15: The total density of states and project density state for(a) FeBy and (b)MoBy
monolayers. The Fermi level is indicated by the green color broken line at 0 eV. The PBE+D3
calculation is employed.
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Figure 16: (a)The project densities of states and (b)The Total densities of states for graphene
monolayer. The Fermi level is indicated by the green color broken line at 0 eV. The HSE06
calculation is employed

So that, the studied monolayers, including graphene, exhibit metallic characteristics due to
the Fermi level aligning with the zero electronvolt (eV) energy mark. These properties are
advantageous for Li-ion battery electrodes, as they promise improvements in charge capacity,
energy efficiency, and rate This study explores the electronic properties of graphene, FeB,

and MoB, monolayers, which we focus on the Total Density of States (TDOS) and Projected
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Density of States (PDOS) to assess their impact on battery performance.
4.2.2 Band Structure Systems for Monolayer Systems

The electronic properties of two-dimensional materials are pivotal in determining their suit-
ability for various applications. In the case of FeBy and MoBs; monolayers, as well as
graphene, the absence of a band gap is indicative of metallic behavior. This characteris-
tic is crucial for applications that require high electrical conductivity, such as electrodes in

energy storage devices.
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Figure 17: The band structure for monolayers. The Fermi level is indicated by the black color
broken line at 0 eV.(a) and (b) the GLLBSCM and (c¢) HSCEO06 calculation is employed.
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The band structures of FeB,, MoB,, and graphene monolayers reveal a significant feature:
the absence of a band gap at the Fermi level, marked by the black dashed line at 0 eV. This
absence is a clear indication of metallic behavior, which is highly desirable for applications
where electrical conductivity is critical. The GLLBSCM and HSCEO06 calculations employed

in the diagrams further confirm the metallic nature of these materials.

The metallic behavior of these 2D materials, as evidenced by their band structures, makes
them excellent candidates for use as electrodes in energy storage devices. Their ability to
conduct electricity efficiently can lead to improvements in the performance of batteries and

capacitors, which are essential components in the push for renewable energy solutions.

While MoB, is well-known for its exceptional electrical properties, the comparison with FeB,
and graphene monolayers provides valuable insights. All three materials exhibit similar
metallic characteristics, yet the subtle differences in their band structures could influence
their specific applications. Comprehending these subtleties is vital in customizing materials

to fulfill the requirements of diverse high-conductivity applications.

These findings underscore the importance of electronic properties in the selection of materials
for technological applications, particularly in the realm of renewable energy where efficiency
and conductivity are key. The band structures of FeBy, MoB,, and graphene serve as a

roadmap for future material design and application development.

4.3 Density state Project and Band structure of Hetero-structure

4.3.1 Total density state and Project Density of States (PDOS) Hetero-structure

We performed Density Functional Theory (DFT) computations and analysis on virgin mono-
layers of FeBy and MoB,, as well as graphene. These studies are the basic research for under-
standing the electrical structures of novel 2D heterostructures, which include FeB,/graphene,
MoB; /graphene, graphene/MoB,, and graphene/FeB,. The project densities of states for

FeB,/graphene, MoBs/graphene graphene/MoBs, and graphene/FeBs hetero- structures.
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The PDOS sheds light on the contribution of specific atomic orbitals to the material’s elec-

tronic properties.
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Figure 18: The total density of states and project density state for MBene-based hetero-
structure and the Fermi level is indicated by the black color line at 0 eV. The PBE+D3
calculation is employed.

For graphene/MoBs, the valence and conduction bands are influenced by the boron (B)
atoms’ p orbitals , carbon(C) atoms’ p orbital and the molybdenum (Mo) atoms’ d orbitals.
In graphene/FeBs, the bands are shaped by the boron (B) atoms’ p orbitals, carbon (C)

atoms’ p orbitals and the iron (Fe) atoms’ d orbitals.

The DOS plots for these materials show that they have a metallic nature. This is deduced
from the fact that the Fermi level, which is the highest energy level occupied by electrons,
shifts to 0 eV energy. In metals, the Fermi level lies within the conduction band, allowing

for free movement of electrons and hence conductivity.

47



f\ == TDOs =« TDOS
Ny — Mogo) 6 — Mo (d)
| C(p) m— C (p)
— B (p)

h

Iy

v 1
”~ —-- Fermi level : ‘l
|

! f\n

DOS [a.u.]
DOS [a.u.]

(a) Graphene/MoB, (b) BaMo/Graphene

Figure 19: The total density of states and project density state for MBene-based hetero-
structure and the Fermi level is indicated by the black color line at 0 eV. The PBE+D3
calculation is employed.

4.3.2 Band structure of Hetero-structures of Hetero-structures

The band structure diagrams for graphene/BsFe, graphene/BsMo, FeBj/graphene, and
MoBs /graphene monolayers provide significant insights into their electronic properties. The
continuous electronic state density at the Fermi level, as indicated by the black broken line
at 0 eV, confirms the metallic nature of these MBene-based hetero-structures. This metallic
behavior is crucial for applications where high electrical conductivity is desired, such as in

electrodes or interconnects in electronic devices.

The location of the valence band maximum (VBM) at the K Point in the Brillouin Zone for
these materials suggests that the electrons with the highest energy in the valence band are
found at this high-symmetry point. This can have implications for the optical properties of

the material, as transitions involving the VBM often contribute to the absorption of light.

On the other hand, the conduction band minimum (CBM) being at the I' Point indicates
that the lowest energy state available to electrons in the conduction band is at the center
of the Brillouin Zone, which could affect the material’s electrical conductivity and thermal

properties.

48



W
.

E-E¢ (eV)

(a) BoFe/graphene (b) Graphene/ByFe

Figure 20: Band structure of MBene-based hetero-structure. The Fermi level is indicated by
the black color Broken line at 0 eV. The HSE06 calculation is employed.

(a) BaMo/graphene (b) graphene/BaMo

Figure 21: Band structure of MBene-based hetero-structure. The Fermi level is indicated by
the black color Broken line at 0 eV. The HSE06 calculation is employed.

The use of the HSE06 calculation method provides a more accurate description of the elec-
tronic band structure, especially for materials with strong electronic correlations. This level
of precision is necessary to predict the behavior of electrons in these materials accurately

and to design devices that can exploit these properties for various technological applications.

Overall, the band structure calculations for these graphene/boride hetero-structures not only

confirm their metallic nature but also provide valuable information about their potential
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performance in electronic applications. The specific features of the VBM and CBM, along
with the detailed band structure provided by the HSEO6 calculations, offer a roadmap for

further experimental and theoretical investigations into these promising materials.

4.4 Formation Energy for Hetero-structures

We investigated the formation of hetero-structures composed of graphene and two types of
MBene materials: MoBy and FeBs in mono-layer structures. Due to different equilibrium
lattice constants of FeB, and MoB, with graphene, there was a need to reduce the lattice mis-
match effect to create the hetero-structures. As a result, the lattice mismatches of graphene
or MoB, were 2.06% and graphene or FeBy were 1.93%, both of which are less than 5%.
The lattice mismatch was calculated using equation 3.25. The formation energy (A FEyping)
of graphene/FeBy, graphene/MoBsy, MoB;/graphene, and FeBs/graphene hetero-structures
was computed with different exchange correlations and plotted with and without van der

Waals corrections at various points as shown in the (Figure 22) below.

We then calculated the formation energy the thermodynamic stability of a hetero-structure
material using is determined using equation 3.27 binding(formation ) energy (A Eping), which
represents the energy required to form the hetero-structure from the pristine material. This
quantity represents the energy difference between the hetero-structure and the pristine ma-
terials. A lower (more negative) formation energy indicates a higher stability of the hetero-
structure. We used three different exchange correlation methods to account for the electronic
interactions: PBE, optPBE-vdW, and DFT+D3. The latter two methods include van der
Waals (vdW) corrections, which are important for describing the weak, long-range interac-
tions between the layers of the hetero-structures. The formation energy of graphene/FeB2

and graphene/MoBs hetero-structures were calculated.

We then calculated the formation energy the thermodynamic stability of a hetero-structure

material using is determined using equation 3.27 binding(formation ) energy (A Ejpinq), which
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Figure 22: Formation energies for different systems

represents the energy required to form the hetero-structure from the pristine material. This
quantity represents the energy difference between the hetero-structure and the pristine ma-
terials. A lower (more negative) formation energy indicates a higher stability of the hetero-
structure. We used three different exchange correlation methods to account for the electronic
interactions: PBE, optPBE-vdW, and DFT+D3. The latter two methods include van der
Waals (vdW) corrections, which are important for describing the weak, long-range interac-
tions between the layers of the hetero-structures. The formation energy of graphene/FeB2

and graphene/MoB; hetero-structures were calculated.

We plotted the formation energy of four hetero-structures: graphene/MoBs, MoBs /graphene,
graphene/FeBy, and FeB,/graphene, as a function of the interlayer distance. We observed
that the formation energy values were more negative with DFT+D3 exchange correlation
than with PBE and optPBE-vdW, indicating that vdW corrections enhance the stability of
the hetero-structures. We also noticed that the hetero-structures involving FeBy had lower
formation energy than those involving MoB,, suggesting that FeB, is more compatible with

graphene than MoB,. This result is consistent with the established knowledge of vdW in-
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teractions in layered materials, and demonstrates their importance for accurately evaluating

the stability of hetero-structures.

When considering PBE and the two van der Waals corrections (optPBE-vdW and DFT+D3),
we observed that as the interlayer distance decreased, a repulsive force emerged between
the two layers. Conversely, with an increased inter-layer distance, no interaction occurred;
however, at a moderate inter-layer distance, attractive forces formed. In our calculations,
the HS graphene/MoB; interaction was weaker at interlayer distances of 3.499 A and 3.54
A, while in the case of HS graphene/FeBy, the inter-layer distances were 3.343 A and 3.447
A. However, for MoB, /graphene, a much stronger interaction was observed at inter-layer
distances of 3.032 A and 3.187 A. Surprisingly, the FeB, /graphene interaction became even
more pronounced at interlayer distances of 2.7 A and 2.75 A when using DET+D3 and

optPBE-vdW, respectively, for different exchange correlations.

4.5 Li atom adsorption on pristine and hetero-structures

Insertion (intercalation) is the reversible introduction of alien species into the gaps between
crystals or layers. Layered materials are good hosts for a variety of intercalants, including
tiny ions, atoms, and molecules. We computed the adsorption energy of lithium atoms on

hetero-structures and pristine MBenes

We chose the best adsorption site by inserting the Li atom in several positions (Figure 23)
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Figure 23: Lithium atom adsorption on hetero-structures and pristine MBenes. A) side view
of graphene/MoB, of MBene based hetero-structure. B) The top view of graphene/MoB; of
MBene based hetero-structure. C)side view of MoB,.D) Top view of MoBs. E) side view of
graphene. F) Top view of graphene.

4.5.1 Adsorption energies of ByFe/graphene and graphene/B;Fe

The heterostructure of ByFe/graphene and graphene/BsFe is a promising anode material for
lithium-ion batteries, as it can enhance the adsorption and diffusion of Li atoms compared
to the individual layers of FeB, and graphene. In this study, we calculated the adsorption
energy of Li atoms on various sites of the heterostructure using different methods, including
PBE, OptPBE-vdW, and D3. The results are shown in Table 3, which also includes the

adsorption energy of FeB, and graphene as references.

Table 3 shows that the adsorption energy of Li atoms on ByFe/graphene is more negative than
that on graphene/BsFe, indicating a stronger interaction between Li and ByFe/graphene.

This is because the ByFe layer can facilitate the charge transfer and electron density between
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Li and graphene, increasing their bonding strength. Moreover, the adsorption energy of Li
atoms on ByFe/graphene is more sensitive to the method and the adsorption site than that
on graphene/BsFe. For example, the adsorption energy of Li atom on (HCP)B site of
BsFe/graphene ranges from -1.958 eV (PBE) to -3.154 eV (D3), whereas that on (HCP)B
site of graphene/BsFe varies from -1.633 eV (PBE) to -2.887 eV (D3). This suggests that

the Li-BoFe/graphene system requires more dispersion correction than the Li-graphene/BsFe

system.

The adsorption energy of Li atoms on BoFe/graphene and graphene/BsyFe is also compared
to that of FeBy and graphene, the two components of the heterostructure. The adsorption
energy of Li atoms on ByFe/graphene is lower than that of FeBs, but higher than that of
graphene. This means that the BoFe/graphene heterostructure has a beneficial effect on Li
adsorption, increasing the Li atom’s binding strength when compared to the separate layers.
This is due to the hybridization of the electronic states of FeB, and graphene, which creates

new energy levels and enhances charge density at the interface.

Table 3: The calculated adsorption energy with and without dispersion corrections for
BoFe/graphene and graphene/BsFe at various positions.

Sites BoFe/graphene graphene/BsFe FeB,
PBE | OptPBE-vdW | DFT+D3 | PBE | OptPBE-vdW | DFT+D3 | DFT+D3

(HCP)B -1.958 | -3.141 -3.154 -1.633 | -2.777 -2.887 -1.93
(TOP)B -1.947 | -3.153 -3.148 -1.632 | -2.775 -2.873 -1.33
(Bridge)B | -1.931 | -3.1501 -3.149 -1.629 | -2.736 -2.875 -1.36
(Hollow)Fe | -0.817 | -1.368 -1.355 - - - -

(Top)Fe - - -0.91 - - -0.761 -
(Bridge)C | - “1.350 0.82 - - 0.453 -
HPC(C) - - 0.52 - - 0.46 -

Top(C) - - 0.85 - - 0.451 -

The adsorption energy of Li atoms on graphene/ByFe is higher than that of FeBs, but
lower than that of graphene. This implies that the graphene/ByFe hetero-structure has a
detrimental effect on Li adsorption, decreasing the binding strength of Li atoms as compared

to the individual layers. This is explained by the fact that the graphene layer acts as a barrier
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to charge transfer and electron density between Li and FeB,, reducing their contact.

The adsorption energy of Li atoms on the hetero-structure is related to the lithium-ion bat-
tery performance, as it reflects the thermodynamic stability and the reversibility of the Li
insertion and extraction processes. A lower adsorption energy indicates a higher capacity
and a lower voltage, while a higher adsorption energy implies a lower capacity and a higher
voltage. Therefore, the heterostructure of ByFe/graphene and graphene/BsFe can offer a
trade-off between capacity and voltage, depending on the stacking order and the Li adsorp-
tion site. The optimal configuration for the hetero-structure can be determined by further
calculating the open-circuit voltage, the theoretical capacity, and the Li diffusion coefficient

of the system.

4.5.2 Adsorption energies of The table shows the adsorption energy of Li atoms

on graphene/B;Mo and B;Mo/graphene

The table shows the adsorption energy of Li atoms on graphene/BsMo and BoMo/graphene
hetero-structures at different sites, calculated by three methods: PBE, OptPBE-vdW, and
D3. The adsorption energy of the individual MoB, and graphene layers are also given as
references. The adsorption energy reflects the stability and affinity of Li atoms on the surface
of the materials. A lower (more negative) adsorption energy indicates a stronger binding

and a higher capacity for Li storage.

From the table. 4, we can see that the adsorption energy of Li atoms on graphene/BsMo
is lower than that on BsMo/graphene for all the sites and methods, except for the hollow
and top Fe sites, where the adsorption energy is very close to zero or slightly positive. This
means that Li atoms prefer to adsorb on the BoMo side of the hetero-structure, rather than
the graphene side. This is consistent with the charge transfer analysis, which shows that
Li atoms donate electrons to the BoMo layer, creating a strong electrostatic attraction. On
the other hand, Li atoms have a weak interaction with the graphene layer, which is nearly

charge-neutral.
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The table also shows that the adsorption energy of Li atoms on graphene/BsMo is lower
than that on MoBs, but higher than that on graphene, for all the sites and methods. This
implies that the graphene/BsMo hetero-structure has a beneficial effect on Li adsorption,
enhancing the binding strength of Li atoms compared to the separate layers. This is due to
the hybridization of the electronic states of graphene and MoBs, which generates new energy

levels and increases the charge density at the interface.

The adsorption energy of Li atoms on BsMo/graphene is higher than that on MoB,, but lower
than that on graphene, for all the sites and methods. This suggests that the BoMo/graphene
hetero-structure has an adverse effect on Li adsorption, reducing the binding strength of Li
atoms compared to the individual layers. This is explained by the fact that the BoMo layer
acts as a barrier to charge transfer and electron density between Li and graphene, decreasing

their contact. The table also reveals that the adsorption energy of Li atoms on both hetero-

Table 4: The calculated adsorption energy with and without dispersion corrections for
graphene/BsMo and ByMo/graphene at various positions.

Sites graphene/BsMo BsMo/graphene MoB;
PBE | OptPBE-vdW | DFT+D3 | PBE | OptPBE-vdW | DFT+D3 | DFT+D3

(HCP)B -1.826 | -2.905 -2.912 -1.651 | -2.735 -2.908 -1.74

(Top)B -1.823 | -2.893 -2.901 -1.644 | -2.731 -2.906 -0.954

(Bridge)B | -1.333 | -2.808 -2.348 -1.649 | -2.732 -2.905 -0.99

(Hollow)Fe | - - -0.56 -0.132 | - -0.215 -

(Top)Fe - - -0.61 - - 0.796 -

(Bridge)C | - - 0.56 - - 1.07 -

HPC(C) |- - 0.53 - - L1l -

Top(C) | - - 0.71 - - 0.86 -

structures is sensitive to the choice of the method and the site. The OptPBE-vdW and D3
methods, which include the dispersion correction, give lower adsorption energies than the
PBE method, which neglects the dispersion interaction. This indicates that the dispersion
force plays an important role in the Li adsorption on the hetero-structures, especially on
the graphene side. The adsorption energy also varies significantly among different sites,

depending on the local atomic configuration and coordination.
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Generally, the adsorption energy is lower on the B sites than on the Fe or C sites, because
the B atoms have a higher electronegativity and a lower coordination number than the Fe
or C atoms, making them more attractive and accessible to Li atoms. Among the B sites,
the bridge site has the lowest adsorption energy on graphene/ByMo, while the HCP site has
the lowest adsorption energy on BsMo/graphene. This is related to the symmetry and the

distance of the B atoms to the adjacent layers.

In summary, the table demonstrates that the graphene/BsMo and BsMo/graphene het-
erostructures have different effects on the Li adsorption, depending on the stacking order,
the method, and the site. The graphene/BsMo heterostructure shows a higher capacity and
a stronger stability for Li storage than the BoMo/graphene heterostructure, making it a more

promising anode material for lithium-ion batteries.

4.6 Effect of Increasing the Concentration of Li-ion

To understand the effect of Li atom adsorption, we investigated the adsorption on the most
energetically favorable site HCP (B site) for both graphene/BsFe and BoMo/graphene hetero-
structures. The adsorption energy per Li atom for these systems was found to decrease
with an increasing number of Li atoms. This trend is depicted in Figure 24(b), where
the adsorption energy per Li atom diminishes as the concentration of Li atoms rises. The
reduction in adsorption energy per Li atom can be ascribed to the diminished electrostatic
interaction between the hetero-structures and Li atoms, which is likely due to increased Li-Li

repulsion at higher Li atom concentrations.

For the graphene/BsFe hetero-structure, the adsorption energy decreased from -2.887 eV
for a single Li atom to -0.901 eV for three Li atoms. Similarly, for the graphene/BsMo
hetero-structure, the adsorption energy decreased from -2.912 eV for one Li atom to -0.718
eV for three Li atoms. The ByFe/graphene hetero-structure showed a decrease in adsorption

energy from -3.154 eV to -0.746 eV, and the BosMo/graphene hetero-structure from -2.908
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eV to -0.408 eV as the number of Li atoms increased from one to three.
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Figure 24: Adsorption energies as function of number of Li atoms (a) adsorbing more than
one Li atoms at most energetic site and adsorption energies as functions of capacity (mAh/g)
(b) for BoMo/graphene, graphene/BsMo, ByFe/graphene and graphene/ByFe hetero- struc-
tures.

4.7 Electrochemical Properties

4.7.1 Open-Circuit-Voltage (OCV)

To determine the electrochemical properties of the Li absorption process into both hetero-
structures, the open-circuit voltage (OCV) was calculated (using equation 3.29) and the
performance of the rechargeable lithium batteries was indicated by the OCV values. We only
consider the most stable adsorption sites for both hetero-structures at the most negative
adsorption energy. The largest adsorption energy for Li atom adsorption is the highest

voltage.

To determine the electrochemical properties of the Li adsorption process into the graphene/FeBy

and graphene/MoB, hetero-structures, the Open-circuit voltage (OCV) were calculated.

To evaluate the electrochemical properties of lithium (Li) atom adsorption on various hetero-

structures, our investigation centered on the open-circuit voltage (OCV). OCV is a pivotal
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Figure 25: Calculated open circuit voltage (OCV) for Li atom adsorption as a function of
number of Li ions.

metric that reflects the potential performance of rechargeable lithium batteries. The deter-
mination of OCV values was anchored in identifying the most stable adsorption sites, which

are characterized by the lowest adsorption energy.

Upon examining the OCV trends, we observed a consistent decrease as the number of Li
atoms adsorbed on the hetero-structures increased. This pattern mirrors the behavior seen
in analogous systems, such as MoSs/graphene[147], MoS, /Ti,CTsy, [148], and MoSs/TizCO4
[149]. The underlying cause of this OCV reduction is twofold: the ion-ion interactions among
the Li atoms themselves, and the comparatively modest electrostatic attraction between the

1i ions and the hetero-structures.

For the Graphene/BsFe hetero-structure, the OCV values exhibited a decline from 2.887 V
to 0.901 V. Similarly, the graphene/BsMo hetero-structure showed a decrease from 2.912 V
to 0.718 V as the Li atom count rose from one to three as show figure 25. In the case of
BoFe/graphene, the OCV diminished from 3.154 V to 0.746 V, and for BoMo/graphene, it
fell from 2.908 V to 0.408 V.

Despite this decrease, all hetero-structures maintained positive OCV values, signifying the
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chemical stability of Li adsorption within the graphene/BsyFe, BoFe/graphene, BoMo/graphene,
and graphene/BsMo configurations. The final positive voltages 0.901 V, 0.746 V, 0.408 V,
and 0.718 V for Graphene/ByFe, BoFe/Graphene, BoMo/Graphene, and Graphene/ByMo,

respectively—indicate high energy densities, which are advantageous for Li-ion batteries.

Furthermore, the OCVs for these hetero-structures fall within the optimal range of 0.2 to
1 V[150] VS, /Tiy CTy, suggesting their potential as promising anode materials for Li-ion
batteries. The voltage range between 0.2 and 3V is deemed suitable for anode materials as
it not only promotes high energy density but also helps prevent the formation of lithium
clusters. Our analysis plays a crucial role in ref-ining the design of anode materials, aiming

to enhance the capacities and overall performance of lithium-ion batteries.
4.7.2 Theoretical Capacity

These negative adsorption energies indicate that Li adsorption is energetically favorable
and becomes more stable as the number of Li atoms increases in both graphene/Bs;Fe and
BoMo/graphene hetero-structures. Figure 24(a) illustrates the adsorption energies of both
hetero-structures as functions of specific capacity, which is determined by the quantity of
Li atoms adsorbed on the material. The specific capacities for the graphene/ByFe and
BoFe/graphene hetero-structures are 346.7 mAh/g, 693.4 mAh/g, and 1040.1 mAh /g for one,
two, and three Li atoms, respectively. similarly For the graphene/B;Mo and BoMo/graphene

heteros-tructures the corresponding number of Li atoms ase show the figure 26

This analysis underscores the potential of these hetero-structures as anode materials in Li-
ion batteries, with their capacity to adsorb Li atoms being a key factor in their performance.
The stability of Li adsorption suggests that these materials could be promising candidates

for high-capacity anode materials in next-generation batteries.
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Figure 26:  Calculated capacity(mAh/g) for BsMo/graphene, graphene/BsMo
B2Fe/graphene, and graphene/BsFe hetero-structures. MBene-based hetero-structures.
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4.8 Li-ion diffusion of Hetero-strucure

In lithium intercalation batteries, the kinetics of lithium extraction and reinsertion into the
host structures of the electrode materials are critical. For FeB, and MoBs anode materials,
the intercalation rate may be hindered by either electrical or ionic conductivities. This section
examines the mobility of lithium ions within the intercalation hosts, with a particular focus
on the role of Density Functional Theory (DFT) in evaluating this process. DFT is not only
pivotal for energy calculations and structural optimization but also for investigating lithium

ion transport within the crystal structure.

The Climbing Image Nudged Elastic Band (CI-NEB) method within the DFT+D3 frame-
work was employed to study Li diffusion in lithiated and delithiated systems and to calculate
the corresponding activation energies. The CI-NEB images were relaxed without volume and
cell parameter relaxation and converged when the residual force fell below 0.05 eV/ A. This

method was used to identify all feasible lithium-ion migration pathways with open space and
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short hopping distances, and to calculate the migration energy barriers.

The structures were first created by introducing a single lithium ion to the hetero-structures
out of nine Li sites (graphene/BsoFe, ByFe/graphene, graphene/Bs;Mo, and BoMo/graphene)
and calculating the Li diffusion activation barriers in different lithium-rich phases. Five
intermediates were constructed to interpolate the diffusion path between the initial and final

states in each direction.

The two-dimensional Li* transport pathways are summarized in the figure and table pro-
vided. The calculated high energy barriers for graphene/ByMo (E, ~ 0.073 eV and 0.063
eV) indicate better performance compared to graphene/ByFe (E, = 0.064 eV and 0.085 eV),
BsoFe/graphene (E, = 0.040 ¢V and 0.057 eV), and BoMo/graphene (E, = 0.043 eV and
0.075 eV) along the (001) plane.

e &
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Figure 27: pathways for Lit and Li* surface diffusion in graphene/BsMo.

The study’s findings reveal distinct differences in diffusion rates and coefficients across various
materials at a temperature of 300 K. For graphene/B;Mo, the diffusion rate along the AB(x)
path was 5.94 x 10" s7!, with a corresponding diffusion coefficient of 3.86 x 107® m?/s.
Conversely, along the BC(Y) path, these values increased to 8.74 x 10" s7! and 1.09 x
10~7 m? /s, respectively, indicating a more efficient diffusion along the BC(Y) path for this

material.
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Figure 28: pathways for Lit and Li* surface diffusion in graphene/ByFe.

graphene/ByFe showed a higher diffusion rate of 8.74 x 10" s7! along the AB(x) path
compared to 3.73 x 10! s71 along the BC(Y) path. However, the diffusion coefficient was
lower along the AB(x) path (8.32 x 107® m?/s) than the BC(Y) path (6.48 x 1078 m?/s),

suggesting a complex interplay between the diffusion rate and the diffusion coefficient.
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Figure 29: pathways for Lit and Li* surface diffusion in ByFe/graphene.

For ByFe/graphene, the highest diffusion rate observed was 2.13 x 10'? s7! along the AB(x)
path, with a diffusion coefficient of 2.34 x 10~7 m?/s, denoting a highly efficient diffusion
process. The BC(Y) path showed a lower rate and coefficient, 1.10 x 101 s7! and 1.78 x 107

m? /s, respectively.

Lastly, BoMo/graphene exhibited a diffusion rate of 1.89 x 10'? s along the AB(x) path
and a slightly lower rate of 5.49 x 10'* s along the BC(Y) path. The diffusion coefficients
were 1.23 x 1077 m?/s and 3.51 x 1078 m?/s, respectively, which is consistent with the trend

of higher diffusion rates correlating with higher diffusion coefficients.
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Figure 30: pathways for Lit and Li* surface diffusion in BoMo/graphene.

Table 5: Diffusion rate (r) and diffusion coefficient (D) for various materials hetero-structures

at 300 K.
Materials Path | E, (eV) | a (A) | Diffusion Rate r (s7!) | Diffusion Coefficient D (m?/s)
Graphene/BaMo | AB(x) | 0.073 | 2.548 5.94 x 10! 3.86 x 107°
BC(Y) | 0.063 3.95 8.74 x 10 1.09 x 1077
Graphene/B,Fe | AB(x) | 0.064 | 3.086 8.74 % 1011 832 % 10°°
BC(Y) | 0.085 | 4.167 3.73 x 101 6.48 x 1078
B,Fo/Graphene | AB(x) | 0.040 | 3.456 213 x 107 234 % 107
BC(Y) | 0.057 | 4.023 1.10 x 10'2 1.78 x 1077
ByMo/Craphene | AB(x) | 0.043 | 2.551 1.89 x 1072 123 x 107
BC(Y) | 0.075 | 2.528 5.49 x 10! 3.51 x 1078

These results underscore the critical role of material composition and structural pathways in

dictating the efficiency of diffusion processes at the atomic scale. The data clearly indicates

that diffusion characteristics are highly material-specific and path-dependent, which could

have substantial implications for the design and application of these materials in various

technological domains.
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CHAPTER 5

CONCLUSION

We have carried out DFT studies to study MBene-based hetero-structures for lithium-ion
battery anodes has yielded significant insights into their structural and electrochemical prop-
erties. The simulations of ByFe/graphene and BoMo/graphene, as well as the pristine mate-
rials, have established optimal lattice constants and minimal lattice mismatches, indicating
a high degree of structural compatibility and potential for robust performance. The bind-
ing and adsorption energies, particularly when considering van der Waals forces within the

DFT+D3 framework, reinforce the stability and integrity of these hetero-structures.

The Li adsorption energy was found to decrease with more Li ions at the (HCP) B site,
and the electrostatic interaction between Li ions diminished as Li-Li repulsion increased
with Li-ion concentration. The Open Circuit Voltage (OCV) for MBene-based hetero-
structures ranged from 0.2 to 3 V, and the theoretical capacities for Graphene ByFe and
BsMo/Graphene were -693.4 mAh/g and -1040.1 mAh/g, respectively. All of the hetero-
structures showed promise as anode materials for rechargeable lithium batteries due to their

favorable electrochemical properties.

The electrical and ionic conductivities, which are critical to the performance of lithium
intercalation, have been thoroughly examined. The application of the CI-NEB method within
the DFT+D3 framework has allowed for precise determination of the activation energies for
Li diffusion, shedding light on the mobility of lithium ions within the electrode materials.

The calculated diffusion rates and coefficients, derived from the activation energy for each
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diffusion path, offer a quantitative measure of the efficiency of lithium transport within
these hetero-structures. Notably, graphene/B;Mo stands out with its lower energy barriers,

indicating enhanced performance along the (001) plane.

Moreover, the hetero-structures’ potential as anode materials is further supported by their
favorable electrochemical properties, such as the range of open circuit voltages and the sub-
stantial theoretical capacities. These properties, coupled with the detailed analysis of lithium
ion mobility and the implications for battery design, underscore the hetero-structures’ suit-
ability for use in rechargeable lithium batteries. The implications for battery design are
significant, highlighting the importance of material composition and diffusion pathways in

achieving efficient lithium intercalation.
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RECOMMENDATION

For future research, it is recommended to extend the investigation of MBene-based hetero-
structures, specifically BoFe/Graphene and BsMo/Graphene, utilizing advanced computa-
tional tools such as VASP and Gpaw. These platforms offer a robust framework for density
functional theory (DFT) simulations, which can provide deeper insights into the material

properties and electrochemical behaviors of these hetero-structures.

Further studies should consider the application of these hetero-structures in a broader range
of battery technologies beyond lithium-ion, including lithium-sulfur (Li-S) and batteries
utilizing alternative cations such as Mg?*, Nat, AI**, and Ca?". The exploration of these
materials in different battery systems may reveal versatile performance and adaptability,

potentially leading to breakthroughs in energy storage solutions.

Additionally, it is crucial to integrate theoretical material engineering with experimental val-
idation to comprehensively understand the structure and evaluate the electrode performance
of these hetero-structures. Such collaborative efforts between computational predictions and
practical experiments will enhance the reliability of the findings and accelerate the devel-
opment of high-performance batteries. This holistic approach will not only validate the

computational models but also guide the design of next-generation battery materials.
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