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ABSTRACT

The use of halide materials as solid electrolytes has recently attained gigantic
research interest due to their ability to operate at high temperature. Under over
present knowledge novel halide electrolytes, such as LiYCls, LiSmCls, and LiAICl4,
exhibit high Li-ionic conductivities, approaching 10 S/cm, with low activation
energies. A considerable experimental as well as theoretical efforts have been made
in the identification of optimal combination of Li-M-X, (M: metal, X: halide) that
are suitable at high temperature. Whereas, being a novel promising electrolyte
material, LiAICls, there are not too many literatures available for the electronic,
structural characteristics analysis of LiAICls. However, these characteristics
decides the suitable battery material such as the materials with wide bandgap of ~
6 eV are highly desirable. In this work, we employ Density Functional Theory
(DFT) simulations to conduct a study of Li-M-X with M= Al and X =ClI. Electronic,
structural properties and phase stability of LiAICIs is found. The values of the
bandgap 5.63 eV and 5.2 eV are calculated by the exchange correlation functionals,
Generalized Gradient Approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)
and the Local Density Approximation (LDA) for LiAICls, respectively. Results
indicate that the GGA-PBE calculation gives a more desirable value closer to the
experimental band gap. These results agree with the true nature of GGA-PBE
method. On the other hand, experimental synthesis of electrolytes is time-
consuming and requires a lengthy process to achieve a perfect solid electrolyte.
Computational modeling minimizes cost, time and complements experiments by
providing unique theoretical insights to predict the state-of-the-art solid-state
electrolytes, which have been rarely reported. Our calculations determined that
LiAICl4 shows promising potential as a battery electrolyte with a band gap of 5.63

eV, indicating the suitability of LiAICl4 as a superionic conductor.
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CHAPTER 1

INTRODUCTION

1.1 Introduction to Batteries

A battery is a device that converts chemical energy to electrical energy battery’s
chemical reactions involve the flow of electrons from one material (electrode) to
another via an external circuit. The flow of electrons generates an electric current,
which can be used to perform work. Charged ions flow through an electrolyte
solution that is in contact with both electrodes to balance the flow of electrons.
Different electrodes and electrolytes cause different chemical reactions, which
affect how the battery works, how much energy it can store, and how much voltage

it can produce. Alessandro Volta, an Italian Physicist, invented the first battery in 1800

[1].
The following characteristics must be present in a practical battery:

i. It should be light in weight and small in size.
ii.  The cell or battery must be capable of providing a constant voltage.
Furthermore, the voltage of the battery or cell must not change while in use.

1.1.1 Cell and Battery

Even though the term battery is often used, the basic electrochemical unit
responsible for the actual storage of energy is called a Cell. A Cell, as just
mentioned, is the fundamental electrochemical unit that is the source of electrical
energy produced by conversion of chemical energy. In its basic form, a cell

typically contains three main components: two electrodes and electrolyte and also



consists of terminals, separator and a container. Speaking of electrodes, there are
two types of electrodes called the Anode (-) and the Cathode (+) [2].

The Anode is the negative electrode (also called the Fuel Electrode or the
Reducing Electrode). It loses electrons to the external circuit and in the
electrochemical reaction, it gets oxidized. Cathode on the other hand, is the
positive electrode (also called the Oxidizing Electrode). It accepts electrons from
the internal circuit and in the electrochemical reaction, it gets reduced. Hence, the
energy conversion in a battery is due to electrochemical oxidation-reduction

reaction [2].

The third important component of a cell is the electrolyte. An electrolyte acts as
medium for transfer of charge in the form of ions between the two electrodes.
Hence, the electrolyte is sometime referred to as lonic Conductor. A separator
which electrically isolates the positive and negative electrodes. An important
point to be noted here that the electrolyte is not electrically conductive but just

have ionic conductivity [2].

A battery often consists of one or more “cells” that are electrically connected in
either a series or parallel configuration to provide the necessary voltage and

current levels [2].

/ N\
/
{

\

)
o 4 Electron Flovy
External Load <~ - V4
- [— = o+
. Electrolyte

Porous
Separator

Figure 1.1 Schematic view of Basic Battery with electrochemical cell [3].



1.2 Types of Batteries

Basically, all the electrochemical cells and batteries are classified into two types:

e Primary (non-rechargeable)

e Secondary (rechargeable)

Even though there are several other classifications within these two types of batteries,
these two are the basic types. Simply speaking, Primary Batteries are non-rechargeable
batteries i.e., they cannot be recharged electrically while the Secondary Batteries are

rechargeable batteries i.e., they can be recharged electrically [2].
1.3 Primary Batteries

A Primary Battery is one of the simple and convenient sources of power for several
portable electronic and electrical devices like lights, cameras, watches, toys, radios etc.
As they cannot be recharged electrically, they are of “use it and when discharged,

discard it” type [2].

Usually, primary batteries are inexpensive, light weight, small and very convenient to
use with relatively no or less maintenance. Majority of the primary batteries that are
used in domestic applications are single cell type and usually come in cylindrical
configuration (although, it is very easy to produce them in different shapes and sizes)

[2].
1.3.1 Common Primary Battery Types
There are Two Main Types of Primary Cells/Batteries:

1. Alkaline Batteries



Chemical composition of Zinc with Manganese dioxide forms these batteries. The
electrolyte that is used in these types of batteries is potassium hydroxide, and since all

the contents are purely alkaline, it is termed as an alkaline battery.
2. Coin Cell Batteries

The coin cell batteries also have alkaline electrolytes, and additionally, they also have
the chemicals of lithium and silver oxides. These types of primary batteries are highly

efficient in ensuring stable and steady voltage [2].
1.4 Secondary Batteries

A Secondary Battery is also called as Rechargeable Battery as they can be electrically
recharged after discharge. The chemical status of the electrochemical cells can be
“recharged” to their original status by passing a current through the cells in the opposite

direction of their discharge [2].
Basically, secondary batteries can be used in two ways:

« Inthe first category of applications, the secondary batteries are essentially used
as energy storage devices where they are electrically connected to a main
energy source and also charged by it and also supplying energy when required.
Examples of such applications are Hybrid Electric Vehicles (HEV),
Uninterrupted Power Supplies (UPS), etc.

e« The second category of applications of secondary batteries are those
applications where the battery is used and discharged as a primary battery.
Once it is completely discharged (or almost completely discharged), instead of
discarding it, the battery is recharged with an appropriate charging mechanism.
Examples of such applications are all the modern portable electronics like

mobiles, laptops, electric vehicles, etc.



Energy Density of secondary batterie are relatively lower than that of primary batteries
but have other good characteristics like high power density, flat discharge curves, high

discharge rate, low temperature performance [2].
1.4.1 Common Secondary Battery Types

Two of the oldest batteries are in fact secondary batteries called the Lead — Acid
Batteries, which were developed in late 1850’s and Nickel — Cadmium Batteries, which
were developed in early 1900’s. Until recent times, there are only two types of

secondary batteries [2].

The first and the most commonly used rechargeable batteries are called Lead — Acid
Batteries. The second type of the rechargeable batteries are called Nickel — Cadmium
Batteries. In the recent decades, two new types of rechargeable batteries have emerged.
They are the Nickel — Metal Hydride Battery and the Lithium — lon Battery. Of these
two, the lithium — ion battery came out to be a game changer and became commercially
superior with its high specific energy and energy density figures (150 Wh / kg and 400
Wh/L)[2].

1.5 Lithium-lon Battery

A lithium-ion battery or Li-ion battery is a type of rechargeable battery composed of
cells in which lithium ions move from the negative electrode through an electrolyte to

the positive electrode during discharge and back when charging [4].



1.5.1 Applications of Li-lon Battery

Some of the most common applications of lithium-ion batteries are:

o Power backups/UPS
o Mobile, Laptops, and other commonly used consumer electronic goods
e Electric mobility

o Energy Storage Systems

1.5.2 Advantages of Li-lon Battery

e High Energy Density

e Easy maintenance

e Continuous voltage

e Low Self Discharge

e No requirement for priming

e Variety of models available

1.5.3 Disadvantages of Li-lon Battery

e Requires higher protection (Inflammable)



e EXxpensive Sensitive to high temperatures

e Transportation problems

1.6 Background of Lithium-lon Batteries

For many years, the only suitable battery for portable equipment, such as mobile
computing and wireless communications was nickel-cadmium. Pioneer work on the
lithium battery began in 1912; however, it wasn’t until the 1970s when the first non-
rechargeable lithium batteries became commercially accessible. During the oil crisis of
the 1970s, an English chemist named Stanley Whittingham began working on the
concept of a new battery that was able to recharge on its own in a timely manner. He
hoped that this could lead to fossil fuelfree energy in the future. Whittingham
attempted to use lithium metal and titanium disulfide as the electrodes, however this
caused the batteries to short circuit and catch fire, raising safety concerns about the
experiment. In the 1980s, John Goodenough decided to experiment using lithium
cobalt oxide as the cathode, doubling the energy potential. This led Akira Yoshino to
experiment with using a carbonaceous material, petroleum coke, which led to the
finding that the battery was significantly safer without lithium metal. This was the
beginning of lithium ion battery development. In the 1990s, lithium ion technology
began to gain customer acceptance, causing it to become the battery with the fastest-
growing popularity. Lithium battery development was first explored because of the
safety concerns of lithium metal batteries. Despite being slightly lower in energy
density than lithium metal, lithium ion is extremely safe when charged and discharged

following specified safety precautions [4].



1.7 Working of Li-ion Batteries

A lithium-ion (Li-ion) battery is an advanced battery technology that uses lithium ions
as a key component of its electrochemistry. During a discharge cycle, lithium atoms in
the anode are ionized and separated from their electrons. The lithium ions move from
the anode and pass through the electrolyte until they reach the cathode, where they
recombine with their electrons and electrically neutralize. The lithium ions are small
enough to be able to move through a micro-permeable separator between the anode and
cathode. In part because of lithium’s small size (third only to hydrogen and helium), Li-
ion batteries are capable of having a very high voltage and charge storage per unit mass
and unit volume. Li-ion batteries can use a number of different materials as electrodes.
The most common combination is that of lithium cobalt oxide (cathode) and graphite
(anode), which is most commonly found in portable electronic devices such as
cellphones and laptops. Other cathode materials include lithium manganese oxide
(used in hybrid electric and electric automobiles) and lithium iron phosphate. Li-ion

batteries typically use ether (a class of organic compounds) as an electrolyte [5].

Y | +

N/" egSo.Ce © ‘
m 1

oy 4—J
Q"uo“co:u“o -

ﬁ\' Ak

LI C, Graphite electrolyte LiCoO,
Anode Cathode

Figure 1.2 Schematic view of the mostly common used Li battery with LiCoO, as a cathode

and graphite anode [6].



1.7.1 Chemistry Involved in Lithium-lon Batteries
Inside a lithium-ion battery, oxidation-reduction (Redox) reactions take place.

Reduction takes place at the cathode. There, cobalt oxide combines with lithium ions
to form lithium-cobalt oxide (LiCo0O2). The half-reaction is:

Co0- + Li* + e— LiC00>

Oxidation takes place at the anode. There, the graphite intercalation compound LiCs

forms graphite (Cs) and lithium ions. The half-reaction is:
LiCe —»6C+Li"+¢
Here is the full reaction (left to right = discharging, right to left = charging):

LiCs + CoO2 2 6C + LiC0o0O2

1.8 Solid Electrolytes

A solid-state electrolyte (SSE) is a solid ionic conductor and electron-insulating
material and it is the characteristic component of the solid-state battery. It is useful for
applications in electrical energy storage (EES) in substitution of the liquid electrolytes
found in particular in lithium-ion battery. The main advantages are the absolute safety,
no issues of leakages of toxic organic solvents, low flammability, non-volatility,
mechanical and thermal stability, easy processability, low self-discharge, higher

achievable power density and cyclability [7,8].

Solid electrolytes conduct lithium ions at room temperature and can potentially replace
conventional organic electrolytes, which are flammable and toxic. In addition to

drastically improving the safety of the battery, solid state electrolytes allow the use of


https://en.wikipedia.org/wiki/Ionic_conductivity_(solid_state)
https://en.wikipedia.org/wiki/Electrolyte
https://en.wikipedia.org/wiki/Solid-state_battery
https://en.wikipedia.org/wiki/Lithium-ion_battery
https://en.wikipedia.org/wiki/Organic_liquid

lithium metal as the anode. This in turn increases the cell voltage and thereby increases

the energy density of the battery. [9]

I

Anode Cuthode

B A

N\

SOLID-STATE ELECTROLYTE
Figure 1.3 All-Solid-State Battery with the solid-state electrolyte [10].

1.8.1 History of Solid Electrolytes

The history of solid-state ionic conductors started with the discovery of
conduction property in heated solid Ag.S and PbF, made by Faraday in 1830
[11]. Then a series of electrical conductivity in solid electrolyte is started from
1854-1960 in which stabilized zirconia and silver exhibit high ionic
conductivity, which is considered as a turning point for high conductivity in
solid electrolytes [12]. In late 1970, the discovery and development of lithium
insertion type cathode materials, rechargeable SSBs were introduced. In the
1980s and 1990s, high Li-ion conductivity compounds with high ionic
conductivity are attracting more and more research focus on its potential
applications in the energy sector storage and conversion equipment, some solid
ions conductors were reported during this period. In 1976, the Na super-ionic
conductor (NASICON) structure [13] was first designed, in 1993 perovskite [14],
in 2003 garnet type important oxide SSE, and finally in 2007 LizLasZrsO1. [15]

10



become famous after the report of fast ionic conductivity. In 2011-2016, sulfide
SSE like Li10GeP2S12 [16], LizP3S11[17], Lig.54Si1.74P1.44S11.7Clo.3[18] were found with
even higher conductivity (102> mS/cm) than conventional liquid electrolytes. Another
oxide type Li-rich anti-perovskite LisOCI [19] was also discovered with high ionic
conductivity. In 2019, halide based solid electrolytes have gained significant interest

due to their wide electrochemical window (= 4 V) and high ionic conductivity (>103

S/cm), a detail comparison of sulfides, oxide and halide is given in the Figure 1.4.

100 50 25 0 -25 -50
I

Li,YClg —

=
) Li;Scy3Cly
£ -3 .
o Liz 63320 367E70.633Clg
w
~
b 41
—
(@]
o T
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] % Li; Mg, ,Cly
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| LiMgCl, ! : :
] Early Halide electrolyt Side sloctrolyte
7 1 1 1 1 1 1 1 I 1 1

- 2.2 2T4 26 28 30 32 34 36 38 40 4.I2 4f4 46 48 50
1000/T (1000 K1)

Figure 1.4 Evolution of ionic conductivity of oxide, sulfide and the typical metal
halide super-ionic conductors along with organic liquid electrolytes as a function of

temperature [20].
1.9 Significance

Generally, for a very fast super-ionic conductors, a structure may compose of

crystalline framework of immobile and mobile ions sub-lattice sites, available adjacent

11



sites must be larger or equivalent to number of mobile species and that mobile ions
diffuse from excited sites to neighboring sites with low barrier energy to form a
collective and continuous diffusion path. Solid electrolytes of Li have distinct concern
from the apprehensive determinations in search of solid electrolytes of various
structural forms which is another critical factor for designing a superionic conductor is
based on the coordination environment of lithium. The coordination of Li is directly
related to ion migration and activation, because the unfavorable coordination of the
mobile ion could be extremely feasible for high mobility and low activation energy,
however there may difficulty in synthesis due to thermal instability. So, it is a need to
explore such type of solid electrolytes which contains intrinsic vacancies and week

bonding environment to enhance ionic conductivity [21].

So far, the LisMClg family (M = Sc, Y, In, Yb, Er, etc.) is the most successful class of
halide superionic conductors. Up till now the main research focus of halide solid
electrolytes was remain in finding or discovering new structures with different
compositions based on ionic conductivity and stability window voltage (Figure 1.5).
However, there are very few research reports that have explored the several issues
especially chemical stability of halide for technological, practical and large production

for all-solid-state batteries [22].

12
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Figure 1.5 Progress and development in exploring halide electrolytes with different

composition and structures with their ionic conductivity [23].

It is fact that oxides are compatible with Li metal anode with less ionic conductivity and
sulfides with high ionic conductivity but incompatible due to chemical instability, and

halides have high ionic conductivity with large electrochemical stability window but

are not stable with Li metal anode.

High-V Stability High-V stability High-V Stability
Air Air Air
Oy Stability % Stability Oy Stability
Cell Cell Cell
Li Stability Processability Li Stability Processability Li Stability Processability

(Chloride & Fluoride)

Figure 1.6 Comparison of key performance and properties of sulfides, halides and
oxides [23].

13



It can be seen in Figure 1.6 that oxide and sulfides could meet only two/three out of five
key performances of solid electrolytes whereas halides four out five key properties. If
the halides become stable with Li metal anode it would open new era for next

generation all-solid-state batteries, which is a main objective of this project.
1.10 Halide Electrolytes

Recently, halides based solid electrolytes are attracting significant interest due to high
their ionic conductivity (=10 S/cm) and wide electrochemical window (= 4 V) [24].
In fact oxides and sulfides are the most studied electrolytes materials and
are among the most promising candidates for solid-state electrolytes in
secondary batteries, however oxide material exhibit low Li ion conductivity
while sulfides showed narrow electrochemical stability window voltage and
incompatibility with Li metal anode [25].Similarly another family of halide
based solid electrolytes, Lithium Tetrahaloaluminates, LiAIX4 (X = ClI, Br, 1) reported
by Nicolas Flores-Gonzaélez et al.by mechanical synthesis for the first time with a
space group of monoclinic P2i/c, Z = 4; a = 8.0846(1) A; b = 7.4369(1) A; ¢
= 14.8890(2) A; B =93.0457(8)°) [26]. LiAlBr4 exhibited the highest ionic
conductivity at room temperature (0.033 mS/cm), while LiAICIl4 showed a
conductivity of 0.17 mS/cm at 333 K, coupled with the highest thermal and
oxidative stability. Modeling of the diffusion pathways suggests that the
Li-ion transport mechanism in each tetrahaloaluminate is closely related
and mediated by both halide polarizability and concerted complex anion

motions [26].
1.11 Crystal structure of LiAICl4

LiAICl4 crystallizes in the monoclinic P2:/c space group. Li'* is bonded to six CI1'-
atoms to form LiCls octahedra that share corners with two equivalent LiCls octahedra,

corners with two equivalent AlCl. tetrahedra, an edge with one LiCls octahedra, and
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edges with two equivalent AICl. tetrahedra. The corner-sharing octahedral tilt angles
are 49°. There is a spread of Li—Cl bond distances ranging from 2.45-2.78 A. AI** is
bonded to four CI'- atoms to form AICl. tetrahedra that share corners with two
equivalent LiCls octahedra and edges with two equivalent LiCls octahedra. The corner-
sharing octahedral tilt angles range from 58-59°. There is a spread of Al-CI bond
distances ranging from 2.13-2.16 A. There are four inequivalent C1'~ sites. In the first
CI'~ site, C1' is bonded in an L-shaped geometry to one Li'* and one Al** atom. In the
second CI'" site, C1' is bonded in a 3-coordinate geometry to two equivalent Li'* and
one AI** atom. In the third C1'" site, CI'~ is bonded in a 3-coordinate geometry to two
equivalent Li'* and one AI** atom. In the fourth C1' site, C1'" is bonded in a bent 120

degrees geometry to one Li'* and one Al** atom [26].

Figure 1.7 Crystal Structure of LiAICIl4 [26].
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RATIONALE

In recent times, there has been a wide research interest in the use of halide materials as
solid electrolytes, and several new types of halide electrolytes, including LizYCls,
LizInCls, Li2Sco3Cls halo spinel structure, and LiAICls, have been synthesized and
studied. These electrolytes have exhibited high Li-ionic conductivities even at high
temperature, typically around 102 S/cm, and low activation energies. Solid electrolyte
materials based on halides have attracted significant attention due to their wide
electrochemical window of approximately >4 V. While much research has focused on
finding the optimal combination of Li—M—X, which refers to the combination of
lithium, metal, and halide ions, little computational attention has been paid to the
impact of electronic and structural factors as well as phase stability of novel Li-M-X.
To address this gap, this study employs density functional theory (DFT) to predict the
structural and electronic properties of the promising material LiAICI4 as a solid
electrolyte for Li-ion batteries. The material LiAICl4 is particularly promising due to
its band gap and a wide electrochemical stability window, both of which reach beyond
4.26 V with respect to Li/Li*. These properties make LiAICls a potential superionic
conductor in solid-state batteries, and a promising candidate for practical applications.
Therefore, the electronic, structural and phase stability analyis of such solid electrolyte
materials is crucial for the advancement of safe and high-performance solid-state
batteries.
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OBJECTIVES

The study will study one of the promising battery materials that has recentally raised

an enormous research interest i.e. Li-M-X. As a prototype we will be working with M

= Al and X= Cls. The objectives of study are:

o

Structure forming on Vesta and Geometry optimization of LIAICls in
CASTEP

Structural parameter calculations for LiAICl4

Lattice constants calculations with different exchange
correlation functionals (GGA/LDA) and find the best ones and
validate our results with the present literature review for the

above-mentioned battery material.

Electronic properties simulation for LiAICl4 and check the agreement of

these with the present experimental as well as theoretical literature

present.

Band gap calculations with (LDA/GGA)

Total Density of States for LIAICI4 (LDA/GGA)

Partial Density of states for Li, Al and Cl as well as on orbitals
s, pandd.

Phase stability of LiAICI4
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CHAPTER 2

LITERATURE REVIEW

Akihiro Sakai et al. (2018) investigated solid-electrolyte materials based on lithium
halides, namely LisYCls and LizYBre, have been discovered to possess crucial
properties necessary for all-solid-state battery (ASSB) applications, especially for
large-scale implementation. These properties include high lithium-ion conductivity,
excellent deformability, and strong chemical as well as electrochemical stability. The
cold-pressed powders of these materials exhibit lithium-ion conductivities exceeding 1
mS cm™! at room temperature, without the need for any additional intragrain or grain
boundary resistances. When used in bulk-type ASSB cells with LiCoO; as the cathode
material, these halide solid electrolytes display coulombic efficiencies as high as 94%,
without any additional coating. The exceptional electrochemical characteristics and
material stability of these lithium halide salts indicate that they hold great potential as

a candidate for solid electrolytes in ASSB, alongside sulfides or oxides [24].

Shuo Wang et al. (2019) studied solid electrolytes with high Li-ion conductivity and
electrochemical stability are necessary to enable all-solid-state Li-ion batteries. Recent
experimental findings have identified LisYCls and LisYBre as potential new solid
electrolytes. Using first principles computation, they investigated the Li-ion diffusion,
electrochemical stability, in addition to that, interface stability of chloride and bromide
materials, whereas identified the reasons behind their high ionic conductivities along
with good electrochemical stabilities. Unlike sulfide and oxide Li-ion conductors,
chloride and bromide chemistries have low migration energy barriers, wide
electrochemical windows, that are not restricted by previous design principles,

allowing for greater flexibility in developing fast Li-ion conductors. This study
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emphasizes chloride and bromide as a promising new avenue for research on solid

electrolytes with high ionic conductivity as well as good stability [27].

Fiaz Hussain et al. (2019) investigated the role of solid electrolytes in modern
electrochemical energy storage technologies is significant, but achieving high Li-ion
conductivity in them is still a major challenge. A recent study reports an improvement
in ion conductivity in the anti-spinel structure of LizOBr, which was synthesized
recently, due to the presence of intrinsic vacancies. The anti-spinel LisOBr has a stable
defective structure with a high concentration of octahedral vacancies, leading to
exceptionally high Li mobility (0.136 mS cm™ at room temperature) as confirmed by
ab initio molecular dynamic simulations. This mechanism of ion conductivity
enhancement through octahedral vacancies in anti-spinel LizOBr represents a new

approach to solid electrolyte material design [28].

Roman Schlem et al. (2020) investigated due to their high ionic conductivity and good
oxidation stability, halide-based solid electrolytes are becoming more popular for use
in solid-state batteries. While their stability at the cathode interface is well-established,
their stability against the lithium metal anode has been explored. This study examines
the reaction layer formed between LizInCls (LisYCle) and lithium using sputter
deposition of lithium metal, as well as in-situ X-ray photoelectron spectroscopy and
impedance spectroscopy. The results indicate that the interface is thermodynamically
unstable and leads to a continuously growing interphase resistance. In addition,
impedance spectroscopy was used to examine the interface between LisInCle and
LisPSsCl, to determine whether combining them as cathode electrolyte and separator
electrolyte could result in stable, low impedance operation over the long term. While
halide-based lithium superionic conductors are not suitable for use against Li due to

oxidation instability, they show promise as cathode electrolytes [29].

Jianwen Liang et al. (2021) studied solid-state electrolytes (SSESs) are crucial materials

for the development of rechargeable all-solid-state Li batteries (ASSLBs), which are
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the upcoming generation of electrochemical energy storage systems. The discovery of
new superionic conductors is an ongoing area of research, with various types of SSEs
having been developed so far, including polymer-, oxide-, and sulfide-based SSEs.
Recently, metal-halide SSEs (Li-M-X, where M is a metal element and X is a halogen)
have emerged as new candidates due to their numerous advantageous properties,
including wide electrochemical stability windows (0.36-6.71 V vs Li/Li") and better
chemical stability towards cathode materials compared to other SSEs. Additionally,
some metal-halide SSEs (such as LizInCls developed by their group) can be synthesized
at large scales in a water solvent, without requiring special apparatus or handling in an
inert atmosphere. This article focuses on the topic of metal-halide SSEs and aims to
provide guidance for further development of novel halide SSEs to meet the multiple

requirements of energy storage devices [30].

Nicolas Flores-Gonzalez et al. (2021) studied advanced oxides and sulfides, that
possess excellent lithium-ion conductivity and electrochemical stability. They highly
promising materials for solid-state electrolytes in secondary batteries. However, newly
emerging halides are showing potential as alternatives due to their intrinsic low energy
barriers for lithium-ion migration, high oxidative stability, and favorable mechanical
properties. Through mechanochemical synthesis, the characterization of LiAIX4
compounds has been expanded, and the synthesis of LiAlls in a monoclinic P21/c
crystal structure with Z = 4, and dimensions of a = 8.0846(1) A, b = 7.4369(1) A, ¢ =
14.8890(2) A, and B = 93.0457(8)° has been achieved for the first time. Among the
tetrahaloaluminates, LiAlBrs demonstrated the highest ionic conductivity at room
temperature (0.033 mS cm™t), while LiAICI, exhibited a conductivity of 0.17 mS cm™
at 333 K, along with the highest thermal and oxidative stability. Diffusion pathway
modeling suggests that the transport mechanism of lithium ions in each
tetrahaloaluminate is closely related and is mediated by both halide polarizability and
concerted complex anion motions [26].
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Kwangnam Kim et al. (2021) studied that despite exploring various solid electrolyte
(SE) options, it has been difficult to achieve the desired combination of stability,
performance, and processability. Recently, lithium ternary halides have been gaining
attention for SEs due to their high ionic conductivity and wide electrochemical window.
This research aims to develop a material design strategy for lithium halides LisMXe
(where X is ClI, Br, or 1) for use in high-voltage all-solid-state Li-ion batteries. This is
achieved through the systematic investigation of crystal structures, phase and
electrochemical stabilities, electronic and mechanical properties, and ionic
conductivities. The results of calculations show that the electronegativity difference
between M and X affects structural properties and stabilities. Monoclinic phases are
preferred due to weak Coulomb interactions in LisMXe. Moreover, the oxidation
potential and chemical stability against cathode materials of LisMXe are better for
smaller X, with chlorides exhibiting the highest oxidation potential (~4.3 V) among
LisMXs. This makes chlorides an appropriate choice for SEs for high-voltage cathodes.
The band gap and elastic moduli increase for relatively small X, suggesting that
chlorides have low electronic conductivity and elastic deformability. Chlorides with
transition metals typically exhibit trigonal phases, wider electrochemical stability
windows, larger band gaps, and higher elastic moduli than other types of halides.
Additionally, chloride Li3MCI6 is expected to have high ionic conductivities with the
aliovalent substitution of M3* to Zr** and the anion mixing of CI with Br. This study
provides fundamental guidelines for the development of lithium halide SEs for high-

voltage all-solid-state Li-ion batteries [31].

Fiaz Hussain et al. (2022) investigated solid electrolytes made of halide materials have
recently gained moderate attention in research. Several new halide electrolytes,
including LizYCle, LizInCls, and Li>Sc23Cls halospinel structure, and LiAICls, have
been experimentally prepared, and they show high Li-ionic conductivities close to 102
S/cm with low activation energies. However, while much experimental and theoretical

work has focused on finding the best combination of Li-M—X, less attention has been
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given to understanding the effects of the structural characteristics on the ionic
conductivities and electrochemical stabilities. To address this, the authors conducted a
comparative study using DFT and AIMD simulations on several halide electrolytes
with different structures, such as rock-salt LisMCls, spinel Li2Sc2/3Cls, and LiMCla.
Their results reveal that halospinel Li2Sc23Cl4 structures with cubic symmetry exhibit
exceptional three-dimensional conductivity and mechanical stability as superionic
conductors, with Li-ionic conductivity ranging from 0.26—19.0 mS/cm and activation
energy lower than 0.20 eV (0.342—0.195 eV). Among them, Li>Sc2/3Cls is predicted to
have the best balance between ionic conductivity and stability, with a room-
temperature ionic conductivity as high as 15.3 mS/cm and a band gap and
electrochemical stability window vs Li/Li" reaching 4.26 V, respectively. Therefore,
this material shows great promise for practical applications as a superionic conductor

in solid-state batteries [32].

Hiram Kwak et al. (2022) studied halide superionic conductors have emerged as a
promising alternative to sulfide or oxide solid electrolyte (SE) materials for all-solid-
state batteries (ASSBs) due to their favorable properties, such as high Li* conductivity,
good chemical and electrochemical oxidation stabilities, and mechanical deformability.
In this article, recent advancements in Li*- and Na"-conducting SEs using halide
materials are comprehensively summarized. The article starts by introducing the ionic
diffusion mechanism and the factors that govern crystal structures. It then discusses
design strategies, including substitution and synthesis protocols, to further enhance the
properties of halide materials. Theoretical and experimental results on electrochemical
stabilities and compatibilities with electrode materials are also reviewed. Additionally,
challenges and issues associated with developing practical ASSB applications are
discussed, such as cost considerations, stabilities in atmospheric air, agueous solutions,
and slurry-processing, and the fabrication of sheet-type electrodes (or SE membranes)
for large-format ASSBs. Finally, the article offers a perspective on future research

directions for halide SEs, emphasizing the need to expand the materials space [23].
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Fiaz Hussain et al. (2023) studied the demand for low-cost, environmentally friendly,
and renewable energy from next-generation all-solid-state batteries is growing rapidly.
All-solid-state sodium-ion batteries (ASSSIBs) are considered superior to all-solid-
state lithium-ion batteries due to their superior environmental properties, higher safety,
and increased availability on Earth. However, the development of ASSSIBs requires
solid-state sodium electrolytes that possess certain characteristics such as high ionic
conductivity at room temperature, wide electrochemical stability window, low
electronic conductivity, and compatibility with interfaces, which have been rarely
reported. To address this challenge, the authors used density functional theory and ab
initio molecular dynamic simulations to predict novel sodium solid electrolytes. Their
research resulted in the discovery of several sodium superionic conductors with
excellent ion-conducting properties and interface compatibility. The optimized
composition they found exhibited a remarkable Na-ionic conductivity of up to 8 mS
cm ! and an extremely low activation energy of 0.20 eV, in addition to high chemical
and electrochemical stabilities. This discovery has the potential to be a focal point for
future experimental studies and accelerate the development of high-performance
ASSSIBs [33].

Han-xin Mei et al. (2023) compared to conventional lithium-ion batteries, solid-state
batteries (SSBs) possess higher safety and energy density, making the solid-state
electrolyte (SSE) a critical component that has garnered significant attention. SSEs are
typically categorized into three types: oxides, sulfides, and polymers. This article
focuses on the latest research on unconventional solid-state electrolytes (USSESs),
including halides, zeolites, and others, discussing their properties, structures, synthesis
methods, and costs. While halides are less popular, they are gaining popularity due to
their many benefits, such as ionic conductivity at room temperature of over 0.6 mS
cm™?, higher stability than most SSEs, even with an oxidation potential above 4V, ease
of handling in dry air, and the feasibility of mass production using liquid phase

methods. The article also compares typical USSEs to conventional SSEs, such as
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oxides and liquid electrolytes, in various aspects. Finally, the article concludes with
future research directions for USSEs, as well as practical application challenges that
need to be addressed [34].

Kaiyong Tuo et al. (2023) conducted research on rechargeable solid-state batteries
(ASSBs) that utilize solid-state electrolytes (SSESs) are seen as the next generation of
devices for storing electrochemical energy. Among the many important research areas
in energy storage chemistry, the development of SSEs is particularly crucial. Recently,
halide SSEs have been the focus of intensive research for use in ASSBs because of
their excellent combination of high ionic conductivity, chemical and electrochemical
stability, and mechanical deformability. This review provides a critical overview of the
synthesis, chemical stability, and outstanding challenges of halide SSEs. It summarizes
in detail the design strategies, such as element substitution and crystal structure design,
that have been utilized to optimize the ionic conductivity of halide SSEs. The review
also discusses issues related to solvent compatibility, humid air stability, and
degradation mechanisms associated with halide SSEs. Additionally, the review
highlights advanced in situ/operando characterization techniques applied to halide-
based ASSBs. It provides a comprehensive understanding of interface issues, cost
issues, and scalable processing challenges related to halide-based ASSBs for practical
applications. Finally, the review presents future perspectives on designing high-
performance electrode/electrolyte materials that can guide the development of halide-

based ASSBs for energy storage and conversion [35].
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CHAPTER 3

MATERIALS AND METHODS

3.1 Historical Background

According to the Heisenberg uncertainty principle, position and momentum cannot be
measured simultaneously for a particle. Classical mechanics insufficiency in
describing the nature of the material at the Nano-scale led to the foundation of quantum
physics. Theoretically, we have to use quantum chemistry approximations to
understand the interactions within the molecule and its environment. These
approximations almost replicate the physical behavior of atoms and electrons as they
interact with their nuclei. History has witnessed a glorious evolution of quantum
chemical methods [36]. This chapter briefly summarizes the basics of ab-initio
approximation methods starting from Born-Oppenheimer approximation to

multiconfigurational methods.

The basic quantum mechanical many-body Schrédinger wave equation, HY = EY,
under some boundary conditions, can be obtained by substituting momentum function
with the position derivative (px — d/dx). Here, H and ¥ is the system’s Hamiltonian
and many-electron wavefunction, simultaneously. The wavefunction of ‘n’ number of

nuclei and electrons is given by,
AY (x1, x2, .., Xn, R1, Rz, . ., Rn) = E¥W(x1, X2, . ., Xn, R1, R2, .., Rn)  (3.1)

Where xn is the electronic spin and space position and R, is nucleic vice versa.
However, to make it solvable the continuum nature of the equation had to be made
discrete [37].

3.2 Born-Oppenheimer Approximations
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Born interpreted that the wave function itself is not an observable but it is only a
probability amplitude. Whereas its square gives us a statistical concept of intrinsic
properties of the material such as position. By momentum substitution, for the
interaction within the atom, the time-independent Schrddinger wave equation’s

Hamiltonian becomes,

Lafp
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(3.2)

The Hamiltonian is known as Born-Oppenheimer Hamiltonian, where V2i is Laplacian
or Kinetic energy. i and j are accounted for electrons and A and B on the nuclei. Born-
Oppenheimer approximation simplifies this complicated expression. For any fixed
molecular geometry, the electrons surrounding nuclei are lighter in weight and they
will take effect from the heavy nuclei [38].

If the kinetic energy is coming from nuclei, then the third term in the above equation
3.2 will be neglected. Though to recover energy difference the nuclei-nuclei repulsion
contribution can be added at the end of all electronic calculations [38].

Zafp
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To analytically solve this equation is a cumbersome task, therefore, computational
scientists tried to find some approximate solutions to make it solvable on the computer.
The wave equation can be solved by applying the adiabatic approximations. The
approximation methods are generally divided into two groups, ones that incorporate
electron-interaction such as DFT and others that explicitly incorporate or don’t

incorporate electron correlation such as tight-binding or Hartree approximation [39].
3.3 Theory of Electron

The discovery of electron put a great challenge for theoretical physics to describe the

theory of electron in condensed matter. The theory of electron in condensed matter is a
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many-body problem in which statistical concepts are used to describe the intrinsic
properties of materials in a large system. The theory requires approximations, in which
each electron moves independently with others at some average effective potential.
With the passage of time and development of electron theory, a critical step was to

understand the band theory of independent electrons in crystals [40].
3.4 Hartree-Fock Approximation

After the development of quantum mechanics, Thomas and Fermi established an
approximation in 1927 for calculating the kinetic energy for the electron system and
distribution in heavy atoms in which the electrons are surrounded by the nucleus
without considering exchange and correlation. [41,42] Dirac developed the local
approximation for exchange later in 1930 [43]. Eventually, by the middle of the 1960s,
computers acquired enough memory and processing power to solve the Schrodinger's
wave equation for atoms and tiny molecules using the Hartree-Fock approximation.
This method accounts for the classical electrostatic potential for other electron-electron
interactions as well as non-local exchange interactions and involves all electrons
interacting with the fixed nuclei's external potential. The many electron wavefunction
in stationary condition can be roughly approximated using this variational method. A
Slater determinant can approximate wavefunction for N electrons system or N spin-
orbitals [44].

Wavefunction for single electron is written by

Y (ry,r2... 1) = @1(r1) @2(r2) ... @n(rs) (3.4)

For the two-electron system it can be written as

Y =¢a(1) p2(2) (3.5)

Anti-symmetry principle by a wavefunction,

Wa =112 [@a (1) @b (2) — @a (2) @b (1)] (3.6)
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Hartree-Fock Solution (Fock, Slater in 1930)

Slater determinant (SD)

p1(1) (1) - @u(1)
Wp (1,12, 1) = »% prEZ} fﬂz(EE] qﬂ”;:z} = @1, 92 Pu)
@1(N) @z(N) - @y(N) (3.7)

3.5 Density Functional Theory and mathematical formulism

Schrodinger equation can be solved easily for one electron system. For multiple
electronic system, it is very hard to solve Schrodinger equation, because we have to
solve for each of the electronic part. So, we introduce some of approximations, one of
them is DFT. DFT calculations are like Ab initio and semi empirical calculations,
based on Schrodinger equation. However, unlike the other two methods, DFT does not
calculate a conventional wave function, but rather derives the electron distribution
functional directly. A functional is a mathematical entity related to function. DFT
calculations are usually faster than Ab initio, but slower than semi empirical [45].

In DFT the functional is the electron density which is a function of space & time.
Electron density is used in DFT as the fundamental property unlike Hartree-Fock
theory which deals directly with the many-body wavefunction. Using the electron
density significantly speeds up the calculation. Whereas the many-body electronic
wavefunction is a function of 3N variables (the coordinates of all N atoms in system)

the electron density is only a function of three variables x,y,z [45].

Any property of a system of many interacting particles that described as a functional of
ground state density p(r) = p(x, y, z) is called the fundamental principle of density
functional theory (DFT), where a functional is just a function that depends on a

function [44]. In 1964, P. Hohenberg and W. Kohn formulated the modern density
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functional theory based on density as “basic variable” for all properties of the system as
a unique functional of the ground state density [46]. In 1965 the formulation of density
functional theory presented by the W. Kohn and L. J. Sham become practical, accurate
and feasible approach for the many body systems of electrons in atoms, molecules and
solids [47]. Though Kohn-Sham equations were able to capture exact kinetic energy of
the system completely. Today, DFT has become an upsurge tool for computing
electronic structure in condensed matter, quantum states of atoms, molecules, solids
and as well as other finite systems, and ab initio molecular dynamics (AIMD)
simulations of solids which provides the ground state energy E[p(r)] = E [p (x, y, z)]
of system [44,48]. One of the drawbacks of density functional theory is that it cannot
consider many-body wavefunction. Whereas Hartree-Fock can by using Slater
determinant. In general, DFT can be described by the basic DFT theorems which are
also known as Hohenberg and Kohn theorems : [44,46]

3.5.1 Hohenberg-Kohn theorems

The first theorem states that “The external potential Vex: (r) of any system of
interacting particles is uniquely determined by the ground state energy density p(r) i.e.
the ground state properties of a many-electron system depend only on the electronic
density p(r).” The second theorem states that “a universal functional for the energy
E[p(r)] assumes its minimum value for the ground state density po (1) with respect to
all densities fulfilling] p(r)d(r) = N, i.e. for any particular Vex(r), the exact ground
state energy of the system is the global minimum value of this functional, and the
density p(r) that minimizes the functional is the exact ground state density po ()
[44,46].

3.5.2 Kohn-sham energy

After Hohenberg-Kohn found the possibility to describe the quantum system with its
corresponding electron density, Kohn and Sham proposed a quick way of calculations

without the explicit evaluation of wavefunction for the system. Kohn-Sham assumed
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the system of non-interacting electrons under the influence of external potential has a
density that matches with the electronic density of its exact counterpart. Consider a
system of N interacting electrons in a non-degenerate ground state associated with an
effective potential Vext(r) [44,46].

E[N] = K[N] + [ Vext(r)N@)dr + J(r) + Exc[N]  (3.8)

Where K[N] is non-interacting kinetic energy, J(r) = %ffml:)_—wdr' dr js classical
Coulomb’s repulsion of particles charge density. Vext(r) is external potential that is,
attractive potential due to the presence of positively charged nucleus and Exc[N] is the
exchange and correlation term that incorporates all the rest of the interactions in the
interacting particles system. Equation 3.8 leads to the famous Kohn-Sham equations
[44,46].

3.6 Exchange-Correlation (XC) Potential and Functional

The exchange-correlation functional describes the energy associated with the exchange
and correlation interactions between the electrons in a system. The exact form of the
exchange-correlation functional is not known, and various approximate forms have
been developed and widely used. The most commonly used approximate forms are the
local density approximation (LDA) and the generalized gradient approximation
(GGA). LDA assumes that the electronic density of a system can be approximated by
the electronic density of a homogeneous electrons gas at the same electron density.
GGA functional include information about the gradient of the electron density, which
is thought to improve the accuracy of the calculation. Hybrid functional are a
combination of DFT and wave function theory (HF or DFT) that can be used to
improve the accuracy of the calculation. The development of new and more accurate
exchange-correlation functionals is an active area of research in DFT [49].

The one electron equation can also be written as
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The term Vef f(r) is called effective potential that is defined as

1

Feff{rj = ex:(rj + T"i‘r-‘(r) + -r d]"“ﬂ‘(rij [r=r'| (3.10)

So putting the value of effective potential to the above equation (3.9), we get

(=372 + Vere (1) + Ve () + [ dr'p(r) = ) i (1) = & (1) (3.11)

It leads to

E= 3N e—=[dr[dr “‘I:”_”fﬁh Exclp] — [ drVic[p(m)]p@) (3.12)

From the above equation only Exc [p] and Vx[p(r)] are approximated, where V. [p(r)]

is also known as exchange correlation potential.

In general, Exc[p] and Vx[p(r)] can be separated into the exchange exand correlation

&c parts in terms of energy per particle.

Exe[p] = Ex [p] + Ec[p] = [ p(r)ex [p(r)] dr + [ p(r)ec [p(r)] dr (3.13)
The exchange-correlation energy defined as Exc[p] = T[p] — To [p] + Uxc[p] (3.14)

T[p] — To [p] is the difference between the kinetic energy of interacting and non-
interacting systems and Uxc[p] is the Coulomb inter-action of electrons with exchange
correlation. Exchange Correlation energy is mainly contribution from the quantum
effects apart from kinetic energy and Coulomb’s repulsion. XC energy also known as
bonding energy. This correlation energy is little fraction of complete electronic energy
but its contribution is significant when the energy differences at atomistic scale are

essential. Such as in Born-Oppenheimer potential surface. It is inevitable to model this
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XC energy correctly [44,48]. Few of the basic approximations in density functional

theory are described below.
3.6.1 Local Density Approximation (LDA)

This approximation is accurate for nearly homogeneous system and for limit of large
density. One of LDA's limitations is the inability to estimate band gaps precisely.
Considering exchange and correlation energy per electron in a homogeneous gas,

devised the approximation known as LDA [50]. Hence, correlation energy is provided
by

Exe = drp(r)exc (p(r)) (3.15)

exc(n(p)) is exchange correlation energy of a uniform (homogeneous) electron gas.
Forming an energy functional leads to LDA approximation, whereas minimizing this
by Kohn-Sham method will give LDA approximation of DFT. Mathematically LDA is

defined as
EfPAp) = [ drp(r)ee (p(r)) (3.16)

Up to now we assumed that electron gas is unpolarized that is the spin per electron is

Zero.

The exchange-correlation energy as a functional of spin densities are expressed as local
spin density (LSD) approximation as follows

E.jk:;ﬂ lp'iplj = Jﬂd? rp E,!i{l-.'rft[r(ph F’l) (3 17)

where =p1 + p|, and p1, p| are spin density of spin up and spin down electrons

respectively [50].
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3.6.2 Generalized Gradient Approximation (GGA)

GGA functional is a well-known functional and one of the most widely used

functionals. Mathematically it can be written as

Eit*lpnp) = Jd3r f(pr.puVp1. Vpy) (3.18)

Exchange- correlation as a function of density and its gradient of density is determined

numerically, where the exchange- correlation potential is written as

_ aExc[P]_ ) dEy:[p]
Veelp(m)] = anfr] v arvaprn (3.19)

The GGA for correlation is calculated by the following relation.

By = [ rple™ 0+ HOLED o0

rs is local Seitz radius (p=3/4 r = 3/4mr3s = k3F/ 3w ), { = (p1 — pl) p/is relative spin

polarization, t = |Vn|/ 2@ksp, dimensionless density gradient.

The GGA for the exchange energy

ESA = [ d3r per™ (p)Ex(s) (3.21)

where ex unif = — 3e °kr 41

The method of constructing GGA exchange related functional divide into two
categories. We can choose any functional form for any purpose, according to a group
led by Becke, and the quality of this form is determined by actual calculations [51].
Usually, the parameters of such a functional are obtained by fitting a large amount of
calculated Data. On the other hand, Perdew believed that the development of
exchange-related functionals must be based on certain physical laws, including scale
relations, gradual progress, and so on. A well-known GGA functional constructed
based on this concept is the PBE functional and one of the most widely used GGA
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functionals [44]. Different LDA schemes are similar, but different GGA schemes may

give completely different results.
3.7 Hybrid Functionals

Local density approximation (LDA) and generalized gradient approximations (GGA)
are successfully used for the calculations and predictions of many accurate properties
like ground state energy in DFT, however the both functionals underestimate the
bandgap values due to discontinuity exchange correlation potential as compared to
experiment. Several techniques, like as the GW approximation, were put out to deliver
precise results, but they are computationally expensive and outside the scope of the
DFT [53]. Similar to BLYP (Becke and Lee-Yang-Parr) and HSE (Heyd-Scuseria-
Ernzerhof) functionals, a novel idea of a hybrid functional was introduced. For bandgap
calculations, HSE is known as a more precise hybrid functional; it is based on the
common GGA Perdew-Burke-Ernzerhof functional (GGA-PBE) [52]. The
mathematical form of the proposed HSE functional is created by adding exchange
energy to the mixed Hartree Fock and PBE exchange energy of the standard GGA-PBE
functional. The expression for HSE is as follow [53],

E{SE = aBy™ " (u) + (1 — @) Ey "5 (u) + Ex"°" (u) (3.22)

where a represents mixture parameter, u indicates range of Hartree-Fock correction,
ExHF:SR(y)and Ex PBE SR(u)and Ex PBE LR(y) describe short range Hartree Fock, short
range and long range PBE exchange energy respectively. HSE hybrid functional is now
widely used to predict band gap in superionic conductors, which then leads to an

estimation of the upper limit of electrochemical window [54,55].
3.8 Pseudopotentials

The very large G components describe the region of space where the wavefunction is

varying very quickly. This happens when the potential is very attractive — the strongest
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potentials are those near the nuclei. The wavefunctions near the nuclei are not actually
very interesting, because they don’t affect the chemical, mechanical or electronic
properties very much. We can replace the Coulomb potential near each nucleus with a
modified, weaker potential. This modified potential is called a pseudopotential. Now
the wavefunctions don’t vary as quickly near the nucleus, so we can use a smaller
plane-wave cut-off energy. The core electrons spend all their time near the nucleus.
They repel the outer electrons, so the outer electrons feel a weaker potential from the
nucleus, but otherwise they don’t affect the chemical properties etc. Provided we
reproduce this screening effect, we can ignore these core electrons altogether! We
consider each atom’s nucleus and core electrons as an ion, and produce a
pseudopotential that has the same effect on the outer electrons. Not only have
pseudopotentials reduced the cut-off energy we need, they’ve also let us concentrate on
the valence electrons, reducing the number of states we need from our Schrédinger

equation [56].

All pseudopotential approaches are based on the frozen core approximation. In this
approximation the effect of the local chemical environment on core-electrons is
assumed to be weak and treated by first order perturbation theory. Therefore, the wave
functions of the core-electrons are frozen and equal to those of the isolated atom. Only
the valence electron wave functions are updated during the self-consistent iterations.
Due to the requirement of orthogonality, valence wave functions have rapid
oscillations in the core region of the core wave functions. Outside this core region, the
core wave functions are essentially zero, which results in much smoother valence wave
functions in this region. To treat the rapid variation of the valence wave functions in the
core region a large number of plane waves are needed for convergence. One way of
getting around this problem is the use of a pseudopotential, in which the interactions of
the valence electrons with the nuclei and the core-electrons are described by an
effective, much weaker potential. The resulting pseudo-wave functions are smooth

inside the core region and are equal the real wave functions outside the core region. The
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number of plane waves required to describe the pseudo-wave functions is much less
than for the real wave functions, more. Several different pseudopotentials exist, for
example orthogonalized plane wave (OPW), norm-conserving pseudopotentials
(NCPP), ultra-soft pseudopotentials (USPP) and the projected augmented waves
(PAW) method. The USPP and PAW methods are known to converge with a relatively
small number of plane waves. Since the PAW is a more general method compared to
USPP [57].

3.9 Energy Cut-off

The cutoff energy tells us about the cutoff on the number of plane wave functions being
utilized as basic functions to represent the wavefunction. Theoretically, an infinite
number of basic functions is required to produce an exact answer. However, this is not

computationally feasible and a cutoff must be [58].

The plane-wave expansion is exact in the limit of infinite number of reciprocal lattice
vectors G. In practice only, a limited number of G vectors can be used whose maximum

Kinetic energy

is increased until convergence of total energies and their derivatives is achieved.

Ecut keyword is to set the number of plane waves used to calculate the DFT. If the value
is high for the calculation of plane waves, the accuracy of the calculation is improved,
but it takes a longer time to calculate it. We always have to ensure the cut-off energy is
high enough to give accurate results. We repeat the calculations with higher and higher

cut-off energies until the properties we’re interested in have converged [59].

To describe the internal electrons localized on atomic cores, a large number of G
vectors would be needed. The pseudopotential (PP) technique assumes that the most
relevant physical properties of a system, as bonding and chemical reactivity, are
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brought about by its valence electrons only, and considers ionic cores as frozen in their
atomic configurations. The valence electrons thus move in the effective external field
produced by these inert ionic cores whose scattering properties are reproduced by the
pseudopotential [60].

3.10 k-point Sampling

The k-point is defined based on the size of the real space cell. For the larger the real
space the smaller k-point spacing will be required to sample the Brillion zone. The rule
of thumb in this prospect is that if the size of the cell chosen is larger than 16 A in all
the dimensions then single gamma centered k-point sampling is sufficient for the
system [61].

k-points are used in two different contexts in the vast majority of cases:

o the sampling of the Brillouin Zone, with the goal to produce integrated
quantities (e.g. the charge density, the electronic energy, the electronic DOS)

that are numerically precise;

« or the specific computation of wavefunctions and eigen energies e.g. to get an

electronic band structure.

3.11 Self-Consistent Field (SCF)

Self-consistent field (SCF) methods include both Hartree-Fock (HF) theory and Kohn-
Sham (KS) density functional theory (DFT). Self-consistent field theories only depend
on the electronic density matrices predicted, and are the simplest level of quantum

chemical models [62].

3.12 Theoretical Methods (DFT and AIMD simulations)

Many key characteristics of alkali ion batteries can be accurately by these methods such
as ionic transport mechanism and stability by DFT and AIMD simulations. The
performance of any alkali-ion battery (electrolytes and electrodes) is judged by some
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important characteristics and properties. An electrolyte could be an ideal for
commercial and technological applications for batteries if it is thermodynamically,
mechanically, energetically and electrochemically stable with electrodes and exhibit
good ionic conductivity. The mentioned properties of electrolyte are discussed below.

3.12.1 Phase Stability

In general phase stability of a material is calculated by constructing phase diagram.
Phase diagram is constructed by computing the Gibbs free energy of all possible phases
belonging to given chemical system at 0 K by performing spin polarization calculations
[63] Gibbs free energy can be calculated as

G=H-TS=E+PV-—TS (1)
Where G is Gibbs free energy, H stands for enthalpy, T and S stands for temperature
and entropy of the system, E represents internal energy, P and V are pressure and
volume of the system. If the hull energy is 0 the system is known as stable system and
if hull energy is positive the system is known as unstable/meta-stable depending on the
amount of hull energy.

3.12.2 Electrochemical Stability

The performance of solid electrolyte could be estimated by their electrochemical
window voltage with electrodes. The electrochemical window can be examined with
two thermodynamics approximations [63]. In first approximation Na is assumed as
mobile species. In this condition Na act as an open system for the electrolyte and
electrode interface. Base on this approach lithium grand potential phase diagram is
constructed at different lithium potentials by the following reaction.
@ =E — UnalNna (2)
where E, uyqand Ny, are the internal energy, Na chemical potential and number of
Na atoms in the open system respectively. The phase equilibria of grand Na chemical

potential are evaluated for a system at high voltage py, ~ Uy, as anode interface and
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at low voltage py, =~ uy, — 5eV as cathode interface. The grand sodium chemical
potential phase diagrams provide information about the solid electrolyte either they are
stable against Na metal anode or undergoes reduction or uptake Na at low voltage or

electrolyte oxidized and lost Na at high voltage.
3.13 Flowchart of Theoretical Method (DFT)

Theoretical method for DFT can be seen in the Figure 3.1 below.

Simulation
Box
Non spin Spin
Calculation Polarization
s - | -

Electronic Electrochemical "
e

Figure 3.1 Schematic diagram for performing computational using DFT [63].

3.14 VESTA

VESTA (short for Visualization for Electronic Structural Analysis) is a 3D
visualization program for structural models, volumetric data such as electron/nuclear
densities, and crystal morphologies. VESTA software simulates structures that are
more precise and have intermediate responsiveness. VESTA software is a viable option
because it is potable and publicly available. It is simply to use and may create stunning
crystal structures. Dr Ruben A. Dilanian and Dr. Fuijo Izumi created VESTA. he
software allows you to deal with a virtually unlimited number of objects such as atoms,
bonds polyhedral, and polygons on iso-surfaces in multiple windows, each of which
may contain multiple tabs corresponding to files. VESTA enables you to visualize

interatomic distances and bond angles that are restrained in Rietveld analysis with



RIETAN-FP and supports lattice transformation from conventional to non-
conventional lattice by using matrices. Other features include the ability to run
arithmetic operations among multiple volumetric data files and to export high-
resolution graphic images which incorporate smooth rendering of iso-surfaces and
sections [64].

3.15 Construction of Structure of LiAICl4
3.15.1 Main Window

The first is to open a page at VESTA is known as Main Window as shown in Figure 3.2.

& VESTA - X
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R Tools  Style  Objects VESTA
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[Show models
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(O Space-filling
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(O Wireframe
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Visualization for Electronic and STructural Analysis

L8 SR 2

Style

® Smooth shading
O Wireframe

(O Dot surface

Crystal shapes

[IShow shapes

Style

®) Unicolor

O Custom color OpenGL version: 4.0.0 - Build 10.18.10.4252
v: onfiguracion: Intel(R) HD Graphics 4000

(O Wireframe supported width and height of the viewport: 16384 x 16384
penGL depth buffer bit: 16

Properties...

Boundary... || Orientation

Output | Summary | Comment |

Next step in order to construct crystal structure of LiAICl4 click on ‘edit” from top bar

of main window and then click on “unit cell” from the menu bar as shown in Figure 3.3.
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...... Vectors... Structure Parameters...

Lattice Planes...

Preferences...

Volumetric Data...

Crystal Shape...

Figure 3.3 Selecting unit cell for construction of crystal structure.
3.15.3 Selecting Parameters

Selecting parameters for monoclinic Lithium Tetra chloroaluminate LiAICls in 3-
dimensions for making a cubic crystal structure. After clicking on ‘unit cell” in next
step another window will appear where we can select their symmetry and lattice
parameters for construction of LIAICIls as shown in Figure 3.4. Type of lattice selected
for this is ‘P’ and space group is 14 P 21/c. Then click on ‘Apply’ and ‘Ok’ to execute.

Phase: | 1 2 || Liaicw

vl

Phase Unit cell Structure parameters Volumetric data  Crystal shape

Symmetry
[[] Magnetic structure

System ~ || No. Space Group ~ || No. Setting X

Molecule 12 C2fm 1 P 21/c (Unigue axis b)

Custom 13 P2/c 2 P 21/n (Unique axis b)

Triclinic 14 P 21/c 3 P 21/a (Unigue axis b)

Menoclinic 13 Cfc 4 P 21/a (Unigue axis c}

Orthorhombic 3 P 21/n (Unique axis c)

Tetragonal 6 P 21/b (Unique axis c) v

Triaonal \ L &
Transform... Customize... Update structure parameters to keep 3D geometry

Lattice parameters

a(A) b (&) c () a (%) B () v ()
7.00700 6.50400 12.99500 90.0000 90.0000 90.0000
s.u | 0.00000 0.00000 0.00000 0.0000 0.0000 0.0000
Remove symmetry
oK Cancel Apply

Figure 3.4 Selecting symmetry of unit cell LiAICl4 [26].

41



3.15.4 Displaying Structure of LiAICl4

After clicking on ‘structure parameters’, in next step another window will appear where
we can write their atomic parameters for construction of LiAICl4as shown in Figure
3.5. Then click on ‘Apply’ and ‘Ok’ to execute. After that complete structure of
Lithium tetra chloroaluminate LiAICI; will be appear on main window of Vesta as
shown in Figure 3.6.

Phase: | 1 [ Liaicw -

Phase  Unit cell Structure parameters  Volumetric data Crystal shape

Mone u
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0.000000 0.000000 0.000000 1
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Clear
3 Li Li3 0.542528 0.474131 0.130366 1 a
4 Li Lid 0.157472 0.525869 0.5369634 1 a U b
5 Zl 211 0.706731 0.322069 0.559364 1 a
& a1 Alz2 0.293265 0.677931 0.1006368 1 a
7 Zl R13 0.293265 0.522069 0.800638 1 a W
Import...
Link "
Remove duplicate atoms
oK Cancel Apply

Figure 3.5 Atomic Parameters of LiAICI;obtained from Rietveld refinement against
SPXD data [26].
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Figure 3.6 Crystal Structure of LiAICI4
3.16 Description of Crystal Structure of LiAICl4

LiAICla crystallizes in the monoclinic P2:/c space group. Li'* is bonded to six CI*-
atoms to form LiCls octahedra that share corners with two equivalent LiCls octahedra,
corners with two equivalent AICl4 tetrahedra, an edge with one LiCls octahedra, and
edges with two equivalent AICl4 tetrahedra. The corner-sharing octahedral tilt angles
are 49°. There is a spread of Li—Cl bond distances ranging from 2.45-2.78 A. AI** is
bonded to four Cl'~ atoms to form AICl. tetrahedra that share corners with two
equivalent LiCls octahedra and edges with two equivalent LiCls octahedra. The corner-
sharing octahedral tilt angles range from 58-59°. There is a spread of Al-CI bond
distances ranging from 2.13-2.16 A. There are four inequivalent C1'~ sites. In the first
CI'~ site, C1' is bonded in an L-shaped geometry to one Li'* and one AI** atom. In the
second CI1'" site, C1' is bonded in a 3-coordinate geometry to two equivalent Li'* and

one Al** atom. In the third CI'" site, CI'~ is bonded in a 3-coordinate geometry to two
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equivalent Li'* and one AI** atom. In the fourth C1'~ site, C1'" is bonded in a bent 120

degrees geometry to one Li'" and one AI** atom [26].

3.17 MATERIALS STUDIO

BIOVIA Materials Studio is a complete modeling and simulation environment
designed to allow researchers in materials science and chemistry to predict and
understand the relationships of a material's atomic and molecular structure with its
properties and behavior. Using Materials Studio, researchers are engineering better
performing materials of all types, including catalysts, polymers, composites, metals,
alloys, pharmaceuticals, batteries and more [65]. There are different tools in material
studio which are used for computational method and calculations. We have selected
CASTEP for geometry optimization, structural parameter calculations and electronic

properties simulation for LiAICl.

3.17.1 Introduction of CASTEP

It is a quantum mechanics-based program designed for solid-state materials science.
CASTEP employs the density functional theory plane-wave pseudopotential method
which allows to perform first principle quantum mechanics calculations that explore
the properties of crystals and surfaces in materials such as semiconductor, ceramics and
metals It involve studies of surface chemistry, structural properties, band structure

density of states and optical properties [66].

3.17.2 To select a CASTEP task

e Choose Modules/CASTEP/ calculation from the menu bar to display the
CASTEP calculation dialog

e Select the setup tab

e Select the required CASTEP task from the task dropdown list
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Figure 3.7 Main Window of Material Studio with CASTEP tool calculation for
geometry optimization.

3.17.3 Getting started with CASTEP

The basic controls used to define the calculations are available on the set up and
electronic tabs of the CASTEP calculation dialog.

We selected geometry optimization task, customized quality and functional are GGA
and PBE then apply Run and other window is appeared with the name of CASTEP
geometry optimization where values are adjusted for energy, Max force, Max stress
and Max displacement as shown in figure 3.7. This method usually provides the fastest
way of finding the lowest energy structure and this is the only scheme that supports cell
optimization in CASTEP.

The difference between them lie on their treatment of electron exchange correlation
effects and the numerical method that they adopt to approximate solution like Full
Potential Linear Augmented Plane (FPLAP) wave potential using VASP. Few of the

LiAICl4 explorations has also utilized pseudopotential Cambridge serial Total Energy
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Package (CASTEP) and calculated electronic, structural and other properties. Overall,
experimental measurements in comparison of mentioned FPLAP pseudopotential for
LiAICly4 crystals showed good agreement in their geometry optimized calculations. This
method will be calculated for GGA and same procedure will be adopted for LDA

calculations by only changing exchange correlational functional.

3.18 Convergence for Geometry Optimization

The convergence criteria for geometry optimization of LiAICls can depend on the
specific computational method and parameters used, as well as the desired accuracy of
the results. However, typical convergence criteria for geometry optimization
calculations using density functional theory (DFT) may include a maximum force

threshold and a maximum displacement threshold.

3.18.1 Steps for convergence geometry optimization of LIAICI4

Click on the electronic tab on CASTEP calculation window, selects the desired values
and functions then open the next tab properties where we selected Band structure,
Density of States and Electron Density difference, after that check the settings of job
control then apply Run and another window appears with the name of CASTEP
Analysis as shown in figure 3.8. By clicking on view bar, the convergence graph for
geometry optimization of LiAICl, is appeared as shown in below figure 3.8.

LDA Calculations:

Cutoff energy, convergence criteria and all the other convergence parameters are all
kept same for LDA exchange correlation functional as they were in the GGA PBE

geometry optimization calculations.
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CHAPTER 4

RESULTS AND DISCUSSION

Atomic configuration are- Li: 1s? 2s* |Al: 1s? 2s? 2p® 3s? 3pt.and for Cl 1s? 2s? 2p°
3s? 3p>All calculations are carried out on CASTEP which is based on plane wave
pseudopotential Method. Initially cutoff energy was optimized on possibly minimum
unit cell in crystal lattice at ambient conditions. For optimization cutoff energy is taken
500eV for both GGA and LDA. Points at which both approximations committed
approximately no variations in curve are deliberated as reliable and stable. Underneath
Bloch theorem, plane wave cutoff energy was diversified till 500 eV with periodicity.
At 500 eV of cutoff energy both lattice constants and band gaps become consistent in
the two exchange correlations and literature review shows that 500 eV cutoff energy is
sufficient [67]. In consequence of this fact, 500 eV of cutoff energy is adopted in all
calculations in this study. k-point selection was taken as customized. Monkhorst Pack
grid 4x3x2 (customized) is opted on Brillouin zone for electronic calculations. Increase
of k points beyond it showed no significant effect, similar was also observed earlier by
Z. Usman et al [68]. All analysis were done on primitive cell and later on results were

obtained on conventional cell.

4.1 Potential Energy Convergence

To save time we have proceeded step by step first geometry optimization was done
for the convergence of Energy. The following figure indicates the final geometry

optimization energy convergence curve that was obtained.
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Figure 4.1 Graph for Geometry Optimization of LiAICl..

4.2 Geometry optimized structure

After geometry optimization through GGA-PBE the following structure was achieved
that was further used for various properties calculations. To check the reliability of this
optimized structure we have compared our calculated structural parameters with the
available literature present to date under our knowledge. The table shows that our
calculated lattice parameters are in good agreement with the present experimental
[69,70] and computational [26] study. The percentage error is very low the low
percentage error can be attributed to the usage of high convergence criteria such as 10
6 eV/atom cut of energy and maximum force of 0.01 eV/angstrom This indicates the
good reliability of our structure and that we can further proceed for electronic

calculations too.

49



Figure 4.2 Optimized Structure for LiAICl..

4.3 Generalized gradient approximation with Perdew Berke (GGA-
PBE)

4.3.1 Lattice Parameters

The Lattice parameters found for GGA-PBE area=7.14 A, b=9.33 Aandc=13.9 A
Following table indicate that the lattice parameters are reasonably good agreement with
present literature.

Table 4.1 Comparison of Bandgap energies and Lattice parameters of various

materials.
Material Structure Lattice Parameters (A) Band gap Energy (eV)
LiAICl4 (experimental) Monoclinic a=7.0044(1) 5.56
b =6.5074(1)
c=12.995(1)
LiTa:POg (theoretical)  Monoclinic a=12.137 About 5 eV
b=12.137

50




c=8.536
LisPS4 (experimental)  Argyrodite

a=10.424 Around 3.4eV

b =10.553

c=6.125
LiYCls (theoretical) Monoclinic a=7.07

b =6.57

c=13.125 > 6
Note: experimental and theoretical data is collected from ref: [69,26, 70, 71, 72,73].

Current Calculations

GGA -PBE
LiAICI4 Monoclinic a=7.14,b=933andc=139 A
5.6 eV
LDA
LiAICI4 Monoclinic a=7.14,b=933andc=13.9A
52¢eV
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4.3.2 Band Structure

A wide bandgap is found in band structure by GGA-PBE calculations for LiAICI4 as
shown in figure 4.3.

CASTEP Band Structure

Band gap is 5.689 eV

nergy (eV)

[V] Band erergy

Figure 4.3 Band structure by GGA-PBE calculations for LiAICla.

The Bandgap found is 5.63 eV. That is in good agreement with the bandgap described
in the literature which is 5.56eV. This value indicate that this material has a very

large bandgap that makes it a promising material for battery electrolyte material.

4.4 TDOS and PDOS Calculations for LiAICl.

Total Density of States (TDOS) and Partial Density of States (PDOS) calculations are
commonly used to investigate the electronic properties of materials. In this work, we
have performed DFT calculations to calculate the TDOS and PDOS for LiAICl4 using
the GGA-PBE and LDA-PBE exchange-correlation functional. The TDOS plot shows

the total number of energy states as a function of energy. The PDOS plot shows the
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contribution of each individual atomic orbital to the total DOS. In our calculations, we
have considered the contribution of Li, Al, and Cl atoms to the PDOS.

The TDOS plot for LiAICIl4 shows a clear band gap, indicating that the material is an
insulator. The valence band (VB) is dominated by the Cl- 3p orbitals, while the
conduction band (CB) is mainly composed of the Li* 2s and Al 3p orbitals. The energy
gap between the VB and CB is about 5.63 eV, which is consistent with the experimental
value.

The PDOS plots for Li, Al, and ClI atoms show that the valence states are mainly
composed of CI 3p orbitals, while the conduction states are primarily formed by Li 2s
and Al 3p orbitals. The Li 1s and Al 2p orbitals also contribute to the conduction states,
but to a lesser extent. These results indicate that the electronic properties of LiAICl4
are primarily determined by the Cl atoms, while the Li and Al atoms play a secondary
role. This indicates that the electronic properties of LIAICI4 are mainly determined by
the CI" and Li* ions.

The DOS and PDOS calculations reveal that LIAICl4 is an insulator with a band gap of
about 5.63 eV. The CI- 3p orbitals dominate the valence band, while the Li* 2s and Al
3p orbitals contribute to the conduction band. These results provide valuable insights
into the electronic properties of LiAICI4 and can guide the design of novel solid

electrolytes for Li-ion batteries.

4.4.1 Partial Density of States (PDOS)
The figure 4.4 shows partial density of states by GGA-PBE calculations for LiAICl.
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Figure 4.4 Partial density of states versus energy plot of LiAICls, calculated using
GGA-PBE method.
The above graph indicates the contribution of individual atomic orbitals to the total
density of states as a function of energy.
The horizontal axis of the graph represents the energy levels of the material, while the
vertical axis represents the density of states. Each line in the graph corresponds to a
different atomic orbital, and the contribution of that orbital to the total density of states
at each energy level.
The different colors of the lines in the graph represent the different atomic species (Li,
Al, and CI).
The PDOS plot can provide valuable information about the electronic properties of the
material, such as the location and width of the band gap, the bonding and hybridization
of different atomic orbitals, and the electronic states that are responsible for specific

properties, such as ionic conductivity or electrochemical stability.
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4.4.2 Total Density of States (TDOS)
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Figure 4.5 Total density of states versus energy plot of LiAICl4, calculated using
GGA-PBE method.
Above graph showing the distribution of electronic states with respect to energy.
The DOS graph indicates that LiAICl4 is an insulator with a band gap of about 5.63 eV,
which is the energy range between the valence band and the conduction band. The
valence band is located below the Fermi level (0 eV), and the conduction band is
located above it. The Fermi level represents the highest occupied energy level in a

material at absolute zero temperature.
4.5 Electron Cloud Isosurface of different elements in LiAICl4

The isovalue adopted is 0.25 for left and 0.05 for right in figure 4.6 the isosurfaces of
the electron cloud density distributed over all the element. It is visible that most of the

electrons are located over Cl ion.
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Electron cloud isosurface visualization is a technique used to represent the spatial
distribution of valence electrons around atoms. In LiAICls4, Li is shown in blue, Al in
grey, and CI in green. The size of each isosurface corresponds to the probability of
finding electrons at that location.

In the visualization, we can see that the Li atoms have a small electron cloud around
them, indicating that they are electron donors. The Al atom has a larger electron cloud
around it, which is a characteristic of the metallic nature of Al. The Cl atoms have the
largest electron clouds, which are mostly located between Cl atoms, indicating the
presence of covalent bonds between Cl atoms.

Overall, the electron cloud isosurface visualization of LiAICI4 provides a clear picture
of the spatial istribution of valence electrons around each atom and the nature of the
bonding between them.
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Figure 4.6 Electron cloud isosurface visualization of different elements in LiAICI4,
showing the spatial distribution of valence electrons around Li, Al, and CI atoms.
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Figure 4.7 Partial density of states versus energy plot of LiAICl, calculated using
GGA-PBE method.
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The above graph depicts the contribution of different elements (Li, Al, and Cl) to the

total density of states as a function of energy.

4.6 Phase Diagram

The ternary phase diagram is computed by the combnation of all possible Li-Al-Cl
stable phases at 0 K. The phase stability at 0 K agrees with that of Fiaz Hussain et al.
(2019).

As the figure 4.8 depicts that LiAICl4 is a stable material that is madeup from LiCl and
AICIs. All the green dots represents the stable materials on the ternary phase-diagram
of LiAICl..

Cl;

Li LiASLAI, LiAl LiAl; Al

Figure 4.8 Ternary phase diagram for Li-Al-Cl system at 0 K.
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4.7 Local Density Approximation (LDA)
4.7.1 Lattice parameters

Lattice parameters converged with exchange correlation with LDA are a = 6.85 A, b=
6.17 Aand ¢ = 12.53A

4.7.2 Band Structure
A wide bandgap is found in band structure by LDA-PBE calculations for LiAICla.

CASTEP Band Structure
Band gap is 5.258 eV

Energy (eV)

Band energy

Figure 4.9 Band structure by LDA-PBE calculations for LiAICla.
The band gap of 5.2 eV was determined using LDA-PBE calculations. While this is an
acceptable value for the band gap, GGA-PBE calculations provided a more desirable
band gap energy value that is closer to the band gap value for LiAICI4 as mentioned in

the paper.

4.7.3 Partial Density of States (PDOS)
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Figure 4.10 Partial density of states versus energy plot of LiAICl4, calculated using
LDA-PBE method.

A PDOS plot calculated using this method for LiAICIs would show the contribution of
the Li, Al, and Cl atoms to the total density of states as a function of energy. The plot
would typically show the energy levels in electron volts (eV) on the x-axis and the
density of states in arbitrary units on the y-axis. The contribution of each atomic orbital
to the total density of states would be shown as a separate line or band on the plot, with
different colors or patterns used to distinguish between the different orbitals. For
example, the Li 2s and 2p orbitals, the Al 3s, 3p, and 3d orbitals, and the CI 3s, 3p, and
3d orbitals might each be shown as a separate line or band on the plot. The relative
heights and positions of the lines or bands would provide information about the
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electronic structure of LiAICl4, including the location of the band gap and the nature of

the bonding between the different atoms.

4.7.4 Total Density of States (TDOS)
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Figure 4.11 Total density of states versus energy plot of LiAICls, calculated using

LDA-PBE method.
The above graph is showing distribution of electronic states with respect to enrgy.
Generally, the basic difference in Electronic and structural properties depends on the
application of exchange correlations (XC) and approximations that is adopted. One
another reason for low bandgap predictions in LDA is algorithmic deficiency of XC
energy to consider total energy rather merely valence which is described by Corso in
1993.
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CONCLUSION

In this work we have calculated the electronic and structural properties for one of the
emerging candidates for Li-ion battery as an electrolyte. Our DFT based calculations
are done for LiAICl4 is a battery electrolyte material such calculations are extendable
for all the other series of Li-M-X materials. It is observed that the metal halide
superionic conductors, Li-M-X, such as LiAICl4, have higher band gap energies and
more efficient lattice parameters compared to several other compounds. These
properties are important for battery stability, conductivity, and safety. Additionally,
LiAICI4 shows promising potential as a battery electrolyte the experimental band gap
energy of LIAICl; is 5.56 eV, which is reliable and close to our calculated value using
GGA-PBE (5.63 eV). This indicates the suitability of LiAICl4 as superionic conductor
which is suitable for solid-state lithium-ion batteries. Therefore, it can be concluded
that metal halide based superionic conductors are more efficient and suitable for battery
applications than other compounds. Furthermore, the comparison of the values of band
gap calculated by GGA-PBE (5.63 eV) and LDA (5.2 eV) for LiAICl4 is also made.
The results indicate that the GGA-PBE calculations give a more accurate value closer
to the experimental band gap and lattice parameters this is inconsistent with the nature
of GGA-PBE exchange correlation functional. This suggests that the GGA-PBE
method is more appropriate for calculating the band gap energy of LiAICI4.The electron
density is plotted over all the elements seperatly, Li, Al and CI that indicates the
electronic density is more likely on CI". Furtermore, our study confirms that LiAICl4 is
a promising material for solid-state lithium-ion batteries due to its high band gap
energy, efficient lattice parameters, and reliable experimental data. Our findings also
highlight the accuracy and suitability of the GGA-PBE method for calculating the band
gap energy of LIAICl4, and the tendency of electronic density towards CI". LiAICl4 can
be an insulator which resist an electronic motion and a good material for batteries at
the same time because the conductivity of a solid electrolyte material depends on the
mobility of ions, not on the electronic conductivity. Subsequently, the high ionic
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conductivity of LiAICIs makes it a promising candidate for solid-state batteries, while
its insulating nature ensures the stability and safety of the battery. LiAICls is a
promising material for solid-state lithium-ion batteries because it is an insulator with a
wide band gap, which means that it has a low electronic conductivity, and it also
exhibits high ionic conductivity.
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LIMITATIONS

e Unable to use high computational resources. Although CASTEP is user friendly
and even can operate on windows. But the limitation lies on the fact that we
only have the laptop to perform such calculations, if someone has good desktop
system then can calculate more properties such as MD.

e Since the calculations are based on DFT and we have about 48 atoms that
makes it kind of extensive calculations for our laptop on which we have
performed these calculations. Therefore, due to the limitation of the availability
of computational resources and shortage of time we are only able to calculate
structural and electronic properties.

e Because of the mentioned resources limitations, we were unable to use the
hybrid functionals. On the other hand, calculations may also be extended to for
molecular dynamic (MD) simulations too, however it should be kept in mind

that MD simulations required high computing resources.

These were limitations for our calculation.
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RECOMMENDATIONS

It is suggested to extend these calculations for other properties that are equally
useful for battery material such as thermal and phonon properties as well as
electronic conductivity. As it is well established that the other remaining
properties of phonon, thermal and as well as under pressure properties will be
useful for the usefulness of electrolytes of the type of compound (Li-M-X).
Here, M and X can be any battery useful metals (element with valency +3) and
halides (I, Br, S) respectively. Also, at place of Li in future Na can be replaced.
So it will make a series of electrolytes that can be used in batteries.

The calculations are done with DFT and it can also be done for molecular
dynamic simulations.

Exchange Correlational function choice can be different that is use of beyond
DFT approaches. Such as, exchange correlational functional can be choosen as

hybrid functional.
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