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Abstract

Magnesium batteries are the most promising alternative to lithium ion
batteries towards green energy transition due to their relatively high vol-
umetric capacity, availability of Mg and low safety concerns. However,
the formation of passivation layer, sluggish ion kinetics and poor ductility
of Mg remains a major challenge limiting the development and applica-
tion in energy storage devices. The thesis presents four investigations
designed to understand and develop suitable electrode materials for Mg
batteries, addressing the core issues inhibiting their development.

First, a density functional theory (DFT) screening is performed to
identify the dopants that enhance the ductility of the Mg anode. The
dopants were selected after careful consideration of their ability to im-
prove ductility, stability when alloyed with Mg, and low propensity
for surface migration to prevent impact on electrochemical performance.
The study identifies 12 dopants that can be alloyed with Mg for battery
applications and also suggests a commercial alloy, WE43, as an anode
for Mg batteries.

Second, a rigorous phase space search is carried out using DFT based
cluster expansion to investigate the phases that form in Sn-based anode
during charging and discharging of battery. Anodes based on Sn and its
Mg intermetallics have been proposed as a potential solution to mitigate
the passivation layer formation. In line with previous experiments, our
findings imply that Sn and Mg,Sn will be the only phases formed during
battery operation, and we considered three routes for the transformation
from MgySn to Sn.

Third, a detailed study is performed to understand the charge trans-
port mechanism in the Mg-S battery cathode, with a particular emphasis
on the discharge end products MgS and MgS,, which limit reversible Mg
deposition. The study assesed several possible defects in these materials
and identified the dominant defects that contribute to charge transport.
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Additionally, the charge transport under non-equilibrium conditions dur-
ing practical battery operation is also studied using ab-initio molecular
dynamics.

Fourth and the final project investigated the structural properties
of disordered pyroborate MgMnB,0O5 cathode. The study predicted the
disorder in the material at different level of magnesiation. Despite having
disorder, it is also observed that the material exhibits a specific pattern
of cation occupation on fully magnesiation. Structural insights of this
material at different level of magnesiation serve as starting point for
further study on ion kinetics.

The findings in this thesis provide atomic-level insights into the prop-
erties of potential anode and cathode materials for magnesium batteries.
The presented results will be able to compliment the researches ongoing
world-wide to develop practical magnesium batteries.



Resumeé

Magnesiumbatterier er det mest lovende alternativ til lithium-ionbatterier
i den grgnne energiomstilling pa grund af deres relativt hgje volumetriske
kapacitet, tilgaengeligheden af Mg og fa sikkerhedsproblemer. Imidlertid
er dannelsen af et passiveringslag, langsom ionkinetik og darlig duktilitet
fortsat store udfordringer, der begrzenser udviklingen og anvendelsen i
energilagringsenheder. Denne afhandling praesenterer fire undersggelser
designet til at forsta og udvikle passende elektrodematerialer til Mg bat-
terier, der tager fat pa de kerneproblemer, der haeemmer udviklingen af
disse.

Forst udfgres en density functional theory (DFT) screening for at
identificere de dopanter, der gger duktiliteten af Mg-anoden. Dopan-
terne blev udvalgt efter ngje overvejelse af deres evne til gge duktilitet,
stabilitet ved legering med Mg og lav tilbgjelighed til overflademigrering
for at hindre indvirkning pa den elektrokemiske ydeevne. Studiet iden-
tificerer 12 dopanter, der kan legeres med Mg til batterianvendelse og
foreslar ogsa en kommerciel legering, WE43, som anode til Mg batterier.

Herefter udfgres en stringent faserumssggning ved hjalp af DFT-
baseret cluster expansion for at undersgge de faser, der dannes i en
Sn-baseret anode under opladning og afladning af et batteri. Anoder
baseret pa Sn og dens Mg intermetalliske forbindelser er blevet fremfgrt
som en potentiel lgsning til at afbgde dannelsen af passiveringslag. 1
overensstemmelse med tidligere forsgg indikerer vores resultater, at Sn
og MgoSn vil veere de eneste faser, der dannes under batteridrift og vi
foreslar tre ruter for transformationen fra Sn til MgoSn.

I den tredje del af athandlingen udfgres en detaljeret undersggelse
for at forsta ladningstransportmekanismen i Mg-S batterikatoden, med
serlig veegt pa afladningsslutprodukterne, MgS og MgS,, som begraenser
reversibel Mg-aflejring. Undersggelsen vurderer flere mulige defekter i
disse materialer og identificerer de dominerende defekter, der bidrager
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til ladningstransport. Derudover undersgges ladningstransporten ved
ikke-ligevaegtsforhold under praktisk batteridrift ved hjeelp af ab-initio
molecular dynamics.

I det fjerde og sidste projekt undersgges de strukturelle egenskaber
af uordnet pyroborat MgMnB,Oj5. Studiet forudsiger materialets uor-
den ved forskellige koncentrationer af magnesium. Pa trods af materi-
alets uorden, observeres det, at materialet udviser et specifikt mgnster
i kationbesattelse ved den fulde magnesiumkoncentration. Strukturel
indsigt i dette materiale ved forskellige magnesiumkoncentrationer er et
udgangspunkt for videre studier af ionkinetik.

Resultaterne fra denne athandling giver given om materialeegensk-
aber for bade anode og katode pa atomistisk niveau. Resultaterne praesen-
teret heri vil bidrage til den internationale forskning i udviklingen a mag-
nesiumbatterier.
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CHAPTER |
Infroduction

Green energy transition from fossil fuels is the key to mitigate the worst
impacts of climate change and to reduce carbon emissions. The leading
contenders as fossil fuel alternatives are hydroelectric, nuclear, and other
renewable energy sources such as solar and wind. Hydroelectric power
is a safe, renewable and reliable source of energy, but building dams
across the river to has huge environmental consequences related to defor-
estation, species extinction, and so on. Despite its potential to generate
vast amounts of electricity, nuclear power raises concerns about safety
and radioactive waste. Renewable energy sources such as solar and wind
energy can be a potential game changer as they provide clean energy
without having much impact on environment. The main concern with
energy from these renewable energy sources are their intermittent sup-
ply. The problem pertaining from the intermittent nature of renewable
sources can be overcome by using an efficient energy storage technology.

Energy storage technologies are continuously developing and refined,
with a variety of competitive options. The selection of an appropriate
energy storage technology is based upon the power and energy density,
the time period for which energy must be available on the grid, the
price and space needed for the infrastructure, and the location of the
grid. So far, several ways to store energy have been evaluated and ex-
plored. These include pumped storage hydropower (PSH), thermal en-
ergy storage, compressed air energy storage, flywheels, batteries, and
supercapacitors.[1, 2, 3] Among these, PSH is the most prevalent kind
of energy storage, followed by batteries (Figure 1.1). However, PSH has
drawbacks such as low efficiency, a large capital investment, and location-
specific issues. In comparison, batteries have better efficiency and flexible
installation. In recent years, the global market share of batteries as an
energy storage technology has increased dramatically. Specifically in the
past four years the global market share of batteries increased from 1%
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to 7.4 %.(Figure 1.1).[4]

120%
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Figure 1.1. Market share of various energy storage technologies in the global
energy storage market. The market share of compressed air energy storage,
flywheels, and supercapacitors are less than 0.2 %, hence they are not shown
in the graph. Based on the data from CNES white paper from the years 2018,
2019, 2020, and 2021 [4]

1.1 Baftteries for energy storage

Batteries not only provide energy storage for grids, but also power electric
vehicles, portable electronics, medical equipment, machine tools, and
toys. Batteries are a strategic and national commodity in today’s highly
competitive global market. The development of safe, high-energy-density
batteries is essential for achieving a carbon-neutral planet.

1.1.1  Basic principle

Batteries are electrochemical storage systems that consist of two elec-
trodes, a positive (cathode) and a negative one (anode), that are joined
by an ion conducting but electrically insulating electrolyte. During dis-
charge, ions are released at the anode and move through the electrolyte
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to the cathode, generating electrical current in the external circuit (Fig-
ure 1.2). If this process is reversed by supplying an external voltage,
the battery will be recharged and is called a rechargeable or secondary
battery. The voltage is defined as the difference between the chemical
potential of an anode and a cathode per elementary charge. This implies
that to obtain a high voltage battery, it is desirable to have an anode
with a low redox potential and a cathode with a high redox potential.

Electrolyte Cathode

Figure 1.2. Schematic diagram showing the discharge of battery

1.1.2  Short history

Ever since Alessandro Volta made the first real battery using a stack
of copper and zinc discs connected with a cloth soaked in salty water,
battery storage technologies have evolved continuously, resulting in a
plethora of battery chemistries.[5, 6] The first rechargeable batteries were
invented in 1859. These were made of lead-acid and are still used today to
start vehicles powered by gasoline and diesel engines. However, lead-acid
batteries are large and heavy. In 1899, nickel-cadmium batteries were
invented, which were more compact but less efficient (70 % efficiency vs
85 % of lead-acid batteries ).[7, 8] The twentieth century saw significant
improvements in battery research and technology with the invention of
lithium-based batteries.
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1.2 Li-ion batteries

Stanley Whittingham demonstrated the first functional Li battery using
a lithium anode and a TiSy cathode.[9] Later, studies by Goodenough
showed that cathodes made of layered oxide would react in the same way,
but with a higher voltage that would allow for a much higher energy
density.[10] However, the lithium anode in these batteries suffered from
the formation of dendrites. Dendrites are the thin strands that grow from
the anode on repeated charging and may cause a short circuit when they
come into contact with the cathode. Eventually, the ingenious discovery
of Akira Yoshino to use carbonaceous material as an anode, replacing
the Li-metal, led to the development of safer Li-ion batteries (LIBs).[11]

Even though the capacities provided by Li-intercalated graphite are
lower than those offered by Li-metal, (i.c., 837mAhmL ™", 372mAhg*
for LiCg vs 2061 mAhmL™", 3862mAhg"! for Li metal), the specific
energy density of LIBs is still higher than that of other rechargeable bat-
teries such as Ni-Cd, Ni-metal hydride, and Pb-acid batteries (about 2.5
times).[12] The exciting breakthroughs in the development of LIBs have
resulted in a state-of-the-art battery with a graphite anode and a transi-
tion metal oxide cathode that yields an energy density of 240 Whkg ™' or
640 WhL™! over a 1000 charge-recharge cycles.[6] Li-ion batteries have
revolutionized technology and continue to be an inevitable part of soci-
ety.

1.2.1 Need for new battery chemistry

The main challenge that current rechargeable battery technologies face
is the increasing gap between the demand for energy storage and the sup-
ply from state-of-the-art battery technologies. LIBs alone cannot cater
the demand for electrochecmical storage. In terms energy density, LIBs
already reached their practical ceiling, as their developments at material
level are nearing the fundamental limits.[13] In addition, the availabil-
ity of essential raw materials for LIBs, such as Li, and Co is a major
concern related to the sustainability of LIBs. The long-term availability
of Li is still a matter of debate. There is enough lithium reserve, but
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the extraction of the lithium is the practical difficulty facing. Moreover,
the availability of cobalt is a major concern as it is the main compo-
nent of state-of-the-art cathodes for LIBs such as LiNiCoAlO, (NCA)
and LiNiCoMnOy (NCM). According to studies, the demand for cobalt
will exceed the available global cobalt reserve in the next ten years (Fig-
ure 1.3). Cobalt also accounts for the 20 % to 30 % of the overall battery
cost. Even though cobalt-free cathodes such as LiFePO, (LFP) and
LiMnyO4 (LMO) have been marketed for specialized applications, nei-
ther has achieved considerable market penetration in the bigger markets
of portable electronics and EVs. In this context, research is tending to-
wards development of better batteries with higher energy density and

composed of sustainable materials.

Figure 1.3.

for battery manufacturing.[14] Reproduced with permission. Copyright 2015,

John Wiley and Sons.

(20% Co)

1.3 Magnesium batteries

Rechargeable magnesium batteries (RMBs) have received increased at-
tention as a promising alternative to LIBs due to the ideal features of
metallic Mg as the anode. Mg is abundant in the earth crust and has a
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high theoretical volumetric capacity of 3832 mA hmL ™", which is signifi-
cantly more than Li-metal (2061 mA hmL™"). Moreover, despite the fact
that metallic Mg is inferior to metallic Li in terms of specific capacity
(2205mA hg! for Mg vs 3862mA hg™! for Li) and reduction potential
(—2.3V for Mg vs —3.0V for Li), the reversible plating and stripping
of Mg metal do not promote the formation of the dendrite, unlike its
lithium metal counterpart.[15] The absence of dendrite formation, makes
it a safer alternative to LIBs. Although the first working prototype for
RMBs was reported by Aurbach et al. in 2000,[16] RMBs still have to
overcome several challenges before being used for commercial purposes.

1.3.1 Challenges in RMBs

Passivation layer formation

The incompatibility of the metallic Mg anode with standard elec-
trolytes has been recognized as a major challenge since the early stages
of developing RMBs. The conventional electrolytes based on typical or-
ganic solvents (carbonates, esters, nitriles, lactones, etc.) and simple salt
anions (ClOy4, BFy, PFg, AsFg, etc.) exhibit relatively low compatibility
with Mg metal anodes.[17, 18] The reaction between the Mg metal anode
and the conventional electrolyte forms a passivation layer consisting of
ionic Mg compounds at the anode surface, which blocks the transport
of Mg ions. The passivation layer blocks the reversible deposition of Mg
ions to the anode, leading to poor coloumbic efficiency.[6, 19]

The seminal work of Gregory et al.[20] proposed an etheral solution
with salts based on organoaluminate or organoborate can alleviate the
problems stemming from the passivation layer formation. Later, Au-
rbach et al.[16] made a breakthrough by making the first prototype
RMB with a metal Mg anode, a chevrel phase MogSg cathode, and an
electrolyte based on ether (THF) and organo-magnesium-chloride com-
plex (Mg(AICl,BuEt). Several groups, following the pioneering work
of [16] succeeded in developing ether (mainly tetrahydrofuran (THF)
and glyme) based electrolytes that allow reversible deposition/dissolu-
tion of magnesium. These include the the magnesium aluminium chlo-
ride complex (MACC) electrolyte (MgCly—AICl; salt in dimethyl ether
(DME)),[21] the all-phenyl complex (APC) electrolyte ((PhMgCl), —AlCly
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salt in THF), [22] and the Mg[B(HFIP),], salt based electrolyte.[23]

Although developing alternative electrolytes offers a promising av-
enue for the research of RMBs, these electrolytes limit the choice of
potential cathodes for RMBs.[17] In this context, magnesium anodes
based on materials such as Sn, In, Pb, and Bi that make intermetallic
compounds with Mg have been proposed as a solution to the passivation
layer problem.[24, 25, 26, 27] Their ability to reversibly deposit mag-
nesium and their appealing theoretical volumetric capacity make them
a promising alternative anode for RMBs. However, they confront chal-
lenges including electrode pulverization due to volume expansion, capac-
ity loss at high C-rates, and sluggish Mg-ion kinetics.[12, 17] For the
development of realistic RMBs, it will be advantageous to have a deeper
understanding of the mechanisms causing these obstacles and to devise
strategies to overcome them.

Poor ductility of Mg

Mg is difficult to machine into thin foils for practical battery appli-
cations due to its poor ductility. The brittleness of Mg originates from
its hexagonal crystal structure, which is described in detail in Chapter 3.
The current methods for producing thin sheets of Mg via rolling are labo-
rious and expensive.[28] Alloying Mg with small amounts of dopants is
another economical solution to obtain ductile Mg.[29] The use of doped
Mg as an anode for RMBs is relatively less explored but is a promis-
ing avenue to tackle the problem of ductility without compromising the
energy density of the battery.

Sluggish Mg** ion kinetics

Alongside the development of the anode and the electrolyte, the de-
sign of a high-voltage /high-capacity cathode for magnesium batteries is
crucial. However, the development of cathode materials is primarily lim-
ited by the slow kinetics of the divalent Mg?* ion. The primary reason
for the sluggish ion kinetics is the strong ionic interaction and the po-
larization induced by the divalent Mg cation.[30] The sluggish Mg*" ion
kinetics results in limited reversible capacity and lower power output.
Although, the use of materials with good divalent ion mobility, such as
cheveral phase MogTs (T=S or Se), shows excellent intercalation kinet-
ics and reversibility, the energy densities delivered by these materials
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in practical conditions are far from the theoretically expected values.[16]
Most of the compounds, which have been demonstrated to be effective Li
cathodes, exhibit little or no electrochemical activity with Mg, due to the
slow diffusion of Mg?* ion.[30] Several material types, including oxides
(V205,[31] MnO»[32]), and polyanions (FeSiO4[33]) shows promising elec-
trochemcial performance with Mg. However, the major constraint with
these material is the Mg?+ mobility. Conversion cathode such as sulfur
has also been studied as cathode for RMBs. But they face challenges such
as poor reversibility of sulfur cathode and polysulfide dissolution.[34] The
quest for high capacity cathode for RMBs still continues, and numerous
researches are investigating various chemical combinations to find suit-
able cathode for RMBs. A large chemical space of potential cathode
materials for RMBs still remains largely unexplored. Therefore, rigor-
ous experimental and theoretical investigation is required to explore the
potential cathode for RMBs.

1.4 Atomic-scale modelling for
batteries

Understanding the material properties at the atomic scale has paramount
importance in developing new battery technologies. Computational tech-
niques such as density functional theory (DFT) is a powerful tool in
understanding the atomic-level mechanisms in electrochemical systems.
Such computational tools can be used to understand and predict the ma-
terial properties in regions where experiments cannot be easily accessed.
DFT has been used with materials for Li-ion batteries since the
1990s.[35, 36] These early studies mainly concentrated on computing
the voltages of different cathode and anode materials. The application
of DFT in the battery field has expanded over these years, and it has
been used to analyze a wide range of material properties, including volt-
age, material stability, crystal structure, ionic diffusion, and electronic
properties.[37] DFT is also used in high-throughput screening, to iden-
tify new materials for battery applications. For instance, Bolle et al.
demonstrated a workflow for screening ion-insertion cathodes for magne-
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sium batteries.[38] The advancement of computational power and sim-
ulation techniques has resulted in the emergence of ”accelerated mate-
rial discovery,” in which simulation techniques are combined with ex-
periments and artificial intelligence to discover new material chemistries.
Understanding and predicting the properties of materials at the atomic
scale is a critical step in the search for new materials for battery appli-
cations. Therefore, atomic-scale modelling techniques have paramount
importance in the development of new emerging technologies such as
RMBs..

In this thesis, we aimed to understand and develop possible electrode
materials for RMBs using atomic-scale modeling. Throughout this thesis,
four separate research projects were carried out to explore the properties
of suitable electrode materials for RMBs, addressing the challenges asso-
ciated with RMBs. The first two projects investigate the properties of
the anode, while the third and fourth projects focus on the modelling
of the cathode. The first project aims to identify the dopants that can
improve the ductility of the Mg anode. The second project explores the
chemical space of Mg-Sn anode, which is reported to be a possible alter-
native to Mg metal anode to alleviate the problem of passivation layer.
The third project focused on understanding the transport properties at
the cathode side of Mg-S battery. And finally, the fourth project explores
the properties of pyroborate MgMnB,Oj5 as a cathode for RMBs.
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1.5 Outline of thesis

The remainder of thesis is structured as follows:

Chapter 2 - Theory and Methods
A brief overview of DFT, nudged elastic band (NEB) method, and
cluster expansion (CE) is presented.

Chapter 3 - Ductile alloy anodes

A DFT screening study is presented to identify the dopants that
improve the ductility of Mg anode for RMB applications. Three
main properties of dopants evaluated: ductility improvement, ther-
modynamic stability, and migration to anode surface.

Chapter 4 - Phase stability of Sn anode
A phase search using DFT based cluster expansion (CE) is pre-
sented for Mg-Sn system. The energetics of the phases are evalu-

ated using convex. Also presented the voltage profile obtain from
CE based MC simulation.

Chapter 5 - Charge transport in Mg-S cathode

A charge-transport study is presented for MgS, and MgS, which are
the discharge end products on Mg-S cathode. Contribution of sev-
eral defects are evaluated. An ab-initio molecular dynamics study
also presented to evaluate charge transport in non-equilibrium con-
ditions.

Chapter 6 - Disorder in pyroborate cathode

A study into the structural properties of pyroborate MgMnB,Os is
presented. Evaluated the disorder at different level of magnesiation
using DFT based CE.

Chapter 7 - Summary
Main findings from chapter 3-6 are summarized.



CHAPTER 2
Theory and methods

This chapter presents a brief overview of main theory and methods used
in the thesis.

2.1 Density functional theory (DFT)

Density functional theory is a matured computation technique for under-
standing and predicting material properties at atomic scale. The core
of DFT is to solve the Schrodinger equation, which represents the wave
nature of atomic particles.

2.1.1 The Schrbédinger equation

The wave nature of atomic particles was proven experimentally at the
beginning of the nineteenth century. Back then, it was assumed that the
behavior of atomic particles could be explained by a mathematical wave
equation.

The first person to develop such an equation was Austrian physicist
Erwin Schrodinger. The Schrodinger equation is the quantum mechanics
counterpart of the law of conservation of energy in classical mechanics.
The time-independent Schrédinger equation for a particle, defined by a
stationary wavefunction W(r) can be expressed as.

A~

HU(r) = BU(r) (2.1)

where 7 the Hamiltonian operator containing the kinetic energy and the
potential energy of the system.
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The initial step in solving the Schrodinger equation is determining
the Hamiltonian. The Hamiltonian of the many-body system with N,,
nuclei and N, electrons is:

N, 2 N, 2 Npn,Np 2
~ L i) < h 1 ’ VAV
A=Y vioy vy §O0 HA
=1 2mn i1 2me 2 JTt) [Rr — Ryl
1 NE7N€ 62 1 NEyNE Z]62
+ = — + = — (2.2)
which, in concise form expressed as,
H =To(R) + To(r) + Vo (R) + Ve () + Vie(R, T) (2.3)

where the subscript n and e denotes nucleus and electron, respectively.
R and r represents the nuclear and electronic coordinates, respectively
and Z is the atomic number of the respective nucleus. T is the kinetic
energy and V is the potential energy operator. However, solving this
equation is not trivial, thus complexity reductions are required.

2.1.2 The Born-Oppenheimer approximation

The Born-Oppenheimer approximation provides the first simplification
towards solving the many body Schrodinger equation by separating elec-
trons and nuclei into two separate mathematical problems. The Born-
Oppenheimer approximation defines nuclei as classical point-like parti-
cles since the mass of nuclei is typically greater than that of electrons
(more than 1000 times). As the positions of nuclei are fixed, their kinetic
energy is zero and the potential energy of the nucleus-nucleus interaction
remains constant. This approximation simplifies the Hamiltonian.

H =T.(r) + Vne(R; 1) + Vo (r) (2.4)

Although the Born-Oppenheimer approximation makes the wave func-
tion independent of nuclear coordinates, solving the many-electronic wave-
function problem still demands a massive computational effort. DFT
takes a novel approach to solve this problem by replacing electronic wave-
function v¥(ry, re,....,r,) by charge density (n(r)). The two hypotheses



2.1 Density functional theory (DFT) 13

put out by Hohenberg and Kohn serve as the foundational elements of
DFT.

2.1.3 The Hohenberg-Kohn theorems

The two theorems proposed by Hohenberg and Kohn [39] are:

1. Proof of existence: There exist a unique external potential, and
hence the energy, for any electron density n(r). According to this
theorem, the energy functional is written as:

Eln(r)] = / () Viaedr + Fixe (2.5)
with Hohenberg-Kohn functional as:

Fuy = T.n(r)] + Vee[n(r)] (2.6)

2. (Variational principle) There is a single ground state electron den-
sity which can obtained by minimizing the energy functional, and
all other electron densities result in an energy value greater than
the ground state energy.

B, < Eln(0)] = [ n(r)Vndr + Tln(o)] + Vieln(n)] (27

2.1.4 The Kohn-Sham equations

For many body wave functions, evaluating the Kinetic energy operator is
difficult. The idea proposed by Kohn and Sham to solve the problem in
many-electron system, is to define a system of non-interacting electrons in
an effective potential(v,ss(r)) which gives the same ground state density
as the system with interacting electrons.[40] This reduce the many-body
problem to a one electron Schrodinger equation and the wavefunction
can be represented as a Slater determinant of single-particle orbitals, ¢;.
The kinetic energy can then be expressed as

T.[n(r)] = —;m SN / &Pt (r)Vaoi(r) (2.8)
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All other interactions, that are not considered in non-interacting systems
are then added by incorporating additional terms. The contributions to
the energy according to Kohn and Sham is described as:

Eln(r)] = Ti[n(r)] + Vear[n(r)] + Eu[n(r)] + Excn(r)] (2.9)

Where V,,;[n(r)] is the external potential from nuclei-electron interac-
tion, Ey[n(r)] is the Hartree energy from the coulomb electron-electron
interaction, Exc[n(r)] is exchange-correlation functional, which consider
the difference between non-interacting and exact kinetic energies, the
non-coulomb electron-electron interactions and all contributions which
affect the movement of electrons. The effective potential (v.ss(r)) used
for the non-interacting system can be represented as

Ueff(r) = Veqt (1) + VE (T) 4 Vae(T) (2.10)

The Kohn-Sham equation is often solved iteratively, as explained be-
low:

1. Set a initial trial charge density n(r).
2. Calculate the effective potential V.

3. Obtain the single particle wavefunction ¢ (r) by solving Kohn-Sham
equation using n(r)

4. Calculate the new electron density using the wavefunction, n,e, ()

= [¥(r)]?

5. Compare n(r) and n,e,(r). If they are converged, compute the
ground state energy and other properties, else the trial charge den-
sity is updated and the process repeats from the second step until
convergence is reached.

2.1.5 Exchange-Correlation (x¢) Functionals

The exact zc functional is unknown. Thus in DFT calculations, the zc
functional is approximated to get accurate results. Choosing a reasonable
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xc functional is a major consideration before performing the DF'T calcula-
tion. Local Density approximation (LDA) is the most basic z¢ functional.
The zc energy contributions for LDA is derived from homogenous elec-
tron gas model and parametrized using Monte Carlo calculations. The
exchange-correlation energy for LDA can be expressed as:

BEPA ) = [ n(r)ekP A n(o)]dr (2.11)
where e£P4 is the zc functional for homogenous electron gas. LDA works
well for systems like metals that have a homogenous electron density,
while fail for complex systems.

A more accurate approximation for the xc functional is provided by
the ’generalized gradient approximation’ (GGA). GGA is the improved

form of LDA, which also takes into account the gradient of charge density
at every point in space. This can be written as:

ESGA — / r) B (n(r), Va(r))dr (2.12)

GGA comes in a variety of flavors with varying parametrization. The
most widely used GGA is the Perude-Burke-Ernzerhof (PBE)[41] func-
tional as it provides a good balance between accuracy and computa-
tional cost. Although LDA and GGA fit well with experiments for a
wide range of properties, they tend to fail in accurately describing the
electronic structure properties of localized states. One reason for this
is self interaction error (SIE) in DFT which arises from the fact that
DFT considers electrons as electron-densities, and there is no precise
way to distinguish which electron-density corresponds to an electron. As
a result, the Coloumb energy contribution of an electron includes the
self-interaction with its electron-density.

The effect of SIE can be alleviated by using hybrid zc functionals that
incorporate a fraction of the exchange from Hartree-Fock (HF) theory, as
the HF can provide the exact exchange energy. The zc energy in hybrid
functionals is written as

EN = aB!" + (1 —a)EP"" + EPIT (2.13)
where « is fraction of exact exchange, F/¥ is the exact exchange from
HF theory, EPFT and EPFT are DFT contribution of the exact, and
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correlation energies, respectively. A popular choice of hybrid functional
is the Heyd-Scuseria-Ernzherof (HSE)[42] functional, in which the exact
exchange is only considered in the short range to simplify the calculations.
Although HSE functionals provide accurate results, the computational
time required for HSE calculations is still significantly higher than for
GGA.

Another widely used method to solve the issues stemming from the
SIE but at a modest computational cost is the DFT+U approach. In
DFT+U a Hubbard-U correction is applied on top of the LDA/GGA
functional. The value of U is derived by fitting it to experimentally
measured properties such as band gap.

2.2 Nudged elastic band method

The nudged elastic band (NEB) method [43] is used to find a minimum
energy path(MEP) connecting two local minima. The NEB is the mod-
ified version of plain elastic band(PEB) method [44, 45]. Typically in
these methods, an initial guess of the path from the initial state(Rg)
to the final state(Ry) is obtained by linear interpolation. The interme-
diate points resulting from interpolation are referred to as images and
are represented by the notation [R1, R2,..., RN — 1]. These images are
connected by a spring to avoid them to fall into the endpoints. The ob-
jective function is minimized by relaxing the intermediate images until
they converge to the MEP. The objective function is expressed as

SPEB — ZF +Z (R; — Ri_1)® (2.14)

where F(R;) force of the image i, and k is the spring constant. The
first term denotes the potential force of the configuration and the second
term represents the spring force. However, the PEB method is sensitive
to the value of the spring constant. A higher spring constant makes
the chain stiff and can cuts the corners on the path, which leads to an
overestimation of the saddle point energy. This problem arises from the
perpendicular component of the spring force. On the other hand, for a
lower value of the spring constant, the images are not equally spaced,
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which leads to the sliding of images towards the minima. This results
from the parallel component of the true force. This can be solved by
nudging, which refers to the projection of parallel component of spring
force and the perpendicular component of the potential force. Then the
force on the image becomes:

FYEP = F(R)" + F (2.15)
in which the perpendicula