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Abstract

Layered-spinel composite electrodes are among the promising cathode materials for
advancing lithium-ion batteries due to the reported synergistic effect, which contributes
to improvement of their electrochemical performance. A vast number of studies have
focused on strategies to enhance the specific capacity of layered-spinel composite
cathode materials. However, limited efforts have been put into understanding the
impact of structural changes incurred by the material during the discharge process.
Consequently, this work is aimed at studying the discharge process of a lithium-ion
battery utilising, particularly the nanoarchitectured composite Li-Mn-O layered-spinel
cathode material using the simulated synthesis technique. The structural changes
(electronic level and atomic level) affecting electrochemical performance as the

discharge process proceeds are captured.

The electronic structure of the magnetic and non-magnetic Mn204, LiMn204 and
Li2Mn204 have been investigated. For the electronic level, the discharge process was
depicted by the Mn204, LiMn204 and Li2Mn204 spinel structures and structural
changes were analysed through electronic band structures and density of states. The
amorphisation and recrystallisation technique was also performed to enable the
atomic-level structural analysis. Consequently, Li-Mn-O layered-spinel composite
nanoarchitectures depicting different stages of the discharge process in question were
generated. From the calculated density of states and electronic band structures, all
the non-magnetic structures show metallic behaviour with the filling of the conduction
band increasing with lithiation. The electronic structure of the magnetic Mn204 spinel
structure exhibits semiconducting properties which are in line with literature. The
electronic band structures and density of states (DOS) of the magnetic LiMn204 and
lithiated-Li2Mn204 reveal metallic behaviour with the Fermi level mainly comprising of

spin-down states.

The discharge process was simulated by performing a chemical lithiation on the
LiMn204 amorphous spinel structure succeeding the amorphisation process. The
simulated recrystallisation was then performed on the lithiated amorphous LixMn204

spinel structures, where 1 < x < 2. The recrystallisation process yielded multigrain



nanospheres constituting Li-Mn-O layered and spinel components confirmed by
atomic structural snapshots and X-ray Diffraction (XRD) Patterns. The amorphous and
crystalline states of these systems were verified by Radial Distribution Functions
(RDFs) and XRD patterns. The spontaneous recrystallisation process was illustrated
by configuration energy graphs indicating nucleation and crystal growth stages as the
process progresses. Configuration energy graphs show that an increase in lithium
content favour’s the nucleation process resulting in less amount of time required for
crystal growth. XRD patterns showed MnsOa, LiMNn204, and Li2MnOs characteristic
peaks revealing the co-existence of these components in the simulated
nanoarchitectures. The Mn3zO4 component decreases with lithium concentration and
an increase in lithium concentration favour’s the formation of spinel LiMn204 and
layered Li2MnOs phases. A number of crystallographic vacancy defects are observed
at lower lithium concentrations and they decrease with lithiation. Suggesting that
lithium atoms are occupying these sites as the discharge process progresses. Clear
lithium diffusion channels are noted as the discharge process proceeds which is

evinced by an increase in crystallinity with lithiation.
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CHAPTER 1

Introduction and background

Arising global environmental issues stemming from a generation of energy from non-
renewable environment polluting sources have rooted more research for finding
benign energy generation solutions [1, 2, 3]. Large scale systems such as electric
vehicles require that the current energy storage systems be improved to increase the
impact of renewable energy. To date, rechargeable lithium-ion batteries have emerged
as the most promising rechargeable batteries owing to their high energy density. They
have been successful in their wide range of applications especially in portable
electronics [4, 5, 6, 7].

The performance of energy storage systems relies on the properties of the underlying
electrode materials. To cater for the exponential technology growth together with the
increasing dependency on portable electronic devices, a thorough investigation on
such properties is imperative. Furthermore, the use of abundant electrode materials
(lithium-manganese-oxide) could reduce the cost factor hindering the prosperity of
electric vehicles and therein decreasing the emissions of CO2 from the traditional
combustion engines. As such, energy storage systems can play a vital role in
addressing global environmental issues. However, its full impact requires the
development of safe, durable, inexpensive, lightweight and high energy batteries [8,
9].

1.1 Evolution of lithium-ion batteries

Secondary lithium-ion batteries have gained more attention in various areas since they
were commercialised in 1991 [10, 11]. Recently, due to their high energy density, they
are spanning different application fields including the emerging field of hybrid electric
vehicles or electric vehicles. Moreover, Tesla is the leading manufacturer of electric
vehicle thus far owing to the success of lithium-ion batteries [12, 13, 14]. Key
components that make up a rechargeable or secondary lithium-ion battery are cathode
(positive electrode), electrolyte and anode (negative electrode). The two electrodes

separated from each other by a polymer membrane are dipped into an electrolyte. This



setup allows for a converse movement of electrons and ions in the system resulting in

a production of electrical energy that we use to power our devices [4].

1.1.1 Anatomy of a lithium-ion battery

A conventional lithium-ion battery configuration is shown in figure 1.1 below depicting
its operation. The positive electrode traditionally consists of a lithium metal oxide [15,
16] whilst the negative electrode is traditionally made up of graphite [17, 18, 19] both
immersed in a lithium salt solution such as lithium hexafluorophosphate (LiPF6) [20].
The two electrodes are separated by a porous membrane which allows lithium-ions to
pass through from the cathode to the anode vice versa. As depicted in figure 1.1 below,
during a discharge process, a spontaneous reaction takes place in which lithium-ions
and electrons in the graphene layers (anode) move through the electrolyte and
external circuit, respectively in to the cathode. For a charge process, an external
voltage to enable lithium-ions and electrons to move from the cathode to the anode is
applied between the two electrodes. The electrons move through the external circuit
whilst the lithium-ions move through the electrolyte. The flow of electrons through the
electrolyte is hindered by a porous membrane which only allows the flow of lithium-
ions as shown in figure [4, 21, 22].

@) ¢ —> Discharge ¢ —> )

o
N\

¢ €— Charge

e

B e ot o S

i’o;‘ous LiCoO, Cathode

Separator

Figure 1. 1. Schematic representation illustrating the operation of a secondary
lithium-ion battery. During a charging process lithium-ions move from the
graphite anode through the porous membrane into the cathode and the reverse

process occurs during a charge process.



1.1.2 Applications

The fact that lithium-ion batteries are light and the electronegativity of the lithium metal
adds to their cell advantages over other batteries making them the ultimate preferred
battery [21]. They are widely used in different domains as indicated in figure 1.2 below
but mostly in portable electronic devices. The fluctuations in energy from renewable
energy sources such as solar and wind require an efficient storage system to enable
the design of reliable renewable energy sources [23, 24]. Lithium-ion batteries are also
extensively used in this field and also in the emerging field of electric vehicles [25, 26].
Energy storage systems also play an important role in large scale systems such as
smart grids to enable efficient use of electric energy generated from different sources
[27, 28, 29].

[Portable Electronic Devites]

I Electric Cigarettes | I Wireless Keyboard and Mouse I

| Large Scale Systems |

Figure 1. 2: Application of Lithium-ion batteries in (a) portable electronic and in
(b) large scale systems. Portable electronic consisting of smartwatches,
laptops, mp3 players, smartphones, power banks, electric cigarettes and
wireless keyboard and mouse and large scale system consisting of solar, wind,

smart grids and electric vehicles.



1.2 Literature review

A considerable amount of research has been invested in improving lithium-ion
batteries to produce an environmentally friendly, durable and an inexpensive battery.
Particularly in designing efficient cathode materials as they determine the capacity and
the working voltage and to date it has been reported as the most expensive component
of the battery [30]. The most studied cathode materials for lithium-ion batteries include
LiCoOg, LiNiO2, LiFePOa, LiMn204 and LiMnO2 [4, 31]. In recent studies, Li-Mn-O
composite cathode materials have been considered in a quest to design affordable
lithium-ion batteries due to the enhanced electrochemical properties and that
manganese is more abundant than nickel and cobalt [32, 33, 34], with 20 — 48 % of
manganese mined in the Kalahari manganese district of South Africa. Moreover,
manganese is the 12" most abundant element in the earth’s crust [35, 36]. The
importance of nanostructured cathode materials have been outlined in various studies
as one of the promising methods in achieving improved electrochemical properties for
lithium-ion batteries [37]. Computational methods have made a significant impact in
providing significant insights on the electrochemistry of promising electrode materials,
particularly, atomistic potential-based approaches [38].

1.2.1 Performance of transition metal oxide cathodes

Various transition metal oxides (TMOs) have been largely studied as cathode
materials for Li-ion batteries. LiCoOz2 is the most commonly used cathode material in
commercial lithium-ion batteries in the interest of its high theoretical specific capacity
of 274 mAhg, good cycling stability and high discharge voltage. However, they lose
capacity during deep cycling, they are expensive and thermally unstable which limits
their full commercial utilisation [39]. LiNiOz2 is one of the promising cathode material
owing to its relatively low cost as compared to LiCoO2. However, one of its limitations
is in large scale production which can be circumvented by methods such as
heteroatoms [40] and sol-gel methods [41]. It also suffers capacity fading during
cycling due to phase transition [42].

Olivine LiFePOa4 is one of the environmentally friendly and inexpensive cathode
materials. However, it possesses a theoretical capacity of ~170 mAhg™ as such it is
deemed as a low energy density cathode material [43]. In an attempt to reduce the
cost and environmental impact induced by Co, materials such as LiMn204 have been

looked into as a possible replacement of LiCoO2. Due to the abundance of Mn,
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LiMn204 is potentially a low-cost material. The material is environmentally friendly and
possesses high thermal stability, however, it exhibits low specific capacity of ~ 120
mAhg* and suffers capacity fading at elevated temperatures due to the dissolution of
Mn?* into the electrolyte [31]. Several methods have been employed to improve the
electrochemical performance of this material such as surface coating, partial
substitution of Mn with Ni [44], Cr and Co [45].

Manganese-rich layered structures have ignited interest of many researchers as a
cathode material due to its high specific capacity of ~250 mAhg* when cycled in the
voltage range of 2.0 — 4.8 V. It was initiated that this manganese-rich layered structure
exists in two phases, the trigonal LiMnO2 phase with space group R-3m and the
monoclinic LizMnOs with space group c2/m. The monoclinic component is believed to
stabilise the trigonal structure resulting in enhanced discharge capacity. Nevertheless,
not much is known on the effect of each on the electrochemical properties [43, 46].
Besides their attractive properties over other cathode materials, they exhibit some
drawbacks which limit their wide usage commercially. Like many manganese cathode
materials, it also suffers Mn dissolution induced by the disproportionation reaction of
Mn3* to form Mn?* and Mn**, wherein, the Mn?* dissolves in the electrolyte resulting
in capacity fading [47, 48]. Moreover, a layered-to-spinel transformation was
suggested and thought to be attributed to the loss of capacity and poor cycle stability
during Li-ion extraction. Surface coating methods have been implemented with little
success in preventing spinel formation [49]. Cationic doping in an attempt to stabilise
the lithium-manganese-oxide (LMO) was not much of a success as the poor cycle

stability was retained [39].

1.2.2 Layered-spinel composites

Despite the success of lithium-ion batteries as compared to other battery technologies,
for various applications their energy density, capacity and cycling stability is still
insufficient [32]. In an effort to improve their performance new cathode materials have
been developed to meet the energy demand of technologies such as electric vehicles.
Furthermore, the synergistic effect of current propitious cathode materials such as
layered and spinel have been considered. The two materials have been reported to
be structurally compatible by Johnson C.S et al. [50] in which they synthesised a
layered (Li2MnOs)-spinel (LiMn204) composite. A specific capacity of 250 mAh/g was

obtained when cycling the composite material between 5 and 2 V. Lee E.S et al. [51]



also investigated the electrochemical performance of layered-spinel composite, in
which upon cycling the layered phase forms a spinel phase which is not associated
with the cubic to tetragonal phase transition due to Jahn-teller distortion.

In an endeavour to reduce the observed voltage fade demonstrated by layered and
spinel electrodes during prolonged cycling [52, 53, 54, 55, 56], Long B. R and core-
workers [57] have synthesised a layered-layered-spinel composite electrode material,
XLi2MnOs. (1-x)LiIMO2 (M=Mn, Ni). An enhanced capacity of 190 mAh/g was obtained
and the observed capacity fading was minimal, this was achieved by controlling the
amount of the spinel component and the operating voltage. Improved electrochemical
performance (capacity, cycling stability, etc.) was also observed on a layered-layered-
spinel composite on a study conducted by Kim D and co-workers [58]. In which, a
0.3Li2Mn03.0.7LiMno.sNiosO2 (x = 1.3; y =2.3) layered-layered-spinel composite was
prepared by lowering lithium concentration in the parent layered-layered with the Mn:
Ni ratio maintained as 0.65:0.35. A layered-layered-spinel composite with 6 % spinel
content demonstrated enhanced cycling stability, minimal voltage fade and reduced
first-cycle capacity loss.

The integration of layered and spinel components to form layered-layered-spinel and
layered-spinel composite materials for use as positive electrode in lithium-ion batteries
to achieve enhanced electrochemical properties has been of great interest in literature
as reviewed above. This is fuelled by the structural compatibility of the layered and
spinel components in which a synergistic effect is observed on the resulting composite
material exhibiting high voltage and high capacity. As such, this approach can be
exploited to design a high energy density lithium-ion battery with enhanced capacity

retention and excellent structural stability.

1.2.3 Nanostructured lithium-ion battery electrodes

Materials with dimension at nanoscale, have been reported to exhibit enhanced or
different properties to their bulk forms. Effective, portable high energy lithium-ion
batteries can be realised with nanostructured electrodes owing to their alluring
properties such as large surface area and short Li* diffusion pathways [59, 60].
Enhanced rate capabilities and high power densities desirable for large scale systems
such as hybrid electric vehicles (HEVSs) or electric vehicles (EVs) can be achieved by
nanostructured electrodes owing to their short Li* diffusion pathways and better

electronic conduction as compared to their bulk counterparts [61, 62]. The large



surface area possessed by nanostructured electrodes enables faster reaction kinetics
due to the increased access of electroactive sites and accommodates volume
expansion which inhibits structural fracture leading to improved charge/discharge
rates and cycle life [63, 64].

Disadvantages of bulk materials such as low Li* diffusivity and the dissolution of the
electrochemical active metal ion can be addressed by the engineering of
nanostructured electrodes and nanoscale coating. The high-voltage LiMn204 spinel
has been of great interest to research as a potential replacement for LiCoOz2 since it is
inexpensive. However, its practical use is hindered by electrolyte decay and capacity
fading due to disproportionation reaction of Mn mostly in the presence of HF.
Nanoscale coating has been one of the solutions in improving the capacity retention
of this material. Enhanced capacity retention at elevated temperatures was observed
on LiCoO:2 coated LiMn204 spinel [65]. LICoO2 was also reported to allow Li* diffusion
resulting in lower irreversible capacity [61].

Engineering of novel nanoarchitectures has proven to be one of the most effective
ways for achieving better electrochemical properties required for designing high
energy density and high power density lithium-ion batteries. A template of well-ordered
mesoporous silica has been used to prepare low-dimensional nanostructured
electrodes [66, 67]. In which, a 1D LT-LiCoO2 nanowire cathode material was
synthesised and its electrochemical performance was compared to the
electrochemical performance of a bulk LT-LiCoO:2 cathode. The nanowire cathode was
found to exhibit superior capacity retention than the bulk cathode. A high rate capability
mesoporous LiMn204 was also synthesised. The mesoporous structure enables fast
charge/discharge rates due to its enhanced intercalation kinetics and quick transport
of lithium-ions resulting in a high power density electrode [68, 61]. A reversibly capacity
of 230 mAhg*was obtained on a nanowire layered Lio.ss[Lio.1sC00.33Mno.49] O2 prepared
by a hydrothermal reaction at 200 °C [69, 62]. A solid-state reaction method was also
employed in the engineering of nanostructured cathode materials for lithium-ion
batteries. Whereby, a micro-spherical Li2FeSiO4 cathode material was prepared. A
discharge capacity of 153 mAhg! at a rate of 0.1 C was observed on the
nanostructured Li2FeSiO4 cathode cycled in the range of 1.5-4.6 V and such
improvement was associated with its small particle size and its porous and spherical

morphology [70].



1.2.4 Simulated synthesis of materials

The significance of computational simulations is undeniable in science, more
especially in the energy storage sector. Due to their ability to predict, guide and provide
insights in areas where traditional experiments are expensive, dangerous or difficult
to perform. The impact of computational research in modelling of nanomaterials is
irrefutable which was more driven by their compelling properties [71, 72]. These
models are of great essence as they can aid in predicting structural properties,
simulate chemical processes and in characterising materials. The evolution of core-
existing structures during synthesis in experiments have made it difficult to model
these kind of structures computationally. A simulated synthesis method has been
developed to capture such complexities as they evolve during synthesis [73]. The
method involves two successive processes, namely amorphisation and
recrystallisation. The amorphisation process is necessary to facilitate the evolvement
of the shape of the material and recrystallisation is essential to produce the necessary

microstructural features observed experimentally.

D.C. Sayle and G.W Watson [74] employed the simulated amorphisation and
recrystallisation to perform large-scale atomistic simulations of thin-film oxide
interfaces. The final structures comprised of defects, reduced interfacial ion densities,
dislocations and low angle rotated domains. R. Maphanga and co-workers [75] have
successfully used the same method to derive microstructural models of Li-MnO2 with
microstructural features such as grain boundaries, stacking faults, dislocations and

extensive micro-twining.

1.2.5 Structural description

The conventional lithium-manganese-oxygen spinel unit cell studied in this work
comprises of 8 lithium atoms, 16 manganese atoms and 32 oxygen atoms. The
LiMn204 spinel structure crystallises into a cubic structure with a space group of Fd-
3m at room temperature. Lithium atoms are situated at the 8a tetrahedral sites,
manganese atoms situated at the 16d octahedral sites and oxygen atoms are situated
at the 32e sites forming a close-pack cubic array [76, 77]. The close-packing cubic
arrays form three-dimensional lithium diffusion channels. For LiMn204, the 16c
octahedral sites are unoccupied. However, upon lithiation of the LiMn204 lithium-ions

start to occupy the 16c octahedral sites. The layered Li2MnQOs3 structure studied in this
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work has a monoclinic crystal system with a space group of c2/m. The Li2MnO3s
structure comprise of oxygen atoms situated at the 4i (0.219, 0,0.227) and 8j (0.254,
0.321, 0.223) lattice sites, manganese atoms situated at the 4g (0, 0.167, 0) lattice
sites and lithium atoms situated at the 2b (0,1/2/, 0), 2c (0,0,1/2) and 4h (0, 0.66,1/2)
lattice sites [78, 79].

O L
© Mn
® o
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%

Figure 1. 3: Conventional unit cell of a cubic Fd-3m Li-Mn-O spinel. Lithium
atoms (yellow) occupying 8a tetrahedral sites, manganese (blue) occupying 16

octahedral sites and oxygen (red) sitting at the 32e sites.

Figure 1. 4: Conventional unit cell of a monoclinic layered Li2MnOs illustrating
the (a) Li-Mn-O Wyckoff positions. (b) A view showing the alternating Li-O, Mn-
O arrays of the Li2zMnOs conventional unit cell.



Table 1. 1: Structural properties of the cubic spinel LiMn204 and the monoclinic

layered Li2MnOs.

Structure LiMNn204 Li2MnOs
Lattice parameters (A) a=8.24 a=4.937
b=8.24 b =8.532
c=8.24 c =5.030
[80, 81] [82, 83, 84]
Volume (A3) 559.12 202.94
[77] [85]
Crystal system Cubic Monoclinic
[80, 81] [78]
Space group Fd-3m C2/m
[77] [78]

Table 1. 2: Wyckoff positions and x, y and z coordinates for Li-Mn-O atoms in
LiMn204 and Li2MnOs conventional unit cells. References represented by

superscripts in parenthesis.

Structure Atom site X y z
LiMNn204 Li 8a (@b 1/8 @b) 1/8 (@ b) 1/8 @b)
Mn 16d @b) 1/2 @b) 1/2 @b) 1/2 @b)
O 32e @b 0.2634 @b 0.2634 @h  (0.2634 @b
Li2MnO3 Li(2) 2b (@ ©) 0@o 1/2 @0 0@o
Li(2) 2b (@ ©) 0@o 0 @o 1/2 @0
Li(3) 4h @0 0@o 0.6457 @0 1/2 @0
Li(4) 4g @0 0 @o 0.1641 @9 0@o
Mn(1) 2b @) 0 @.c) 14 (d, ©) 0 @0
Mn(2) 4g @0 0@o =y(Li(4)) @° 0@o
0(1) 4j .0 0.2305 @9 0 @o 0.2273 @0
0(2) 8j (@.© 0.2480 @©°  (0.3261 @9 0.2199 ©@¢©)

aReference [86] "Reference [79] °Reference [85] Reference [87]
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1.3 Intentions of the study

The leading lithium-ion batteries are currently lacking in comparison with technological
advancements rendering them insufficient for various applications such as electric
vehicles [88, 89]. Currently used cathode materials are one of the limiting factors in
realising the envisaged affordable and durable safe battery technologies with the
ability to deliver high energy. Their limitations include capacity fading transpiring during
cycling, inherent low operational capacities, environmental issues due to thermal
instabilities, and high cost which inhibit their full utilisation in large scale systems [90,
91, 92]. Optimising the identified potential high energy density cathode materials is
one of the expedient efforts in improving the current lithium-ion battery performance
[89].

In a quest to meet the high demand for efficient energy storage systems, manganese-
based cathode materials have been of great research interest due to their low
production cost, environmental friendliness and non-toxicity, particularly spinel
LiMn204 and layered Li2MnOs. However, they suffer from capacity fading during
cycling [93, 94, 95]. In an attempt to optimise their performance, the two materials
have been integrated into a composite material due to their structural compatibility.
The composite material demonstrated superior properties as compared to the
individual materials, such as structural stability, cycling performance and higher
specific capacity, > 250 mAh/g. Moreover, the high capacity was ascribed to the
layered phase and the better rate capability was associated with the spinel phase [96,
97, 93].

In spite of the significant improvements shown by the layered-spinel composites, their
maximum utilisation requires a clear understanding of the structural changes
responsible for the noted enhanced performance. Especially the exploration of the
discharge process of these composites on an atomic level to yield substantial insights
which will guide in the design of the required efficient high energy density lithium-ion
batteries. Currently, such knowledge is still lacking in both computational and
experimental arenas. Moreover, a number of studies have focused on improving the
capacity of the layered-spinel composite electrodes and little is known about their
operating voltage during lithium intercalation. One essential requirement of emerging
technologies such as electric vehicles is high energy density which is the product of

the capacity and the operating voltage. This makes the operating voltage a crucial
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component to study, as it also contributes significantly to the total energy density. In
this work, we are going to study the discharge process of a lithium-ion battery which
utilises the Li-Mn-O layered-spinel composite cathode material, wherein atomic and
electronic level structural changes affecting electrochemical performance will be
scrutinised. Moreover, in a continuous study, the operating voltage of the Li-Mn-O
layered-spinel composite nanoarchitectures which will be generated in this current
work will be investigated using the emerging linear-scaling density functional theory
code, ONETEP.

Research methodologies and techniques are one of the driving forces in finding
solutions in research. They provide means of exploring new scrutiny areas which can
result in valuable insights. Computational modelling approaches have made a
significant impact in energy storage research. A variety of properties can now be
predicted and validated with experiments from various computational methods such
as semi-empirical and empirical calculations [99]. Density functional theory has made
it possible to unravel electronic structures of many-body systems to predict key
properties in various fields [100]. Moreover, accurate electronic properties of different
materials have been deduced in a number of studies [101, 102, 103, 104].
Furthermore, macromolecular behaviour of complex systems comprising of a large
number of particles can be studied in molecular dynamics (MD) [105, 106]. Moreover,
MD techniques such as simulated amorphisation and recrystallisation which is capable
of generating models that capture complex essential microstructural features
contained in real materials which allows profound analysis and predictions have made
a significant impact in unravelling structural properties of different materials [73].

In this work, the discharge process analysis will be performed at electronic and atomic
level using density functional theory and molecular dynamics, respectively. Electronic
structural changes affecting electrochemical performance during the discharge
process will be captured at a smaller scale (< 100 atoms). The electronic structure
analysis will be carried out through electronic band structures and density of states
(DOS) to reveal significant changes as the discharge process proceeds. The well-
researched atomistic simulation technique amorphisation and recrystallisation will be
used to generate Li-Mn-O layered-spinel composite nanoarchitectures comprising of
essential microstructural features at different lithium concentrations depicting different
stages of the discharges process. The generated Li-Mn-O nanoarchitectures will be
analysed and characterised through Radial Distribution Functions (RDFs), XRD
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Patterns, configuration energy graphs and atomic level snapshots and further
validated by High-resolution Transmission Electron microscopy (HRTEM) images.

The study will be carried out in the following manner. First of all, we perform
convergence test on our bulk structures to obtain sufficient k-point and cut-off energy
parameters to yield structures which are chemical and physical stable before we
perform any property calculations. The ability of lithium-ion transfer from the cathode
to the anode will then be monitored by electronic band structures and density of states
diagrams which clearly captures conductivity properties of a material in question.
Furthermore, Li-Mn-O layered-spinel composite nanoarchitectures will then be
generated by employing the simulated amorphisation and recrystallisation to allow the
atomic-level analysis of the discharge process. Moreover, the generated structures
will be instrumental for exploration of various phases and crystallographic defects such
as grain boundaries and point defects which exist within these structures as the
discharge process proceeds. Their influence on electrochemical performance will be
examined and this will aid in the design of a cathode material with better
electrochemical properties. In addition, they will also allow electronic structure study
and voltage profile calculations of materials that comprise of experimentally observed
structural defects with ONETEP [107], which is a linear-scaling DFT code capable of

handling large systems at a practical computational cost.

1.4 Outline of the study

Chapter 1 details the importance of the study, challenges, implemented improvement
strategies on the current challenges and the current state of lithium-ion batteries.
Structural properties of the materials in question are also reviewed and a guide on
how the study will be carried out is also outlined. In chapter 2, the theoretical facets of
the methods employed to carry out the study are discussed. In Chapter 3, a density
functional theory study is carried out. Prediction and discussion of the electrochemical
properties of the bulk Mn204, LiMNn204 and Li2Mn204 spinel structures are conducted.
Chapter 4 details the generation of the Li-Mn-O nanoarchitectures using the simulated
synthesis. The electrochemical lithiation of the amorphous Li-Mn-O LS
nanoarchitectures is also outlined. The chapter also captures the effect of lithiation on
the structural changes that affect electrochemical performance. Chapter 5 gives the

conclusion and summary of the whole study. It also contains a discussion on the
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impact of Li-Mn-O nanoarchitectures on lithium-ion batteries, solutions and

recommendations.
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CHAPTER 2

Research methodology

This chapter details the research methodology employed to carry out all the
computational calculations in this study. The increase in compute power has enabled
computational techniques to play an important role in explaining important properties
and behaviour of various materials for different application areas [108]. This study
makes use of empirical (molecular dynamics) [109] and non-empirical (quantum
mechanics) [110] approaches for atomic level and electronic level calculations,
respectively. Molecular dynamics is a theoretical technique which is a great tool for
describing the interactions between atoms and their trajectories, wherein, essential
physical and chemical properties of materials can be derived [111]. The first-principles
guantum mechanics approach describes the ground states of electrons in a system

without using any empirical parameters [112, 113].

2.1 Density functional theory (DFT)

Density functional theory (DFT) is a chemistry and physics method based on quantum
theory which is used to study the ground-state electronic properties of a molecular or
atomic system [114, 100]. In simple terms, it is a method of approximating the solution
of the Schrodinger equation for a many-body system. The basis of DFT is formed by
the two theorems developed by Kohn and Hohenberg [112]. The first theorem
postulates that from the electron density which is a function of three spatial coordinates
one can calculate ground-state electronic properties of a many-body system. This
forms a basis for the approximation of a many-body system by the use of the electron
density. The second theorem demonstrates that the full solution of the Schroédinger
equation is the electron density that minimises the overall energy functional. As such,
the ground state electron density can be obtained by minimizing the energy given that
the true energy functional exists. Moreover, if the ground-state electron density is
known, then all the properties for the system in question can be calculated [115]. The

Kohn-Sham equation is equivalent to the Schrddinger equation and is defined as,

[_%Vz + Verr (r)] i) = e (1), 2.1)

whereby
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Verr(r) = Ve(r) + pyc[p(r)]. (2.2)
The ground-state electron density is equivalent to the minimum total energy of the
system which is represented by these wave functions corresponding to the electron
density. The total energy functional as described by Walter Kohn and Lu Jeu Sham is

given as

2 !
E =3 Yoce & + Upn — 5 [ E2252 drdr + Eye[p()] = [ p(riteedr. (2.3)

|~

The total electron density which is established from one-electron wave functions is
resolved into one-electron densities,

E = E(p). (2.4)
The Hartree-Fock theory is one of the simplest implementations of the ab initio
methods which enabled calculations of the electronic structure of solids [116]. These
methods approximate a wave function and energy for a many-body system in a
stationary state by a single Slater determinant given an exact N-body wave function.
The Hartree-Fock forms the basis for the implementation of methods that accurately
describe the ground state electronic properties of a many-body system [117]. Electron
density is a significant feature in DFT and is simply defined as the probability of finding
an electron in space. A region with higher electron density implies a higher likelihood
of finding an electron in that region. The electron density is a scalar quantity described
by a three-dimensional grid space and is generally calculated by Fourier synthesis.
The electron density at a point r in space is given as,

p = p(r). (2.5)
A three-dimensional Fourier series can also be used to express electron density of a

many-electron system, i.e.

plry2) = 7 E ZkZIF(hkl)e‘Z”i(h“ky”Z), (2.6)
h

where F(hkl) represents the structure factor. The total energy of a given physical

system comprises of the contribution of the system’s kinetic energy, Coulomb power
and the exchange-correlation energy which describes all the many-body interactions
of the contained atoms. The total equation is thus:

E=Ty+U+E,, (2.7)

where the total kinetic energy of the system is represented by T,.
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2.1.1 Approximation methods

2.1.2.1 Local density approximation (LDA)

The simplest exchange-correlation energy approximation is one that presumes that
density of the electrons can be treated the same as the electron density of a uniform
gas for systems with a slight variation in density. This approximation was introduced
by Kohn and Sham, wherein, at each point, the exchange-correlation resembles that
of a uniform electron gas with the same density [113]. LDA is one of the extensively
used pure DFT approximations to the exchange-correlation energy functional. The
exchange-correlation energy of an electron assuming a homogeneous electron
density gives an approximation of E,.[n(r)] at a given point r therefore

Exc[n()] = [ x(r)n(r)d’r, (2.8)
where for a homogenous electron gas of density n(r), the exchange-correlation
energy per particle is given as &,.(r). Moreover, the exchange-correlation potential is

thus expressed as,
Vre[n()] = exeln(r)] +n(r) <. (29)
The total energy of the system is then given by
Elnl = Sig; =5 [ drf dr' ™20 & [ drn(r)e,c[n()] - vee[n()] [118].  (2.10)
LDA forms a basis in which more sophisticated exchange-correlation energy
approximations can be constructed. The generalised gradient approximation is one of

the advanced exchange-correlation approximations constructed from LDA [119, 120,
121].

2.1.2.2 Generalised gradient approximation

In an instant where the electron density goes through a swift change, the local density
approximation (LDA) is unable to give accurate results, for instance in molecules. The
Local Spin Density (LSD) approximation is one of the widely used exchange-
correlation energy approximations, however, for a chemical system that necessitates
accuracy of calculated energy difference, it is deemed inadequate [122, 123]. LSDA

approximation to the exchange-correlation is expressed as
Exo[n] = EESPAn] = [ FPra(meld™(n 1 (r),n L (1), (2.11)
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where, the exchange-correlation per electron constituting the spin polarised uniform
electron gas is represented by /9. Moreover, the spin-up and spin-down densities
are denoted by n T and n | [124], respectively.

The generalised gradient approximation improves on the limitation of LDA by
considering the gradient of the electron density, such that the exchange-correlation
potential depends not solely on the electron density but also on the gradient of this
density. GGA gives a better description of the atoms which results in a better structural
energy difference and provides a better description of the atomic bonds. This results

in the prediction of qualitative results.

2.1.2 Plane-wave pseudopotential method

In order to calculate with high accuracy the variational self-consistent solution of the
density functional theory, a plane-wave pseudopotential method can be used. In a
plane-wave pseudopotential technique, a plane-wave basis is coupled with a
pseudopotential technique to describe an orbital of a crystal. The contribution to this
pseudopotential is explicitly from valence electron rather than also from the inert core

electrons.

2.1.3.1 Plane-wave basis set

Wave functions are the core base objects in quantum chemistry and they can be
represented by a linear combination of plane-wave basis set as described by Bloch’s
theorem [125]. The theorem states that an electronic wave function can be expressed
as a discrete plane-wave basis set given by

Y, (r) = explik.r] f;(r), (2.12)
where the periodicity of the system is denoted by f;(r), and it can be expanded into
discrete plane waves using a basis set, as indicated below

fi() = X6l (2.13)
where the reciprocal lattice space vectors in the sporadic lattice is denoted by G.
Therefore, the electronic wave function can be represented by a summation of the
plane waves as illustrated below

Wi (1) = X Cip + GUEFOT], (2.14)

where the plane wave coefficients C;; are fully dependent on the specific kinetic

energy given by,
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K +GI?, (2.15)

including all plane waves with kinetic energies less than a particular specified cut-off energy

(Ecut) represented as
h2
(=) K+ Gel? < Ecue (2.16)

This kinetic energy cut-off can control the convergence of this expansion. A greater
kinetic energy cut-off allows the inclusion of more plane waves which improves the
description of the atomic orbitals. Hence, increasing the cut-off energy improves the
convergence of your system resulting in reliable predictions of structural properties.
For a given kinetic energy cut-off, the convergence of a system can be improved by

using a denser set of k-points to improve the description of the Brillion Zone.
2.1.3.2 Pseudopotentials

The electronic wave function can be expanded by a linear basis set, however,
describing the whole atom using the combination of these sets results in a complicated
system. The complications are due to the need for a significant number of plane waves
required to clearly describe the nucleus and the core electrons. A pseudopotential
method replaces the coulomb potential term with an efficient potential which exploits
the fact that physical properties of a material are more dependent on the valence
electrons rather than on the core electrons. The more complex description takes into
account the motions of the core electrons. However, the nucleus can be approximated
by a simple approach which enables the use of plane-wave basis sets as the pseudo
wave functions and can now be represented by less Fourier modes. The
Pseudopotential method implemented in density functional theory has made it possible
to obtain valuable insight on the chemical bonds of solids. A pseudopotential is formed
on a basis that the pseudo wave functions and the potential should concur with the
true wave function and with a certain potential cut-off radius outside. Furthermore,
within the core region, the pseudo wave function should not contain any radial nodes.
Moreover, the potential should be able to reproduce the atomic properties of the
element in question, especially the inclusion of the phase shifts due to the scattering
of the core region. The phase shifts arise from the angular momentum state, as such
the pseudopotential should not be localised [126, 127]. Equation below shows the
most general form of a pseudopotential,

VNL = 2im |Im >V; < Im], (2.17)
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where V; the angular momentum of the pseudopotential and the spherical harmonics
are depicted by |Im >. The electronic wave function decomposes into spherical
harmonics when acted upon by the angular momentum of this pseudopotential
whereby each spherical harmonic is then multiplied by an appropriate

pseudopotential V;.
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Figure 2. 1: A schematic illustration of a pseudopotential. Where the solid line
indicates the all-electron potential and the dashed lines illustrating the
pseudopotential with its respective valence wave function and the pseudo-wave
functions [128].

2.1.3.2.1 Norm-conserving pseudopotentials

The Norm-conserving pseudopotential is one of the most used pseudopotentials in
recent plane-wave electronic structure codes which attempts to simplify the electronic
structure calculations by neglecting the effect of the atomic core states [129]. The
approximation is an example of a non-localised pseudopotential as it uses a distinct
potential for every angular momentum components of the electronic wave function.
Contrary to a non-local pseudopotential, a local pseudopotential uses the same
potential for each angular momentum components. Hamann, Schluter and Chiang
[130] are the first developers of the norm-conserving pseudopotential and it was
further advanced by Kleinman and Bylander [131]. The all-electron valence and the
pseudo valence for a given reference configuration should be able to reproduce similar
eigenvalues. Furthermore, for a given cut-off radius, the wave functions of the all-
electron valence and the pseudo valence should agree beyond the given or chosen

cut-off radius [132]. Norm-conserving is one of the widely used plane-wave potential

20



approximations with the ability to produce high-quality results. The first norm-
conserving pseudopotential proposed in 1979 is written as:

‘71;5(7”) =21 2m |Yim > Vi (1) < Yy, (2.18)
where the one-particle wave function is represented by Y;,,, the angular momentum is

denoted by {I,m} and V,;(r) is the pseudopotential.

2.1.3.2.2 Ultrasoft pseudopotentials

Ultrasoft pseudopotentials was developed by Vanderbilt [133] in 1990, it improves on
norm-conserving pseudopotentials by the use of a softer pseudo-wave function
composed of fewer plane-waves. A lesser cut-off energy for a given plane-wave basis
set can be used to perform accurate calculations. Orbitals that are tightly bound and
are sharing some of its significant weight into the core region are described by a
substantial number of basis set. A large number of basis set requires a higher cut-off
energy. As such, to reduce the cut-off energy, the charge associated with these
orbitals from the core region is truncated, this results in softer pseudo wave functions
in the core region and a substantial reduction in the cut-off energy. Moreover,
generalised orthogonality is introduced to achieve a pseudopotential which is as soft
as possible. In which, the ultrasoft pseudopotentials require half the cut-off energy
and a fewer number of plane-waves in a calculation than the norm-conserving

pseudopotentials.

2.1.3 CASTEP simulation code

Cambridge Serial Total Energy Package (CASTEP) [134, 135] is a first principle
density functional theory code which uses a plane-wave basis set. The code is
extensively used to calculate electronic properties of crystalline solids, surfaces,
molecules, etc. It provides a number of essential tools for acquiring earnest physical
guantities from the ground state electronic wave function. The CASTEP code makes
use of the Born-Oppenheimer approximation to approximate the man-body wave
function which is made concerning the electronic coordinates of the nuclear. Bloch’s
theorem is also incorporated in the code which enables the use of pseudopotentials

to reduce computational cost.
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2.2 Molecular dynamics

Molecular dynamics is a well-known empirical method used to simulate the behaviour
of a given system, such as a solid material or a solid solution. The use of molecular
dynamics simulations enabled the study of atomic motion to predict and understand
their structural and thermodynamic properties [136]. The behaviour of the system is
controlled by the supplied energy which influences the interactions of atoms in the
system. The interaction between atoms is governed by force fields or interatomic
potential functions, and their atomic motions are mostly based on Newton’s 2nd law
of motion given by:

F = ma, (2.19)
where a is the acceleration, which is dependent on the net force F and massM . From
the integration of the above equation, we can derive the velocity and variation after
chosen time steps [137].

Atoms in a molecular dynamics system imitate atoms in real life by presuming a given
energy function, from which the force experienced by a given atom as a consequence
of other atoms in the system can be calculated given its atomic position. The motion
of these atoms is described by Newton’s second law which is based on the forces
experienced by the atoms. The molecules in a system are regarded as an assembly
of interacting classical particles in that their position is determined from the integration
of classical equations. Molecular dynamics simulations give insights into the structural
and dynamic properties of systems in question [138, 139]. Empirically parameterised
force fields such as AMBER [140], CHARMM [141] and GROMOS [142] are some of
the force fields used to describe the force experienced by atoms in a molecular

dynamics system.

2.2.1 The potential model

The potential mode is an important physics concept which enables the study of
particles or high energy physical systems. The potential model describes the
distinction in the energy of molecules or solids based on the atomic coordinates, which
is the amount of interaction energy at a given point by virtue of other points in space.
It can be further understood as the probability and intensity measure of interaction
[143, 144]. The more accurate and of great quality the potential model be, the more
authentic the calculations be.
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2.2.1.1 Buckingham potential

The Buckingham potential [145] describes the repulsion between two atoms which are
not directly bonded. This repulsion originates from the Pauli Exclusion Principle [146]
and van der Waals energy for a pair of atoms in question. The formula was initiated
by Richard Buckingham and is given by:

ij

Pij Cij
O, =A;.exp ——, (2.20)
ij

where the first term is the Born-Meyer and the attraction in which the Bucking potential

is added. 4;; , P;; and C;; are constants. The first term represents repulsion and the

o
second term represent attraction with respect to interatomic distance. The
Buckingham potential is the simplified version of the Lennard-Jones potential. This
potential has been widely used in molecular dynamics simulations.

A short-range interaction is dependent on the separation distance and the interacting
ions in which the interaction could result in a repulsive interaction or a combination of
a repulsive and an attractive interaction. When the separation between two interacting
ions is small allowing overlap between the electron clouds of the two ions. The
resulting interaction is repulsive with contribution from the nuclear-nuclear interaction.
The repulsive force stemming from an overlap in electron clouds which is due to the
Pauli Exclusion Principle [146] which state that no two fermions can have the same
guantum state. However, when the separation between the two ions is large, the
interaction results in a small attractive force generally known as the van der Waals-
London interaction. The force is due to the natural development of instantaneous
dipoles on each of the interacting ions. A three-body short-range interaction can be

given by:
¢s—r :Z¢ij +Z¢ijk +Z¢ijkl o (2.21)

ijk ijkl
where ion pair interaction is represented byij, and the three-body interaction is

depicted byijk .

2.2.2 Born model of ionic solids

The molecular dynamics calculations performed in this study are based on the Born
model of ionic solids. A crystal lattice in a classical simulation is described by Born

model of ionic solids in which the crystal lattice is assumed to be formed by a formally
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charged ionic spheres extending infinitely in the crystal. The ionic interactions in the
crystal lattice, take place through interatomic forces as a function of their lattice
positions. The ionic spheres are regarded as point charges and their interaction energy
is given by:

1 q;q;
U. =——+dlr. J, 2.22
V' Ane r; (”) ( )

where Uij is the Coulombic interaction corresponding to the electrostatic interactions
between the ions and ¢(rij) is the short-range force. Furthermore, & is the permittivity

of the vacuum, (;and (; are the ionic point charges and Fjis the interatomic

separation between the ionic point charges.

2.2.3 Long and short-range Coulomb interactions

The interaction between ions is divided into two forms of interatomic interactions,
namely, long-range electrostatic interaction and short-range interaction. The long-
range electrostatic interaction forces are simply defined by:

4q;
= , 2.23
v i 47Z'6‘Oil’ij +1 ) ( )
where the charges for the ions i and j are {; and d;, | is the set of periodic lattice

vectors of the crystal lattice and I;; is the interatomic separation of i and j. Long-

range electrostatic force is an electrostatic force between ion pairs in which for
oppositely charged ions the force is attractive and for like charges the force between

the atoms is repulsive.

2.2.4 DL_POLY simulation code

DL_POLY [147] is a molecular dynamics simulation code, capable of running
segments of its code on a wide range of parallel computers of distributed memory
owing to its built-in parallel algorithms. The code can simulate from small system with

100 atoms on single-processor workstation, to large systems with millions of atoms.

2.2.5 Theoretical models

All the atoms (Li, Mn and O) in the layered-spinel composite nanoarchitectures studied
in this work were described by the Born approximation [148] for all the molecular
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dynamics calculations performed. Moreover, the Li-Mn-O ions interact through short-

range and long-range Coulomb interactions.

2.2.6 Statistical ensembles

A statistical ensemble describes the possible states (microstates) of a real system at
a given time. The system can be defined by an infinite collection of microstates which
are determined by the constraints imposed on the system [149]. A molecular dynamics
system can be defined by a statistical ensemble in which the system’s thermodynamic
properties such as, temperature and pressure can be controlled. In this work, we
employ two types of statistical ensembles namely, micro-canonical and canonical
ensembles. A micro-canonical ensemble (NVE) in equilibrium, contains a constant
number of particles (N), volume (V), and total energy (E). A trajectory of an NVE
ensemble can be viewed as an exchange in potential and kinetic energy but the total
energy remains conserved. A canonical ensemble (NVT) consists of a constant
number of particles(N), volume (V) and temperature (T). The system can be viewed
as a closed microscopic system in contact with a heat bath such that different

microstates can have different energies.

2.2.7 Amorphisation and recrystallisation technique

An amorphisation process involves heating a system in a statistical micro-canonical
ensemble which results in a loss of long-range order atomic arrangements. The
process yields an amorphous (unstable) structure. The recrystallisation process is
usually carried out in a canonical ensemble, where the energy of the microstates in
the system subjected to a specific temperature is allowed to change for a given number
of particles and volume. During the process, atoms occupy low energy (stable)
configurations resulting in a polycrystalline or crystalline structure comprising of long-
range atomic ordering [150].

The simulated amorphisation and recrystallisation technique has been widely used
due to its capability to generate complex structures from which a number of properties
can be obtained. The technique afforded researchers a chance to simulate structures
comprising of features that are observed experimentally. Consequently, the generated
structures are instrumental to insightful findings. Essential microstructural features
evolve as the simulated recrystallisation process proceeds. The technique can capture

microstructural features such as grain boundaries, point defects, dislocation, etc. Such
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structural features are deemed essential as they affect the performance of various

materials in different application areas [64].

2.3 Analytical procedure

2.3.1 Crystallographic defects

Crystals, in reality, do not have perfect regular geometric arrangement. Atoms in all
materials comprise of imperfections which may result from deformation or evolve
during cooling as a function of temperature or high-energy radiation. Crystals defect
have a profound influence on the behaviour of a material. These defects can affect a
material’s properties such as mechanical, optical and electric properties [151, 152].
Crystal defect in a material can be found on a single lattice point, on a surface or along
lines and they are called point defects, surface defects and line defects, respectively.
Point defects include defects such as vacancies, substitution and interstitial defects,
Line defects include edge dislocations and screw dislocations defects, and surface
defects comprise of grain boundaries and material surface defects. All different types
of crystal defects affect a material’s properties differently. Point defects have a strong
control on the conductivity of heat and electricity in metals. Moreover, in materials such
as semiconductors, their electronic conductivity are strongly affected by substitutional
point defects. Vacancy defects can facilitate diffusion of ions. The mechanical strength

of a material can be strongly controlled by crystal defects [153, 154].
2.3.1.1 Point defects

Point defects are disruptions of a perfect lattice arrangement such as displacement of
atoms from their lattice sites into interstitial sites. Point defects can involve one or a
pair of atoms. Effects of point defects can extend to a larger area in the crystal even
though it occurred on one or two lattice sites. As mentioned above, there are three
main forms of point defects (vacancy, interstitial and substitutional). A point defect
that occurs due to missing atom from its lattice site is called a vacancy point defect
and it results in a misalignment in the atomic position of the surrounding atoms as
illustrated in figure 2.2. This type of defect can form during crystallisation from molt in
which some of the lattice sites as the atoms occupy their low-energy crystalline sites
remain unoccupied. They can also be formed during a process which alters the shape
of the crystal such as plastic forming [155, 156], wherein, atoms are displaced from

their lattice sites as the new shape is formed. In a case where an atom occupies a
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normally unoccupied lattice site, such a crystal defect is called interstitial point defect.
An interstitial defect which generally exist in small concentrations can be as a result of
an impurity atom or one of the atoms in the crystal (self-interstitial) occupying an
interstitial site. In a substitutional point defect, an atom occupies a lattice site which is
normally occupied by a different atom, the two atoms are usually of similar size. Other
types of point defects are Frenkel defects and Schottky defects. Frenkel defects occur
when an ion moves from its normal lattice position into an interstitial site, resulting in
vacancy and an interstitial point defects (vacancy-interstitial). A Schottky defect occurs
in a material comprising of ionic bonds where a cation and an anion are missing from

their lattice positions to maintain charge neutrality.

Vacancy

Strained
lattice region

Figure 2. 2: An illustration of a vacancy point defect resulting in a high strain

region denoted by the shaded area [157].

Interstitial atom

Strained lattice
reglon

Figure 2. 3: A schematic illustration of an interstitial point defect and the lattice

strain caused [157].
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2.3.1.2 Line defects

Mechanical properties of a material are mainly influenced by line defects such as
dislocations. Properties such as ductility and deformability are strongly influenced by
line defects [158]. In a line defect, a perfect atomic arrangement is disturbed along a
given lattice plane in the crystal. They are called line defects since they can be
described in terms of their width and length. They can be formed during plastic forming
and also during crystallisation. Strong metals comprise of a significant number of line
defects and low-strength metals contain a lower concentration of line defects [159,
160].

2.3.1.3 Surface defect

Most materials comprised of many crystal grains joined together by grain boundaries
which are surface defects. Materials comprising of single grains are rarely found in
reality [161, 162]. The crystal grains contained in a polycrystalline material are oriented
in different directions to each other. The atoms contained in single grains exhibit long-
range atomic ordering. Grain boundaries discontinue the motion of line defects such
as dislocation. As such, they also control mechanical properties of materials,
particularly, metals. There are two types of grain boundaries, namely a low-angle
boundary and a high-angle boundary. A low-angle boundary is formed when two
crystal are oriented similarly but not the same and a high-angle boundary is formed

when two crystals have distinct orientations [163, 164].

Figure 2. 4. Demonstration of a crystalline comprising of grain boundary surface

defect.
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2.3.2 Radial distribution function

A radial distribution function (RDF) defines the probability of finding an atom located
at a distance r away from a reference atom in a crystal system. RDF varies base on
the type of material, as such solids, liquids and gases will demonstrate distinct RDF
graphs. RDF graphs detail the distribution of atoms from which a phase of a material
can also be deduced. A length of a chemical bond between the reference atom and
target atom can be obtained from an RDF graph. Following that, the RDF peaks denote
the nearest neighbour distance such that the first RDF peak denotes a bond length of
the atomic interaction in question. In a liquid, the average density at any point in the
liquid is the same for any other point in the entire system, and it is called a bulk density.

However, the density from a reference point to another point in the system uniquely

defines the system. The coordination number N (r) is defined as by,

n; (r) = 47zpmjalx’26(r)dr , (2.24)

rmin

where density is given by the number of atoms N in the system per given volume V

P =g and the probability of finding an atom located at a distance r from a reference
atom [165, 166].

2.3.3 X-ray diffraction pattern

X-ray diffraction pattern (XRD) indicates the intensity of a scattered X-rays and their
respective diffraction angles (2thetha). An x-ray diffraction pattern can be used to
determine the atomic and molecular structure of a crystal. The diffraction angles (peak
positions) and their respective intensities provide qualitative information about a
crystal structure of material. Furthermore, useful information such as lattice constants
of a material in question can be determined from the XRD pattern. Crystals with long-
range atomic ordering show clear diffraction peaks [167, 168]. Small crystal with their
crystal sizes ranging below 100 nm show broad XRD peaks. This is explained by

Scherrer equation [169] defined by,
(L) =S4 (2.25)

where 4 the wavelength of the incident x-ray is, < L > is the dimension of the patrticle
in the direction perpendicular to the reflecting plane, g is the peak width. A calculated

XRD pattern is compared to available recorded XRD patterns of known materials to
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identify material in question. Information such as morphology and crystal phases can
be obtained from an XRD pattern. Furthermore, the crystallinity, structural defects and

the average grain size can also be deduced.
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CHAPTER 3

Electronic structure of the magnetic and non-magnetic Li-

Mn-O spinel structures: Mn204, LiMn204 and Li2Mn20a.

This chapter gives a full discussion and analysis on the electronic structural changes
of LixMn204 (1 £ x £ 2) which has a major influence on the movement of electrons
during the discharge process. The Mn20a4, LiMn204 and Li2Mn20a4 delineate some of
the crucial stages that the material undergoes during the discharge process. Structural
properties such as lattice parameters and volume are monitored during Li*
insertion/extraction as their significant changes such as volume expansion/contraction
may result in poor rechargeability due to mechanical failure [170, 171, 172]. Density
of states (DOS) and electronic band structures will be calculated in order to reveal the
electronic structure of Li-Mn-O spinel and its conductivity as a function of lithium
content. The Fermi level which defines the highest occupied states at absolute zero
temperature described by DOS and electronic band structures will aid in
understanding the electronic properties of the material in question. Non-spin and spin
polarised electronic properties calculations will be performed in order to consider the
non-magnetic and magnetic Li-Mn-O spinel structures which will be done by
disregarding and regarding the effect of the intrinsic angular momentum of the Li-Mn-
O atoms.

3.1 Structural analysis of Mn204, LiMn204 and LizMn204

This section presents structural analysis of the Mn204, LiMn204 and Li2Mn204. The
delithiated-Mn204 is formed by a topotactic removal of lithium atoms from LiMn204
resulting in an Fd-3m cubic structure [173, 174] as depicted in figure 3.1. A significant
number of lithium atoms can be intercalated topochemically into this structure, wherein
the Mn** ions gets reduced into Mn3* ions with lithium insertion [175]. Lithiation of
LiMn204 into Li2Mn204 in this work retains the Fd-3m space group and the cubic crystal
structure. However, experimentally it has been observed that lithium insertion into
LiMn204 reduces the cubic symmetry into tetragonal 141/amd symmetry [176].
Manganese (16d octahedral sites) and oxygen (32e sites) atoms reside in the same
lattice positions in the spinel structures discussed here. Lithium atoms occupy 8a
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tetrahedral sites when x is between 0 and 1 in LixMn20a4 (0 < x < 2) and starts occupying
the 16¢ octahedral sites when x is between 1 and 2. In the Mn204 spinel structure,
vacant Li intercalation sites are both the 8a tetrahedral sites and 16c octahedral sites.
As lithium atoms are intercalated into this system (Mn20a4) they start by occupying the
8a tetrahedral sites. However, Li intercalation from LiMn204 (1 < x < 2) results in

hopping of lithium atoms from 8a tetrahedral sites into 16c octahedral sites [177, 178,

[1b] ig

76] as indicated in figure 3.1.

[1a]

16¢c

L
16d octahedral sites

32e sites

8a tetrahedral

[2a] [2b]

32e sites 16d octahedral sites
8a
8a
8a tetrahedral o
R - - ‘ ‘
[3a] rr— [Bb] 2 7
> 24 / Yy S E !

32e sites 16d octahedral sites

Figure 3. 1. Fd-3m cubic spinel conventional unit cells and their respective Li
lattice sites (8a tetrahedral and 16c¢ octahedral): (a) Mn20a4, (b) LiMn204 and (c)
Li2Mn204 cubic spinel LiMn20a4. Lithium (yellow) atoms in LiMn204 occupy the 8a
tetrahedral sites and the 16¢ octahedral sites in Li2Mn20a4. In all the spinel
structures depicted in this figure, manganese (blue) atoms occupy 16d
octahedral sites and oxygen (red) atoms occupy the 32e sites.
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3.2 Computational details

The first-principles electronic structure calculations based on density functional theory
are performed under the (GGA) exchange-correlation function with the Perdew Burke
Ernzerhof (PBE) [179] exchange-correlation functional. The basis set of the electronic
wave functions are approximated by the ultrasoft pseudopotentials as implemented in
the CASTEP code. Consequently, the atomic interactions of Li, Mn and O in Li-Mn-O
spinel were described [133]. A plane wave function with energy of 800 eV was
sufficient to describe the electronic orbitals of Li-Mn-O spinel structures studied in this
work. The Brillouin zone is sampled by a 4x4x4 Monkhorst pack k-mesh sampling
scheme. The atomic positions of all the Li-Mn-O spinel structures in question were
fully relaxed using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm. A 0.05
eV/A and 0.1 eV force and stress convergence tolerances were used, respectively.
The ground-state wave functions are computed using the density mixing electronic
minimiser with the Pulay mixing scheme as adopted in CASTEP. The magnetic
moments in the spin polarised structures were arranged in a ferromagnetic ordering.
In which, the magnetic moments of all the manganese ions (Mn®* and Mn**) were
aligned in the same direction in all the structures (Mn204, LiMn204 and Li2Mn20a4).
Generally, the total magnetic moments of the ferromagnetic conventional Li-Mn-O
spinel unit cells can be represented as S = 8 xS, + 8 X S,, where S, and S, are the

total magnetic moments of Mn#* (t2g3eq®) and Mn3* (t2g%eq') respectively.

3.2.1 Cut-off energy and k-mesh convergence test

In order to obtain a ground-state electronic structure of Li-Mn-O spinel structure, a cut-
off energy and k-mesh convergence test was performed and the results of the test are
shown in figure 3.2 and 3.3 below. Figure 3.1 shows non-spin polarised and spin
polarised total energy and cut-off energy plot for cubic LiMn204 spinel structure,
respectively. The two graphs show a similar trend and both start converging from the
cut-off energy of 400 eV. However, in order to obtain profound predictions, cut-off
energy of 800 eV was chosen for the plane wave functions and it was sufficient to
describe the electronic structure of LiMn204 as evinced by the generated results which
are comparable to experimental results. The spin polarised LiMn204 converged to a
lower total energy than the non-spin polarised LiMn204. This alludes that the spin
polarised calculation may give a better description of LiMn204 which is closer to

experiments as compared to the non-spin polarised calculations. The chosen cut-off
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energy was then used to perform the non-spin and spin polarised k-mesh convergence
test calculations depicted in figure 3.3. In which, the total energy is plotted against k-
mesh for non-spin polarised and spin polarised cubic LiMn204 spinel in the figure. The
curves of the graphs depicted in the figure show a great resemblance. A similar
behaviour to the cut-off energy is also noted, the spin polarised LiMn204 structure also

converges to a lower energy than the non-spin polarised LiMn204 structure.
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Figure 3. 2: Total energy and cut-off energy plot for (a) non-spin and spin
polarised (b) LiMn204 spinel structure. An infinitesimal change in the total

energy is noted from the cut-off energy of 400 eV.
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Figure 3. 3: Total energy and cut-off energy plot for (a) non-spin and spin

polarised (b) k-mesh convergencetest. 1, 2, 3 etc. in the x-axis denotes 111, 222,

333 k-points, respectively. A minimal decrease in the total energy of LiMn204 is

observed from 4x4x4 k-mesh represented by 4.

3.3 Structural properties

Table 1 shows the structural properties of spinel structures studied in this work. First-
principles DFT calculations have been performed to optimise the geometry of the Li-
Mn-O spinel structures and resulted in cubic Li-Mn-O spinel structures with a space
group of Fd-3m. The lattice parameters of the non-spin polarised Mn204 are smaller
than those of the LiMn204 and this is consistent with the noted trend in literature [173,

180]. Lattice parameters of the spin polarised Mn204 and LiMn204 are 8.305 and
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8.298, respectively which shows a different trend from the latter. The lattice
parameters of spin polarised LiMn204 are closer to experimental values than the lattice
parameters of the non-spin polarised LiMn204 indicating that the spin polarised
calculation can give more profound results of LiMn204 than the non-spin polarised
calculations. The Mn204 structure is well described by the non-spin polarised
calculations. Since the non-spin polarised calculations results in lattice parameters
that are closer to the experimental value than the spin polarised calculations for the
Mn204 structure as indicated in table 3.1. A cubic Li2Mn204 spinel was obtained which
is different from the experimental observed tetragonal structure. The volumes of the
spinel structures in questions were also calculated. The volume of the spin polarised
LiMn204 and Li2Mn204 show good agreement with the experimental values. The
volume of the non-spin polarised Mn204is in line with the experimental value than the

volume of the spin polarised.

Table 3. 1: Structural properties of spin and non-spin polarised Fd-3m cubic
Mn204, LiMn204 and Li2Mn204 spinel structures. Volume is per formula unit. Exp

represents the column for corresponding experimental results.

Structure Non-spin Spin Exp
polarised polarised

Lattice parameters Mn204 8.169 8.305 8.03 [173]
(A)

Volume (A3) 68.15 71.60 66.36 [181]

Lattice parameters  LiMn20a4 8.175 8.298 8.248 [182]
(A)

Volume (A3) 68.28 71.43 70.15 [183]

Lattice parameters  Li2Mn20a4 8.151 8.231 7.84 [184]
(A)

Volume (A3) 67.68 69.70 69.89 [185]
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3.4 Density of states (DOS) and electronic band structure

analysis

This section provides a brief discussion on the density of states of spin polarised and
non-spin polarised Mn20a4, LiMn204 and Li2Mn204 spinel structures. The changes in
the electronic structure of spinel as a function of lithium concentration will be
investigated which are of fundamental importance as they determine a material's
physical and chemical properties, i.e. conductivity. The total and partial density of
states for non-spin and spin polarised structures have been calculated. In order to
obtain more explicit information on the contribution of magnetic moments on the
electronic structural changes of the Li-Mn-O spinel structures, minority and majority

density of states for the spin polarised structures were also examined.

3.4.1 Non-spin  polarised DOS electronic structure

calculation

The electronic structure of the non-spin polarised Mn204 cubic spinel is examined.
Figure 3.4 shows the total and partial density of states (DOS) for non-spin polarised
Mn204 with the Fermi level represented by zero energy. The plotted DOS are in the
energy range between -21 eV and 21 eV, which captures states that are occupied by
valence electrons as they are responsible for physical and chemical properties of the
material. Consequently, the calculated total DOS for the non-spin polarised Mn204
spinel structure denoted by figure 3.4 (a), shows that this material exhibit a metallic
behaviour. This can be seen from the overlapping valence band and conduction band
as illustrated in the figure. The valence band and the conduction band are denoted by
total DOS peak between -1.1 eV and 1.2 eV with DOS of approximately 94 1/eV.
Atomic contributions to the metallic nature of this material are captured by the DOS
depicted in figure 3.4 (b-c), wherein, the Mn 3d states are the most occupied states in
the valence band and a few of the O 2p states are observed in the valence band, which
indicates that the metallic behaviour of this material stems mostly from the Mn 3d
transition metal orbitals. The non-bonding peak located between -20 and -17.1 eV is
dominated by the O 2s orbitals with DOS which are approximately 80 1/eV as it can
be seen in figure 3.4 (b). Furthermore, the contribution of Mn 3d states is negligible in
the above mentioned non-bonding peak. The hybridisation of Mn-O is depicted by the
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peak between -8 and -2 eV near the Fermi level, with the O 2p orbital showing the

most contribution and Mn 3d orbital also showing significant contribution.
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Figure 3. 4: Total and partial DOS for non-spin polarised Mn204. The dotted line
represents the Fermi level.

Figure 3.5 shows the total and partial DOS for non-spin polarised LiMn204 spinel
structure from which we can infer that the material exhibit a metallic behaviour. This
can be seen from the Fermi level which cuts the peak between -1.5 and -1.0 eV in the
middle. Figure 3.5 (b-c) shows atomic contributions to the plotted total DOS. The Mn
3d orbitals contribute significantly at the Fermi level. The contribution of lithium atoms
in the energy range between -21 and 1 eV is negligible. Furthermore, the O 2s and O
2p states are dominant in the DOS peaks located between -21 and -17.4 eV and -6.8
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and 0.9 eV, respectively. Moreover, a considerable contribution of the Mn 3d states
on the peak situated between -21 and -17.4 eV is observed. Hence, the electronic

structure of LiMn20a4 is similar to the electronic structure of the Mn204 spinel structure.
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Figure 3. 5: Calculated total and partial DOS for non-spin polarised LiMn204. The
dotted line represents the Fermi level.
The non-spin polarised LiMn20a4 spinel structure DOS calculated in this work are

compared with the DOS of LiMn204 spinel structure from literature calculated by H.
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Berg, et al [186] as illustrated in figure 3.6 below. Consequently, from both DOS plots
illustrated in the figure, a metallic behaviour is observed which is indicated by an
overlap of the valence band and the conduction band. Furthermore, a similar DOS
shape is also observed in the plots. Moreover, the peak indicating the Mn-O
hybridisation is located approximately between -7.1 and -1.5 eV on both plots. This
demonstrates good agreement between the DOS calculated in this work and the DOS

calculated by H. Berg and co-workers [186].
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Figure 3. 6: Comparison of (a) non-spin polarised LiMn204 DOS calculated in
this work and LiMn204 DOS calculated by H. Berg, et al. [186].

The electronic structure of the non-spin polarised Li2Mn204 spinel is also examined
from the plotted DOS illustrated in figure 3.7 below. The total and partial DOS have
been plotted to give explicit information on the electronic structure of this material. An
intense non-bonding peak dominated by the O 2s states, is noted from the partial DOS
and is observed around -21 and -18 eV in the total DOS. A negligible contribution from
the Li 2s states is observed in the energy range between -21 and 0 eV. Similar to the
non-spin polarised Mn204 and LiMn204 DOS, the hybridisation of Mn-O in the Li2Mn204
is represented by the DOS peak located between -7.7 and -1.9 eV in the total DOS.
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This is can be observed from the partial DOS in the figure. Furthermore, from the
resulting atomic contribution denoted by total DOS we can conclude that the material
exhibit a metallic behaviour which is indicated by the overlapping valence band and
conduction band.

100 T

| Total DOS
80 &

60

40 -

20

60

Density of states (1/eV)

40

20

60 - 4s
— 5|
—_— 3
—__ = |
40 |
I
|
20 1 [d] |
| JWV\»J\
0 __u-A T A Jl_UI\l T T
-20 -10 0 10 20

E - Ef (eV)

Figure 3. 7: Total and partial density of states (DOS) for the non-spin polarised
Li2Mn204. The Fermi level is at zero.
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Figure 3.8 shows the comparison of the total DOS calculated in this work with DOS
obtained from literature calculated by H. Berg and co-workers [186]. In the energy
range of -10 and 4 eV, wherein, three characteristic peaks having the same general
shape are observed in both plots. A metallic nature of the non-spin LiMn204 can be
inferred from both plots. Hence, the DOS of LiMn204 calculated in this work resemble

that calculated by H. Berg and co-workers [186].
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Figure 3. 8: Comparison of the total density of states of Li2Mn204 from (a) other
experiments (a) [186] and (b) from this work.

The electronic structure of the LixMn204 spinel was further unravelled by the electronic
band structures illustrated in figure 3.9. Different energy bands from which electrons
can exist are indicated by the blue lines and are captured in the energy range between
-1.5 and 1.5 eV. The figure shows the electronic band structure of Mn204, LiMN204

and Li2Mn204, from which we observed a metallic behaviour indicated by the
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overlapping of the valence band and the conduction band. This is in line with the
calculated DOS in figure 3.4 (a), 3.5 (a) and 3.7 (a). A shift in the Fermi level with

lithium concentration is observed from the calculated band structures.
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Figure 3. 9: lllustration of electronic band structure of the non-spin (a) Mn20a,
(b) LiMn204 and (c) Li2Mn20a.
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3.4.2 Spin polarised DOS electronic structure calculation:
Mn204, LiMN204 and Li2Mn204

Spin polarised electronic DOS calculations and electronic band structures for Mn20a,
LiMn204 and Li2Mn204 have been performed. Figure 3.10 shows the total and partial
DOS for the spin polarised Mn204 spinel structure. Semi-conducting behaviour is
observed from the calculated DOS, which is evinced by a band gap of ~0.65 eV in the
total DOS presented in the figure. Furthermore, the Fermi level lies on a sharply
decreasing curve denoting the valence band of the material which is almost completely
filled. Moreover, the conduction band lies above the Fermi level which indicates that it
is unoccupied. The O 2p and Mn 3d states denoted by the total DOS peak located
between -6 eV and 0.5 eV represents the Mn-O hybridisation. Consequently, the O 2p
states are dominant in this energy region. Similar to the non-spin polarised calculated
spinel (Mn204, LiMn204 and Li2Mn204) DOS above, the non-bonding peak situated
between -18 and -16 eV in the total DOS of Mn204 is mainly due to the O 2s states.
The calculated total and partial DOS for the spin polarised LiMn204 spinel structure
illustrated in figure 3.11 below shows metallic behaviour which is evinced by the
overlapping of the valence band and conduction band. The Fermi level lies on an
increasing curve denoting the O 2p and Mn 3d orbitals which are located between -
0.8 and 1.6 eV. The majority states in the valence band and conduction band are from
the Mn 3d states. Analogous to the DOS of the non-spin polarised LiMn204, the
contribution of Li 2s is negligible in the energy range between -21 and 0 eV. Moreover,
the O 2p orbitals are dominant in the peak located between -8 and -0.8 eV in the total
DOS which represent the chemical bond between manganese and oxygen in the
spinel structure.

Figure 3.12 presents the total and partial DOS of spin polarised Li2Mn204, wherein, a
similar electronic structure to the spin polarised LiMn204 is observed. The total and
partial DOS plot shows metallic behaviour indicated by the overlapping of the valence
band and conduction band. Moreover, the Fermi level lies on an increasing DOS peak
denoting the O 2p and Mn 3d states, which is similar to the calculated DOS of the spin
polarised LiMn204. Furthermore, the contribution of the Li 2s orbital in the energy
range between -21 and O eV is negligible. An intense non-bonding peak located
approximately between -21 eV and -18 eV originate from the O 2s orbital. A strong

hybridisation of the O 2p orbital and Mn 3d orbital denoting the bond between oxygen
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atoms and manganese is noted around -8 eV to 2.8 eV. Hence, the electronic
structures of the spin polarised LiMn204 and Li2Mn204 spinel structure shows similar
features.
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Figure 3. 10: Total and partial DOS for the spin polarised cubic spinel Mn20a. (a)

Represent the total DOS, (b) Represents contribution to the total DOS by O

atoms and (c) represents the contribution to the total DOS by Mn atoms.
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Figure 3. 11: Total and partial density of states (DOS) for spin polarised cubic
spinel LiMn204. (a) Total DOS, (b) contribution from Li atoms, (c) depicts
contribution from O atoms and (d) depicts contribution from Mn atoms.
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depicts contribution from O atoms and (d) depicts contribution from Mn atoms.
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The total spin polarised DOS of Mn20a4, LiMn204 and Li2Mn204 are shown in figure
3.13 below to illustrate the effect of lithiation on the electronic structure of these
compounds. Figure 13.13 (a) shows the semiconducting Mn20a4 spinel structure, figure
13.13 (b-c) shows the conducting LiMn204 and Li2Mn204 spinel structures. The same
general shape is observed in the total DOS LiMn204 and Li2Mn204 in the energy range
between -8 and 5 eV which is different from Mn20a4. A peak shift into lower energy
level is noted, which is indicated by the peak located between -0.80 and -2.6 in
LiMn204 and between -8.3 and -2.8 in Li2Mn204. The two peaks above the Fermi level
are located between 0.5 and 4.7 eV, -0.9 and 3.1 eV, and -1.0 and 2.6 eV in Mn204,
LiMn204 and LizMn20a4, respectively, which indicates a peak shift into lower energy

levels.
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Figure 3. 13: Total density of states curves of spin polarised (a) cubic spinel
Mn204, (b) cubic spinel LiMn204 and (c) cubic spinel Li2Mn204. This figure

illustrates the effect of lithiation on electronic properties.
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The projected total spin-up and spin-down DOS in figure 13.14 gives explicit details
on the contribution of electrons with spin-up and spin-down configurations to the
electronic structure of the magnetic spinel structures. The spin-up states in the valence
band of the Mn204 are dominant and nearly completely filled. The tzg and eg orbitals
for the spin-down electronic configurations are empty together with the eq orbitals for
the spin-up electronic configurations. In both LiMn204 and Li2Mn20a4, the high energy
eq orbitals are empty for both spin-up and spin-down electronic configurations whilst
the t2g orbitals with spin-up electrons are fully occupied for electrons with spin-up
electronic configurations. Furthermore, the tzg orbitals with spin-down electronic

configurations are partially filled for electrons with spin down electronic configurations.
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Figure 3. 14: Spin-up and spin-down total density of states for spin polarised (a)
cubic spinel Mn204, (b) cubic spinel LiMn204 and (c) cubic spinel Li2Mn20a.
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Electronic band structures for spin polarised Mn204, LiMn204 and Li2Mn204 have been
calculated to further unravel their magnetic electronic properties. Since conduction
properties are attributed to high energy bands only bands between -21 eV to 21 eV
are shown for the Mn204 and bands between -45 eV to 21 eV are shown for the
LiMn204 and Li2Mn204 in figure 3.15 above. A bandgap of 0.746 eV between the
valence band and the conduction band on the band structure of the Mn204 denoted
by figure 3.15 (a) is observed, which circumstantiate the density of states depicted in
figure 3.10a, 3.13a and 3.14a. A metallic behaviour is also observed in the band
structures of LiMn204 and Li2Mn204 which is in line with the calculated DOS in figure
3.13 (a) and (b).
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Figure 3. 15: Show the electronic band structure of spin polarised (a) Mn204, (b)
LiMn204 and (c) Li2Mn20a4. Blue lines represent spin-down bands and red lines

represent spin-up bands.
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3.5 Discussion

The non-spin polarised DOS and electronic band structures reveals good conducting
properties which are in good accord with literature for the spinel structures studied in
this chapter. The effect of lithiation on non-spin polarised spinel LiMn204 is noted by a
peak shift towards the conduction band from Mn204 to Li2Mn204. Moreover, this is
evidenced by the peak located between -1.15 eV and 1.10 eV for Mn20a4, between -
1.50 eV and 0.96 eV for LiMn204 and -1.84 eV and 0.88 eV for Li2Mn20a4in figure 3.4
(a), 3.5 (a) and 3.7 (a). Accordingly, this indicates that the empty states in the Mn204
are occupied as lithium atoms are intercalated into this structure. The valence and
conduction band shift to lower energy levels suggest that the amount of energy
required for an electron to hop into the conduction band becomes minimal with
lithiation. Moreover, the electronic band structures indicate that the conduction band
becomes filled as lithium-ions are intercalated, which is also indicated by the Fermi
level shift towards the conduction band as illustrated in figure 3.9.

The DOS of the magnetic Li-Mn-O spinel structures in figure 3.10, 3.11, 3.12 and 3.13
exhibit different electronic properties to the non-magnetic DOS in figure 3.4 (a), 3.5 (a)
and 3.7 (a) above. The valence band of the Mn2O4 spinel structure is almost full and
a bandgap of ~0.65 eV is observed. This alludes that for the electrons in the valence
band to jump to the conduction band and become “free electrons” they require energy
which is greater than ~0.65 eV. Ouyang C.Y and colleagues [187] found a bandgap of
about 1 eV for this material. Furthermore, conduction takes place in the peak between
~0.8 eV and ~3.0 eV as illustrated in figure 3.10 (a) and 3.13 (a). The Fermi level lies
above a pseudogap of ~0.17 eV which is between the two peaks located between ~-
2.6 eVand-1.05eV, and-0.35 eV and 1.47 eV on the DOS of LiMn204 shown in figure
3.11 (b) and 3.13 (b). An overlap between the valence band and the conduction band
is noted which indicates good conducting properties on both LiMn204 and Li2Mn204
spinel structures.

The spin-up and spin-down DOS in figure 3.14 gives explicit information on the
conduction of the spinel structures studied in this work. The eg orbitals are empty for
both the spin-up and spin-down states which substantiate the presence of only Mn**
manganese ions in the Mn204 spinel structure. Upon lithiation, some of the spin-down
states of the tzg orbitals and the spin-up states of the eg orbitals are occupied

demonstrating an average manganese valence of 3.5*. This is in good accordance
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with the findings of Bo Xu and Shirley Meng [188]. The highest occupied states at the
Fermi level of LiMn204 and Mn204 are the spin-down states which is in line with the

electronic band structures shown in figure 3.15
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CHAPTER 4

Simulating the discharge process of Li-Mn-O layered-

spinel composite nanoarchitectures.

In this chapter, a molecular dynamics simulation is used to model Li-Mn-O layered-
spinel (LS) composite nanoarchitectures depicting different stages of the discharge
process. The simulated Li-Mn-O LS composite nanoarchitectures enables a thorough
investigation of structural changes that influence electrochemical performance. The
generation of the Li-Mn-O LS nanoarchitectures using the simulated amorphisation
and recrystallisation technique [73] is captured. The simulated recrystallisation is
essential for introducing complex structural features that are observed experimentally,
such as grain boundaries, dislocations, point defects, co-existing crystal structures.
Moreover, this gives the modelled models a commensurable significance with
materials from experiments. Structural analysis of the discharge process will be carried
out using atomic level snapshots, radial distribution functions (RDFs) and XRD
patterns.

4.1 Method

Simulations in this chapter are carried out using the molecular dynamics (MD)
DLPOLY simulation code [189], in which the model is represented infinitely in space
by a three-dimensional periodic boundary conditions. The Li-Mn-O atoms of the
systems studied in this work interact via the long-range Coulomb interactions and
short-range parameterised interactions based on the Born Model of the ionic solids
[190]. The interatomic potentials used are obtained from literature [75]. Atomic
configurations used to prepare the ideal spinel 4x4x4 LiMn204 supercell for the
simulated synthesis with minimum energy were computed with the METADISE [191]
code. The Li-Mn-O LS nanocomposites are synthesised using the simulated
amorphisation and recrystallisation (A&R) [73] techniques.

Radial distribution functions (RDFs) are employed to determine the distribution of
atoms in the nanospheres in order to deduce their amorphous and crystalline states.
Material studio program is also used to visualize the atomic arrangements of the
synthesised nanospheres. The crystal structures formed after recrystallisation are
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characterised using the XRD patterns. The process of nucleation and crystal growth
during the simulated amorphisation and recrystallisation is monitored through a plot of

configuration energy graphs against time.

4.1.1 Input structures
The METADISE [191] code was used to generate the optimised LiMn204 supercell

(figure 4.1 b), which is formed by an agglomeration of conventional bulk spinel LiMn204
unit cells (figure 4.1 a). The LiMn204 supercell comprises of 512 lithium atoms, 1024
manganese atoms and 2048 oxygen atoms. In a process to model the Li-Mn-O LS
nanocomposites observed experimentally, the 3584 atoms supercell is amorphised
using the NVE ensemble. Electrochemical lithiation is performed using a lithium
insertion program to generate Li-Mn-O LS nanocomposite with different lithium
concentrations. The lithiated structures are then recrystallised using the NVT
ensemble. A time per step of 0.0005 ps, steps of 500 000, equilibration of 5000, radius
cutoff of 10 A and Ewald precision of 1d-5 were used for amorphisation. For
recrystallisation, 0.003 ps timesteps, 5 000 000 steps, equilibration of 5 000, radius
cutoff of 10 A, and 1d-2 Ewald precision were employed.
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Figure 4. 1. The construction of the 3584 atoms LiMn204 supercell. (a) LiMn204
conventional unit cell and (b) a 3584 atoms LiMn204 supercell formed by the
integrated conventional unit cells. Yellow sphere represents lithium atoms, blue
spheres represents manganese atoms and red spheres represent oxygen

atoms.

4.2 Simulated amorphisation

In this section, we discuss the molecular dynamics (MD) simulated amorphisation of
a 3584 atoms spinel LiMn204 structure. The process is equivalent to the combustion
in a combustion chamber of Liquid-phase flame spray pyrolysis which facilitates the

formation of molten metal-oxide nanoparticles [192, 193]. Figure 4.2 below shows the
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effect of temperature on the amorphisation process of a 3584 atoms bulk LiMn204
spinel structure. The atoms start vibrating about their lattice positions upon the applied
temperature of 500K indicating an increase in kinetic energy of the system as captured
by the microstate depicted by figure 4.2 (a). An increase in temperature from 500K to
1000K result in distortion of the cubic shape of the material as the movement of the
atoms increases due to the increased kinetic energy. A temperature of 1500K was
sufficient to amorphise the bulk LiMn204 supercell into a desired spherical shape. An
increase in temperature from 1500K to 2000K ignites a rapid atomic movement in the
1500K Li-Mn-O nanosphere which results in a distortion of its spherical shape. The
microstate depicted by the snapshot in figure 4.2 (c) is similar to the molten metal-
oxide nanoparticles in [192, 193], which evince the success of the amorphisation
process.
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Figure 4. 2: Simulated amorphisation of a 3584 atoms LiMn204 at different
temperatures. (a) 500K, (b) 1000 K, (c) 1500K and (d) 2000 K.
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Figure 4.3 further illustrates the effect of temperature on the amorphisation of a 3584
atoms spinel LiMn204 supercell through RDF functions and atomic level snapshots.
The radial distribution functions (RDFs) in figure 4.3 depicts the distribution of atoms
within a radius of 10 A around a given reference atom. The amorphous state of the
desired Li-Mn-O nanosphere in figure 4.2 (c) is confirmed by broad RDF peaks as

illustrated in figure 4.3 (c).
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Figure 4. 3: Calculated Li-Li, Li-Mn, Li-O and Mn-O RDFs for amorphous LiMn20a.

The interatomic separation is measured in A.

4.3. Simulated recrystallisation process

The simulated recrystallisation technique of lithiated Li-Mn-O composite
nanoarchitectures is discussed. Furthermore, lithiation of the amorphous 3584 atoms
Li-Mn-O nanosphere into different amorphous Li-Mn-O nanospheres depicting
different stages of the discharge process is also discussed. The recrystallisation
process is explored through RDF graphs, atomic level snapshots and configuration
energy graphs. Li-Mn-O components formed after the recrystallisation process are
characterised using XRDs and atomic level snapshots.
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4.3.1 Li-intercalation from amorphous LiMn204 to

amorphous Li2Mn204

The amorphous LiMn204 nanosphere presented in figure 4.4 (a) was fully lithiated into
amorphous Li2Mn204 nanosphere as illustrated in figure 4.4. The inserted 512 lithium
atoms are evenly distributed in the amorphous LiMn204 nanosphere following its
spherical shape. The inserted lithium atoms occupy random vacant positions in the
structure irrespective of the interatomic forces between the atoms. Figure 4.5 shows
RDFs for the (a) amorphous LiMn204 nanosphere and the fully lithiated (b) amorphous
Li2Mn204, which demonstrates the distribution of Li atoms with respect to manganese
(Li-Mn) atoms and O (Li-O) atoms. RDF peaks for the amorphous Li2Mn204
nanosphere are less broad than the RDF peaks of the amorphous LiMn204. Moreover,
this indicates high probability of finding lithium atoms with respect to manganese and
oxygen atoms. Furthermore, at ~1.5 A in the figure, a distinct RDF peak of the
amorphous LizMn204 is noted which indicates a high probability of finding close Li-Mn
and Li-O interactions in the amorphous Li2Mn204 structure than in the amorphous
LiMn204 structure. RDF graphs of all the lithiated amorphous Li-Mn-O nanospheres
are shown in figure 4.6 below. The “noise” Li-Li RDF peaks displayed in the figure
decreases with lithium intercalation connoting an increasing in clustering of lithium
atoms around the system. Li-Mn and Li-O peaks broaden with lithium intercalation
indicating that the inserted lithium atoms increases disorder in the system. Mn-O RDF

peaks are the same in all the amorphous Li-Mn-O nanospheres.
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Figure 4. 4: An illustration of lithiation on the amorphous ideal spinel LiMn204
to the amorphous lithiated-Li2Mn204. (a) Amorphous Ideal spinel LiMn20a4

nanosphere and the (b) Amorphous Lithiated-Li2Mn204 spinel nanospheres.
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Figure 4. 5: RDFs for the ideal spinel LiMn204 and the lithiated-Li2Mn204 spinel
depicting the increase in probability of finding lithium atoms with lithiation. (a)
Lithium manganese interactions (Li-Mn) and (b) Lithium oxygen interactions
(Li-O).
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Figure 4. 6: lllustration of atomic distribution in the amorphous LixMn204 (1 < X
< 2) nanospheres through RDF graphs. (a) Liiz.oMn204, (b) Li1.2Mn20a4, (c)
Li1.4Mn204, (d) Li1.eMn20a4, (e) Li1.sMn204, and (f) LizoMn204. The Li-Li, Li-Mn, Li-O

and Mn-O interactions were considered.
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4.3.2 Recrystallised Li-Mn-O composite nanoarchitectures

In this section we discuss the results of the recrystallised Li-Mn-O layered-spinel
composite nanoarchitectures synthesised computationally using the simulated
recrystallisation. Figure 4.7 shows the atomic snapshots of these composite
nanoarchitectures. The crystallinity of these nanoarchitectures is also examined by
RDFs graphs illustrated in figure 4.8. The simulated recrystallisation process is
monitored by plotting the configuration energy of these structures with time as the
process proceeds, which is depicted in figure 4.9. The layered and spinel components
formed at different lithium concentrations are examined using XRD patterns shown in
figure 4.10.

The simulations yielded multi-grained polycrystalline nanospheres with grain-
boundaries except for Li1.sMn20a4. In addition, the orientation and number of the crystal
grains contained in these structures vary with lithium concentrations. Furthermore,
Li1.oMn204, Li1.2Mn204, Li1.3Mn204, Li1.aMn204, Li1.7Mn204, Li1.sMn204, Li1.sMn204 and
Li2.oMn204 comprise of two grains separated by a grain boundary which recrystallised
in different orientations. Conversely, Li1.1Mn204 and Lii1.sMn204 comprise of three
crystal grains that are oriented differently. All the crystal grains that make up the
simulated Li-Mn-O nanospheres comprise of well-ordered atomic arrangements as
illustrated in figure 4.7, which shows successful recrystallisation.

RDF graphs depicting the average distribution of atoms in the recrystallised Li-Mn-O
layered-spinel composite nanoarchitectures have been calculated and are shown in
figure 8. Lithium-lithium (Li-Li), lithium-manganese (Li-Mn), lithium-oxygen (Li-O) and
manganese-oxygen (Mn-0) atomic interactions were considered. Well-defined RDF
peaks showing the probability of finding an atom at a given distance are observed on
the RDF plots. Consequently, explicit sharp peaks with high amplitudes which are
attributed to crystalline structures are noted on all the RDF plots in figure 4.7.
Furthermore, the long sharp peaks indicate the existence of well-ordered arrangement
of atoms in these structures which is in line with the atomic snapshots depicted in
figure 4.7. The RDF peak separation distance, uniquely defines a lattice structure of a
material. Subsequently, the first RDF peak depicts the bond length of the atomic
interaction in question.

In all the RDFs of the recrystallised composite nanoarchitectures, the first RDF peak
indicating the chemical bond length of Mn-O and Li-O is depicted at ~1.9 and ~1.95 A,
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respectively. Moreover, the first peak for Li-Mn and Li-Li interactions is depicted at
~2.8 and 2.87 A, respectively. Furthermore, the Mn-O peak is the most intense peak
in all these structures, showing a well-resolved long peak which connotes that
manganese and oxygen atomic interaction constitutes a well-ordered atomic
arrangement than any other atomic interactions in these structures. Crystalline
structures are characterised by long-range structural ordering. The well-defined RDF
peaks of the recrystallised Li-Mn-O layered-spinel composite nanoarchitectures
extends beyond the first and the second peaks substantiating the crystallinity as
revealed by the atomic snapshots in figure 7. These long-range order peaks are
observed from ~1.90 A to ~9.19 A in all the structures.

The simulated recrystallisation process was captured by configuration energy graphs
calculated as a function of time in figure 4.9. In an amorphous system, atoms are
arranged in an unstable high energy atomic arrangement. The canonical ensemble
employed for the simulated recrystallisation process allows the system to exchange
energy with the environment at a constant temperature affording the atoms a chance
to realise their low energy crystalline lattice arrangements. The recrystallisation
process is started by a small group of atoms arranging in a low energy configuration
forming a new phase. This process is called nucleation which is depicted by the first
energy plateau in the configuration graphs depicted in figure 4.9. Subsequently,
nearby atoms attach into the newly formed nucleus in established lattice positions,
allowing the nucleus to grow into a large crystal. Hence, the decrease in energy from
the first energy plateau into the second energy plateau showing crystal growth. The
configuration energy graphs are in good agreement with the calculated RDF graphs
and atomic snapshots of the recrystallised nanoarchitectures as they illustrate
successful recrystallisation. Accordingly, this is indicated by the second energy
plateau showing no further change in the energy in all the recrystallised
nanoarchitectures. The first configuration energy plateau depicting the nucleation
stage is noted to decrease with an increase in lithium concentration. This implies that
the addition of lithium atoms into the system favours the nucleation process resulting
in a minimal time taken to grow the newly formed nuclei to a critical size sufficient to
allow crystal growth to take place. Multiple nuclei evolved in all the nanostructures
resulting in multi-grained crystal structures with an exception of the Li1.sMn204 which

recrystallised into a single crystal.
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Figure 4. 7: Atomic snapshots depicting the Li-Mn-O layered and spinel
comprising composite nanostructures resulting from the simulated
recrystallisation. (a) Liz.oMn20a4, (b) Li1.1MNn20a4, (c) Li1.2Mn204, (d) Li1.3Mn204, (e)
Li1.4Mn20a4, (f) Li1sMNn20a4, (g) Li1.eMn204, (h) Li1.7zMn20a4, (i) Li1.sMn20a4, (j) Liz.oMn204
and (k) Li2oMn204. The yellow, blue and red spheres represented lithium,

manganese and oxygen atoms, respectively.
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Figure 4. 8 : RDFs graphs showing sharp long peaks confirming successfully
recrystallisation of the LiMn204 and the lithiated LixMn204 (1 < x < 2) spinel
nanospheres. (a) LiMn204, (b) LiziMn204, (c) Li12Mn204, (d) Li1zsMn20s, (e)
Li1aMn204, (f) Li1sMn20a4, (g) Li1eMn20as, (h) Li17Mn20a4, (i) Li1.sMn20a4, (j)
Liz.oMn204 and (k) Li2.oMn20a.
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Figure 4. 9 : Configuration energy plotted against time depicting the simulated
recrystallisation process for the LixMn204 (1 < x £ 2) nanospheres. (a) LiMn204,
(b) Liz.iMn204, (c) Li1.2Mn204, (d) Li1.3Mn204, (€) Li1.aMn204, (f) LizsMn20a, (Q)
Li1.6Mn20a, (h) Li1.7Mn20a, (i) Li1.sMNn20a4, (j) Liz.oMNn204 and (k) Li2.oMn20a.
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4.3.3 Structural characterisation of the recrystallised Li-Mn-
O nanoarchitectures through X-ray diffraction patterns
(XRDs)

Structural characterisation of the simulated Li-Mn-O composite nanoarchitectures
presented in figure 4.7 is discussed. The Li-Mn-O components encompassed in the
structures are scrutinised using XRD patterns. In addition, the XRD patterns of the
simulated structure are compared with XRD patterns of experimentally synthesised Li-
Mn-O spinel and layered structures. Figure 4.10 presents XRD patterns for some of
the recrystallised Li-Mn-O composite nanoarchitectures, captured between 10 and 60
20 angles. Moreover, for comparison purposes only the XRD patterns for Li1.2Mn20a4,
Li1.aMn204, Li1.6Mn204 and Li2.oMn204 were considered.

The simulated nanospheres are ~4.5 nm in diameter, hence some of the XRDs peaks
are not well-resolved. LiMn204, Mn3O4 and Liz2MnO3 characteristic peaks are observed
in all the depicted XRD patterns confirming successful simulated synthesis of the Li-
Mn-O layered-spinel composites. Figure 4.11 compares XRD patterns of the simulated
Li-Mn-O layered-spinel composites with experimental Li-Mn-O layered and spinel
structures. The majority XRD peaks of LiMn204 and Li2MnOs3 positioned between 10
and 60 20 angles are superimposed, however, they are distinguished by a small peak
located between ~19 and 21 28 angles for Li2MnO3s and a well-resolved peak located
between ~58 and 60 26 angles for LiMn20a. In the illustrated 26 range Mn3O4 comprise
of XRD peaks which are superimposed with LiMn204 and Liz2MnO3 XRD peaks and
several distinct peaks setting it apart from the two components. Moreover, Mn3Oa4
characteristic peaks are observed between ~27 and ~34 26 angles.

The layered Liz2MnO3s and spinel LiMn204 characteristic peaks situated between ~19
and 21, and ~43 and 47 20 angles are observed in all the simulated layered-spinel
composite nanoarchitectures alluding presence of these components in all the
simulated structures. The Mn3O4 characteristic peaks located between 27 and 34 20
angles are more intense at low lithium concentrations, however, they decrease with
lithium concentration. It is well-known that the formation of Mn3Oa4 is favoured by
excess manganese oxide in a material [194]. In the XRD pattern of the single crystal
Liz.sMn204 nanostructure we observe two peaks between ~43 and ~47 26 which are

associated with the single crystallinity of this structure.
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Figure 4. 10: XRD patterns of the recrystallised Li-Mn-O layered-spinel
composite nanostructures depicting the layered Li2MnOs, and LiMn204 and

Mn3O4 spinel components. (a) Li12Mn204, (b) Li1.aMn20a4, (c) Li1.eMn204, (d)
Li1.sMn204, (€) Li2.oMn204
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Figure 4. 11: Comparison of the simulated Li-Mn-O layered-spinel composites
nanoarchitectures with experimentally synthesised Li-Mn-O layered and spinel
structures through XRDs. Experimentally synthesised: (a) LiMn204 spinel [194],
(b) Li2MnOs layered [195] and (c) Mns3Oas spinel [196] and computationally
synthesised (d) LiMn204 spinel and (e) Li2Mn20a4 spinel.
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4.3.4 Microstructural features of the simulated Li-Mn-O

layered-spinel composite nanoarchitectures

In this section, structural characterisation of Li1.oMn204, Li1.sMn204, Li1.6Mn20a,
LizsMn204 and Li2oMn204 through atomic level snapshots is carried out.
Microstructural features that evolve during the simulated recrystallisation process are
examined. Consequently, the microstructure of Li1.oMn204 has been captured and
illustrated by the atomic snapshots depicted in figure 4.12. A (b) portion of one of the
grains contained in this nanosphere is depicted in the figure. A significant amount of
spinel Mn304 is observed from this slice and is confirmed by a perfect spinel Mnz0Oa4
model. The Mn304 conventional unit cell in figure 4.12 (i) c-e is viewed along the (100)
plane which explicitly shows manganese atoms occupying the three-dimensional
channels. Moreover, a manganese-rich defective spinel Mn3O4 viewed along the (110)
plane and a layered Li2MnOs component are observed on the sliced portion of the
Liz.oMn204 nanosphere depicted in figure 4.12 (ii), evidence the co-existence of these
components. Crystallographic defects are also observed in the Li1.oMn204 nanosphere
as illustrated in figure 4.13. Accordingly, two uneven crystal grains connected by grain
boundaries are noted in this structure. The extracted portion containing essential
microstructural features, reveal the presence of point defects such as vacancy and
interstitial points defects as illustrated in figure 4.13 d and e, respectively.

Figure 4.14 (i) shows a slice cut from the simulated Li1.3Mn204nanosphere comprising
of essential microstructural features. A defective (e) layered Li2MnOs signifying the
formation of Li2oMnOs component which is in line with the (f) ideal LizMnO3s model is
observed on the depicted slice. Moreover, a conventional unit cell of spinel Mn3O4
constituting crystallographic point defects is noted. In addition, some of the normally
unoccupied 16c¢ sites in the Mn3Oas structure are occupied by manganese atoms
denoting the presence of interstitial point defects. Furthermore, few lithium atoms are
noted on thel6c sites signalling a formation of the LiMn204 spinel component. Figure
4.14 (i) b shows the presence of LiMn204 spinel component in the Li1.3Mn204
nanosphere which is comparable to the perfect LiMn204 model illustrated. However,
this conventional unit cell comprises of manganese atoms occupying the 16c¢ lattice
sites which designate substitutional crystallographic defects. The simulated Li1.3Mn204

nanosphere recrystallised into two grains with similar atomic orientation indicated by
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the arrows in figure 4.14 (ii) a. The two grains are joined together by a grain boundary

which constitutes of atoms that are aligned differently in the two grains.

Figure 4. 12 : Depiction of microstructural features of the simulated (i) (a)
Liz.oMn204 nanosphere showing the presence of (i) (c-d) Mn3zOs4 component
viewed along the (100) plane which is compared to a Mn3Os model. The
simulated (ii) (e) Mn3O4 component is compared with a perfect (i) (f) Mn3Oa4
model viewed along the (110) plane. The (ii) (c) layered Li2MnOs component is

also captured and compared with a perfect (ii) (d) Li2aMnOs model.
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Figure 4. 13 : (a-b) Schematic illustration of crystallographic defects contained
in Liz.oMn204 nanostructure. The two grains that make up this structure are
denoted by (a) and (b). A (c) portion of the Li1.oMn204 nanosphere showing
microstructural features present in the structure have been sliced. Point defects
observed are denoted by the magnified atomic snapshots.

Figure 4.15 shows a schematic representation of microstructural features of the
simulated Li1.sMn204 nanosphere. The nanosphere recrystallised into a single crystal,
wherein, long-range atomic ordering is observed as illustrated in figure 4.15 (k - I).
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Consequently, two portions extracted from this nanomaterial are depicted by (c - d) in
the figure, wherein, essential microstructural features denoted were observed.
Moreover, substitutional point defects are predominant in the spinel LiMn204 phases
denoted by (b) and (f). The simulated Li-Mn-O spinel phase compare very well with
the ideal Li-Mn-O spinel phases with a significant number of lithium atoms located at
the 16¢ octahedral lattice sites. However, sporadic manganese atoms on the 16c¢
octahedral lattice sites are also noted which shows the spinel MnzO4 characteristics.
Figure 4.15 (i) shows the Li1.sMn204 nanosphere along the (100) plane from which a
number of 8a tetrahedral lattice sites on the three dimensional channels are occupied
by manganese atoms and a significant number of the 8a tetrahedral channels are
unoccupied. A considerable number of point defects such as (h) interstitial and (i - j)
vacancy point defects are also observed on the extracted portions.

The polycrystalline Lii.sMn204 simulated nanosphere comprising of three unequal
crystal grains showing different atomic orientations as depicted in figure 4.16 (a, h, ).
In figure 4.16 (h), the grain denoted as grain 1 shows a predominant long-range atomic
order. However, a different view shows the middle grain denoted as grain 2 in figure
4.16 (i) constituting long-range atomic ordering. Figure 4.16 (d) shows a slice cut from
the simulated polycrystalline LiisMn204 nanosphere constituting significant
microstructural features contained in this nanomaterial. Furthermore, we note the co-
existence of less defective layered (b) Li2oMnOs and spinel (f) LiMn204 components
which are comparable to the perfect layered Li2MnOs and spinel LiMn204 components,
respectively. Substitutional defects are dominant in both the observed conventional
unit cells, particularly substitution of manganese 16d atoms by lithium atoms and
substitution of lithium 16¢ atoms by manganese atoms in the spinel LiMn204 cell.
Figure 4.17 illustrates the microstructure of the (a) Liz.oMn204 simulated nanosphere
containing substantial amount of lithium atoms. This nanomaterial crystallised into two
grains with similar atomic orientations joined together by a grain boundary. Both grains
denoted by (k - I) nearly shows the same long-range atomic ordering. The grain
boundary depicted by (m) is noted by distinctive atomic arrangement. A few atomic
layers were extracted from this nanomaterial from which the formed microstructural
features were examined. Layered Li2MnOs and spinel LiMn204 phases are observed
confirming a successfully simulated synthesis of the layered-spinel composite
material. Furthermore, the formed phases are confirmed by the ideal layered Li2MnO3
and spinel LiMn204 conventional unit cells. A number of substitutional defects are also
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observed from which manganese atoms are substituted by lithium atoms on the 16d

lattice sites.
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Figure 4. 14 : (i) A schematic representation of the co-existence of (b) Mn3Osand
(h) LiMn204 components in the (a) Li1.sMn204 simulated nanosphere. These
spinel components are then compared with perfect Mn3Osand LiMn204 models,
respectively. (e) Shows the formation of Li2MnOs validated by a perfect (f)
Li2MnOs model. (ii) (a - b) Two grains of this nanoarchitecture separated by a
grain boundary.

73



Substitution

Single crystal
e © o ° [k]
.
3
A&
L
<
<
°
<
<
w
5
e
poqs - 5 ",‘g p <
Mn interstitial Cpratiigey tel 2L 2 R4
" vivee 0]
“' <
:“'H* ¥
cdr‘r‘ &~ 5
- &
99 B
"LI 4 ¢
{ 2 . .
-
S $
444 <
< -
< <
s YL L\
¢ 1 4
b ¢ &

-
\_

(m) m ()

Vacancy defect

Vacancy defect
Figure 4. 15: Depicts microstructural features comprised in the crystal structure
of the simulated (a) Li1.sMn204 nanosphere. The observed LiMn204 components
are denoted by (a) and (f), respectively. These components are then validated
by a perfect LiMn204 model represented by (c) and (g). Noted crystallographic
defects point defects are denoted by (h - j) and the single crystalline Li1.6Mn20a4

nanosphere is denoted by (k - 1).
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Figure 4. 16: A schematic illustration of the Li-Mn-O components that evolved
during the simulated recrystallisation process in the (a) Li».sMn204 nanosphere.
The co-existence of layered (b) Li2MnOs and spinel (f) LiMn204components were
observed which are compared with the perfect (c) Li2MnOs and (e) LiMn204
models, respectively. The noted manganese and lithium substitutional point
defects are denoted by (g). The three uneven grains that make-up the Li1.sMn20a4
nanosphere are denoted by (h -i).
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Figure 4. 17: Microstructural features of the simulated (a) Li2.oMn20a4
nanosphere. A sliced (b) portion of this nanoarchitecture comprising of spinel
(c) LiMn204, layered (e) Li2MnOs and crystallographic (I - j) point defects. The
layered Li2MnOs and spinel LiMn204 components are confirmed by their
respective perfect models, (d) and (f). The two Li2oMn204 crystal grains

connected together by a (m) grain boundary are denoted by (k - i).
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4.3.5 Crystallinity of the simulated Li-Mn-O layered-spinel
composite nanoarchitectures by use of atomic snapshot
and RDF graphs

Distribution of manganese and oxygen atoms in the perfect Li1.oMn204 spinel model
and the simulated layered-spinel composite nanoarchitectures (Li1.oMn204, Li1.6Mn204
and Li2.oMn204) is captured by the plotted Mn-O RDF graphs depicted in figure 4.18
(a - b). Moreover, figure 4.18 (b) denote RDF peaks representing the bond length of
manganese and oxygen atoms in these Li-Mn-O layered-spinel systems. Furthermore,
the first RDF peak of these layered-spinel systems is then compared to the first RDF
peak of the perfect LiMn204 spinel model to aid in scrutinising the crystallinity of these
structures. The three-dimensional Li-Mn-O spinel channels that facilitate the diffusion
of lithium ions during a charge/discharge process are formed by manganese and
oxygen atoms. Hence, the Mn-O bond length is essential in this regard. The perfect
Liz.oMn204 structure consist of sharp RDF peaks indicating that manganese and
oxygen atoms are occupying their exact ideal lattice positions. However, the RDF
peaks of the simulated Li-Mn-O layered-spinel composite nanoarchitectures are
slightly broad as compared to the RDF peaks of the ideal spinel structure. The addition
of lithium atoms increases the crystallinity of these nanomaterials, which is evinced by
a decrease in the broadening of RDF peaks as lithium concentration increase. The
first Mn-O RDF peak of the simulated Li1.oMn204 nanomaterial is broader than the first

Mn-O RDF peak of the simulated Li2.oMn204 nanomaterial.

Figure 4.19 shows the atomic arrangement of the simulated Li-Mn-O layered-spinel
composite nanoarchitectures, (a) Li1.oMn204 and (b) Li2.oMn204. Figure 4.19 (c - d)
shows magnified portions of the structures depicted in figure 4.19 (c - d), for a clear
display of the atomic arrangement in these structures. The simulated Li2.oMn204
nanoarchitecture comprise of clear three-dimensional channels than the simulated Li-
Mn-O Li1.oMn204 nanoarchitectures. As such, the crystallinity of the simulated Li-Mn-

O composite nanoarchitectures increases with lithiation.
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Figure 4. 18: Comparison of Mn-O RDF graphs of the perfect Li1.oMn204 spinel
model with the simulated Li-Mn-O layered-spinel composites nanoarchitecture:
Liz.oMn204, Li1.6Mn204, and Li2oMn204. (b) The magnified first peaks of the RDF
graphs denote the Mn-O bond length.
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Figure 4. 19 : Comparison of the crystallinity of the simulated Lii.oMn204 and
Li2.oMn204 nanoarchitectures using atomic level snapshots. (a-b) Liz.oMn204and
Li2oMn204 simulated nanospheres, respectively. Magnified portions showing

clear atomic arrangement are depicted by (c - d).

4, Discussions

In this chapter, the discharge process was simulated by generating Li-Mn-O layered-
spinel composite nanoarchitectures at different lithium concentrations (1 < x < 2) using
the simulated amorphisation and recrystallisation performed using the molecular
dynamics code, DLPOLY [189]. Simulated amorphisation was carried out under the
micro-canonical ensemble from which a chemical lithiation was performed. The
resulting lithiated Li-Mn-O amorphous structures were then recrystallised under the
canonical (NVE) ensemble. The success of the simulated amorphisation was
confirmed by RDF graphs and atomic level snapshots. Furthermore, the simulated

recrystallisation process was also carried out successfully as captured by atomic
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snapshots, configuration energy graphs and RDF graphs. Essential microstructural
features formed in all the recrystallised layered-spinel composite nanoarchitectures
were inspected in order to study the discharge process. The co-existence of the
layered (Liz2MnO3) and spinel (LiMn204 and Mn3Oa4) in the simulated nanostructures
was confirmed by atomic snapshots and XRD patterns. Moreover, a key number of
crystal point defects which plays an important role in the electrochemical properties of
these nanomaterials have been observed. The configuration energy graphs illustrating
the simulated recrystallisation process indicates that the required time for a nucleus to
reach a critical size that enables its growth decrease with lithium concentration. All the
simulated Li-Mn-O layered-spinel composite nanoarchitectures recrystallised into
polycrystalline nanospheres with an exception of the Li1.sMn204 nanosphere which
recrystallised into a single crystal. A notable amount of the spinel MnzO4 component
is observed on the composite nanostructures with lower lithium content, i.e.,
Liz.oMn204, Li1.3Mn204 and Li1.eMn20a4 from the calculated XRD patterns and atomic
level snapshots. As the discharge process proceeds a significant number of spinel
LiMn204 and layered Li2MnOs phases are noted which indicates that lithiation favours
the formation of these phases. A considerable amount of vacancy defects are
observed at lower lithium concentrations and they decrease with an increase in lithium
concentration. The calculated XRD patterns confirm the co-existence of Li-Mn-O
layered and spinel phases in these nanoarchitectures which is in good accord with the
captured atomic snapshots. However, the spinel Mn3O4 phase is noted to decrease
as the discharge process proceeds, this is also in line with the depicted atomic
snapshots from figure 4.12 to figure 4.17. Diffraction peak splitting is observed
between 43 — 48 20 angles on the XRD pattern of the simulated Lii1.sMn204
nanosphere in figure 4.10, this is aligned with the fact that single crystals diffract the
incident x-ray more than polycrystalline materials and can also indicate the reported
cubic to tetragonal phase transformation observed in LiMn20a4 spinel structures [197,
198, 199].
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CHAPTER 5

Conclusion and recommendations

5.1 Conclusion

Lithium-ion batteries made a substantial impact on the advancement of various
technology applications due to their high energy densities, particularly in portable
electronic devices. However, there is a notable increase in demand for sustainable
energy due to the exponential technology growth and the need to move away from
traditional energy sources to sustainable environmental friendly energy sources. This
requires the development of sufficient affordable energy storage systems with the
ability to power large scale systems such as electric vehicles. Lithium-ion batteries are
one of the potential solutions owing to improvement of their electrochemical
performance which involves the use of abundant suitable electrode materials. The
reported synergistic effect of layered-spinel composite materials which resulted in a
tremendous improvement on their structural stability, cycling performance and higher
specific capacity, > 250 mAh/g qualifies this propitious material as a viable option in
advancing lithium-ion batteries. However, there’s limited information on the internal
structural changes responsible for the noted enhanced electrochemical performance
of these layered-spinel composites with a number of studies focusing on improvement
of their specific capacity. Hence, in this study we employed the first-principles DFT
studies and the well-understood simulated amorphisation and recrystallisation
molecular dynamics technique to explore the electronic and atomic structure of the

layered-spinel composite material as a function of lithium concentration.

The study of the non-magnetic and magnetic electronic structure of spinel LiMn204
carried out using the first-principles DFT code (CASTEP) provided valuable insights
on the conductivity of this material. Analysis of the electronic structure was explored
through electronic band structures and DOS calculations. The non-spin polarised
LiMn204 spinel electronic structure demonstrated good conductivity in all the studied
concentrations (Mn204, LiMn204 and Li2Mn204) as evidenced by overlapping valance
and conduction band notable in the calculated electronic band structures and DOS.

The filling of the conduction band as lithium-ions are intercalated into this systems was
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revealed by a shift in Fermi level towards the conduction band. In consideration of the
reported magnetism of LiMn20a4, spin polarised electronic band structure and DOS
calculations were also performed. A slight difference in the magnetic and non-
magnetic electronic structure of this material was observed, with the magnetic Mn204
spinel showing a bandgap of ~0.65 eV. However, as lithium atoms are intercalated
into this material, an overlap of the valence band and the conduction band is noted
implying improvement in conduction of this material as the discharge process
proceeds. Moreover, spin-up and spin-down electronic band structure and DOS
calculations further elucidate on the conductivity of this material by further suggesting
that the spin-up valence electrons are responsible for electric conduction. The non-
magnetic spinel LixMn204 (1 £ x £ 2) as a function of lithium concentration exhibits
good conductive properties (electrochemical properties) than the magnetic structure.
The magnetic spinel structure shows good conductive properties at Liz.oMn204 and
Li2Mn204 concentrations which suggest that cycling (charging/discharging) between
these concentrations will yield good electrochemical performance. Furthermore, the
investigation of the structural changes as a function of lithium concentration was
further carried out by performing atomistic simulations of the promising Li-Mn-O
layered-spinel composite nanoarchitectures. Whereby, Li-Mn-O layered-spinel
composite nanoarchitectures at different lithium concentration (1 < x < 2) were
generated using the simulated amorphisation and recrystallisation, wherein, the
success of this technique was confirmed by RDF graphs and atomic snapshots. The
simulated synthesis technique was able to capture essential microstructural features
which are observed experimentally and are key to performance of lithium-ion batteries.
Consequently, enabling atomic-level analysis of the discharge process which is quite

a challenge experimentally.

XRD patterns and atomic level snapshots were employed to characterise the formed
components in the generated Li-Mn-O spinel nanoarchitectures, which confirmed the
co-existence of the layered and spinel components in these nanoarchitectures. The
discharge process as depicted by the generated nanoarchitectures at different
concentrations was monitored and the structural changes that occur as the process
proceeds were also noted. The calculated XRD patterns indicates a decrease in spinel
Mn30a4 content with lithiation. A similar trend is also noted on the atomic snapshots.
Whereby, a significant amount of spinel Mn3Oas (Li1.1Mn204 and Li1.3Mn204) is
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observed, however, as the discharge process continues (Liz.sMn204 and Li2.oMn204)
a considerable amount of spinel LiMn204 and layered Li2MnOz are observed. The Mn?*
ions in spinel Mn3Oa4 are soluble in LiPFs salt electrolyte in the presence of residual
cell water leading to capacity fading [47]. Hence, a decrease in Mn3O4 content due to
the formation of LiMn204 and Li2MnOs3 will hinder the reported structural instability
caused by Mn?* ions and substantially decrease the reported capacity fading due to
Mn2* [200, 201, 202]. A decrease in a number of vacancy defects as the discharge
process proceeds was also noted alluding that lithium atoms occupy the vacant sites
as the process progresses. The crystallinity also noted to increase with lithiation which
results in more clear lithium diffusion channels which facilitate fast charge/discharge
process suitable for large scale systems such as electric vehicles. This can be
attributed to the spinel component due to its three-dimensional diffusion channels. This
poses a need to tailor the amount of spinel and layered content present to achieve a

high energy density and durable lithium-ion battery.

5.2 Recommendation

Future work entails investigation of average lithium intercalation voltage profiles for
better insights on the electrochemical performance of the Li-Mn-O layered-spinel
composite nanoarchitectures. The amount of layered and spinel content in a layered-
spinel composite has significant impact on the electrochemical properties of the

material.
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