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Abstract 

The vast majority of typical cathode materials for lithium ion batteries suffers from severe 

specific capacity due to structural changes that occur during the process of cycling, which 

may lead to fractures within the battery material. Nanostructured materials can act as 

lattice hosts to accommodate lithium during the charging and discharging process of 

lithium ion batteries. Nanoporous materials specifically have been studied and found to 

have large surface areas and volume density, which allows them to flex within their pores 

during cycling. However, not much has been done to apprehend their electrochemical and 

mechanical properties at nanoscale especially at intermediate lithium concentrations 

where the structures undergo phase transitions and how these changes or transitions 

affect cycling. For that reason, this study seeks to understand the implications that come 

with structural changes and how they affect the mechanical performance of the battery 

material; and eventually, come with a better structure that can withstand harsh battery 

conditions as severe capacity fade. 

Computational simulation methods, using the amorphisation and recrystallisation 

technique employing the DL_POLY code, were used to generate and simulate the spinel 

LiMn2O4 nanoarchitectures. The conductive ion host capabilities of the Li-Mn-O composite 

nanoarchitectures (porous and bulk) with co-existing layered-spinel (Li2MnO3, LiMnO2, 

LiMn2O4 and Mn3O4) materials are investigated to predict their structural, electrochemical 

and mechanical properties during the discharge process. These properties are very 

important since they provide information on microstructural features and possible volume 

variations that may occur during cycling. Furthermore, the amorphisation and 

recrystallisation technique can assist in investigating the effects of diffusion induced 

stress during the cycling process.  
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The discharge process was simulated by chemically lithiating the Li1+xMn2O4 

nanoarchitectures and bulk at different lithium concentrations, where 0 ≤ x ≤ 1. To be 

precise, the structures were lithiated to five different concentrations of Li1.00Mn2O4, 

Li1.25Mn2O4, Li1.50Mn2O4, Li1.75Mn2O4 and Li2.00Mn2O4. The simulated structures are 

nanoporous 75 Å, nanoporous 69 Å, nanoporous 67 Å and the bulk (63 Å). The structures 

were amorphised and recrystallised at 1700 K, then characterised by interrogating their 

total radial distribution functions (RDFs) and their X-ray diffraction patterns (XRDs). 

Furthermore, the structural integrity of the materials was investigated through 

microstructural and structural changes in terms of volume variation, defects and grain 

evolution with increasing lithium concentration.  

The total RDFs and structural snapshots for the Li-Mn-O composites show efficiently and 

spontaneously recrystallised structures that evolved into single and multiple grains. The 

multiple grained structures are observed mainly at the Li1.75Mn2O4 concentration. 

However, few to no grain boundaries for nanoporous 69 Å recrystallised structures at NST 

and NVT are observed, respectively. Meanwhile, for the bulk recrystallised under the NST 

ensemble, the structure remains a single grain throughout the discharge process. The 

Li1.75Mn2O4 is the concentration where the structures change symmetry from cubic to 

tetragonal phase. The harvested microstructures show a wealth of crystallographic defects 

that reduce with increasing lithium content. The increase in lithium concentration also 

influences the abundance of the spinel Mn3O4, which reduces with lithiation. The 

microstructures also show the layered-spinel components co-existing within structures. 

The XRD validates the co-existence of layered-spinel structural composites by 

characterising the signature and fingerprint peaks of these materials when compared to 

the experimental. The XRDs for the simulated structures depict significant shifts, splits and 

broadening of peaks with lithiation. 



 
 

vi 
 

The nanoporous, unlike the bulk structures, have channels (pores) that allow for better 

lithium atom transportation and diffusion. The lattice dimension of these nanoporous 

structures is relative to the pore size. This implies that a material with a larger lattice will 

have a bigger pore that can possibly accommodate more lithium atoms on its structure 

and cavity. Further investigations on the nanoporous structures reveal that pore sizes 

reduce with increasing lithium concentration under NVT ensemble recrystallisation, except 

for nanoporous 69 Å at Li1.75Mn2O4, where the pore is observed to increase in size. 

Recrystallising the structures under the NST ensemble result in the pores increasing in 

size from Li1.00Mn2O4 to Li1.25Mn2O4, and thereafter reduce with increasing concentration 

where some pores completely close up at Li1.75Mn2O4. However, full lithiating the 

structures to Li2.00Mn2O4 under both ensembles results in the materials almost regaining 

their original pore sizes.  

The structures were also exposed to temperature to investigate their lithium diffusivity and 

stability with lithiation. The diffusion coefficients of lithium in the structures with increasing 

concentration and temperature also show that pore size influences diffusivity. This is 

because nanoporous 75 Å shows the highest lithium diffusion compared to its 

counterparts followed by nanoporous 69 Å, then nanoporous 67 Å and lastly, the bulk, 

where the stability of the materials is maintained. The structures also undergo volume 

expansion during lithiation under the NST ensemble and they all maintain their structural 

integrity throughout. However, nanoporous 69 Å at Li1.75Mn2O4 is observed to be resilient 

to expansion. Meanwhile, the bulk volume drops drastically from Li1.75Mn2O4 to 

Li2.00Mn2O4 concentration. The reason for the nanoporous structures to withstand 

lithiation without fail is attributed to their ability to flex within their pores and larger surface 

areas; meanwhile, for the bulk, the Mn3O4 walls could be collapsing.  
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The mechanical properties of the nanoporous materials investigated through stress-strain 

calculations, with the imposed uniaxial stress of 0.1 GPa, show RDFs which have broad 

and flat peaks with increasing radial distance r, implying the disorder in atom arrangement. 

Meanwhile, the XRDs show peaks merging to form one broad peak; while other peaks shift 

and split. The stress-strain plots reveal that nanoporous 69 Å especially at Li1.75Mn2O4 has 

the highest yield strength when compared to its counterparts. This indicates that 

nanoporous 69 Å is more robust since it can evolve into one or few grains, resist expansion, 

fracture and also have efficient lithium diffusion at varied temperatures. This implies that 

nanoporous 69 Å material has the potential to curb the current battery setbacks such as 

volume expansion that causes cracks within the battery material during cycling causing 

battery degradation. 
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CHAPTER 1 

 Introduction and general background  

Lithium ion batteries play an important role and are dominant power sources for consumer 

electronics in modern society [1]. These batteries are used universally in portable 

electronic devices, electric vehicles and smart grids. Consumer preferences motivate 

developments of technologies that supports fast charging for these devices.  Fast charging 

is needed and very necessary for these devices, however, the accelerated degradation of 

lithium ion batteries is one of the major setbacks [2]. The energy storage field focuses 

mainly on the development of ideal materials that can have high performance, economic 

benefits and environmental affinity [3]. However, some of these materials come with 

significant energy consumption costs [4, 5]. As such high-voltage lithium-rich and 

manganese-based cathode materials, which are emerging as cost-competitive players in 

low carbon electricity systems and vehicles, have attracted wide attention due to their high 

capacity (>250 mAh/g), which is significantly superior to the conventional cathode 

materials, such as layered LiCoO2, spinel LiMn2O4, olivine LiFePO4 and layered 

LiMn1/3Ni1/3Co1/3O2.2 [6, 7].  

Lithium manganese-based metal oxides (LMOs) are considered to be one of the promising 

cathode materials, because they can be used on a large scale for hybrid-electric vehicles 

and electric vehicles applications [8]. Spinel LiMn2O4 in particular, is one of the materials 

which have been identified as a potential candidate for the supply of energy, conversion 

and storage because it is cheap, has good structural stability with improved safety 

conditions and environmental friendliness [9, 10]. This has made it become a lithium-ion 

battery research hotspot [3]. Furthermore, it has an excellent rate performance with 3D 
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Li+ diffusion channels [11]. On the other hand, Manganese is found abundantly in nature 

in the form of minerals as well as alkaline-manganese batteries [12]. However, spinel 

LiMn2O4, suffer from a severe loss in specific capacity and voltage fade [9, 13, 14]; 

especially, under high temperatures operations, hampering their commercial applications 

in lithium batteries [3, 11]. This causes limited cycle life due to the dissolution of 

manganese and structural distortion [3].  

The discovery of spinel LiMn2O4 for battery applications came from the pursuit of finding a 

cost-effective oxide cathode material [11].  The first conversion of LiMn2O4 into a new form 

of manganese dioxide ג-MnO2 by chemical delithation in an aqueous acidic solution was 

reported by Hunter in 1981 [15]. Thackeray then reported on the electrochemical lithiation 

and delithiation of LiMn2O4 in 1983; shedding a light on the research for Li-Mn-O cathode 

materials, where thermal stability was addressed [16, 17].  Further research of complex 

phase diagrams and structures of manganese-based materials also established efforts to 

optimize the electrochemical properties during the charge and discharge processes and 

steered to the finding and improvement of high voltage spinel cathodes and high capacity 

layered lithium and manganese-rich cathodes [11, 18, 19].  

Spinel LiMn2O4 has a smaller capacity and energy density compared to the layered LiNi1-x-

yCoxMnyO2, LiNi1-x-yCoxAlyO2, Li-/Mn-rich cathodes and LiCoO2, it is, however, cost-effective, 

environmentally friendly and non-hazardous. Furthermore, it has a more robust crystal 

structure with fast diffusion kinetics. Therefore, it is often blended with layered cathodes 

to optimise structural and thermal stability, reduce cost and improve rate performance 

[11, 20]. Layered-layered cathode materials, especially lithium excess layered transitional 

metals such as xLi2MnO3
.(1-x)LiMO2 (M = Mn, Ni, Co) have drawn much attention due to 

their ability to achieve a high capacity for lithium ion batteries [21]. However, this has been 

hampered by voltage fade which has recently been reduced by the addition of a spinel 
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component, but with a reduced capacity [7]. Other layered-layered cathode materials 

performance limitations include structural stability and low first-cycling stability which 

ultimately give rise to poor rate performance [22, 23].  

The development of nanostructured materials has been underway and is concentrated on 

the advancements of synthesis, characterisation and optimisation of nanomaterials for 

building high-performance lithium ion batteries [24]. Nanomaterials are convenient 

materials to be used as energy storage materials due to their ability to accommodate strain 

in high-capacity electrodes and to provide better storage coupled with capacity retention 

with a minimum compromise to the battery life cycle [24]. Furthermore, they are capable 

of shortening the diffusion lengths or path for the lithium ion materials travelling to the 

core of the surface from the particle and transfer to the electrolyte allowing a higher 

electrode-electrolyte contact area [13, 24, 25]. Layered-spinel lithium manganese oxides 

have a spontaneously great reversible capacity of 302 mAh/g and superior rate capability 

[26, 27, 28]. In the layered spinel composite, the layered Li2MnO3 component is not only 

capable of contributing high capacity but is also capable of stabilizing the spinel after its 

electrochemical activation during the initial cycle [21].  

Over the years, lithium ion batteries have shown constant improvements in portability (size 

and weight) and lifespan during cycling [29]. With the ever-changing market, lithium ion 

batteries require efficient, sustainable, continuous innovation and enhancement to meet 

the high demand for energy storage [1]. To overcome the current battery obstacles, the 

use of nanostructured materials for the development of fast charging electrodes is the 

best approach [30]. Figure 1.1 shows some of the applications of lithium ion batteries in 

our everyday lives as part of energy storage sources.  
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Figure 1. 1: The applications of Li-ion batteries in (a) electric vehicles replacing fuel, (b) smart grids 

as a network for digital communications technology to detect and react to local changes in 

electricity usage and (c) in electronics as a power source storage for cell phones, power banks, 

cameras and laptops. 

1.1 Literature review 

Many technologies particularly those focusing on the energy storage are burdened by the 

limited durability of present lithium ion cells. One of the limitations has been the 

achievement of high specific capacity, which can give reasonable driving distances of 

electric vehicles before recharge. Over the past years, spinel LiMn2O4 has become the 

most paramount material, received tremendous attention and became the centre of 

research especially for lithium ion batteries which are desired for their properties such as 

low cost and minimal safety hazards [9, 31]. However, spinel LiMn2O4 suffers from rapid 

high capacity fade especially at high temperatures [13, 31]. This is due to factors such as 
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lattice distortion caused by the Jahn-Teller effect, dissolution of manganese and oxygen 

defects [3]. The Jahn-Teller distortion causes deterioration of the LiMn2O4 life cycle, this 

happens when the manganese oxidation state is ≤ 3.5 which then generates stresses that 

may result in particle cracking and electric contact loss upon cycling [32]. Studies have 

concentrated on improving the specific capacity, where not much has been done to 

understand and manipulate the electrochemical potentials of the electrode materials to 

achieve or optimise the battery performance [4, 5]. To overcome this problem, porous 

cathodes are currently being utilized [6]. Computational modelling has played a vital role 

in studying lithium intercalated cathode materials for lithium-ion batteries, in particular, 

the amorphisation and recrystallisation techniques employing computer methods have 

been successfully used to synthesise various nanoarchitectures of metal oxides such as 

TiO2 and MnO2 [33, 34]. Lithium intercalation of these binary systems showed that they 

are capable of producing results similar to those observed experimentally in terms of 

microstructures and X-ray diffraction patterns. 

1.1.1 Lithium ion cathodes and their setbacks 

Presently, the more established cathode materials are layered LiCoO2, olivine structure of 

LiFePO4, LiNi1-x-yCoxMnyO2 (M=Mn, Al) of the ternary layered structure and spinel LiMn2O4 

[35].  

Lithium cobalt oxide (LiCoO2) and layered lithium cobalt oxide (LixCoO2) introduced by 

Goodenough is the earliest and most commonly used cathode for lithium ion batteries 

[36]. LixCoO2 has a charge density of 140 mAhg-1 (specific capacity), with low irreversible 

capacity loss and good cycling capacity. Cobalt resources are scares, poisonous, have low 

thermal stability and the production of their cathodes is expensive [22, 31, 37].  
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Among the olivine group, there are phosphate compounds. Lithium iron phosphate 

(LiFePO4) is one of the lithium cathodes which have also received a lot of attention due to 

its low cost, non-toxicity, good thermal and chemical stability [38]. However, LiFePO4 

suffers from a low electrochemical performance at room temperature due to low lithium 

diffusion and poor electronic conductivity [38]. Other olivine structures include LiMnPO4 

which gives ~0.4 V higher than LiFePO4 leading to higher specific energy, however, this 

compound also suffers from low conductivity [36, 39].  

Ternary layered materials such as LiNixMnyCo1_x_yO2 for cathode battery materials have 

also been considered for lithium ion batteries. This is because LiNixMnyCo1_x_yO2 not only 

hold all the advantages of LiCoO2 but have less cobalt, better thermal stability and higher 

capacity. However, the issue of Li/Ni disorder severely restricts their electrochemical 

properties [40].  

Lithium manganese oxides (LMO/ LiMn2O4) are of great interest due to their stability and 

theoretical capacity of 140 mAhg-1, with the actual capacity of 120 mAhg-1 [35]. 

Furthermore, LMO’s and their derivatives such as LiNi0.5Mn1.5O4 are desired for their cost-

effectiveness, high environmental affinity and the natural abundance of Mn, thus they 

have great development aspects [35, 41]. Moreover, LMO is of high advantage considering 

its high Li intercalation voltage range of 3.0 – 4.3 V [42]. Unfortunately, the cycling stability 

of LMO and its high rate discharge performance are not optimal enough, especially at 

elevated temperatures and the attenuation of discharge specific capacity also limits its 

large scale application [35]. The Jahn-Teller effect, which causes a change in symmetry of 

the LMO structure from cubic to tetragonal and the dissolution Mn are the major 

shortcomings [43, 44]. The dissolution of Mn into the electrolyte causes the 

inhomogeneous distribution, generation of new structural phases and related micro-

strains during the cycling process in the structure [45]. 
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1.1.2 Enhancement of lithium ion battery through composites and 

nanoporous structures 

Using composite materials for lithium ion batteries is one of the means to enhance battery 

performance [21, 46]. As such alternatively layered composite materials such xLi2MnO3
.(1-

x)LiMO2 (M=Mn, Ni, Co) are being studied. The layered-layered cathode materials, 

especially lithium excess layered transitional metals such as xLi2MnO3
.(1-x)LiMO2 (M=Mn, 

Ni, Co) are cathode materials that have received extensive scrutiny due to their ability to 

achieve high capacity for lithium ion batteries [21].  

An approach to incorporate a spinel component into a layered (L) or layered-layered (LL) 

materials to form complex, structurally integrated layered-spinel (LS) or layered layered-

spinel (LLS) electrodes has demonstrated substantial promise, especially when targeting 

a spinel content of 5-10 mol % [7, 22, 47]. The reason behind this approach is that 25 % 

of the transition metal cations in the lithiated spinel component are located in the lithium 

rich layers and therefore, increase the binding energy of the close-packed oxygen array 

[22, 48]. Indeed, it has been shown that the incorporation of a spinel component, in a low 

concentration, can improve cycling stability and rate capability and reduce first-cycle 

irreversible capacity losses of layered electrode systems [22, 49]. This was also confirmed 

by studies done by Long, et al. [7] and Deng, et al. [27], which have predicted that 

xLi2MnO3
.(1-x).LiMO2 cathodes are capable of delivering >250 mAh/g when charged to 

high potentials (>4.4 Vs. Li). This phenomenon was achieved by controlling the spinel 

content in the layered-layered spinel electrode materials and regulating the 

electrochemical voltage window of the lithium cells, thus yielding a high capacity with 

minimum voltage fade.  
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The success of the use of composite structures embraces considerable promise for further 

improvements in the compositional design and performance of high manganese content 

cathode material with multi-functional character. This is because such composite 

structures are capable of producing a favourable outcome for the development and high 

exploitation of high capacity electrodes with good cycling efficiency [50].  

Nanoporous structured electrode materials have been widely investigated and gained 

great success in Li-ion batteries and Li-air batteries. When these are compared with normal 

electrodes, they usually show improved electrochemical performance which is mainly 

originated from and attributed to the three-dimensional bicontinuous architectures which 

offer high surface areas readily accessible by carrier charges and electrolytes. 

Furthermore, porous structures at the nanoscale shorten the lithium ion diffusion length 

between the electrolyte and the electrode. Moreover, the residual space in the electrode 

composite is capable of accommodating large volume expansion during discharging–

charging processes [51, 52, 53]. Therefore, using composite nanoporous materials for 

lithium ion battery cathodes might curb the current battery hazards and optimise their 

performance.   

1.1.3 Structural description  

Spinel LiMn2O4 comprises of a cubic structure with the space group of Fd-3m and lattice 

constant/parameter of a = 8.239 Å [54]. This is the symmetry in which the lithium and 

manganese ions occupy the (8a) tetrahedral and (16d) octahedral sites respectively, with 

a close-packed array of oxygen ions in the 32e sites [55]. The edge-sharing octahedral 

MnO6 is very stable and holds a series of intersecting tunnels as a result of face-sharing 

tetrahedral sites and the vacant octahedral (16c) sites [11, 56, 57]. These tunnels form a 

bonded network which allows for three-dimensional (3D) diffusion of lithium to take place 

[13]. The cathodes of lithium ion rechargeable batteries store lithium ions through 
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electrochemical intercalation and must contain appropriate lattice sites or spaces to store 

and release working ions reversibly [58]. Table 1.1 shows the constant lattice parameters 

of spinel LiMn2O4 obtained experimentally with a cubic structure and the space group of 

Fd-3m.  

Table 1.1: Structural properties of spinel LiMn2O4. 

LiMn2O4  Exp [54]. 

Lattice parameters   a = b = c = 8.239 Å 

Space group Fd-3m  

Crystal system Cubic structure 

 

1.1.4 Lithiation/delithiation mechanism and effect of cycling 

The lithiation and delithiation processes or rather the discharge and charge processes of 

a battery material uses lithium ions as the intercalation component. Lithiation (discharge) 

is when the Li+ atoms are inserted into the electrode (cathode), meanwhile, delithiation 

(charge) atoms are removed from the electrode (anode). Materials can be lithiated 

experimentally and computationally by chemical or electrochemical lithiation. In chemical 

lithiation, the structure is intercalated with lithium while it is still in its amorphous state, 

while for electrochemical lithiation, the material is lithiated while recrystallised.  

The potential of the host material (electrode), changing of the valence states, and the 

availability of space to accommodate the lithium ions and the reversibility of the 

intercalation reactions, are the factors that determine the storage capacity of the battery 

[58]. The functionality of lithium ion batteries occurs when the lithium ions are transported 

between the two electrodes (anode and cathode) through the electrolyte. Upon 

discharging, the lithium ions migrate to the anode from the cathode through the electrolyte 
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and vice versa for the charging process. The insertion and extraction reaction of lithium 

from one electrode to another can cause the electrodes to deform. This can result in 

stresses that cause fractures and cracks [59, 60].  

The movement of lithium from the tetrahedral-octahedral sites takes place when lithiating 

spinel LiMn2O4 to create average Li1+XMn2O4 (0 < x < 1), which is a two-phase reaction of 

spinel to ordered tetragonal rock salt Li2Mn2O4, and provides a flat voltage plateau of 3 V 

versus Li+/Li, this phenomenon is associated with the Jahn-Teller distortion. Lithiation of 

spinel LiMn2O4 is charge compensated for Mn4+/Mn3+ by redox couple, where Li1+xMn2O4 

has Mn3+ and Mn4+ on the average with x > 0. Mn3+ is a Jahn-Teller ion, while Mn4+ is not; 

this implies that excessive Mn3+ initiates cooperative Jahn-Teller distortion in the lattice 

and disrupts the cubic symmetry to tetragonal. This degrades the material upon 

electrochemical cycling [11, 44].  

 

Figure 1.2: The battery mechanism showing the cycling discharge (lithiation) and charge 

(delithiation) processes.  

1.1.5 Structural deformations 

Structural deformation of a material entails the change in its size or shape when force is 

applied to it. Significant dimensional and volume changes are associated with variations in 

lattice parameters and transformations of crystalline/amorphous phases that occur during 
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electrochemical cycling and cause structural deformations. The lithium ion battery material 

such as LiMn2O4 can store and accommodate a lot of lithium ions but have large structural 

change and volume expansion which can cause mechanical failure due to structural 

deformations such as stress [30]. Furthermore, the lithiation induced deformations and 

the strategies adopted for addressing the stress-related issues raises various concerns 

that still need to be addressed to overcome the stress related problems. These issues are 

some of the major bottlenecks towards the development of new high-capacity electrode 

materials for Li-ion batteries. The stresses can cause fragmentation, disintegration, 

fracturing, and loss in contact between current collectors and the active electrode 

materials, which can also expose fresh surfaces to the electrolyte [61]. Mechanical 

characteristics of lithium ion batteries are of paramount importance when designing 

electrodes with maximised energy density and lifespan [62, 63]. Mechanical ageing is 

believed to be of the reasons for early and unexpected cell death.  This is due to inherent 

volume variations during the operation of lithium ion batteries [64]. 

Lisa K. Willenberg et al. currently reported on volume changes on lithium ion batteries to 

demonstrate their impact on battery ageing [62]. An irreversible effect over the lifetime of 

the battery was observed which results in the death of the battery [62]. However, porous 

materials have been reported to have larger surface areas because of their pores and they 

are capable of enhancing the mechanical stability and electrochemical performance of 

lithium ion batteries [52].  
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1.2 Intentions of the study 

Sustainable, efficient and cost-effective energy conversion and storage technologies are 

very important for the development and enhancement of newer applications for lithium ion 

batteries. Previous studies have revealed that the major setback in lithium ion batteries is 

the loss in specific capacity, which emanates from inherent material properties such as 

the low diffusion of lithium ions in the cathodes [52, 65]. Researchers have investigated 

ways to prevail from this problem by studying the morphological design and 

microstructures of the cathode, which can ensure to improve the insertion and extraction 

of the lithium ion with a reduction in diffusion pathway [52, 65, 66].   

Computational modelling methods, employing both quantum mechanical and empirical 

approaches have played a crucial role in expediting lithium ion battery developments. In 

particular, the amorphisation and recrystallisation techniques have been successfully 

used to synthesize various nanoarchitectures of metal oxides such as TiO2 [33, 67] and 

MnO2 [68]. Lithium intercalation of these binary systems showed that they can act as good 

electrodes considering their ability to store and transport lithium atoms during the 

charging/discharging process [33, 34]. Furthermore, computational methods have 

accelerated material design efforts through rapid and comprehensive prediction of 

materials stability and properties [69]. Computational material science has made major 

strides in becoming a predictive discipline, impacting fundamental science as well as the 

development programs of industrial materials [70]. This approach brings together 

elements from diverse fields of study such as physics, mathematics and chemistry, and 

has the potential to handle multiscale and multi-disciplinary simulations in realistic 

situations [71]. Computer simulations also known as computer experiments adds a new 

dimension to scientific investigation and has been established as an investigative research 

tool that is as important as the traditional approaches of experiment and theory. Computer 
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simulations are much less impaired by many degrees of freedom, lack of symmetries, or 

non-linearity of equations than analytical approaches. This implies that computer 

simulations can establish their greatest value for those systems where the gap between 

theoretical prediction and laboratory measurements is large [71].  Therefore, the proposed 

study aim to predict the electrochemical and mechanical behaviour of the 3D LiMn2O4 bulk 

and nanoporous structures with their polymorphs (Mn3O4, Li2MnO3 and LiMnO2) at their 

atomistic level using simulation methods to find a suitable cathode material that can limit 

battery degradation. The LiMn2O4 nanoarchitectures investigated in this research study 

have been successfully generated by R.S Ledwaba [72] by employing the amorphisation 

and recrystallisation technique which have been reported to be cost-effective [73].  

For the first time, the current study seeks to carry out the simulated synthesised of the 

bulk and nanoporous materials at varied lithium concentrations of Li1+xMn2O4, where 0 ≤ 

x ≤ 1. Three nanoporous structures with varying lattice dimensions, namely; nanoporous 

75 Å, nanoporous 69 Å and nanoporous 67 Å will be investigated together with their bulk 

at 63 Å. The structures will be investigated in their pristine concentration of Li1.00Mn2O4, 

then lithiated to Li1.25Mn2O4, Li1.50Mn2O4, Li1.75Mn2O4 and Li2.00Mn2O4. The bulk and 

nanoporous structures will be studied at their atomistic level by the specialised 

amorphisation recrystallisation method, involving a large number of atoms, from 26 000 

to approximately 30 000 atoms [74]. The simulation of the discharge process for the 

materials will be achieved by inserting lithium atoms into the bulk and nanoporous 

structures using a lithiation software programme while monitoring the effect of lithium 

increment on the spinel Li1+xMn2O4. The volume changes on the structures will be 

investigated by recrystallising the materials under the NST ensemble where N = constant 

number of atoms, S = constant stress and T = constant temperature. This ensemble allows 

the volume to change with lithiation during recrystallisation. The volume changes in the 
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electrodes lead to battery degradation. This is because volume changes can cause cracks 

within the battery material. The mechanical properties in this study will be scrutinised by 

applying the uniaxial stress of 0.1 GPa in the y-direction. The materials will be analysed 

through stress-strain plots to evaluate mainly their yield strengths as this determines their 

robustness and resilience to fracture.   

The execution of the study will be carried out using the following procedure; firstly, the unit 

cell of LiMn2O4 will be built into a supercell, then amorphised into a sphere, which will be 

subjected to pressure to produce three dimensional (3D) nanoporous and (3D) bulk 

structures. The structures will then be recrystallised and thereafter be equilibrated to 0 K. 

Since the amorphisation and recrystallisation technique complements experiments as it 

permits and allows for spontaneous grain evolution, aiding the formation of defects and 

other structural properties that materialise during the nucleation and crystallisation 

process [72]; then the exploration of the internal structure through microstructures will be 

possible, assisting in the identification of formation for structural components that may 

emanate. Furthermore, from the simulated structures, RDFs, XRDs, volume changes, pore 

changes, lithium diffusion at varied temperatures and their yield strengths will be 

investigated.  

The phenomenon of lithiation and delithiation has not been thoroughly investigated in 

ternary electrodes at the nanoscale [75]. Therefore, this study intends to investigate the 

electrochemical and mechanical properties of Li-Mn-O bulk and nanoporous structures at 

nanoscale during the discharge process, in the hope of finding a potential cathode material 

that can impede current battery issues.  The findings of this study will shed light on the 

development of spinel layered electrodes with optimal operational capacity and hopefully, 

make strides in contributing to fast charge lithium ion batteries, with high energy density 

for energy storage while maintaining structural integrity during cycling.  
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1.3 Outline of the study 

Chapter 1 outlines the significance of this work. The general background and literature 

review of lithium ion batteries, the structural descriptions, drawbacks, current 

developments on Li-Mn-O nanoarchitectures and the intentions of this study are outlined. 

Chapter 2 outlines the computational methods, codes and techniques used in this study. 

Chapter 3, focuses on the simulations of the generated nanoporous Li1+xMn2O4 (0 ≤ x ≤ 1) 

structures and discussion of the results obtained on the lithiated nanoporous and bulk 

structures in terms of the radial distribution functions, X-ray diffraction patterns and 

microstructures. Chapter 4, focuses on the recrystallisation of the structures under the 

NST ensemble to investigate structural changes, mainly volume changes. Chapter 5, 

outlines the effects of temperature in terms of diffusion coefficients for Li-Mn-O with 

increasing lithium concentration and temperature. Chapter 6, focuses on the mechanical 

properties of the nanoporous structures with increasing lithium concentration. Finally, 

Chapter 7 concludes the findings of the bulk and porous nanoarchitectures and 

recommends what could be done in future to better understand and improve the Li-Mn-O 

composite cathode materials for lithium ion batteries.  
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CHAPTER 2 

Research methodology 

In this chapter, computational methods used throughout this study will be discussed and 

defined. To be precise, the simulation code and potential models used to grow, amorphise, 

recrystallise and cool the nanostructures will be discussed in detail. Computational 

techniques or methods have been used to examine or investigate the structural properties 

of the Li-Mn-O structures at their atomistic level. Computer simulations methods help 

complement experimental methods because they are capable of predicting results beyond 

experiments [73].  

2.1 Computational modelling  

Computational modelling techniques have made it possible to study materials using 

computer simulations. This makes it possible to perform calculations such as the Energy 

Minimisation (EM) and Molecular Dynamics (MD). Computational methods and techniques 

have bridged the gap between material science and industries by assisting in the design 

and manufacturing of products, especially with complex materials and have improved their 

applications. These methods go as far as giving a better data acquisition approach than 

experiments. In addition, they complement experimental data, whereby they are able to 

mimic real structural models and predict structural behaviour of materials in terms of 

bonding in solids, model surfaces and interfaces, atomic transport and defects on 

structures, etc. [76]. 

 Figure 2.1 shows a schematic diagram illustrating the procedure which was followed to 

construct the nanoarchitectures. A periodic array of nanoparticles is constructed in which 

they are introduced into the simulation of size a1 x a2 (top left). The cell sizes are then 



 
 

17 
 

reduced (top middle). The close propinquity between the nanoparticles along a1 causes 

the nanoparticles, under molecular dynamics (M.D), to start to agglomerate (top right), 

facilitating the evolution of a one-dimensional nanorod. If the sizes of the simulation cells 

are reduced (bottom left), the nanoparticles can agglomerate in two directions facilitating 

the formation of a nanosheet (bottom right). If the nanoparticles agglomerate in all three 

directions, then a porous nanoarchitecture is formed [34]. This method was successfully 

used on the generation of ceria nanoparticles, nanotubes and mesoporous architectures; 

where it showed the capability of producing hierarchical structural complexity including the 

crystal structure, microstructures and nanoarchitectures, similar to those observed 

experimentally [77].   

 

Figure 2.1. The schematic illustration of the procedure to be followed when constructing the 

nanoarchitectures [34]. 
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2.2 Molecular dynamics  

Molecular dynamics is a computational simulation method that is used to study the 

movements of atoms and molecules. It serves as a tool to facilitate the understanding of 

material properties such as structural, kinetic, dynamic and equilibrium properties at 

specific thermodynamic conditions of temperatures and pressures [78]. These atoms can 

interact at a fixed period, thus giving a dynamic evolution of the system followed by 

integrating their equations of motion. MD simulations are capable of giving very similar 

data to experiments. The forces between the particles and potential energy are defined by 

molecular mechanics force fields. Furthermore, MD follow the laws of classical mechanics, 

particularly Newton’s 2nd law of motion, where:  

𝐹 = 𝑚𝑎                                     (2.1) 

where 𝑎 is the acceleration, 𝐹 the force and 𝑚 the mass. From the above equation, velocity 

and the position can be determined by integration and variation after chosen time steps 

derived from their algorithms such as the Verlet algorithm [79], given by:      

𝑟(𝑡 + 𝛿𝑡) = 𝑟(𝑡) + 𝑣(𝑡)𝛿𝑡 +
1

2
𝛼(𝑡)𝛿𝑡2                 (2.2) 

where 𝑟(𝑡) is the ensemble of position, 𝑣(𝑡) is the velocity, 𝛼(𝑡) is the acceleration with 

respect to time 𝑡. 

2.2.1 Molecular dynamics ensembles 

Statistical mechanics simulations have different ensembles, each serving a specific 

purpose to the calculations desired to be performed. Ensembles allow us to perform or 

control thermodynamic quantities such as pressure, temperature or the number of 

particles in a given system. Three principal ensembles can be used in molecular dynamics 

calculations, these include the microcanonical ensemble (NVE), canonical ensemble (NVT) 
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and isothermal-isobaric ensemble (NPT). These are the concepts of physics within 

statistical physics [80]. The microcanonical ensemble (NVE) is used in systems where the 

total number of atoms (N), volume (V) and energy are kept constant throughout the MD 

simulation. Furthermore, in a microcanonical molecular dynamic trajectory, the potential 

energy may be observed to change to kinetic energy where the total energy of the system 

is conserved. In the canonical ensemble, the number of particles (N), the volume (V) and 

temperature are kept constant throughout the simulation. Last but not least, we have the 

isothermal-isobaric ensemble, where the number of particles (N), pressure (P) and 

temperature (T) is kept constant. NPT simulations are performed initially to bulk structures 

to remove any lattice strains on the cell. When considering surfaces, constant volume 

ensembles NVT and NVE are used [81, 82]. 

2.3 Molecular dynamics properties  

Molecular dynamics simulations allow for calculations over a wide variety of 

thermodynamic properties and give predictions that are comparable to experiments, thus 

giving validation to the results. 

2.3.1 Radial distribution function 

Radial distribution functions (RDF) define the variation of atomic density as a function of 

distance from a reference atom representing the liquid and solid phases of a structure. 

RDFs are used for describing the time-averaged, local coordination around a specific atom 

and are capable of indicating the materials internal structure. The function g(r) represents 

the probability of finding an atom at a distance r from the reference atom. It can also be 

used to estimate the coordination number  𝑛𝑖𝑗(𝑟) for specific atomic sites in the structure. 

The coordination number of the reference atom indicates the number of the nearest 
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neighbours to the reference atom which is used in structural analysis. This number is 

associated with the bond length [83]. The coordination number 𝑛𝑖𝑗(𝑟) is given by: 

 

𝑛𝑖𝑗(𝑟) = 4𝜋𝜌 ∫ 𝑟2 𝑔
𝑟 𝑚𝑎𝑥

𝑟 𝑚𝑖𝑛
(𝑟)𝑑𝑟               (2.3) 

where 𝜌 is the number density and is given as 𝑝
𝑁

𝑉
 where 𝑁 is the number of atoms in a 

system of volume and 𝑔(𝑟) is the radial distribution function in a system of particles. 

2.3.2 X-ray diffraction patterns 

X-ray diffraction (XRD) pattern can be defined as the scattering of X-rays by atoms of a 

crystal that is capable of producing an interference effect so that the resulting diffraction 

pattern provides information on the structure of the identity of a crystalline structure. Its 

primary use is for phase identification of a crystalline material and can provide information 

on unit cell dimensions. The analysed material is finely ground, homogenized, and the 

average bulk composition is determined. X-ray powder diffraction is most widely used for 

the identification of unknown crystalline materials, for example, minerals and inorganic 

compounds. Determination of unknown solids is very important and critical to studies in 

material science [84, 85]. 

2.3.3 Diffusion coefficients 

The diffusion coefficient is defined as the proportionality constant between molar flux due 

to molecular diffusion and the gradient concentration of the species. Diffusion is the 

overall or net movement of molecules from an area of higher concentration to an area of 

lower concentration until an equilibrium state is reached. Molecular diffusion is the 

thermal motion of particles at temperatures above absolute zero. The diffusion coefficient 

in this type of molecular dynamics simulation is calculated as the slope of the graph of 
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mean square displacement as a function of time [72]. Molecular diffusion in solids at 

different temperatures is described by Fick’s law, where the Diffusion coefficient D is given 

by: 

𝐷 = 𝐷0𝑒
−𝐸𝐴

𝑅𝑇,⁄                                  (2.4) 

where D0 is the maximum diffusion coefficient at infinite temperature, EA is the activation 

energy for diffusion in dimensions of the energy in (amount of substance)-1, T is the 

temperature in units measured in kelvins, degrees or Rankine and R is the gas constant 

in the dimensions of the energy in (amount of substance)-1. A diffusion process that obeys 

Fick's laws is called normal or Fickian diffusion; if the law is not obeyed then, it is called 

anomalous diffusion or non-Fickian diffusion.  

2.4 Mechanical properties 

Mechanical properties of a material are the measure of how a material is resilient to stress 

when strain is applied to it. Mechanical properties determine the behaviour of a material 

when subjected to mechanical stresses, the properties include elastic modulus, ductility, 

hardness, and various measures of strength [86].  

Mechanical stress  

The stress of a material entails its strength and can be defined as the force experienced 

by the object/material which causes a change in that object. The strength of a material 

determines its ability to withstand breaking or failing when force is applied to it. There are 

two types of mechanical stress, shear stress and axial stress [87].  
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Axial stress 

Axial stress is the measure of internal resistance exhibited by a body when an external 

force is applied to it and it is denoted by sigma σ. Mathematically it is equal to the internal 

resisting force acting on the body per unit area and can be expressed as: 

σ =
𝑅

𝐴
 ,                                     (2.5) 

where σ is the stress, R is the resistive force and A is the cross-sectional area given in 

Pascal.  

Shear stress 

The shear stress can be defined as the stress acting on a body when two equal and 

opposite forces are applied to it and tends to cause adjacent portions of the material to 

slide against each other. The shear stress is defined as:  

  𝜏 =
𝐹

𝐴
                                            (2.6) 

 Where 𝜏 is the stress, F is the applied force and A is the cross-sectional area over which 

deflection occurs, given by the Pascal unit (N/m2, Pa). 

Strain 

The strain is the measure of the deformation of the material. Strain inside a material may 

arise due to stress applied by external forces and is denoted by ε. Any strain of a solid 

material generates internal elastic stress.  

Elastic and plastic behaviour 

All materials deform when subjected to an external force up to a certain point where they 

can, if the force is removed, regain their original shape; this is called the elastic 

behaviour/region. The load at which the material remains elastic is called the elastic limit. 
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The strain produced within the elastic limit is directly proportional to the load or stress and 

that is where Hooke’s Law applies. i.e. stress  Strain = E (elastic/ Young’s modulus). 

Given by:  

𝜎𝑒 = 𝐸𝑒                                                  (2.7) 

𝜎 is the strain and 𝐸 is the modulus elasticity and measures the inherent stiffness of a 

material 

Mechanical stress and strain relationship 

Stress and strain are the most important concepts for the comprehension of the 

mechanics of solids. The stress-strain curves reveal many properties of a material such as 

mechanical properties, which include the Young’s/elastic modulus that measures the 

tensile stiffness of a material, the yield strength which is the point that indicates the limit 

of the elastic region and the beginning of a plastic region. Below the yield point, a material 

will deform elastically, this implies that it is capable of returning to its original shape when 

the applied stress is removed from it. When the external force applied or load exceeds the 

elastic limit, the deformation is permanent and called the plastic region; at this region, 

Hooke’s Law is no longer valid. The yield point marks the beginning of plastic deformation 

[86].  The end of the plastic region results in the fracture point of the material where the 

structure collapses [87]. Figure 2. 2 illustrates the stress-strain relationship plot, 

explaining the above phenomena.  
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Figure 2. 2: The stress-strain diagram illustrating the information on how much a material can 

withstand a force before permanent deformation [87]. 

2.5 Amorphisation and recrystallisation technique 

Amorphisation and recrystallization technique has been successfully used for atomistic 

simulations for complex structures. The technique or procedure starts by generating the 

amorphous configuration for the material, which is allowed to nucleate and recrystallize 

[73]. The amorphisation and recrystallisation methods are capable of allowing the material 

to move in low-energy configurations within the available timescale in the simulation; this 

is limited in dynamic simulations in crystalline solids, due to barrier heights for ionic 

mobility. The basic approach is to control the transformation to an amorphous state using 

an initial strain on the nanoparticle structure, where the subsequent application of 

temperature to the nanoparticle structure results in the amorphisation of the nanoparticle 

[73, 88].  
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As the material recrystallises it will evolve and microstructural features (point defects, 

dislocations, grain boundaries, morphology and so forth) will materialize [73]. This 

technique complements data synthesized experimentally because of the above-mentioned 

qualities (microstructural features) [68]. It is important to heed that the properties of a 

material are influenced by its microstructure [89]. The amorphisation and recrystallisation 

technique is therefore an appropriate method to explore complex structures [73, 90]. This 

is because it does not need one to generate an atomistic structure that includes all 

microstructural features before simulating with dynamics or statistic methods [73, 91]. 

Moreover, the formation of composites in the structure contributes to the improvement of 

electrode material [92]. 

2.6 Simulation code 

The DL_POLY code is used over a wide variety of molecular systems of simple liquids, ionic 

liquids and solids, small polar and non-polar molecular systems, simple metals and alloys, 

ionic polymers and glasses solutions [93]. In this study, the DL_POLY code is employed to 

simulate the composite Li-Mn-O nanoarchitectures. The input files (CONTROL, FIELD and 

CONFIG) were used to carry out all calculations and are compulsory in each directory to be 

able to execute the DL_POLY script. The CONTROL file specifies the control variables or 

conditions for the execution of DL_POLY calculation, while the FIELD file specifies the force 

field information defining the molecular forces which contain the topology of the system, 

of which the sequence must match the crystallographic description of the system in the 

CONFIG file. Finally, the CONFIG file defines the positions of the atoms, periodic boundary 

conditions and atomic labels, velocities, coordinates, forces in the system and specifies 

the simulation file [94].  



 
 

26 
 

2.7 The potential model 

The potential model defines the distinction in the energy of molecules or solids in terms of 

atomic coordinates. The validity of the calculations depends on the quality and accuracy 

of the potential model. The fundamental purpose of this method is to calculate the total 

interaction energy. This technique uses simple parameterization analytical functions to 

define the interactions between the species in the system, hence allowing the interaction 

energy to be calculated [91, 95]. 

Born model of ionic solids 

The atomistic simulation techniques which are proposed in this study are based on the 

Born model of ionic solids. This technique studies the energy and its derivatives, defined 

as the simulation of all interactions between the atoms in the system which give rise to the 

total interaction and the total net force acting on each atom as a result of the force from 

other atoms [96]. This technique uses analytic functions to define interactions of one or 

more ions or species in a crystal. The atoms of a system are represented by point charges 

that interact through long range electrostatics forces and short range electrostatic forces. 

The interaction energy between and the atoms is given by: 

𝑈𝑖𝑗 =  
1

4𝜋𝜀

𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
+  𝛷(𝑟𝑖𝑗)                           (2.8) 

where 𝑈𝑖𝑗 is the long range Coulombic interaction, 휀 is the permittivity of the vacuum, 𝑞𝑖 

and 𝑞𝑗 are the ionic charges and 𝑟𝑖𝑗 is the interatomic distance between the ionic charges 

and 𝛷(𝑟𝑖𝑗) defines the short range interactions between ions, where the repulsion between 

electron charge clouds is and the Van Der Waals attraction forces are encountered. 
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 Long and short range interactions 

When two atoms interact from infinity to their lattice sites positions within the crystal the 

interaction energy of a system is released. The interaction energy corresponds to the 

potential energy of the long range electrostatic interaction forces and is given by; 

𝜑 =  ∑
𝑞𝑖𝑞𝑗

4𝜋𝜀0 (𝑟𝑖𝑗+𝑙)𝑖,𝑗,𝑙                                (2.9) 

where 𝑞𝑖 and 𝑞𝑗  are the charges on the ions 𝑖 and 𝑗, 𝑙 is the set of lattice vectors 

representing the periodicity of the crystal lattice and  𝑟𝑖𝑗 is the displacement of ions from 𝑖 

to 𝑗. 

The short range repulsive and attractive interactions are defined by simple parameterized 

models. It is very important that the model accurately defines the lattice properties so that 

quantitative results are obtained. Two adjacent charges can overlap if they are brought 

close to each other, thus causing repulsive interactions. These repulsive interactions can 

also be encountered even if the distance between the atoms is relatively small and the 

charges are opposite. This is described by Pauli’s exclusion rule which states that no two 

fermions can occupy the same quantum state.  

When there are two identical atoms, the Van de Waals force varies proportionally to 𝑟−6. 

This is a quantum mechanical effect and  𝑟−6 can be derived from classical electrostatics. 

Therefore, the short range repulsive energy is be given by; 

𝛷𝑠−𝑟 =  ∑ 𝛷𝑖𝑗𝑖𝑗 + ∑ 𝛷𝑖𝑗𝑘𝑖𝑗𝑘 +  ∑ 𝛷𝑖𝑗𝑘𝑙𝑖𝑗𝑘𝑙 + ⋯            (2.10)                              

where 𝑖𝑗 represents all the pair interactions and 𝑖𝑗𝑘 all the three-body interactions. 
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Buckingham potential 

The Buckingham potential explains the exchange of repulsion, which is from the Pauli 

Exclusion Principle. It explains the repulsion by a realistic exponential function of a 

distance r . It is used to model two body non-bonded interactions in ionic solids. The 

Buckingham potential is finite even at smaller distances, this poses a threat of an un-

physical Bucking catastrophe at short range when used in simulations of charged systems. 

The Bucking potential is given by:  

𝛷𝑖𝑗 =  𝐴𝑖𝑗 . 𝑒𝑥𝑝
𝑟𝑖𝑗

𝑝𝑖𝑗
−

𝐶𝑖𝑗

𝑟𝑖𝑗
6                                       (2.11) 

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

potential is added. 𝐴𝑖𝑗 and 𝐶𝑖𝑗 are the ion size and hardness parameters respectively. 

The attraction term is often not considered because it does not contribute much to the 

short-range potential for the cation-anion, or the interaction is incorporated into 𝜌 and 𝐴 

parameters [97]. 

2.8 Crystallographic defects 

A perfect crystal with every atom of the same species in its correct or original position does 

not exist. Hence, there always exists a crystalline defect. Defects or imperfections can be 

defined as any deviation from the perfect crystal atomic arrangement in a crystal; or lattice 

irregularity having one or more of its dimensions on the order of an atomic dimension.  

Although defects may be thought of as bad things, they influence the electrochemical and 

mechanical properties of solids. In other words, defects are usually responsible for the 

existence of useful properties in materials, such as atomic/ionic diffusion, colour, and 

luminescence and so forth. Defects are crucial as they influence the behaviour of 
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materials, and almost all technology involving materials depends on the existence of some 

kind of defect [98].  

There are two types of defects, intrinsic defect and extrinsic defect. The intrinsic defect 

forms when an atom is missing from a position that must be occupied or filled, leaving a 

vacancy behind (vacancy) or the atom occupies an interstitial site where no atom would 

appear (interstitially). Interstitial sites are commonly small in crystalline solids or have an 

unfavourable bonding configuration. However, vacancies are found to be in a large 

concentration in all crystal materials. Ordered compounds can generally have more 

intrinsic defects. An intrinsic defect destroys the charge balance of the material, which 

must be reinstated in some way. Extrinsic defects define the presence of foreign atoms in 

the lattice crystal. These are called solutes if they are intentionally added to the material 

and impurities if they are not. If the foreign atom occupies the lattice site, it is called the 

substitutional solute or impurity. If it fills an interstitial site, then it is called an interstitial 

solute. Since interstitial solutes are quite small, the type of solute is determined by its size. 

Small atoms are commonly found at interstitial sites, whereas larger atoms are commonly 

substitutional [99].   

Crystalline defects can be classified into four major groups, namely; zero-dimensional, one 

dimensional, two dimensional and three dimensional. The zero-dimensional group 

classifies the point defects group, occurring at a single lattice point in a crystal. One 

dimensional classifies the linear defects, also known as dislocations, occurring along a row 

of atoms. Two-dimensional defects classify the planar/surface defects occurring over a 

two-dimensional surface in a crystal. And finally, the three-dimensional defects classifies 

defects occurring over a three-dimensional crystal such as voids and inclusions [98].   
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Figure 2.3: Schematic illustration of defects in a crystal where, (a) is the vacancy, (b) interstitial 

impurity, (c) substitution impurity and (d) self-interstitial. 

 2.8.1 Point defects 

Point defects can be defined as when an atom is missing or is in an irregular place in the 

lattice structure and occur only at or around a single lattice point [98]. The ordinary point 

imperfections in a crystal are chemical impurities, vacant lattice sites and extra atoms not 

in their regular or original positions [100]. Point defects disturb the crystal pattern at a 

lattice site and these include Schottky and Frenkel defects. Schottky defect is a type of 

vacancy in which an atom migrates from its original site through successive steps and 

settles at the crystal surface (a pair of anions and cations vacancies). The Frenkel defect 
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is a pair of cation vacancy and a cation interstitial, or instead of pair cation, the vacancy is 

for anion pair [98].  

 2.8.2 Planar /surface defects  

Grain boundaries are classified under planar defects, which can be defined as the 

disruptions on the long range orientation of a crystal. The size of the grains within a 

material has an effect on the strength of the material. The boundary between grains acts 

as a barrier to stacking defect movement and the resulting slip due to adjacent grains that 

have different orientations. Smaller grains have shorter distances than atoms and can 

move along a particular slip plane, as a result, they improve the strength of a material 

[100, 99]. Grain boundaries are numerous atoms spaces apart and have a mismatch of 

the orientation of grains on the crystalline solid. Polycrystalline materials, despite the 

disordered orientation of atoms at the grain boundaries, still have strong cohesive forces 

within and across the boundary [98].  

 2.8.3 Microstructures  

The chemical, electrochemical and physical properties of a material are greatly influenced 

by its microstructure, crystal structure and electronic structure. The electrochemical 

properties of the electrode are determined by the nature of the material, but their 

microstructures may differ due to synthesis methods and the conditions used. 

Microstructures govern or influence the properties of a material. Microstructures help to 

evaluate the structural compositions and properties of a material at the atomic level. 

Furthermore, how they are aligned within the material and how they coexist with other 

impurities (if any) in the material. In addition, the host capabilities of the material can be 

understood by proper analysis of the composition features of the material [58, 91]. 
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CHAPTER 3 

Effects of lithiation on the nanoporous and bulk electrode 

materials 

3.1  Introduction 

Nanoporous materials consist of a regular framework that supports the porous structure 

at nanoscale and has voids (channels). The voids show a translational repetition in 3-D 

space. For a material to be characterized as “porous”, the pore sizes should be around 

1000 nanometres and less. Nanoporous materials have pores that are capable of 

permitting substances to pass through their membranes (allow for diffusion) [101]. 

Meanwhile, bulk materials consist of a large number of closely packed atoms, where 

clusters remain as tiny particles. The major interest in these materials is the fact that their 

structural and functional properties differ significantly from those of coarse-grained 

analogues, and since nano-dimensional microstructural features can be harvested from 

materials, then bulk structures can be classified as nanostructured bulk materials [102].  

The performance of the battery cathode is depended on the electrode morphology, 

inherent electrochemical properties and most importantly its microstructures [30]. In this 

chapter, we present the Li-Mn-O 75 Å, 69 Å, 67 Å nanoporous and bulk structures with 

different lithium concentrations within the range of 0 ≤ x ≤ 1, (Li1+xMn2O4). To be precise, 

the structures will be investigated in the Li1.00Mn2O4, Li1.25Mn2O4, Li1.50Mn2O4, Li1.75Mn2O4 

and Li2.00Mn2O4 concentrations. 

The amorphised and recrystallized Li-Mn-O materials are investigated by analysing their 

radial distribution functions (RDFs) and structural evolution. As such, structures that have 
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a defined pattern indicate recrystallised materials and those that do not indicate 

amorphous materials. The effect of lithiation on the pore sizes and the structural integrity 

of the materials during the discharge process are investigated by interrogating X-ray 

diffraction patterns (XRDs) and microstructures with increasing lithium concentration.  

Table 3.1: The intercalated lithium concentrations of spinel LiMn2O4 for nanoporous and 

bulk structures with lattice parameters of 75 Å, 69 Å, 67 Å and 63 Å, respectively.  

Spinel system The total number of 

lithium atoms introduced 

to/ in the system 

(inserted). 

Lithium 

concentration 

percentage (%)  

The total number of 

atoms in the spinel 

nanoporous and 

bulk systems 

Li1.00Mn2O4 3806 50 26446 

Li1.25Mn2O4 4758 63 27594 

Li1.50Mn2O4 5709 75 28545 

Li1.75Mn2O4 6661 88 29497 

Li2.00Mn2O4  7612 100 30448 

 

Table 3.1 shows the five different lithium concentrations of the Li1+xMn2O4 spinel where, 

0 ≤ x ≤ 1, with the total number of inserted lithium species in each structure, their lithium 

content percentage and the overall number of Li-Mn-O atoms in each system or structure.   

3.1.1 Generation and lithiation mechanism of the nanoporous and 

bulk materials 

Molecular dynamics simulation methods (amorphisation and recrystallisation technique) 

using the DL_POLY computer code was employed to carry out the Li-Mn-O nanoporous and 

bulk calculations. The amorphous spherical structures (NVE ensemble) used in this study 
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were synthesized by Ledwaba [72] for a PhD study. The METADISE code was used for 

energy minimization (optimization) and generation of the spherical spinel composite 

structures with five different concentrations from 26446 atoms (mono-lithiation) to 30448 

atoms (full lithiation), expending the three mandatory DL_POLY (CONFIG, FIELD and 

CONTROL) input files required for molecular dynamics simulations [72]. The pressure of 

100 GPa was applied using the NPT ensemble to allow the amorphous spherical 

nanoarchitectures to form nanoporous structures, then the bulk with prolonged 

recrystallisation. The NPT ensemble enables the vector directions of the cell to change. 

Thus further exposure of pressure on the materials allows the molten nanoparticles to fill 

the cell and form the bulk structures. The snapshots in figure 3.1 illustrate the structures 

of the above-mentioned procedure. The nanoarchitectures, with prolonged molecular 

dynamics simulations under the NVT ensemble, were allowed to recrystallise in the 

following conditions; the temperature of 1700K for 150 ps, 0 Gpa, the cutoff of 10 Å and 

Ewald precision of 2 to calculate the electrostatic forces [103]. The cooling process of the 

recrystallised porous and bulk nanoarchitectures was done systemically by reducing the 

temperature until 0 K at 300 ps to allow the nanoparticles to be at their lowest energy. 

The nanoarchitectures were lithiated using a chemical process that allows the 

nanostructures to be lithiated in their amorphous state before recrystallisation using a 

lithiation programme. The lithiation program on this study was written and created by 

Kgatwane [104] in his MSc studies and was successfully used for lithiation of Li-Mn-O 

nanoarchitectures by R.S. Ledwaba  [72].  



 
 

35 
 

 

Figure 3. 1: Snapshots of the (a) conventional unit cell, (b) supercell, (c) nanosphere exposed to 

pressure to allow the formation of (d) nanoporous 75 Å, (e) nanoporous 69 Å, (f) nanoporous 67 

Å and (g) bulk structures. 

3.1.1 Amorphisation and recrystallisation of lithiated the Li-Mn-O 

materials 

Figure 3.2 to 3.5 depicts the tilted and front view snapshots for the lithiated Li-Mn-O 

nanoporous structural composites of different lattice sizes that is 75, 69 and 67 Å, 

together with their bulk of 63 Å, respectively, with varying lithium concentration of 

Li1+XMn2O4, 0 ≤ x ≤ 1.  

Nanoporous 75 Å structures depicted in figure 3.2 demonstrate materials that have been 

recrystallised into single grains for Li1.00Mn2O4, Li1.25Mn2O4, Li1.50Mn2O4 and Li2.00Mn2O4. 

Meanwhile, for the Li1.75Mn2O4 concentration, the structure has evolved into multiple 

grains (tilted view). Furthermore, on the recrystallised structures, the pore increases in size 

from the Li1.00Mn2O4 to Li1.25Mn2O4 concentration. Then with lithium increment to 
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Li1.50Mn2O4 concentration, the pore shape becomes spherical and consequently reduce in 

size. Further increment of lithium to Li1.75Mn2O4 concentration continue to reduce the pore 

size. However, upon full lithiation, which is at the Li2.00Mn2O4 concentrations, the pore 

increase in size or almost regains its original size with surplus lithium atoms floating at the 

cavity. Nevertheless, the structural integrity is maintained throughout. 

Figure 3.3 depicts the nanoporous 69 Å structure and its different lithium concentrations 

from pristine to full lithiation. The structures evolved into single crystals, however, the 

Li1.75Mn2O4 concentration (front view) shows a structure that is partially distorted. The pore 

size increases from Li1.00Mn2O4 to Li1.25Mn2O4, then reduce at Li1.50Mn2O4 concentration 

and become very small. Interestingly, at Li1.75Mn2O4 the pore increases in size and is 

almost the same as that of Li1.00Mn2O4. Upon full lithiation, the structure maintains the 

pore, however with a slight change in shape, where surplus lithium atoms are observed to 

be floating at the pore.  

Recrystallised nanoporous 67 Å structures are illustrated in figure 3.4 and show structures 

that have involved into single crystals except for Li1.75Mn2O4 which is multi grained (front 

view). On the other hand, the recrystallised structures show pore sizes that alter with 

increasing lithium concentration. The pore increase in size from Li1.00Mn2O4 to Li1.25Mn2O4, 

then reduce to Li1.50Mn2O4 and eventually close up at Li1.75MnO2O4 concentration. The 

pore re-opens and almost regains its original size upon full lithiation which is at the 

Li2.00Mn2O4 concentration.  

The snapshots for the lithiated Li-Mn-O bulk composites with increasing lithium 

concentration showing the tilted and front view of the recrystallised structures are 

illustrated in figure 3.5.  All the structures evolve into single grains except for the one at 

Li1.75Mn2O4 concentration.  
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The radial distribution functions define the probability of finding a particle at a distance r, 

away from the reference particle, relative to that of an ideal gas. Figure 3.6 depicts the 

total radial distribution function graph snapshots for the lithiated amorphous and 

recrystallised Li-Mn-O nanoporous and bulk structures at different lithium concentrations 

(Li1+xMn2O4, 0 ≤ x ≤ 1). The amorphous snapshots show structures that have broader and 

flatter peaks as a result of scattered atoms that are displaced at different positions within 

the materials. In contrast to this, the total RDFs for the recrystallised structures depict 

sharp peaks, implying that the structures are well defined. Furthermore, a lower g(r) (the 

probability of finding an atom at distance r) is observed at Li2.00Mn2O4 concentration for 

all the structures when compared to the other four concentrations. For both the 

recrystallised and amorphous RDFs the peaks reduce in height (gr) with increasing radial 

distance (r), and the first peak for all the structures is observed at 2 Å.  
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Figure 3. 6: The total RDFs of lithiated Li-Mn-O nanoporous and bulk structures with different 

lithium concentrations of Li1+xMn2O4, where 0 ≤ x ≤ 1; depicting the amorphous and recrystallised 

structures of nanoporous 75 Å, 69 Å, 67 Å and the bulk. 
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3.2 Microstructures and X-ray diffraction patterns for the 

nanoporous materials 

3.2.1  Nanoporous 75 Å   

The simulated lithiated nanoporous 75 Å structures with different lithium concentrations 

with their microstructures are illustrated in figures 3.7 to 3.11.  

The nanoporous 75 Å structure at Li1.00Mn2O4 concentration is demonstrated in figure 3.7 

(i, a) and depicts (b) the magnification of Mn2+ atoms retrained in tetrahedral tunnels with 

some tunnels unoccupied which can facilitate lithium transportation. In the same figure, 

the microstructure slice harvested from the Li1.00Mn2O4 nanoporous 75 Å structure (ii, a) 

is illustrated and shows a grain boundary. The microstructure demonstrations the 

magnifications of the defective (b) layered Li2MnO3 and (d) spinel LiMn2O4 which are 

comparable to their (c, e) perfect structural models. The layered Li2MnO3 with distortions 

captures lithium vacancies and Mn atoms displaced from their original lattice positions 

(Frenkel defect). Meanwhile, the defective spinel LiMn2O4 captures both the lithium and 

Mn vacancies with Mn interstitials.  

Figure 3.8 represents the (i, a) structure for nanoporous 75 Å at lithium concentration 

Li1.25Mn2O4 with a distorted region. The magnification from the structure shows the 

formation of (b) spinel Mn3O4 that is comparable with (c) the perfect structural model. 

Spinel Mn3O4 captures Mn2+ atoms in the tetrahedral tunnels and unoccupied tunnels that 

can accommodate lithium ions during the discharge process. Figure 3.8 (ii) depicts the 

microstructure slice (a) cut from the Li1.25Mn2O4 nanoporous 75 Å structure. The 

microstructure shows a defective magnified portion of (b) layered Li2MnO3 compared to (c) 

its perfect structural model with the presence of lithium vacancies and distortions. 

Furthermore, the microstructure also shows the defective magnification of (d) spinel 
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LiMn2O4 component when compared to its (e) perfect structural model. LiMn2O4 captures 

lithium vacancies and Mn interstitials which indicates the presence of Frenkel defects.  

The structure for nanoporous 75 Å at concentration Li1.50Mn2O4 is depicted in figure 3.9 (i, 

a). The presence of (b) Mn2+ atoms retaining tetrahedral tunnels is observed with some 

unoccupied tunnels and the spinel Mn3O4 perfect structural model is labelled (c) for 

comparison. Spinel Mn3O4 component is getting reduced when compared to the 

concentrations of nanoporous 75 Å at Li1.00Mn2O4 and Li1.25Mn2O4. Figure 3.9 (ii) depicts 

the microstructure slice (a) cut from the simulated Li1.50Mn2O4 nanoporous 75 Å. The 

microstructure depicts the magnifications of defective (b) layered Li2MnO3 and (d) LiMn2O4 

components, these are comparable to their perfect structural models (c, e), respectively. 

Layered Li2MnO3 magnification demonstrations lithium and Mn vacancies with some 

distortions. Meanwhile, on the magnification of spinel LiMn2O4 defects such as lithium 

vacancies, distortions and Mn interstitials are observed.  

The recrystallised nanoporous 75 Å structure at Li1.75Mn2O4 concentration is illustrated in 

figure 3.10 (i, a). The structure has recrystallised into multiple grains with distorted regions, 

as such the presence of spinel Mn3O4 cannot be easily identified at any rotation. The 

microstructure (ii, a) harvested from the Li1.75Mn2O4 nanoporous 75 Å depicts some grain 

boundaries due to the material becoming polycrystalline with lithiation. Magnification of 

the microstructure captures the presence of (b) the defective spinel LiMn2O4 with Mn 

vacancies and distorted regions. The simulated LiMn2O4 is comparable to (d) its perfect 

structural model. The formation of the spinel LiMn2O4 component is favoured at this 

concentration.  

The full lithiated nanoporous 75 Å structure at concentration Li2.00Mn2O4 with a distorted 

region is demonstrated in figure 3.11 (i, a). The structure captures Mn2+ atoms on the 
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magnified portion (b) retaining tetrahedral tunnels with some unoccupied tunnels. The 

formation of spinel Mn3O4 is getting reduced with increasing lithium concentration when 

compared to Li1.00Mn2O4, L1.25Mn2O4, Li1.50Mn2O4, and Li1.75Mn2O4. The spinel Mn3O4 

perfect structural model is labelled (c) for comparison. The Mn3O4 component decreasing 

with increasing lithium content is also validated by the findings of Tang et al. [105]. In the 

same figure, the microstructure (ii, a) cut from the Li2.00Mn2O4 nanoporous 75 Å structure 

shows the presence of (b) spinel LiMn2O4 and (d) layered Li2MnO3 with reduced defects 

compared to the other four concentrations and these are comparable to their perfect 

structural models (c, e), respectively. Both the magnifications of layered and spinel 

components show distortions within their array or patterns.  
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Figure 3. 7: The simulated (i, a) nanoporous 75 Å structure at Li1.00Mn2O4 concentration which has 

recrystallised into two grains magnified to illustrate the (b) Mn2+ atoms in the tetrahedral tunnels, 

where (c) is the perfect structural model of spinel Mn3O4. The microstructure (ii, a) harvested from 

(i, a) depicting defective magnifications of (b) layered Li2MnO3 and (d) spinel LiMn2O4 components 

which are comparable to their structural model (c, e), respectively.  
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Figure 3. 8: The simulated (i, a) Li1.25Mn2O4 nanoporous 75 Å structure depicting the magnified 

section of (b) spinel Mn3O4 structure compared with (c) its perfect structural model. The 

microstructure (ii, a) harvested from  Li1.25Mn2O4 nanoporous 75 Å show the magnified portions 

of the defective (b) layered Li2MnO3 component and (d) spinel LiMn2O4 which are comparable to 

their structural models (c, e).  
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Figure 3. 9:  The simulated (i, a) Li1.50Mn2O4 nanoporous 75 Å structure illustrates (b) the Mn2+ 

atoms retained in tetrahedral tunnels, where (c) is the perfect structural model of spinel Mn3O4. 

The microstructure slice (ii, a) cut from Li1.50Mn2O4 nanoporous 75 Å structure shows the 

magnifications of (b) layered Li2MnO3 and (d) spinel LiMn2O4 components with defects compared 

with (c, e) their perfect structural models.   
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Figure 3. 10: The multi grained (i, a) nanoporous 75 Å structure at Li1.75Mn2O4 concentration with 

distorted regions. The harvested microstructure (ii, a) from Li1.75Mn2O4 nanoporous 75 Å structure 

depicting grain boundaries and the magnified section of (c) defective spinel LiMn2O4 component 

compared to (d) its perfect structural model.  
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Figure 3. 11: The distorted full lithiated (i, a) nanoporous 75 Å structure at Li2.00Mn2O4 

concentration depicting (b) Mn2+ atoms in the tetrahedral tunnels, where (c) is the perfect 

structural model of spinel Mn3O4. The microstructure (ii, a) of Li2.00Mn2O4 nanoporous 75 Å with a 

grain boundary, showing the magnifications of defected (b) spinel LiMn2O4 and (d) layered Li2MnO3 

compared to their (c, e) perfect structural models.  
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3.2.2 Nanoporous 69 Å 

The simulated recrystallised nanoporous 69 Å structure at Li1.00Mn2O4 concentration is 

illustrated in figure 3.12 (i, a). The magnification from the structure shows the presence of 

(b) Mn2+ atoms in the structure retaining tetrahedral tunnels with some unoccupied 

tunnels. The perfect structural model is denoted by (c). Furthermore, the (ii, a) 

microstructure of Li1.00Mn2O4 nanoporous 69 Å structure depicts magnification of (b) 

layered Li2MnO3 component with the presence of lithium and Mn vacancies, distortions 

and Frenkel defects. The simulated Li2MnO3 is comparable to (c), its perfect structural 

model. The layered Li2MnO3 appears to be a dominant component on the microstructure 

since the presence of spinel LiMn2O4 pattern cannot easily be identified.  

The Li1.25Mn2O4 concentration of nanoporous 69 Å structure is demonstrated in figure 

3.13 (i, a). The structure shows the presence of the (b) spinel Mn3O4 and is comparable to 

(c) its perfect structural model. The microstructure slice harvested from the structure is 

depicted in (ii, a) with the defected magnifications of (b) layered Li2MnO3 and (d) spinel 

LiMn2O4 component comparable to their perfect structural models (c, e), respectively. The 

layered Li2MnO3 magnification captures the presence of lithium and Mn vacancies, 

distortions and Mn interstitials; while the magnified portion of spinel LiMn2O4 depicts 

distortions, Mn interstitials and Frenkel defects.  

Figure 3.14 (i, a) depicts the snapshots of the recrystallised nanoporous 69 Å structure at 

Li1.50Mn2O4 concentration and its (ii, a) microstructure. From the structure (i, a), the 

presence of (b) spinel Mn3O4 is observed and is comparable to (c) its perfect structural 

model. The microstructure illustrates the defected magnification of (b) layered Li2MnO3 

with Mn and lithium vacancies, Mn interstitials and distortions. The defected magnification 

of (d) spinel LiMn2O4 component shows the occurrence of distortions, Mn vacancies and 
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interstitials, which indicates the presence of Frenkel defects. The perfect structural models 

of (c, e) layered Li2MnO3 and spinel LiMn2O4 are comparable to the simulated.  

The nanoporous 69 Å structure at Li1.75Mn2O4 concentration with a distorted region is 

illustrated in figure 3.15 (i, a). The structure shows the magnification of (b) Mn2+ atoms 

retained in tetrahedral tunnels and unoccupied tunnels which can allow for lithium 

diffusion during cycling. The Mn3O4 spinel component is getting reduced with increasing 

lithium concentration. The microstructure slice (ii, a) cut from Li1.75Mn2O4 nanoporous 69 

Å structure shows the magnifications of (b) the spinel LiMn2O4 and (d) layered Li2MnO3 

components which are comparable to their (c, e) perfect structural models. Observations 

made from the spinel LiMn2O4 reveal Mn vacancies and interstitials with distortions. While 

observations made on the layered show distortions with Mn vacancies.  

The full lithiated nanoporous 69 Å structure at Li2.00Mn2O4 is illustrated in figure 3.16 (i). 

From the structure, Mn2+ atoms (b) retained in tetrahedral tunnels are observed from the 

magnified portion. Lithium increment results in the reduction of spinel Mn3O4 with 

observations made from Li1.00Mn2O4, L1.25Mn2O4, and Li1.50Mn2O4 and Li1.75Mn2O4 

concentrations. In the same figure, the microstructure slice (ii, a) harvested from the 

Li2.00Mn2O4 nanoporous 69 Å structure is depicted with defected magnifications of (b) 

layered and (d) spinel, which are comparable to (c, e) their perfect structural models. The 

layered Li2MnO3 shows Mn interstitials ad distortions. Spinel LiMn2O4 magnification 

captures some distortions in the atom pattern. The structural defects appear to be reduced 

with increasing the lithium content.  
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Figure 3. 12:  Nanoporous 69 Å structure (i, a) at Li1.00Mn2O4 concentration illustrating the (b) Mn2+ 

atoms retaining tetrahedral tunnels, with the (c) perfect structural model of spinel Mn3O4. The 

microstructure (ii, a) show the defected magnification of (b) layered Li2MnO3 which is comparable 

to (c) its perfect structural model.  
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Figure 3. 13: The Li1.25Mn2O4 nanoporous 69 Å structure (i, a) depicting the magnified portion of  

(b) spinel Mn3O4 structure compared with (c) the perfect structural model. The microstructure slice 

(ii, a), harvested from the structure depicting the co-existence of (b) layered Li2MnO3 and (d) spinel 

LiMn2O4 components which are comparable to their (c, e) perfect structural models compared with 

the perfect structural models.    
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Figure 3. 14: The nanoporous 69 Å structure (i, a) at Li1.50Mn2O4 concentration depicting the 

magnified section of (b) spinel Mn3O4 structure, comparable with the (c) perfect structural model. 

The microstructure slice (ii, a) cut from Li1.50Mn2O4 nanoporous 69 Å, illustrating the 

magnifications of (b) layered Li2MnO3 and (d) spinel LiMn2O4 components compared with (c, e) 

their perfect structural models. 
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Figure 3. 15: The distorted nanoporous 69 Å structure (i, a) at Li1.75Mn2O4 concentration showing 

the (b) Mn2+ atoms in the tetrahedral tunnels, where (c) Mn3O4 is the perfect structural model. The 

microstructure (ii, a) of Li1.75Mn2O4 nanoporous 69 Å depicting the magnified sections of the 

defected (b) spinel LiMn2O4 and (d) layered Li2MnO3 components compared with (c, e) their perfect 

structural models, respectively.  
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Figure 3. 16: The full lithiated nanoporous 69 Å structure (i, a) at Li2.00Mn2O4 concentration 

illustrating the (b) Mn2+ atoms in the tetrahedral tunnels, compared to the (c) perfect structural 

model of spinel Mn3O4. The harvested microstructure slice (ii, a) of the Li2.00Mn2O4 nanoporous 69 

Å structure, depicting the magnifications of (b) layered Li2MnO3 and (d) spinel LiMn2O4 composites, 

compared with their (c, e) the perfect structural models. 
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3.2.3 Nanoporous 67 Å 

The recrystallised lithiated Li-Mn-O nanoporous 67 Å structures with their microstructures 

at different lithium concentrations are illustrated in figures 3.17 to 3.21.  

The nanoporous 67 Å structure at Li1.00Mn2O4 concentration is depicted in figure 3.17 (i, 

a). The formations of (b) spinel Mn3O4 within the simulated nanoporous 67 Å structure is 

observed and is comparable to (c) its perfect structural model. The microstructure slice (ii, 

a) harvested from nanoporous 67 Å structure demonstrates the magnifications of the 

defected (b) layered Li2MnO3 and (d) spinel LiMn2O4 composites which are comparable to 

(c, e) their perfect structural models. The layered Li2MnO3 captures lithium vacancies, 

distortions and Mn interstitials. Meanwhile, the spinel LiMn2O4 captures lithium and Mn 

vacancies with some Frenkel defects.  

Figure 3.18 (i, a) illustrates nanoporous 67 Å structure at Li1.25Mn2O4 concentration. From 

the structure, the formations of (b) spinel Mn3O4 are observed and are comparable to (c) 

the perfect structural model. The microstructure slice (ii, a) cut from Li1.25Mn2O4 

nanoporous 67 Å structure shows the magnifications of (b) layered Li2MnO3 and (d) spinel 

LiMn2O4, which are comparable to the (c, e) perfect structural models. Observations made 

on the magnifications reveal defects such as lithium vacancies, distortions and Frenkel for 

the layered; meanwhile, for the spinel, lithium vacancies, Mn interstitials and Frenkel 

defects are observed.  

The Li1.50Mn2O4 nanoporous 67 Å structure (i, a) is illustrated in figure 3.19. The structure 

shows the presence of (b) spinel Mn3O4 component which is getting reduced when 

compared to the Li1.00Mn2O4 and Li1.25Mn2O4 concentrations. The magnified structure of 

Mn3O4 is comparable with (c) the perfect structural model. The microstructure (ii, a) slice 

cut from the nanoporous 67 Å structure illustrates the magnifications of (b) spinel LiMn2O4 
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and (d) layered Li2MnO3 components, which are comparable to their (c, e) perfect 

structural models, respectively. The prior capture the presence of Mn vacancies, while the 

latter reveals both the lithium and Mn vacancies with some distortions.  

The nanoporous 67 Å structure at Li1.75Mn2O4 concentration (i, a) is depicted in figure 3.20. 

The structure has recrystallised into a multi grained material denoted by grain boundaries 

and show some distorted regions as well. Due to the presence of distortions the spinel 

Mn3O4 component cannot be easily identified in the material. The microstructure slice (ii, 

a) from the Li1.75Mn2O4 nanoporous 67 Å structure shows a grain boundary and the 

presence of a (b) defective spinel LiMn2O4 which reveal Mn vacancies with some 

distortions. The spinel is comparable to the (c) perfect structural model.  

Figure 3.21 illustrates the full lithiated nanoporous 67 Å structure (i, a) at Li2.00Mn2O4 

concentration. The structure illustrates (b) Mn2+ atoms retained in the tetrahedral tunnels 

and some unoccupied tunnels that can allow for better lithium diffusion. The spinel Mn3O4 

perfect structural model is denoted by (c) and gets reduced with increasing lithium 

concentration when compared to Li1.00Mn2O4, L1.25Mn2O4, Li1.50Mn2O4 and Li1.75Mn2O4. 

The microstructure slice (i, a) cut from Li2.00Mn2O4 nanoporous 67 Å structure depict the 

magnifications of (b) spinel LiMn2O4 and (d) layered Li2MnO3 which are comparable to (c, 

e) their perfect structural models. Spinel LiMn2O4 reveal the presence of Mn vacancies 

and some distortions. The layered Li2MnO3 magnification display Mn vacancies. The 

structural defects observed from the nanoporous 67 Å structures get reduced with 

increasing lithium concentration, as such they are very minimal at Li2.00Mn2O4.  
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Figure 3. 17: The nanoporous 67 Å structure (i, a) at Li1.00Mn2O4 depicting the magnified section 

of (b) spinel Mn3O4 structure compared with (c) its perfect model. The microstructure (ii, a) 

illustrates the magnifications of defected (b) layered Li2MnO3 and (d) spinel LiMn2O4 compared 

with their(c, e) perfect structural modes.  
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Figure 3. 18:  The Li1.25Mn2O4 nanoporous 67 Å structure (i, a) illustrating the magnified section 

of (b) spinel Mn3O4 structure which is comparable to (c) its perfect structural model. The 

microstructure slice ((ii, a) harvested from Li1.25Mn2O4 nanoporous 67 Å structure depicting the 

magnified sections of (b) layered Li2MnO3 and d) spinel LiMn2O4 components, compared with their 

(c, e) perfect structural models.  
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Figure 3. 19: The nanoporous 67 Å structure (i, a) at Li1.50Mn2O4 concentration illustrating the 

presence of (b) spinel Mn3O4 structure comparable to (c) its perfect structural model. The 

Microstructure (ii, a) cut from the Li1.50Mn2O4 nanoporous 67 Å structure capturing the defected 

magnified portions of (b) spinel LiMn2O4 and (d) layered Li2MnO3 when compared to their (c, e) 

perfect structural models.  
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Figure 3. 20: The distorted and multi grained nanoporous 67 Å structure (i, a) at Li1.75Mn2O4 

concentration. The microstructure (ii, a) harvested from the Li1.75Mn2O4 nanoporous 67 Å, with 

multiple grain boundaries, depicting the magnified section of (b) spinel LiMn2O4 component 

comparable with (c) its perfect structural model.   
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Figure 3. 21: The full lithiated nanoporous 67 Å structure (i, a) at  Li2.00Mn2O4 concentration 

illustrating (b) Mn2+ atoms retained in tetrahedral tunnels, compared to the perfect structural 

model of spinel Mn3O4. The microstructure of Li2.00Mn2O4 nanoporous 67 Å (ii, a) illustrating the 

magnifications of (b) spinel LiMn2O4 and (d) layered Li2MnO3 comparable with (c, e) their perfect 

structural models.  
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3.2.4 Bulk (63 Å) 

Figure 3.22 to 3.26 illustrate the simulated recrystallised Li-Mn-O bulk structures and their 

microstructures with different lithium concentrations.  

The bulk structure at Li1.00Mn2O4 concentration (i, a) is depicted in figure 3.22 and is 

magnified to show the (b) Mn2+ atoms retained in tetrahedral tunnels, with some 

unoccupied tunnels that can accommodate surplus lithium during intercalation. The spinel 

Mn3O4 perfect structural model is denoted by (c). The harvested microstructure (ii, a) 

depicts the magnification of (b) the layered Li2MnO3 compared with its (c) perfect structural 

model. The layered Li2MnO3 reveal the presence of defects such as lithium vacancies and 

Mn interstitials. Another magnification from the microstructure captures the presence of 

(d) spinel LiMn2O4 component with distortions, compared to (e) its perfect structural 

model.  

The Li1.25Mn2O4 bulk structure is illustrated in figure 3.23 (i, a) and demonstrates the 

formation of (b) spinel Mn3O4 is comparable to (c) the perfect structural model. The 

presence of the spinel Mn3O4 component is getting reduced when compared to the 

Li1.00Mn2O4 bulk structure. The microstructure slice (ii, a) cut from the Li1.25Mn2O4 bulk 

depicts the magnifications of (b) of layered Li2MnO3 and (d) spinel LiMn2O4 components, 

compared to their (c, e) perfect structural models. The layered and spinel components 

indicate the Mn vacancies and distortions. 

Figure 3.24 (i) depicts the bulk structure at Li1.50Mn2O4 concentration, where the 

magnification of (b) spinel Mn3O4 component is observed and is comparable to the (c) 

perfect structural model. Further observations made on the structure indicate that the 

presence of the spinel Mn3O4 component is getting reduced when compared to the 

Li1.00Mn2O4 and Li1.25Mn2O4 concentrations. The layered-spinel components observed on 
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the microstructure (ii, a) depict their defective magnifications. The magnified section (b) of 

layered Li2MnO3 shows the Mn vacancies and distortions and is compared with (c) the 

perfect structural model. Further observations show the presence of (d) spinel LiMn2O4 

component which is comparable to its (e) perfect structural model and reveal Mn 

vacancies, Mn interstitials and some distortion.  

The bulk at Li1.75Mn2O4 concentration is illustrated in figure 3.25 (i, a) and has crystallised 

into a multi grained structure, as a result, the formation of spinel Mn3O4 cannot be 

identified at any structural rotation view. A multi grained microstructure (ii, a) depicted 

from the figure show the magnification of (b) layered Li2MnO3 which is comparable to the 

(c) perfect structural model. The layered component capture Mn interstitial atoms and 

some distortions.  

The Li2.00Mn2O4 bulk structure is depicted in figure 3.26 (i, a). The structure illustrates the 

presence of (b) Mn2+ atoms retaining tetrahedral tunnels and some which are unoccupied, 

compared with (c) the spinel Mn3O4 perfect structural model. From the bulk Li1.00Mn2O4 to 

Li2.00Mn2O4 concentration, the formation of the spinel Mn3O4 component is gradually 

getting reduced. The Li2.00Mn2O4 microstructure (a) depicts the magnifications of layered 

and spinel composites. The (b) layered Li2MnO3 reveal the presence of lithium vacancies 

and distortions when compared to its (c) perfect structural model. Furthermore, the (d) 

spinel LiMn2O4 component reveals the presence of Mn vacancies and distortions when 

compared to (e) the perfect structural model. Upon full lithiation, the grain boundaries 

disappear.  
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Figure 3. 22: The Li1.00Mn2O4 bulk structure ((i) a) illustrating the presence of (b) Mn2+ retained in 

tetrahedral tunnels compared with (c) the perfect structural model of spinel Mn3O4. The 

microstructure (ii, a) of the bulk cut from the Li1.00Mn2O4 structure depicting the magnified portions 

of (b) layered Li2MnO3 and (d) of spinel LiMn2O4 compared to their (c, e) perfect structural models. 
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Figure 3. 23: The bulk structure (i, a) at Li1.25Mn2O4 concentration depicting the magnified section 

of (b) spinel Mn3O4 structure comparable to its  (c) perfect structural model. The microstructure 

(ii, a) harvested from the bulk Li1.25Mn2O4 structure showing the defected magnified sections of 

(b) layered Li2MnO3 and (d) spinel LiMn2O4 compared to their (c, e) perfect structural models. 
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Figure 3. 24: The Li1.50Mn2O4 bulk structure (i, a) illustrating the magnified section of spinel Mn3O4 

structure (b) compared with (c) the perfect structural model. The microstructure (ii, a) cut from 

Li1.50Mn2O4 structure with magnified portions (b) the layered Li2MnO3 and (d) spinel LiMn2O4 

components, which are comparable to (c, e) their perfect structural models.  
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Figure 3. 25: The bulk structure (i, a), which has recrystallised into a multi grained material. The 

microstructure slice (ii, a) with grain boundaries from the Li1.75Mn2O4 bulk depicting the magnified 

section of (b) layered Li2MnO3 component compared to (c) its perfect structural model.  
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Figure 3. 26: The full lithiated bulk structure (i, a) at Li2.00Mn2O4 concentration magnified to 

illustrate that Mn2+ atoms are retaining the tetrahedral tunnels. The microstructure slice (ii, a) cut 

through the Li2.00Mn2O4 bulk structure, illustrating the presence of (b) layered Li2MnO3 and (d) 

spinel LiMn2O4 compared with their (c, e) perfect structural models.  
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3.3 Structural characterisation of the nanoporous and bulk 

structures by X-ray diffraction patterns 

X-ray diffraction patterns are fingerprints to distinguish element compositions, existing and 

formation of new phases on a material. Herein, the X-ray diffractions patterns of 

nanoporous (75, 69 and 67 Å) and bulk structures are illustrated in figures 3.27 - 3.30, to 

characterise the structural components existing and formed within the materials during 

the amorphisation and recrystallisation process under the NVT ensemble.  

3.3.1 XRDs for the nanoporous structures 

The X-ray diffraction patterns for the simulated Li-Mn-O lithiated nanoporous 75 Å structure 

with different lithium concentrations (Li1+xMn2O4, 1 ≤ x ≤ 2) are illustrated in figure 3.27. 

The simulated Li1+xMn2O4 X-ray diffraction patterns (a-e) are compared with the 

experimental, i.e. (f) spinel Mn3O4 [106], (g) layered Li2MnO3 co-existing with (h) layered 

LiMnO2 [107] and (i) spinel LiMn2O4 [107]. The simulated XRDs depicts shoulder peaks at 

~2θ = 18 – 23⁰ associated with spinel Mn3O4, LiMn2O4 and layered Li2MnO3 which 

decrease gradually with lithium increment from Li1.00Mn2O4 to Li1.50Mn2O4 and re-emerge 

again at Li1.75Mn2O4. The concentration at Li1.75Mn2O4 is where the structure has 

recrystallised into a polycrystalline form. As the lithium content is increased to Li2.00Mn2O4, 

the shoulder peaks in the range ~2θ = 18 – 23⁰ almost disappear. A similar trend is 

observed for ~2θ = 26 – 32⁰ peaks associated with spinel Mn3O4 on the simulated 

structures. A split of peaks at ~2θ = 36⁰ for Li1.25Mn2O4, Li1.50Mn2O4 and Li2.00Mn2O4 

accompanied by a shift to the right is observed. The shift favours the spinel LiMn2O4 

component. Further splits and shifts at ~2θ = 44⁰ associated with spinel LiMn2O4, Mn3O4 

and layered Li2MnO3 components for Li1.25Mn2O4, Li1.50Mn2O4 and Li2.00Mn2O4 structures 

are also observed. Likewise, at ~2θ = 64⁰, splits and shifts of peaks are still observed for 
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Li1.25Mn2O4, L1.50Mn2O4 and Li2.00Mn2O4 concentrations. The shifts are towards the right 

and favour the layered Li2MnO3 component. The Li1.25Mn2O4, Li1.50Mn2O4 and Li2.00Mn2O4 

concentrations have a similar trend and formation of peaks. The nanoporous 75 Å 

structure at Li1.00Mn2O4 and Li1.75Mn2O4 depicts broad peaks without any splitting but 

shifts. The shifts and splits observed in the X-ray diffraction patterns could be attributed to 

the mixing of Li and Mn layers, phase transitions or defects generated in the Li-Mn-O 

structures during cycling [108, 109, 110].  

The X-ray diffraction patterns for the simulated lithiated Li-Mn-O nanoporous 69 Å 

structures (a-e) with different lithium concentrations of Li1+xMn2O4, 0 ≤ x ≤ 1, compared 

with the experimental results of (f) spinel Mn3O4 [106], layered Li2MnO3 (g) co-existing with 

layered LiMnO2 (h) [107] and spinel LiMn2O4 (i) [107] are illustrated in figure 3.28. The 

shoulder peak at ~2θ = 18 – 23⁰ associated with spinel Mn3O4, LiMn2O4 and layered 

Li2MnO3 display peaks that progressively decrease with an increase in lithium 

concentration. A similar trend is observed for ~2θ = 26 – 32⁰, where the peak related to 

the spinel Mn3O4 is visible, however, decrease as the lithium concentration is increased. 

The peak appears to be flat upon full lithiation at Li2.00Mn2O4 concentration. At ~2θ = 36⁰ 

there is a split of peaks observed for all the simulated structures associated with spinel 

Mn3O4 except for Li1.00Mn2O4, accompanied by a shift to the right. The shift towards the 

right favours both the spinel LiMn2O4 and layered Li2MnO3 components. Further splits and 

shifts are observed at ~2θ = 44⁰ for all the simulated structures. The peak is associated 

with spinel LiMn2O4, Mn3O4 and layered Li2MnO3. Moreover, at ~2θ = 64⁰ splits and shifts 

of peaks for Li1.25Mn2O4, L1.50Mn2O4 and Li2.00Mn2O4 structures are observed, except for 

Li1.00Mn2O4 and Li1.75Mn2O4 concentrations. Interestingly, nanoporous 69 Å at Li1.75Mn2O4 

concentrations depicts narrow peaks in contrast to nanoporous 75 Å which displayed 

broad peaks. Shifts are observed at ~2θ = 64 towards the right, favouring the layered 
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Li2MnO3 and spinel Mn3O4 components at ~2θ = 66⁰. The shifts and splits could be 

ascribed to the mixing of Li and Mn layers, phase transitions or defects generated in the 

Li-Mn-O systems during the lithiation process in the structure [108, 109, 110]. 

Figure 3.29 (a-e) depicts the X-ray diffraction patterns for the simulated Li-Mn-O lithiated 

nanoporous 67 Å structures with different lithium concentrations of Li1+xMn2O4 where, 0 ≤ 

x ≤ 1 compared with the experimental results of spinel Mn3O4 (f) [106], layered Li2MnO3 

(g) co-existing with layered LiMnO2 (h) [107] and spinel  LiMn2O4 (i) [107]. Shoulder peaks 

associated with spinel Mn3O4, LiMn2O4, layered Li2MnO3 and LiMnO2 at ~2θ = 18 – 23⁰ 

decrease gradually as the lithium concentration increases from Li1.00Mn2O4 to Li1.50Mn2O4 

and re-emerge at Li1.75Mn2O4. The peak almost disappears again upon full lithiation at 

Li2.00Mn2O4 concentration. Characteristics peaks for ~2θ = 26 – 32⁰, related to the spinel 

Mn3O4 is visible for all the structures except for Li2.00Mn2O4. The peaks appear to be broad 

and intense for Li1.00Mn2O4 and Li1.75Mn2O4 concentrations. There is a split of peaks at 

~2θ = 36⁰ for Li1.25Mn2O4, Li1.50Mn2O4 and Li2.00Mn2O4 concentrations accompanied by a 

shift to the right. More splits and shifts are observed at ~2θ = 44⁰ and are associated with 

spinel Mn3O4, LiMn2O4 and layered LiMn2O3 for Li1.25Mn2O4, Li1.50Mn2O4 and Li2.00Mn2O4 

components. The shift is observed to be towards the right and favour the spinel LiMn2O4 

content. Furthermore, at ~2θ = 64⁰ peak splits and shifts for Li1.25Mn2O4, L1.50Mn2O4 and 

Li2.00Mn2O4 concentrations are still observed. These peaks are associated with spinel 

LiMn2O4, Mn3O4 and layered LiMn2O3. The shift is towards the right and favours the layered 

Li2MnO3 component. Nanoporous 67 Å at Li1.75Mn2O4 concentration depicts broad, much 

intense and nosier peaks without any splitting but with slightly shifting. The shifts and splits 

observed on the XRD plots for the lithiated structures could be caused by the mixing of Li 

and Mn layers, phase transitions or defects generated in the Li-Mn-O systems during 
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lithium intercalation [108, 109, 110]. In addition, the Li1.50Mn2O4 and Li2.00Mn2O4 

concentrations have a very similar form of peaks.  

 

Figure 3. 27: The XRDs for simulated (a) Li1.00Mn2O4, (b) Li1.25Mn2O4, (c) Li1.50Mn2O4, (d) Li1.75Mn2O4 

and (e) Li2.00-Mn2O4 nanoporous 75 Å structures; compared with the experimental X-ray diffraction 

patterns for (f) spinel Mn3O4 [106], (g) layered LiMnO2 [107],  (h) layered Li2MnO3 [107] and (i) 

spinel LiMn2O4 [107].    
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Figure 3. 28: The XRDs for simulated (a) Li1.00Mn2O4, (b) Li1.25Mn2O4, (c) Li1.50Mn2O4, (d) Li1.75Mn2O4 

and (e) Li2.00-Mn2O4 nanoporous 69 Å structures; compared with the experimental for (f) spinel 

Mn3O4 [106], (g) layered LiMnO2 [107],  (h) layered Li2MnO3 [107] and (i) spinel LiMn2O4 [107].  
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Figure 3. 29: The XRDs  for simulated (a) Li1.00Mn2O4, (b) Li1.25Mn2O4, (c) Li1.50Mn2O4, (d) 

Li1.75Mn2O4 and (e) Li2.00Mn2O4 Li-Mn-O nanoporous 67 Å structures, compared with the 

experimental XRDs for (f) spinel Mn3O4 [106], (g) layered LiMnO2 [107],  (h) layered Li2MnO3 [107] 

and (i) spinel LiMn2O4 [107].  
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3.3.2 XRDs for the bulk structure 
 

The X-ray diffraction patterns for the simulated Li-Mn-O lithiated bulk structures (a-e) with 

different lithium concentration Li1+xMn2O4 where 0 ≤ x ≤ 1, compared to the experimental 

results of (f) spinel Mn3O4 [106], (g) layered Li2MnO3 co-existing with (h) layered LiMnO2 

[107] and (i) spinel LiMn2O4 [107] are illustrated in Figure 3.30. The shoulder peaks at 2θ 

~ 18 ̠  23⁰ associated with Li2MnO3, LiMn2O4 and Mn3O4 decrease gradually with increasing 

lithium content from Li1.00Mn2O4 to Li1.50Mn2O4 and re-emerge at Li1.75Mn2O4. The 

structure at Li1.75Mn2O4 concentration is the one that has recrystallised into a 

polycrystalline form, having grain boundaries. Increasing lithium concentration to 

Li2.00Mn2O4, the peaks in the range ~2θ = 18 – 23⁰ almost disappear. A similar trend is 

observed for ~2θ = 26 – 32⁰, where the peak related to the spinel Mn3O4 becomes 

invisible. The peak at ~2θ = 36⁰ for Li1.25Mn2O4 illustrates a split, accompanied by a shift 

to the right favouring the spinel LiMn2O4 component. Further, splits and shifts are observed 

for peaks at ~2θ = 44⁰ for Li1.50Mn2O4 and Li2.00Mn2O4 concentrations. Moreover, at ~2θ 

= 64⁰ peak splits and shifts are still observed for Li1.25Mn2O4, L1.50Mn2O4 and Li2.00Mn2O4 

structures. The bulk Li1.75Mn2O4 depicts broad peaks without any splitting but with shifts. 

The peak shift and split phenomenon could be attributed to the mixing of Li and Mn layers, 

phase transitions or defects generated in the Li-Mn-O systems during cycling [108, 109, 

110]. 

.  
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Figure 3. 30: The XRDs for simulated (a) Li1.00Mn2O4 (b) Li1.25Mn2O4, (c) Li1.50Mn2O4, (d) Li1.75Mn2O4 

and (e) Li2.00Mn2O4 bulk structures, compared with the experimental XRDs for (f) spinel Mn3O4 

[106], (g) layered LiMnO2 [107],  (h) layered Li2MnO3 [107] and (i) spinel LiMn2O4 [107] structures.  
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3.4 Discussion 

This chapter intended to investigate the host capabilities of the Li-Mn-O nanoporous and 

bulk structures during lithium intercalation under NVT ensemble, by interrogating their 

electrochemical properties. Lithiation of the nanoporous and bulk materials at different 

lithium concentrations Li1+xMn2O4, where 0 ≤ x ≤ 1 was carried out using molecular 

dynamics simulation methods. The nanoporous and bulk nanoarchitectures have shown 

the effect of lithiation when the lithium concentration is increased on the structures, 

microstructures and X-ray diffraction patterns. The structures crystallised into single and 

multiple crystals with distortions especially at Li1.75Mn2O4 concentration for all the 

structures; and also for concentrations at Li1.00Mn2O4 and Li2.00Mn2O4 for nanoporous 75 

Å.  

The pores for nanoporous materials increase in size from Li1.00Mn2O4 to Li1.25Mn2O4 and 

then reduce. However, at Li1.75Mn2O4 concentration, the pore for nanoporous 75 Å reduce 

in size, while that of nanoporous 69 Å increase in size and that for nanoporous 67 Å close 

up. Upon full lithiation, at Li2.00Mn2O4 concentration, all the structures almost regain their 

original size. Furthermore, at full lithiation lithium atoms float at the cavity of the 

nanoporous structures. No cavities are observed for the bulk structures. 

The formation of spinel Mn3O4 and the retainment of the Mn2+ tetrahedral tunnels are 

observed on the structures. An increase in lithium concentration encourages the reduction 

of the Mn3O4 content in nanoporous and bulk structures. Moreover, the structural defects 

become minimal with increasing lithium concentration. The common defects captured on 

the microstructures are vacancies, grain boundaries, Mn interstitials, Frenkel and 

distortions. Some concentrations, especially at Li1.75Mn2O4 for nanoporous 75 Å, 67 Å and 

the bulk favours the spinel LiMn2O4 component.  
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The X-ray diffraction pattern plots for simulated bulk and nanoporous Li-Mn-O structures 

are comparable with the experimental results. The simulated structures at different lithium 

concentrations depict shoulder peaks at ~2θ = 18 – 23⁰. This peak shows the same 

behaviour for all the simulated plots, where it gradually decreases from Li1.00Mn2O4 to 

Li1.50Mn2O4 and re-emerge at Li75Mn2O4, then almost disappear again upon full lithiation. 

A similar trend is observed for the peak associated with Mn3O4 at ~2θ = 26 – 32⁰. Shifts 

and split peaks are observed at ~2θ = 36⁰, ~2θ = 44⁰ and ~2θ = 64⁰. At Li1.75Mn2O4 

concentration, peaks shift without splitting for all the structures. Furthermore, the peaks 

become broader for all structures except for nanoporous 69 Å.  Nanoporous 75 and 67 Å 

show similar trends of peaks peak formation. The peak shifts observed are towards the 

right. The shifts and splits could be attributed to the mixing of Li and Mn layers, phase 

transitions or defects generated in the Li-Mn-O systems as the lithium content is increased 

or during the discharge process, as reported experimentally for NMCs [108, 109, 110].   
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CHAPTER 4 

Structural changes on the lithiated nanoporous and bulk 

electrode materials 

4.1 Introduction   

The processes of lithiation and delithiation in the battery cathode can lead to severe 

mechanical fatigue because of the repeated expansion and compression of the host lattice 

during electrochemical cycling [44]. During cycling there is a volume change of about 7.7% 

related to volume expansion and contraction, which leads to the mismatch between Li+ 

rich and Li+ deficient domains in the electrode, causing mechanical degradation and 

fracture [44]. In addition, this results in a phase transition from cubic to a tetragonal phase 

accompanied by a 6.5% increase in the unit cell volume, which occurs due to surplus 

lithium intercalated into the spinel to reach a maximum Li2Mn2O4 [13].  

Nanoporous materials are widely utilised in lithium ion batteries because they offer good 

access between the electrolyte and electrode, through their short path length for lithium 

ion diffusion [53]. Furthermore, these materials are flexible, they can expand and contract 

during cycling and allow atoms to diffuse through them with ease. Moreover, they have 

high volumetric energy density [52, 53]. This suggests that they can provide a large surface 

area and pore volume for better interaction with the electrolyte and ionic diffusion, leading 

to enhanced electrochemical performance and mechanical stability [52, 111, 112]. The 

bulk structures comprise of particles that can be handled as individual items of material 

but are composed of nanocrystals and the dimensions of the material are in all directions 

[113]. As such their structural changes are of significance to comprehend so that clear 

conclusions on a suitable cathode material for lithium ion batteries can be made.   
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In this chapter, the three nanoporous materials and the bulk introduced in chapter 3 with 

the same number of atoms and lithium concentrations, Li1+xMn2O4 where 0 ≤ x ≤ 1 are 

investigated for their structural changes during lithiation. The structures have been 

recrystallised under the NST ensemble, where N = constant number of atoms, S = constant 

stress and T = constant temperature. In the NST ensemble volume is not fixed, therefore 

it is allowed to vary flexibly with lithiation, and this allows effective investigation of volume 

changes in materials. The structural changes and pore size effect of lithium ion batteries 

materials need a thorough investigation to understand the structural evolution that comes 

with lithiation to improve battery performance. Therefore, this chapter focuses on 

investigating the potential changes that occur on these materials when the volume is 

allowed to vary during recrystallisation.  

4.2 Method 

Molecular dynamics methods employing the DL_POLY code was used to perform all the 

calculations to monitor the structural changes of the Li-Mn-O nanoporous (75, 69 and 67 

Å) and bulk materials at different lithium concentrations, Li1+xMn2O4 (0 ≤ x ≤ 1). These are 

the amorphous structures generated under the NPT ensemble in chapter 3 which in this 

chapter have been recrystallised using the NST ensemble, where N = constant number of 

particles, S = constant stress and T = constant temperature to allow for volume changes 

in materials. Molecular dynamics simulations at 1700 K temperature  for  150 ps and the 

pressure of 0 GPa were used to recrystallise the structures. The structures were then 

equilibrated to 0 K for 300 ps during the cooling process. The equilibrated structures were 

then exported to the Material Studio interface to visualise the pore changes, 

microstructural changes and to calculate volumetric changes using the Connolly surface 

tool [114]. Connolly surfaces encapsulate the whole surface of a structure and give the 
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volume of the entire system. Furthermore, the radial distribution functions and X-ray 

diffraction patterns were also used to characterise the structural components. The main 

reason to recrystallise with NST is to fully understand the structural changes that occur 

during the discharging process, especially because the battery undergo contractions and 

expansions with lithiation. Therefore, it is of great interest to discern these phenomenal 

changes that take place within the materials during cycling. 

4.3 Pore size effect and volume change on the nanoporous (75, 69, 

67 Å) and bulk structures 

The simulated recrystallised nanoporous structures with cell size 75, 69, 67 Å and the bulk 

(63 Å) with varying lithium concentrations Li1+xMn2O4, 0 ≤ x ≤ 1 are illustrated in figure 4.1. 

The structures have evolved into single and multiple crystals. The multi grained crystals 

are denoted by white dotted lines on the structures.  

The nanoporous 75 Å structure at Li1.00Mn2O4 depict a larger pore with an irregular shape. 

Increasing the lithium content to Li1.25Mn2O4 results in the pore size reducing and 

becoming spherical. The pore size continues to reduce as more lithium is intercalated to 

Li1.50Mn2O4 and Li1.75Mn2O4 concentrations. The latter concentrations give a structure that 

has recrystallised into multiple grains. Upon full lithiation, the structure shows a similar 

pore size to that of Li1.00Mn2O4, however, with a different shape and some excess lithium 

atoms at the pore.  

In the same figure of 4.1, the impact of lithiation on nanoporous 69 Å structures is 

illustrated. The structure at Li1.00Mn2O4 concentration depicts a pore that increases in size 

with lithium intercalation to Li1.25Mn2O4 concentration. The pore size continues to reduce 

at Li1.50Mn2O4 concentration, then eventually at Li1.75Mn2O4 it completely closes up. This 
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is in contradiction to nanoporous 75 Å at the same concentration where the pore does not 

close up, rather increase in size from Li1.50Mn2O4 to Li1.75Mn2O4. Furthermore, at 

Li1.75Mn2O4 concentration, no grain boundaries are observed. The full lithiated structure 

at Li2.00Mn2O4 concentration shows a similar pore size to that at Li1.00Mn2O4, however, with 

an irregular oval shape.  

The nanoporous 67 Å structure at Li1.00Mn2O4 concentration shows a small pore size 

compared to nanoporous 75 and 69 Å structures. Increment of lithium concentration to 

Li1.25Mn2O4 increases the pore size. Further lithium increment to Li1.50Mn2O4 result in a 

pore that slightly closes up, then completely close up at Li1.75Mn2O4 concentration. Grain 

boundaries are observed at Li1.75Mn2O4 concentration denoted by white dotted lines. Full 

lithiation of the structure to Li2.00Mn2O4 results in similar pore size to that of the pristine 

concentration at Li1.00Mn2O4. Lastly, the bulk structures show structures that have evolved 

into single crystals with increasing lithium concentration. The bulk structures do not have 

any pores in them. 

Figure 4.2 depicts the total radial distribution function (RDFs) graphs for the lithiated 

recrystallised Li-Mn-O nanoporous and bulk composite materials of different cell 

dimensions and lithium concentrations. The total RDFs for the recrystallised structures 

depict sharp peaks, suggesting that the structures are well defined or have atoms in an 

ordered array or arrangement. As observed on the nanoporous and structures 

recrystallised in NVT, the Li2.00Mn2O4 concentration has a lower g(r) compared to the other 

four concentrations. Furthermore, the recrystallised RDFs peaks reduce in height (gr) with 

increasing radial distance (r).  
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Figure 4. 2: The total RDFs for the recrystallised lithiated Li-Mn-O nanoporous structures with 

different lithium concentrations; where (a) is the nanoporous 75 Å, (b) nanoporous 69 Å, (c) the 

nanoporous 67 Å and (d) the bulk. 

Connolly structures determine the overall volume of a system and how it has expanded or 

contracted when it is allowed to interact with other materials either by lithiation, coating, 

doping and etc. The connolly surfaces of the NST Li-Mn-O structures are illustrated in 

figures 4.3 to 4.6 for nanoporous 75 Å, nanoporous 69 Å, nanoporous 67 Å and the bulk 

at 63 Å, respectively. These structures have been viewed in the “in-cell and original” view 

under the Material studio interface. The structures viewed in “in cell” shows the outer 

surface of the channel vividly in grey and those viewed in “ original” shows the inner 

surface of the channel in blue. For simplicity; the blue-greyish section in the structures 

represents the voids/channels in the nanoporous materials, which are occupied during 

lithiation. 
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Figure 4.3 conforms with figure 4.1 of nanoporous 75 Å regarding the pore size changes, 

although different pore shapes are observed from Li1.00Mn2O4 to Li2.00Mn2O4 

concentrations. Furthermore, a structure that has crystallised into multiple grains is also 

observed at Li1.75Mn2O4. Upon full lithiation at Li2.00Mn2O4 concentration, excess lithium 

atoms are floating within the cavity/channel and a pore size similar to the Li1.00Mn2O4 is 

observed. Further observations on the structures, shows that the shaded blue areas 

reduce in size from Li1.00Mn2O4 to Li1.75Mn2O4, then slightly increase at Li2.00Mn2O4, taking 

the pattern of the pore size increment and reduction explained in figure 4.1. 

Observations made in figure 4.4 for nanoporous 69 Å regarding the pore size is also in 

accord with those in figure 4.1. When the lithium concentration is increased from 

Li1.00Mn2O4 to Li1.25Mn2O4 the pore size increases instead of reducing. Further lithiation to 

Li1.50Mn2O4 results in a pore that reduces in size. Further increment in lithium 

concentration to Li1.75Mn2O4, depicts a pore that closes up and a structure that has 

evolved into a single crystal. The full lithiated structure almost regains its original pore size. 

The blue shaded areas reduce with increasing concentration to Li1.75Mn2O4, then increase 

at Li2.00Mn2O4, also taking the pore size trend with lithium increment. 

Nanoporous 67 Å connolly surfaces are presented in figure 4.5 and are almost in 

agreement with structural snapshots in figure 4.1. Lithiation from Li1.00Mn2O4 to 

Li1.25Mn2O4 resulted in the enlargement of the pore size. Increasing the lithium 

concentration to Li1.50Mn2O4 causes the pore to partially close up. Meanwhile, increasing 

the lithium content to Li1.75Mn2O4 resulted in the pore almost closing up completely. The 

latter concentration evolved into a multi grained structure. Lithiation to Li2.00Mn2O4 

resulted in a structure that has almost regained its original pore size, however without any 

grain boundaries. Further observations on the structure show the blue area increasing 

from Li1.00Mn2O4 to Li1.25Mn2O4 concentration, then reduce at Li1.50Mn2O4 and Li1.75Mn2O4. 
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At Li2.00Mn2O4 concentration, the blue area increases again. This also follows the pore size 

change trend with increasing lithium content. 

Figure 4.6 depicts the connolly surface structures for the bulk. The Li1.00Mn2O4 

concentration depicts minor blue-greyish regions in the structures, however, as the lithium 

concentration increases to Li1.25Mn2O4 the blue-greyish regions in the structure increases 

implying cell expansion. Further increase in lithium concentration results in volume 

expansion, denoted by more visibility of the grey-bluish regions. The expansion is further 

observed with lithium increment to Li1.50Mn2O4 and Li1.75Mn2O4 concentrations. 

Interestingly, for the NST simulated Li1.75Mn2O4 structure, no grain boundaries are 

observed; whereas, in other structures for this concentration there are grain boundaries. 

Upon full lithiation, the structure almost regains its pristine form (Li1.00Mn2O4), this can be 

confirmed by the drop in cell volume and minor blue-greyish regions at Li2.00Mn2O4 

concentration as depicted in figure 4.7. The blue areas are very minimal for Li1.00Mn2O4, 

then increase for Li1.25Mn2O4 and Li1.50Mn2O4 concentrations. However, increasing the 

lithium concentration to Li1.75Mn2O4 and Li2.00Mn2O4 results in the reduction of the blue 

areas.  
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Figure 4. 3: The lithiated connolly surface structures for nanoporous 75 Å illustrating changes in 

the channels and volume with an increase in lithium concentration viewed in “In-cell and Original” 

lattices, where (a) is the Li1.00Mn2O4, (b) Li1.25Mn2O4, (c) Li1.50Mn2O4, (d) Li1.75Mn2O4 and (e) the 

Li2.00Mn2O4 concentrations.  
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Figure 4. 4: The lithiated Li-Mn-O connolly surface structures for nanoporous 69 Å illustrating the 

channel and volume occupied viewed in “In-cell and Original” lattices, where (a) is the Li1.00Mn2O4, 

(b) Li1.25Mn2O4, (c) Li1.50Mn2O4, (d) Li1.75Mn2O4 and (e) the Li2.00Mn2O4 concentrations.  
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Figure 4. 5: The lithiated connolly surface structures for nanoporous 67 Å illustrating systems with 

volume and pore changes as lithium concentration is increased in them, viewed in “In-cell and 

Original” lattices, where (a) is the Li1.00Mn2O4, (b) Li1.25Mn2O4, (c) Li1.50Mn2O4, (d) Li1.75Mn2O4 and 

(e) the Li2.00Mn2O4 concentrations.   

 

 

 

 

 



 
 

93 
 

 

Figure 4. 6: Bulk (63 Å) structures illustrating the Connolly surfaces used to determine volume 

changes that occur with lithium intercalation viewed in “In-cell and Original” lattices, where (a) is 

the Li1.00Mn2O4, (b) Li1.25Mn2O4, (c) Li1.50Mn2O4, (d) Li1.75Mn2O4 and (e) the Li2.00Mn2O4 

concentrations.   

 

 

 

 

 



 
 

94 
 

The graphical representations for the volume changes of nanoporous and bulk structures 

are illustrated in figure 4.7. The nanoporous 75 Å depicts a volume expansion plot where 

the initial cell volume of 26.7 x104 Å3 at Li1.00Mn2O4 experiences a drop in volume by 

0.03x104 Å3 to 26.67 x104 Å3 at the Li1.25Mn2O4 concentration. Further lithium 

intercalation increase the volume to 26.97 x104 Å3 at Li1.50Mn2O4 from 26.67 x104 Å3 

(Li1.25Mn2O4) by ~0.3 x104 Å3. Increment of lithium concentration from Li1.50Mn2O4 to 

Li1.75Mn2O4 expands the cell volume to 27.54 x104 Å3 with an overall increase of ~ 

0.57x104 Å3. Upon full lithiation, the cell volume expands by ~0.88x104 Å3 from 27.54x104 

Å3 to 28.42 x104 Å3 at Li2.00Mn2O4 concentration.   

The nanoporous 69 Å structures depict cell volume increment with an estimation of ~ 0.03 

x104 Å3 volumetric increase from 26.47 x104 Å3 at Li1.00Mn2O4 to 26.5x104 Å3 at 

Li1.25Mn2O4 concentrations. Furthermore, an increase in cell volume of ~ 0.54 x104 Å3 is 

observed from 26.5 x104 Å3 to 27.04 x104 Å3 between Li1.25Mn2O4 and Li1.50Mn2O4 

concentrations, respectively. Moreover, Li1.50Mn2O4 and Li1.75Mn2O4 depict a cell volume 

increase of ~ 0.03 x104 Å3 from 27.04 x104 Å3 to 27.07 x104 Å3. Finally, a higher volume 

increase of ~ 1.31 x104 Å3 from 27.07 x104 Å3 to 28.38 x104 Å3 is observed from 

Li1.75Mn2O4 to Li2.00Mn2O4 concentrations.  

On the other hand, nanoporous 67 Å, follows a similar trend of volume expansion to that 

of nanoporous 75 Å when lithium concentration is increased. A volume increase of ~ 0.03 

x104 Å3 is observed from 26.4 x104 Å3 to 26.43 x104 Å3 at Li1.00Mn2O4 and Li1.25Mn2O4 

concentrations, followed by a volumetric increase of ~ 0.72 x104 Å3 from 26.43 x104 Å3 to 

27.15 x104 Å3 at Li1.25Mn2O4 and Li1.50Mn2O4 concentrations. Further expansion in cell 

volume is observed from Li1.50Mn2O4 to 27.54 x104 Å3 for Li1.75Mn2O4 by ~0.37 x104 Å3. 

Finally, from 27.54 x104 Å3 at Li1.75Mn2O4 concentration to 27.87 x104 Å3 at Li2.00Mn2O4 

concentration, where the cell has expanded by ~ 0.35 x104 Å3.   
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The graphical representation for the volume changes on the bulk structure (63 Å) shows 

fluctuations in volume expansion during cycling to full lithiation. The initial cell volume of 

25.58 x104 Å3 at Li1.00Mn2O4 increases to 26.13 x104 Å3 at Li1.25Mn2O4, then to 27.1 x104 

Å3 at Li1.50Mn2O4 concentration. Further volume increment is observed until 27.32 x104 Å3 

at Li1.75Mn2O4 concentration. A sudden drop to 26.33 x104 Å3 is observed at Li2.00Mn2O4 

resulting in the cell volume reduction. This could imply that the structure is experiencing a 

change in symmetry and all the vacant sites are occupied through continuous lithiation 

and the Mn3O4 spinel walls are collapsing.  

The volume change plots for the nanoporous and bulk structures are illustrated in figure 

4.8. The observations made on the plots show that when the lithium concentration is 

increased from Li1.00Mn2O4 to Li1.25Mn2O4 there is a volume expansion for all the 

structures; however, the expansion is minimal for nanoporous structures (~ 0.11% for all) 

and high for the bulk (2.71%). Increasing the concentration to Li1.50Mn2O4 further results 

in volume expansion for all the structures. Similarly, volume expansion is still observed for 

Li1.50Mn2O4 to Li1.75Mn2O4 concentration. However, at the latter concentration, nanoporous 

69 Å is more resilient to expansion. This is the concentration where nanoporous 69 Å 

depicts few grain boundaries compared to its nanoporous counterparts. Upon full lithiation 

(Li2.00Mn2O4), all the nanoporous structures show a very high volume expansion especially 

nanoporous 67 and 75 Å. The ability of nanoporous structures to expand freely upon 

lithiation is due to their unique property of flexing within their pores owing to their large 

surface areas [52, 111, 112]. On the other hand, the bulk structure experiences an 

extensive volume drop at this concentration. In the case of the bulk structure, one of the 

factors contributing to the volume drop could be that the tunnels of the spinel Mn2O4 are 

collapsing with increasing lithium concentration [110]. 
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4.4 Microstructural changes emanating from lithium intercalation 

Microstructural features of materials help to understand the electrochemical complexities 

of that structure in terms of atom position, defects formation, and vacant lattice sites that 

can accommodate extra atoms and so forth. This aid in the understanding of the 

functionality of that material and help improve its properties for better application. The 

microstructures of lithiated Li-Mn-O nanoporous and bulk structures (Li1+xMn2O4, 0 ≤ x ≤ 

1) are illustrated in this section to scrutinize their defects and structural integrity after 

being recrystallised under the NST ensemble during the discharge process.  

4.4.1 Nanoporous 75 Å 

Figure 4.9 illustrates the nanoporous 75 Å structure (i, a) at Li1.00Mn2O4 concentration, 

which shows a distorted region. The magnified sections (b, d) reveal the presence of Mn2+ 

atoms in tetrahedral tunnels and some blocked tunnels by the Mn atoms; the perfect 

Mn3O4 structural model is denoted by (c) on the illustration. The microstructure with grain 

boundaries in (ii, a) reveals the magnified portions of (b) layered Li2MnO3 and (d) spinel 

LiMn2O4 components compared to their perfect models (c, e) respectively; where point 

defects such as Li and Mn vacancies, Mn interstitials and distortions are observed.  

Increment of lithium content to Li1.25Mn2O4 depicts a structure of nanoporous 75 Å which 

has recrystallised into a single crystal, illustrated in figure 4.10. The spinel Mn3O4 (b) 

component is observed in the structure and is comparable to (c) its perfect structural 

model. The overall Mn3O4 content is minimal when compared to Li1.00Mn2O4 concentration. 

The microstructural features observed in the slice depicted in figure 5.8 (ii, a) demonstrate 

structural defects such Li and Mn vacancies, Mn interstitials and distortions on the layered 

Li2MnO3 and spinel LiMn2O4 components coexisting in the structure.    
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Further lithium increment to Li1.50Mn2O4 on the nanoporous 75 Å structure (i, a) is 

illustrated in figure 4.11. The Mn2+ atoms (b) are depicted occupying the tetrahedral 

tunnels where some are unoccupied with Li atoms diffusing through them; the spinel 

Mn3O4 perfect model is denoted by (c). Further observations on the structure show that 

the Mn3O4 content is getting reduced with increasing lithium concentration. The slice of 

the microstructure cut through the nanoporous 75 Å structure is demonstrated in figure 

4.11 (ii, a).  The magnifications of the defective (b) layered Li2MnO3 and (d) spinel LiMn2O4 

components depict Li vacancies, distortions intergrowths and Mn interstitials. The 

simulated layered and spinel structures are comparable to (c, e) their perfect structural 

models. The spinel component is very minimal and highly defective compared to the 

layered.  

The nanoporous 75 Å structure at Li1.75Mn2O4 concentration evolves into multiple grained 

crystals after recrystallisation. The previously observed Mn3O4 component is not easily 

identifiable (figure 4.12 (i, a)). The harvested microstructure (ii, a) from the Li1.75Mn2O4 

structure captures a wealth of grain boundaries and some Mn vacancies and distortions 

from the (b) spinel LiMn2O4 and (d) layered Li2MnO3 components. The former and the latter 

are comparable to (c, e) their perfect structural models.  

The full lithiated nanoporous 75 Å structure at Li2.00Mn2O4 concentration with a distorted 

region is depicted in figure 4.13 (i, a). The structure has few Mn2+ atoms (b) in the 

tetrahedral tunnels, which imply more lithium atoms occupying and diffusing through the 

channels/tunnel. The Mn3O4 model is denoted by (c). The nanoporous 75 Å Li2.00Mn2O4 

microstructure is illustrated in (ii, a) with magnifications of (b) the layered Li2MnO3 and (d) 

spinel LiMn2O4 components showing distortions that alter the array of the Li-Mn-O 

composites. Further observations on the microstructure reveal that the defects reduce 

with an increase in lithium content.  
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Figure 4. 9: The Li1.00Mn2O4 polycrystalline nanoporous 75 Å structure (i, a) depicting the (b) 

magnified sections of Mn2+ atoms retraining the tetrahedral tunnels, compared with  (c) the perfect 

Mn3O4 model. The microstructure (ii, a) at Li1.00Mn2O4 illustrating the magnifications of (b) layered 

Li2MnO3 and (d) spinel LiMn2O4 components comparable to their perfect models (c, e), 

respectively.  
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Figure 4. 10: The Li1.25Mn2O4 nanoporous 75 Å structure (i, a) illustrating the magnified sections 

of the (b) spinel Mn3O4 and (c) its perfect model. The microstructure slice (ii, a) of Li1.25Mn2O4 

nanoporous 75 Å structure showing (b) the layered Li2MnO3 and (d) spinel LiMn2O4 components 

and their perfect models (c, e). 
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Figure 4. 11: The nanoporous 75 Å structure (i, a) at Li1.50Mn2O4 concentration demonstrating the 

(b) magnification of Mn2+ atoms retraining the tetrahedral tunnels, compared to (c) the perfect 

Mn3O4 model. The microstructure (ii, a) of Li1.50Mn2O4 nanoporous 75 Å structure capturing (b) the 

layered Li2MnO3 and (d) spinel LiMn2O4 components compared to their perfect structural models 

(c, e), respectively. 
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Figure 4. 12: The multi grained Li1.75Mn2O4 nanoporous 75 Å (i, a) structure with grain boundaries 

depicting some distorted regions. The microstructure with grain boundaries (ii, a) illustrating the 

(b) spinel LiMn2O4 and (d) the layered Li2MnO3 components with their (c, e) perfect structural 

models.  
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Figure 4.13: The distorted Li2.00Mn2O4 nanoporous 75 Å structure (i, a) depicting the (b) 

magnification of Mn2+ atoms retraining the tetrahedral tunnels compared to (c) the perfect Mn3O4 

model. The microstructure (ii, a) of Li2.00Mn2O4 nanoporous 75 Å structure illustrating (b) the 

layered Li2MnO3 and (d) spinel LiMn2O4 components compared to their (c, e) perfect structural 

models. 
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4.4.2 Nanoporous 69 Å 

The pristine (Li1.00Mn2O4) simulated nanoporous 69 Å structure is depicted in figure 4.14 

(i, a). The structure has evolved into a single crystal with numerous (b) Mn2+ atoms 

populating the tetrahedral tunnels. The spinel Mn3O4 perfect model is denoted by (c). The 

nanoporous 69 Å Li1.00Mn2O4 microstructure (ii, a) shows the hetero-structural (b) layered 

Li2MnO3 and (d) spinel LiMn2O4 components with defects compared to their perfect 

models (c, e), respectively. The defects include Li vacancies, Mn self-interstitials and 

distortions for layered; and Mn interstitials for spinel.  

Figure 4.15 depicts the snapshots of nanoporous 69 Å structure at Li1.25Mn2O4 

concentration. The illustrated diagram in (i, a) captures a single crystal populated by Mn2+ 

atoms (b) in the tetrahedral tunnels after recrystallisation. The Mn3O4 perfect model is 

denoted by (c). The microstructure (ii, a) slice from the nanoporous 69 Å structure 

illustrates the co-existence of (b) layered Li2MnO3 with (d) spinel LiMn2O4 component 

having defects common to those observed at Li1.00Mn2O4 concentration.  

Increment of lithium concentration to Li1.50Mn2O4 on the nanoporous 69 Å structure is 

illustrated in figure 4.16 (i, a) and shows the magnifications of the (b) Mn2+ atoms in 

tetrahedral tunnels with (c) the perfect structural model of spinel Mn3O4. The 

microstructure slice (ii, a) cut from the Li1.50Mn2O4 nanoporous 69 Å shows the 

magnifications of (b) layered Li2MnO3 and (d) spinel LiMn2O4 components which are 

defected. The defects include Li/Mn vacancies and some distortions. The perfect models 

(c, e) are depicted alongside magnifications of layered and spinel for comparison 

purposes.  

Further increment of lithium concentration to Li1.75Mn2O4 results in the nanoporous 69 Å 

structure evolving into multiple grains with distorted regions, illustrated in figure 4.17 (i, 
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a). These multiple grains are characterised by grain boundaries. Furthermore, the structure 

demonstrates (b) the Mn2+ atoms retaining tetrahedral tunnels. The spinel Mn3O4 perfect 

structural model is denoted by (c). Further observations show the reduction in tetrahedral 

coordinated Mn2+ atoms. The microstructure (ii, a) of the Li1.75Mn2O4 concentration for the 

nanoporous 69 Å structure depicts a grain boundary. Furthermore, the microstructure 

shows a high content of (b) spinel LiMn2O4 component with some defects, compared to (c) 

its perfect structural model. The defects observed include Mn interstitials and distortions 

and reduce with increasing lithium concentration.  

The full lithiated nanoporous 69 Å structure at Li2.00Mn2O4 concentration is illustrated in 

figure 4.18 (i, a) and recrystallises into a single crystal. The magnified section (b) depicts 

a few of the Mn2+ atoms in the tetrahedral tunnels and several vacant tunnels which can 

be occupied by lithium atoms during the discharge process. The tetrahedral coordinated 

Mn2+ atoms have reduced with lithiation from Li1.00Mn2O4 to Li2.00Mn2O4 concentration. 

The spinel Mn3O4 perfect model is denoted by (c). The microstructure of this concentration 

(ii, a) shows the magnified sections of (b) spinel LiMn2O4 and (d) layered Li2MnO3 

components with reduced defects when compared to the pristine and the other 

intermediate concentrations; only distortions and Mn vacancies are observed on the 

magnifications.  
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Figure 4. 14: The Li1.00Mn2O4 nanoporous 69 Å structure (i, a) illustrating the magnification of (b) 

spinel Mn3O4 comparable to (c) its perfect structural model. The microstructure (ii, a) of Li1.00Mn2O4 

nanoporous 69 Å structure capturing the defective (b) layered Li2MnO3 and (d) spinel LiMn2O4 

components with their perfect models (c, e), respectively.  
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Figure 4. 15: The nanoporous 69 Å structure (i, a) at Li1.25Mn2O4 concentration depicting the (b) 

magnification of Mn2+ atoms retained in tetrahedral tunnels compared to (c) the perfect Mn3O4 

model. The microstructure slice (ii, a) of Li1.25Mn2O4 nanoporous 69 Å structure capturing (b) the 

layered Li2MnO3 and (d) spinel LiMn2O4 components compared to (c, e) their perfect models. 
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Figure 4. 16: The nanoporous 69 Å structure at (i, a) Li1.50Mn2O4 concentration demonstrating the 

(b) magnification of Mn2+ atoms retained in the tetrahedral tunnels, where (c) is the perfect Mn3O4 

model. The Li1.50Mn2O4 nanoporous 69 Å microstructure (ii, a) capturing (b) the layered Li2MnO3 

and (d) spinel LiMn2O4 components with (c, e) their perfect structural models. 



 
 

110 
 

 

Figure 4. 17: The distorted Li1.75Mn2O4 nanoporous 69 Å structure (i, a) depicting the (b) magnified 

section of Mn2+ atoms in the tetrahedral tunnels, where (c) is the perfect Mn3O4 model. The multi 

grained microstructure of Li1.75Mn2O4 nanoporous 69 Å structure (ii, a) showing the defected (b) 

spinel LiMn2O4 component compared to (c) its perfect model. 
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Figure 4. 18: The Li2.00Mn2O4 nanoporous 69 Å structure (i, a) illustrating the (b) magnifications of 

Mn2+ atoms in the tetrahedral tunnels, where the perfect Mn3O4 model is denoted by (c). The 

microstructure of (ii, a) Li2.00Mn2O4 nanoporous 69 Å structure depicting the (b) spinel LiMn2O4 

and (d) the layered Li2MnO3 components with (c, e) their perfect models.  
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4.4.3 Nanoporous 67 Å  

The nanoporous 67 Å structure at Li1.00Mn2O4 is illustrated in figure 4.19 (i, a). The 

nanoporous 67 Å shows a structure that has recrystallised into a single crystal. The 

magnified section from the structure in (b) demonstrates the formation of the Mn3O4 

component which compares well with (c) the Mn3O4 model. The microstructure (ii, a) of the 

Li1.00Mn2O4 nanoporous 67 Å structure capture the magnified sections of (b) spinel 

LiMn2O4 and (d) Li2MnO3 layered components, compared to their (c, e) perfect models, 

respectively. The magnified spinel reveal the presence of Li and Mn vacancies, while the 

layered show Mn interstitials, which could suggest the presence of Frenkel defects.  

Figure 4.20 (i, a) illustrates the snapshot of the Li1.25Mn2O4 nanoporous 67 Å structure. 

The spinel Mn3O4 (b) component is observed and is comparable to its (c) perfect structural 

model. The microstructure slice (ii. a) harvested from the Li1.25Mn2O4 nanoporous 67 Å 

structure captures the (b) spinel LiMn2O4 and (d) layered Li2MnO3 components with 

defects co-existing in the material and is comparable to their (c, e)  perfect models. The 

observed defects include Li and Mn vacancies for spinel; whereas for the layered, 

distortions and Li vacancies are observed.  

The increase in lithium concentration to Li1.50Mn2O4 on the nanoporous 67 Å structure is 

illustrated in figure 4.21 (i, a). The magnification from the structure depicts the (b) spinel 

Mn3O4 component and is comparable to (c) its perfect structural model. The Li1.50Mn2O4 

microstructure only captures the presence of the (b) layered Li2MnO3, which is compared 

to (c) its perfect model. However, this does not imply that spinel LiMn2O4 is not present in 

the structure, only that the portion or layer where the microstructure was harvested the 

layered Li2MnO3 content was abundant. Moreover, layered Li2MnO3 reveal Mn vacancies 

and distortions defects. 
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The structure illustrating the lithium increment to Li1.75Mn2O4 concentration in the 

nanoporous 67 Å is depicted in figure 4.22 (i, a). The structure has evolved into multiple 

grains shown by grain boundaries and some distorted regions. Mn2+ atoms (b) are 

captured into the tetrahedral tunnels, compared to the (c) spinel Mn3O4 perfect model. 

The harvested microstructure (ii, a), depicts the magnification of only the (b) spinel LiMn2O4 

component with distortions, which imply that it is the dominant component in that 

segment.  

Upon full lithiation, in figure 4.23 (i, a), the Li2.00Mn2O4 nanoporous 67 Å structure 

illustrates a structure that has recrystallised into a single crystal with only a few Mn2+ 

atoms (b) residing in the tetrahedral positions. This shows and a great number of diffusion 

pathways (tunnels) for lithium, where (c) is the perfect Mn3O4 model. The microstructure 

(ii, a) slice harvested show the presence of defective (b) layered Li2MnO3 and (d) spinel 

LiMn2O4 polymorphs. These are comparable to their perfect models (c, e), respectively and 

have distortions.  
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Figure 4. 19: The Li1.00Mn2O4 nanoporous 67 Å structure (i, a) with the magnification of (b) the 

Mn2+ atoms in the tetrahedral tunnels, where (c) is the perfect Mn3O4 model. The microstructure 

slice (ii, a) Li1.00Mn2O4 of nanoporous 67 Å structure showing (b) the spinel LiMn2O4 and (d) the 

layered Li2MnO3 components compared to their perfect models (c, e), respectively. 
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Figure 4. 20: The nanoporous 67 Å structure (i, a) at Li1.25Mn2O4 concentration illustrating (b) the 

magnified segment of Mn2+ atoms in tetrahedral tunnels, (c) is the perfect Mn3O4 model. The 

harvested microstructure slice of Li1.25Mn2O4 nanoporous 67 Å structure (ii, a) illustrating (b) spinel 

LiMn2O4 and (d) layered Li2MnO3 components comparable to (c, e) their perfect models. 
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Figure 4. 21: The nanoporous 67 Å structure of Li1.50Mn2O4 (i, a) presenting (b) the magnification 

of spinel Mn3O4 and is comparable to (c) its perfect Mn3O4 model. The microstructure slice (ii, a) 

of Li1.50Mn2O4 nanoporous 67 Å structure depicting (b) spinel LiMn2O4 and (d) the layered Li2MnO3 

components with their (c, e) perfect structural models.  
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Figure 4. 22: The distorted and multi grained Li1.75Mn2O4 nanoporous 67 Å structure (i, a) showing 

the magnifications (b) of Mn2+ atoms in the tetrahedral tunnels, where the perfect Mn3O4 model is 

denoted by (c). The microstructure of Li1.75Mn2O4 nanoporous 67 Å structure with grain boundaries 

(ii, a) illustrating the (b) spinel LiMn2O4 and (d) layered Li2MnO3 components with (c, e) their perfect 

models.  
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Figure 4. 23: The Li2.00Mn2O4 nanoporous 67 Å structure (i, a) portraying the (b) magnifications of 

Mn2+ atoms in the tetrahedral tunnels, where (c) is the perfect Mn3O4 model. The microstructure 

slice of (ii, a) Li2.00Mn2O4 nanoporous 67 Å structure depicting (b) the layered Li2MnO3 and (d) 

spinel LiMn2O4 components compared to (c, e) their perfect structural models. 
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4.4.4 Bulk (63 Å) 

The pristine Li1.00Mn2O4 bulk structure is illustrated in Figure 4.24 (i, a). The structure 

captures the (i, b) spinel Mn3O4 component and it is comparable to (c) its perfect structural 

model. The microstructure (ii, a) of the Li1.00Mn2O4 bulk depict two magnifications of (b) 

spinel LiMn2O4 and (d) layered Li2MnO3 which are comparable to their perfect structural 

models (c, e), respectively. The former component capture defects such as Mn interstitials 

and Mn vacancies, while the latter captures Li vacancies, Frenkel and distortions. 

The Li1.25Mn2O4 bulk structure is illustrated in figure 4.25 (i, a), and depicts the (b) Mn2+ 

atoms retaining the tetrahedral tunnels and (c) is the perfect Mn3O4 structural model. The 

microstructure (ii, a) harvested from bulk Li1.25Mn2O4 shows the magnifications of (b) 

spinel LiMn2O4 and layered Li2MnO3 with defects and are comparable to their (c, e) perfect 

structural models. The captured defects on the materials are Li vacancies, Mn interstitials 

and distortions.  

Increasing the lithium content to Li1.50Mn2O4 (i, a) illustrates a bulk structure with (b) the 

spinel Mn3O4 component which is comparable to (c) its perfect structural model is 

illustrated in figure 4.26. The harvested microstructure (ii, b) from the Li1.50Mn2O4 bulk 

depicts the magnifications of (b) the spinel LiMn2O4 and (d) layered Li2MnO3 components 

with defects such as Li/Mn vacancies and some distortions. These components are 

comparable with their perfect structural models (c, e), respectively.  

Further lithium intercalation to Li1.75Mn2O4 concentration (i, a) on the bulk captures a 

single crystalline structure depicted in figure 4.27. The magnifications of (b) Mn2+ atoms 

retaining the tetrahedral tunnels are observed and these are compared to (c) the perfect 

structural model of the spinel Mn3O4. The spinel Mn3O4 content is getting reduced in the 

structure when compared to the lithium concentrations below Li175Mn2O4. The harvested 
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microstructure (ii, a) under the same concentration favours the spinel LiMn2O4 component 

and is comparable to (c) its perfect structural model. The magnified spinel shows Li 

vacancies and distortions. A reduction in defects with increasing lithium concentration is 

observed. 

The Li2.00Mn2O4 bulk structure (i, a) in figure 4.28 shows the magnifications of (b) Mn2+ 

atoms retaining the tetrahedral tunnels. The Mn3O4 spinel content has been extremely 

reduced from the Li1.00Mn2O4 to Li2.00Mn2O4 concentration. The perfect structural model 

of Mn3O4 is denoted by (c) in the illustration. The harvested slice of the Li2.00Mn2O4 bulk 

microstructure (ii, a) shows the coexistence of (b) spinel LiMn2O4 and (d) layered Li2MnO3 

components. These capture a reduced content of defects; only the Mn vacancies and 

distortions are observed. The components of layered and spinel are comparable to their 

perfect structural models (c, e), respectively.  
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Figure 4. 24: The Li1.00Mn2O4 bulk structure (i, a) depicting the magnified section of (b) spinel 

Mn3O4 and comparable to (c) its perfect structural model. The microstructure (ii, a) of Li1.00Mn2O4 

bulk structure capturing the (b) spinel LiMn2O4 and (d) layered Li2MnO3 components comparable 

to their perfect structural models (c, e), respectively. 
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Figure 4. 25: The Li1.25Mn2O4 bulk structure (i, a) illustrating the magnified section of (b) Mn2+ 

atoms retraining the tetrahedral tunnels compared to (c) the perfect Mn3O4 structural model. The 

microstructure (ii, a) of Li1.25Mn2O4 bulk structure showing the (b) spinel LiMn2O4 and (d) the 

layered Li2MnO3 components, compared to (c, e) their perfect structural models 
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Figure 4. 26: The bulk structure (i, a)  at Li1.50Mn2O4 concentration demonstrating the (b) magnified 

section of Mn2+ atoms retraining the tetrahedral tunnels, compared to (c) the perfect Mn3O4 

structural model. The microstructure (ii, a) of the Li1.50Mn2O4 bulk structure illustrating the (b) 

spinel LiMn2O4 and (d) the layered Li2MnO3 components, which are comparable to (c, e) their 

perfect structural models, respectively. 
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Figure 4. 27: The  Li1.75Mn2O4 bulk structure (i, a) depicting the magnification of (b) Mn2+ atoms 

retraining the tetrahedral tunnels, compared to (c) the perfect Mn3O4 structural model. The 

microstructure (ii, a) of Li1.75Mn2O4 bulk structure capturing (b) the spinel LiMn2O4 component 

compared to (c) its perfect structural model. 
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Figure 4. 28: The Li2.00Mn2O4 bulk structure (i, a) illustrating (b) magnifications of Mn2+ atoms 

retraining the tetrahedral tunnels compared to (c) the perfect Mn3O4 structural model. The 

simulated microstructure of (ii, a) Li2.00Mn2O4 bulk demonstrating the (b) layered Li2MnO3 and (d) 

spinel LiMn2O4 components, compared to their perfect structural models (c, e), respectively 
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4.5 Structural characterisation of the nanoporous and bulk 

structures by X-ray diffraction patterns 

In this section, the X-ray diffractions patterns of nanoporous (75, 69 and 67 Å) and bulk 

structures are illustrated in figures 4.29 - 4.34, to characterise the structural components 

existing and formed within the materials during the discharge process under NST 

ensemble recrystallisation.  

4.5.1 XRDs of nanoporous structures  

The X-ray diffraction patterns for the simulated NST Li-Mn-O nanoporous structures in their 

pristine concentrations of Li1.00Mn2O4 are illustrated in figure 4.29. These are compared 

with the experimental (d) spinel Mn3O4 [106], (e) spinel Li2Mn2O4 [115], layered Li2MnO3 

(f) [107] commonly found to co-exist with layered LiMnO2 (g) [107] and spinel LiMn2O4 (h) 

[107]. The shoulder peak for  ~2θ = 18 – 23⁰ related to spinel Mn3O4, Li2Mn2O4 and 

LiMn2O4 and layered Li2MnO3 show flattening peaks with a decrease in the lattice from 

nanoporous 75 Å to nanoporous 67 Å. The Peak at ~2θ = 32⁰ associated with spinel Mn3O4 

decreases gradually in intensity with a decrease in lattice size for the nanoporous 

structures. The spinel Li2MnO4 peak shifts towards the spinel Mn3O4 peak to the right at 

~2θ = 36⁰ for all the nanoporous. Furthermore, peaks at ~2θ = 44⁰ associated with spinel 

LiMn2O4, Mn3O4 and layered Li2MnO3 commonly coexisting with layered LiMnO2 are 

observed in all the structures. The peak at ~2θ = 44⁰ is usually a common one for all the 

structures, however, the Li2Mn2O4 polymorph is not yet observed and this is valid hence 

the structures are not yet full lithiated. Therefore, this peak is expected to be visible when 

the structures have been lithiated to Li2.00Mn2O4 concentration. Finally, the peak at ~2θ = 

67⁰ associated with LiMn2O4, Mn3O4 and layered Li2MnO3, has shifted towards the left 

where Li2MnO4 peaks are observed. 
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The XRD patterns for the simulated lithiated nanoporous 75 Å structures (a-e) with varying 

lithium concentrations; namely, Li1.00Mn2O4, Li1.25Mn2O4, Li1.50Mn2O4, Li1.75Mn2O4 and 

Li2.00Mn2O4 are depicted in figure 4.30, showing significant peak splits and shifts during 

the discharge process. The shoulder peak for ~2θ =18 – 23⁰ related to spinel-layered and 

their polymorphs for the simulated structures show peaks that are gradually decreasing 

with an increase in lithium concentration from Li1.00Mn2O4 to Li1.50Mn2O4. The peak re-

emerges at Li1.75Mn2O4 concentration and almost disappear again upon full lithiation 

(Li2.00Mn2O4). Similar observations are made at ~2θ = 26 – 32⁰ for the peak associated 

with spinel Mn3O4. Peaks at ~2θ = 36⁰ associated with spinel LiMn2O4 are observed for all 

the structures and tend to shift to the right favouring the Mn3O4 spinel component. 

Furthermore, the same peak for Li1.25Mn2O4, Li1.50Mn2O4 and Li2.00Mn2O4 concentrations 

tend to split and spread over the range of ~2θ = 36 – 39⁰.  Further splits and shifts are 

observed for the simulated structures at ~2θ = 44⁰ peak associated with spinel Mn3O4, 

LiMn2O4 and layered Li2MnO3. However, Li1.00Mn2O4 and Li1.75Mn2O4 do not split, rather 

shift to the left, favouring the LiMn2O4 spinel component. Moreover, splits and shifts are 

also observed at ~2θ = 64⁰ peak associated with spinel Mn3O4, LiMn2O4 and layered 

Li2MnO3, which shifts to the right still favouring both LiMn2O4 and layered Li2MnO3 

components. The split and shift cover the range of ~2θ = 64 – 67⁰ and again, the splitting 

of the peak does not occur for Li1.00Mn2O4 and Li1.75Mn2O4. The Li1.75Mn2O4 concentration 

depicts very broad peaks and this is the concentration where the structures showed grain 

boundaries; furthermore, going through a phase transition. The shifts, splits and 

broadening of peaks could be ascribed to the mixing of Li and Mn layers, phase transitions, 

defects generated in the Li-Mn-O systems during lithium intercalation [108, 109, 110]. 

Figure 4.31 illustrates (a-e) the XRDs for the simulated NST Li-Mn-O lithiated nanoporous 

69 Å structures at different lithium concentrations (Li1+xMn2O4, 0 ≤x ≤1). The shoulder 
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peak at ~2θ =18 – 23⁰ from the simulated structures associated with spinel Mn3O4, 

Li2Mn2O4 and LiMn2O4 and layered Li2MnO3 depict flatter peaks for all simulated 

concentrations. Furthermore, from the simulated structures, the peaks at ~2θ = 26 – 32⁰ 

associated with spinel Mn3O4 gradually decrease with an increase in lithium concentration 

from Li1.00Mn2O4 to Li1.50Mn2O4; then the peak re-emerges again at Li1.75Mn2O4 

concentration and disappears upon full lithiation (Li2.00Mn2O4). The peak at ~2θ = 36⁰ for 

the simulated materials associated with spinel LiMn2O4 is observed and is shifting towards 

the right to the spinel Mn3O4 component. Splits are observed on the same peak for the 

Li1.25Mn2O4, Li1.50Mn2O4 and Li2.00Mn2O4 concentrations. Further splits and shifts are 

observed at ~2θ = 44⁰; similar to peaks at ~2θ = 36⁰, only Li1.25Mn2O4, Li1.50Mn2O4 and 

Li2.00Mn2O4 concentrations split. These shifts favour both the spinel and layered 

components. Moreover, for the peaks at ~2θ = 64⁰, splits and shifts are still observed for 

the concentrations of nanoporous 69 Å structures except for Li1.00Mn2O4 and Li1.75Mn2O4. 

The latter concentration shows narrower peaks compared to nanoporous 75 Ǻ and its 

structure have only one grain boundary. This could imply that the structural changes 

happening to the structure are minimal. The splits and shifts observed on the nanoporous 

69 Å structures are still believed to be attributed to the same factors mentioned in 

nanoporous 75 Å XRDs.                                

Simulated Li-Mn-O lithiated nanoporous 67 Å XRDs (a-e) structures with different lithium 

concentrations are illustrated in figure 4.32. The shoulder peaks from the simulated 

structures at ~2θ = 18 – 23⁰ associated with spinel Mn3O4, Li2Mn2O4 and LiMn2O4 and 

layered Li2MnO3 show flattening peaks, except for Li1.75Mn2O4 concentration. Observations 

made at ~2θ = 26 – 32⁰, where the peak associated with spinel Mn3O4 is observed show 

a gradual decrease in intensity from Li1.00Mn2O4 to Li1.50Mn2O4 concentration. The peak 

then re-emerges at Li1.75Mn2O4 concentration and almost disappear again when the 
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structure is fully lithiated at Li2.00Mn2O4. The peak at ~2θ = 36⁰ for the simulated structures 

associated with spinel LiMn2O4 is observed with some shifts and splits and has shifted 

towards the right, to the spinel Mn3O4 component. Further splits are observed for 

Li1.25Mn2O4 and Li1.50Mn2O4 and Li2.00Mn2O4 concentrations. Moreover, splits and shifts 

are observed at ~2θ = 44⁰ associated with spinel Mn3O4, LiMn2O4 and Li2Mn2O4 and 

layered Li2MnO3. Lastly, at ~2θ = 64⁰ for the simulated structures, peak splits and shifts 

are also observed. The Li1.00Mn2O4 and Li1.75Mn2O4 concentrations do not split and the 

latter depict broad peaks. The Li1.75Mn2O4 has shown grain boundaries and is transitioning 

from the cubic to the tetragonal phase.  
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Figure 4. 29: The lithiated XRDs for structures recrystallised under NST ensemble in their pristine 

form of Li
1.00

Mn
2
O

4
 concentration for (a) nanoporous 75 Å, (b) nanoporous 69 Å and (c) 

nanoporous 67 Å structures compared to experimental XRDs for (d) spinel Mn
3
O

4
 [106], (e) spinel 

Li
2
Mn

2
O

4 
 [115], (f) layered LiMnO

2 
[107], (g) layered Li

2
MnO

3 
[107] and (h) spinel LiMn

2
O

4
 [107].  
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Figure 4. 30: The X-ray diffraction patterns (XRDs) for the Li1+xMn2O4, 0 ≤ x ≤ 1 simulated 

nanoporous 75 Å structures where (a) is the Li1.00Mn2O4, (b) Li1.25Mn2O4, (c) Li1.50Mn2O4, (d) 

Li1.75Mn2O4 and (e) Li2.00Mn2O4 concentration.  
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Figure 4. 31: The Li-Mn-O X-ray diffraction patterns at different lithium concentrations of 

Li1+XMn2O4 where 0 ≤ x ≤ 1 for simulated (a) Li1.00Mn2O4, (b) Li1.25Mn2O4, (c) Li1.50Mn2O4, (d) 

Li1.75Mn2O4 and (e) Li2.00Mn2O4 Li-Mn-O nanoporous 69 Å structures. 
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Figure 4. 32: The X-ray diffraction patterns for Li1+XMn2O4, 0 ≤ x ≤ 1 nanoporous 67 Å structures 

for (a) Li1.00Mn2O4, (b) Li1.25Mn2O4, (c) Li1.50Mn2O4, (d) Li1.75Mn2O4 and (e) Li2.00Mn2O4 

concentrations. 
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4.5.2 XRDs for the bulk structure  

The X-ray diffraction pattern for the simulated NST Li-Mn-O bulk (63 Å) structure in its 

pristine form of Li1.00Mn2O4 concentration compared to the experimental results for (f) 

spinel Mn3O4 [106], (g) spinel Li2Mn2O4 [115], layered Li2MnO3 (h) co-existing with layered 

LiMnO2 (i) [107] and spinel LiMn2O4 (j) [107] is illustrated in figure 4.33. The pristine 

simulated XRD at ~2θ = 18 – 23⁰ depicts a peak shift to the right moving towards the 

Li2MnO3 component. The peak at ~2θ = 26 – 32 associated with Mn3O4 is observed and 

has not shifted. Furthermore, at ~2θ = 36⁰, the peak associated with spinel LiMn2O4 is 

observed as well. Finally, the common peaks of layered and spinel at ~2θ = 44⁰ and ~2θ 

= 64⁰ are observed and appear to be broader compared to the experimental.  

The XRDs for the simulated lithiated bulk structures with different concentrations, 

Li1+xMn2O4 (0 ≤ x ≤1) are illustrated in figure 4.34. Observations made on the simulated 

structures show that the shoulder peak at ~2θ = 18 – 23⁰ related to spinel Mn3O4, 

Li2Mn2O4 and LiMn2O4 and layered Li2MnO3 progressively decrease with increasing lithium 

from pristine spinel (Li1.00Mn2O4) to full lithiation (Li2.00Mn2O4). Furthermore, the peak 

observed at ~2θ = 26 – 32⁰ associated with spinel Mn3O4 gradually decrease with an 

increase in lithium concentration to Li1.50Mn2O4 and re-emerge at Li1.75Mn2O4 to 

completely disappear upon full lithiation. These peaks characterise the spinel Mn3O4 and 

are observed for all the structures. Moreover, for all the concentrations, there are no peak 

splits, this is contrary to what is observed on the NVT bulk structures. The ~2θ – 44⁰ peak 

associated with spinel Mn3O4, LiMn2O4 and layered Li2MnO3 is also observed for all the 

structures and only splitting for the Li1.75Mn2O4 but shift for the other concentrations. 

Lastly, at ~2θ = 64⁰, the peak associated with spinel Mn3O4 and LiMn2O4 and layered 

Li2MnO3 does not split for all the structures. The shifting and splitting of peaks could be 



 
 

135 
 

ascribed to the mixing of Li and Mn layers, phase transitions, defects generated in the Li-

Mn-O systems during lithium intercalation [108, 109, 110]. 

 

Figure 4. 33: The NST X-ray diffraction patterns (XRDs)  for the simulated pristine bulk structure at 

(a) Li1.00Mn2O4 concentration, compared with the experimental XRDs for (b) spinel Mn3O4 [106], 

(c) spinel Li2Mn2O4 [115], (d) layered LiMnO2 [107], (e) layered Li2MnO3 [107] and (f) spinel 

LiMn2O4 [107].  
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Figure 4. 34: The NST X-ray diffraction patterns (XRDs)  for simulated bulk structures depicting the 

(a)  Li1.00Mn2O4, (b) Li1.25Mn2O4, (c) Li1.50Mn2O4, (d) Li1.75Mn2O4 and (e) Li2.00Mn2O4 concentrations.   
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4. 6 Discussion 

The simulated three nanoporous and bulk structures with varying lithium concentrations 

Li1+xMn2O4, 0 ≤ x ≤ 1 have been successfully recrystallised under the NST ensemble using 

molecular dynamics methods. The structures have evolved into single and multiple grains 

during recrystallisation and lithiation, especially at the Li1.75Mn2O4 concentration. The pore 

sizes of the nanoporous structures reduce with increasing lithium content except for 

nanoporous 69 and 67 Å at Li1.00Mn2O4 to Li1.25Mn2O4; here, the pores increase in size. 

However, the pore reduces when the concentration is increased to Li1.50Mn2O4 and 

eventually close up for nanoporous 69 and 67 Å at Li1.75Mn2O4. Whilst for nanoporous 75 

Å, the pore continuously reduce with increasing lithium concentration to Li2.00Mn2O4. 

Similarly for all the structures, upon full lithiation at Li2.00Mn2O4 concentration, the pores 

almost regain their original sizes. 

The structural compositions and defects existing in both the nanoporous and bulk material 

are similar and decrease with increasing lithium content. The Mn3O4 component 

decreasing with increasing lithium content is also validated by the findings of Tang et al. 

[105] when investigating “surface structure evolution of LiMn2O4 cathode material upon 

charge and discharge”. Structures that evolve into multiple crystals denoted by grain 

boundaries are observed especially at Li1.75Mn2O4 concentration; this is a critical 

concentration where the materials undergo a phase change from cubic to tetragonal 

phase. The phase transition from cubic spinel to tetragonal spinel was reported in 

literature that it occurs due to the non-equilibrium lithiation and loss of crystallinity during 

the cycling process [105]. Interestingly, the bulk does not have any grain boundaries at 

any concentration.  
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The X-ray diffraction patterns for the nanoporous and bulk structures show significant peak 

splits and shifts. Further observations on the NST XRDs shows that they are in accord with 

the NVT XRDs, with the shits and splits of the same characteristic peaks only differing in 

intensity. The Li1.75Mn2O4 concentration is more resistant to peak splits and displays very 

broad peaks for nanoporous 75 and 67 Å, whilst for nanoporous 69 Å and the bulk display 

narrow peaks. The peak associated with the Mn3O4 component at ~2θ = 36⁰ reduces with 

increasing lithium content; however, after almost disappearing at Li1.50Mn2O4 the peak re-

emerges at Li1.75Mn2O4 and almost disappear again upon full lithiation at Li2.00Mn2O4. This 

peak can be associated with the phase change occurring at this concentration.  

It can clearly be deduced that the nanoporous 69 Å structure behaves differently from the 

other two nanoporous and bulk structures at the Li1.75Mn2O4 concentration. The structure 

is resilient to expansion, showing a structure that recrystallises into only two crystals 

instead of multiple; narrower peaks instead of broad peaks are observed as well. Although 

the observations made on the bulk shows structures that have recrystallised to a single 

crystal throughout with lithiation, the structure fails to expand at Li1.75Mn2O4 and reduce 

in size, however, the structural integrity is still maintained. It can be assumed that the 

spinel Mn3O4 walls have collapsed thus reducing the volume of the bulk. The observations 

made on NST recrystallised structures reveal that nanoporous 69 Å is more robust as it 

resistant to structural changes especially at the disruptive concentration of Li1.75Mn2O4 its 

counterparts are mostly fragile. This shows that it is not easily prone to fracture since it 

can withstand cell expansion with increased lithium expansion, without damaging the 

structure. 
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CHAPTER 5 

The effect of high temperature on Li1+XMn2O4 nanoporous 

and bulk materials   

5.1 Introduction 

One of the major limitations associated with lithium ion batteries despite their superior 

properties such as their high voltage [116], great cycling performance [117], being 

environmentally friendly and being cost-efficient is the impact of temperature which can 

also affect the diffusivity of lithium. This is of interest because the severe capacity fade or 

deterioration of spinel LiMn2O4 at elevated temperatures restrict the widespread 

application in lithium ion batteries [118]. The general acceptable operating temperature 

in literature for these batteries has been reported to range 253 - 333 K [119]. However, 

Pesaran and et al. [120] showed that the best and favourable operational temperature for 

lithium batteries is 228 ~ 308K. Once the temperature is out of these suitable ranges the 

battery may degrade fast during cycling and impose health hazards and explode [119].   

The environment plays a role in implicating the functionality of the battery, which means 

that suitable operating temperature conditions need to be thoroughly investigated for its 

optimum functionality. In this chapter, the diffusion coefficients of the Li-Mn-O ions in the 

nanoporous structures 75, 69 and 67 Å together with the bulk (63 Å) while temperature 

(100 – 2500 K) is increased will be investigated using molecular dynamics simulations. 

The rationale behind the elevated temperatures up to 2500 K, and investigating the 

temperatures in between is to clearly understand the diffusion phenomena of lithium and 

how it may impact the cycling process. The diffusion coefficients of Li-Mn-O nanoporous 

structures have varying lithium concentrations of spinel Li1+xMn2O4, where 0 ≤ x ≤ 1.   
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5.2 Method 

Molecular dynamics simulations using the DL_POLY code was employed to perform all 

calculations yielding diffusion coefficients for the Li-Mn-O nanoporous (75, 69 and 67 Å) 

and bulk structures at different lithium concentrations, Li1+xMn2O4, where 0 ≤ x ≤ 1. The 

structures were recrystallised at 1700 K for 150 ps using the NST ensemble where, N = 

constant number of particles, S = constant stress and T = constant temperature, 

equilibrated to 0 K using the NVT ensemble, where, N = constant number of particles, V = 

constant volume and T = constant temperature. The temperature was then systemically 

increased by intervals of 100 to 2500 K at 300 ps to investigate the diffusion coefficients 

of the Li-Mn-O ions in the nanoporous and bulk structures with varying lithium 

concentrations. Furthermore, the OUTPUT file was exported for each temperature to record 

the diffusion coefficients at each lithium concentration for all the structures.  

5.3 The lithium diffusion coefficients for the nanoporous and bulk 

at different lithium concentrations 

The lithium cation diffusion coefficients for nanoporous 75 Å with different concentrations 

of Li1+xMn2O4, where 0 ≤ x ≤ 1 are depicted in figure 5.1. The lithium cations at Li1.00Mn2O4, 

Li1.25Mn2O4, Li1.50Mn2O4 and Li1.75Mn2O4 concentrations start to diffuse slightly above 600 

K and the mobility increase exponentially until 1700K. The 1700 K has been reported as 

the melting temperature for the structures [72]. At temperatures 1800K and above, an 

increase in lithium mobility is observed, however, there are fluctuations in the increment. 

The lithium cations for the Li2.00Mn2O4 concentration start to diffuse slightly above 100 K. 

There are fluctuations in the mobility of the lithium with an increment of temperature from 

100 to 2500 K. For all the nanoporous 75 Å concentrations the diffusion coefficients 

increase with increasing temperature, with Li2.00Mn2O4 concentration displaying the 
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highest diffusion. The high diffusion at Li2.00Mn2O4 could be ascribed to the decrease of 

Mn3O4 content with increasing concentration allowing migration of lithium through the 

tetrahedral tunnels.  

The diffusion coefficients for nanoporous 69 Å structures are illustrated in figure 5.2 with 

varying lithium concentrations of Li1+xMn2O4 (0 ≤ x ≤ 1). The lithium cations for all the 

structures start to show diffusion slightly above 700 K; which implies that there is very 

minimal diffusion, probably < 1nm2/s below 700 K and room temperature. From 1800 K 

the diffusivity of lithium in the materials continues to increase to 2500K. The Li2.00Mn2O4 

from 100 to 1700K shows the highest diffusion, followed by Li1.00Mn2O4, then Li1.25Mn2O4 

and Li1.50Mn2O4. Then finally, the Li1.75Mn2O4 which is the structure that has been 

identified to have grain boundaries; and here it is observed that has lower diffusion 

compared to its counterpart’s concentration nanoporous in this study.  

Figure 5.3 illustrates the diffusion coefficients of nanoporous 67 Å with different lithium 

concentrations of Li1+xMn2O4, where 0 ≤ x ≤ 1. The plots show that the lithium cations start 

to slowly diffuse at temperatures above 700 K and increase exponentially. Temperatures 

below 500 K illustrates diffusion coefficients rates at more or less 1nm2/s for all the 

structures. Above the 1700 K temperature fluctuations in lithium diffusion coefficients are 

observed for all the concentrations. The Li1.25Mn2O4 concentration shows the highest 

diffusivity, followed by the Li1.00Mn2O4, Li1.50Mn2O4 and Li2.00Mn2O4 respectively, then 

finally, by the Li1.75Mn2O4 concentration.  

Figure 5.4 illustrates the lithium diffusion coefficients for bulk structures at varying 

concentrations of spinel Li1+XMn2O4, where 0 ≤ x ≤ 1. The lithium cations start to diffuse 

slowly from a temperature above 900 K for all the concentrations except for Li2.00Mn2O4 

which start at 800 K. The lithium mobility increases with temperature for all the structures 

to 1800 K; such that above 1900 K Li1.50Mn2O4 has the highest diffusivity, followed by 
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Li1.75Mn2O4, then Li1.25Mn2O4 and Li1.00Mn2O4; with the Li2.00Mn2O4 concentration having 

the least diffusion. Above 1800 K temperature lithium mobility fluctuations are observed 

within the structures up until 2500 K; with Li1.50Mn2O4 having the highest diffusion, but 

now followed by Li1.00Mn2O4, then Li1.25Mn2O4 and Li1.75Mn2O4, respectively. Li2.00Mn2O4 

have the lowest diffusion.  

 

Figure 5.1: The diffusion coefficients plots for nanoporous 75 Å at different lithium concentrations 

of Li1+xMn2O4, where 0 ≤ x ≤ 1 with increasing temperature (K). 
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Figure 5.2: Plots for the diffusion coefficients of lithium for nanoporous 69 Å structure with 

different concentrations of Li1.00Mn2O4, Li1.25Mn2O4, Li1.50Mn2O4, Li1.75Mn2O4 and Li2.00Mn2O4 with 

increasing temperature.  

 

Figure 5.3: Different lithium concentrations, Li1+xMn2O4 (0 ≤ x ≤ 1) showing the diffusion coefficient 

plots for nanoporous 67 Å with increasing temperature (K). 
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Figure 5.4: Diffusion coefficients for bulk structures at Li1.00Mn2O4, Li1.25Mn2O4, Li1.50Mn2O4, 

Li1.75Mn2O4 and Li2.00Mn2O4 concentrations with increasing temperature (K).   

5.4 The Li-Mn-O diffusion coefficients of the pristine nanoporous 

and bulk structures  

The diffusion coefficients for the Li-Mn-O nanoporous 75 Å ions at Li1.00Mn2O4 are 

illustrated in figure 5.5. Lithium cations start to diffuse at 500 K and show an exponential 

increase to 1900 K. However, it still increases to 2500 K. The manganese and oxygen 

cation and anion show a similar plot trend, where they slowly start to diffuse at 1600 K, 

then increase in mobility to 2500 K. The insert in the figure depicts conditions under a 

range of room temperature (293.15 – 295.15 K) where there is < 1 nm2/s diffusion 

coefficients.  

The individual element diffusion coefficients for the Li-Mn-O nanoporous 69 Å Li1.00Mn2O4 

is illustrated in figure 5.6. The lithium cations start to diffuse at 550 K and increase 
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exponentially to 1900 K. However, further increase in lithium diffusion is still observed 

until 2500 K. The manganese mobility is observed from 1700 K which is the melting point 

of the structure and increase slightly to 2500 K at a more or less the equivalent rate. The 

oxygen plot shows a similar diffusion pattern to that of manganese. The insert in the figure 

shows the diffusion of the Li-Mn-O components below room temperature where their 

mobility is < 1 nm2/s.  

The Li-Mn-O nanoporous 67 Å structure at Li1.00Mn2O4 concentration is depicted in figure 

5.7 showing the diffusion coefficients of individual ions. The lithium cation starts to diffuse 

from 500 K and exponentially increase up to 1900 K. The lithium mobility continues to 

increase above 1900 to 2500 K, however, not exponentially. Manganese starts to diffuse 

slightly at 1700 K, where at 2100 K there is a turning point observed and consequently 

there is a decrease in diffusivity to 2200 K. Subsequently, a slight increase to 2500 K is 

observed. The diffusion of oxygen starts slightly at 1700K as well and increases to 2500 

K. The insert in the figure shows the diffusion coefficients of structures below room 

temperature, where there is < 1nm2/s diffusivity.  

The diffusion coefficient of Li-Mn-O ions for the bulk Li1.00Mn2O4 is illustrated in figure 5.8. 

The lithium cations start to diffuse slowly above the temperature of 900 K and increase 

exponentially to 2000 K. A very sharp increase in lithium mobility is observed thereafter. 

The manganese plot starts to diffusion above 1200 K. At 1600 K there is a sharp increase 

in manganese mobility to 1700 K, followed by a significant decrease at 1800 K then a 

slight increase to 2000 K. The plot shows further mobility increase to 2500 K. The oxygen 

plot shows diffusion from 2000 K which increases to 2500 K. The insert in the figure 

depicts temperatures below 500 K; including those at room temperature showing the 

diffusivities of the ions where the values are negligible. 
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Figure 5.5: The diffusion coefficients of the Li-Mn-O nanoporous 75 Å structure at Li1.00Mn2O4 

concentration with different temperatures. 

 

Figure 5.6: Nanoporous 69 Å structure at Li1.00Mn2O4 concentration showing the diffusion 

coefficients of Li-Mn-O ions at different temperatures. 
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Figure 5.7: The diffusion coefficients of Li1.00Mn2O4 nanoporous 67 Å structure illustrating the 

diffusivity of the Li-Mn-O ions at temperature increment. 

 

Figure 5.8: The diffusion coefficients for Li-Mn-O bulk structure at Li1.00Mn2O4 concentration with 

increasing temperature (K).   
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5.5 Comparison of the lithium diffusion for nanoporous and bulk 

structures at similar concentrations 

The lithium diffusion coefficients for nanoporous 75, 69 and 67 Å and the bulk structures 

at Li1.00Mn2O4, Li1.25Mn2O4, Li1.50Mn2O4, Li1.75Mn2O4 and Li2.00Mn2O4 concentrations are 

illustrated in figures 5.9 to 5.13, respectively.  

Figure 5.9 depicts the lithium diffusion coefficients plots for the nanoporous and bulk 

structures at Li1.00Mn2O4 concentration. Nanoporous 75 Å shows the highest lithium 

diffusion up to ~33 x 10-9 m2.s.s-1, followed by nanoporous 69 Å with diffusion of up to ~25 

x 10-9 m2.s.s-1, then nanoporous 67 Å with ~19 x 10-9 m2.s.s-1, and finally the bulk with the 

least at ~9 x 10-9 m2.s.s-1. This could imply that the lattice size and the porosity of a material 

play a pivotal role in its diffusion role.  

The lithium diffusion coefficients plots of Li1.25Mn2O4 concentration for the nanoporous 

and bulk structure is illustrated in figure 5.10. The lithium diffusion of nanoporous 75 Å is 

the highest with ~36 x 10-9 m2.s.s-1 at 2500 k. Then followed by nanoporous 69 Å with the 

lithium diffusion of up to ~28 x 10-9 m2.s.s-1, then nanoporous 67 Å with ~20 x 10-9 m2.s.s-

1. The bulk has the lowest lithium diffusion of up to ~10 x 10-9 m2.s.s-1 at 2500 K. In this 

concentration again it is observed that lattice and pore size plays a role in lithium diffusion. 

The diffusion coefficients of lithium when concentration is increased to Li1.50Mn2O4 is 

demonstrated in figure 5.11. The trend of lithium diffusivity on the structures is similar to 

the Li1.00Mn2O4 and Li1.25Mn2O4 concentrations. Nanoporous 75 Å has the highest 

diffusion rate with ~36 x 10-9 m2.s.s-1 at 2500 K. The nanoporous (69 Å, 67 Å) and the bulk 

structures diffusion rates increases to a maximum of ~19 x 10-9 m2.s.s-1, ~15 x 10-9 m2.s.s-

1 and ~12 x 10-9 m2.s.s-1 at 2500K, respectively. 



 
 

149 
 

Figure 5.12 illustrates the diffusion coefficients of the bulk and nanoporous structures at 

Li1.75Mn2O4 concentration. A similar trend to that of the Li1.50Mn2O4 concentration, where 

nanoporous 75 Å has the highest diffusion rate followed by the nanoporous (69 Å, 67 Å) 

and then the bulk structure. The diffusion rates at maximum for the nanoporous (75 Å, 69 

Å and 67 Å) and the bulk structures are ~32 x 10-9 m2.s.s-1, ~15 x 10-9 m2.s.s-1, ~14 x 10-9 

m2.s.s-1 and ~10 x 10-9 m2.s.s-1 respectively. 

Fully lithiated structures at Li2.00Mn2O4 concentration are illustrated in figure 5.13. 

Nanoporous 75 Å still maintains its high diffusion rate and now up to ~42 x 10-9 m2.s.s-1 at 

2500 K, followed by nanoporous 69 Å with ~25 x 10-9 m2.s.s-1, then nanoporous 67 Å with 

~18 x 10-9 m2.s.s-1, and finally the bulk with ~2 x 10-9 m2.s.s-1. The bulk shows a very 

minimal increase in diffusion rate from 1000 K to 2500 K. The minimal increase in the 

bulk at this concentration can be related to the drastic volume drop observed in Chapter 

4, figures 4.7 and 4.8. 

 

Figure 5.9: The lithium diffusion coefficients for the nanoporous (75, 69 and 67 Å) and bulk 

structures at Li1.00Mn2O4 concentration with increasing temperature (K).   
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Figure 5.10:  The diffusion coefficients of lithium for nanoporous and bulk structures at Li1.25Mn2O4 

concentration with increasing temperature (K).   

 

Figure 5.11: Nanoporous and bulk structures depicting the lithium diffusion coefficients at 

Li1.50Mn2O4 concentration with increasing temperature (K).   
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Figure 5.12: The diffusion coefficient plots for lithium of the nanoporous 75, 69, and 67 Å and 

bulk structures at Li1.75Mn2O4 concentration with increasing temperature (K).   

 

Figure 5.13: The plots of lithium diffusion coefficients for the nanoporous and bulk structures at 

Li2.00Mn2O4 concentration with increasing temperature (K).   
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5.6 Discussion  

The stability of cathode material in terms of diffusion rate for the nanoporous and bulk 

structures have been successfully investigated with increasing temperature. The diffusion 

coefficients for the nanoporous and bulk structures have been calculated successfully 

using molecular dynamics simulations methods. In most structures lithium diffusion is 

observed to start above 500 K and increase exponentially until the reported melting point 

temperature of 1700 K. However, some concentrations show fluctuations in their diffusion 

coefficients throughout, especially at Li2.00Mn2O4 for nanoporous 75 Å. Moreover, the 

nanoporous 75 Å at Li2.00Mn2O4 starts to diffuse above 100 K, in contrast to the other 

structures and concentrations. It is further observed that the Li1.75Mn2O4 concentration 

shows the lowest diffusivity for nanoporous 69 and 67 Å. This is the concentration where 

grain boundaries are observed and can act as pathways, however, for nanoporous 69 and 

67 Å structures the pathways do not accelerate the diffusion of lithium; rather, they slow 

them down. Nanoporous 75 Å have the highest diffusion rate, then followed by nanoporous 

69 Å, then nanoporous 67 Å, and lastly, the bulk for all the concentrations. From these 

findings, it can be concluded that the morphology of materials does affect their diffusion 

rate and nanoporous materials allow for higher lithium transportation or diffusion 

compared to the bulk. 
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CHAPTER 6 

The mechanical properties of nanoporous structures  

6.1 Introduction 

Durable, fast charge and high capacity are very crucial properties in battery development, 

especially their safety as energy storage materials. However, during cycling, strains and 

stresses which compromise the optimal performance of the battery occur. As the battery 

charges and discharges, lithium ions move from the anode to the cathode and vice versa, 

this process results in contraction and expansion of the battery and consequently, the 

battery may fracture due to the lithium induced stresses and strains endured [64]. 

Furthermore, volumetric changes result in large lithiation induced strains causing fracture 

and pulverization of the electrodes. Nanocrystalline materials have very high strength and 

demonstrate the ability to withstand high stresses which is up to ten times greater yield 

stress than their coarse-grained counterparts. However, they are limited by their strain 

failure, and efforts to enhance their deformability are usually found to compromise their 

strength [121].  

Reducing electrode particle size into the nanoscale regime is also believed to substantially 

reduce the mechanical stresses caused by volumetric expansion and contraction during 

charge and discharge. A study has shown that a developed model should suggest that 

particles must have a size under a certain critical radius so that the strain produced by 

intercalation can be accommodated elastically, rather than by plastic deformation, 

allowing for the full recovery of the original, stable structure [122, 123]. Moreover, 

nanostructuring has been found to have resistance on intercalation induced stresses that 

are inflicted to electrodes; this enables for short diffusion path and facile strain relaxation 
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[79]. Several measures such as making a porous nanostructure to adapt to volume 

changes can be adopted [131]. 

The presence of extended defects in materials can reduce the mechanical strength of 

materials by 70% [124]. Herein, the mechanical properties of the three nanoporous (75, 

69 and 67 Ǻ) structures will be investigated with their defects to interrogate their 

robustness during the discharge process. In particular, the uniaxial stress of the materials 

will be analysed in the hope of understanding and finding a material that is resistant and 

responds better to strains and stresses during the discharge process. The mechanical 

properties of these materials at different lithium concentrations of Li1+xMn2O4 where, 0 ≤ 

x ≤ 1 will be analysed for their elasticity, plasticity and deformation regions.  

6.2 Method 

6.2.1 Generating the atomistic model structures 

The simulations carried out in this chapter are based on molecular dynamics simulations 

under the Born Model of the Ionic solids. The nanoporous structures were generated from 

a cubic unit cell of LiMn2O4 which was built up into a supercell, then amorphised to form a 

sphere. The spherical LiMn2O4 was then reduced in all three dimensions by applying a 

pressure of 100 GPa under the NPT ensemble to allow the nanoparticles to agglomerate 

in three dimensions produce the nanoporous structures of different lattice dimensions. 

The structures were then recrystallised under the NVT ensemble at temperatures of 1700 

K for 150 ps until a crystalline model structure was obtained. The structures were later 

cooled to an equilibrium temperature of 0 K for 300 ps. 

6.2.2 Simulating Uniaxial stress 

The Li-Mn-O nanoporous structures used to calculate the uniaxial stress were equilibrated 

before carrying out molecular dynamics simulations under the NST ensemble where, N = 
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constant number of particles, S = constant stress and T = constant temperature. The 

DL_POLY code was used to execute all stress-strain calculations at the temperature of 300 

K for 100 ps. The materials were compressed by imposing strain and sequentially 

increasing the stress in a uniaxial direction and allowing it to relax to zero stress under the 

NST ensemble. This implies that the stress was applied to one direction leaving the two 

components at zero. The uniaxial stress of 0.1 GPa along the y-direction was enforced on 

the materials, where the molecular dynamic simulation was carried out at the temperature 

of 300 K and timestep increment of 1000, enabling the simulation to record the statistics 

after every 50 steps. The equilibration period of 5 ps was used to assist in alleviating the 

effect of the high strain. The simulation methods used here have been successfully 

executed by R.S. Ledwaba on Li-Mn-O materials for a PhD study [72]. 

6.3 Uniaxial stress for the nanoporous structures 

The stress-strain plots for nanoporous structures in the y-direction with varying lithium 

concentrations from Li1.00Mn2O4 to Li2.00Mn2O4 are illustrated in figures 6.1 to 6.4, showing 

the elastic regions (A-B), Plastic regions (B/B1-C) and deformation regions (C-D). 

The stress-strain plots for the nanoporous structures (75, 69 and 67 Å) at Li1.00Mn2O4 

compressed in the y-direction are demonstrated in figure 6.1. The Li1.00Mn2O4 nanoporous 

75 Å structure shows a material that has a proportional limit of 3.8 % strain at a stress of 

~2. 69 GPa and Young modulus of 67.25 GPa. The yield strength was observed at ~3.22 

GPa and ~5.4 % strain.  Furthermore, the plasticity of the material was observed from ~5.4 

% to ~27.8 % strain. The structure eventually collapses at ~6 GPa where it fractured. The 

pristine structure (Li1.00Mn2O4) of nanoporous 69 Å, has a proportional limit of ~4.70 % 

strain at ~5.64 GPa stress and elastic modulus of 112.8 GPa, greater than of nanoporous 

75 Å. The yield strength of the material is observed at ~6.35 GPa stress and ~5.6 % strain. 

The plastic region is observed from the strain of ~5.6% to ~11.5 % and thereafter, the 
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structure ultimately collapses at a stress of ~7 GPa. The Li1.00Mn2O4 nanoporous 67 Å 

structure responded elastically up to ~4.1% strain at a yield strength of ~6.15 GPa and 

elastic modulus of 153.75 GPa. The plasticity occurred between the strain of ~4.1 % and 

~12.7 %. Then, the material experienced maximum stress of ~8 GPa and eventually 

collapsed at a strain of ~23.6 %.  

Figure 6.2 illustrates the stress-strain curves with lithium increment to Li1.25Mn2O4 

concentration for the three nanoporous structures, where nanoporous 75 Å structure has 

responded elastically up to a strain of ~5.1 % at a yield strength of ~3.73 GPa and elastic 

modulus of 74.6 GPa. The structure further responded plastically from ~5.1 % and reached 

a maximum strain of ~24.4 % where it subsequently collapsed to the stress of ~6 GPa. 

Meanwhile, the nanoporous 69 Å structure has responded elastically up to a strain of ~5.5 

% at a yield strength of ~8.63 GPa and elastic modulus of 143.83 GPa. The structure 

responded plastically from the strain of ~5.5 % to ~ 6 %, where it ultimately collapsed at 

~9 GPa stress. On the other hand, nanoporous 67 Å shows the limit of proportionality at 

~3.6 % strain and ~6.54 GPa stress with the elastic modulus of 163.5 GPa. The yield 

strength is observed at 10.08 GPa stress, with a strain of ~6.0 %.  The plastic region of the 

material is observed from ~6.0 % strain to a maximum of ~22.0 % where the structure 

permanently deformed and collapsed at a stress of ~10 GPa. In this concentration, the 

yield strength and elastic modulus increase with a reduction in cell lattice size.  

Lithium increment to Li1.50Mn2O4 is illustrated in figure 6.3 and shows the stress-strain 

curves of nanoporous 75, 69 and 67 Å structures. The analysis shows that nanoporous 75 

Å responds elastically up to a strain of ~4.8% at a yield strength of ~5.22 GPa and Young’s 

modulus of 104.4 GPa. The structure further responds plastically from the strain of ~4.8 

% to ~6.1 % and collapses at ~6 GPa stress with ~49.5 % strain. Nanoporous 69 Å has the 

elastic modulus of 146.3 GPa at the proportional limit of ~2.7 % strain and ~4.39 GPa 
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stress. The elastic limit of the material is observed at ~5.3 % strain with a yield strength of 

~8.82. GPa. Meanwhile, the plasticity of the material is observed from ~5.3 % to ~6.1 % 

strain, then the material collapses at a maximum strain of ~21.4 % and stress of ~10 GPa. 

On the other hand, nanoporous 67 Å Li1.50Mn2O4 shows the proportional limit at ~3.3 % 

strain and the stress of ~5.48 GPa with the elastic modulus of 182.7 GPa. The yield 

strength of the material is observed at 13.40 GPa with a strain of ~6.0 %. The plasticity of 

the material is then observed from the strain of ~6.0 % to ~6.6 %. The structure then 

reaches a maximum strain of 20.8 % where it subsequently collapses at 13.72 GPa stress.  

The stress-strain curves with lithium concentration increment to Li1.75Mn2O4 for the three 

nanoporous structures are illustrated in figure 6.4. The nanoporous 75 Å structure is 

observed to have a proportional limit at ~4.5 % and stress of ~2.28 GPa with the elastic 

modulus 56.80 GPa. The yield strength of the material is observed at ~3.66 GPa stress 

and ~5.8 % strain. The material has further responded plastically from ~5.8 % to ~16.4 % 

strain, where it permanently deformed from the strain of ~16.4 % to a maximum of ~48.9 

% and collapsed at ~5 GPa stress. Meanwhile, nanoporous 69 Å shows the proportional 

limit at ~3.4 % strain and ~5.19 GPa stress with the young modulus of 173 GPa. The yield 

strength of the material is observed at ~9.64 GPa stress and ~5.8 % strain. The material 

then responds plastically from the strain of ~5. 8 % to 6.0 %, thereafter, it collapses at a 

maximum strain of ~35.6 % and ~10 GPa stress. Finally, the nanoporous 67 Å responds 

elastically up to ~4.8 % strain at a yield strength of ~8.91 GPa and Young’s modulus of 

136 GPa. Furthermore, it responds plastically from ~4.8 % strain up to ~10.8 % and 

collapse at a maximum of ~29.8 % strain and the of stress ~9 GPa. 

The fully lithiated structures (Li2.00Mn2O4) are illustrated in figure 6.5 showing the stress-

strain curves for the nanoporous structures with 75, 69 and 67 Å lattice sizes. The 

nanoporous 75 Å structure has the proportional limit at ~2.7 % strain and ~2.48 stress 
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GPa with the elastic modulus of ~82.7 GPa. The yield strength of the material is observed 

at 5.61 GPa. The material has further responded plastically from ~5.50 % to ~6.10 % 

strain. The maximum strain of ~46.9 % was reached where the material fractured at the 

stress of ~6 GPa. The nanoporous 69 Å structure then shows the proportional limit at 3.0 

% strain and the stress of ~4.23 GPa with the elastic modulus of ~141 GPa. Furthermore, 

the yield strength of the material is observed at 7.19 GPa and a strain of ~4.5 %. The 

plasticity of material is observed from ~4.5 % strain to ~5.2 %. The maximum strain of 

~39.9 % and the stress of ~9 GPa was reached where the material ultimately collapsed. 

Last but not least, the Li2.00Mn2O4 nanoporous 67 Å shows the proportional limit at the 

strain of ~2.7 % and stress of 5.08 GPa with the elastic modulus of 193.3 GPa. The yield 

strength of the material is observed at the stress of ~11.90 GPa and the strain of ~5.2%. 

Lastly, the plastic region of the material is observed from ~ 5.2 % strain to ~6.7 %. The 

structure then collapses at the maximum strain of ~23.5 % and ~14.2 GPa stress.  
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Figure 6.1: The stress-strain plots for nanoporous 75, 69 and 67 Å structures at Li1.00Mn2O4 

concentration. 
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Figure 6.2: The stress-strain plots for nanoporous 75, 69 and 67 Å structures at Li1.25Mn2O4 

concentration. 
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Figure 6.3: The stress-strain plots for nanoporous 75, 69 and 67 Å structures at Li1.50Mn2O4 

concentration. 
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Figure 6.4: The stress-strain plots for nanoporous 75, 69 and 67 Å structures at Li1.75Mn2O4 

concentration. 
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Figure 6.5: The stress-strain plots for nanoporous 75, 69 and 67 Å structures at Li1.75Mn2O4 

concentration. 
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6.4 Radial distribution functions and X-ray diffraction pattern 

analysis of the nanoporous structures under stress 

6.4.1 Radial distribution functions response to stress 

The snapshots of the total radial distribution functions (RDFs) for the lithiated Li-Mn-O 

nanoporous materials under the stress of 0.1 GPa are illustrated in figure 6.6. The 

snapshots for nanoporous 75 Å show graphs that have sharp peaks and those that have 

broad ones, with the first peak being observed at 2 Å. The plots show peaks that are 

broader becoming flat with increasing radial distance (r), especially after 8 Å. The defined 

peaks imply ordered structures; meanwhile, the broadening and flattening of peaks with 

increasing radial distance could signify that the structures are getting distorted with stress. 

For nanoporous 75 Å structure, the peaks become broad and less intense right after 8 Å 

radial distance. A similar trend is observed for the nanoporous 69 Å structure, however, 

the peaks for Li1.50Mn2O4 and Li2.00Mn2O4 concentrations are more defined when 

compared to the other concentrations after 8 Å. Similarly, nanoporous 67 Å depicts a 

similar peak trend to nanoporous 69 Å, however, in this structure, the peaks for 

Li1.50Mn2O4 and Li1.75Mn2O4 concentrations are more defined compared to the other 

concentrations after 8 Å. This could imply that the concentrations with peaks that are still 

defined after the 8 Å are less distorted when stress is imposed on them. However, under 

recrystallisation of NVT and NST the peaks are defined, but, less intense.  
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Figure 6.6: The total RDFs of the lithiated Li-Mn-O nanoporous structures under the stress of 0.1 

GPa with different lithium concentrations for (a) nanoporous 75 Å, (b) nanoporous 69 Å and (c) 

nanoporous 67 Å. 



 
 

166 
 

6.4.2 The X-ray diffraction pattern’s response to stress 

The X-ray diffraction patterns under the uniaxial stress of 0.1 GPa for the simulated 

nanoporous structures in their pristine form (Li1.00Mn2O4) are illustrated in figure 6. 7. The 

XRDs from the simulated structures are compared with the experimental (d) spinel Mn3O4 

[106], (e) spinel Li2Mn2O4 [115], layered Li2MnO3 (f) [107] which commonly co-exist with 

layered LiMnO2 (g) [107] and spinel LiMn2O4 (h) [107]. The peak at ~2θ = 18 – 23⁰ 

associated with spinel Mn3O4, LiMn2O4 and Li2Mn2O4 and layered Li2Mn203, appear to be 

flat for nanoporous 75 Å, whereas for nanoporous 69 Å and 67 Å it appears to have shifted 

towards the right and merge to form a wide peak at ~2θ = 32⁰ associated with spinel 

Mn3O4 and LiMn2O4. The merged peak is broad and spans to ~2θ = 39. The peaks at ~ 2θ 

= 45⁰ associated with spinel LiMn2O4, Mn3O4 and layered Li2MnO3 which commonly co-

exists with layered LiMnO2 are observed for all the structures and are broad. Moreover, the 

peak appears to have the lowest intensity for nanoporous 75 Å. Finally, the peaks at ~2θ 

= 64⁰ associated with LiMn2O4, Mn3O4 and layered Li2MnO3 is observed for all the 

structures and have shifted towards the left favouring the spinel Li2MnO4 content. 

The X-ray diffraction patterns for the simulated nanoporous 75 Å structure under the stress 

of 0.1 GPa are illustrated in figure 6.8 with varying lithium concentrations, Li1+xMn2O4, 

where 0 ≤ x ≤ 1. The peaks at ~2θ = 18 – 23⁰ related to spinel Mn3O4, LiMn2O4 and 

Li2Mn2O4 and layered Li2Mn203 have almost disappeared for all the structures from 

Li1.00Mn2O4 to Li2.00Mn2O4. The peak at ~2θ = 26 – 32⁰ associated with spinel Mn3O4 

seems to disappear with increasing lithium concentration where it is visible for Li1.00Mn2O4, 

Li1.25Mn2O4, Li1.50Mn2O4 and flat for Li1.75Mn2O4 and Li2.00Mn2O4. Meanwhile, the peak at 

~2θ = 36⁰ associated with spinel LiMn2O4 is observed for all concentrations with splits for 

the Li1.25Mn2O4 and Li2.00Mn2O4 concentrations. Further observations on the peaks, at ~2θ 

= 45⁰ associated with spinel Mn3O4, LiMn2O4 and layered Li2MnO3, peaks split for 
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Li1.25Mn2O4, Li1.50Mn2O4 and Li2.00Mn2O4 concentrations are observed. Whereas for 

Li1.00Mn2O4 and Li1.75Mn2O4 concentrations, the peaks are observed to be broad. The splits 

and broadening of the peaks span over ~2θ = 41 – 52⁰ at most. The peaks at ~2θ = 64⁰ 

almost disappear for Li1.00Mn2O4, split for Li1.25Mn2O4 and Li1.50Mn2O4, then broaden up 

for Li1.75Mn2O4 and Li2.00Mn2O4 concentrations.  

The X-ray diffraction patterns for nanoporous 69 Å structure under the stress of 0.1 GPa 

are illustrated in figure 6.9. The peak at ~ 2θ =18 – 23⁰ related to spinel Mn3O4, LiMn2O4, 

Li2Mn2O4 and layered Li2Mn203 is merging with the peak at ~2θ = 26 - 32⁰ associated with 

spinel Mn3O4 for the Li1.00Mn2O4 and Li1.25Mn2O4 concentrations. The peaks almost 

disappear for Li1.50Mn2O4, Li1.75Mn2O4 and Li2.00Mn2O4 concentrations. The peak at ~2θ = 

36⁰ associated with spinel LiMn2O4 is observed for all structures and Li1.00Mn2O4 merges 

peaks at ~2θ = 18 – 23⁰ and ~2θ = 26 – 32⁰, where the spinel Mn3O4 and LiMn2O4 

components are favoured.  The peak at 2θ ~ 45⁰ has split with shifts and spans over the 

range of ~2θ = 42 – 53⁰ at most for all the concentrations, except for the Li1.00Mn2O4 and 

Li1.75Mn2O4 concentrations which their peaks are broad. The splits and shifts favour both 

the spinel and layered components. Further observation on the XRDs, for peaks at ~2θ = 

64⁰ associated with spinel LiMn2O4, Mn3O4 and layered Li2MnO3 shifts to the right are 

observed while the Li1.25Mn2O4 and Li1.50Mn2O4 split. Meanwhile, for Li1.00Mn2O4, 

Li1.75Mn2O4 and Li2.00Mn2O4 the peaks are broad. The Li1.75Mn2O4 concentration is still 

resilient to peak split even when stress is imposed on it. However, the peaks have become 

broad in contrast to observations made under NVT and NST recrystallisation in which the 

peaks were narrow.  

Figure 6.10 shows the X-ray diffraction patterns for nanoporous 67 Å concentrations under 

the applied stress of 0.1 GPa. The shoulder peak for ~ 2θ = 18 – 23⁰ associated with 

layered and spinel composites have almost disappeared for all the concentrations, except 
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for Li1.75Mn2O4 which shows its emergence. The peak at ~2θ = 26 - 32⁰ related to spinel 

Mn3O4, is observed for all concentrations however its intensity for Li1.50Mn2O4 and 

Li2.00Mn2O4 is low. Furthermore, the peak is shifting towards the right favouring the spinel 

LiMn2O4 content. The peak at ~2θ = 36⁰ associated with spinel LiMn2O4 is observed for all 

concentrations, however, for Li1.00Mn2O4 the peak merged with that of ~2θ = 26 - 32⁰ 

forming a very broad peak. Peaks at ~2θ = 45⁰ related to the coexistence of layered and 

spinel composites are broad for Li1.00Mn2O4 and the Li1.75Mn2O4 concentrations; whereas 

for the Li1.25Mn2O4, Li1.50Mn2O4 and Li2.00Mn2O4 concentrations they split and span over 

~2θ = 42 – 52⁰ favouring both the layered and spinel compositions. For peaks at ~2θ = 

64⁰ associated with spinel LiMn2O4, Mn3O4 and layered Li2MnO3, they appear to be very 

broad for the pristine (Li1.00Mn2O4) and the full lithiated (Li2.00Mn2O4) concentrations. 

Meanwhile, for the Li1.25Mn2O4 and Li1.50Mn2O4, they split. The peaks span over ~2θ = 60 

– 69⁰ at most.  

The peak trends for the structures when they are subjected to the stress of 0.1 GPa is 

similar for some structures and different for some to those recrystallised under the under 

NVT and NST ensemble. For nanoporous 75 Å concentrations under 0.1 GPa stress, the 

peaks differ significantly from those recrystallised under NVT and NST ensemble. 

Recrystallisation of structures under the two ensembles rendered narrow peaks, however, 

when they endure stress they become broad. Furthermore, characteristics peaks at ~2θ = 

18 – 23⁰ and ~2θ = 26– 32⁰ when stress is applied almost disappear, while at 2θ ~ 64⁰ 

they become less intense. Meanwhile, the nanoporous 69 Å structure with different 

concentrations under stress, have peaks that merge to form one broad peak especially for 

2θ ~ 18 – 23⁰ and 2θ ~ 26 – 32⁰. Furthermore, the peaks at ~2θ = 64⁰ are less intense 

under stress. The concentration of Li1.75Mn2O4 which had narrow peaks under NVT and 

NST for nanoporous 69 Å under stress become broad with some almost disappearing. 
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Nanoporous 67 Å structure shows broad peaks as well, different from NVT and NST. 

However, the Li1.75Mn2O4 peak trend is similar under stress where a broadening of peaks 

is observed. The peaks under Li1.50Mn2O4 concentration is similar for NVT, NST and under 

0.1 GPa.  

 

Figure 6.7: The  X-ray diffraction patterns (XRDs) for structures  in their pristine form at Li1.00Mn2O4 

concentration under the stress of 0.1 GPa for (a) nanoporous 75 Å, (b) nanoporous 69 Å and (c) 

nanoporous 67 Å structures; compared to the  experimental XRDs for (d) spinel Mn3O4 [106], (e) 

spinel Li2Mn2O4 [115], (f) layered LiMnO2 [107], (g) layered Li2MnO3 [107] and (h) spinel LiMn2O4 

[107].  



 
 

170 
 

 

Figure 6.8: The X-ray diffraction patterns (XRDs)  for nanoporous 75 Å structure under the stress 

of 0.1 GPa, at Li1+xMn2O4 where 0 ≤ x ≤ 1, for the simulated (a) Li1.00Mn2O4, (b) Li1.25Mn2O4, (c) 

Li1.50Mn2O4, (d) Li1.75Mn2O4 and (e) Li2.00Mn2O4 concentrations. 
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Figure 6.9: The X-ray diffraction patterns (XRDs) under the stress of 0.1 GPa for nanoporous 69 Å 

structure at Li1+xMn2O4 where 0 ≤ x ≤ 1, for the simulated (a) Li1.00Mn2O4, (b) Li1.25Mn2O4, (c) 

Li1.50Mn2O4, (d) Li1.75Mn2O4 and (e) Li2.00Mn2O4 concentrations. 
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Figure 6.10: The simulated nanoporous 67 Å structure at Li1+xMn2O4, where 0 ≤ x ≤ 1 

concentrations illustrating the  X-ray diffraction patterns (XRDs) under the stress of 0.1 GPa for (a) 

Li1.00Mn2O4, (b) Li1.25Mn2O4, (c) Li1.50Mn2O4, (d) Li1.75Mn2O4 and (e) Li2.00Mn2O4. 
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6.4 Discussion 

The mechanical properties calculations have been successfully executed by employing 

molecular dynamics methods to investigate the mechanical response of nanoporous 

structures at various lithium concentrations and lattice sizes when the uniaxial stress of 

0.01 GPa is applied to the materials along the y-direction. The analysis made from the 

stress-strain plots of the structures shows that the yield strength of the materials and 

elastic modulus increases with lattice size reduction for the Li1.50Mn2O4 and Li2.00Mn2O4 

concentrations. Meanwhile, at Li1.00Mn2O4 and Li1.25Mn2O4 concentration for nanoporous 

69 Å structure, high yield strengths were observed; on the other hand, for nanoporous 67 

Å, a high elastic modulus was observed. Moreover, at the Li1.75Mn2O4 concentration for 

nanoporous 69 Å structure the highest yield strength and elastic modulus was observed 

followed by nanoporous 67 Å. While the yield strengths and elastic modulus for the 

materials fluctuate with lattice size and lithium concentrations, nanoporous 69 Å has 

shown great strength compared to its counterparts, especially at Li1.75Mn2O4 

concentration where the materials became distorted and gained grain boundaries.  

The radial distribution functions under stress demonstrated the broadening and flattening 

of peaks with increasing radial distance r, especially after 8 Å. This could imply that the 

structures are becoming distorted/ disordered with the continuous 0.01 GPa stress 

imposed on them. The X-ray diffraction patterns showed the disappearance of some peaks 

after stress was applied to the structures. On the other hand, other peaks merged to form 

one broad peak, while others become less intense. The XRDs for nanoporous 69 Å, under 

stress, behaves similar to those of nanoporous 75 and 67 Å when recrystallised under NVT 

and NST ensembles showing broad peaks, especially at Li1.75Mn2O4. Similar to NVT and 

NST, shifts and splits are still observed. The shifts, splits and broadening of peaks could 

be attributed to the mixing of Li and Mn layers, phase transitions, defects generated in the 
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Li-Mn-O systems during lithium intercalation [108, 109, 110]. Furthermore, they could also 

be attributed to the 0.1 GPa stress in the y-direction imposed on the structures. Although 

under stress nanoporous 69 Å shows broad peaks on its XRDs at Li1.75Mn2O4 

concentration, its yield strength is relatively high compared to its counterparts. This is the 

critical concentration where the structures have changed in symmetry from cubic to 

tetragonal phase. This further validates that nanoporous 69 Å is special and can probably 

be a better material to withstand the harsh conditions that come with stress during the 

discharge process which causes fractures within the battery material. 
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CHAPTER 7 

Conclusion and Recommendations 

7.1 Conclusion  

Cost-effective energy storage batteries could transform the energy landscape for the 

better, especially in mitigation measures against climate change. Hence, harnessing 

cheap and abundant materials like manganese can be of great advantage; especially in 

South Africa where manganese constitutes over 80% of the world’s reserves [125, 126, 

127]. A discharge process for the spinel lithium manganese oxide (LMO) nanoparticles, 

epitomised by inserting surplus lithium atoms, results in disruptive structural changes, with 

Li1.75Mn2O4 clearly identified as transitional multi-grained structure, between the cubic 

(Li1Mn2O4) and tetragonal (Li2Mn2O4) phases [128]. Such drastic transition is associated 

with a problem of cracking and pulverisation of the cathode material which needs to be 

solved in order to attain higher capacity. 

Consequently, an attempt of changing the disruptive transition into a smooth structural 

transition in the spinel Li1+xMn2O4, where 0 ≤ x ≤ 1, particularly at Li1.75Mn2O4, was 

explored by investigating Li-Mn-O bulk and nanoporous architectures, the latter with 

different pore sizes. Simulated amorphisation and recrystallisation technique, based on 

molecular dynamics method, and using the Born model of ionic solids parameters was 

employed to amorphise and recrystallise the Li1+xMn2O4 (0 ≤ x ≤ 1) bulk and nanoporous 

structures. The technique is capable of producing microstructural features like those 

observed experimentally [68]. Related structural, mechanical properties, volume changes 

and diffusion coefficients with varying lithium concentrations were calculated in order to 
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establish structural integrity of the spinel Li-Mn-O, which could likely yield full potential 

capacity that has not been achieved thus far.   

Structural aspects of nanoporous Li1+xMn2O4 (0 ≤ x ≤ 1), as deduced from simulated XRDs, 

are now scrutinized; commencing with the smallest 67 and highest 75 Å lattice sizes. The 

XRDs showed the existence of hetero-structural components of layered and spinel 

structures [107]. On increasing lithium content in Li1+xMn2O4 (0 ≤ x ≤ 1), XRDs reflect 

narrow peaks at x = 0 and x = 1 and significant broad peaks at Li1.75Mn2O4 concentration; 

this is the concentration where the structures have evolved into multiple crystals for the 

nanoporous structures. This transformation signifies a change from spinel cubic to 

tetragonal symmetries. However, for the nanoporous 69 Å lattice size, the narrow peaks 

were maintained in the whole range (0 ≤ x ≤ 1), including the transition concentration 

Li1.75Mn2O4. The bulk depicted broad peaks at such concentration [129] consistent with 

the current smallest and largest nanoporous lattice sizes; implying that the 69 Å one is 

unique.  

Microstructural features of the Li1+xMn2O4 (0 ≤ x ≤ 1) nanoporous architecture that were 

generated spontaneously by the A+R method are now considered. Generally, recrystallised 

structures evolved into hetero-structural layered and spinel phases as shown in 

nanospheres [72] and experiments [7, 130, 26]. In concurrence with XRD analysis, for 67 

and 75 Å lattice size structures, single grains are noted at low and high lithium 

concentrations. However, multigrains are dominant at the transition from cubic to 

tetragonal spinel, i.e.  Li1.75Mn2O4, consistent with observations in the nanosphere [128] 

and expanded freely upon lithiation due to their ability to flex within their pores. The 

microstructures and XRDs showed the existence of hetero-structural components. In 

contrast, for the 69 Å lattice size structure, the microstructure, whilst intrinsically hetero-

structural, appears uniform without obvious grain boundaries, throughout all 



 
 

177 
 

concentrations, including the critical transition concentration of Li1.75Mn2O4. This is in 

concurrence with observed narrow XRD peaks for the 69 Å lattice sized nanoporous 

architecture. 

Mechanical properties calculations of the nanoporous Li1+xMn2O4 (0 ≤ x ≤ 1) were executed 

to help investigate the mechanical response at various lithium concentrations and pore 

sizes and by monitoring response to strain when uniaxial stress is imposed. The analysis 

shows that the yield strength and elastic modulus increases with lattice size reduction for 

the Li1.50Mn2O4 and Li2.00Mn2O4 concentrations. Meanwhile, for Li1.00Mn2O4 and 

Li1.25Mn2O4 concentrations, the 69 Å lattice size nanoporous architecture has the highest 

yield strength with nanoporous 67 Å featuring the highest elastic modulus. On the other 

hand, the nanoporous 69 Å reflects both the highest yield strength and elastic modulus at 

the Li1.75Mn2O4 concentration, followed by the nanoporous 67 Å. While the yield strengths 

and elastic moduli for structures fluctuate with lattice sizes and lithium concentrations, 

nanoporous 69 Å lattice size has depicted pronounced strength compared to its 

counterparts, especially at Li1.75Mn2O4 concentration, where multiple grain boundaries are 

prevalent. The total RDFs for the Li-Mn-O nanoporous and bulk structures exposed to the 

uniaxial stress of 0.01 GPa depict broad and flat peaks with increasing radial distance r; 

implying atomic arrangement disorder or scattering of atoms. Furthermore, the Li-Mn-O 

XRDs under stress capture significant shifts, splits and broadening of peaks [108, 110]; 

which some merge to form one broad peak. This could imply the deformation or distortion 

of some regions within the structures. Although nanoporous 69 Å shows broad peaks at 

the critical concentration of Li1.75Mn2O4 when subjected to the uniaxial stress, it is evident 

that it is robust since it had narrow and sharp peaks during volume changes, withstanding 

expansion which causes battery cracks [60].  
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It is of significance to explore reasons pertaining to the structural stability of the 69 Å lattice 

sized nanoporous architecture at Li1.75Mn2O4 concentration. A closer look at volume 

changes, under the NST ensemble, across such concentration provides valuable insights. 

The nanostructure with the 69 Å lattice size exhibits limited volume expansion with 

increasing lithium concentration, whilst those of its counterparts are significant and 

distinct. Since the nanoporous 69 Å is more robust and resilient to the volume change at 

Li1.75Mn2O4, this could imply that the cavity to wall ratio of nanoporous 69 Å might possibly 

result in an electrode structure that can provide appropriate electrochemical and 

mechanical properties for Li-ion batteries as it is not easily susceptible to fracture. 

In order to verify the robustness of the stable 69 Å lattice size nanostructure, it was 

subjected to high temperatures through molecular dynamics method. No obvious 

structural changes were noted and lithium ions diffused well within the temperature range 

studied.  The low diffusion rate of lithium ions in cathodes may result in the loss of specific 

capacity [52, 65]. Therefore, the diffusion rates of the Li-Mn-O materials were investigated 

to evaluate their stability with increasing temperatures. It was observed that pore size 

influences the diffusion rate where nanoporous 75 Å showed the highest diffusivity, 

followed by nanoporous 69 Å, then nanoporous 67 Å and finally the bulk. This indicates 

that porosity or pore size plays a huge role in lithium diffusion with increasing 

temperatures. In nanoporous 75 Å, especially at Li1.75Mn2O4, the high mobility could be 

ascribed to the presence of grain boundaries which act as pathways or transport medium 

for lithium migration [131]. Furthermore, the microstructures have shown the reduction of 

Mn3O4 with increasing lithium content which allows for high Li migration due to fewer Mn2+ 

residing in the tunnels during lithiation. The diffusion coefficients for lithium showed an 

increased diffusion rate with increasing structural lattice size. 
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The study, for the first time, has shared information on the electrochemical and 

mechanical properties, at intermediate lithium concentrations to full lithiation at 

Li2.00Mn2O4 for nanoporous structures with distinct lattice parameters and the bulk. The 

major findings of the study revealed structural changes at the Li1.75Mn2O4 concentration. 

This abrupt concentration showed a wealth of grain boundaries where the structures 

transitioned from cubic to tetragonal phase [128]. Interestingly, nanoporous 69 Å at this 

abrupt concentration showed minimal to no grain boundaries under NST and NVT 

recrystallisation, respectively. Furthermore, the structure showed resilience to expansion 

at Li1.75Mn2O4. Finally, it had the highest yield strength compared to nanoporous 75 and 

67 Å. This clearly indicates that nanoporous 69 Å is setting itself apart from its 

counterparts and shows desirable properties, which have the potential to restrain battery 

degradation. Therefore, the insights shared in this study will help pave the way in the 

understanding and improvement of future Li-ion battery cathode materials. 

 

7.2 Recommendations  

 The current study has proved that lithiation of the Li-Mn-O nanoarchitectures is rarely 

affected by increasing the lithium content in materials, as it was observed that the 

structural integrity is easily not compromised; except at the harsh concentration of 

Li1.75Mn2O4 where the structures transitioned from cubic to tetragonal phase. This can be 

supported by observations made on the bulk and porous nanoarchitectures where the 

spinel and layered components were captured co-existing within the structures at mono, 

intermediate and full lithiated concentrations. The nanoporous structures showed 

fluctuations in pore size with increasing lithium content. The spinel Mn3O4 component and 

the crystallographic defects within the materials were reduced with an increase in lithium 

concentration. The volume changes analysis showed that nanoporous structures can 
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withstand lithium increment to full capacity (Li2.00Mn2O4). Nanoporous 69 Å, in particular, 

showed desirable properties even when stress was imposed on it. The material has a high 

yield strength at an abrupt concentration where a phase transition from cubic to tetragonal 

occur, which is most likely to compromise the structural integrity.  

However, the need to investigate the nanoporous material at intermediate lattice sizes 

between 75 and 67Å, still require full attention, as they could provide better 

electrochemical and mechanical properties compared to the nanoporous 69 Å. 

Furthermore, the wall thickness of the current studied materials still needs to be 

investigated, as it plays a vital role in the diffusion of lithium [132]. This will contribute 

towards the understanding of the capabilities of the Li-Mn-O structures while designing 

future Li-ion battery cathode materials; taking into consideration what type of cathode 

material to use, their texture, pore size, particle size, wall thickness, etc. for optimal battery 

use and performance.       
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