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Abstract 

Lithium-manganese-oxide with a spinel structure has attracted enormous attention as 

a future cathode material for lithium-ion batteries. LiMn2O4 is affordable due to the 

abundance of manganese in South Africa (80% of the world reserves) and provides 

high-rate capability. However, its commercialization is currently hindered by structural 

instabilities linked to its Mn3+ component. During cycling, the increasing amount of 

Mn3+ (≥ 50%) onsets the Jahn-Teller effect, which destabilizes the spinel structure, 

leading to a loss of capacity. 

 

Hence, in this work, there emanates a need to introduce Ni and Co as dopants to 

reduce the concentration of Mn3+ and also stabilize the transition metal and oxygen 

bond in the structure. To incorporate this effectively, the Buckingham potentials for the 

interactions that arise from doping LiMn2O4 with Co and Ni were derived using a 

technique inspired by machine learning methods. The Buckingham potential 

parameters were derived with guidance from potential energy surfaces from electronic 

structure calculations. The potential reduced the fitted structure properties and elastic 

constant to an acceptable percentage difference of less than 7.1%. The potentials 

were utilized to investigate the microstructural changes and Li+ transport properties of 

LiMn2O4 influenced by the introduction of Co and Ni on the Mn3+ sites in the structure. 

The developed potentials were able to determine the thermodynamic properties 

aligned with experimental observations such as melting point and the crucial high-

temperature behaviour of LiCo2O4 and LiNi2O4 in the test of their veracity. The melting 

point of LiNi2O4 was found to be lower than that of LiCo2O4, which could be attributed 

to the observed lower melting point of Ni when compared to that of Co.  

 

Moreover, the potentials were further employed to perform simulated synthesis of 

LiCo2O4 and LiNi2O4 nanospherical structures. X-ray diffraction (XRD) patterns and 

atomic structure snapshots showed the dominance of the LiM2O4 (M=Co, Ni) co-

existing with the M3O4 and Li2MO3 high-temperature impurity phases, which is in line 

with the findings of Mouhib and co-workers. Moreover, the average bond distances of 

the Co-O (~1.92 Å) and Ni-O (~1.91 Å) interactions were found to be smaller than that 

of the Mn-O (~1.923 Å) interaction, in line with the experimental values. Therefore, the 

M-O (M=Co, Ni) bond will be stronger than the Mn-O bond, which will improve the 
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structural stability of LiMn2O4. Since a shorter bond length will result in higher electron 

affinity between M-O (M=Co, Ni) as compared to Mn-O. 

 

The subsequent step was to employ the derived interatomic potentials to define the 

interactions within the Co- and Ni-doped LiMn2O4 spinel. Monitoring of the impact of 

these dopants demonstrated that the introduction of Co and Ni in LiMn2O4 did not 

compromise the cubic spinel structure. Therefore, in line with our findings in LiCo2O4 

and LiNi2O4 spinel systems, the bond length between the dopants (Co and Ni) and 

oxygen (< 1.923 Å) was also found to be shorter than the bond length of manganese 

and oxygen (~1.923 Å). This also supports the view that the partial substitution of 

manganese with Co and/or with Ni could result in improved structural stability, which 

will improve capacity retention. Furthermore, Co and Ni were only observed in the 16d 

octahedral sites and were not found in the 8a tetrahedral sites on the microstructure, 

unlike in the case of pure LiMn2O4 phases, where some Mn atoms migrate into the 

tetrahedral sites. Therefore, Co and Ni do not disrupt Li transport in the 8a tetrahedral 

sites, which affects capacity retention and rate capabilities. Furthermore, one 

extremely crucial aspect is the impact of the dopants on the ionic diffusion of the spinel 

material. When comparing the effects of the two dopants, Ni was found to improve the 

diffusion of lithium ions in the spinel structure compared to Co. Since, the Ni-doped 

LiMn2O4 spinel structure (1.6 x 10-12 m2/s) was found to have a higher value for 

diffusion coefficient at 300 K as compared to the Co-doped LiMn2O4 spinel structure 

(0.61 x 10-12 m2/s). Moreover, the ionic conductivity of Li also demonstrated the same 

behaviour, Ni-doped LiMn2O4 spinel nanomaterial was found to have a value of 0.94 

x 10-6 S cm-1, while the Co-doped LiMn2O4 spinel nanomaterial had a value of 0.23 x 

10-6 S cm-1. 

 

The ultimate exploration in this work was the morphological impact on the ionic 

diffusion and conductivity of the LiNi2O4 spinel cathode material. This sparked 

particular interest in further exploration since the Ni-dopant demonstrated enhanced 

diffusivity. As such, the role of pore size in LiNi2O4 nanoporous structures on transport 

properties (i.e., ionic diffusion) and microstructural changes was probed. Increasing 

the pore size was found to also increase the surface area and the diffusion of lithium 

ions in the structure. The surface areas of the 0.30, 0.21, and 0.15 nm nanoporous 

materials were found to be 22.16, 15.50, and 12.05 Å2, respectively. The same was 
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also noted in the calculated ionic conductivities of Li+, which were found to be ~2.34 x 

10-8, ~7.86 x 10-8, and ~1.50 x 10-7 S/cm for the nanoporous structures with pore 

diameters of 0.15, 0.21, and 0.30 nm, respectively. Therefore, a nanoporous spinel 

structure could enhance rate capabilities, and fast charge and discharge rates could 

be achieved. 

 

The overall stability of Li-Mn-O can be enhanced by the partial substitution of Mn with 

Co and Ni. Additionally, the transport of Li+ ions is not disrupted by Co and Ni at dopant 

concentrations of ≤ 0.02. Moreover, Ni was found to have superior influence over the 

migration of Li+ ions in the structure. Therefore, the charge and discharge processes 

can be enhanced by single-doping LiMn2O4 spinel with Ni. The rate of charge and 

discharge can also be further enhanced by the design of nanoporous materials with 

larger pore diameters (≥ 0.21 nm), which are crucial for large-scale high-energy and 

high-power density applications. 
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CHAPTER 1 

Introduction and Background 

Lithium-manganese-oxide, which crystallizes into a spinel structure, has been 

receiving growing interest as one of the affordable and high-voltage positive electrode 

materials for lithium-ion batteries (LIBs). This material consists of three-dimensional 

diffusion channels that facilitate the facile movement of Li+, resulting in high-rate 

capabilities required in hybrid electric vehicles (HEVs) and electric vehicles (EVs) [1, 

2]. Moreover, LiMn2O4 spinel has an environmentally acceptable impact and 

satisfactory thermal stability, which cements its suitability for large-scale applications 

(smart grids, HEVs, and EVs) [3, 4]. However, this material deteriorates during the 

charge/discharge cycles, resulting in a significant loss of capacity, which has detoured 

its commercial usage [5, 6]. The exponential technological growth and the need to 

sufficiently support electric vehicles call for the development of cost-effective, safe, 

durable, and energy-dense positive electrode materials to enhance the current 

performance of the leading lithium-ion batteries. To date, the positive electrode 

material is one of the most expensive components in lithium-ion batteries and among 

the impediments regarding the battery’s energy density. As such, insights that will 

guide the improvement of LiMn2O4 are of paramount importance. Additionally, the 

reinforcement of the performance of LIBs will also aid significantly in solving the energy 

crisis by providing adequate energy storage systems. The abundance of manganese 

in parts of South Africa makes manganese-based electrode materials like LiMn2O4 

attractive [7, 8]. 

 

The dominance of lithium-ion batteries in portable electronics is largely due to 

significant research efforts delegated to finding new materials and understanding their 

behaviour and how they relate to battery performance [9]. A deeper insight into the 

link between material structure and its properties is pivotal to the improvement of 

materials. Cation doping has been reported as one of the most effective methods for 

tuning material properties. Hence, it can be instrumental in enhancing the performance 

of promising lithium-ion battery cathode materials [10, 11, 12]. Particularly, the 

performance of LiMn2O4 spinel, which is plagued by capacity fading. To date, little is 

known about the effect of cation doping on LiMn2O4 spinel at the microscale. Such 
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studies are currently viable through molecular dynamics (MD) simulations, which are 

based on interatomic potentials (IP). MD methods are significant in predicting and 

unravelling material properties. The scarcity of accurate IPs has been a bottleneck for 

microscale simulations. The availability of accurate IPs is proportional to the impact 

and veracity of these methods in the science community. 

1.1 The performance and advances of the current leading rechargeable batteries 

LIBs have been the most preferred secondary battery since their commercialization in 

1991 due to their high power and high energy densities as compared to other 

rechargeable batteries. They have been well received in portable electronic devices 

(PEDs), a market characterised by exponential growth [13]. The growing need to move 

away from the traditional generation of electricity that results in global warming has 

seen lithium-ion batteries gain traction in the storage of energy garnered from 

renewable energy sources [14]. As such, they are playing an important role in solving 

unprecedented climate change. Moreover, they also support revolutionary electric 

vehicles (EVs) or hybrid electric vehicles (HEVs) [15]. The main components that 

make up a lithium-ion battery are the positive electrode (cathode), the negative 

electrode (anode), and the electrolyte. 

1.1.1 Structure and operation of a lithium-ion battery 

In a lithium-ion battery, during a discharge process (PED plugged in), Li+ ions migrate 

from the negative electrode (anode) into the positive electrode (cathode) due to a 

potential difference between the two electrodes. The two electrodes dipped into an 

electrolyte are separated from each other by a porous membrane. Subsequently, 

during a charge process, lithium ions move from the cathode into the anode. Electrons 

move through the external circuit in the direction of Li+ ions in both processes. Lithium 

ions move through the porous membrane in the electrolyte from the cathode into the 

anode [16, 17, 18]. The operation and the significant components of this rechargeable 

battery are captured in Figure 1.1. 
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Figure 1.1: Illustration of the structure and operation of a lithium-ion battery. 

Lithium ions are moving from the anode (negative electrode) into the cathode 

(positive electrode) through the separator (porous membrane) during a 

discharge process. Electrons are moving in the same direction through the 

external circuit. 

1.1.2 Applications 

Figure 1.2 shows the wide application areas of LIBs. They are dominant in portable 

electronic devices (PEDs), and their usage is growing exponentially. Furthermore, 

their usage and demand are also increasing in the storage of the fluctuating energy 

generated from renewable sources [19, 20, 21]. Moreover, they are also a source of 

power for HEVs and EVs. However, for full support of HEVs and EVs, the current 

performance of lithium-ion batteries requires improvement. Economically viable 

lithium-ion battery operational materials will be instrumental in powering HEVs and 

EVs on a large scale. 
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Figure 1.2: Broad applications of lithium-ion batteries. (a) Application in portable 

electronic devices [22], (b) hybrid electric vehicles (HEVs) [23] and electric 

vehicles (EVs), and (c) Smart grids [24]. 

1.2 Literature review 

The heightening demand for environmentally benign, durable, and affordable high-

power density and high-energy density energy storage systems calls for urgent 

improvement of the current battery systems. The positive electrode material is 

currently reported as the most expensive component in a lithium-ion battery [25, 26]. 

Manganese is affordable and less toxic than cobalt, hence, manganese-rich positive 

electrode materials are crucial to the realisation of economically viable lithium-ion 

battery systems [27]. This is due to the abundance of manganese, particularly in South 

Africa. The richest manganese deposits are hosted in the Kalahari Manganese Field 

(KMF), situated in the Northern Cape province of South Africa. The site hosts about 

77% of manganese metal in banded iron formation (BIF) deposits when compared to 

land-based manganese deposits around the world [28, 29, 30]. Moreover, manganese 

is found to be extremely abundant, and when compared to other abundant elements 

in the earth’s crust, it ranks 12th. Transition-metal-based cathode materials for lithium-

ion batteries given considerable research attention are LiFePO4, LiNiO2, LiCoO2, 

LiMnO2, and LiMn2O4 [31, 32, 33, 34, 35].  

1.2.1 Layered metal oxides 

Layered metal oxides (LMOs) have been cathode materials of choice for lithium-ion 

batteries since their commercialization by Sony in the 1990s [19, 36, 37]. LMOs can 

yield theoretical capacities greater than 270 mAhg-1 and operate at voltages greater 
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than 3.7 V [38, 39]. The exponentially growing energy needs have triggered a great 

deal of research interest in lithium-ion batteries. Investigations of the properties and 

performance of TMOs are vital to the design of high-energy positive electrode 

materials to meet the ever-growing energy demands [40].  

LiNiO2 is among the most studied high-capacity cathode materials, with a reversible 

capacity greater than 200 mAh/g. However, despite its cost-effective factor and 

alluring capacity, its full commercialization is deterred by its inferior cyclic 

performance. Several anisotropic phase changes have been observed at high charge 

or discharge cycles, leading to a significant loss of capacity. Additionally, LiNiO2 

possesses safety concerns linked to the release of oxygen [41, 42, 43].  

The majority of commercial lithium-ion batteries utilize LiCoO2 as a positive electrode 

material due to its high discharge voltage, superior cyclic performance, and 

heightened theoretical capacity of over 200 mAh/g. However, the material is 

expensive, its capacity deteriorates during prolonged cycling, and it is thermally 

unstable, hence, it falls short of supporting electric vehicles (EVs) or hybrid electric 

vehicles (HEVs) [44, 45]. Li2MnO3 has also been extensively investigated as a 

prospective Li-ion battery cathode material. It can yield high capacities of ~250 mAh/g 

when used in the 2 V and 4 V voltage ranges. However, upon cycling, Li2MnO3 

transforms into a structure like that of cubic spinel, which results in performance 

attenuation. The layered-to-spinel transformation is attributed to the loss of oxygen in 

the structure during Li+ extraction, which precludes its full utilisation [46, 47, 48, 49]. 

1.2.2 Drawbacks of spinel-type lithium-metal-oxides (LMOs) 

The paucity and toxicity of cobalt call for the replacement of the commonly utilized 

positive electrode for lithium-ion batteries, layered LixCoO2 [50, 51, 52]. Lithium-

manganese-oxide (Li-Mn-O) electrode materials with a spinel-type structure are 

currently gaining significant attention as a prospective replacement for LixCoO2. Li-Mn-

O spinel cathode materials are economically feasible as compared to Li-Co-O layered 

cathode materials on account of the abundance of manganese [28, 29, 30]. Moreover, 

Li-Mn-O electrodes provide well-accepted voltages and energy densities. Additionally, 

Li-Mn-O spinel is environmentally benign and possesses acceptable thermal stability, 

which is a significant requirement for large-scale applications (HEVs, EVs, and smart 

grids). Three-dimensional diffusion pathways of the Li-Mn-O spinel offer fast charging 
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and discharging rates. However, at high operating voltages and elevated 

temperatures, LiMn2O4 spinel loses capacity as a result of manganese dissolution. 

This has been the main reason for the delayed commercialization of Li-Mn-O spinel 

[53, 54, 55, 56, 57]. 

1.2.3 Synthesis methods 

1.2.3.1 Experimental synthesis methods for spinel LMOs 

Lithium-manganese-oxide spinel is largely prepared using a solid-state reaction 

synthesis method. This method yields decent results, and due to its scalability, it has 

been widely adopted in industries. In a solid-state reaction, a given solid material is 

decomposed with heat to yield a new solid and a gas. The resulting particles are 

generally non-uniform and less crystalline. However, for more homogeneous particles 

with an evenly distributed composition, additional heat treatment is required [58, 59, 

60]. Alternatives to solid-state synthesis are sol-gel, co-precipitation, spray-pyrolysis, 

and the combustion synthesis method. Sol-gel yields atomically homogeneous 

products with improved crystallinity after a few calcination steps and at lower 

temperatures. However, this synthesis route requires a significant amount of precursor 

[61, 62, 63]. Another method for producing more crystalline LiMn2O4 spinel is the co-

precipitation synthesis route. The process is not complicated, and it consumes less 

energy. However, the equipment for this synthesis route is expensive, and it doesn’t 

offer much control over particle size and distribution [64, 65]. A method that offers 

control of particle size at a shorter reaction time is the spray-pyrolysis synthesis 

method. The method yields uniform spherical nanoparticles at a lower cost. However, 

its deposition rate is unsatisfactory, and finding the optimal temperature for powder 

growth is quite a challenge [66, 67]. Last but not least is the combustion synthesis 

route, which yields products with the smallest particle sizes with few calcination 

stages. Moreover, combustion synthesis is a relatively inexpensive, simple, and 

versatile high-temperature approach. The only challenge is particle agglomeration [68, 

69, 70]. 
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1.2.3.2 Simulated synthesis methods 

The simulated amorphization and recrystallization technique (A&R) [71] is one of the 

vital techniques in large-scale computer simulations. Capturing significant material 

behaviour and properties that evolve during synthesis has been difficult to model 

computationally until the establishment of A&R. Various and essential structural 

features linked to the behaviour and properties of materials emerge during synthesis. 

Computational methods that give access to such physical and chemical processes are 

crucial to the engineering of novel, valuable materials. The simulated A&R technique 

makes it possible to model such significant features, resulting in simulated models that 

are comparable to materials synthesised with traditional experimental methods. 

Moreover, models representing electrode materials of various morphologies can be 

modelled using the A&R approach. Consequently, valuable insights can be shed on 

the development of durable, high-power, and high-energy electrode materials. 

Lee and co-workers have successfully studied and characterised the chemistry of 

defects in layered LiNi1/3Co1/3Mn1/3O2 using MD simulations based on empirical 

potentials. Moreover, they also shared insights on the mechanism of intrinsic antisite 

defects in the LiNi1/3Co1/3Mn1/3O2 layered structure. Their findings were in line with 

experiments [72]. Dean et al. used the A&R approach to generate undoped and Ti-

doped CeO2 nanostructured models. The introduction of Ti in the CeO2 structure was 

found to change its morphology from polyhedral to spherical, and the whole 

mechanism was delineated through detailed atomic-level snapshots [73]. A model of 

Li-MnO2 rich in microstructural features such as point defects, vacancy defects, and 

microtwinning was generated in a study by Maphanga et al. using large-scale atomistic 

simulations. The model was comparable to experiments through X-ray diffraction 

(XRD) patterns and atomic-level structural snapshots [74]. Moreover, Ledwaba and 

co-workers employed the amorphization and recrystallization technique to 

characterise the phase transition of the Li-Mn-O nanoparticulate electrode associated 

with capacity fading and further model its discharge process [75]. 

1.2.4 Cation doping of lithiated-transition-metal oxides 

Several reports advocate for the substitution of the Mn3+ in the Mn2O4 octahedron of 

LiMn2O4 spinel with divalent or trivalent cations as a solution for preventing this 
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material from deteriorating during charging or discharging [76, 77, 78]. The decay of 

LiMn2O4 at high temperatures and at deep charge/discharge voltages is associated 

with the following: (a) uneven distribution of Li+ in [Mn2O4], (b) surface 

disproportionation reaction of manganese (2Mn3+ = Mn2+ + Mn4+), and the Jahn-Teller 

distortion due to the high-spin Mn3+. This results in the loss of manganese in the 

electrolyte and lattice instability. Partial substitution of Mn3+ with other cations such as 

Co, Zr, Ni, Mg, etc. lowers the amount of manganese in the structure. A cation that 

results in a stronger M-O (M=Co, Ni, Zr, Mg, etc.) bond than the Mn-O bond imparts 

better structural stability. Xiong et al. reported that an average manganese valence of 

≥ 3.6 is required to restore the capacity of the materials during cycling [79]. 

The partial substitution of manganese with Co and Ni has been largely recommended 

for retaining the electrochemical performance of LiMn2-xMxO4 (M=Co, Ni) [80, 81, 82]. 

Wei et al. found that the average valence of manganese in LiMn2-xNixO4 increases with 

nickel content. Moreover, some Ni ions occupy the 8a sites when the concentration of 

Ni reaches 20% of manganese (i.e., x ≥ 0.4) [83]. Nickel-doped Li-Mn-O (LiNiMnO) 

nanosheets were prepared by Zhang and co-workers. Improved cyclic performance 

was observed as compared to the un-doped counterpart. The LiNiMnO nanosheets 

retained 81% of their practical capacity (i.e., 113.27 mAhg-1) on their 500th cycle [84]. 

The substitution of manganese by cobalt (Co) has also been predominantly 

investigated to lessen the deterioration of Li-Mn-O spinel during cycling. The solid-

state reaction route was employed to prepare a Co-doped Li-Mn-O spinel with 

enhanced electrochemical performance. In 20 cycles, the capacity of LiMn2-xCoxO4 (0 

≤ x ≤ 0.5) only dropped by 1% and less, while the un-doped counterpart lost about 

28% of its capacity [85]. 

Furthermore, the importance of partial substitution was also cemented by the 

replacement of a small amount of nickel in layered LiNiO2 with Co and Mn to form 

LiNi0.6Co0.2Mn0.2O2, in which deep cycling stability was achieved, which is in contrast 

to the un-doped structure [86]. This evidences the capability of cation doping in 

affecting the performance and properties of a number of cathode materials. In 

manganese-rich positive electrode materials suffering capacity decay, such as 

LiMn2O4, doping with a trivalent cation could reduce the amount of Mn3+ that causes 

manganese dissolution due to Jahn-Teller distortion and the disproportional reaction 

of manganese (2Mn3+ -> Mn2+ + Mn4+). An appropriate substitution of a certain amount 
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of Mn3+ by the same amount of a trivalent cation could ensure structural stability and 

superior cycling performance. Moreover, the capacity attenuation could also be 

lessened [87, 88, 89]. 

1.2.5 Nanosized electrodes in lithium-ion batteries 

LIBs have been extensively remarkably successful in the market for PEDs but are yet 

to make an impact in large-scale applications such as electric vehicles (EVs) or hybrid 

electric vehicles (HEVs) [18, 16, 90]. They are falling short in the latter market due to 

high costs and inferior energy and power density. The electrochemical performance 

of the electrode materials could be significantly enhanced by taking advantage of the 

appealing properties of nanomaterials. The short diffusion path and high 

electrolyte/electrode contact area of nanostructured electrode materials can improve 

the rate capability and power density of the battery. Moreover, the cyclic performance 

could also be improved as a result of the enhanced ability of nanostructured electrodes 

to deal with strain during a charge or discharge process [91, 92, 93]. Hence, the 

engineering of novel nanosized positive electrode materials coupled with cation doping 

can effectively better the electrochemical performance of LIBs. 

A layered LiNi1-xMxO2 (M = transition metal) positive electrode composed of nanosized 

primary particles yielded higher-rate capabilities than its bulk counterpart [94]. In a 

study by Kim and co-workers, bulk and nanostructured Li2MnO3 and 

LiNi0.5Mn0.3Co0.2O2 electrodes were generated and compared using a high-energy ball 

mining approach. The nanostructured electrodes displayed superior discharge 

capacitance and structural stability when compared to their bulk counterparts [95]. The 

glycine-nitrate process was employed to synthesise a nanosized LiMn2O4 spinel made 

up of primary particles of 10 nm. The nanostructured spinel electrodes could yield 

capacity > 57 mAhg-1 at a 2.44 mA cm-2 (10 C) discharge rate, showing their high-rate 

capabilities [96]. As such, nanotechnology will be instrumental in accelerating the 

advancements of lithium-ion batteries to meet the growing energy needs. 

1.2.6 Derivation of Interatomic potentials for classical simulations 

Methods that determine the potential energy surface (PES) from the Kohn-Sham 

theory of electron density (Density Functional Theory) are improving in terms of 

accuracy and simulation time [97, 98]. However, compared to large-scale atomistic 
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simulations, these methods are still limited in handling systems containing more than 

thousands of atoms for longer simulation times (~nanoseconds) [99, 100, 101]. 

Atomistic simulations such as molecular dynamics (MD) rely on interatomic potentials 

(IAPs) to determine the energy of interaction [102, 103, 104, 105, 106]. IAPs are an 

approximation of the electronic potential energy as given by Schrodinger’s equation, 

and they depend on the atomic coordinates. Moreover, IAPs scale linearly with the 

number of particles and, hence, allow studies of the microstructure of complex 

systems. The behaviour of all matter can be indirectly or directly inferred from the 

interaction of atoms through atomic forces. Therefore, properties such as temperature, 

hardness, and pressure, which are linked to the interatomic forces, can be explored 

through MD simulations at the microscale. Furthermore, IAPs allow for investigation 

of the movement of Li+ ions in battery materials and the essential structural 

peculiarities such as vacant lattice sites, occupied interstitial sites, interconnections of 

crystal grains in polycrystalline materials, stacking faults, etc., which are the essential 

matrix for lithium-ion battery performance [107, 108, 109].  

IAPs are usually expressed as an expansion of a set of functions that depends on 

atomic positions. The functions also contain parameters that uniquely describe the 

interaction in question and are attained by fitting to structure information (elastic 

constants, bulk modulus, shear modulus, poisson’s ratio, etc.). The data could be 

elastic constants that are related to the interatomic forces. The potential functions are 

designed to capture interactions such as the coulombic interaction emanating from 

charged ions, the Van der Waals interaction, which is due to instantaneous dipole 

moments, and Pauli’s Exclusion Principle. IAPs are essential for the exploration of 

microstructural changes underpinned by the interactions of thousands of atoms, which 

impact electrochemical performance. The IAP function utilized in this study is 

discussed in detail in chapter 2. The accuracy of large-scale atomistic simulation 

hinges on the underlying IAP function. Hence, a substantial amount of attention has 

been directed towards attaining accurate interatomic potentials through nesting, 

designing new functions, or machine learning [110, 111]. 

1.2.7 Structural description of lithium-transition-metal-oxide (LiTM2O4) spinel 

The promising cathode material for lithium-ion batteries, LiM2O4 (M=Mn, Co, Ni), 

crystallises into a spinel-type structure with a space group of Fd-3m. The cubic 
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LiMn2O4 consists of oxygen atoms in an ordered cubic-close arrangement, in which 

lithium atoms are situated at the 8a tetrahedral sites and the transition metal (TM) 

atoms are situated at the 16d octahedral sites, as illustrated in Figure 1.3 [112, 113, 

114]. The cubic-closed, packed array of oxygen atoms provides the three-dimensional 

channels that allow the insertion and extraction of lithium ions. 

 

Figure 1.3: (a) Co- and (b) Ni-doped Li-Mn-O spinel conventional unit cells. 

Manganese (cyan), cobalt (dark blue), nickel (royal blue) atoms are situated at 

the 16d octahedral site, lithium atoms (yellow) are occupying the 8a site and 

oxygen atoms (red) are occupying the 32e sites. 

Table 1.1: Structural properties of spinel LiTM2O4 (TM=Mn, Co and Ni). 

Property LiMn2O4 LiCo2O4 [115] LiNi2O4 [116] 

Lattice parameter(Å) a=8.24 [117, 

118] 

a=8.05  a=8.04  

Crystal lattice (Å3) cubic cubic  Cubic  

Space group Fd-3m [119] Fd-3m  Fd-3m  

 

 

1.3 Intentions of the study 

LiMn2O4 spinel is currently attracting sizable interest as a viable replacement for the 

toxic and expensive layered LiCoO2 cathode material for lithium-ion batteries [120, 

121]. LiMn2O4 spinel has a three-dimensional crystal structure that facilitates the easy 

movement of lithium ions. Moreover, it provides high cycling voltages, is 
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environmentally benign, possesses acceptable thermal stability, and is affordable due 

to the abundance of manganese [122, 123]. Hence, it is deemed one of the most 

promising positive electrode materials for improving the performance of LIBs, as 

required for application in revolutionary EVs or HEVs and to match the exponential 

technological advancement [124, 125, 126, 127]. However, LiMn2O4 spinel exhibits 

poor cycle performance, especially at deep discharge states and at elevated 

temperatures due to irreversible structural changes. The changes are attributed to Mn 

dissolution due to the disproportionation reaction [128], phase transformation [129], 

and lattice instability [130] associated with the Mn3+ Jahn-Teller ion. A significant 

amount of Mn3+ disproportionates into Mn4+ and Mn2+ (2Mn3+ −> Mn4+ + Mn2+), 

wherein the Mn2+ ions at the surface dissolve in organic electrolytes, resulting in poor 

capacity retention [131, 132]. Moreover, a concentration of Mn3+ that is ≥ 50% leads 

to the onset of the Jahn-Teller distortion, which results in a cubic to tetragonal phase 

transformation. The phase change leads to a large volume change, which 

compromises the Li-Mn-O spinel structure [133, 134, 135]. 

First-principles studies have shown that the substitution of a small percentage of 

manganese in LiMn2O4 with cations such as Co, Ni, Al, etc. has a positive impact on 

the cyclic performance of this material [136, 137, 138]. Improved cyclic performance 

can be achieved by increasing the average valence of manganese in the structure to 

at least 3.5. This was found to lessen the number of the high-spin Jahn-Teller active 

Mn3+ ions in the structure [139, 140]. However, the effect of cation doping has been 

largely explored through density functional theory and traditional experimental studies. 

Investigations of intricate physical and chemical phenomena taking place at the 

microscale, stemming from interactions of a large number of atoms (> 1 000) at a 

practical cost, are currently possible through molecular dynamics (MD) methods [102, 

103, 104]. Particularly transport properties and reversible and irreversible 

microstructural changes, which significantly affect electrochemical performance. The 

rate capabilities of a battery are largely influenced by the ionic conductivity and 

morphology of the electrode material [141]. High-rate capabilities are crucial for energy 

storage applications in electric vehicles and smart grids. Although the partial 

substitution of Mn with Ni, Co, Zr, etc. improves the stability and capacity retention of 

LiMn2O4, there’s little to no information on how the doping affects the transport 

properties (i.e., diffusion, ionic conductivity, etc.) of the material. Such investigations 
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can be easily realised with MD simulations when compared to traditional experiments 

and first-principles approaches. However, a bottleneck to such MD studies is currently 

the lack of accurate interatomic potentials, particularly for interactions that arise from 

doping Li-Mn-O spinel with Ni and Co. 

In this study, an approach inspired by machine learning techniques and the GULP 

code is employed to develop accurate interatomic potentials that arise from doping 

LiMn2O4 spinel with Co and Ni [142, 143]. LiCo2O4 and LiNi2O4 microstructures will be 

generated with MD simulations as a test for the derived interatomic potentials (Co-Co, 

Co-Li, Co-O, Ni-Ni, Ni-Li, and Ni-O). The microstructure will be analysed to provide 

insights into the structural stability of the material, which will be utilized to infer its 

durability and safety. Moreover, it will also shed light on the TMO6 (M=Co, Ni) 

octahedron in comparison to the MnO6 octahedron and, as such, provide guidance on 

the doping of LiMn2O4 with Co and Ni. Furthermore, the derived potentials will be 

utilized to elucidate the impact of the partial substitution of Mn with Co and Ni on the 

transport of Li+ in LiMn2O4, which is currently not clear in literature. The transport of 

Li+ in the structure impacts the cyclability and rate-capability, which are important 

requirements for large-scale applications (smart grids, electric vehicles, etc.). 

Additionally, the impact of the doping on the microstructure of LiMn2O4 will also be 

explored to provide knowledge of the stability of the material. 

The study utilizes both first principles and classical mechanics methods. The 

derivation of the interatomic potential involves a method inspired by machine learning 

(ML) techniques and the General Lattice Utility Program (GULP) [142, 143]. The 

method was chosen since the lack of accurate interatomic potentials (forcefields) is 

actually exacerbated by the ambiguous derivation process, which is often defined as 

art rather than science. The process for finding parameters of an interatomic potential 

function to obtain a description of the interactions in a material involves fine-tuning the 

starting parameters until they yield structure properties (elastic constants, shear 

modulus, poisson’s ratio, bulk modulus, etc.) that are comparable to the fitted structure 

properties. However, the potential parameters that are initially supplied have a 

significant influence on the finally refined parameters. Therefore, the initial potential 

parameters should at least constitute some sort of relationship with the physical or 

chemical characteristics of the interaction to be described. Therefore, the ML-inspired 

approach is used to find initial potential parameters that are linked to the behaviour of 
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the interaction to be described from a potential energy surface computed from the DFT 

electron density. Finally, the preliminary potential parameters are refined with the 

GULP code in spinel systems. This method facilitates the development of accurate 

interatomic potentials that incorporate a DFT level of accuracy to a certain degree. 

Furthermore, the well-researched atomistic simulation technique, simulated 

amorphization and recrystallization (A&R), will be used to simulate the microstructure 

of LiCo2O4 and LiNi2O4 to test the derived interatomic potentials [71]. The A&R 

technique is essential for generating structures with myriad microstructural features 

that affect electrochemical performance and are also noted in experiments. As such, 

the method is crucial for probing microstructural changes and their impact on 

electrochemical performance. Moreover, the A&R technique will also be employed to 

generate Co- and Ni-doped LiMn2O4 nanostructures, which will be utilized to 

investigate the impact of doping on Li+ transport. Moreover, the resulting 

nanostructures will be characterised and analysed through radial distribution functions 

(RDFs), atomic-level structural snapshots, and x-ray diffraction (XRD) patterns. 

Furthermore, the synthesized spinel nanostructures will be compared to theoretical 

models for validation. The impact of doping the spinel LiMn2O4 structure with Co and 

Ni on electrochemical properties and structural integrity will be examined to aid in the 

design of safe, affordable, high-energy, and high-power positive electrode materials. 

The developed Ni-Ni, Ni-Li, and Ni-O Buckingham potentials will be further tested by 

generating nanoporous structures of LiNi2O4 to probe the impact of pore size on 

electrochemical performance. 

1.4 Hypothesis 

The study aims to provide insights that will improve the performance of LiMn2O4 spinel, 

which suffers structural degradation due to lattice instabilities largely caused by the 

Jahn-Teller distortion and the disproportionation reactions of Mn3+ [89, 144, 145]. The 

structural instabilities can be lessened by decreasing the number of Mn3+ ions in the 

LiMn2O4 spinel structure and strengthening the mean transition metal (TM)-oxygen (O) 

bond length. This can be achieved by substituting a small amount of Mn3+ ions with 

cations, which will increase the mean valence of manganese in the structure. As such, 

cations such as Co3+ and Ni3+ can increase the mean valence of manganese in the 

material and strengthen the TMO6 framework due to their smaller ionic radius of 0.55 

Å and 0.53 Å, respectively, compared to the ionic radius of 0.645 Å of Mn3+ [146, 147]. 
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Moreover, the bond energies of Co-O and Ni-O are higher than the bond energy of the 

Mn-O interaction [148, 112]. Moreover, the introduction of Co and/or Ni in the spinel 

structure may also influence the transport of Li+ in the structure, since a more stable 

TMO6 framework will provide more room for migration of these ions in the structure. 

Therefore, the LiMn2O4 can be stabilized with the partial substitution of Ni and/or Co, 

which will curb the structural degradation during cycling and hence improve its cyclic 

performance. 

1.5 Outline of the study 

Chapter 1 captures the current state of LIBs, their advantages, hindrances, and 

solutions to the outlined problems. Additionally, the structural properties of the spinel 

systems investigated in this work have also been detailed in this chapter. In chapter 

2, the methods used to perform this study are briefly discussed. The theory and the 

importance of these methods are concisely captured. In chapter 3, we discuss the 

development of Buckingham interatomic potentials for the potentials emanating from 

the partial substitution of Mn with Ni in LiMn2O4. The development process and the 

results of testing the Buckingham interatomic potentials have been fully discussed. 

The developed potentials were further tested through large-scale simulations of 

LiNi2O4 and LiCo2O4 to provide insights on the doping of LiMn2O4 spinel with Co and 

Ni, this is discussed in chapter 4. The effect of doping LiMn2O4 spinel with Co and Ni 

at the microscale is detailed in chapter 5. In chapter 6, the developed Ni-Ni, Ni-Li, and 

Ni-O have also been tested on the simulation of the nanoporous LiNi2O4 spinel 

structure. The chapter discusses the effect of nanostructuring on the transport 

properties of the LiNi2O4 spinel material. Chapter 7 provides a brief discussion of all 

the findings of this work. The formulated solutions and recommendations are also 

discussed.
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CHAPTER 2 

 

Research Methodology 

The chapter details all the methods utilized to carry out the current study. The study 

employs the Fritz Haber Institute ab initio molecular simulations (FHI-aims) code [149] 

based on Density Functional Theory (DFT) to model the potential energy surface of 

Co-O, Co-Co, Co-Li, Co-Mn, Ni-O, Ni-Ni, Ni-Li, Ni-Mn, and Ni-Co interactions. The 

latter potential surfaces, coupled with chosen first-principles calculated elastic 

properties, will be fitted using the General Utility Lattice Program (GULP) [142] to 

derive the required empirical interatomic potentials. The derived interatomic potentials 

will be used to carry out atomistic molecular dynamics (MD) [150] simulations. 

Moreover, Co, Ni, Cr, and Zr doped LiMn2O4 nanoarchitectures will be generated using 

the MD simulated amorphization and recrystallization technique [71]. 

2.1 Density functional theory (DFT) 

Density functional theory (DFT) is a quantum mechanics-based theory that is 

significantly used in studies of organic and inorganic materials owing to its low 

computational cost and accuracy in finding the solution of Schrödinger’s equation [151, 

152].  DFT gives the approximate solution of the chief quantum mechanics equation, 

Schrödinger’s equation. Kohn and Hohenberg formulated the many-body approximate 

solution of Schrödinger’s equation based on two theorems [153]. The first theorem 

postulates that the properties of a system at its lowest energy state are uniquely 

defined by a three-dimensional (x, y, z) electronic density. As such, the complicated 

physical interaction between electrons can be deduced from this electronic density. 

The second theory indicates that the correct electronic density minimizes the entire 

energy of the systems based on an unknown functional, the exchange-correlation 

energy functional [153]. As such, the accuracy of the results significantly depends on 

the approximation method of the exchange-correlation energy functional. Moreover, 

the whole energy of a system can be linked to the Kohn and Hohenberg single-electron 

density 𝑛(𝒓) represented by single-electron wave functions 𝜓𝑖(𝒓), which can be written 

as: 
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                                𝐸[{𝜓𝑖}] =  𝐸𝑘𝑛𝑜𝑤𝑛[{𝜓𝑖}] +  𝐸𝑋𝐶[{𝜓𝑖}],                                       (2.1) 

The 𝐸𝑘𝑛𝑜𝑤𝑛[{𝜓𝑖}] represents the known energy contribution and 𝐸𝑋𝐶[{𝜓𝑖}] is the 

contribution due to the unknown functional. The known energy contributions can be 

expounded mathematically as:  

𝐸𝑘𝑛𝑜𝑤𝑛[{𝜓𝑖}] =  
ℎ2

𝑚
∑ ∫ 𝜓𝑖

∗∇2𝜓𝑖𝑑3𝒓𝑖 + 

𝑖

 

                                    ∫ 𝑉(𝒓𝑖)𝑛(𝒓𝑖)𝑑3𝒓 + 
𝑒2

2
∬

𝑛(𝒓𝑖)𝑛(𝒓𝑗)

|𝒓𝑖−𝒓𝑗|
𝑑3𝒓𝑖𝑑

3𝒓𝑗.                         (2.2) 

The  𝐸𝑘𝑛𝑜𝑤𝑛[{𝜓𝑖}] energy is equal to the electronic energies, the Coulomb interaction 

describing the nuclei and electronic interaction, the Coulombic interactions between, 

and the Coulombic nuclei-nuclei interactions, respectively, as indicated on the right 

side of equation 2.2. Kohn and Sham demonstrated that the use of single-electron 

wave functions can simplify the daunting task of finding the true electronic density 

through exchange-correlation approximation methods. The Kohn-Sham equations 

thus take the form: 

                                [
ℎ2

𝑚
∇2 + V(𝒓𝑖) +  𝑉𝐻(𝒓𝑖𝑗) + 𝑉𝑋𝐶(𝒓𝑖)] 𝜓𝑖 = 𝜀𝑖𝜓𝑖(𝒓𝑖).                   (2.3) 

The V(𝒓𝑖) potential is due to the nuclei and electron interaction, 𝑉𝐻(𝒓𝑖𝑗) is due to the 

Coulombic repulsive interaction between the electrons, and 𝑉𝑋𝐶(𝒓𝑖) defines the 

exchange-correlation, and is subtle defined as: 

                                                  𝑉𝑋𝐶(𝒓𝑖) =
𝛿𝐸𝑋𝐶(𝒓𝑖)

𝛿𝑛(𝒓𝑖)
,                                                  (2.4) 

where, 𝛿 represents the functional derivative [153]. The DFT approach is 

computationally feasible. The DFT solution revolves around probing the electronic 

density as a function of the three spatial coordinates rather than exactly solving 

Schrodinger’s equation, which requires iterating the whole Hilbert space to find the 

appropriate wave function. It has made significant inroads spanning different areas, 

exploring the electronic structure of systems to predict their properties. 
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2.1.1 The approximation methods of the exchange-correlation functional 

The postulation of Hohenberg, Kohn, and Sham showed that the minimum energy 

corresponding to the true electronic ground state depends on the exchange-correlation 

functional. As such, the solution of the Kohn-Sham equations requires a description of 

the exchange-correlation functional, which is unknown in its true form. However, if one 

can regard the electronic density as the same as the density of a uniform gas, the 

exchange-correlation functional of such a density can be defined exactly. At any given 

point in space, in such a scenario, the electron density is the same {𝑛(𝒓) = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡}. 

As such, the Kohn-Sham equations can now be solved, wherein the exchange-

correlation potential is set as one of a uniform electron gas in this manner: 

                                             𝑉𝑋𝐶(𝒓𝑖) =  𝑉𝑋𝐶
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑔𝑎𝑠

[𝑛(𝒓𝑖)]                                     (2.5) 

This exchange-correlation functional approximation method uses the locality of the 

electron density of a gas. It exploits its uniformity, and it is therefore called the Local 

Density Approximation (LDA) [154, 155]. At last, the approximate solution to the 

Schrodinger equation is realized, however, in the absence of the exact exchange-

correlation functional. The quest to find the exchange-correlation functional that is 

close to the exact functional has rendered this area one of the most important active 

areas of research. Consequently, different exchange-correlation functionals have 

been developed, one popular functional after LDA is the generalized gradient 

approximation (GGA). This functional incorporates a bit of information about the 

previous density compared to the local density for a more precise definition of the 

exchange-correlation functional. This may suggest that GGA yields more accurate 

results than the LDA functional. However, tragically, the complexity brought about by 

the different ways in which the gradient can be updated results in a number of GGA 

functionals. The Perdew-Burke-Ernzerhof (PBE) and the Perdew-Wang (PW91) 

functionals are widely adopted GGA functionals [156, 157]. The choice of a functional 

relies on the type of property, calculation, or material under study. 
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2.1.2 Plane-wave pseudopotential method 

2.1.2.1 Plane-wave basis set 

The electronic function of a periodic solid can be written as the product of the periodic 

part of the cell and the wavelike part, as stated by the Bloch’s theorem [158], 

                                                      𝜑𝑖(𝒓) = ei𝐊.𝒓𝑓𝑖(𝒓).                                              (2.6) 

The periodic part of the cell can be written as follows, 

                                                      𝑓𝑖(𝒓) =  ∑ 𝑐𝑘,𝑮e𝑖𝐆.𝒓,𝑮                                            (2.7) 

wherein, the wave function is represented by a set of discrete plane waves. Moreover, 

the wave vectors are the reciprocal lattice vectors 𝑮 of the crystal. The reciprocal lattice 

vector is defined as  𝑮 =  
2𝜋𝑚

𝑙
 , where 𝑙 defines the lattice vector. Therefore, the 

electronic wave function may be written as a summation of plane waves, 

                                                  𝜑𝑖(𝒓) =  ∑ 𝑐𝑖,𝑲+𝑮𝐺 e𝑖(𝑲+ 𝑮).𝒓.                                    (2.8) 

In principle, the representation of the electronic function in this manner requires an 

infinite number of plane waves. However, the plane waves with higher kinetic energy 

(ℏ2/2𝑚)|𝑲 + 𝑮|2 for the coefficients 𝐶𝑖,𝑲+𝑮 are less important than those possessing 

low kinetic energy. This then provides a way to only include the plane waves with less 

kinetic energy based on some cutoff energy. The introduction of cutoff energy to the 

discrete plane waves representing the electronic wave functions yields a defined basis 

set. However, the shortening of the plane-wave basis set at a given cutoff energy will 

yield spurious total energy, wherein increasing the cutoff energy could lessen the error. 

Another setback of this approach is that the tally of basis states is not continuous with 

the cutoff energy. A denser k-point set can be employed to remedy this problem, and 

if the problem persists, a better solution is to opt for a pseudopotential approximation. 

2.1.2.2 Pseudopotentials 

The representation of the electronic function with a set of discrete plane waves, as 

stated by Bloch’s theorem [158], fails in cases where the tightly bound centre orbitals 

and the speedy oscillations of the waves that describe the valence electrons in the 

centre region are to be captured, as it requires a large number of plane waves. As 
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such, an all-electron calculation with a huge plane-wave basis set would require a 

massive amount of computational time. The electronic wave functions can be written 

using fewer plane waves. It is well known that core electrons have little to no effect on 

most physical properties of materials compared to valence electrons. The valence 

electrons have a greater effect on most material properties. As such, the 

pseudopotential approach exploits this by disregarding the contribution of the core 

electrons and replacing it with a spurious pseudopotential that is projected onto a set 

of pseudo-wave functions instead of the true valence wave functions [159, 160]. Figure 

2.1 illustrates the all-electron and the pseudo-electron wave functions and their 

respective potentials. In the area where the core electrons reside, the wave function 

of the valence electrons oscillates rapidly. This ensures the orthogonality between the 

valence wave functions and the core wave functions, as required by the exclusion 

principle. The construction of the pseudopotential guarantees that the movement of 

the scattering properties or the change in phase is the same for those ions and the 

electrons at the centre of the wave functions of the valence electrons. The 

pseudopotential is generally defined as, 

                                              𝑉𝑁𝐿 =  ∑ |𝑙𝑚 >  𝑉𝑙 < 𝑙𝑚|,𝑙𝑚                                         (2.9) 

where |𝑙𝑚 > defines the spherical harmonics and the pseudopotential for the angular 

momentum (𝑙) is given by 𝑉𝑙. 
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Figure 2.1: The wavefunction due to the real potential (blue) and the 

pseudopotential (red). The Coulomb and pseudopotential wavefunctions are 

equal at a given cut-off radius 𝒓𝒄 [161]. 

2.1.2.2.1. Norm-conserving pseudopotentials 

In a norm-conserving pseudopotential, the pseudo-wave functions and their respective 

potentials are constructed such that they are similar to the actual valence wave 

functions outside some core radius, 𝑟𝑐. However, inside this radius 𝑟𝑐, the wave 

function of the pseudoelectron is found to be different from the true wave function per 

the norm-conserving construction. This is required so that the desired accurate 

exchange-correlation energy can be obtained. Local and non-local pseudopotentials 

capable of correcting even superior-order energy reliance of the scattering are called 

ab initio or nom-conserving. Moreover, they are efficient in defining the scattering 

linked to a variety of ionic environments [162, 163]. 
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2.1.3 DFT based simulation codes employed in the study 

2.1.3.1 Fritz Haber Institute ab initio molecular simulations (FHI-aims) 

The FHI-aims code is a software package for simulating the behaviour and properties 

of various molecules and materials, largely used by the computational chemistry and 

physics communities [149]. It is predominantly based on the DFT of Kohn-Sham 

equations and perturbation theory [164, 165, 166]. The code utilizes the all-electron 

true potential with numeric atom-centered basis functions in order to achieve a high-

level electronic structure description. A significant number of atoms can be handled by 

the program to yield very reasonable accuracy at a reasonable computational cost. 

FHI-aims was developed at Duke University, TU Munich, USTC Hefei, Aalto 

University, the University of Luxembourg, TU Graz, Cardiff University, etc. The FHI-

aims code makes use of numeric atom-centered orbital (NAO) basis functions, which 

allow for the generation of optimized basis sets that yield high accuracy. O (N) scaling 

with system size for large systems is achieved by strictly separating different spatial 

regions from one another [167, 168, 169]. FHI-aims is one of the ab initio codes that 

can predict the properties of unknown materials in the absence of any clues or input 

from experiments. It is generally used to calculate material structure, mechanical, 

magnetic, optical, and numerous other intricate properties. In this work, it is used to 

calculate the potential energy surface of the interactions that arise from doping Li-Mn-

O spinel with Co and Ni to guide the development of the interatomic potentials of these 

interactions. 

2.1.3.2 Vienna Ab initio Simulation Package (VASP) 

The Vienna Ab initio Simulation Package (VASP) is a quantum chemistry code largely 

based on DFT. The VASP code yields an approximation of the many-body 

Schrodinger’s equation as outlined by Walter Kohn and Lu Jeu Sham [166]. Moreover, 

the electronic density is represented by plane wave basis functions, and 

pseudopotential functions such as the Projector-Augmented-Wave (PAW) method, 

norm-conserving, or ultrasoft are used. The code is primarily utilized in material 

science, metallurgy, etc. to calculate the electronic structure and properties of various 

organic and inorganic materials [170, 171, 172]. In this work, we are going to use it to 
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compute the mechanical properties (elastic constants, bulk modulus, and young’s 

modulus) required for fitting interatomic potentials with the GULP code [142]. 

2.2 Molecular dynamics 

Molecular dynamics (MD) simulation methods are based on statistical mechanics 

aimed at calculating the equilibrium and dynamic properties of a large-scale system. 

MD simulation allows for a detailed atomic snapshot of the system’s microstate at a 

given time and space. The atomic dynamics can elucidate the thermally accessible 

states of the system. As such, the dynamics of molecules are essential in determining 

the behaviour and properties of materials. The basic idea of MD is to determine the 

spatial trajectory of a system under the influence of a given force field using Newton’s 

equation of motion [173, 174]. The classical equations of motion for a simple atomic 

system can be expanded as follows: 

                                                           𝑚𝑖𝒓̈𝑖 =  𝑓𝑖,                                                  (2.10) 

                                                         𝑓𝑖 =  −
𝜕

𝜕𝑟𝑖
𝓤.                                                 (2.11) 

where 𝑚 denotes the mass of the atoms and 𝒓𝑖 denotes the three spatial coordinates 

of each atom. The forces acting on the atoms are determined by the potential 

energy 𝒰(𝒓𝑁), where 𝒓𝑁 is the whole set of 3N atomic coordinates. The results of 

molecular dynamics simulations are as good as the underlying force fields, especially 

the mechanical description of the structure. An optimal initial configuration 

corresponding to a minimum potential energy surface guided by experiments is 

encouraged to start an MD simulation. The velocity of the species is set to a value that 

ensures that their kinetic energy 𝐸𝑘 is in line with the target temperature 𝑇. Following 

the equipartition theorem for each 
𝑘𝐵𝑇

2
 normal mode, at thermal equilibrium. We can 

then write:  

                                                 ∑ 𝑚𝒗𝑖,𝑎
2

𝑖,𝑎 = (𝑁𝐹𝑘𝐵𝑇)/2,                                       (2.12) 

wherein the degrees of freedom in the system are given as 𝑁𝐹.  
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2.2.1 The potential model 

The potential model offers a description of the energy of the system at a given point 

and time based on the atomic coordinates of the atomic species with respect to their 

atomic positions. The interatomic or intermolecular potentials are defined by a set of 

mathematical functions, in which appropriate input parameters are obtained by fitting 

the mathematical functions to significant experimentally generated lattice properties, 

such as lattice constants. Such an approximation of the atomic or molecular potential 

as implemented in molecular dynamics or Monte Carlo simulations overcomes the 

system size constraint faced by quantum mechanics-based electronic structure 

methods. A trajectory of a system comprising a vast number of atoms can be 

successfully followed with a molecular dynamics simulation, wherein numerical 

methods are employed to compute the system’s properties. 

2.2.2 Born model of ionic solids 

In classical simulation, a crystal is seen as composed of formally charged ionic 

spheres exhibiting infinite atomic arrangement. This is known as the Born model of 

ionic solids, therefore, such a crystal can be described by the potential model. The 

interatomic or intermolecular potential between the interacting atoms or molecules can 

be expressed as a function of their atomic positions. The long-range energy of two 

interacting ionic spheres, regarded as point charges, is given by: 

                                                 𝑈𝑖𝑗 =  
1

4𝜋𝜀

𝑞𝑖𝑞𝑗

𝒓𝑖𝑗
+ ф(𝒓𝑖𝑗),                                          (2.13) 

where 𝑈𝑖𝑗 gives the contribution due to interacting between two ionic spheres and 

ф(𝒓𝑖𝑗) denotes the short-range interaction. Moreover, 𝜀 represent the permittivity of 

the vacuum, 𝑞𝑖 and 𝑞𝑗 representing the point charges denoting the ionic spheres, and 

the separation distance as 𝒓𝑖𝑗. The accuracy of the results depends on the short-range 

interaction since the electrostatic energy is predefined [175, 176]. 

2.2.2.1 Buckingham potential 

The Buckingham potential is a mathematical formulation by Richard Buckingham that 

describes the potential felt by two interacting atoms outside their bond length. The 

potential function describes the Van der Waals energy and captures the Pauli 



25 
 

Exclusion Principle. Richard Buckingham used an exponential function to represent 

the repulsion, which becomes stronger for values of 𝑟 (the distance between the 

interacting atoms) that are less than the bond length. The Buckingham potential is 

expressed as: 

                                                    𝑉(𝑟) = 𝐴𝑒−𝐵𝑟 −
𝜆

𝑟6,                                            (2.14) 

wherein 𝐴𝑒−𝐵𝑟 denotes the nuclear-nuclear repulsion and the −
𝜆

𝑟6 represents the 

attraction. This contributes to the representation of the bond length of the interacting 

atoms [177]. The Buckingham potential is widely adopted in many large-scale 

atomistic simulations, in which comparable results to experiments were obtained. 

However, this potential fails at describing interactions that take place near-zero 

separation, since the exponential part of the Buckingham potential extends to a finite 

value as 𝑟 approaches zero, while the attraction term extends to infinity. MD simulation 

codes such as DL_POLY [178] that make use of this potential function can detect this 

condition when it occurs and automatically inhibit its un-physical nature at atomic 

separation values 𝑟 that are near zero. Another potential function that is widely 

adopted in Monte Carlo or MD simulations is the Lennard-Jones potential [179, 180], 

commonly written as: 

                                                 𝑉(𝑟) = 4𝜖 [(
𝜎

𝑟
)

12

−  (
𝜎

𝑟
)

6

],                                    (2.15) 

or as expressed as: 

                                                         𝑉(𝑟) =  
𝐴

𝑟12 −  
𝐵

𝑟6,                                           (2.16) 

where, 𝜖 describes the strength of the bond between the two atoms, and  𝜎 is the value 

of  𝑟 at which 𝑉 is zero. The London dispersion forces are estimated by the − 
𝐵

𝑟6
 term 

and the nuclei-nuclei repulsion is described by the 
𝐴

𝑟12
 term, wherein the values of 𝐴 

and 𝐵 are based on the atoms under study and are obtained by fitting to experimental 

data. 

2.2.3 Statistical ensembles 

The intricate systems of statistical mechanics possess a wide range of properties that 

depend on the state of the system at a given time. These states are equally probable 
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and represent a copy of the system at a certain time with properties based on the 

constraints imposed on the system. The copies of the systems are called ensembles, 

and they are required before one can invoke the probability function. In a statistical 

ensemble, thermodynamic properties such as energy, temperature, and pressure can 

be controlled to obtain a specific simulation environment. In this work, we employ the 

micro-canonical and the canonical ensembles. A micro-canonical ensemble is viewed 

as having isolated systems that possess the same energy, wherein the energy of each 

system in the ensemble lies within 𝐸 and 𝐸 + ∆𝐸. This ensemble is characterized by 

constant particles (𝑁), volume (𝑉) and energy (𝐸). The trajectory of the micro-

canonical ensemble can be viewed as an exchange between the potential energy and 

the kinetic energy, but the total energy is not changed. It follows the conservation of 

energy. However, there exists the canonical ensemble, which can be viewed as a 

system in contact with a heat bath such that different microstates can have different 

energies. This ensemble is characterized by a constant number of particles (𝑁), 

volume (𝑉) and temperature (𝑇) [181, 182]. 

2.2.4 Amorphization and recrystallization (A&R) technique 

The amorphization and recrystallization technique [71] is a MD synthesis technique 

used to introduce complex structural features that are observed in materials from 

experiments to simulated models. The amorphization process is the onset of the 

technique, in which the system is heated in a statistical micro-canonical ensemble to 

yield an amorphous (unstable) structure characterized by a loss of long-range atomic 

ordering. Following the latter process is the recrystallization process, which is carried 

out in a canonical ensemble. As the energy is allowed to change in this ensemble, the 

atoms in the system occupy atomic positions, which yield low energy configurations, 

resulting in a polycrystalline or crystalline structure. The simulated amorphization and 

recrystallization technique has been widely used due to its capability to generate 

complex structures from which a number of properties can be obtained. The technique 

afforded researchers a chance to simulate structures containing features that are 

observed experimentally. Consequently, the generated structures are instrumental to 

insightful findings. Essential microstructural features evolve as the simulated 

recrystallization process proceeds. The technique can capture microstructural 

peculiarities such as grain boundaries, point defects, dislocations, etc. Such structural 
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features are deemed essential as they affect the performance of various materials in 

different application areas [183, 75, 74, 184]. 

2.2.5 Simulation codes based on force fields 

2.2.5.1 DL_POLY 

DL_POLY is a large-scale atomistic MD simulation code capable of running segments 

of its code on a wide range of high-performance parallel computers due to its built-in 

parallel algorithms. The code can simulate systems containing a smaller number of 

atoms to systems with millions of atoms. The simulated amorphization and 

recrystallization technique will be employed to generate pristine and doped spinel Li-

Mn-O nanostructures required for structural analysis in this work [178]. Moreover, the 

technique has been successfully and extensively used [183, 75, 74, 184]. 

The General Utility Lattice Program (GULP) is a force field-based method widely used 

to fit interatomic potentials, fitting to energy surfaces, and empirical data. It has been 

extended to solving condensed phase problems for systems with various boundary 

conditions [142]. The code focuses on lattice dynamics to provide analytical solutions 

with various force fields based on the shell model of ionic solids. In the current work, 

it will be utilized in fitting empirical interatomic potentials of Co, Ni, Cr, and Zr to be 

incorporated into spinel LiMn2O4. 

2.3 Analytical procedure 

2.3.1 Crystallographic defects 

The regular, ordered arrangement of atoms in a crystal does not extend perfectly 

through the crystal in real materials. Hence, materials comprise significant 

deformations, some arising during cooling as a function of temperature or high-energy 

radiation, resulting in imperfect crystals. This leads to materials showing distinctive 

behavioural patterns due to these imperfections. Various material properties 

(mechanical, optical, and electric properties) are affected differently by different types 

of defects [185, 186]. The crystal deformation or imperfection can occur on the surface, 

on a lattice point, or along the lines of the crystal, and they are respectively called 

surface, point, and line defects. Crystal defects such as vacancy, substitution, and 

interstitial defects fall under the category of point defects. Point defects heavily affect 
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the conductivity of electricity and heat in materials. The effect also varies from one 

material type to another. In semiconductors, substitutional defects are the major 

influencers of electronic conductivity. In electrode materials, vacancy defects are 

appreciated due to their contribution to providing extra intercalation sites. Moreover, 

the mechanical properties of different materials can be fine-tuned through 

crystallographic defects [187, 188, 189, 190]. 

2.3.1.1 Surface defects 

Materials are formed by a variety of crystal grains with different orientations joined 

together by grain boundaries. The joined crystal grains, oriented differently, form a 

polycrystalline material, as shown in figure 2.2. Moreover, atoms in a single crystal 

exhibit long-range atomic ordering that extends through the crystal [191, 192]. Grain 

boundaries are surface defects, and they can discontinue the motion of line defects. 

They can control the mechanical properties of materials, particularly metals. In a case 

where two crystals possessing different orientations are joined by a grain boundary, 

the grain boundary is called a high-angle boundary, and when their orientation is 

similar but not the same, the grain boundary is called a low-angle boundary [193, 194]. 

 

Figure 2.2: Demonstration of a crystal comprising of grain boundary surface 

defect [195]. 

2.3.1.2 Point defects 

The disruption of the regular lattice arrangement by displacement of atoms from their 

lattice positions into interstitial positions or a mere absence of an atom on a lattice site 

falls under the category of point defects. The disruption of the lattice arrangement by 
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the absence of an atom or atoms in a lattice site is called a vacancy defect, which 

results in a misalignment in the atomic position of the surrounding atoms. The vacancy 

defect can form during plastic formation or other processes that alter the shape of a 

crystal and also during crystallization from a molten substance [196, 197]. 

Furthermore, the displacement of an atom from its lattice position into sites that are 

normally unoccupied forms an interstitial lattice point defect. Interstitial point defects 

generally occur in small concentrations and can be as a result of added impurity 

(foreign atom) or one of the atoms (self-interstitial) occupying an interstitial site. 

Moreover, the defect that forms when an atom occupies a position normally occupied 

by a different atom is called substitution. Other point defects also include the Frenkel 

and Schottky defects. A Frenkel defect occurs when an ion moves from its normal 

lattice position into an interstitial site, resulting in a vacancy and an interstitial point 

defect (vacancy-interstitial), as illustrated in figure 2.3. A Schottky defect occurs in a 

material consisting of ionic bonds, where a cation and an anion are missing from their 

lattice positions to maintain charge neutrality. A similar situation is shown in figure 2.4, 

where a lattice is strained due to a cation or anion vacancy. 

 

Figure 2.3: A schematic illustration of an interstitial point defect and the lattice 

strain caused [186]. 
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Figure 2.4: An illustration of a vacancy point defect resulting in a high strain 

region denoted by the shaded area [186]. 

2.3.1.3 Line defects 

Dislocations are line defects that significantly exist in metals, causing irregularities 

within the crystal structure. They move when stress is applied to the material, and their 

motion then allows for slip-plastic deformation to take place. The two types of 

dislocations are edge and screw dislocations. Dislocations significantly affect the 

mechanical properties of materials, for example, ductility and deformations. A 

significant amount of dislocations in a metal increases the interaction between 

dislocations, which yields high-strength and hard metal [198]. In a line defect, a perfect 

atomic arrangement is disturbed along a given lattice plane in the crystal. These types 

of lattice disturbances are called line defects since they can be described in terms of 

their width and length. They can be formed during plastic forming and also during 

crystallization. Strong metals consist of a significant number of line defects, and low-

strength metals contain a lower concentration of line defects [199, 200]. 

2.3.2 Radial distribution functions (RDFs) 

Radial distribution functions (RDFs) are used to characterize the internal structure of 

a material. They describe the probability of locating an atom at a given atomic 

separation 𝑟 away from a marked point (reference) in a crystal. Liquids, solids, and 

gases exhibit different RDF graphs. Hence, the phase of a material can be determined 

from the detailed distribution of atoms in the material given by RDF graphs. Moreover, 
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the bond length of the atoms contained in the system can be deduced from the first 

peak of the RDF graph. The first RDF peak denotes the nearest neighbour distance 

of the atomic interaction in question. 

The average density of a liquid at any point is the same. It is called bulk density since 

it is the same in the entire system. Consequently, in such a system, the density at a 

reference point uniquely defines the density of the entire system, and hence, the 

coordination number is given as: 

                                      𝑛𝑖𝑗(𝒓) = 4𝜋𝜌 ∫ 𝒓2𝐺(𝒓)𝑑𝒓
𝑟 𝑚𝑎𝑥

𝑟 𝑚𝑖𝑛
,                                        (2.17) 

wherein the density of the system is given as the number of atoms 𝑁 contained per 

volume 𝑉, 𝜌 =  
𝑁

𝑉
 and 𝑛𝑖𝑗(𝒓) as the probability of finding an atom at a separation 

distance r away from a marked atom [201, 202]. 

2.3.3 X-ray diffraction pattern 

X-ray diffraction (XRD) patterns are a great analytical tool to characterize the structure 

and phase of materials. Information, such as crystal lattice parameters, can be 

obtained from XRD patterns. The diffraction angles and their respective intensities 

capture significant information required to characterize materials. Materials with high 

long-range atomic ordering exhibit clear XRD diffraction peaks [203, 204]. Crystals of 

sizes that are less than or about 100 nm depict broad XRD peaks, as explained by the 

Sherrer [205] equation given as: 

                                                    〈𝐿〉 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
,                                                   (2.18) 

where the wavelength of the incident x-ray is 𝜆, the dimension of the particle is  < 𝐿 > 

in the direction perpendicular to the reflecting plane, and the peak width is 𝛽. The 

reflection angle is given by 𝜃 and 𝐾 is a constant given by 2√
(𝑙𝑛2)

𝜋
. A database of XRD 

patterns exists in which the XRD patterns of the unknown materials to be characterized 

are compared. Moreover, the crystallinity and the presence of structural defects can 

be inferred from XRD patterns. 
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CHAPTER 3 

Derivation and Validation of Buckingham Interatomic 

Potentials From A First-Principles Starting Point With The 

General Utility Lattice Program (GULP) 

3.1 Introduction 

In this chapter, interatomic potentials for interactions that emerge from doping LiMn2O4 

spinel with Co and Ni are derived and validated. The potentials will be used to monitor 

the impact that doping LiMn2O4 with Co and Ni has on the microstructure and transport 

properties of spinel. An approach inspired by machine learning methods will be used 

to derive the interatomic potentials. The approach involves learning from interatomic 

interactions that are influenced by interactions that are based on electronic density. 

The learning is done using a curve-fitting function from the SciPy library called 

curve_fit [143]. Subsequently, the learned information will be transferred to classical 

interactions using the classical dynamics code for fitting interatomic potentials, the 

General Utility Lattice Program (GULP).  

Interatomic potentials are among the fundamental inputs for molecular dynamics (MD) 

simulations. The interactions of atoms, behaviour, and properties of materials are 

governed by interatomic forces, which are calculated from interatomic potentials. The 

description of classical potential energy surfaces with parameterized mathematical 

functions has been a widely adopted approach in MD simulations. The parameters of 

the parameterized interatomic potential function are derived from experimental data 

for the description of different atomic interactions. The process of finding these 

potential parameters that reproduce a given set of experimental data for a certain 

interaction is generally called fitting and is quite challenging. However, it is well known 

that in the fitting process, the initial potential parameters have an impact on the final 

potential parameters. The general rule of thumb has been to make a sensible guess 

of the initial parameters, predominantly based on past experiences. Therefore, a 

physical starting point is a crucial requirement for the derivation of accurate interatomic 

potentials.  
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Classical interatomic potentials will be crucial for enabling studies of thermodynamic 

properties, microstructure, and transport properties such as diffusion at a practical 

computational cost. Such studies are crucial as they give a detailed picture of how the 

material will perform and serve as a guideline for the development of durable, 

affordable, and robust high-energy and high-power positive electrode materials for the 

leading lithium-ion batteries. 

3.2 Methodology 

The first step for derivation of the interatomic potentials is to calculate potential energy 

surfaces with the Fritz Haber Institute ab initio molecular simulations (FHI-aims) 

program [149]. The potential energy surface contains information about interatomic 

interactions based on the DFT electron density, which is retrieved with the curve_fit 

function [143]. The potential energy surfaces are calculated with the Density 

Functional Theory (DFT) code. The curve_fit function yields preliminary Buckingham 

potential parameters containing information for isolated interatomic interactions that 

are based on electron density (DFT). Finally, the preliminary interatomic interactions 

are refined with GULP in spinel systems (LiCo2O4, LiMn1.875Co0.125O4, 

LiMn1.875Ni0.125O4, and LiCo1.875Ni0.125O4) [142]. The final potentials also include 

information about interatomic interaction in a spinel environment. The Co-Co, Co-Li, 

and Co-O interactions were derived in LiCo2O4 spinel, and the Ni-Ni, Ni-Li, Ni-O, and 

Ni-Mn interactions were derived in Ni-doped LiMn2O4 (LiMn1.875Ni0.125O4). 

Furthermore, the potentials for the Co-Ni and Mn-Co interactions were derived from 

LiCo1.875Ni0.125O4 and LiMn1.875Co0.125O4, respectively. 

3.2.1 FHI-aims 

The potential energy of the interactions at different atomic separation distances 

between 0.8 and 9 Å was calculated with the Atomic Simulation Environment (ASE) 

FHI-aims calculator, which is a Python module for running and manipulating the FHI-

aims code. The FHI-aims calculation was considered to have converged to a physical 

system when the difference between the previous total energy and the current total 

energy of the self-consistency cycle is less than or equal to 10-6 eV [149]. Furthermore, 

the change in the eigenvalue sum between the earlier and present self-consistency 

cycles is less or equal to 10-3 eV, and the difference in atomic forces between the 

previous and current self-consistency cycles is <= 10-4 eV/Å. The atomic_zora scalar 
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relativistic treatment was sufficient to compute the potential energy of the atomic 

interactions (Co-O, Co-Co, Co-Li, Co-Mn, Ni-O, Ni-Ni, Ni-Li, and Ni-Mn). Moreover, 

the Gaussian broadening function with a width of 0.3 Å was used to accurately 

determine the Femi level of these interactions. 

3.2.2 Machine Learning Approach: SciPy curve_fit function 

The SciPy curve_fit function was used to fit the Buckingham potential function to the 

calculated DFT potential energy surfaces [143]. This process yields Buckingham 

potential parameters, which reproduce the potential energy surfaces. The curve_fit 

function optimizes the initial guessed parameters using a machine learning technique 

to find the best fit to a data set. Important parameters of the curve_fit function are the 

model function to fit (the Buckingham potential function in this case) to a data set, the 

starting parameters of the model function, and the data set (the DFT potential energy 

surfaces in this case). 

3.2.3 General Utility Program (GULP)  

The curve_fit function yields Buckingham potential parameters containing the unique 

characteristics of each one of these interactions. However, the potential energies are 

not calculated in a spinel environment, to capture this, the GULP program was utilized 

to refine the preliminary potential function parameters [142]. The GULP program is 

widely used for deriving empirical forcefields from energy surfaces and empirical data 

or data from first-principles calculations. The derivation process was carried out under 

ambient conditions. The fitting process entails the minimization of the sum of squares 

function given below: 

                𝐹 = ∑ 𝑤𝑖(𝑓𝑖
𝑜𝑏𝑠 − 𝑓𝑖

𝑐𝑎𝑙𝑐)
𝑁𝑜𝑏𝑠
𝑖=1                                       (3.1) 

where 𝑓𝑖
𝑜𝑏𝑠 represents empirical data and 𝑓𝑖

𝑐𝑎𝑙𝑐denotes the calculated data compared 

through the weighting factor 𝑤𝑖. Moreover, the total number of fitted properties is given 

by 𝑁𝑜𝑏𝑠. Furthermore, the interatomic potentials fitted in this work make use of the Li-

Li, Li-O, Mn-O, Mn-Mn, and O-O interatomic potentials fitted elsewhere [74]. 
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3.2.4 Vienna Ab initio Simulation Package (VASP) 

The fitting data supplied to the GULP code, referred to as experimental data in this 

study, was calculated from the Vienna Ab initio Simulation Package (VASP) [170, 171, 

206]. The VASP code employs boundary conditions and replaces the nucleus and 

core electrons with an approximate potential that is fixed. A cutoff energy of 750 eV 

was sufficient to sample the number of plane waves required to make up electronic 

wavefunctions for the calculations. The conjugate gradient method was selected for 

determining how atoms are updated and moved by setting IBRION = 2. Moreover, the 

generalized gradient approximation (GGA) was selected as the exchange-correlation 

functional [156], and the projector-augmented wave (PAW) was the pseudopotential 

selected [207]. Furthermore, to sample the Brillouin zone, a 4x4x4 Monkhorst pack k-

mesh was chosen. 

3.3 Results 

3.3.1 Potential Energy Surface (PES) 

In this section, the potential energy surfaces of the interatomic interactions emanating 

from replacing a small amount of manganese with cobalt or nickel in a lithium-

manganese-oxide spinel are discussed. A potential energy surface (PES) gives the 

potential energy of a system of two or more interacting atoms as a function of one or 

several parameters such as atomic positions, angles, etc. A PES that is described in 

terms of the distance between atomic nuclei is generally called a potential energy 

curve. Potential energy surfaces provide insights into the reaction pathways and 

molecular geometry of a given system. Therefore, from a PES, it can be deduced that 

at larger atomic separations, the attractive forces between the two interacting atoms 

are zero. At smaller values of 𝑟, the repulsive force is dominant and results in energy 

increase following the Pauli’s Exclusion Principle. A point in the PES where neither the 

attractive nor the repulsive force is dominant is called the minimum point, and it 

represents the equilibrium bond length of the interaction. 

Figure 3.1 (a-h) shows the potential energy curve of the interactions arising from 

doping LiMn2O4 spinel with Co and Ni. The potential energy curves were considered 

for the separation distances between 0.8 Å and 9 Å. Furthermore, each point was 0.49 

Å apart from a consecutive point in the atomic separation range of 0.8 Å and 9 Å to 
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obtain an optimal fit to the potential energy surfaces (to avoid overfitting and 

underfitting). The energy of interactions at smaller separations is increasing rapidly in 

the potential energy curves for all the interactions following Pauli’s exclusion principle. 

At large atomic separations, the energy of interaction is close to zero for all the 

interactions. The Co-O interaction possesses more substantial attractive 

characteristics than the Co-Co, Co-Li, and Co-Mn interactions. Furthermore, the Ni-O 

interaction also has greater attractive characteristics than the Ni-Ni, Ni-Li, and Ni-Mn 

interactions. Therefore, all the essential, unique characteristics of these interactions 

are captured by the PES interactions. 
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Figure 3.1: Potential energy surfaces (a-h) of the interactions originating from 

doping LiMn2O4 spinel with cobalt (Co) and nickel (Ni) calculated with the DFT 

code FHI-aims [139]. 

3.3.2 Fitting the Buckingham potential function to the potential energy curves 

The potential energy surfaces illustrated in figure 3.2 are fitted to the Buckingham 

potential energy function through curve fitting. The Buckingham potential function 

gives an approximation of the energy of interaction for atoms that are not directly 

bonded. It takes the interatomic separation and the constants 𝐴, 𝜌, and 𝐶. The 𝐴 and 
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𝜌 parameters describe the repulsive part and 𝐶 constitute the attractive part of the 

potential energy. The constants of the Buckingham potential function are unique for 

different interactions and are derived from empirical or computational data. 

Figure 3.2. shows a plot of potential energy curves fitted to a Buckingham potential 

function for the interactions emanating from substituting a small amount of manganese 

in LiMn2O4 spinel with Co and Ni. The curve_fit function of the SciPy library was utilized 

to fit the Buckingham function to the potential energy surface data [143]. Curve fitting 

entails optimizing the set of parameters of a function that describes the behaviour of 

the data in question so that the function can correctly predict an output value for a 

given input. The main aim is to obtain a model that does not overfit or underfit the 

given set of data. As illustrated in figure 3.2, the Buckingham potential function has 

been fitted successfully to the potential energy curves. The interactions of Ni-O and 

Co-O show more attractive behaviour at the equilibrium bond distance than 

interactions such as Co-Co and Ni-Ni. These differences are incorporated into the 

fitted Buckingham potential functions illustrated in table 3.1. As such, the potentials 

include a description of the physical and chemical attributes of the interactions. The 

determined Buckingham parameters will be further fine-tuned in the GULP 

environment to capture the behaviour of the Co-Co, Co-O, and Co-Mn interactions in 

the Li-Mn-Co-O spinel [142]. 
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Figure 3.2: Buckingham potential functions (a-h) fitted to DFT potential energy 

surfaces using the curve_fit functions based on machine learning for the 

interatomic interactions emanating from doping Li-Mn-O spinel with Co and Ni. 
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Table 3.1: Preliminary Buckingham potential parameters (A, ρ, and C) for the 

interactions emerging from doping Li-Mn-O spinel with Co and Ni determined 

from DFT potential surfaces by the python curve_fit function of the open source 

SciPy library. The potentials in this table will be further refined with the GULP 

code to generate functional potential parameters [142]. 

Interactions 𝑨 (𝒆𝑽) 𝝆(Å) 𝑪(𝒆𝑽Å−𝟔) 

Co-Co 48021.956 0.162 36.672 

Co-O 197015.503 0.166 399.998 

Co-Li 17265.034 0.148 10.158 

Co-Mn 120663.933 0.144 64.581 

Ni-Ni 24314.539 0.176 5.329 

Ni-Li 30436.320 0.166 59.990 

Ni-O 79183.977 0.128 22.809 

Mn-Ni 13891.161 0.234 36.672 

Co-Mn 31071.223 0.165 10.002 

 

3.3.3 Structure properties. 

The Buckingham potential parameters in table 3.1, derived from potential energy 

curves determined with the curve_fit function, will be further refined with the GULP 

program. The GULP program derives potential parameters from empirical data or 

computational data. In this section, the Buckingham potential parameters in table 3.1 

will be refined with the GULP program from computational data, wherein the 

computational data is structure properties (elastic constants, bulk modulus, and shear 

modulus) calculated with the VASP code [170, 171, 206] for the structures 

LiMn1.875Ni0.125O4, LiCo2O4, LiMn1.875Co0.125O4, and LiMn2O4. Elastic properties are 

chosen due to their strong correlation to the atomic forces of solid materials [142]. The 

mechanical stability and elasticity of solids can be characterized by elastic constants. 

Moreover, elastic properties govern how materials react to external forces, and as 

such, they allow inferences on the durability of materials. The strength of a material 

can be inferred from the bulk modulus (𝐵), shear modulus (𝐺), Young’s modulus (𝐸), 

and Poisson’s ration (𝜈). The interatomic relations are captured by the elastic 
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constants. Hence, valuable insights about atomic bonding and the stability of the 

structure can be derived from the elastic constants [208].  

The VASP calculations were performed with a strain of 0.003. All the spinel structures 

(LiCo2O4, LiMn2O4, LiMn1.875Co0.125O4, and LiCo1.875Ni0.125O4) are mechanically stable, 

as suggested by the elastic constants in table 3.2, which are inferred by following 

equation 3.1. The equation describes the stability conditions for crystals with cubic 

symmetry [209, 210]. 

                               𝐶44 > 0, 𝐶11 − 𝐶12 > 0, 𝑎𝑛𝑑 𝐶11 + 2𝐶12 > 0                           (3.2) 

The elastic constants for all these structures are listed in table 3.2. The Cij elastic 

constants can only be determined experimentally from single-crystal samples, 

however, the bulk modulus and shear modulus can be obtained from polycrystalline 

materials. This limits the availability of the Cij elastic constant for comparison between 

experimental and computational studies. The bulk modulus of LiMn2O4 in this study 

was found to be 138.52 GPa, which is not far from the 119.00 GPa determined 

experimentally in a study by Lin and co-workers [211]. Moreover, an experimental bulk 

modulus value of 134.00 GPa for LiCo2O4 was also obtained, which is comparable to 

the 145.52 GPa calculated in this work [212]. The C44 is positive for all the structures. 

Furthermore, C11 is greater than C12 in all the cases, as such 𝐶11 −  𝐶12 > 0 is true for 

all the structures. For example, C11 is 222.585 GPa and C12 is 104.944 GPa. 

Therefore,  𝐶11 −  𝐶12 is 117.641 GPa, which is greater than zero for LiCo2O4. The C11 

and C12 elastic constant values for all the structures are positive, hence, the 𝐶11 +

 2𝐶12 > 0 mechanical stability criterion for cubic symmetry structures is also satisfied 

for all the structures in table 3.2. 
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Table 3.2: Elastic properties of LiCo2O4, LiMn2O4, LiMn1.875Co0.125O4, and 

LiCo1.875Ni0.125O4 calculated with DFT. The Cij elastic constants (C11, C12, and C44) 

and moduli (the Bulk modulus B, and Shear modulus G) are shown. The 

structure properties in this table are used to refined the preliminary Buckingham 

interatomic potential with the GULP code listed in table 3.2 [142]. 

Compound C11 

(GPa) 

C12 

(GPa) 

C44 

(GPa) 

B  

(GPa) 

G  

(GPa) 

LiCo2O4 222.585 104.944 82.350 145.518 71.520 

LiMn2O4 210.500 102.530 95.550 138.520 76.010 

LiMn1.875Co0.125O4 209.040 97.840 85.120 134.580 71.200 

LiCo1.875Ni0.125O4 212.477 111.564 81.599 144.200 65.002 

 

3.3.4 Fine-tuning the Buckingham interatomic potential parameters determined 

with the curve_fit function with the GULP program. 

The Buckingham potential function parameters in table 3.4 were derived successfully 

with the GULP program, version 1.3 [142]. The input of the program for the fitting 

process was the structure properties (elastic constants, bulk modulus, and shear 

modulus) and the potential parameters in table 3.1. The process involves finding the 

minimum of the sum of squares function, which compares the given set of structure 

properties to the structure properties calculated from the potential parameters 

(currently derived potential parameters) [142]. The potential parameters were derived 

using the relax fit approach, in which properties are obtained from a structure with 

minimized atomic forces. Furthermore, the structure is optimized at every point, 

wherein the experimental structure properties and the calculated structure properties 

are compared. The fit was performed at a temperature of 300 K and a pressure of 0.00 

GPa. Partial atomic charges were employed to describe the non-covalent 

electrostatics of the interactions. The partial atomic charges and atomic masses of Ni, 

Co, O, and Mn in LiMn1.875Ni0.125O4, LiCo2O4, and LiMn1.875Co0.125O4 are shown in table 

3.3, calculated in accordance with the study by Maphanga et al. [74]. 
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Table 3.3: Partial atomic charge of Co, Mn, and O in Li-Mn-O spinel and their 

atomic masses utilized in this study in generating interatomic potentials and 

performing MD simulations. 

Ion Partial Atomic Charges Atomic Mass (u) 

Co 1.922 58.930 

Mn 1.922 54.938 

Ni 1.922 58.693 

O -1.098 15.999 

Li 0.548 6.941 

 

The preliminary Buckingham interatomic potentials in table 3.1 obtained through curve 

fitting have been successfully refined with GULP. The final refined potentials are 

illustrated in table 3.4 [142]. The Buckingham interatomic potentials for the Co-Co, Co-

Li, and Co-O interactions were derived from the LiCo2O4 spinel. The results of the 

structural properties are shown in table 3.5. The structure properties calculated from 

the derived potentials are compared to the fitted structure properties, referred to as 

experimental. The fitted LiCo2O4 lattice parameters and cell volume are reproduced 

within a percentage difference of less than 0.2%. Moreover, the calculated elastic 

properties were found to compare well to the fitted elastic properties, as evidenced by 

the obtained percentage difference of less than 5.0%. The percentage difference 

between the calculated and fitted bulk modulus was found to be 3.0%. The 

Buckingham potentials for the Co-Mn interaction were fitted in a Co-doped Li-Mn-O 

(LiMn1.875Co0.125O4) spinel structure. Table 3.6 shows the structural and electronic 

properties results for the derivation of the Buckingham interatomic potential 

parameters for the Co-Mn interaction in LiMn1.875Co0.125O4 spinel. The lattice 

parameter of the fitted structure compared well to the lattice parameter of the structure 

deduced from the derived Buckingham interatomic potentials, with a percentage 

difference of < 0.7%. Moreover, the cell volume of the LiCo2O4 spinel structure 

determined from the derived potentials was found to be 541.981 Å3, which does not 

vary much from the cell volume of the fitted structure of 552.980 Å3. A percentage 

difference of less than 2.0% was obtained, which indicates a good comparison 

between the calculated and fitted cell volumes. Furthermore, the calculated and fitted 

elastic constants are also in good agreement, which is evidenced by a percentage 
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difference of less than 3.3%. The calculated bulk modulus of 134.58 GPa does not 

veer much from the fitted bulk modulus of 132.740 GPa. The percentage difference 

was found to be less than 1.4%, which indicates a good comparison. 

Table 3.4: The final derived Buckingham potentials for the interactions that arise 

from doping LiMn2O4 spinel with Co and Ni. The potentials were derived from 

the LiCo2O4, LiMn1.875Co0.125O4, and LiMn1.875Ni0.125O4 spinel structures. 

Interactions 𝑨 (𝒆𝑽) 𝝆(Å) 𝑪(𝒆𝑽Å−𝟔) 

Co – Co 48021.956 0.162 63.937 

Co – O 68670.662 0.166 21.732 

Co – Li 17210.534 0.148 10.158 

Co – Mn 120663.933 0.256 1695.250 

Ni – Li 30451.195 0.166 9.335 

Ni – O 84002.097 0.169 49.086 

Ni – Mn 610056.862 0.234 3378.044 

Co – Ni 31071.223 0.165 54.294 

 

 

Table 3.5: Comparison of the VASP (fitted) and GULP (calculated) structure 

properties (Cij elastic constants and Bulk modulus (B)) of LiCo2O4 under 

temperature of 300K and pressure of 0.00 GPa. The fitting of the Co-Co, Co-Li, 

and Co-O interactions. 

Properties Experimental Calculated Percentage difference 

ɑ(Å) 8.129 8.123 0.074 

Volume (Å3) 537.127 536.063 0.198 

C11 (GPa) 222.585 229.713 3.152 

C12 (GPa) 104.944 110.176 4.864 

C44 (GPa) 82.350 85.279 3.495 

B (GPa) 145.518 150.021 3.047 
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Table 3.6: Comparison of the VASP (fitted) and GULP (calculated) structure 

properties (Cij elastic constants and Bulk modulus (B)) of LiMn1.875Co0.125O4 

under temperature of 300K and pressure of 0.00 GPa. The fitting of the Co - Mn 

interaction. 

Properties Experimental Calculated Percentage difference 

ɑ(Å) 8.153 8.208 0.670 

Volume (Å3) 541.981 552.980 2.009 

C11 (GPa) 209.040 211.364 1.1057 

C12 (GPa) 97.840 94.682 3.281 

C44 (GPa) 85.120 84.215 1.069 

B (GPa) 134.580 132.740 1.377 

 

The Ni-Ni, Ni-Li, Ni-O, and Ni-Mn interatomic potentials have been successfully 

derived in the Ni-doped LiMn2O4 (LiMn1.875Ni0.125O4) spinel structure. The fitted and 

calculated structure properties are compared in table 3.7. The computed and 

experimental cell volumes and cell parameters are within a percentage difference of < 

0.5%. Moreover, the fitted elastic constants and bulk modulus are within a percentage 

difference of less than 6.7% with the fitted elastic constant and bulk modulus. The 

results for the derivation of the Buckingham interatomic potentials for the Co-Ni 

interaction are illustrated in table 3.8. The cell parameters of the structure determined 

from the derived Buckingham interatomic potentials were found to be 8.121 Å, which 

is not far off from the fitted lattice parameter of 8.126 Å. The calculated cell volume 

was found to be comparable to the experimental cell volume, as evidenced by a 

percentage difference of < 0.2%. The fitted and calculated elastic constants and bulk 

modulus are also in good agreement, as shown by a percentage difference of less 

than 7.1%. 
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Table 3.7: Comparison of VASP (fitted) and GULP (calculated) structure 

properties (Cij elastic constants and Bulk modulus (B)) of LiMn1.875Ni0.125O4 under 

temperature of 300K and pressure of 0.00 GPa. The fitting of the Ni-Ni, Ni-Li, Ni-

O, and Mn-Ni interactions. 

Properties Experimental Calculated Percentage difference 

ɑ(Å) 8. 1552 8.167 0.141 

Volume (Å3) 542.380 544.682 0.423 

C11 (GPa) 214.540 223.853 4.249 

C12 (GPa) 96.460 103.118 6.672 

C44 (GPa) 86.430 88.996 2.924 

B (GPa) 135.820 141.255 3.923 

 

Table 3.8: Comparison VASP (fitted) and GULP (calculated) structure properties 

(Cij elastic constants and Bulk modulus (B)) of LiCo1.875Ni0.125O4 under 

temperature of 300K and pressure of 0.00 GPa. The fitting of the Ni – Ni, Ni – Li, 

Ni – O, and Mn - Ni interactions. 

Properties Experimental Calculated Percentage difference 

ɑ(Å) 8.126 8.121 0.057 

Volume (Å3) 536.496 535.576 0.172 

C11 (GPa) 21.250 22.819 7.130 

C12 (GPa) 11.156 11.152 0.039 

C44 (GPa) 8.160 8.657 5.912 

B (GPa) 14.421 15.041 4.207 
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3.3.5 Application of the derived-interatomic potentials in molecular dynamics 

simulations. 

The derived Co-Co, Co-Li, and Co-O Buckingham interatomic potentials listed in table 

3.4 have been used to study the behaviour of a 7000-atom LiCo2O4 spinel structure at 

various temperatures with molecular dynamics simulations, as illustrated in figure 3.3. 

The atomic-level structure images show that the crystalline structure of LiCo2O4 is 

intact even at a temperature of 1800 K. The atomic vibrations of atoms about their 

lattice positions are increasing with increasing temperature, as generally anticipated. 

Since the increase in temperature raises the kinetic energy of the system. This, then, 

increases the vibration of atoms about their lattice positions. Therefore, the Co-Co, 

Co-Li, and Co-O Buckingham interatomic potentials were able to capture this 

phenomenon. Furthermore, the crystalline-to-amorphous phase transition is observed 

at a temperature of ~1900 K. Moreover, the structure was found to be completely in 

an amorphous state at a temperature of 2000 K. Figure 3.4 shows a graph of total 

energy vs. temperature, which reveals the effect of increasing temperature on the total 

energy of the system. The crystalline-to-amorphous phase change is also found to 

take place at a temperature of ~1900 K in Figure 3.4. The increase in temperature 

from this point (~1900 K) only increases the entire energy of the system, which is used 

to change the phase of the structure from crystalline to amorphous. The temperature 

of the system remains constant until the structure is completely amorphous. 
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Figure 3.3: Atomic-level structure images of LiCo2O4 spinel illustrate the effect 

of increasing temperature on the phase of this material.  
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Figure 3.4: Illustration of the melting point of LiCo2O4 spinel captured by the 

total energy plotted against temperature. 

The Buckingham interatomic potentials for the Ni-Ni, Ni-Li, and Ni-O interactions were 

also used to simulate the behaviour of LiNi2O4 spinel as a function of temperature with 

molecular dynamics (MD) simulations. The MD simulations are used to investigate the 

ability of the derived potentials to simulate the behaviour of LiN2O4 at various 

temperatures, which is essential for the investigation of temperature-dependent 

properties. In figure 3.5, the vibration of atoms about their lattice positions is seen to 

increase with temperature. The increase in temperature of the systems increases the 

kinetic energy of the atoms. The derived Ni-Ni, Ni-Li, and Ni-O interatomic potentials 

were able to simulate this, as is generally expected. The crystalline-to-amorphous 

phase transition takes place at a temperature of ~1800 K for the LiNi2O4 spinel 

structure. Furthermore, the total energy vs. temperature plot also shows that the 

structure transitions to amorphous at a temperature of ~1800 K, as illustrated in figure 

3.6. 

The radial distribution functions (RDFs) in figures 3.7 and 3.8 detail the distribution of 

atoms in LiCo2O4 and LiNi2O4 spinel. The crystalline-to-amorphous phase change is 

indicated by the broadening of RDF peaks as the temperature is heightened. For 
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LiCo2O4, at a temperature of 2000 K, the probability of finding an atom with respect to 

a refence atom in any position between the separation distance of 3.5 Å and 10 Å is 

greater than zero. Therefore, the structure is in an amorphous phase at this 

temperature. Similarly, for LiNi2O4, g(r) values that are greater than zero are observed 

at a temperature of 1900 K in the atomic distances that are between 3.5 Å and 10 Å. 

This suggests that LiNi2O4 is entirely amorphous at a temperature of 1900 K. 

 

Figure 3.4: Atomic structure images of LiNi2O4 demonstrate the impact of 

increasing temperature on the material. 
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Figure 3.5: The total energy and temperature graph of LiNi2O4 spinel shows the 

melting point of this material. 
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Figure 3.6: RDF graph of the Co-O interaction in LiCo2O4 spinel showing the 

effect of temperature increase in these structures. 
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Figure 3.7: RDF graph of the Ni-O interaction in LiNi2O4 spinel showing the 

impact of temperature on the distribution of Ni and O atoms in the structure. 

3.4 Discussion 

In this chapter, the derivation of the Buckingham interatomic potentials for the Co-Co, 

Co-Li, Co-O, Co-Ni, Mn-Co, Mn-Ni, Ni-Li, Ni-Ni, and Ni-O interactions is discussed. 

The study is prompted by the scarcity of accurate interatomic potentials for interactions 

that emanate from doping LiMn2O4 spinel with Co and Ni. In DFT studies, it has been 

shown that the stability of LiMn2O4 can be improved with cation doping, particularly 

doping with Ni and Co due to their comparable ionic radius to that of manganese [213, 

214, 215, 216]. However, there is a need to evaluate the structural changes that occur 

after the substitution of Co and/or Ni in the LiMn2O4 spinel and how they affect 

electrochemical performance. Moreover, due to a lack of information on the influence 

of the introduction of Ni and Co on the transport properties of Li+ in LiMn2O4, such as 

diffusion and conductivity. 

The method for deriving the potential Buckingham parameters in this study involved 

calculating potential energy surfaces with DFT. The information from the potential 

energy surfaces was interpolated to the Buckingham potential function parameters 
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with the SciPy function curve_fit [143]. Furthermore, the potential parameters are then 

refined in spinel systems with the GULP code [142]. The approach facilitates the 

incorporation of interatomic interactions influenced by the DFT electron density. This 

yields interatomic potentials that are capable of simulating myriad and complex 

interactions in cathode materials during battery operation. 

The potential energy surfaces for the interactions that originate from doping LiMn2O4 

spinel with Co and/or Ni were calculated successfully with the FHI-aims DFT code 

[149]. The various characteristics of the interactions were captured by the DFT 

potential energy surfaces. The potential energy surface plot of Co-O and Ni-O 

interactions showed a bigger well at equilibrium (where the repulsive and attractive 

forces are balanced) compared to the other interactions. The Mn-Ni, Ni-Li, Ni-Ni, Co-

Li, Co-Mn, and Co-Co interactions showed more repulsive behaviour evidenced by a 

lack of a pronounced well at the equilibrium of attractive and repulsive forces of 

interactions. This is in line with the fact that a bond between a cation and an anion is 

stronger than the bond between two cations. The calculated potential energy surfaces 

from DFT electron density contained this information. 

The information contained by the potential energy surface was successfully 

interpolated into a Buckingham potential function with the curve_fit function. The 

Buckingham interatomic potential functions plotted with the interpolated parameters 

from potential energy surfaces are compared to the potential energy surface plot. For 

the M-O (M=Co, Ni) interaction, the deep well denoting a strong electron affinity is also 

reproduced. The Buckingham potential function plot of the Mn-Ni, Ni-Li, Ni-Ni, Co-Li, 

Co-Mn, and Co-Co interactions also assimilates the repulsive behaviour of these 

interactions.  

The potential parameters for all the interactions we further refined with the GULP code 

in spinel systems (LiCo2O4, LiMn1.875Ni0.125O4, LiMn1.875Co0.125O4, and 

LiCo1.875Ni0.125O4) since they will be applied in similar systems. The process requires 

structure properties (elastic constant, bulk modulus, and shear modulus) and potential 

parameters to refine. The structure properties were successfully calculated with the 

VASP code. Elastic constants are quite a challenge to calculate experimentally since 

they are determined from single-crystal samples. This limits the availability of 

experimental data to compare with computational studies. The bulk modulus of 
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LiMn2O4 was found to be 138.52 GPa, which is comparable to the value of 119.00 

GPa determined by Lin et al. [211]. For the LiCo2O4 spinel structure, a bulk modulus 

of 145.52 GPa was obtained, which is not far from the value of 134.00 GPa calculated 

by Dang [212]. For the doped spinel structures, there was nothing to compare with in 

experiments. Furthermore, the elastic properties of all the structures were used to 

check their mechanical stability using the stability criteria for structures with cubic 

symmetry [209, 210]. All the structures were found to meet the stability conditions. 

Hence, they are mechanically stable. Therefore, they can be used as input structures 

in refining the preliminary Buckingham potential function parameters. 

Finally, the preliminary potentials were successfully refined in spinel structures with 

the GULP code [142]. The Buckingham potential parameters for Co-Co, Co-Li, and 

Co-O interactions were refined successfully in LiCo2O4 spinel. The fitted structure 

properties compare to a percentage difference of less than 5% with the structure 

properties calculated from the final potentials. Moreover, the potentials for the Co-Mn 

interaction were fine-tuned in Co-doped LiMn2O4 spinel (LiMn1.875Co0.125O4) structure. 

The percentage difference between the fitted and calculated structure properties was 

found to be ≤ 3.3%. Furthermore, the Ni-doped spinel structure was used to adjust the 

Ni-Ni, Ni-Li, Ni-O, and Ni-Mn in a Ni-doped Li-Mn-O Buckingham interatomic 

potentials. A percentage difference of less than 6.7% was obtained between the 

calculated and fitted structure properties. The Buckingham interatomic potentials for 

the Co-Ni interaction were also refined in Ni-doped LiCo2O4 spinel (LiMn1.875Co0.125O4). 

The properties calculated from the derived potentials deviate slightly from the fitted 

structure properties. A percentage difference of less than 7.1% was observed for this 

structure. Therefore, the Buckingham potentials were all refined successfully since the 

fitted and calculated structure properties were in good agreement with a percentage 

not exceeding 7.1%. A percentage difference of less than 7% is a good comparison 

for the derivation of interatomic potentials. Hence, the derived potentials can be used 

to monitor the impact of substituting Co and Ni on LiMn2O4 on its microstructure and 

transport properties. 

The derived potentials were further utilized to monitor the impact of temperature on 

the lattice of LiCo2O4 and LiNi2O4 with molecular dynamics simulations. The lattice 

structure was found to distort with increasing temperature for the two structures 

(LiCo2O4 and LiNi2O4). The vibrations of atoms about their lattice positions were found 
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to also increase with temperature. This is attributed to the fact that the temperature of 

the system increases the kinetic energy of the atoms. This behaviour was generally 

expected. This is deduced from the atomic-level structure images. The state of atoms 

in the spinel structures was examined through RDF graphs. The LiCo2O4 and LiNi2O4 

were found to have the crystalline-to-amorphous phase transition at a temperature of 

~1900 K and ~1800 K, which is in line with the atomic snapshots and RDF graphs. 

The total energy vs.  temperature plot also reveals that the LiNi2O4 spinel structure 

has the lowest melting temperature when compared to the melting temperature of 

LiCo2O4. This is in line with the fact that Ni has a smaller melting point when compared 

to Co [217, 218]. 
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CHAPTER 4 

Simulated Amorphization and Recrystallization of LiM2O4 

(M=Co, Ni) and Co- or Ni-doped LiMn2O4 spinel 

 

4.1 Introduction 

The interatomic potentials developed in chapter 3 for the Co-Co, Co-Li, Co-O, Ni-Ni, 

Ni-Li, and Ni-O interactions have been employed to perform the simulated synthesis 

(A&R) of LiM2O4 spinel (M=Co, Ni) [71]. The A&R-simulated structures will provide 

insight on the microstructure of these spinel systems, which will guide the doping of 

LiMn2O4 with Co and/or Ni. The investigation is motivated by the shortage of 

knowledge of microstructural features and how they relate to electrochemical 

performance. Moreover, the study also serves as validation for the Buckingham 

interatomic potentials developed in chapter 3. The simulated amorphization and 

recrystallization will be utilized to generate LiM2O4 (M=Co, Ni) spinel nanospherical 

structures [71]. The simulated synthesis technique is essential for introducing myriad 

structural features that influence battery performance and are also observed in 

experiments. Thi et al. used simulated amorphization and recrystallization to generate 

an 8 nm MnO2 nanostructure comprising a host of microstructural features such as 

dislocations, vacancy defects, etc. [219]. LiM2O4 (M=Co, Ni) amorphous structure is 

generated under the NVE ensemble. The amorphous state is confirmed by atomic-

level snapshots and RDF graphs. Subsequently, the structures are recrystallized 

under the NVT ensemble. The recrystallized structure is characterized by atomic 

snapshots, RDF, and X-ray diffraction patterns. The formed phases are compared to 

theoretical phases and compared to XRD’s of the respective phases from 

experiments. Moreover, the distribution of atoms in the generated spinel 

nanostructures will be measured by RDFs.  

4.2 Method 

The amorphisation and recrystallisation technique generated the LiM2O4 (M=Co, Ni) 

nanostructures successfully. The simulated synthesis was performed with the DL-

_POLY code [220] using the interatomic potentials developed in chapter 3. Moreover, 
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the Li-Li, Li-O, Mn-O, Mn-Mn, and O-O were derived elsewhere [74]. The simulated 

amorphization was carried out under the microcanonical (NVE) ensemble. In this 

ensemble, the system is not allowed to share energy and particles with its 

surroundings. Moreover, the simulated recrystallization is carried out under the NVT 

ensemble. A conventional LiM2O4 (M=Ni, and Co) unit cell structurally optimized by 

the METADISE code [221] was cleaved into a nanospherical spinel structure 

containing 26700 atoms as illustrated in figure 4.1. The 26700-atom LiM2O4 (M=Ni, 

Co) nanosphere was used as an input structure for the simulated synthesis. The A&R 

MD technique was performed with the DL_POLY code, wherein a time per step of 

0.0005 ps for 1 000 000 steps, equilibration of 5 000, 1d-2 Ewald precision, and a 

cutoff radius of 10 Å were employed. 

 

Figure 4.1: The generation of (b) a spinel nanosphere from (a) a conventional 

spinel unit cell as a required input for the simulated synthesis (A&R). The LiM2O4 

(M=Co, Ni) spinel is composed of lithium atoms (yellow) in 8a tetrahedral sites, 

cobalt or nickel atoms in 16d octahedral sites, and oxygen atoms (red) in 32e 

sites. 
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4.3 Simulated synthesis of LiCo2O4 spinel 

4.3.1 Simulated Amorphization of LiCo2O4 

In this segment, the simulated amorphization of LiCo2O4 spinel structure is discussed. 

The process starts with a crystalline nanosphere comprising 28007 atoms, as 

illustrated in figure 4.2 (a). The LiCo2O4 spinel structure was gradually heated up under 

the microcanonical ensemble. Figure 4.3 illustrates the loss of long-range atomic 

ordering as evidenced by the broadening of RDF peaks with increasing temperature. 

The change from crystalline to amorphous was noted at a temperature of ~1900 K. 

However, the LiCo2O4 spinel structure was found to be totally amorphous at ~2000 K, 

as illustrated in figure 4.2 (b). Moreover, the structural snapshot of LiCo2O4 spinel in 

figures 4.2 (b) and (c) shows poor or irregular atomic arrangement. 

Figure 4.3 shows the RDF graph of the Co-O interaction in LiCo2O4 spinel at a 

temperature of 2000 K. A sharp long peak is observed at ~1.89 Å, which denotes a 

first neighbour distance characterizing the Co-O bond and is responsible for the short-

range atomic ordering. A cobalt atom is at least ~1.89 Å atoms apart from an oxygen 

atom in the amorphous LiCo2O4 spinel structure. The lack of clear atomic arrangement 

in the amorphous structure is described by the three broad RDF peaks located at the 

separation distances of 4.23 Å, 6.57 Å, and 9.07 Å. The broad RDF peaks are 

associated with a low probability of finding atoms at defined atomic separations. 

Therefore, the LiCo2O4 spinel structure at 2000 K exhibits poor long-range atomic 

ordering. 
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Figure 4.2: (a) A crystalline LiCo2O4 spinel nanosphere consisting of 28007 

atoms gradually heated into (b) an amorphous LiCo2O4 spinel structure. (c) A 

small portion of the amorphous LiCo2O4 spinel structure illustrates the atomic 

arrangement in the structure. 
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Figure 4.3: Illustration of the RDF graph of the Co-O interaction in LiCo2O4 

spinel. 

4.3.2 Simulated Recrystallization of LiCo2O4 

4.3.2.1 Structural Characterization of Recrystallized LiCo2O4 nanosphere. 

The 28007-atom LiCo2O4 amorphous nanosphere shown in figure 4.2 (b) has been 

successfully recrystallized and cooled to a temperature of 5 K. Figure 4.4 (a) shows 

the recrystallized LiCo2O4 nanosphere, wherein patterns of Li, Co, and O can be noted 

from the structure, illustrating successful recrystallization. Furthermore, the patterns 

are pointing in different directions, suggesting that the nanomaterial recrystallized into 

a polycrystalline structure. A few layers have been cleaved from the LiCo2O4 

nanosphere for examination of recrystallization within the structure, as shown in Figure 

4.4 (b). Patterns of Li, Co, and O can be observed in the sliced portion of the 

polycrystalline LiCo2O4 spinel nanosphere. The state of the recrystallized LiCo2O4 

spinel structure is also examined with an RDF plot of the Co-O interaction. Figure 4.5 

shows the RDF graph of a LiCo2O4 spinel nanosphere recrystallized at 1900 K and 

cooled to a temperature of 5 K. The first neighbour distance is observed at ~1.92 Å, 

which is comparable to the value of the Co-O average bond length in the range 

between 1.88 Å - 1.92 Å obtained by Jalem et al. [222]. The Co-O average bond 

distance is the average value for the Mn4+ and Mn3+ ions. The first neigbhor distance 
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is followed by two sharp peaks evidencing the presence of long-range atomic ordering 

in the polycrystalline LiCo2O4 spinel structure. 

 

Figure 4.4: (a) LiCo2O4 spinel nanosphere recrystallized at a temperature of 1900 

K showing patterns of Li, Co, and O atoms. (b) A few layers of Li, Co, and O 

atoms were cleaved from the LiCo2O4 nanosphere to capture the state of the 

structure inside. 
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Figure 4.5: (a) RDF of LiCo2O4 spinel recrystallized at a temperature of 1900 K 

and cooled to ta temperature of 5 K. (b) The first neighbour peaks in is also 

magnified. 

The recrystallized LiCo2O4 spinel structure has been characterized at the atomic level, 

as illustrated in figures 4.6 and 4.7. A portion containing a few layers of Li, Co, and O 

has been extracted from the recrystallized nanosphere, as shown in figure 4.6 (a). 
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Lithium, cobalt, and oxygen atoms are occupying lattice positions. This demonstrates 

the successful recrystallization of the LiCo2O4 spinel nanosphere. A few cobalt atoms 

are occupying the 8a tetrahedral sites, where they are surrounded by four oxygen 

atoms. This suggests the formation of the Co3O4 spinel phase, which has been 

reported to form during the synthesis of LiCo2O4 spinel at high temperatures [223, 

224]. However, the extracted portion of the A&R simulated spinel structure shows a 

significant number of lithium atoms in the 16c octahedral sites, which are bonded to 

six oxygen atoms, forming a CoO6 octahedral framework. Figure 4.6 (b) shows a 

spinel phase captured from the extracted portion in Figure 4.6 (a). Oxygen atoms can 

be observed in the 32e lattice sites, and cobalt atoms are noted in the 16d octahedral 

sites. Lithium atoms are noted in the 16c octahedral sites instead of the 8a tetrahedral 

sites, due to the high-temperature Co3O4 impurity phase. The Co2+ in the tetrahedral 

sites precipitates the hoping of Li+ ions into the 16c octahedral sites [224, 225]. 

Furthermore, the captured spinel phase is validated by a theoretical LiCo2O4 spinel 

model shown in figure 4.6 (c), showing the Li, Mn, and O atoms occupying the 16c 

octahedral, 16d octahedral, and 32e sites, respectively. 

Figure 4.7 illustrates the LiCo2O4 spinel phase in the A&R-simulated structure in a 

layer view. The portion was extracted from the structure in figure 4.4 (a). Figure 4.7 

(b) shows a spinel phase, in which a layer that is characterized by a lithium atom that 

is followed by three cobalt atoms is in between two layers of oxygen atoms. The layer 

pattern is comparable to a theoretical layer pattern of the spinel phase shown in Figure 

4.7 (c). Moreover, another layer-view of atoms has been captured in Figure 4.7 (d), 

where a layer of alternating Li and Co atoms is in between two oxygen layers. The 

pattern is comparable to the theoretical model of a layer-view pattern of spinel shown 

in Figure 4.7 (e). Furthermore, the Co3O4 spinel phase is also observed in the 

recrystallized LiCo2O4 spinel structure. In experiments, it has been found that the 

Co3O4 impurity phase occurs in the spinel structure at elevated temperatures [224]. 

Figure 4.8 (a) illustrates the presence of the Co3O4 spinel phase in the structure, which 

has been further magnified in Figure 4.8 (b) and compared to a theoretical Co3O4 

model in Figure 4.8 (c). 
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Figure 4.6: Demonstration of (b) a LiCo2O4 spinel phase in a slice portion of the 

A&R-simulated spinel nanosphere. The simulated spinel phase is validated by 

(c) theoretical spinel model. 
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Figure 4.7: (a) Illustration of the layer view of LiCo2O4 spinel observed from a 

sliced portion of the A&R-simulated LiCo2O4 spinel nanosphere. The A&R 

simulated models are compared to their respective theoretical models. 
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Figure 4.8: (a) A portion of the recrystallized LiCo2O4 showing the presence of 

the (a) Co3O4 high temperature impurity phase occurring during synthesis. The 

simulated Co3O4 phase is compared to the (c) Co3O4 theoretical model. 

4.3.2.2 Characterization Through X-ray Diffraction Patterns. 

The recrystallized LiCo2O4 spinel structure was further characterized through XRD 

patterns, as illustrated in Figure 4.9 (a). The XRD pattern can be indexed to the cubic 

symmetry of the space group of Fd-3m. All the major spinel diffraction peaks from the 

diffraction planes (111), (311), (222), (400), (331), (511), and (440) are observed in 

the diffraction pattern. The successful recrystallization of the spinel structure is also 
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confirmed by the well-resolved diffraction peaks. The XRD pattern of the A&R-

simulated spinel structure is validated by the XRD pattern of LiCo2O4 spinel from 

literature shown in Figure 4.9 (b) [224]. The XRD pattern also shows the presence of 

the Co3O4 impurity phase, characterized by the diffraction peak from the (220) plane. 

The presence of this phase is validated by the XRD pattern of Co3O4 from experiment 

shown in Figure 4.9 (c) [226]. Furthermore, XRD peak splitting at (111), (311), (400), 

and (331) reflections can be attributed to the co-existence of the Li2CoO3 and Co3O4 

impurity phases in the structure with the LiCo2O4 at high temperatures.  

 

Figure 4.9: XRD pattern of an 8.01 nm A&R-simulated LiCo2O4 spinel structure 

compared to the XRD patterns of (b) LiCo2O4 [224] and (c) Co3O4 from 

experiments [226]. 
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4.4 Simulated synthesis of LiNi2O4 spinel 

4.3.1 Simulated Amorphization LiNi2O4 spinel 

In this section, the simulated amorphization of LiNi2O4 spinel structure under the 

microcanonical ensemble (NVE) is discussed. The final amorphized LiNi2O4 spinel 

structure is demonstrated in Figure 4.10 (b). The 28007-atom LiNi2O4 spinel 

nanosphere illustrated in Figure 4.10 (a) was heated in a step-by-step manner up to a 

temperature of 1900 K. The structure was found to be totally amorphous at this 

temperature. A small portion has been sliced from the amorphous LiNi2O4 structure in 

Figure 4.10 (b) to illustrate the arrangement of atoms in the structure as illustrated in 

Figure 10 (c). The random positioning of atoms in the structure can be clearly observed 

in the diagram. Furthermore, the amorphous state of the LiNi2O4 spinel structure was 

also examined through the RDF graph in Figure 4.11. The bonding of Ni and O in the 

amorphous LiNi2O4 spinel structure is shown by the first neighbour distance illustrated 

in the RDF graph in Figure 4.11 around the separation distance of ~1.91 Å. The 

second neighbour distance is observed at ~4.25 Å. The RDF peaks are very broad, 

indicating a lack of long-range atomic arrangement. Moreover, the third neighbour 

distance is noted at around 6.57 Å, with a much lower probability than the second 

neighbour distance. Furthermore, the fourth neighbour distance is widely spread and 

can be observed at the atomic separation of ~ 9.09 Å. 

 

Figure 4.10: (a) A crystalline LiNi2O4 nanosphere amorphized at 1900 K to form 

(b) a LiNi2O4 amorphous structure. (c) An extracted portion of the LiNi2O4 

amorphous structure. 
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Figure 4.11: RDF graph of the Ni-O interaction in LiNi2O4 spinel showing the 

amorphous state of this material. 

4.3.2 Simulated Recrystallization of LiNi2O4 

4.3.2.1 Structural characterization of LiNi2O4 spinel 

In this segment, the characterization of LiNi2O4 spinel through atomic-level snapshots 

is discussed. Figure 4.12 (a) shows the successful recrystallization of the LiNi2O4 

spinel structure, as evidenced by the clear arrangement of atoms in line patterns. Lines 

of oxygen atoms are observed in the figure, which are between a mixed layer of lithium 

and nickel atoms. The line patterns indicate that atoms in the A&R-simulated LiNi2O4 

spinel structure are in an ordered atomic arrangement. Grain 1 and grain 2 in the 

structure images show the different orientations of atoms in the structure. It shows that 

the LiNi2O4 spinel structure recrystallized into a polycrystalline material. The 

successful recrystallization is also confirmed by the RDF graph of the Ni-O interaction 

in figure 4.13. The RDF peaks that follow the peak denoting the first neigbhour 

interaction are sharp, which suggests the presence of long-range atomic ordering in 
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the figure. Moreover, the bond distance of the Ni-O interaction was found to be ~1.91 

Å. 

 

Figure 4.12: Recrystallized LiNi2O4 showing atoms arranged in line patterns. 
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Figure 4.13: (a)RDF graph of the Ni-O interaction in LiNi2O4 showing successful 

recrystallization of this material. An inset, showing the Ni-O first neighbour RDF 

peak. 
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The 8.01 nm LiNi2O4 spinel recrystallized into a polycrystalline structure, introducing 

essential structural features such as grain boundaries and point defects, which are 

also noted in materials synthesized in experiments. Figure 4.14 (b) shows four 

different orientations of atoms in the material. This stems from the formation of small 

nuclei at different locations in the material during recrystallization. The nuclei form at 

the most stable sites in the structure, which results in the formation of a polycrystalline 

material. The interface of the four grains is called a grain boundary, which is 

significantly observed in nanomaterials from experiments [227, 228, 229]. As such, 

our results will be comparable to what is also observed in experiments. Figure 4.14 

(c), (d), and (e) illustrate the interface of two grains and the difference in the orientation 

of atoms in the two grains. 

 

Figure 4.14: Illustration of the successful recrystallization of (a) LiNi2O4 spinel. 

The ~8.01 nm LiNi2O4 spinel structure recrystallized into a polycrystalline 

nanosphere is illustrated by (b), (c), (d), and (e). 
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The recrystallized LiNi2O4 spinel structure was further characterized through atomic-

level snapshots. A few layers of atoms of the recrystallized LiNi2O4 spinel have been 

extracted to examine the spinel phases that formed during recrystallization, in figure 

4.15 (a). In Figure 4.15 (a), a LiNi2O4 spinel phase magnified and illustrated in figure 

4.15 (b) is noted. The conventional unit cell view of LiNi2O4 illustrates the position of 

lithium atoms in the 16c octahedral sites. Moreover, manganese and oxygen atoms 

are situated at the 16d and 32e sites, respectively. The A&R simulated spinel phase 

is validated with a theoretical model of the conventional unit cell view shown in figure 

4.15 (c). Moreover, the presence of the Ni3O4 impurity phase that forms during a high-

temperature synthesis has also been captured. Figure 4.16 (b) shows the A&R-

simulated Ni3O4 phase, which is compared to a theoretical Ni3O4 model illustrated in 

Figure 4.16 (c). Moreover, some of the Ni atoms are occupying the 8a tetrahedral sites. 

 

Figure 4.15: The conventional unit cell view of the (b) A&R-simulated LiNi2O4 

spinel view compared to (c) a theoretical model. 
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Figure 4.16: The (b) Ni3O4 impurity phase emerging at high temperatures in the 

recrystallized LiNi2O4 spinel structure viewed against (c) a theoretical Ni3O4 

spinel phase. 

4.3.2.2 Characterization of LiNi2O4 spinel through XRD patterns 

The recrystallized LiNi2O4 spinel structure was further characterized with XRD patterns 

to deduce the recrystallization and the spinel phases that formed after synthesis. The 

XRD pattern of the 8.01 nm LiNi2O4 spinel structure generated through the simulated 

A&R technique is illustrated in figure 4.17 (a). The XRD peaks that characterized the 

LiNi2O4 spinel phase can be noted in the XRD pattern. The LiNi2O4 characteristic 

peaks are observed at ~20.35° (111), 38.8° (311), 38.91° (222), 45.30° (400), 45.70° 

(331), 65.30° (440), and 66.15° (531) 2θ degrees. As such, the XRD pattern can be 

indexed to a spinel structure of cubic symmetry with a space group of Fd-3m. These 

diffraction peaks are also noted in the XRD pattern of LiNi2O4 determined by Thomas 

and co-workers [116]. Moreover, the XRD diffraction peak observed at ~29.45° 2θ 

degrees is linked to the Ni3O4 spinel impurity peak. This phase results from the 

occupation of the 8a tetrahedral sites by the transition element (Ni) in a spinel structure 

at elevated temperatures. Moreover, the small, less intense XRD peaks attributed to 

the Li2NiO3 high-temperature impurity phase are also observed. The peaks form 

around the (111), (400), (331), and (531) reflections. The formation of these impurity 

phases was confirmed by XRD patterns of Mn3O4 and Li2MnO3 due to the lack of well-

resolved XRD peaks of Ni3O4 and Li2NiO3 [230, 231]. 
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Figure 4.17: The Ni3O4 impurity phase emerges at high temperatures in the 

recrystallized LiNi2O4 spinel structure. 
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4.5 Discussion 

The reported poor capacity retention of LiMn2O4 can be improved by substituting a 

small percentage (1 %) of manganese with Co and/or Ni [76, 77, 78]. However, little 

is known about the impact of this substitution on the microstructure and the migration 

of Li+ in the structure. Hence, the interatomic potentials for the Co-Co, Co-Li, Co-O, 

Ni-Ni, Ni-Li, and Ni-O interactions developed in Chapter 3 were employed to generate 

LiM2O4 (M=Co, Ni) nanostructures with the simulated synthesis technique [71]. The 

simulated synthesis technique facilitated the formation of microstructural features such 

as vacancy point defects, grain boundaries, etc., which significantly affect 

electrochemical performance. Moreover, the A&R-simulated structures are 

comparable to experimental materials. The microstructure of LiNi2O4 was elucidated 

to guide the doping of LiMn2O4 with Co and/or Ni and to also serve as a test of the 

Buckingham interatomic potentials derived in this work. 

The first step of the simulated amorphization and recrystallization technique is the 

simulated amorphization. An 8.01 nm LiCo2O4 crystalline spinel structure was 

successfully recrystallized, as confirmed by the structure images and RDF graph of 

the Co-O interaction. The Co-O interactions make up the Co2O4 framework, in which 

Li atoms are intercalated. The structure images show random arrangement in the 

structure, which suggests that the material is in an amorphous state. This is confirmed 

by the broad RDF peaks that follow the first neighbour distance peak. The subsequent 

step of the A&R-simulated technique is simulated recrystallization. As such, the 

amorphous LiCo2O4 spinel structure was recrystallized. The Li, Co, and O atoms were 

observed in lattice sites on the atomic-level structure images, which shows that the 

structure recrystallized successfully. The successful recrystallization was also 

confirmed by the sharp RDF peaks of the Co-O interaction. 

Structural characterization was performed through atomic structure snapshots and 

XRD patterns. The A&R-simulated spinel phases showed that Li atoms occupy the 

16c octahedral sites, Co atoms are situated at the 16d octahedral sites, and O atoms 

occupy the 32e sites. The occupation of the 16c by Li atoms can be attributed to the 

occupation of the 8a tetrahedral sites by Co atoms. The cooperative displacement of 

Li 8a into 16c octahedral sites by the transition metal was also noted in literature [224, 
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225]. Furthermore, the occupation of the 8a tetrahedral sites is due to the formation of 

the Co3O4 impurity phase, which coexists with LiCo2O4 at high temperatures.  

In addition, the A&R simulated structure was also characterized by XRD patterns. The 

dominance of the LiCo2O4 spinel phase was confirmed by sharp and intense RDF 

peaks, which were validated with XRD patterns calculated in experiments [224]. The 

LiCo2O4 spinel phase was found to co-exist with the Co3O4 and Li2CoO3 impurity 

phases due to high-temperature synthesis. Therefore, a high-temperature synthesis 

technique that does not mitigate the formation of the Co3O4 phase may exhibit poor 

electrochemical performance. Since the occupation of the 8a tetrahedral sites by the 

transition metal in a spinel system hinders the transport of Li+ ions in the structure. 

Moreover, the Co-O bond length was found to be ~1.92 Å, which was comparable to 

the value determined by Jalem et al. that ranges from ~1.88-1.92 Å [222]. The Co-O 

bond length calculated in this study is less than the Mn-O bond length of ~1.923 Å 

observed in experiments [232]. Therefore, a stronger Co-O bond than the Mn-O bond 

is expected in a Co-doped LiMn2O4 spinel. Since a shorted bond length means higher 

electron affinity, which is also directly proportional to bond strength. 

The LiNi2O4 spinel structure was also synthesized with the simulated A&R technique. 

The successful amorphization of LiNi2O4 was also affirmed by the broad RDF peaks 

of the Ni-O interactions and the random atomic arrangement observed in the atomic 

structure images. Consequently, the amorphous structure was recrystallized. The 

recrystallized structure was then characterized through atomic structure snapshots 

and XRD patterns. The A&R-simulated spinel structure compares well with the 

theoretical spinel structure. The structure images show Mn atoms in the 16d 

octahedral sites, O atoms in the 32e sites, and Li atoms at the 16c octahedral sites. 

Moreover, XRD patterns were also employed to characterize the A&R-simulated spinel 

structure. The XRD pattern of the simulated structure is in good agreement with the 

XRD pattern obtained by Thomas and co-workers [116]. The simulated XRD pattern 

reveals that the LiNi2O4 spinel phase also exists side by side with the Ni3O4 and 

Li2NiO3 impurity phases. The Ni3O4 impurity phase can be linked to the occupation of 

the 16c sites by Li atoms and the occupation of the 8a tetrahedral sites by Ni atoms. 

Ni3O4 has a negative impact on electrochemical performance, particularly for Li+ ion 

transport. Li2NiO3 can improve the capacity of the spinel structure since it has been 

reported to form a composite structure with spinel systems [233, 234]. A layered-spinel 
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composite structure is reported to exhibit synergistic effects, which results in high 

power and high energy density. Furthermore, the Ni-O bond (~1.91 Å) distance was 

also found to be smaller than the Mn-O bond (~1.923 Å) distance determined in 

experiments [232]. Therefore, the capacity retention of LiMn2O4 can be improved by 

the introduction of Ni in the structure. Since a decrease in bond distance implies an 

increase in bond strength. 

The derived Buckingham interatomic potentials were able to perform the simulated 

synthesis of LiCO2O4 and LiNi2O4. The simulated structures compare well with 

experiments [116, 224]. Moreover, microstructural features such as grain boundaries 

were simulated with the derived potentials. The observed formation of the M3O4 and 

Li2MO3 (M=Co, Ni) impurity phases in experiments was captured with the derived 

potentials [233, 234]. 
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CHAPTER 5 

Simulated Synthesis of Transition Metal (Ni, Co) Doped 

LiMn2O4 Spinel Nanospheres. 

In this chapter, we examine the effect of replacing a small amount of manganese with 

Co or Ni on the microstructure and transport properties of the LiMn2O4 spinel structure. 

Microstructural changes and transport properties such as diffusion affect the 

performance of Li-ion batteries. The introduction of Co and Ni in LiMn2O4 for stabilizing 

the LiMn2O4 spinel structure to improve its cyclic performance can affect its 

microstructure and the diffusion of Li+ ions in the material. Hence, we utilize large-

scale atomistic simulations to monitor the impact of Co and Ni in the LiMn2O4 spinel 

on its microstructure. Furthermore, the effect of replacing a small amount of 

manganese with Co and/or Ni on the conductivity of the material will also be 

investigated. The incorporation of Co and/or Ni in the LiMn2O4 spinel structure was 

found to stabilize the MO6 (M = Mn, Co, and Ni) octahedra. This has been attributed 

to the fact that Co and Ni have a smaller ionic radius than Mn [215, 216]. Moreover, 

Co and Ni have comparable ionization energies to that of Mn. Therefore, the 3+ and 

4+ charge states are equally accessible in M (M=Mn, Co, and Ni). The results will shed 

light on the most effective dopants and the improvements that can be realized through 

cation doping. The chapter is motivated by the lack of information on the effect of Co- 

and Ni-doping on LiMn2O4 spinel at the microscale. Moreover, the work is also a test 

of the Buckingham interatomic potentials developed in Chapter 3, particularly for the 

Co-Mn, Co-Ni, and Mn-Ni interactions. 

5.1 Method 

The simulated synthesis technique [71] has been employed to generate Co- and Ni-

doped LiMn2O4 spinel nanostructures. The technique can generate simulated models 

that are structurally comparable to materials synthesized in experiments. Therefore, 

valuable insights can be drawn from models generated by the A&R simulated 

synthesis technique. The DL_POLY code, which is a molecular dynamics simulation 

program, was used in this work to generate the doped LiMn2O4 spinel structures. A 

conventional spinel unit cell consisting of 56 atoms (8 Li, 32 O, and 16 Mn) was 

cleaved into a nanospherical structure. The LiMn2O4 nanospherical structure was then 
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heated under the microcanonical ensemble in a systematic manner until it became 

amorphous. In a microcanonical ensemble, the particles possess the same energy 

and are confined to a non-changing volume. A small amount (1%) of manganese is 

then replaced from the LiMn2O4 amorphous structure with the dopants (Co and/or Ni). 

The doping is followed by the simulated recrystallization, which is performed under the 

canonical ensemble, wherein the temperature of the system is kept constant. 

Moreover, the volume and the number of particles are also kept constant in the system. 

The occupation of lattice sites by the dopants in the recrystallized Co- and/or Ni-doped 

LiMn2O4 spinel structure is governed by the underlying forcefields and the 

spontaneous recrystallization process. Moreover, the recrystallized structures are 

further systematically cooled to a temperature of 5 K to reduce atomic vibrations for 

characterization. Figure 5.1 summarizes the procedure schematically. 

The calibration of temperature was performed by the Nose-Hoover thermostat. 

Furthermore, the simulated amorphization and recrystallization were performed for a 

timer per step of 1e-16 s and 3e-15 s, respectively. Moreover, in both processes, the 

structures were equilibrated for 50 000 steps, and the Ewald summation method was 

also employed, which considered atoms within an atomic distance of 10 Å.  The 

generated nanostructures will be examined with atomic-level snapshots, RDF graphs, 

and XRD patterns. The phases emerging during synthesis will be characterized with 

XRD graphs and atomic-level structure images. A plot of diffusion coefficients at 

various temperatures will be utilized to investigate the migration of lithium atoms in the 

structure. 
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Figure 5.1: Schematic illustration of the workflow employed in this chapter. 

5.2 Simulated amorphization of LiMn2O4 spinel nanosphere 

The replacement of a small percentage of manganese atoms in LiMn2O4 spinel with 

Co and/or Ni is performed on an amorphous structure. The Co- and/or Ni-doped 

amorphous LiMn2O4 spinel structure is then allowed to recrystallize. A 28007-atom 

LiMn2O4 crystalline nanosphere optimized with the METADISE program was 

systematically heated to a temperature of 1800 K [221], where it was found to be 

amorphous. The LiMn2O4 spinel structure was examined with the Materials Studio 

atomic structure visualization programs, and it was found to be disordered at this 

temperature (1800 K), as illustrated in figure 5.2. Figure 5.2 shows no definitive atomic 
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ordering, which shows that the structure is amorphous. Moreover, the structure was 

evaluated with RDF of the Mn-O interaction, which details the distribution of oxygen 

and manganese atoms in the structure. The first neighbor distance is observed at a 

separation distance of ~1.910 Å in the RDF graph shown in figure 5.3. The first RDF 

peak of the Mn-O interaction is responsible for the short-range atomic arrangement 

and is a characteristic of the bond between Mn and O in the LiMn2O4 amorphous 

structure. The RDF peaks that follow the first neighbor distance are broad, which 

indicates the minimal existence of long-range atomic arrangements in the structure. 

From this, it can be deduced that LiMn2O4 spinel at a temperature of 1800 K is in an 

amorphous state. 

 

Figure 5.2: Atomic snapshot of an 8.01 nm amorphous LiMn2O4 spinel at a 

temperature of 1800 K, illustrating the random arrangement of atoms in the 

structure. 
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Figure 5.3: RDF of the Mn-O interaction in LiMn2O4 spinel at 1800 K, illustrating 

the amorphous state of this structure. 

5.3 Doping of amorphous LiMn2O4 with Co and/or Ni. 

The amorphous LiMn2O4 spinel structure illustrated in figure 5.2 was then doped with 

Co and/or Ni. The structure contains 8002 manganese (Mn) atoms, where 1% (80) of 

these atoms are replaced with Co and/or Ni atoms during the doping process. The 

resulting stoichiometry of the Co- and/or Ni-doped amorphous structure is 

LiMn1.98M0.02O4 (M=Co, Ni). The Co- and/or Ni-dopants are uniformly distributed 

throughout the amorphous structure. Figure 5.4 shows a mechanism used to dope 

LiMn2O4 with Co and/or Ni on the manganese sites. The first dopant substitutes a 

random manganese atom, and the second dopant replaces a manganese atom that 

is furthest from the dopant (Co/Ni) that is already present in the structure, as illustrated 

in figure 5.4. Furthermore, the third dopant also substitutes a manganese atom that is 

most distant from the dopants that are currently in the structure. This procedure is 

followed until the total number of Co and/or Ni atoms that have been substituted into 
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the amorphous LiMn2O4 spinel is equivalent to 80. This approach guarantees even 

distribution of the dopant (Co and/or Ni) in the LiMn2O4 spinel. 

 

Figure 5.4: The mechanism employed for the doping of the amorphous LiMn2O4 

spinel structure with Co. The next manganese atom to be replaced is one that 

occupies a lattice position that is furthest from all the cobalt (Co) atoms in the 

structure. 
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Figure 5.5 shows a Co-doped amorphous LiMn2O4 spinel structure, demonstrating the 

widely dispersed Co dopant in the structure. The widespread distribution of Co atoms 

in the structure is captured by the RDF graph of the Co-Co interaction depicted in 

figure 5.6. The first RDF peak is observed at a separation distance of ~3.24 Å, which 

shows that the Co atoms are at least 3.24 Å apart in the structure. The second RDF 

peak is noted at a separation distance of ~3.56 Å, which reveals that there is a greater 

chance for a given Co reference atom to find other Co atoms at this distance. The 

sharp RDF peaks indicate that this is the same ordering for every Co atom in the 

structure, and as such, the doping was homogeneous. Figure 5.7 shows the structure 

images of amorphous LiMn2O4 spinel doped with Ni. The Ni atoms are universally 

distributed in the amorphous structure, as evidenced by the sharp RDF peaks of the 

Ni-Ni interaction depicted in figure 5.8. The sharp RDF peaks located at the separation 

distances of ~3.24 Å and ~3.56 Å show that the Ni atoms in the structure have the 

same local environment, which indicates that Ni atoms were homogeneously 

distributed in the structure. 

 

Figure 5.5: Structure image of Co-doped LiMn2O4 spinel (LiMn1.98Co0.2O4) 

showing the distribution of Co in the structure. 



85 
 

r(Angstrom)

0 2 4 6 8 10 12 14

g
(r

)

0

50

100

150

Co-Co

 

Figure 5.6: RDF graph of the Co-Co interaction in the amorphous 

LiMn1.98Co0.2O4, indicating a homogeneous distribution of Co atoms in the 

structure. 

 

Figure 5.7: An atomic image of amorphous LiMn1.98Ni0.2O4 illustrates the 

distribution of Ni atoms in the structure. 
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Figure 5.8: Illustration of the allocation of Ni atoms in the amorphous 

LiMn1.98Ni0.2O4 spinel structure. 

Figure 5.9 illustrates the substitution of 1% (80 Mn atoms) manganese with cobalt (40 

Co atoms) and nickel (40 Ni atoms) atoms in the amorphous LiMn2O4 spinel structure. 

The atomic snapshots captured from the Materials Studio structure visualization 

program show a widespread distribution of Co and Ni atoms in the structure. 

Furthermore, the sharp RDF peaks of the Co-Co, Ni-Ni, and Ni-Co interactions in the 

structure illustrated in figures 5.10, 5.11, and 5.12 demonstrate the uniform distribution 

of the dopants. The Co atoms were substituted after the substitution of 0.5% of 

manganese atoms with Ni. Hence, we observe the first RDF peak of the Co-Co 

interaction at the separation distance of ~3.56 Å and of the Ni-Ni interaction at ~12.55 

Å, as illustrated in figures 5.10 and 5.11. Figure 5.10 only shows a single RDF peak 

between the separation distances of 0 and 15 Å, since only 40 Co atoms were 

substituted in the structure, which is less than the 80 Co and 80 Ni atoms substituted 

in LiMn1.98Co0.02O4 and LiMn1.98Ni0.02O4, respectively. Figure 5.12 captures the 

arrangement of Co atoms regarding Ni atoms in the LiMn1.98Co0.01Ni0.01O4 amorphous 

spinel structure. The first RDF peak is found at a separation distance of ~3.12 Å, thus 

the Ni atoms are at least 3.12 Å apart from the Co atoms in the structure. Moreover, 

the sharp RDF peaks show that this is the same ordering for every Co and Ni atom in 

the structure. The homogeneous distribution of Co and Ni in the amorphous LiMn2O4 

spinel ensures an even distribution of the effect of doping in the structure. 
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Figure 5.9: Illustration of the sparse distribution of Co and Ni in the LiMn2O4 

spinel nanosphere. 
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Figure 5.10: RDF graph of the Co-Co interaction in the LiMn1.98Co0.2O4 spinel, 

showing a uniform distribution of Co atoms in the structure. 
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Figure 5.11: RDF of the Ni-Ni interaction illustrating the homogeneous 

distribution of Ni atoms in the amorphous LiMn2O4 spinel structure. 
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Figure 5.12: (a) RDF of the Ni-Co interactions in the amorphous LiMn1.98Ni0.2O4 

spinel structure. 
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5.4 Simulated recrystallization of the Co- and/or Ni-doped LiMn2O4 

5.4.1 Characterization of LiMn1.98Co0.02O4 

The section details the recrystallization of the Co-doped LiMn2O4 amorphous structure 

depicted in figure 5.5. The LiMn1.98Co0.02O4 spinel structure was recrystallized at a 

temperature of 1900 K and cooled to a temperature of 5 K. The structure is cooled to 

a temperature of 5 K for structural characterization and analysis. The cooled structure 

is depicted in figure 5.13, which shows that it has recrystallized successfully as 

captured by the atomic-level structure images. Lithium (Li) atoms are represented by 

the yellow spheres, manganese (Mn) atoms by the purple spheres, cobalt (Co) atoms 

by the blue spheres, and oxygen (O) atoms by the red spheres. In figure 5.13 the 

atoms are arranged in line patterns, which reveals that the structure recrystallized 

successfully. Moreover, a line of oxygen atoms (red) can be noted from in figure 5.13, 

which is between a mixed line of manganese (purple), cobalt (blue), and lithium 

(yellow) atoms.  

Furthermore, the crystallinity of the recrystallized LiMn1.98Co0.02O4 structure is 

deduced from the RDF graph of the M-O (M = Mn and Co) interaction depicted in 

figures 5.14 (a) and (b). The first neighbour distance of the Mn-O interaction is 

observed at the atomic separation distance of ~1.915 Å, which is comparable to a 

value of ~1.923 Å by Kwon and colleagues [232]. The first RDF peak of the Co-O 

interaction depicting its bond length is found at ~1.895 Å. The bond length of the Co-

O interaction was also calculated in a study by Wolverton et al. and was found to be 

~1.910 Å, which is not far from the value calculated in the current work [235]. 

Furthermore, the RDF peaks in figure 5.14, located at ~3.51 Å and ~4.45 Å for the Mn-

O interaction and at ~3.4 Å and ~4.5 Å for the Co-O interaction, are well pronounced, 

which evidences the successful recrystallization of the LiMn1.98Co0.02O4 structure. 
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Figure 5.13: Atomic structure image of LiMn1.98Co0.02O4 recrystallized at a 

temperature of 1900 K and cooled to a temperature of 5 K. The image illustrates 

the atoms arranged in a line pattern. 
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Figure 5.14: (a) RDF of the Co-O and Mn-O interactions illustrating the uniform 

distribution of Co and Ni atoms in the amorphous LiMn2O4 spinel structure. (b) 

An inset showing the magnified first RDF peak. 
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Figure 5.15 shows the atomic-level structural characterization of the Co-doped 

LiMn2O4 spinel (LiMn1.98Co0.02O4). A few layers of Li, Mn, Co, and O atoms have been 

extracted from the LiMn1.98Co0.02O4 nanostructure in figure 5.15 (a) are illustrated in 

figure 5.15 (b). The extracted layers show the presence of the spinel phase in a 

conventional unit cell view, magnified in figure 5.15 (c). The cations are largely 

occupying the octahedral sites, as illustrated in figure 5.15 (c). Li atoms can be seen 

on the 16c octahedral sites, and manganese atoms in the 16d octahedral sites. The 

oxygen atoms are situated at the 32e sites in a close-packed arrangement. The A&R 

simulated spinel phase is compared to the theoretical spinel phase shown in figure 5.5 

(d). Furthermore, the MO6 (M=Co, Mn) octahedron has also been extracted from the 

structure for investigation of the Co-O and Mn-O bond lengths. The MnO6 octahedron 

has a longer bond between the transition metal and oxygen than the CoO6 octahedron. 

The Mn-O octahedron in figure 5.15 (e) has a mean bond length of ~1.929 Å, and the 

average bond distance of the Co-O octahedron is ~1.904 Å. A bond length of ~1.939 

Å is shown for the Mn-O interaction, which is near the Co-O interaction with a bond 

length of ~1.894 Å. Therefore, the presence of Co provides more leeway for the 

diffusion of nearby Li ions due to the shorter Co-O bond when compared to the Mn-O 

bond. Figure 5.16 shows two adjacent MnO6 and CoO6 octahedrons extracted from 

the A&R-simulated LiMn1.98Co0.02O4 spinel structure. The longest Mn-O bond length in 

the MnO6 octahedron is ~2.154 Å, while the longest Co-O bond length in the CoO6 

octahedron is ~1.938 Å. Hence, a Jahn-Teller effect in a Co-O environment may have 

a lesser structural disruption when compared to a Jahn-Teller effect in a Mn-O 

environment. Moreover, Mn atoms are observed in the octahedral sites, which 

evidences the formation of the high-temperature impurity phase Mn3O4 in LiMn2O4 

spinel structures [236]. 
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Figure 5.15: The formed LiM2O4 (M=Mn, Co) spinel phase in the recrystallized 

LiMn1.98Co0.02O4 nanosphere. (a) LiMn1.98Co0.02O4 nanosphere. (b) A portion of 

the LM2O4 (M=Mn, Co) spinel nanosphere. (c) A&R simulated LiM2O4 (M=Mn, Co) 

spinel structure validated with a (d) theoretical spinel model. (e) Average bond 

length of a MnO6 octahedron compared to the average bond length of a (f) CoO6 

octahedron in the A&R simulated spinel structure. 
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Figure 5.16: The MO6 (M=Mn, Co) octahedron shows the bond length between M 

and O in the structure. 
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Figure 5.17 (a) shows layers of atoms extracted from the A&R-simulated 

LiMn1.98Co0.02O4 spinel structure for further examination of the Co environment. The 

magnified Co environments are shown in figures 5.17 (b), (c), and (d), showing two 

views of the enlarged areas. A Co atom is surrounded by six oxygen atoms, which are 

at an angle of 90° from it, forming an octahedral coordination. The magnified Co 

environments in figures 5.17 (a), (b), and (c) show no presence of Li atoms in the 

intermediate Li vacancies near Co atoms. The absence of Li ions could suggest that 

Co atoms have a valence state of 4+ in the structure. Since, in the absence of Li atoms 

around Co atoms, the Co atoms will have to lose 4 electrons to oxygen. Furthermore, 

Mn atoms are observed in the tetrahedral sites generally occupied by lithium atoms in 

the LiMn2O4 spinel structure adjacent to Co atoms. The Mn atoms in the tetrahedral 

sites are linked to the formation of the Mn3O4 high-temperature impurity phase, 

wherein Mn atoms have a valence state of 2+ [236]. 

Figure 5.18 shows the local environment of the Li-Mn and Li-Co interactions through 

RDF plots. The first RDF peak of the Li-Mn interaction is observed at the atomic 

separation distance of ~2.825 Å. Xu and co-workers found the bond length of the Li-

Mn interaction to range between 2.850 and 3.20 Å, which is not far off from the value 

calculated in this study [237]. A small RDF peak illustrating the local bond environment 

of the Li-Co interaction is observed around the atomic separation of ~3.075 Å. The 

probability of finding atoms at this atomic separation is ~1.11 a.u. This suggests that 

it is unlikely to find Li atoms close to Co atoms. Moreover, the probabilities of the RDF 

peaks of the Li-Co interaction that follow the first neighbour peaks are comparable to 

the RDF peaks of the Li-Mn interaction. The second neighbour RDF peak of the Li-Mn 

interaction has a probability of ~2.01 a.u, and the second neighbour distance peak for 

the Li-Co interaction has a probability of ~1.71 a.u. Moreover, figure 5.19 illustrates 

the average number of Li atoms around Co and Mn atoms in the atomic separation 

range between 0-3.5 Å and 3.5-70 Å. In the separation range between 0-35 Å, the 

average number of Li atoms around Co atoms is 0.24, and around Mn atoms, it is 

found to be 2.77. However, between interatomic distances of 3.5 Å and 7.0 Å, the 

average number of Li atoms around Co atoms is 13.73, and around Mn atoms it is 

found to be 13.78. This is in line with the structure images shown in figure 5.17 and 

the RDF plots in figure 5.18. 
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Figure 5.17: A&R-simulated LiMn1.98Co0.02O4 showing the Co environment in the 

structure. 
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Figure 5.18: The RDF plot of the Li-Mn and Li-Co interactions in the Co-doped 

Li-Mn-O spinel structure (LiMn1.98Co0.02O4). 

 

Figure 5.19: Average number of Li atoms around Co and Mn atoms in the atomic 

separation range of 0-3.5 Å and 3.5-7.0 Å. 
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which is stable at high temperatures. The Mn3O4 phase was found to form at a 

temperature of 600 K, wherein several Mn atoms occupy the 8a tetrahedral sites, 

lowering the average valence of the LiMn2O4 spinel structure [225, 238]. Lithium ions 

hop from the 8a tetrahedral sites into adjacent 8a sites through the 16c octahedral 

sites. Thus, the occupation of the tetrahedral sites by Mn atoms can disturb the 

movement of lithium atoms in the structure [237]. In the figure (5.20), only Mn atoms 

are observed in the 8a tetrahedral sites, which are generally occupied by Li atoms. 

Figure 5.21 shows the number of CoO4 and MnO4 tetrahedral coordinations in the 

LiMn1.98Co0.02O4 spinel structure. The number of Co atoms occupying tetrahedral 

lattice positions in the A&R-simulated spinel structure is zero, while the number of Mn 

atoms occupying the tetrahedral positions is 535. 

 

Figure 5.20: Atomic-structure image showing the migration of Mn atoms into the 

tetrahedral sites. 
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Figure 5.21: Number of CoO4 and MnO4 tetrahedral coordination in the A&R 

simulated LiMn1.98C0.02O4 spinel structure. 

The structure of the LiMn1.98Co0.2O4 nanosphere was further characterized with the 

XRD pattern shown in figure 5.22 (a). The XRD pattern of the A&R-simulated spinel 

structure can be indexed to a cubic symmetry with a space group of Fd-3m. All the 

major spinel diffraction peaks demonstrate diffraction at the (111), (311), (222), (400), 

(331), (511), (440), and (531) planes. The XRD peaks are also observed in the XRD 

pattern of spinel structure from experiments shown in figure 5.22 (b) [239]. Moreover, 

the high-temperature Mn3O4 spinel impurity phase is also observed in the A&R-

simulated LiMn1.98Co0.02O4 spinel structure, as signified by the (220) reflection in the 

XRD pattern [225, 238]. The XRD pattern of the Co-doped Li-Mn-O spinel structure 

also shows the presence of the Li2MnO3 impurity phase. In addition, the co-existence 

of these phases is evidenced by the splitting of the (311), (400), (311), and (531) 

diffraction peaks. The impurity phases are further confirmed by the XRD patterns of 

the Mn3O4 and Li2MnO3 structures determined in experiments [230, 231]. The major 

spinel peaks {(400), (331), (440), and (531)} are sharp and more intense, revealing 

the successful recrystallization and dominance of the cubic spinel phase. Moreover, 

the substitution of manganese with cobalt does not destabilize the cubic spinel 

structure. 
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Figure 5.22: XRD pattern of the 8.01 nm LiMn1.98Co0.02O4 spinel structure 

simulated with the A&R technique compared to the experimental XRD pattern of 

the (b) LiMn2O4 [239], (c) Mn3O4 [230], and (d) Li2MnO3 [231] structures. 

5.4.2 Characterization of LiMn1.98Ni0.02O4 

The amorphous LiMn2O4 spinel structure doped with Ni was also recrystallized at a 

temperature of 1900 K and cooled to a temperature of 5 K. The structure image in 

figure 5.23 shows Li, Mn, Ni, and O atoms organized in patterns of lines. Layers of 
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oxygen atoms in between a mixed layer of Li, Mn, and Ni can be noted on the atomic-

structure image. This suggests that the LiMn1.98Ni0.02O4 spinel nanosphere 

recrystallized successfully. Figure 5.24 illustrates the distribution of Mn and Ni atoms 

around O atoms in the atomic separation range between 0 and 10 Å. RDF peaks are 

observed at defined atomic separation distances, showing that atoms in the 

LiMn1.98Ni0.02O4 spinel structure are occupying defined lattice positions. Thus, the RDF 

graphs also indicate that the LiMn1.98Ni0.02O4 spinel structure recrystallized 

successfully at a temperature of 1900 K. The first RDF peak for the Mn-O interaction 

is also observed at the atomic-separation distance of ~1.912 Å, which is close to the 

value of ~1.915 Å found in the LiMn1.98Co0.02O4 spinel structure in figure 5.13. The 

bond length between Ni and O deduced from the first peak of the Ni-O interaction in 

figure 5.24 is ~1.885 Å. 

 

Figure 5.23: Atomic-structure image of A&R-simulated LiMn1.98Ni0.02O4 spinel 

structure recrystallized at a temperature of 1900 K and systematically cooled to 

a temperature of 5 K. The atomic-line patterns show successful recrystallization. 
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Figure 5.24: (a) RDF graph of the Ni-O (green) and Mn-O (blue) interactions in 

the recrystallized LiMn1.98Ni0.2O4 spinel nanosphere. (b) an inset of the first RDF 

peak denoting the first neighbour distance. 

The LiMn1.98Ni0.02O4 spinel structure is characterized in figure 5.25. The LiM2O4 

(M=Mn, Ni) spinel phases that formed during synthesis in the material are illustrated 

in figure 5.25. The LiM2O4 (M=Mn, Ni) spinel phases are shown in a conventional unit 

cell view, which gives a clear view of the atoms in their respective lattice sites. Figure 

5.25 (c) shows the A&R-simulated Ni-doped Li-Mn-O spinel phase captured from a 

few layers of the structure extracted from the nanosphere in figure 5.25 (a). The A&R-

simulated spinel phase is compared to a theoretical Li-Mn-O spinel phase. Therefore, 

Li atoms are occupying the 16c octahedral sites, Mn atoms are in the 16d tetrahedral 

sites, and O atoms are observed in the 32e sites. Furthermore, the atomic snapshots 

show that during recrystallization, Ni (dopant) atoms occupy the 16d lattice sites, which 

are generally occupied by manganese in this spinel. Furthermore, the bond between 

the transition metal and oxygen was also monitored on the MO6 (M=Mn, Ni) 

octahedrons in figure 5.26, extracted from the recrystallized LiMn1.98Ni0.02O4 spinel 

structure. The Mn-O bond length ranges from 1.860-2.112 Å, while the Ni-O bond 

lengths range from 1.837-1.940 Å. The longest TM-O bond is observed in the MnO6 

octahedra, and the shortest TM-O bond is noted on the NiO6 octahedra. 
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Figure 5.25: Illustration of the structure characterization of the recrystallized (a) 

LiMn1.98Ni0.2O4 spinel nanosphere. (b) A portion of atoms extracted from the 

LiMn1.98Ni0.2O4 nanosphere. (c) A theoretical model compared to the A&R-

simulated LiM2O4 (M=Mn, Co) spinel phase. 
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Figure 5.26: The transition metal (TM) and oxygen octahedron in Ni-doped Li-

Mn-O (LiMn1.98Ni0.02O4) spinel. 

The formation of the M3O4 (M=Mn, Ni) phase was also examined in the LiMn1.98Ni0.02O4 

spinel structure. Figure 5.27 demonstrates a portion of the LiMn1.98Ni0.02O4 spinel 

structure depicting Mn atoms occupying the 8a tetrahedral sites. The occupation of 

the 8a tetrahedral sites with Mn is associated with the formation of the Mn3O4 spinel 

phase at high temperatures [236]. Moreover, Ni atoms are only observed in the 16d 

octahedral sites, which suggests that the Ni3O4 phase does not form for the current 

concentration of Ni in the doped structure. Furthermore, in figures 5.27 (b), (c), and 

(d), the first neighbour interaction of Ni and Li is not observed. This was further 

examined through the RDF plot of the Li-Mn and Li-Ni interactions in figure 5.28. The 

first neighbour distance of the Li-Mn interaction is found at the atomic separation of 

~2.820 Å, which is comparable to a value of ~2.825 Å observed in the LiMn1.98Co0.02O4 

spinel structure. However, the first neighbour distance for the Li-Ni interaction is noted 

at the atomic separation distance of ~4.202 Å. Therefore, Li atoms are ~4.202 Å far 

from Ni atoms in the structure. This suggests that Ni4+ could be more stable than Ni3+ 

at elevated temperatures. The findings were further corroborated by the calculation of 

the average number of Li atoms around Mn and Ni atoms. Figure 5.29 shows zero Li 

atoms around Ni atoms in the atomic separation range between 0-3.5 Å and 2.75 Li 
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atoms around Mn atoms in this range. In the range between 3.5 and 7.0 Å, the average 

number of Li atoms is found to be 13.65 and 13.81 for Ni and Mn, respectively. Figures 

5.30 and 5.31 demonstrate the number of NiO4 octahedrons in the structure. The 

calculated number of NiO4 octahedrons was found to be zero, which is in line with the 

atomic-structure images shown in figure 5.30. The images only show Mn atoms in the 

tetrahedral sites, which are associated with the Mn3O4 phase. 

 

Figure 5.27: Illustration of the M3O4 (M=Mn, Ni) phase that formed during the 

simulated synthesis in the LiMn1.98Ni0.02O4 structure. 
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Figure 5.28: RDF plot for the Li-Ni and Li-Mn interactions in the LiMn1.98Ni0.02O4 

spinel structure showing the Li-Ni local environment. 

 

Figure 5.29: The average number of Ni and Mn atoms around Li atoms in the 

atomic-separation range between 0-3.5 and 3.5-7.0 Å. 
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Figure 5.30: Atomic-level structure image showing the occupation of the 

tetrahedral sites that form MO4 (M=Mn, Ni) tetrahedrons. 

 

Figure 5.31 The total number of NiO4 and MnO4 tetrahedrons in the 

LiMn1.98Ni0.02O4 spinel structure. 

0

100

200

300

400

500

Ni(O)4 Mn(O)4

0

476

N
u

m
b

er
 o

f 
te

tr
a
h

ed
ro

n
s



107 
 

The 8.01 nm LiMn1.98Ni0.02O4 spinel structure was further characterized with the XRD 

pattern shown in figure 5.32 (a). The XRD pattern was calculated in the range 2θ= 10-

70° with a step size of 0.01. The XRD pattern was indexed to a spinel structure with 

the Fd-3m space group. All the major spinel diffraction peaks (111), (311), (222), (400), 

(331), (511), (440), and (531) are observed in the XRD pattern. The observed 

reflections are comparable to the XRD patterns illustrated in figure 5.32 (b), 

determined by Tian et al. [239]. Several small impurity phases are observed in the 

XRD pattern of the A&R-simulated structure. The (311) XRD peak splits into two XRD 

peaks representing the Mn3O4 impurity phase and a cubic LiMn1.98Co0.02O4 spinel. 

Furthermore, the (222), (400), (331), and (531) XRD peaks split due to the formation 

of the layered Li2MnO3 structure with a space group of c2/2m. Moreover, the Li2MnO3 

XRD reflections are small and less intense, which suggests that the concentration of 

the layered phase is lower in the A&R-simulated spinel structure. The Mn3O4 and 

Li2MnO3 impurity phases are validated by the XRD patterns illustrated in figures 5.32 

(c) and (d) [230, 231]. The cubic spinel phase is the dominant phase in the A&R-

simulated structure (LiMn1.98Ni0.02O4), as all the major spinel XRD peaks are sharp and 

intense. 
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Figure 5.32 The A&R-simulated XRD pattern is compared to the XRD patterns of 

LiMn2O4 spinel [239], Mn3O4 [230]  and Li2MnO3 from experiments [231]. 
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5.4.3 Characterization of LiMn1.98Co0.01Ni0.01O4 

The amorphous LiMn2O4 spinel double-doped with Co and Ni was also recrystallized. 

The final cooled structure is shown in Figure 5.33. The Li, Mn, Co, Ni, and O atoms 

can be noted forming a line pattern of atoms, as demonstrated by the arrows. The line 

pattern of atoms indicates the successful recrystallization of the LiMn1.98Co0.01Ni0.01O4 

spinel structure. Furthermore, the crystallinity and successful recrystallization of the 

Co- and Ni-doped Li-Mn-O spinel structure were confirmed with the RDF graph shown 

in figure 5.34. The Mn-O bond distance is found to be ~1.917 Å, as denoted by the 

first RDF peak in the figure. The calculated Mn-O bond length is comparable to the 

value of ~1.923 Å found in experiments [232]. Furthermore, the Co-O bond length is 

found to be ~1.896 Å, which is not far from the value obtained by Wolverton and co-

workers [235]. The bond length of the Ni-O interaction is also examined and found to 

be ~1.887 Å, which is in line with the findings of [116]. The presence of long-range 

atomic ordering in the structure is also confirmed by the resolved RDF peaks 

representing the second and third nearest neighbour distances. 

 

Figure 5.33: The 8.01 nm LiMn1.98Co0.01Ni0.01O4 spinel structure recrystallized at 

a temperature of 1900 K and cooled to a temperature of 5 K. 
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Figure 5.34: RDF graphs of the Ni-O (green), Co-O (red), and Mn-O (blue) in the 

double-doped spinel structure (LiMn1.98Co0.01Ni0.01O4). 

The LiMn1.98Co0.01Ni0.01O4 nanosphere was also further characterized at the atomic 

level, as shown in figure 5.35. Several layers of the nanosphere have been removed 

from the structure for investigation of the spinel phase that formed during 

recrystallization. The atomic-level structure images show the presence of a spinel 

phase magnified and depicted in Figure 5.35 (d), which is comparable to a theoretical 

LiMn2O4 spinel model. Li atoms are observed in the 16c octahedral sites, and the 

transition metals (Mn and Ni) are noted at the 16d tetrahedral sites. Furthermore, 

oxygen atoms occupy the 32e sites, as shown in the figure. Figure 5.37 captures the 

first-neighbour environment of the Li-Mn interaction in the Co and Ni double-doped Li-

Mn-O spinel structure. Moreover, the value is comparable to a value of ~2.826 Å found 

in the LiMn1.98Co0.02O4 and LiMn1.98Ni0.02O4 A&R-simulated spinel structures. This is 

also consistent with the findings of Xu B. and Meng S. [237]. A small RDF peak of the 

Li-Co interaction is observed around the atomic separation of ~2.825 Å, which 

indicates that a small number of lithium atoms are around Co atoms at this atomic 

separation distance. Furthermore, the Li-Co interaction shows zero probability of 

finding Li atoms around Ni atoms in the atomic separation near ~2.825 Å. The RDF 
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plot is in line with the atomic-structure images shown in figure 5.36, showing a 

deficiency of Li atoms around Co and Ni atoms. Figure 5.38 demonstrates the average 

number of Li atoms around Mn and Co atoms in the structure. At atomic separation 

distances between 0 and 3.5 Å, no Li atoms are found around Ni atoms, and 0.20 Li 

atoms are found near Co atoms. Furthermore, every Mn atom is near 2.78 Li atoms in 

the atomic separation range between 0 and 3.5 Å. Figure 5.39 demonstrates the 

occupation of the tetrahedral sites by transition metals (TMs) for the formation of the 

TM3O4 phase. Numerous Mn atoms are noted on the 8a tetrahedral sites, suggesting 

the formation of the Mn3O4 high-temperature impurity phase. The Co and Ni dopants 

are also observed in the atomic-level structure images, occupying the 16d octahedral 

sites. Figure 5.40 shows the calculated number of NiO4, CoO4, and MnO4 

tetrahedrons in the double-doped Li-Mn-O spinel structure. The total number of CoO4 

and NiO4 is zero, and the number of CoO4 octahedrons is 502. 

 

Figure 5.35: RDF graphs of the Ni-O (blue), Co-O (green), and Mn-O (red) in Co- 

and Ni-doped LiMn2O4 spinel. 
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Figure 5.36: Atomic-structure images of a portion of the A&R-simulated 

LiMn1.98Co0.01Ni0.01O4 spinel structure illustrating the deficiency of Li atoms 

around Co and Ni atoms. 
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Figure 5.37: RDF graphs of the Ni-O (green), Co-O (red), and Mn-O (blue) in the 

double-doped spinel structure (LiMn1.98Co0.01Ni0.01O4). 

 

Figure 5.38: The average number of Li atoms around Mn, Ni, and Co atoms in 

the A&R-simulated LiMn1.98Co0.01Ni0.01O4 spinel structure. 
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Figure 5.39: Atomic-level structure images illustrating the occupation of the 8a 

tetrahedral sites by transition metal elements. 

 

Figure 5.40: The number of NiO4, CoO4, and MnO4 octahedrons in the 

LiMn1.98Co0.01Ni0.01O4 spinel structure. 

The structural characterization of LiMn1.98Co0.01Ni0.01O4 was further carried out through 

XRD patterns, as illustrated in figure 5.41. The (111), (311), (222), (400), (331), (511), 

(440), and (531) XRD diffraction peaks that characterize the cubic spinel structure are 

observed in the pattern shown in figure 5.41 (a). Moreover, the XRD pattern can be 

indexed to a cubic spinel of the space group Fd-3m. The simulated XRD pattern 

compares well to the XRD pattern shown in figure 5.41 (b) from experiments [239]. 

Furthermore, the presence of the Mn3O4 and Li2MnO3 impurity phases is indicated by 

the splitting of the spinel characteristic peaks. This is further confirmed by the XRD 

pattern shown in figures 5.41 (c) and (d) [230, 231]. The major spinel peaks are well 

pronounced and intense, which suggests that the spinel phase is dominant in the 

structure. 
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Figure 5.41: XRD pattern of LiMn1.98Co0.1Ni0.1O4, which is compared to the XRD 

pattern of LiMn2O4 synthesized in experiments [239]. The (c) Mn3O4 [230] and (d) 

Li2MnO3 [231]  XRD patterns confirm the presence of these impurity phases in 

the A&R-simulated structure. 
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5.5 The effect of substituting Co and/or Ni in LiMn2O4 spinel 

5.5.1 Li transport in the Co- and/or Ni-doped Li-Mn-O spinel nanostructures 

The movement of lithium atoms in the Co- and/or Ni-doped Li-Mn-O spinel 

nanostructures is captured by the mean square displacement (MSD) plot in figure 

5.42. The mobility of Li atoms in the structure was monitored for 1400 ps at a 

temperature of 400 K. This was sufficient to capture the effect of Co and/or Ni in the 

LiMn2O4 spinel structure. The Co-doped LiMn1.98Co0.02O4 spinel structure has the 

lowest activity of lithium atoms in the structure. The introduction of Ni in the LiMn2O4 

structure seems to improve the mobility of Li atoms more than the introduction of Co 

in the structure. Since in about 1400 ps, Li+ covers distances of ~0.92, 0.98, and 1.28 

Å in LiMn1.98Co0.02O4, LiMn1.98Co0.01Ni0.01O4, and LiMn1.98Ni0.02O4, respectively. 

Moreover, the movement of lithium atoms in the double-doped spinel structure is 

greater than in the LiMn1.98Co0.02O4 nanostructure but lower than in the 

LiMn1.98Ni0.02O4 nanostructure. Figure 5.43 shows the diffusion coefficient of Li in 

LiMn1.98Co0.02O4, LiMn1.98Co0.01Ni0.01O4, and LiMn1.98Ni0.02O4 in the temperature range 

(a) 100-400 K and 100-800 K. In the range of 100-400 K, the single-doped 

LiMn1.98Ni0.02O4 spinel structure shows superior Li+ diffusion, and the double-doped 

LiMn1.98Co0.01Ni0.01O4 structure shows inferior Li+ diffusion. However, in the range 100-

800 K, Li diffusion in the double-doped spinel structure improves as compared to 

LiMn1.98Ni0.02O4 and LiMn1.98Co0.02O4. At 300 K, the diffusion coefficients of 

LiMn1.98Co0.02O4, LiMn1.98Co0.01Ni0.01O4, and LiMn1.98Ni0.02O4 are 0.61 x 10-12 m2/s, 

0.73 x 10-12 m2/s, and 1.6 x 10-12 m2/s, respectively. The ionic conductivity of Li+ in the 

doped structures was also calculated, as shown in figure 5.44. The conductivity of Li 

in LiMn1.98Ni0.02O4 was found to be superior, and in the LiMn1.98Co0.02O4 structure, it 

was found to be inferior. At 400 K, the ionic conductivity of Li+ is found to be 0.23 x 10-

6 S cm-1, 0.36 x 10-6 S cm-1, and 0.94 x 10-6 S cm-1  The ionic conductivity of Li+ 

calculated by Xie and co-workers was found to be ~5.25 x 10-7 S cm-1 at room 

temperature, which is comparable to values found in this work [240]. 
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Figure 5.42: MSD plot of Li in LiMn1.98Ni0.02O4, LiMn1.98Co0.02O4, and 

LiMn1.98Co0.01Ni0.01O4. 
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Figure 5.43: The rate of Li+ diffusion in LiMn1.98Ni0.02O4, LiMn1.98Co0.02O4, and 

LiMn1.98Co0.01Ni0.01O4. 
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Figure 5.44: Li+ conductivity in LiMn1.98Ni0.02O4, LiMn1.98Co0.02O4, and 

LiMn1.98Co0.01Ni0.01O4. 

5.6 Discussion 

The chapter details the impact of doping LiMn2O4 spinel with Co and/or Ni on its 

microstructure and the transport of Li+ ions in the structure to improve its rate 

performance and stabilize its structure. The microstructure and transport properties 

affect the rate capabilities and the overall performance of a Li-ion battery utilizing 

LiMn2O4 as cathode material. Moreover, the introduction of Co- and/or Ni- in the 

structure could impact the microstructure and microstructural properties such as 

diffusion. The substitution seeks to reduce the number of Mn3+ ions in the structure by 

substituting cations with a comparable ionic radius to that of Mn3+ (0.645 Å). The ionic 

radius of Ni3+ is ~0.53 Å and of Co3+ is ~0.55 Å, which makes them suitable candidates 

for partial substitution of Mn with Co3+ and/or Ni3+ [146, 147]. Moreover, the 

investigation of the effect of doping of LiMn2O4 with Co and/or Ni serves as a test for 

the developed Buckingham potentials for the Co-Co, Co-O, Co-Li, Ni-Ni, Ni-O, Ni-Li, 

Co-Mn, Ni-Mn, and Ni-Co interactions in chapter 3. The development of the potentials 

is motivated by the lack of accurate interatomic potentials for the interactions that arise 

from doping LiMn2O4 with Co and Ni. 
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The Co- and/or Ni-doped Li-Mn-O spinel structures are prepared with the molecular 

dynamics code, DLPOLY [220], using the A&R simulated synthesis (simulated 

amorphization and recrystallization) technique [71]. The successful amorphization and 

recrystallization of the doped spinel structure are confirmed with RDF graphs, atomic-

level structure images, and XRD graphs. The dopants (Co and Ni) were introduced 

successfully in the amorphous LiMn2O4 spinel structure and were confirmed by the 

sharp RDF peaks at defined lattice positions in figures 5.6, 5.8, 5.10, 5.11, and 5.12. 

The bond length of the Mn-O interaction is ~1.915 Å, ~1.912 Å, and ~1.917 Å in 

LiMn1.98Co0.02O4, LiMn1.98Ni0.02O4, and LiMn1.98Co0.01Ni0.01O4, respectively. Kwon et al. 

found the value of Mn-O bond length to be ~1.923 Å, which is comparable to the values 

determined in this work [232]. Moreover, XRD patterns (figures 5.22, 5.32, and 5.41) 

showed the presence of all the major spinel characteristic peaks {(111), (311), (222), 

(400), (331), (511), (440), and (531)} and were compared to the XRD pattern of 

LiMn2O4 determined in experiments [239]. The A&R simulated synthesis technique is 

a high-temperature process. Therefore, the Li2MnO3 and Mn3O4 impurity phases were 

observed in the material, which is consistent with literature [230, 231]. 

The atomic-level structural characterization of the LiMn1.98Co0.02O4 spinel structure 

showed a good comparison between the A&R-simulated spinel phase and theoretical 

spinel models. The Co dopant is observed in the 16d octahedral sites, which shows 

that the LiMn2O4 spinel structure was doped successfully. Furthermore, a CoO6 

octahedron was compared to a MnO6 octahedron. The CoO6 octahedron has the 

shortest transition metal (TM)-oxygen (O) bond length, and the MnO6 octahedron has 

the longest TM-O bond length. Moreover, the average Co-O bond length was found to 

be ~1.895 Å, which is smaller than the Mn-O average bond length of ~1.915 Å. This 

suggests that Co could be replacing the Mn3+ ion with an ionic radius of 0.645 Å, which 

is shorter than the ionic radius of 0.545 Å and 0.530 Å for Co3+ and Co4+, respectively 

[241]. The reduction in TM-O average bond length implies that the TMO6 octahedral 

framework can be improved. This is consistent with literature [242]. Moreover, the 

atomic-structure images in figures 5.17 and 5.20 show the occupation of the 8a 

tetrahedral sites by Mn atoms in the LiMn1.98Co0.02O4 spinel structure. The occupation 

of the 8a tetrahedral sites by Mn atoms suggests the formation of the high-temperature 

Mn3O4 spinel phase, with Mn2+ in the 8a tetrahedral sites, as also observed in literature 

[236]. The Mn atoms in the tetrahedral sites block the diffusion of Li, as the 8a-16c-8a 
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diffusion route is disturbed. Furthermore, Co atoms are only observed in the 16d 

octahedral sites. Therefore, at this concentration of Co (LiMn1.98Co0.02O4), the doping 

does not disturb the migration of lithium ions in the structure [243]. The structure 

images are coherent with the calculated number of CoO4 and MnO6 octahedrons in 

figure 5.21, which shows that the number of MnO6 octahedrons in the simulated 

structure is 535, while the number of CoO6 octahedrons is zero. Moreover, figures 

5.17, 5.18, and 5.19 show that there’s a deficiency of Li atoms around Co atoms. This 

could suggest that Mn4+ is more stable than Mn3+ at high temperatures, as the 

simulated amorphization and recrystallization are high-temperature processes. 

Moreover, this could further suggest that the overall valence of Mn in the Co-doped 

spinel structure is lowered, which favours Jahn-Teller distortion. 

The Ni dopants were also substituted successfully in the LiMn2O4 structure, as shown 

by the atomic-structure images in figure 5.25. The A&R simulated spinel phase 

showing the Ni atoms in the 16d octahedral sites in figure 5.25 (d) compares well with 

the theoretical model in figure 5.25 (c). Moreover, figure 5.25 (e) demonstrates 

bonding in the MnO6 and NiO6 octahedrons extracted from the A&R simulated 

structure LiMn1.98Ni0.02O4. The Ni-O bond distances range from 1.837 to 1.940 Å, and 

the Mn-O bond distances start from 1.881 to 2.166 Å. Moreover, the average Ni-O 

bond distance is ~1.885 Å, and the mean bond length of the Mn-O interaction is ~1.912 

Å. Therefore, the NiO6 octahedron is expected to have a higher electron affinity than 

the MnO6 octahedron. Hence, the reported Jahn-Teller distortion can be restrained 

with the introduction of Ni in the LiMn2O4 spinel structure [244, 245]. Figures 5.27, 

5.28, and 5.29 illustrate the lack of Li atoms around Ni atoms in the atomic separation 

between 0 and 3.5 Å. This also suggests that Ni4+ could be the most stable when 

compared to Ni3+ at high temperatures. If this is the case, a decrease in the valence 

state of Mn is expected, which is unfavourable to the stability of the MnO6 framework. 

The occupation of the tetrahedral sites by Mn atoms is also observed in the Ni-doped 

LiMn2O4 spinel structure, as illustrated in figures 5.30 and 5.31. The Ni atoms are only 

occupying the 16d octahedral sites in the structure. This is in line with the findings of 

Wei and colleagues [83]. It was suggested that in an under-doped Ni-doped spinel 

structure, the migration of Ni atoms into the 8a tetrahedral sites is not observed. 

The LiMn2O4 spinel structure was also double-doped with Co and Ni. The nanomaterial 

is shown in figures 5.33 and 5.35. The average bond lengths of the Co-O and Ni-O 
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interactions were found to be ~1.896 Å and ~1.887 Å, respectively. The bond distance 

of ~1.917 Å of the Mn-O interaction is longer than the bond distance of the two 

interactions. The Ni-O interaction has the shortest average bond length in the 

structure. Therefore, the structural stability of the LiMn2O4 could be enhanced with Ni. 

This is consistent with the findings in literature that the Mn-O interaction has a lower 

bond energy when compared to the bond energies of Co-O and Ni-O [148, 112]. Thus, 

the partial substitution of Mn with both Mn and Ni will strengthen the TMO6 framework 

and, therefore, improve the rate performance of the material. Moreover, figures 5.36, 

5.37, and 5.38 also show that there’s a deficiency of Li atoms around Ni and Co atoms. 

This could be linked to the valence of Ni and Co at high temperatures and at low 

concentrations of Ni and Co. Furthermore, figures 5.39 and 5.40 show that only Mn 

atoms are occupying the 8a tetrahedral sites. Therefore, at low concentrations, the 

introduction of Co and Ni does not interrupt the mobility of Li atoms in the structure. 

The transport of Li atoms in the doped spinel structures was also investigated, and the 

results are shown in figures 5.42, 5.43, and 5.44. The substitution of Ni into the 

LiMn2O4 spinel structure was found to influence the movement of Li atoms more 

positively than Co in the structure. This is deduced from the high MSD plot of the 

LiMn1.98Ni0.02O4 in figure 5.42. Moreover, the substitution of a small amount of Co with 

Ni seems to improve the mobility of Li atoms in the structure. Since 

LiMn1.98Co0.01Ni0.01O4 shows higher Li mobility than LiMn1.98Co0.02O4. Figure 5.43 also 

captures the movement of Li atoms through the rate of diffusion in the temperature 

range 100-800 K. The substitution of Ni also seems to influence the movement of Li 

atoms positively in the structure. Moreover, figure 5.44 captures the conduction of Li+ 

in the doped spinel structures. The calculated ionic conductivity of Li+ in the doped 

structures is comparable to the value of ~5.25 x 10-7 S cm-1 determined in experiments 

[240]. It can be noted from the graph of ionic conductivity vs. temperature that the 

introduction of Ni in the structure also improves the conductivity of Li+ in the structure. 

This suggests that the strong NiO6 octahedral framework provides a clear Li migration 

pathway due to the shortened bond distances. 

The derived Buckingham interatomic potentials in chapter 3 were successfully utilized 

to study the microstructure and transport properties of the Co- and/or Ni-doped Li-Mn-

O spinel structures. Furthermore, the A&R simulated spinel structures were found to 

be in good agreement with materials synthesized in experiments [232, 230, 231]. 
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CHAPTER 6 

Simulated Synthesis and Properties Analysis of LiNi2O4 

Spinel Nanoporous Structure 

In chapter 5, it has been shown that the introduction of Ni in LiMn2O4 can improve the 

mobility and conductivity of Li+. This was attributed to the shortened M-O (Mn=Mn, Ni) 

average bonding distance, and it has sparked significant interest in LiNi2O4 spinel 

nanoporous materials. Particularly their transport properties as a function of pore 

diameter. Consequently, the work will further guide the nanostructuring of Ni-doped 

LiMn2O4 spinel cathode materials. Nanostructured electrode materials have ignited 

significant research interest as one of the solutions to improve the performance of Li-

ion batteries [246, 247]. The strain incurred during the insertion and extraction of 

lithium ions can be mitigated in nanostructured materials, such as nanoporous [248, 

249]. The Jahn-Teller distortion report in LiM2O4 (M=Co, Ni, and Mn) spinel structures 

can be suppressed in nanostructured materials such as nanoporous. The pore in 

nanoporous materials can withstand the structural disruption caused by Jahn-Teller 

active M ions. Moreover, nanoporous materials offer faster diffusion kinetics due to the 

high surface area over volume ratio [250, 251, 252]. This provides a significant 

electrolyte and electrode interface, which ensures high rate-capability, high charge 

and discharge capacity, and thus improves the life cycle of a lithium-ion battery. 

Microstructural properties such as diffusion and ionic conductivity depend on the pore 

size and particle size. Ionic conductivity and diffusion affect the rate performance of 

Li-ion batteries, which is crucial for large-scale applications such as electric vehicles. 

In this chapter, we explore the relationship between the pore size of LiNi2O4 spinel 

nanostructures and the simulated A&R technique [71]. The work will provide insights 

on the doping of LiMn2O4 spinel with Ni, which is a promising positive electrode 

material for LIBs. Moreover, the chapter also serves as a test for the Buckingham 

interatomic potentials developed in chapter 3. The development of the Buckingham 

interatomic potentials in chapter 3 is motivated by the lack of interatomic potentials for 

the interactions that result from doping LiMn2O4 spinel with Ni and/or Co. Therefore, 

LiNi2O4 nanoporous spinel structures with pore diameters of 1.5 nm, 2.1 nm, and 3 nm 

will be generated. Atomic-level structure images, RDF graphs, and X-ray diffraction 

patterns were utilized to explore the generated LiNi2O4 spinel nanoporous structures. 
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Furthermore, the volume and the surface area of the LiNi2O4 nanoporous structures 

will be linked to the Li+ transport properties. 

6.1 Method 

The LiNi2O4 nanoporous structures are generated using the DLPOLY code, which is 

based on classical mechanics [220]. A LiNi2O4 spinel structure optimized with the 

METADISE program is successfully optimized at a temperature of 1800 K [221]. 

Subsequently, the amorphous structure is then used to generate a nanoporous 

amorphous structure under the isothermal-isobaric ensemble. The isothermal-isobaric 

ensemble allows for variation of volume of the system, which yields a nanoporous 

morphology. Consequently, the structure that yielded the appropriate volume by 

measure of the nanoporous pore size is retrieved. Furthermore, the amorphous 

nanoporous LiNi2O4 spinel structure is recrystallized with the canonical ensemble. 

Moreover, the employed technique ensures that the generated LiNi2O4 nanoporous 

structures contain structural features that are comparable to those observed in 

experiments [71]. The Nose-Hoover thermostat was employed for all stages of 

generating the nanoporous structures. 

6.2 Generation of LiNi2O4 nanoporous spinel structures. 

6.2.1 Amorphous LiNi2O4 nanoporous spinel structures. 

Figure 6.1 (a) shows a 28001-atom LiNi2O4 crystalline nanosphere, which is 

amorphized at a temperature of ~1800 K under the microcanonical ensemble. The 

amorphized LiNi2O4 nanospherical structure is shown in Figure 6.1 (b). Figures 6.1 

(d), (c), and (e) illustrate the generated amorphous LiNi2O4 nanoporous structures with 

pore diameters of 0.21 nm, 0.30 nm, and 0.15 nm, respectively. The random 

arrangement of atoms in the structure can be observed from the atomic-level structure 

image captured from the Materials Studio visualization program. In addition, the 

organization of atoms in the structure was also investigated through RDF graphs 

illustrated in Figure 6.2. The RDF peaks of the spinel structure are broad, which 

indicates a lack of atomic ordering. In addition, after the first RDF peak located at 

~1.88 Å, which denotes the first neighbour distance, the probability of finding atoms is 

greater than zero at any atomic separation. This suggests that the structure is 

amorphous and that atoms are rarely in an organized arrangement. Moreover, the 
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structure in figure 6.1 (b) is simulated under the NPT ensemble to generate 

nanomaterials that, when aggregated, will form different pore sizes or cavities. Figures 

6.1 (c), (d), and (e) show the resulting structures collected at different simulation sizes. 

The structures in figures 6.1 (c), (d), and (e) were collected in simulation cells of sizes 

75 x 75 x 75 Å3, 69 x 69 x 69 Å3, and 67 x 67 x 67 Å3, respectively. Moreover, their 

pore or cavity diameter was found to be 0.30 nm, 0.21 nm, and 0.15 nm, respectively. 

The structures are then recrystallized under the canonical ensemble at a temperature 

of 1900 K, and the results are shown in section 6.3.3. The RDF graphs in figure 6.3 

confirm their amorphous state after compression under the NPT ensemble. This is 

deduced from their broad RDF peaks after the RDF peak of the first neighbour 

interaction. 

 

Figure 6.1: LiNi2O4 nanoporous structures with different pore sizes generated 

from an amorphous LiNi2O4 nanosphere under the NPT ensemble. 
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Figure 6.2: RDF graph of an amorphous LiNi2O4 spinel nanosphere used to 

generate nanoporous structures of different pore sizes. 

 

Figure 6.3: RDF graphs of LiNi2O4 amorphous nanoporous spinel structures of 

box size 67 Å (red), 69 Å (green), and 75 Å (blue). 

6.2.2 Aggregated 2D LiNi2O4 nanoporous structures. 

Figures 6.4, 6.5, and 6.5 illustrate the aggregation of LiNi2O4 primary particles to form 

secondary particles with nanoporous morphology. The formed nanoporous structures 

show different pore sizes, which are a function of the simulation cell. A bigger 

simulation cell was found to yield a bigger cavity (pore) compared to a smaller 

simulation cell. The particles in figure 6.4 form a smaller cavity when compared to the 

particles in figure 6.5. Therefore, the electrode material in figure 6.5 has greater 

surface contact with the electrolyte than the electrode material in figure 6.4. 
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Figure 6.4: A 2D aggregation of LiNi2O4 simulated particles in a simulation cell 

of 67 x 67 x 67 A3, forming a nanoporous morphology. 
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Figure 6.5: A 2D aggregation of LiNi2O4 simulated particles in a simulation cell 

of 69 x 69 x 69 A3, forming a nanoporous morphology. 
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Figure 6.6: A 2D aggregation of LiNi2O4 simulated particles in a simulation cell 

of 75 x 75 x 75 A3, forming a nanoporous morphology. 

6.2.3 Recrystallization of LiNi2O4 nanoporous spinel structures. 

The LiNi2O4 amorphous nanoporous structures were further recrystallized at a 

temperature of 1800 K under the canonical ensemble. The recrystallized structures 

were cooled to a temperature of 5 K and are illustrated in figure 6.7. The LiNi2O4 

particles are viewed in a way that shows the pore that was going to form if the particle 
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was used to form a nanoporous structure. The surface of the particles is turned into 

the center of the structure, while the center of the structure is turned into its surface. 

This yields nanoporous material with a pore size that is equivalent to what is obtained 

if the particle is arranged in a 2D array with other similar particles, as shown in figures 

6.4, 6.5, and 6.6. 

Figure 6.7 (a) shows the recrystallized structure with a pore diameter of 0.15 nm, 

formed in a simulation cell of 67 x 67 x 67 A3. Atoms arranged in a line pattern are 

noted in the figure, which shows that the structure recrystallized successfully. layers 

of oxygen atoms are observed in between the layers of lithium and oxygen atoms. The 

patterns are also observed in the theoretical spinel and the A&R simulated spinel 

structures in chapter 4 and 5. The same patterns are also noted in the recrystallized 

LiNi2O4 particles generated in the simulation cells of 69 x 69 x 69 A3 and 75 x 75 x 75 

A3 dimensions in figure 6.7 (b) and (c), respectively. Moreover, the structures have 

pore sizes of 0.21 and 0.30 nm, respectively. The pore size of the structures remained 

the same after recrystallization. 

Figure 6.8 (a) shows the XRD pattern of LiNi2O4 structure with a pore diameter of 0.15 

nm, which compares well to an XRD pattern of LiNi2O4 spinel calculated by Thomas 

et al. [116]. The A&R-simulated nanoporous structure can be indexed to a cubic spinel 

with a space group of Fd-3m. The XRD peaks of the simulated 0.15 nm pore diameter 

structure are sharp and intense, which suggests that there is a high-ordered atomic 

arrangement in the structure. Moreover, all the major spinel peaks {(111), (311), (222), 

(400), (331), (511), (440), and (531)} are observed in the XRD pattern and are 

comparable to the reference XRD pattern in figure 6.8 (b) [116]. A small, broad peak 

is observed around 2θ=~30°, which is a characteristic of the Ni3O4 spinel phase. 

Furthermore, the splitting of the (311) and (511) XRD peaks is also observed, which 

again shows the presence of the Ni3O4 impurity phase. However, the XRD peaks that 

denote the Ni3O4 phase are less intense and broad, which suggests that the quantity 

of this phase is less in the nanomaterial. Moreover, the Ni3O4 phase is confirmed by 

the XRD patterns of Mn3O4 illustrated in figure 6.8 (c) [230]. The XRD patterns of 

Mn3O4 and Li2MnO3 are used due to the lack of clear reference XRD patterns from 

literature. Since the XRD patterns of Ni3O4 and Mn3O4, as well as those of Li2NiO3 and 

Li2MnO3, are similar. Therefore, their XRD patterns are the same. The splitting of the 

(111), (222), (331), and (531) signifies the presence of the Li2NiO3 phase, as confirmed 
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by the XRD pattern of Li2MnO3 in figure 6.8 (d) [231]. However, the peaks are also 

small and broad, which suggests that Li2NiO3 is present in small quantities. The XRD 

patterns of the LiNi2O4 nanoporous spinel structures with pore sizes of 0.21 and 0.30 

nm shown in figures 6.9 and 6.10, respectively, can be indexed to a cubic spinel 

structure. The XRD patterns are comparable to the reference XRD patterns of LiNi2O4 

in figures 6.9 (b) and 6.10 (b), respectively. However, the XRD pattern of the 0.15 nm 

nanoporous structures shows less intense and broad XRD peaks that characterize the 

Li2MnO4 and Ni3O4 impurity phases. Conversely, the XRD pattern of the 0.3 nm 

structure shows the splitting of the (111), (222), (331), and 531 peaks, showing that 

the structure contains the Ni3O4 and Li2MnO3 impurity phases. 

 

Figure 6.7: The recrystallized and cooled LiNi2O4 nanoporous structures with a 

pore diameter of (a) 0.15, (b) 0.21, and (c) 0.30 nm. 
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Figure 6.8: (a) XRD pattern of the LiNi2O4 porous structure with a pore diameter 

of 0.15 nm compared to the XRD patterns of (b) LiNi2O4 [116], (c) Mn3O4 [230], 

and (d) Li2MnO3 [231]. 
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Figure 6.9: (a) XRD pattern of the LiNi2O4 porous structure with a pore diameter 

of 0.21 nm compared to the XRD patterns of (b) LiNi2O4 [116], (c) Mn3O4 [230], 

and (d) Li2MnO3 [231]. 
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Figure 6.10: (a) XRD pattern of the LiNi2O4 porous structure with a pore diameter 

of 0.30 nm compared to the XRD patterns of (b) LiNi2O4 [116], (c) Mn3O4 [230], 

and (d) Li2MnO3 [231]. 
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6.3 Volume and surface area of LiNi2O4 nanoporous (0.15, 0.21, and 0.30 nm). 

In this section, the volume of the LiNi2O4 porous structures is calculated and related 

to their respective pore sizes. Figure 6.11 demonstrates the calculated volume that is 

occupied by atoms in the nanoporous structures. The LiNi2O4 nanoporous material 

with a pore diameter of 0.15 nm has the lowest occupied volume, and the structure 

with a pore diameter of 0.3 nm has the largest volume that is occupied by atoms. 

Moreover, the structure with a larger unit cell dimension provides enough space for 

atoms to occupy. Furthermore, the occupied volume was combined with an 

unoccupied volume to give the total volume of the nanoporous materials, as illustrated 

in figure 6.12. Moreover, the structure generated from a larger simulation cell is found 

to also have a larger total cell volume. Figure 6.13 shows the surface area of the 

LiNi2O4 nanoporous structures (0.15, 0.21, and 0.3 nm). The surface areas of the 

nanoporous structures with a pore diameter of ~0.15 and 0.21 nm were found to be 

12047.75 and 15504.17 Å2, respectively. However, the surface area of the nanoporous 

structure with a pore diameter of 0.30 nm is 22158.57 Å2. Therefore, the surface area 

increases as the pore or cavity size increases. 

 

Figure 6.11: Investigation of volume as a function of box size of the three LiNi2O4 

nanoporous spinel structures (0.15, 0.21, and 0.30 nm). 
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Figure 6.12: The sum of the occupied volume and free volume of the LiNi2O4 

nanoporous spinel structures with pore diameters of 0.15, 0.21, and 0.30 nm. 

 

Figure 6.13: The surface area of the LiNi2O4 nanoporous structure with pore 

diameters of 0.15, 0.21, and 0.30 nm 
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6.4 Impact of pore size on the migration of lithium ions 

Figure 6.14 illustrates the mobility of Li+ ions in the LiNi2O4 nanoporous structures 

(0.15, 0.21, and 0.30 nm), monitored for 1400 ps at a temperature of 300 K. The MSD 

of the 0.15 nm (pore diameter = 0.15) LiNi2O4 structure is almost plateauing when 

compared to the MSD of the 0.21 nm (pore diameter = 0.21 nm) LiNi2O4 structure. The 

MSD of the 0.21 nm shows fluctuating increases as time increases. However, the MSD 

of the plot of the 0.30 nm structure is parallel to the y-axis for the maximum 

accumulated distance of 1.2 Å. Figure 6.15 captures the mobility of the nanoporous 

material with a pore diameter of 0.30 nm measured with the MSD approach for 

distances between 0 and 30. The movement of Li+ between 0 and 1400 ps in the 0.15 

and 0.21 nm structures does not exceed ~0.7 and ~1.3 Å, respectively. However, in 

the 0.30 nm structure, Li+ ions cover an accumulated maximum distance of ~29 Å 

within 1400 ps. In addition, its MSD plot shows almost linear behaviour, and it has not 

fully converged for the simulation time (1400 ps). Figure 6.16 demonstrates the 

change in the motion of Li+ ions in the structures with increasing temperature. In all 

the structures (0.15, 0.21, and 0.30 nm), the motion of Li+ ions increases when the 

temperature increases, but the increase is far greater in the 0.30 nm structure as 

compared to the other structures. 

Time (ps)

0 200 400 600 800 1000 1200 1400

M
S

D
 (

a
n

g
s

tr
o

m
s

)

0.2

0.4

0.6

0.8

1.0

1.2
0.15 nm

0.21 nm

0.30 nm

 

Figure 6.14: Mean Squared Displacement of Li in LiNi2O4 particles with a pore 

diameter of (a) 0.15 nm, (b) 0.21 nm, and (c) 0.30 nm at a temperature of 300 K 

for distances between 0-1.2 Å. 
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Figure 6.15: Mean Squared Displacement of Li in LiNi2O4 particles with a pore 

diameter of (a) 0.15 nm, (b) 0.21 nm, and (c) 0.30 nm at a temperature of 300 K 

for distances between 0 and 30 Å. 
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Figure 6.16: Mean Squared Displacement of Li in LiNi2O4 particles with a pore 

diameter of (a) 0.15 nm, (b) 0.21 nm, and (c) 0.30 nm. 



140 
 

The motion of Li+ ions in the nanoporous structures was further investigated through 

a plot of the diffusion coefficients against temperature. In figure 6.17 (a), it can be 

noted that the 0.21 nm structure has the highest rate of diffusion as compared to the 

0.15 nm structure. At 300 K, we observed a jump in the value of the diffusion coefficient 

for the 0.21 nm structure. This is because of the smaller simulation period during which 

the rate of diffusion was calculated. The diffusion coefficient of 0.15 nm nanoporous 

structure is 0.0067 x 10-9 m2/s, and that of the 0.21 nm nanoporous structure is 0.0070 

x 10-9 m2/s at a temperature of 500 K. At a temperature of 500 K, the diffusion 

coefficient of the 0.30 nm nanoporous structure is 1.4 x 10-8 m2/s, as shown in figure 

6.17 (b). The same trend is observed at temperatures between 100 and 800 K. The 

diffusion of the 0.30 nm structure is far greater than the diffusion of the 0.15 and 0.21 

nm, as shown in figures 6.17 (a) and (b). The diffusion coefficients of the nanoporous 

structures (0.15, 0.21, and 0.31 nm) are also captured in figure 18 at temperatures 

between 100 and 800 K. 
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Figure 6.17: The rate of Li diffusion in LiNi2O4 particles with a pore diameter of 

(a) 0.15 nm, (b) 0.21 nm, and (c) 0.30 nm in one plot. 
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Figure 6.18: The rate of Li diffusion in LiNi2O4 particles with a pore diameter of 

(a) 0.15 nm, (b) 0.21 nm, and (c) 0.30 nm. 
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Figures 6.19 and 6.20 capture the conductivity of lithium ions in the nanoporous 

structures (0.15, 0.21, and 0.30 nm). At 300 K, the conductivity of Li+ is 2.34 x 10-8, 

7.86 x 10-8, and 1.5 x 10-7 S/cm for the 0.15, 0.21, and 0.30 nm, respectively. The 

nanoporous structure with a pore diameter of 0.3 nm shows superior Li+ ionic 

conductivity at a temperature of 300 K, which is not comparable to Li+ conductivity in 

the 0.15 and 0.21 nm structures with increasing temperature. The ionic conductivity of 

Li+ in the nanoporous structures with pore diameters of 0.15 and 0.21 nm is 

comparable from a temperature of 200 K to 400 K, but the 0.21 nm exhibits higher Li+ 

ionic conductivity. The Li+ ionic conductivity increases with the increase in temperature 

in all the nanoporous structures (0.15, 0.21, and 0.30 nm), as illustrated in figure 6.20. 
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Figure 6.19: Comparison of the Li+ ionic conductivity in LiNi2O4 nanoporous 

structures with a pore diameter of (a) 0.15 nm, (b) 0.21 nm, and (c) 0.30 nm. 



143 
 

Temperature (K)

200 250 300 350 400 450 500

0,0

5,0e-5

1,0e-4

1,5e-4

2,0e-4

2,5e-4

0.15 nm

Io
n

ic
 C

o
n

d
u

c
ti

v
it

y
 (

S
/c

m
) 

x
 1

0
-3

0

1e-4

2e-4

3e-4

4e-4 0.21 nm

0,0

5,0e-3

1,0e-2

1,5e-2

2,0e-2

2,5e-2

3,0e-2

3,5e-2

0.30 nm

 

Figure 6.20: Demonstration of the Li+ ionic conductivity in LiNi2O4 particles with 

a pore diameter of (a) 0.15 nm, (b) 0.21 nm, and (c) 0.30 nm. 
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6.5 Discussion 

The development of nanostructured cathode materials for enhancing the performance 

of Li-ion batteries for large-scale applications such as electric vehicles and the storage 

of the intermittent energy garnered from renewable energy sources has incited great 

interest in the science community [253, 254]. The high-rate capabilities of battery 

materials can be improved by the development of nanostructured materials. Moreover, 

the disruptive strains induced by the insertion and/or extraction of lithium ions can be 

mitigated in nanostructured materials with nanoporous morphology. Furthermore, 

nanoporous materials demonstrate superior performance (high capacity retention and 

fast charge and discharge rates) as compared to their bulk counterparts. 

Nanostructured cathode materials with nanoporous morphology offer a larger contact 

area between the electrolyte and the cathode material than bulk cathode materials 

[255, 249, 256]. High-rate capabilities are crucial for large-scale applications. 

The investigation of the transport of Li+ in Co- and Ni-doped LiMn2O4 spinel in chapter 

5 revealed that the mobility and conductivity of Li+ can be enhanced with the 

introduction of Ni in the material. It has ignited research interest in LiNi2O4 spinel 

nanostructures for future lithium-ion batteries. Hence, in this chapter, the relationship 

between the pore size and the transport properties of Li+ ions in LiNi2O4 nanoporous 

structures is explored. The investigation is motivated by the lack of information on the 

properties of nanoporous materials and how they relate to electrochemical 

performance. Moreover, the study also serves as a test for the Buckingham 

interatomic potentials of the Ni-Ni, Ni-Li, and Ni-O interactions derived in chapter 3. 

LiNi2O4 nanoporous structures with different pore sizes were generated successfully 

in different simulation cell sizes under the NPT ensemble. The variation of the cell 

volume facilitated the generation of LiNi2O4 spinel nanoporous structures with varying 

pore sizes.  

The generated LiNi2O4 nanoporous structures with pore diameters of 0.15, 0.21, and 

0.30 nm recrystallized successfully, as confirmed by atomic-structure images and XRD 

patterns from experiments [116, 230, 231]. Moreover, the formation of the Ni3O4 and 

Li2MnO3 high-temperature impurity phases was found to be irrelevant to increasing 

pore size. Since the concentration of the impurity phases was lower in the LiNi2O4 

nanoporous structure with a pore diameter of 0.21 nm than in the structures with pore 
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diameters of 0.15 and 0.30 nm. As evinced by the less intense XRD peaks associated 

with the Ni3O4 and Li2MnO3 impurity phases illustrated in figures 6.8, 6.9, and 6.10. 

The volume occupied by atoms in the three nanoporous structures (0.15, 0.21, and 

0.30 nm) was explored. The structure generated in a simulation cell of 75 x 75 x 75 Å3 

(0.30 nm) has the largest occupied volume (432.39 Å3) as compared to the structures 

generated in simulation cells of 69 x 69 x 69 (331.81 Å3) and 67 x 67 x 67 Å3 (300.77 

Å3). The larger volume facilitates the formation of a larger cavity, and thus, increasing 

the box size also increases the pore size. In a smaller simulation cell, the atoms 

occupy most of the available space, which results in minimal space for the 

development of a larger pore.  

Moreover, the structure with a pore diameter of 0.30 nm was also found to possess a 

larger surface area (22.16 Å2) as compared to the structures with pore diameters of 

0.21 (15.50 Å2) and 0.15 nm (12.05 Å2). The larger surface area will provide a wide 

interface between the electrolyte and the nanoporous material. Moreover, a large 

surface area also provides more redox-active sites, which will facilitate high-rate 

capabilities. Furthermore, the active redox sites (oxidation and reduction sites) ensure 

that all the energy that is stored in the cathode material is retrieved. As such, the power 

density of the battery is increased, which is a significant requirement for large-scale 

applications. In addition, a larger surface area mitigates the stress induced by the 

charge and discharge processes. Therefore, the structural integrity of the material can 

be retained during cycling by designing and developing nanoporous material with a 

larger cavity and surface area [257, 258]. Moreover, in experiments, a nanoporous 

material with mesopores of less than 200 nm retained 90% of its capacity over 100 

cycles [259], which is in good agreement with the findings in this study. 

The pore size of the LiNi2O4 nanoporous spinel structures was also related to the 

transport properties of Li+ in the nanostructures. The analysis of the MSD plot of the 

nanoporous structures revealed that the mobility of Li+ ions increases with increasing 

pore size. In 1400 ps, lithium ions covered accumulated distance of ~29.0 Å, ~1.2 Å, 

and ~0.6 Å in 0.30, 0.21, and 0.15 nm, respectively. As such, the pore size has a 

significant influence on the transport of Li+ ions in the material. This is due to the larger 

surface area, which contains an increased number of oxidation and reduction 

locations. Furthermore, the calculated Li+ ionic conductivity also shows a similar trend, 

which also suggests that by increasing the pore size of a nanoporous material, the 
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conductivity of Li+ ions can be enhanced. At a temperature of 300 K, the Li+ ionic 

conductivity for the 0.15, 0.21, and 0.30 nm structures was found to be ~2.34 x 10-8, 

~7.86 x 10-8, and ~1.50 x 10-7 S/cm, respectively. However, there isn’t much 

information in literature to compare for LiNi2O4 spinel structures. Lian C. and co-

workers observed an increase in conductivity with increasing pore size, until a pore 

width of 0.6 nm (~2.5 x 10-4 S/cm) for porous carbon electrodes [260]. Moreover, 

smaller pore sizes were found to cause a significant reduction in ionic conductivity. 
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CHAPTER 7 

Conclusion and Recommendations 

7.1 Conclusion 

The cathode material is currently a bottleneck to the performance of lithium-ion 

batteries (LIBs) due to its high cost and deteriorating cycle performance. LIBs are 

currently the leading secondary batteries, and as such, researchers are actively 

looking for replacements for the current commercial cathode material [261, 262]. To 

better the performance of LIBs to meet exponential technological advancements, to 

fully support electric vehicles, and to efficiently harness the intermittent energy from 

renewables. The LiMn2O4 spinel has been put forward as a promising replacement for 

LiCoO2, which suffers from poor cycle performance and is expensive [263, 264, 57]. 

LiMn2O4 spinel offers high-rate capability due to its three-dimensional structure, which 

allows facile insertion and extraction of lithium ions in the structure. Furthermore, 

LiMn2O4 spinel is cost-effective due to the availability of manganese, particularly in 

South Africa. However, its performance also falls short after extended charge and 

discharge cycles. The performance deterioration is exacerbated at elevated 

temperatures and discharge voltages. The performance attenuation has been linked 

to the degradation of Mn3+ in the structure due to Jahn-Teller distortion and the 

disproportionation reaction of manganese [265, 266]. Several DFT studies have 

shown that cation-doping can improve the performance of LiMn2O4 by reducing the 

amount of Mn3+ and strengthening the structure [76, 77, 78]. However, there is 

insufficient information on the impact of cation doping on the microstructure and 

transport properties of LiMn2O4, which significantly affect electrochemical 

performance. Especially the doping of LiMn2O4 spinel with Co and Ni at the microscale 

due to the lack of accurate interatomic potentials. 

Initially, a method inspired by a machine learning approach was employed to develop 

interatomic potentials for the interactions that arise from doping LiMn2O4 spinel Co and 

Ni (Ni-Ni, Ni-Li, Ni-O, Co-Co, Co-Li, Co-O, Co-Ni, Co-Mn, Ni-Mn, Ni-Ni, Ni-Li, and Ni-

O). The Buckingham interatomic potentials were determined successfully from 

structure information calculated with DFT (lattice parameters, cell volume, elastic 

constants, and bulk modulus). The final derived interatomic potentials also embody 



148 
 

high-level interatomic interaction details extracted from DFT potential energy surfaces 

through a machine learning inspired approach. The determined potentials reproduced 

the fitted structure properties (lattice parameters, cell volume, elastic constants, and 

bulk modulus) to acceptable percentage differences of less than 7.1% for all the 

interactions. Furthermore, the derived Buckingham interatomic potentials for the Co-

Co, Co-Li, Co-O, Ni-Ni, Ni-Li, and Ni-O interactions were used to describe atomic 

interactions in LiCo2O4 and LiNi2O4 with MD simulations. The potentials were able to 

reproduce the high-temperature behaviour of the spinel structures in line with the 

reported thermodynamic properties, such as the melting point. The melting points of 

LiNi2O4 and LiCo2O4 were found to be ~1800 K and ~1900 K, respectively. The same 

trend is also observed in the melting points of Ni and Co, which are ~1726.15 K [218] 

and 1831 K [217], respectively. Therefore, the potentials are fitting for the high-

temperature technique, simulated amorphization and recrystallizations, and 

monitoring the performance of Co- and Ni-doped spinel systems [71]. 

The microstructure of LiNi2O4 and LiCo2O4 was also explored to provide the 

information that will guide the doping of LiMn2O4 with Co and Ni and to further test the 

derived potentials captured in chapter 3. The successfully simulated synthesis was 

confirmed by atomic-level structure images, RDF graphs, and XRD patterns. The 

average bond length of the Co-O (~1.920 Å) interaction was found to be less than the 

average bond length of Mn-O (~1.923) calculated by Kwon et al. [232]. Therefore, the 

structural stability of LiMn2O4 can be improved with the partial substitution of Mn with 

Co. Thackery and co-workers also suggested that the substitution could improve the 

structural stability of LiMn2O4 [242]. Moreover, XRD patterns and atomic structure 

images showed that the dominant phase in the simulated structure is LiCo2O4 spinel, 

which co-exists with a small concentration of the Co3O4 high-temperature impurity 

phase. The potentials were able to capture this high-temperature behaviour that 

occurs during the synthesis of spinel materials, which is also noted in experiments 

[224, 225].  

The successfully simulated synthesis of LiNi2O4 was also inspected with atomic-level 

structure images and XRD patterns. The LiNi2O4 phase was found to be the dominant 

phase. Moreover, it compared well with a theoretical LiNi2O4 phase, showing Li in the 

16c octahedral sites, Ni in the 16d octahedral sites, and O occupying the 32e sites. 

The XRD pattern of the A&R-simulated LiNi2O4 spinel showed the presence of its 



149 
 

major characteristic peaks {(111), (311), (222), (400), (331), (511), (440), and (531)} 

corroborated by the XRD pattern from experiments [116]. The Ni3O4 and Li2NiO3 

impurity phases occurring during high-temperature synthesis are also observed in the 

XRD patterns. The Ni3O4 phase is evidenced by the splitting of the (111), (311) and 

(511) and the presence of the (200) reflection. The Li2NiO3 is revealed by the splitting 

of the (111), (222), (331), and (531) XRD peaks. The foreign XRD peaks in the XRD 

reflection of the cubic spinel structure are broad, which suggests that the concentration 

of these impurity phases is very low in the structure. The Ni3O4 phase results in the 

occupation of the tetrahedral sites, which interrupts the conductivity of Li+ ions in the 

structure. Li2NiO3 is known to form a composite structure with superior specific 

capacity [233, 234]. Furthermore, the Ni-O average bond length was found to be less 

than the average bond length of Mn-O (~1.923 Å) calculated in experiments [232]. As 

such, the Ni-O (~1.91 Å) interaction is expected to be stronger than the Mn-O (~1.923 

Å) interaction [232]. 

The synthesis of pristine LiCo2O4 and LiNi2O4 was followed by the synthesis of partially 

Co-doped LiMn2O4 spinel to probe how the substitution affects its microstructure. 

Moreover, the microstructural changes are compared to the electrochemical 

performance of the material. Atomic snapshots and XRD patterns revealed that the 

dominant phase is the cubic spinel phase. The dominance of the cubic phase of space 

group Fd-3m is evidenced by the sharp and intense XRD peaks confirmed by the XRD 

pattern of Tian et al. [239]. However, the XRD patterns also reveal that the doped 

spinel phase is co-existing with the Mn3O4 and Li2MnO3 high-temperature impurity 

phases. The Mn3O4 phase can only be linked with Mn atoms since Co atoms are only 

observed in the 16d octahedral sites. 

The Mn in tetrahedral sites is known to be in the 2+ charge state, and it has been 

extensively reported to be soluble in organic electrolytes, resulting in a loss of capacity 

during cycling [267]. Moreover, the total number of MnO4 tetrahedrons was found to 

be 535 and that of CoO4 tetrahedrons to be zero. Therefore, Co does not disturb the 

transportation of Li+ ions in the 8a tetrahedral sites. Analysis of the average number 

of Li atoms around Mn and Co shows that 0.24 atoms are found around Co and 2.77 

are found around Mn atoms. Suggesting that Co4+ may be substituting Mn, which 

implies that the total valence of Mn in the structure is raised when the spinel structure 

is doped with Co at high temperatures. In addition, the Mn-O (~1.915 Å) interaction 
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was found to have a longer average bond length than the Co-O (~1.895 Å) interaction. 

Hence, the CoO6 framework is expected to be stronger than the MnO6 framework 

since bond strength increases with decreasing bond length. 

Since the ionic radius of Ni is ~0.53 Å and the results of pristine LiNi2O4 showed that 

the Ni-O bond length is shorter than the Mn-O bond distance, LiMn2O4 was also doped 

with Ni. From the atomic-level structure images, the cubic spinel phase with a space 

group of Fd-3m was found to compare well to a theoretical spinel. Moreover, the XRD 

pattern of the A&R-simulated spinel structure can be indexed to a cubic symmetric 

structure with a space group of Fd-3m, which is in line with the XRD pattern from 

experiments. The dominant phase was also found to be the Fd-3m cubic spinel phase, 

as evidenced by the sharp and intense XRD peaks that characterize the phase {(111), 

(311), (222), (400), (331), (511), (440), and (531)}. Therefore, the spinel phase was 

synthesized successfully with the simulated synthesis technique. The Fd-3m cubic 

spinel phase is also found to exist along with the Mn3O4 and Li2MnO3 impurity phases, 

which were also observed in literature [268]. The Mn3O4 phase may deteriorate the 

specific capacity and cycling performance of LiMn2O4 spinel due to the Mn2+ ions 

occupying the 8a tetrahedral sites.  

Furthermore, Mn2+ ions were also found to be soluble in organic electrolytes, which 

subsequently causes capacity fading [267]. While the Li2MnO3 phase can exhibit a 

synergistic effect with the dominant cubic spinel phase, resulting in an increase in 

specific capacity. Moreover, a total of 476 MnO4 tetrahedrons were found, which 

implies that 476 Mn atoms are occupying the 8a tetrahedral sites in the structure. 

Consequently, the total number of NiO4 tetrahedrons in the structure was found to be 

zero. Therefore, at low Ni concentrations (≤ 0.02), Ni atoms don’t occupy the 8a 

tetrahedral sites, which are linked to the lowering of the Mn valence that influences the 

increase of the disruptive Mn3+ ions. Moreover, a deficiency of Li atoms around Ni 

atoms in the atomic separation distance between 0 and 3.5 was noted. However, 2.75 

Li atoms are observed around Mn atoms on average. This could suggest that the most 

thermodynamically stable dopant at high temperatures could be the Ni4+ ion, which will 

result in a lowering of the Mn valence. The lowering of the average Mn valence will 

facilitate the disruption of the spinel lattice structure. Moreover, the Ni-O (~1.887 Å) 

bond distance is also found to be lower than the Mn-O (~1.917 Å) bond distance. 

Therefore, a stronger NiO6 framework than the MnO6 framework is expected. This will 
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increase the overall stability of the spinel phase and consequently enhance the cycle 

performance of the material. 

Finally, LiMn2O4 was doped with both Ni and Co to monitor the impact of double-

doping on the microstructure of this material. XRD patterns and atomic-level structure 

images confirmed the successful synthesis of this material with the simulated 

synthesis technique [71]. Theoretical atomic snapshots and XRD patterns from 

experiments confirmed the cubic Fd-3m spinel phase [239]. Therefore, the introduction 

of both Co and Ni in the LiMn2O4 spinel structure did not compromise its lattice 

structure. Additionally, the Mn3O4 and Li2MnO3 impurity phases are also observed in 

the double-doped spinel structure verified by XRD patterns from experiments [230, 

231]. However, examinations of the average CoO4, NiO4, and MnO4 tetrahedrons 

reveal that Co and Ni atoms are only occupying the 16d octahedral sites in the double-

doped spinel structure. The Mn3O4 phase is linked to Mn atoms in the structure. 

Therefore, at low concentrations of Ni and Co, the doping of LiMn2O4 spinel does not 

contribute to the disruption of Li+ transport, which leads to poor capacity retention. In 

addition, the average number of Li atoms around Ni, Co, and Mn in the atomic 

separation distance between 0 and 3.5 Å was found to be 0.00, 0.20, and 2.78, 

respectively. This aligned with observations in LiMn1.98Co0.02O4 and LiMn1.98Ni0.02O4 

that, at high temperatures, the Co and Ni dopants may be more stable in their 4+ 

valence states. However, a small number of Co atoms are in the vicinity of Li+ ions in 

the structure, deduced from the average value of 0.20 of Li atoms around Co atoms. 

Moreover, the bond distances of the Mn-O, Ni-O, and Co-O interactions were also 

inspected. The Ni-O interaction has the shortest bond length of ~1.885 Å, and for the 

Co-O interaction, the bond distance was found to be ~1.895 Å. The Mn-O interaction 

has the longest bond distance of ~1.905 Å. Therefore, the NiO6 octahedra is expected 

to be more stable than the CoO6 and MnO6 octahedra, and the MnO6 octahedra is 

expected to be the least stable. 

The impact of the partial substitution of 1% Mn with Co and/or Ni on the transport of 

Li+ ions was also explored, as it affects rate performance and capacity retention. 

Analysis of ionic conductivity, MSD, and the rate of diffusion in the doped structures 

suggested that Ni has a more positive influence on the migration of Li+ in the structure 

as compared to Co. Li+ covered distances of ~1.28 Å in LiMn1.98Ni0.02O4, which is 

greater than the ~0.92 in LiMn1.98Co0.02O4. Moreover, the diffusion coefficient of lithium 
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ions in LiMn1.98Ni0.02O4 at 300 K was found to be 1.6 x 10-12 m2/s, which is higher than  

0.61 x 10-12 m2/s observed in LiMn1.98Co0.02O4. The same trend is also noted on the 

ionic conductivity, in LiMn1.98Ni0.02O4 at 300 K, a value of 0.94 x 10-6 S cm-1 is observed, 

while a value of 0.23 x 10-6 S cm-1 was found in LiMn1.98Co0.02O4. This can be attributed 

to the shorter Ni-O bond length, which provides leeway for the migration of Li+. 

Moreover, ionic conduction in the LiMn2O4 spinel structure is linked to the Mn3+ 

polaron. If the Li deficiency around Ni atoms implies that there’s an increase in the 

number of Mn3+ in the structure due to charge neutrality, as such, the superior 

conductivity could be linked to the concentration of Mn3+ in the structure. Since a small 

number of Li atoms are observed around Co atoms, as shown in figures 5.18 and 5.37, 

this implies that Co lowers the average valence of Mn a bit less than Ni. 

The influence of pore size on transport properties and surface area of LiNi2O4 porous 

materials was also investigated. The exploration of the nanoporous structure is incited 

by the alluring transport properties of Ni observed in the Co- and Ni-doped Li-Mn-O 

spinel structures studied in this work. This will also provide guidance for improving the 

performance of LiNi2O4 and other spinel systems through nanostructuring. LiNi2O4 

nanoporous structures were successfully generated with pore/cavities of diameters of 

0.15, 0.21, and 0.30 nm. The sharp XRD peaks and line patterns of atoms in the 

structure images confirmed the successful recrystallization of the nanoparticles with 

porous morphology. XRD patterns also showed the presence of the Ni3O4 and 

Li2MnO3 impurity phases. However, they are not prevalent in the 0.21 nm nanoporous 

structure. Therefore, they are not linked with the increase in pore size but to the 

simulated synthesis conditions. The structure with a pore diameter of 0.30 nm showed 

a high surface area (22.16 Å2) compared to the 0.21  (15.50 Å2) and 0.15 nm (12.05 

Å2) nanoporous structures. This can be attributed to the higher pore diameter of the 

0.3 nm structure as compared to the 0.15 and 0.21 nm structures. From the ionic 

conductivity analysis, it was found that the 0.30 nm structure exhibits superior ionic 

conductivity. The conductivity of Li+ in the 0.15, 0.21, and 0.30 nm nanoporous 

structures was found to be ~2.34 x 10-8, ~7.86 x 10-8, and ~1.50 x 10-7 S/cm, 

respectively. This was also in good agreement with the MSD and diffusion coefficient 

results. The superior transport properties can be linked to the larger surface area and 

active redox sites in the material as compared to the 0.15 and 0.21 nm structures. 

However, the movement of Li+ ions increases rapidly with increasing temperature in 
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the 0.30 nm structure. Therefore, the 0.30 nm may be less stable at high temperatures, 

causing side reactions with the electrolyte that can degrade the electrolyte or cause 

an explosion. As such, the pore size should be carefully controlled as it is directly 

proportional to the surface area of the 2D nanomaterial, and a large surface area may 

affect battery performance negatively. 

The Buckingham interatomic potentials derived in this work have been utilized to 

explore the impact of partially doping Li-Mn-O spinel with Co and/or Ni on the 

microstructure and transport properties of this spinel. Our findings suggest that Li-Mn-

O spinel can be successfully doped with Co and Ni. However, doping of Li-Mn-O spinel 

with Co and Ni at high temperatures could increase the concentration of the disruptive 

Mn3+ ion. It was also noted that the overall stability of the LiMn2O4 spinel structure can 

be improved with the introduction of Co and/or Ni in the structure. In addition, the 

substituted Co and Ni dopants don’t disrupt the transport of Li+ ions in the structure by 

occupying the 8a tetrahedral sites at a lower concentration (≤ 0.02) of the dopants. 

Additionally, the rate-performance of LiMn2O4 spinel can be improved by the 

introduction of Ni in the structure. Moreover, nanoporous LiNi2O4 with a larger pore 

diameter results in a higher surface area and high-rate capabilities. As such, 

nanoporous materials can be very crucial in the design of high-power and high-energy 

dense cathode materials for large-scale applications. 

7.2 Recommendations 

Future work involves: 

i. An investigation of the discharge process of Co- and Ni-doped LiMn2O4 spinel 

with the variation of the dopant (Co and Ni) concentration will be monitored to 

see how it impacts the microstructure and Li+ transport. The increase in the 

concentration of Co and Ni in the structure could cause them to occupy the 8a 

tetrahedral sites. Therefore, a suitable concentration of Co and Ni in the doped 

LiMn2O4 spinel structure will be investigated.  

ii. The charge states of Co, Ni, and Mn in LiMn2O4 will be explored with nuclear 

magnetic resonance (NMR) spectroscopy to give a clear understanding of the 

average Mn valence, which affects the capacity retention of this material.  

iii. Furthermore, future work also includes an investigation of the stability of the 

Co- and Ni-doped LiMn2O4.  
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iv. The LiMn2O4 spinel was found to co-exist in a high-power and high-energy 

density composite structure with layered structures. As such, a program that 

quantifies the concentration of the layered-spinel composite structure will also 

be developed in future. The concentrations will be related to the material’s 

operating voltages during cycling performance. 

v. Operating voltages of Co- and/or Ni-doped LiMn2O4 spinel and Li-Mn-O 

layered-spinel composite structures will also be explored, as they also affect 

the total energy density of a lithium-ion battery. 
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