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Abstract 
 

This study investigates the layered oxide cathode with NMC-type LiNixMnyCozO2 as the 

alternative cathode material for lithium ion batteries. This material has attracted the 

researcher’s interest as alternative cathode material due to its low cost and less toxicity as 

compared to the most widely commercialised lithium cobalt oxide (LCO). Lithium nickel 

manganese cobalt oxide (often abbreviated as NMC) is a type of cathode material used in 

lithium-ion batteries. It's a popular choice because it offers a balance of high energy density, 

good cycling stability and relatively low cost compared to other cathode materials. In this study 

we investigate the stability properties of Ni0.3Mn0.5Co0.2CO3 and Ni0.3Mn0.5Co0.2O2, 

respectively. In particular, we focus on the manganese rich compositions and minor amounts 

of nickel and cobalt. We further doped both system (Ni0.3Mn0.5Co0.2CO3 and Ni0.3Mn0.5Co0.2O2) 

with fluorine, titanium, niobium and chromium to check if their contributions could improve 

or disprove the behaviour of Ni0.3Mn0.5Co0.2CO3 and Ni0.3Mn0.5Co0.2O2 materials.  

Firstly, the structural, electronic, mechanical and vibrational properties of Ni0.3Mn0.5Co0.2CO3, 

Ni0.3Mn0.5Co0.2O2 and their doped systems have been calculated using the density functional 

theory employing the pseudo-potential plane-wave approach within the local gradient 

approximation with the Hubbard parameter U for strongly correlated transition metals. The 

structural property calculations included the equilibrium lattice parameters, density and energy 

of formations while electronic properties included the partial density of states (PDOS), total 

density of states (TDOS) and band structures for all the systems. Furthermore, mechanical 

properties investigated the elastic constants, Pugh ratio and anisotropy while vibrational 

properties investigates the phonon dispersion curves for Ni0.3Mn0.5Co0.2CO3, Ni0.3Mn0.5Co0.2O2 

and their doped systems. The calculated lattice parameters and energy of formation could be 
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used for benchmarking in the future since no similar work was found in literature for 

comparison. Moreover, the calculated energy of formations revealed the relatively low and 

negative values for all the systems, suggesting thermodynamic stability. With the band 

structures, we found that Ni0.3Mn0.5Co0.2CO3 and Ni0.3Mn0.5Co0.2O2 structures were 

semiconductors with a direct gap of 0.004 eV and 0.036 eV with their doped systems also 

indicating metallic characteristics. Moreover, the partial density of states for our materials and 

their doped systems were also found to be metallic as there was no energy band gap observed 

at the Fermi line. Furthermore, the elastic constants revealed that all our systems recorded 21 

independent elastic constants which falls within the triclinic lattice systems. For a material to 

be considered mechanically stable within the triclinic system, there are conditions to be 

satisfied, hence Ni0.3Mn0.5Co0.2CO3 satisfied all the conditions suggesting mechanical stability 

while Ni0.3Mn0.5Co0.2O2 did not satisfy all the conditions implying mechanical instability. The 

phonon dispersion curves revealed that Ni0.3Mn0.5Co0.2CO3 was vibrationally stable while 

Ni0.3Mn0.5Co0.2O2 was vibrationally unstable due to the presence of negative vibrations along 

the Brillouin zone. Furthermore, the phonon dispersion curves for doped systems revealed that 

some are vibrationally stable while some are vibrationally unstable.  

Secondly, since the study focuses on manganese rich systems, cluster expansion technique was 

used to generate phases in the manganese rich side. From the results, various phases with varied 

concentrations and symmetries were produced by the ground-state phase diagram. The 

accuracy of new structures during cluster expansion fitting is indicated by the cross validation 

score (CVs) for all of the generated new structures being less than 5meV per active atom 

position. Since all of the developed structures have CVs below 5meV, this indicate that our 

calculations were valid and the newly generated structures will work realistically. From the 

phase diagram, we noticed that all the predicted phases are in the negative energy of formations 
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side (miscible constituent) which indicate thermodynamic stability. Moreover, of all the phases 

generated within the diagram, only phases in the manganese rich side were explored by using 

first principles calculations to further confirm their stability properties by determining their 

structural, electronic, mechanical and vibrational properties. The energy of formation results 

revealed that all the phases are thermodynamically stable while electronic properties revealed 

metallic characteristic for all the phases in the Mn-rich side. For mechanical properties, we 

found that few phases did not satisfy the triclinic conditions which implies mechanical 

instability while other phases were found to satisfy the conditions, indicating mechanical 

stability.  

Lastly, the carbonate co-precipitation method was used in this study to synthesize the transition 

metal carbonate precursors using a 4L stirred tank reactor (CSTR) under steady state 

circumstances. We produced Ni0.28Mn0.53Co0.19CO3 and Ni0.17Mn0.67Co0.17CO3 which was later 

lithiated to form LiNi0.33Mn0.53Co0.14O2 and LiNi0.17Mn0.67Co0.17O2 as our layered cathodes. 

Both the lithiated samples were further characterized for thermogravimetric analysis, x-ray 

diffractions, morphologies, EDX and XRF. Thermogravimetric analysis revealed 

thermodynamic stability for both samples while XRD’s also managed to produce the most 

crystalline peak at 003 indexing. The scanning electron microscopy was also tested to 

determine the particle size and distribution for both samples and the results revealed a 

homogeneous particle distribution in each sample. We further collaborated with University of 

Kent for the usage of the synchrotron beam of the Diamond light source to determine the effect 

of fluorination on our NMC samples. In particular, we wanted to check if fluorination reduces 

or increases the oxidation states of metals within our samples and results revealed that 

fluorination does not change the oxidation state of our samples. 
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PW          : Plane-Waves 

SIESTA     :  Spanish Initiative for Electronic Simulations with Thousand Atoms 

TA              :  Transverse Acoustic 

TO              :  Transverse Optical 

U                 :  Hubbard Parameter 

UNCLE      :  Universal Cluster Expansion 

VASP          :  Vienna ab initio Simulation Package 

SEM            :  Scanning electron microscopy 

XRD            :  X-ray Diffraction 

NiCd            : Nickel Cadmium 

NiMH           : Nickel-metal hydride 

PSD               : Particle size distribution 

NMC             : Nickel, manganese, cobalt 

LiFePO4          : Lithium iron phosphate 

LCA               : Lithium Nickel Cobalt Aluminium Oxide 

LTO               : Lithium titanate 

LMO              : Lithium Manganese Oxide” 
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1.1. Introduction 

Lithium-ion batteries (LIB) are rechargeable energy storage devices that have become global 

in modern electronics and are increasingly important in electric vehicles and grid energy 

storage systems [1, 2, 3]. They are known for their high energy density, relatively low self-

discharge rate, and lack of memory effect compared to other rechargeable batteries like nickel-

cadmium (NiCd) or nickel-metal hydride (NiMH) batteries [4]. Of all the different types of 

batteries available and currently commercialised, lithium-ion batteries (LIBs) have gained a 

significant segmentation in the market and are the most promising and the fastest growing 

battery technology [5]. A LIB cell is typically made up of two opposing electrodes, a positive 

electrode known as the cathode and a negative electrode known as the anode, both of which 

are in contact with a lithium ion rich liquid or a solid (polymer or ceramic) electrolyte. A third 

component known as a separator separates the two electrodes, cathode and anode, and is 

permeable to Li-ions but impermeable to oxygen. The performance and stability of a Li-ion 

battery depend on the properties of its components such as cathode, anode, electrolyte, and 

separator [6, 7, 8]. The basic working principle of a typical LIB cell is demonstrated in Figure 

1-1. Among these components, the cathode currently acts as a limiting factor that controls a 

large degree of the operation voltage and storage capacity [9]. Cathodes are also essential 

components that directly influence the LIB’s performance, energy density, cycle life and safety 

[10, 11]. Hence, the development of high performance with low cost cathodes is necessary to 

reduce the cost of LIBs. Furthermore, Innovations in cathode materials and designs are critical 

for advancing battery technology and enabling the development of more efficient, durable, and 

safer energy storage solutions for various applications. 
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Figure 1-1. Schematic diagram of Li-ion battery cell [12]. 

There are several types of cathode materials used in lithium-ion batteries, each with its own 

unique properties, advantages, and applications. Some common types includes Lithium Cobalt 

Oxide (LiCoO2), Lithium Iron Phosphate (LiFePO4), Lithium Manganese Oxide (LMO), 

lithium titanate (LTO) and recently, Lithium Nickel Cobalt Aluminium Oxide (NCA) and 

Lithium Nickel Manganese Cobalt Oxide (NMC) [13]. Amongst all these cathode materials, 

LiCoO2 (LCO) was the most widely used and commercialised cathode material [14], however 

this material was found to be toxic, very expensive and exhibiting low theoretical capacity of 

140 mAh/g when cycled between 3V and 4.2V hindering the  widespread application in 

lithium-ion batteries [15]. While lithium iron phosphate (LiFePO4) cathodes offered several 

advantages such as excellent thermal stability, safety, and long cycle life, they also had some 

disadvantages such as lower energy density, limited voltage, power density, high cost, limited 

temperature performance and voltage fade. Moreover, Lithium Nickel Cobalt Aluminium 

Oxide (NCA) cathodes offer several advantages including high energy density, good cycling 

stability, and high specific capacity. However, they also have some disadvantages such as 

thermal stability, high cost, limited cycle life and voltage fade. Furthermore, Lithium 
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Manganese Oxide (LMO) cathodes offer several advantages including good thermal stability, 

safety, and cost-effectiveness. However, they also have some disadvantages such lower energy 

density, limited voltage, reduced cycle life and voltage fade. Figure 1-2 compares the cost, 

lifespan, performance, safety, specific energy, and power of these cathode materials and among 

them all, the NMC cathode has the best all-around performance. 

 

Figure 1-2. Comparison of different types of cathode materials for lithium ion batteries 

[16] 

Due to the reported disadvantages of the well-known cathode materials for lithium ion 

batteries, there has been an extensive quest for researchers to find alternative cathode materials 

which exhibits high volumetric density and high specific reversible discharge capacity at low 

cost for application in Li-ion batteries [17, 18, 19]. As such, due to its advantages, NMC 

cathode has gained the popularity in the global LIBs market. Layered cathode materials are 

comprised of nickel, manganese and cobalt elements and known as NMC or LiNixMnyCozO2 

(x + y +z = 1) [20]. NMC has attracted a lot of attention in the battery industry as the alternative 
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cathode material for lithium ion batteries due to its low cost, environmental benign, high energy 

density, improved cycle life and high specific capacity of > 250mAh/g as compared to LCO 

system [21]. Compared to cobalt-based cathodes like lithium cobalt oxide (LiCoO2), NMC 

cathodes exhibit improved stability, reduced thermal runaway, and lower cost [22, 23, 24]. 

NMC’s encompass a range of compositions with different ratios of nickel (Ni), manganese 

(Mn), and cobalt (Co). These variations result in different performance characteristics, making 

them suitable for various applications. Combination of nickel, manganese and cobalt elements 

in NMC crystal structure, as shown in Figure 1-3 is reported to have a good structural stability. 

 

Figure 1-3. Crystal structure of R-3m LiMO2 layered oxide (M: Ni, Mn and Co) [25]. 

NMC’s are widely applied in electric vehicle (EV) systems as they deliver higher discharge 

capacity and greater mile-range per charge. The diversity in NMC materials is because of the 

different composition of nickel, cobalt, and manganese, forming Ni-rich NMC cathodes, Co-

rich NMC cathodes and Mn-rich NMC cathodes with various compositions for each element 

[26, 27].  

Nickel-rich NMC’s contains a higher proportion of nickel as compared to manganese and 

cobalt. It offers higher energy density and specific capacity, making it particularly suitable for 
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applications requiring higher energy storage capacity, such as long range electric vehicles 

(EVs) [28, 29]. Ni-rich NMC also offers the highest energy density with reduced cobalt content, 

making it cost-effective and environmentally friendly [30, 31, 32]. However, Ni-rich NMC 

cathodes are prone to capacity fading, severe surface reactivity and structural uncertainty which 

eventually lead to deterioration of performances [33, 34, 35]. They are also prone to voltage 

fade, where the cell's operating voltage gradually decreases over repeated charge-discharge 

cycles. This phenomenon is attributed to structural changes, phase transitions, and side 

reactions at the electrode-electrolyte interface, leading to irreversible capacity loss and reduced 

energy storage efficiency over time. Furthermore, Ni-rich NMC cathodes may also exhibit 

reduced thermal stability compared to other cathode materials, particularly at high states of 

charge or elevated temperatures. Thermal instability can lead to accelerated degradation, 

increased risk of thermal runaway, and safety hazards such as cell venting, fire, or explosion, 

posing challenges for battery safety and reliability [36, 37]. 

While on the other hand, Mn-rich NMC’s contains a higher proportion of manganese as 

compared to nickel and cobalt. Although the Ni-rich NMC cathode materials have been studied 

extensively, the experimental and computational investigations on Mn-rich NMC cathodes are 

relatively limited [38, 39, 40]. As such in this study we investigate the Mn-rich NMC’s as 

promising cathode materials for lithium ion batteries as they offer a high discharge capacity of 

230 mAh g−1 as compared to the traditional LiCoO2, LiMn2O4, and LiFePO4 cathodes, when 

operated above 4.6 V [41, 42, 43]. Mn-rich NMC cathodes can achieve high energy densities 

due to their composition of nickel, manganese, and cobalt. This combination allows for a 

balance between specific energy and power density, making them suitable for various 

applications ranging from consumer electronics to electric vehicles and grid storage. Moreover, 

Mn-rich NMC cathodes can offer improved cycle life compared to other cathode materials, 
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such as lithium iron phosphate (LiFePO4) or lithium manganese oxide (LMO). This increased 

cycle life is attributed to the stable crystal structure and minimal capacity fade observed during 

charge-discharge cycling, leading to longer-lasting batteries with extended operational 

lifetimes. Therefore, to explore the impact of Mn concentration on NMC-based cathodes and 

to understand the effect that composition can have on rate capability of these high energy 

density electrodes, for this study we prepared the following compositions: Ni0.3Mn0.5Co0.2CO3 

and Ni0.3Mn0.5Co0.2O2 and calculated their stability properties using both computational and 

experimental methods. 

Due to current advances in computer techniques, computational methods have become widely 

used in materials science research [44]. These methods allow the calculation of material 

properties without the need for actual synthesis, which allows obtaining properties that are 

difficult to measure experimentally in a short time and with limited resources. Computational 

methods can calculate various properties of cathode materials including electrochemical 

performance [45], thermal, chemical and structural stability [46]. These computational 

approaches' qualities allow them to get around the resource and time constraints of the 

experimental methods that are currently in use. To create a material with perfect properties, the 

ideal atomic arrangement can be predicted in advance, which can shorten the amount of time 

needed for modelling before experimentation [47, 48, 49]. Furthermore, by comparing the 

computational results to the experimental data, it is possible to ascertain a high level of 

computational accuracy. This, in turn improves the reliability of computational results. As a 

result, computations and experiments can complement one another, leveraging their respective 

strengths and deficiencies. 
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1.2. Cathode Materials for Lithium ion batteries 

Cathode materials are critical components of lithium-ion batteries influencing their energy 

density, voltage, cycle life, safety, cost, and sustainability [50, 51, 52]. Advances in cathode 

material development and optimization are essential for driving improvements in battery 

performance, enabling the transition to cleaner energy solutions, and addressing the evolving 

needs of diverse applications ranging from consumer electronics to electric transportation and 

grid energy storage. [53, 54]. When compared to the electrolyte and anode electrode, the 

cathode electrode of LIB is the heaviest and most expensive component. Due to the ever-

increasing energy and power demands from various energy-hungry sources, there has been a 

lot of interest in improving the performance of Lithium-ion batteries by focusing on high-

performing cathode materials [55, 56]. Cathode material being a key component in lithium-ion 

batteries, is one of the primary way for the improvement of energy-density of lithium-ion 

battery [57, 58]. Currently, the widely researched and commercially used cathode materials 

mainly include the lithiated transition metal oxide, spinel and polyanion compounds including 

layered-type structure compounds such as LiMO2 (M=Ni, Co, Mn), Lithium-rich materials 

xLi2MO3▪(1−x) LiM'O2 (M=Mn, Fe, Co), spinel-type structure compounds LiM2O4 (M=Mn, Co, 

Ni), olivine-type structure compounds LiMPO4 (M=Fe, Co, Mn), tavorite-type structure 

compounds LiMPO4F (M=Fe, V), borate-type compounds LiMBO3 (M=Fe, Co, Mn) and 

silicate-type compounds Li2MSiO4 (M=Fe, Mn, Co)  [59, 60]. So far, the crystal structure of 

the commonly used cathode material, the mechanism of Li+ intercalation/de-intercalation and 

the fine-structure change on electrochemical performance of LIBs have been intensely studied. 

Fig.1-4 shows the crystal structure of each commonly used cathode materials.  
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Figure 1-4. Crystal structures for (a) LiMO2, (b) LiM2O4, (c) LiMPO4, (d) LiMPO4F, (e) 

LiMBO3 and (f) Li2MSiO4 [61]. 

The crystal structure of LiMO2 series cathode materials is bedded rock-salt. The tightly packed 

oxygen ions combined with transition metal ions located at the octahedral positions form stable 

MO2 layers with lithium ions embedded between the layers as shown in Fig. 1-4 (a). Although 

the structure grants the transition metal elemental lithiated oxides with a relatively large mass 

and volumetric theoretical capacity, the actual specific capacity only reaches half of it. 

Furthermore, their high cost and thermal instability are unavoidable disadvantages. To 

overcome some of these issues, binary and ternary layered cathode materials have been 

developed by partially elemental substitutions. Ohzuku et al. firstly revealed the 

electrochemical properties of binary LiNi0.5Mn0.5O2 [62] followed by ternary nickel cobalt 

manganese LiNixCoyMnzO2 cathode materials with different weight proportion which have 

been explosively investigated [63]. Figure 1-5 (a) shows the development process on layered-

structured cathode materials. In recent days, the researcher's effort has turned to the Ni-rich, 

Mn-rich and Co-free directions to obtain cathode material for LIBs with the balance of 

electrochemical performances and eco-friendly.  With the advancement of research on layered-

https://www.sciencedirect.com/topics/engineering/nickel-manganese-cobalt
https://www.sciencedirect.com/topics/engineering/nickel-manganese-cobalt
https://www.sciencedirect.com/science/article/pii/S2095495619307909#fig0003
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type cathode materials, lithium and manganese-rich materials are now regarded as one of the 

most promising cathode materials for LIBs.  

 

Figure 1-5. (a) The development of layered LiMO2 cathode and (b) Schematic diagram 

of the compositional phase related to LiMO2 (M: Ni, Mn, Co). The shaded part 

represent the nickel rich layered cathode material [64]. 

1.3. Rationale 

Of all the different types of batteries available and currently developed, lithium-ion batteries 

(LIBs) have gained a significant segmentation in the market and are the most promising and 

the fastest growing battery technology [5, 65, 66]. They offer very high energy densities, have 

low self-discharge and can operate at higher voltage of 3.7V compared to other battery 

candidates, which offer only up to 1.2V [67]. Since Li-ion batteries are the first choice source 

of portable electrochemical energy storage, improving their performance and reduction of high 

costs can greatly expand their applications and enable new technologies which depend on 

energy storage. The performance of any Li-ion battery greatly depends on the physical and 

chemical properties of the cathode material, which serves as a host for Li ions. Lithium cobalt 

oxide (LiCoO2) has been the most widely used and commercialised cathode material due to its 

good capacity and energy density [14]. However this material was reported to have 

disadvantages such as poor thermal stability, low cyclic stability, high cost, toxicity and safety 

issues [68, 69]. As a result, there has been an extensive quest for researchers to find cathode 

materials with high volumetric density and high specific reversible discharge capacity for the 
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application in Li-ion batteries. Therefore, three classes of metal oxide cathodes have been 

discovered such as olivine, spinel and layered. Olivine structure has a one-dimensional 

diffusion pathway. Metal oxide cathodes offer advantages such as low cost and high thermal 

stability, yet suffers from poor electronic conductivity and low energy density. Thus, cathode 

materials with olivine structure are not ideal for applications that require high volumetric 

energy density. With a three-dimensional diffusion pathway, spinel structure materials have 

high electrical and lithium ion conductivity to achieve good reversibility during the charge-

discharge process. Layered cathode shows high capacity, high energy density and high working 

voltage [70]. The layered structure is undoubtedly the most practical and promising cathode 

material for lithium ion batteries.  

Layered LiNiMnCoO2 composites have recently attracted a lot of interest as alternative high 

energy density cathode due to their low cost and less toxicity than the most widely 

commercialised LCO [71, 72]. The LiNiMnCoO2 material also served as an alternative cathode 

because it can be charged to higher cut-off potentials due to the presence of Mn4+, which 

stabilizes the structure and delivers higher practical capacities ( >160 mAh/g). NMC can exist 

in several different stoichiometric ratios between the Ni, Mn and Co atoms [73]. These different 

compositions can affect various properties such as structural stability, chemical stability and 

capacity. Ni, Mn and Co contributes to enhance the performance of LiNMCO2 in different 

ways. Ni-rich compositions demonstrate high discharge capacity [74], Mn-rich compositions 

maintain better cycle life and thermal safety [75] while Co-rich compositions provide excellent 

rate capability. Composite lithium and manganese rich compounds have even become more 

attractive cathode materials due to their high capacity and also improved structural stability 

[76, 77]. However the electrochemical performance of these composites materials strongly 

depends upon the physical properties of the precursor materials that serve as source for lithium 

https://www.sciencedirect.com/topics/chemistry/conductivity
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[78]. Co-precipitation is a popular approach to synthesise precursors for transition metal oxide 

cathode materials used in lithium-ion batteries. Currently, Li-ion battery materials largely use 

the hydroxide co-precipitation to produce the transition metal hydroxide precursors [79]. The 

problem with hydroxide co-precipitation is that oxidation of the cation is possible, which means 

cations may oxidise to higher than the 2+ valency, specifically manganese oxidation leading to 

deviation from the desired stoichiometry [80, 81]. Hence, using this method for precursor 

preparation is quite difficult. Meanwhile, with carbonate co-precipitation, the +2 valence of 

Mn and the cations are stable in an aqueous solution. Therefore, the carbonate co-precipitation 

method is considered to be more effective for industrial applications due to the ease of 

reproducibility [82, 83]. Hence, in this work we investigate the structural, energetic, electronic, 

elastic and vibrational properties of the Mn-rich NMC with high concentration of Mn and low 

concentrations of Ni and Co by mimicking their stability trends at ambient conditions. In 

particular, we calculate their cell parameters, heats of formation, band structures, density of 

states, elastic constants and phonon dispersion curves using computational techniques. We 

further synthesize the Mn-rich NMC using the semi-batch carbonate co-precipitation method 

to check their morphology, X-ray diffraction and particle size distributions. Furthermore, we 

also investigate the phase stability of ternary NMCCO3 precursors considered for this study by 

generating their phase diagrams using the cluster expansion method. Hence, we hope to 

produce more improved, desirable and non-toxic Mn-rich NMC cathode for Li-ion batteries.  

1.4. Doping NMC’s 

Doping Nickel Manganese Cobalt Oxide (NMC) cathodes involves introducing small amounts 

of additional elements into the crystal lattice of the material. Advantages of doping involve 

performance enhancement, voltage stability and cost reduction [84, 85]. Doping can improve 

the electrochemical performance of NMC cathodes by modifying their electronic and structural 
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properties. In this study we doped with elements like fluorine (F), chromium (Cr), titanium (Ti) 

and niobium (Nb) to stabilize the crystal structure and enhance lithium ion diffusion kinetics 

leading to improved charge/discharge rates and better cycling stability.  

Fluorine doping can help enhance the structural stability of Mn-rich NMC cathodes by 

stabilizing the crystal lattice and minimizing structural distortions during charge and discharge 

cycles [86]. This can mitigate phase transitions, reduce strain on the electrode material, and 

improve the cycling stability of the battery, leading to longer-lasting and more reliable energy 

storage systems [87]. Fluorine doping can enhance the electrochemical performance of Mn-

rich NMC cathodes by optimizing the lithium ion diffusion kinetics and charge transfer 

processes. This can result in higher specific capacities, improved rate capabilities, and lower 

polarization, enabling the battery to deliver higher power outputs and support faster charging 

and discharging. Moreover, Fluorine doping can contribute to improved voltage stability of 

Mn-rich NMC cathodes during cycling [88]. By minimizing voltage fade and maintaining a 

more stable operating voltage, fluorine-doped NMC cathodes can enhance the energy 

efficiency and capacity retention of lithium-ion batteries, ensuring consistent performance over 

the battery's lifespan.  

Furthermore, doping Mn-rich NMC cathodes with chromium, titanium and niobium holds 

promises for optimizing the performance, stability, safety of lithium-ion batteries, contributing 

to the development of high-performance energy storage solutions for various applications 

including electric vehicles, grid energy storage, and portable electronics [89, 90, 91]. Further 

research and development efforts are needed to fully understand the mechanisms and optimize 

the synthesis methods of doped NMC cathodes to unlock their full potential and accelerate their 

commercialization. 
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1.5. Intensions of the study 

Portable electronic gadgets are becoming increasingly popular for communication, data 

processing, entertainment and other applications. Furthermore, the idea of widespread 

commercial use of electric vehicles is becoming more and more realistic. These advancements 

have created a demand for the continuous development of more efficient batteries with a variety 

of critical features. Rechargeable lithium batteries have proven to be one of the most successful 

solutions to achieve these goals for low load applications. A crucial key towards a good battery 

design is concerned with the choice of cathode material. So since the cathode material has a 

crucial role in accelerating popularization and adaptation of the Li-ion secondary battery, 

developing an optimum cathode material with high energy density, long cycle life and excellent 

thermal stability have become a hot topic around the world. Hence in this thesis we investigate 

the layered transition metal carbonate precursors as cathode materials for high energy density 

lithium ion batteries. 

In particular, we investigate the stability properties of NiMnCoCO3, NiMnCoO2 with high 

concentration of Mn and minor amounts of Ni and Co using first-principles density functional 

theory with Hubbard correction (DFT+U). The Hubbard U parameter is introduced to deal with 

the strongly correlated systems [92]. We employ plane-wave pseudopotential techniques as 

embodied in Vienna ab-initio simulation package (VASP) code for equilibrium ground-state 

properties and the PHONON code [93] for determining their vibrational frequencies. We 

further synthesized Mn-rich NMC carbonates under semi-batch mode using carbonate co-

precipitation method to investigate their morphologies. The main purpose of this work is to 

attain the elementary and fundamental understanding on the stability properties of Mn-rich 

NiMnCoCO3. Computationally, four properties will be determined to investigate the stabilities; 

namely structural, thermodynamic, electronic and mechanical. In the case of structural and 



32 

 
 

 

thermodynamic properties, the equilibrium cell parameters and heats of formation (ΔHf) will 

be calculated, where the structure with stable equilibrium volume and more negative ΔHf value 

will be considered the most stable phase. Further investigations on stability properties will be 

performed by computing the electronic density of states, in particular observing electronic 

states behaviour near the Fermi level with respect to the band gap. We will perform first-

principles phonon dispersion calculations, which play an important role in determining 

vibrational properties of materials. The elastic constants, bulk modulus, shear modulus and 

Young’s modulus and anisotropy factors to evaluate the elasticity of structures will be 

calculated. Finally, the thermogravimetric analysis will be calculated to check the changes in 

the mass of material as a function of time either at a selected temperature or over a particular 

temperature range. X-ray diffractions will also be calculated to study the crystalline structure 

of our materials. Furthermore, Scanning Electron Microscopy was used to reveal details about 

the particle size, shape, distribution, and surface features of these materials. 

1.6. Outline of the study 

Chapter 1 consists of general introduction of the study, cathode materials for lithium ion 

batteries, applications, the rationale and intensions of the study. 

Chapter 2 discusses theoretical aspects and methodologies used throughout this work, in 

particular the computational techniques and the experimental techniques such as density 

functional theory, cluster expansion and carbonate co-precipitation. 

Chapter 3 presents the calculations in details, results, discussions on structural properties 

lattice parameters, electronic properties and mechanical properties of pure NMCCO3, NMCO2, 

doped NMCCO3 and doped NMCO2 structures where ab initio methods have been invoked. 
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Chapter 4 consists of cluster expansion back round for ternary phase diagram. This chapter 

also outlines the First principles calculations for the newly generated phases found in the 

manganese rich side. 

Chapter 5 discusses the experimental results for NMCCO3 materials and compare with 

available experimental data.  

Chapter 6 Finally, a short summary of the main results presented in this thesis, several 

recommendations for future research and references are listed in this chapter.  
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Computational and Experimental Methods 

2.1. Introduction 

 

In this chapter we report on the theoretical background and computational methods used in this 

study. We will use computer simulation techniques, which provide an alternative method of 

investigating material properties (via computers), in which the simulator creates a model of a 

real system and investigates its behaviour. The mathematical model is physically based, and 

the investigation is carried out on a computer. In many ways, these simulation studies are 

similar to experimental investigations. However, in a simulation, there is complete control and 

access to detail, and if enough computer power is available, exact answers for the model can 

be obtained. The ab initio method is the most well-known computational technique. Ab initio 

is a group of methods for calculating the properties of materials, such as the values of the 

fundamental constants and the atomic numbers of the atoms present, using the Schrödinger 

equation. Density functional theory (DFT), Hartree-Fock (HF), and post-Hartree-Fock (PHF) 

methods are among them. We will only use density functional theory to predict the ground-

state energies of many-body systems in this study. We also discuss the plane-wave 

pseudopotentials, VASP and PHONON codes that are embedded in the MedeA software. 

Furthermore, carbonate co-precipitation method will also be used to synthesize the transition 

metal carbonate precursors. 

2.2. Density Functional Theory 

Density functional theory (DFT) is a quantum mechanical theory used in physics and chemistry 

to study the electronic structure and ground state properties of many body systems. The theory 



35 

 
 

 

was based on formulae by Hohenberg and Kohn [92] Sham in the 1960's using two theorems 

to provide the foundation of accurate calculations. The first theorem states that for any system 

of interacting particles in an external potential𝑉(𝑟), the external potential is uniquely 

determined by the ground state density [93]. This theorem provides essential foundation for 

reducing a many-body system by the use of functional of the electron density.  

𝐸 = 𝐸[𝜌]                                                                                                         (2-1) 

Where 𝐸 is the total energy and 𝜌 is the electron density. In DFT, the total electron density is 

decomposed into one-electron density which is constructed from one-electron wave functions. 

The idea of using the electron density as the fundamental entity of a quantum mechanical theory 

of matter originates in the early days of quantum mechanics in the 1920’s, especially from the 

work of Thomas and Fermi [94]. However, in the subsequent decades, it was rather the Hartree-

Fock approach [95], which was developed and applied to small molecular systems. 

Calculations on realistic solid state systems were then out of reach. In 1951, Slater [96] used 

ideas from the electron gas with the intention to simplify Hartree-Fock theory to a point where 

electronic structure calculations on solids became feasible. Slater's work, which led to the so-

called 𝑋𝛼 method, has contributed tremendously to the development of electronic structure 

calculations. In solid-state systems, the electron density is a scalar function defined at each 

point 𝑟 in real space,  

𝜌 =  𝜌(𝑟)                                                                                                         (2-2) 

The electron density and the total energy depend on the type and arrangements of the atomic 

nuclei. Therefore, one can write  

     RrEE ,
                                                                                              (2-3) 
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where the set {𝑅𝛼} denotes the positions of all atoms in the system under consideration. 

Equation (2-3) is the key to an atomic-scale understanding of electronic, structural and dynamic 

properties of matter. If one has a way of evaluating expression (2-3), one can for example, 

predict the equilibrium structure of solid and predict the reconstruction of surfaces and the 

equilibrium geometry of molecules adsorbed on surfaces. Furthermore, the derivative of the 

total energy (2-3) with respect to the nuclear position of an atom gives the force acting on that 

atom. This enables the efficient search for stable structures and more importantly for the study 

of dynamical processes such as diffusion or the reaction of molecules on surfaces. Most of the 

considerations discussed here are based on the Born-Oppenheimer approximation [97] in which 

it is assumed that the motions of the electrons are infinitely faster than those of the nuclei. In 

practice this means that the electronic structure is calculated for a fixed atomic arrangement 

and the atoms are then moved according to classical mechanics. This is a fairly good 

approximation for heavy atoms like tungsten (W), but may cause errors for light atoms such as 

hydrogen (H) or lithium (Li).  

In density functional theory, the total energy is decomposed into three contributions namely; a 

kinetic energy (𝑇0), Coulomb energy due to classical electrostatic interactions among all 

charged particles in the system (𝑈) and a term called exchange-correlation energy (𝐸𝑋𝐶) that 

captures all many-body interactions.  

𝐸 =  𝑇0 + 𝑈 +  𝐸𝑋𝐶.                                                                             (2-4) 

Where 𝑇0  is the kinetic energy, 𝑈 is the Coulomb energy and 𝐸𝑋𝐶 is the exchange correlation 

energy. It is purely classical and contains the electrostatic energy arising from the Coulomb 

attraction between electrons and nuclei, the repulsion between all electronic charges and the 

repulsion between nuclei. It can be written as follows;  
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 where 𝑒 is the elementary charge of a proton and 𝑍𝛼
′ is the atomic number of atom 𝛼. The 

summations extend over all atoms and the integrations over all space. Once the electron 

density, atomic numbers and positions of all atoms are known, expression (2-6) to (2-8) can be 

evaluated by using the techniques of classical electrostatics. 

In density functional theory, the "real" electrons of a system are replaced by "effective" 

electrons with the same charge, mass and density distribution. However, effective electrons 

move as independent particles in an effective potential, whereas the motion of a "real" electron 

is correlated with those of all other electrons. 𝑇0 is referred to as the sum of kinetic energies of 

all effective electrons moving as independent particles. Often, one does not explicitly make 

this distinction between real and effective electrons.  

If each effective electron is described by a single particle wave function, 𝛹𝑖 then the kinetic 

energy of all effective electron in the system is given by the following equation. 
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Expression (2-9) is the sum of the expectation values of one-particle kinetic energies were 𝑛𝑖 

denotes the number of electrons in state 𝑖,  𝛹𝑖 is a single particle wave-function and [ 
−ℏ2

2𝑚
 ∇2 ] 

is the time dependent Schrödinger equation. By construction, the dynamical correlations 

between the electrons are excluded from 𝑇0.  

The third term of Eq. (2-4) which is called the exchange-correlation energy, 𝐸𝑥𝑐 includes all 

remaining complicated electronic contributions to the total energy. The Hohenberg-Kohn-

Sham theorem [98], which is a central part of density functional theory, states that the total 

energy is at its minimum value for the ground state density and that the total energy is stationary 

with respect to first-order variations in the density as shown in equation 2-10. 
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                                                                          (2-10) 

In conjunction with the kinetic energy, we have introduced one-particle wave-function 𝛹𝑖(𝑟), 

which generate the electron density.  

   
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                                                                                    (2-11) 

where 𝑛𝑖 denotes the occupation number of the eigenstate 𝑖, which is represented by the one-

particle wave function 𝛹𝑖. By construction, 𝜌(𝑟) in Eq. (2-11) is the exact many-electron 

density.  

The goal of the next step is the derivation of equations that can be used for practical density 

functional calculations. The variational condition (2-10) can be used to derive the conditions 

for the one-particle wave-functions that lead to the ground state density. To this end, one 
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substitutes Eq. (2-11) in expression (2-10) and varies the total energy with respect to each wave 

function. This procedure leads to the following equations:  

 [
ℏ2

2𝑚
△2+ 𝑉𝑒𝑓𝑓(𝑟)]𝜑𝑖(𝑟) = 𝜀𝑖𝜑𝑖(𝑟) 𝑤ℎ𝑒𝑟𝑒 𝑉𝑒𝑓𝑓(𝑟) = 𝑉𝑐(𝑟) + 𝜇𝑥𝑐[𝜌(𝑟)]                    (2-12)                                                           

Equations (2-12) are called the Kohn-Sham [99] equations. The electron density, which 

corresponds to these wave-functions, is the ground state density which minimizes the total 

energy. As a consequence of the partitioning of the total energy (2-4), the Hamiltonian operator 

in the Kohn-Sham equations (2-12) contains three terms, one for the kinetic energy, the second 

for the Coulomb potential and the third for the exchange-correlation potential. The kinetic 

energy term is the standard second-order differential operator of one-particle Schrödinger 

equations and its construction does not require specific knowledge of a system. In contrast, the 

Coulomb potential operator, 𝑉𝑐(𝑟) and the exchange-correlation potential operator, depend on 

the specific electron distribution in the system under consideration. The Coulomb or 

electrostatic potential 𝑉𝑐(𝑟) at point 𝑟 is generated from the electric charges of all nuclei and 

electrons in the system. It can be evaluated directly in a real space using equation 2-13 as 

follows;  
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                                          (2-13) 

In condensed systems it is more convenient to use Poisson's equation shown in 2-14  

   rqerVC

22 4
                                            (2-14) 

to calculate the electrostatic potential. Here, 𝑞(𝑟) denotes both the electronic charge 

distribution 𝜌(𝑟) and the positive point charges of the nuclei at positions 𝑅𝛼. The exchange-

correlation potential is related to the exchange-correlation energy by equation 2-15 below.  
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Equation (2-15) is formally exact in the sense that it does not contain any approximations to 

the complete many-body interactions. Therefore, from the above discussions, the Kohn-Sham 

total energy functional can be expressed as;  
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                             (2-16)  In 

practice however, the exchange-correlation energy (and thus the exchange-correlation 

potential) is not known and one has to make approximations which will be discussed in the 

next section.  

2.3. “Approximation Methods 

2.3.1. Local density approximation 

Local density approximation (LDA) is a set of approximations to the 𝐸𝑥𝑐 functional in DFT 

that is determined by the electronic density at each point in space. LDA demonstrates that 𝐸𝑥𝑐 

is similar to that for a locally uniform electron gas with similar density in regions where there 

is slow variation in charge density [100]. Several different schemes have been developed for 

obtaining approximate forms for the functional exchange-correlation energy. The simplest 

accurate approximation, for non-magnetic systems is to assume that the exchange-correlation 

energy is dependent only on the local electron density 𝑑(𝑟) around each volume element. Local 

density approximation (LDA) gives the correct sum rule for the exchange correlation hole 

[101].In the local density approximation the exchange correlation energy is given by equation 

2-17;  
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       drrrE xcxc  0

                                                                                      (2-17) 

 Where 𝜌(𝑟) is the electron density while 𝜀𝑥𝑐
0  denotes the exchange correlation potential. The 

exchange-correlation energy is taken from the known results of the many-electron interactions 

in an electron system of constant density (homogeneous electron gas). The exchange-

correlation energy of the total molecule or solid is the integral over the contributions from each 

volume element. LDA is based upon two basic assumptions; the first being that exchange and 

correlation effects are mainly from the immediate locality of point 𝑟  and the second being that 

these exchange and correlation effects are slightly independent on the alteration of the electron 

density in the locality of 𝑟 [102]. The fulfilment of these two conditions results in the same 

contribution from the volume element 𝑑𝑟 as if this volume element was surrounded by a 

constant electron density 𝜌(𝑟) of the same value within 𝑑𝑟. For this study we have utilised the 

LDA+U method which has been widely implemented to correct the approximate DFT 𝑥𝑐 

functional. The LDA+U method works in the same way as the standard LDA method to 

describe the valence electrons. However, for the strongly correlated electronic states (𝑑 and 𝑓 

orbitals), the Hubbard model is implemented for a more accurate modelling. Therefore, the 

total energy of the system (𝐸𝐿𝐷𝐴+𝑈) is typically the summation of standard LDA energy 

functional (𝐸𝐻𝑢𝑏) for all the states and the energy of the Hubbard functional that describes the 

correlated states. Based on the simplified 𝐿𝐷𝐴 + 𝑈 form, it has been customary to utilise the 

effective 𝑈 parameter as shown in equation 2-18, instead of the interaction 𝑈 parameter. 

𝑈𝑒𝑓𝑓 = 𝑈 − 𝐽                                                                                                         (2-18) 

Where the  "𝐽" parameter is known as the exchange interaction term which accounts for Hund’s 

rule coupling. 



42 

 
 

 

2.3.2. Generalized gradient approximation 

Gradient-corrected density functional as suggested by Perdew [103], Becke [104], Wang [105] 

and Perdew, Burke and Ernzerhof [106] offer a remedy to the LDA discussed above. The basic 

idea with these schemes is the inclusion of terms in the exchange-correlation expressions that 

depend on the gradient of the electron density and not only on its value at each point in space. 

Therefore, these corrections are also sometimes referred to as "non-local" potentials. Table 2.1 

gives the form suggested by Becke (1988) for the exchange part and Perdew (1986) for the 

correlation. Energies are given in Hartree atomic units; the units for the electron and spin 

densities are number of electrons / (Bohr radius)3. The constant b in Becke's formula is a 

parameter fitted to the exchange energy of inert gases. The explicit form of the functions f and 

g in Perdew's expression for the correlation energy is given in the original paper by Perdew 

[106]. While dissociation energies calculated with these corrections rival in accuracy the best 

post-Hartree-Fock quantum chemistry methods, gradient corrected density functional 

calculations are computationally much less demanding and more general. Gradient corrected 

density functionals have been studied extensively for molecular systems, for example by 

Andzelm and Wimmer [107].The results are very encouraging and this approach could turn out 

to be of great value in providing quantitative thermochemical data. The one-particle 

eigenvalues obtained from the gradient-corrected exchange-correlation potentials are not 

significantly different from the LDA eigenvalues. Therefore, these potentials do not (and are 

not intended to) remove the discrepancy between calculated and measured energy band gaps. 

Table 2-1. Gradient-correction to the total energy for exchange by Becke and 

correlation by Perdew. 
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The use of GGA has little influence on local properties and tends to overestimate the bond 

lengths and cell parameters, but does lead usually to a significant improvement in global 

changes in the total energy, such as those that result when two atoms combine to make a 

molecule. In this work, we used the Perdew Burke Ernzerhof [106] form of the LDA+U, which 

was designed to be more robust and accurate for metallic systems.  

2.4. Plane-wave pseudopotential method 

2.4.1. Plane-waves and pseudopotentials 

Plane-waves and pseudopotentials are hallmark method of calculating the electronic and atomic 

structures of interfaces, and they also form a very natural alliance. They are so fundamental 

that their strength and weakness deserve special attention. In plane-waves pseudopotential 

method, the model system is constructed in 3D periodic supercell which allows Bloch’s 

theorem to be applied to the electron wave-functions: 

𝛹𝑛,𝑘(𝑟) =  𝑢𝑛,𝑘(𝑟)𝑖𝑘𝑟                                                                                  (2-19) 
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The function 𝑢(𝑟) has the periodicity of supercell. It can be of any suitable mathematical form 

and usually one chooses a series expansion in terms of a set of basis function. Plane-waves are 

used for this expansion, so that each single-electron wave-function 𝛹𝑛𝑘 is written as follows. 

        .rGkieGur knkn ,,                                                                               (2-20) 

The 𝜇𝑛𝑘 are the expansion coefficients. The wave-vectors 𝐺 are such that the plane-waves are 

commensurate with the supercell. Both the number of 𝐺-vectors in the sum and the number of 

𝑘 ,𝑠 considered should in principle be infinite. The exponential term is a plane-waves of wave-

vector 𝑘 which must be commensurate with the entire system (i.e. not just the periodically-

replicated cell). For an infinite system there is an infinite number of 𝑘 vectors, at each of which 

solutions for 𝛹𝑛𝑘 exist. This simply reflects the fact that the number of electrons is infinite. 

However, a great simplification comes about when one realises that the change in 𝛹𝑛𝑘 with 𝑘 

becomes negligible for 𝑘-points that are close together. This means that one may calculate at a 

finite number of 𝑘-points. We speak of this idea as 𝑘-point sampling. The set of vectors {𝐺}, 

on the other hand, should in principle be infinite to obtain an exact representation of the wave-

function. This is never necessary because summing over a finite number of 𝐺’s will yield 

sufficient accuracy. Plane-waves basis set has many advantages such as; unbiased, 

completeness, single convergence criterion, mathematical simplicity and their derivatives are 

products in k-space and independence of atomic positions. On the other hand, they have 

disadvantages such that number of plane-waves needed being determined by the greatest 

curvature of the wave-function and empty space has the same quality of representation and cost 

a regions of interest. The advantages speak for themselves, for example the first three indicate 

that one can always ensure that the basis set is adequate for a calculation by increasing the 

number of plane-waves until the quantity of interest stops changing. In other words, the quality 
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of the basis set depends on a single parameter, usually expressed as the energy of free electron 

whose wave-function has the same wave-vector as the largest wave-vector in the plane-wave 

basis. 
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                                                                                       (2-21) 

All plane-waves of ‘energy’ less than the cut-off energy 𝐸𝑐 are used in the expansion. The 

mathematical simplicity of plane-waves means the method is easier to implement, crucially so 

for the calculation of ionic forces which adds little complexity or cost to the calculation. 

Equally important in this context is the origin-less nature of plane-waves. Their independence 

from atomic positions means that the forces do not depend on the basis set—there are no 

‘Pulay’ or ‘wave-function’ forces [108]. Even more important, new developments are easiest 

in plane-wave codes. An idea to calculate a property is most rapidly realised in a plane-wave 

basis and even if other methods catch up in time, the plane-wave approach remains as the 

reference. From a computational viewpoint the first of the disadvantages appears to be very 

serious.  

2.4.2. Pseudopotential approximation 

The rapid oscillations of the wave-functions near to the nucleus, due to the very strong potential 

in the region and the orthogonality condition between different states, mean that a very large 

cut-off energy and hence basis set would be necessary. Fortunately, the study of physics and 

chemistry shows that the core electrons on different atoms are almost independent of the 

environment surrounding the atom and that only the valence electrons participate strongly in 

interactions between atoms. Thus, the core electron states may be assumed to be fixed and a 

pseudopotential may be constructed for each atomic species which takes into account the 
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effects of the nucleus and core electrons [109]. The pseudopotential approximation allows the 

electronic wave-functions to be expanded using a much smaller number of plane-wave basis 

states. It is well known that most physical properties of solids are dependent on the valence 

electrons to a much greater extent than on the core electrons. The pseudopotential 

approximation exploits this by removing the core electrons and replace them with strong ionic 

potential using a weaker pseudopotential that acts on a set of pseudo wave-functions rather 

than the true valence wave-functions. An ionic potential, valence wave function and 

corresponding pseudopotential and pseudo wave functions are illustrated in figure 2.1. The 

valence wave-functions oscillate rapidly in the region occupied by the core electrons due to the 

strong ionic potential in the region. These regions maintain the orthogonality between the core 

wave-functions and the valence wave-functions, which is required in the Pauli’s exclusion 

principle [110].  

 

Figure 2-1. Schematic illustration of all-electron (solid) and pseudo-electron (dashed 

line) potentials and their corresponding wave function [111]. 

The pseudopotential is constructed in such a way that its scattering properties or phase shifts 

for the pseudo wave-functions are identical to the scattering properties of the ion and the core 
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electrons for the valence wave-functions, but in such a way that the pseudo wave-functions 

have no radial nodes in the core region. The phase shift produced by the ion core is different 

for each angular momentum component of the valence wave function and so the scattering 

from the pseudopotential must be angular momentum dependent. The most general form for 

pseudopotential is 


lm

lNL lmVlmV

                                                                                                   (2-22) 

Where 
lm

 are the spherical harmonics and 𝑉𝑙 is the pseudopotential for angular momentum 

(𝑙). Acting on the electronic wave function with this operator decomposes the wave function 

into the spherical harmonics, each of which is the multiplied by the relevant pseudopotential 

(𝑉𝑙). A pseudopotential that uses the same potential for all the angular momentum components 

of the wave function is called a local pseudopotential. Pseudopotential is a function only of the 

distance from the nucleus. It is possible to produce arbitrary, predetermined phase shifts for 

each angular momentum state with a local potential. However, there are limits to the amount 

that the phase shifts can be adjusted for the different angular momentum states while 

maintaining the crucial smoothness and weakness of the pseudopotential. Without a smooth, 

weak pseudopotential it becomes difficult to expand the wave-functions using a reasonable 

number of plane-waves basis states. 

2.5. k-sampling 

Electronic states are allowed only at a set of k-points determined by the boundary conditions 

that apply to the bulk solid. The density of allowed k-points is proportional to the volume of 

the solid. The infinite numbers of electrons in the solid are accounted for by an infinite number 

of k-points and only a finite number of electronic states are occupied at each k-point.  
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The Bloch theorem [112] changes the problem of calculating an infinite number of electronic 

wave-functions to one of calculating a finite number of k-points. The occupied states at each 

k-point contribute to the electronic potential in the bulk solid so that in principle an infinite 

number of calculations are needed to compute this potential. However, the electronic wave-

functions at k-points that are very close are identical. Hence it is possible to represent the 

electronic wave-functions over a region of k-space by the wave-functions at the single k-point. 

In this case the electronic states at only a finite number of k-points are required to calculate the 

electronic potential and hence determine the total energy of the solid.  

Methods have been devised for obtaining very accurate approximations to the electronic 

potential from a filled electronic band by calculating the electronic wave-functions at special 

sets of k-points. The two most common methods are those of Chadi and Cohen [113] and 

Monkhorst and Pack [114]. Using these methods, the electronic potential and the total energy 

of an insulator can be obtained by calculating the electronic states at a very small number of k-

points. A denser set of k-points are required to calculate the electronic potential and the total 

energy of a metallic system in order to define the Fermi surface precisely. 

However, the computational cost of performing a very dense sampling of k-space increase 

linearly with the number of k-points in the Brillouin zone (BZ). Density functional codes 

approximate these k-space integrals with a finite sampling of k-points. Special k-points schemes 

have been developed to use the fewest possible k-points for a given accuracy, thereby reducing 

the computational cost. The most commonly used scheme is that of Monkhorst and Pack [114]. 
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2.6. Plane-wave pseudopotential code” 

2.6.1. VASP code 

Vienna ab-initio simulation package (VASP) is a package for performing ab-initio quantum-

mechanical molecular dynamics (MD) using pseudopotentials and a plane-waves basis set. 

VASP is based on a finite-temperature local-density approximation approach (with the free 

energy as vibrational quantity) and an exact evaluation of the instantaneous electronic ground 

state at each MD-step using efficient matrix diagonalization schemes and efficient Pulay 

mixing [115]. These techniques avoid all problems occurring in the original Car-Parrinello 

method which is based on simultaneous integration of electronic and ionic equations of motion. 

The interaction between ions and electrons is described using ultrasoft Vanderbilt 

pseudopotentials (US-PP) or the projector augmented wave method (PAW) [116]. Both 

techniques allow a considerable reduction of the necessary number of plane-waves per atom 

for transition metals and first row elements. Forces and stresses can be easily calculated with 

VASP and used to relax atoms into their instantaneous ground state. The Projector-Augmented 

wave implemented in VASP reconstructs the full all-electron density and avoids the necessity 

of nonlinear core-corrections [117].  

2.6.2. Phonon code 

The computational programmes used to determine phonons are VASP, Wien2K, Phonon and 

etc. However, the phonon spectra can be studied within the direct method, which is 

implemented in the Phonon program written by Krzysztof Parlinski [118]. This method is based 

on the calculation of the interatomic forces in the supercell with the periodic boundary 

conditions. The Hellmann-Feynmann forces are obtained using one of the density functional 

theory codes like VASP, Wien2K or SIESTA. The direct method called Phonon code has been 

http://wolf.ifj.edu.pl/phonon/
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used to calculate the phonon dispersion curves and phonon density of states in numerous 

crystals, multilayers, and surfaces. Phonon code is a software for calculating phonon dispersion 

curves, phonon density spectra of crystals, crystals with defects, surfaces and adsorbed atoms 

on surfaces from either a set of force constants or from a set of Hellmann-Feynman forces 

calculated within an ab initio program. Phonons play an important role in solids and determine 

the thermal properties of all kinds of materials. They also builds a crystal structure using one 

of the 230 crystallographic space groups to find the force constant from the Hellmann-Feynman 

forces, builds the dynamical matrix, diagonalise it and calculate the phonon dispersion relations 

and their intensities [119]. Phonon finds the polarization vectors and the irreducible 

representations (Gamma point) of phonon modes and calculates the total and partial phonon 

density of states. It plots the internal energy, free energy, entropy, heat capacity and tensor of 

mean square displacements (Debye-Waller factor). Phonon finds the dynamical structure factor 

for the coherent inelastic neutron scattering and the incoherent doubly differential scattering 

cross section. 

2.7 Theoretical background of the calculated properties 

2.7.1 Heats of formations  

The standard enthalpy of formation or standard heat of formation of a compound is the change 

of enthalpy that accompanies the formation of 1 mole of a substance in its standard state from 

its constituent elements in their standard states (the most stable form of the element at 1 bar of 

pressure and the specified temperature, usually 298.15 K or 25 degrees Celsius). The heats of 

formation and associated entropies provide a fundamental understanding on stabilities and 

phase diagrams construction. The results of lattice parameters and heats of formation are 
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discussed in chapter 3. For this study, heats of formations were calculated using equation 2-23 

as follows: 

∆𝐻𝑓 (𝑀𝐶𝑂3) = [𝐸𝑡𝑜𝑡− (𝐸𝑀+𝐸𝑐+3𝐸𝑜)]                                                    (2-23) 

where 𝐸𝑡𝑜𝑡 is the calculated total energy of the compound, 𝐸𝑀 is the calculated total energy of 

metal element, 𝐸𝐶 is the calculated energy of carbon, 𝐸𝑂 is the calculated energy of oxygen in 

the compound. The heats of formations for all the MCO3 structures are calculated using VASP 

and will be discussed in chapter 3. The heats of formations will be used for predicting the 

stability trend of five structures used in this study.  

2.7.2 Density of states  

“The density of states (DOS) of a system describes the number of states per interval of energy 

at each energy level that are available to be occupied. DOS is a useful mathematical concept 

of allowing integration with respect to the electron energy to be used instead of the integration 

over the Brillouin zone. In other words, the density of states indicates how densely packed are 

quantum states in a particular system, unlike isolated systems like atoms or molecules in gas 

phase. A high DOS at a specific energy level means that there are many states available for 

occupation, while a DOS of zero means that no states can be occupied at that energy level. In 

general, a DOS is an average over the space and time domains occupied by the system. In 

addition, DOS is often used for quick visual analysis of the electronic structure as shown in 

Figure 2.2. Characteristics such as the width of the valence band, the energy gap in insulators, 

the number and intensity of the main features are helpful in qualitatively interpreting 

experimental spectroscopic data. DOS analysis can also help to understand the changes in 

electronic structure caused by for example, external pressure.  
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Figure 2-2. Schematic illustration of the density of states and the fermi level (dashed 

line) [120]. 

More accurate methods are based on linear or quadratic interpolations of band energies between 

the reference points in the Brillouin zone. The most popular and reliable technique, which is 

based on the tetrahedron interpolation, is unfortunately ill suited to the Monkhorst-Pack grid 

of special points. Therefore, VASP uses a simplified linear interpolation scheme. This method 

is based on the linear interpolation in parallelepipeds formed by the points of the Monkhorst-

Pack set, followed by the histogram sampling of the resultant set of band energies. 

The density of states behaviour at 𝐸𝑓 (the dashed line shown in figure 2.2) is significant and 

can be used to correlate their stability. It is also known from literature that the DOS for 

structures of the same composition can be used to mimic the stability trend with respect to their 

behaviour at the 𝐸𝑓.  The structure with the highest and lowest density of density at 𝐸𝑓 is 

considered the least and most stable, respectively. Furthermore, we can determine whether our 

structures are metal, semi-conductors or insulators by measuring their band gaps respectively”. 

2.7.3 Phonon dispersion curves 

The phonon dispersion curves are defined as the wave vector (𝑘) dependence of the frequencies 

𝜔(𝑘, 𝑗) of the normal modes for all branches and selected directions in the crystal. Phonon 

dispersion curves have an essential role in several physical properties of condensed matter 

physics. These include thermal conductivity, mechanical stability and electrical conductivity. 
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They indicate an excited state in the quantum mechanical quantization for the modes of 

vibrations of elastic structures of interacting particles. The behaviour of phonon dispersion 

branches reflects specific features of the crystal structure and the interatomic interactions and 

therefore gives the most comprehensive and detailed information about the dynamical 

properties of crystals. 

In crystals were there are two or more types of atoms, two types of vibrations are displayed; 

acoustic and optical. Optical phonons arise from out of phase vibrations between neighbouring 

atoms within the unit cell, while the in phase vibrations give rise to acoustic phonons. The 

acoustic modes have zero frequencies at 𝛤 (centre of the Brillouin zone) while optical modes 

have non-zero. The acoustic and optical split into longitudinal and transverse modes 

abbreviated as longitudinal acoustic (LA), transverse acoustic (TA), longitudinal optical (LO) 

and transverse optical (TO), also the out-of-plane acoustic (ZA) and out-of-plane optical (ZO) 

as shown in figure 2.1. A linear relationship between frequency and long wavelengths phonon 

wave-vector is displayed in acoustic mode. Negative vibrational frequencies (soft modes) 

indicate mechanical instability of the system, while positive vibrations show stability. Along 

with the 𝛤 point (centre of the Brillouin zone) there are several points of high symmetry which 

are of significant interest. Table 2.2 lists and describes the critical k-points of high symmetry 

line in the first Brillouin zone for certain Bravais lattice of base centred cubic (BCC), face 

centred cubic (FCC), and hexagonal lattices [121]. 



54 

 
 

 

 
Figure 2-3. Illustration of the optic and acoustic phonon modes [122]. 

 

Table 2-2. Analysis of the critical k-points in the Brillouin zone. 

 Simple Cube 

Symbol Description 

𝛤(0,0,0) Centre of the Brillouin zone 

𝑀(1/2,1/2,0) Centre of an edge 

𝑅(1/2,1/2,1/2) Corner point 

𝑋(0,1/2,0) Centre of a face 

                                      Body-centred cubic 

Symbol Description 

𝐻(-1/2,1/2,1/2) Corner point joining four edges 

𝑃(1/4,1/4,1/4) Corner point joining three edges 
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𝑁(0,1/2,0) Centre of a face 

                                    Face-centred cubic 

Symbol Description 

𝐾(3/8,3/4,3/8) Middle of an edge joining two trigonal faces 

𝐿(1/2,1/2,1/2)  Centre of a trigonal face 

𝑈(1/4,5/8,5/8) Middle of an edge joining a trigonal and a square face 

𝑊(1/4,3/4,1/2) Corner point 

𝑋(0,1/2,1/2) Centre of a square face 

                                         Hexagonal 

Symbol Description 

𝐴(0,0,1/2) Centre of a hexagonal face 

𝐾(2/3,1/3,1/2) Middle of an edge joining two rectangular faces 

𝐻(1/2,0,0) Corner point 

𝐿(1/2,0,1/2) Middle of an edge joining a rectangular and a hexagonal face 

𝑀(1/2,0,0) Centre of a rectangular face 

2.7.4. Theory of elasticity 

From the perspective of material physics, the elastic constants𝐶𝑖𝑗, contains important 

information that can be obtained from ground-state total-energy calculations. A given crystal 

structure cannot exist in a stable or metastable phase unless its elastic constants obey certain 

relationships. The 𝐶𝑖𝑗 also determines the response of the crystal to external forces, as 

characterized by the bulk modulus, shear modulus, Young’s modulus and Poisson’s ratio and 

so play an important role in determining the strength of a material [123]. First-principles 

calculations that use periodic boundary conditions assume the existence of a single crystal, so 
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all elastic constants can be determined by direct computation. The calculated 𝐶𝑖𝑗 can then be 

used to check the experimental bulk and shear moduli, if available and to calibrate model 

calculations. In addition, the elastic constants can be used to check the phase stability of 

proposed compounds [124]. First-principles calculations can thus be used to predict the 

existence and properties of new materials.  

2.7.5. Definition of elastic constants 

To determine the elastic constants of a crystal, a deformation of the unit cell is created by 

changing the Bravais lattice vectors R = (a, b, c) of the undisturbed unit cell to R′ = (a’, b’, c’) 

using a strain matrix e below; 
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The deformation leads to a change of the total energy of the crystal  
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where 𝐸0 is the total energy of the unstrained lattice, 𝑉0 is the volume of the undistorted cell 

and 𝐶𝑖𝑗 are the elements of the elastic constant matrix with a notation that follows standard 

convention. Both 𝑖 and 𝑗 run from 1…6 in the sequence {xx, yy, zz, yz, xz, xy}. The tensor of 

elasticity has 36 elements, the elastic constants, but maximally 21 of these are independent. 
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2.7.6. Calculation of elastic constants  

The simplest case by far is the cubic system where there are only three independent 

constants,𝐶11, 𝐶12 and 𝐶44. We use this case to illustrate the manner in which the stiffness 

matrix elements may be determined from strain fields of the form (2-22). If the applied strain 

is 𝑒𝑥𝑥 = 𝑒 with all other 𝑒𝑖 equal to zero, the energy change is 𝑈 =
𝐶44𝑒2

2
. This allows a unique 

determination of 𝐶11. If 𝑒𝑦𝑧 =  𝑒𝑧𝑦 =
𝑒

2
, with all other strain components zero, then 𝑈 =

𝐶44𝑒2

2
 

and we have an independent determination of 𝐶44. The bulk modulus B, is the response to a 

uniform compression so applying the strain field 𝑒𝑥𝑥 =  𝑒𝑦𝑦 =  𝑒𝑧𝑧 = 𝑒 allows the computation 

of 𝐵 via the relation 𝑈 =  
𝐵𝑒2

2
. Similarly, the shear modulus can be calculated by using the 

strain field 𝑒𝑧𝑧 =  𝑒𝑥𝑥 =  𝑒𝑦𝑦 =  −
𝑒

2
, whereupon 𝑈 =  

3𝑐′𝑒2

2
. Finally, the off-diagonal stiffness 

matrix element 𝐶12 can be calculated using one or other of the relations as shown below.  
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Using both of these relations provides a useful independent check on the accuracy of the 

computation. A symmetry-general formulation of the calculation of elastic constants from total 

energy calculations is given by Le Page and Saxe [125]. 

2.7.7 Elastic constant stability conditions 

The accurate calculation of elasticity is essential for gaining an insight into the mechanical 

stability and elastic properties of solids. For the cubic, tetragonal, orthorhombic and trigonal 

crystals, there are three (C11, C12, C44), six (C11, C12, C13, C33, C44, C66) thirteen (C11, C22, C33, 
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C12, C13, C23, C44, C55, C66, C15, C25, C35, C46) and six/seven (C11, C33, C44, C12, C13, C14) or 

(C11, C33, C44, C12, C13, C14, C66) independent elastic constants. Applying two kinds of strains 

(ε1 and ε4) can give stresses relating to these elastic coefficients, yielding an efficient method 

for obtaining elastic constants for the cubic system. This method has been successfully used to 

study the elastic properties of a range of materials including metallic systems [123]. The 

mechanical stability criteria of cubic systems as outlined elsewhere [126] are shown below; 

𝐶11 − 𝐶12 > 0; 𝐶11 + 2𝐶12 > 0; 𝐶44 > 0                                                                 (2-28) 

  where C11, C12 and C44 are the only three independent elastic constants. Based on three 

independent single crystal elastic constants of a cubic crystal, C11, C12, C44, the elastic moduli 

are determined using the following expressions: 
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 where B is the bulk modulus, C′ tetragonal shear modulus and anisotropic factor A. It is 

acknowledged that the bulk modulus B is a measure of resistance to volume changed by applied 

pressure, whereas the elastic anisotropy A has an important implication in engineering science 

since it is highly correlated with the possibility of inducing micro-cracks in materials [126]. If 

the material is completely isotropic, the value of A will be 1, while values smaller or larger 

than 1 measure the degree of elastic anisotropy.  The positive C′ indicates the mechanical 

stability of the crystal, while the negative C′ indicate the mechanical instability.  

2.8. Universal Cluster Expansion 

Cluster expansion (CE) is a power series expansion of the partition function which was 

proposed by Mayer and is often applied in models of material calculations [78]. Cluster 

expansion allows the extraction of atom-atom interactions from a set of first principles and 
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small unit cell calculations. To model real materials in CE requires accurate energy values for 

systems with millions of atoms and also require quick sampling of millions for such systems 

in ensembles to acquire good statistics. Cluster expansion method is an effective tool to connect 

quantum mechanics with large scale atomistic simulation [79].  

Modern DFT methods are able to calculate material properties with reasonable to high 

precision (depending on the quality of the approximations to the exchange and correlation 

effects). Standard DFT applications are, however restricted to unit cells of a few hundreds of 

atoms. If one wants to model an alloy with varying atomic concentrations and crystal structures, 

a huge number of very large supercells would be needed. Such a procedure is of course, not 

feasible. A successful strategy to overcome this limitation is offered by the cluster expansion 

(CE) [80] in particular when combined with Monte Carlo simulations. 

2.8.1 Basic Principles of Cluster Expansion 

From an optimised cluster expansion, a set of effective cluster interactions can be extracted and 

used in large-scale Monte Carlo simulations to explore order-disorder phenomena and phase 

segregation processes as a function of temperature. 

On a basic lattice various atoms, for example of type 𝐴 and 𝐵, are distributed to define structure 

𝜎, a periodic configuration of 𝐴 and 𝐵 atoms. This configuration is described by the pseudo 

spin operator 𝜎q =±1, which has the value +1 if an atom 𝐴 sits on site 𝑞 or -1 if that atom is 𝐵. 
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The energy (𝜎) associated with structure 𝜎 can be described by an expansion of cluster 

interactions and their respective interaction energies 𝐽 by means of equation 

                                             (4-1) 

In equation (4-1), 𝐽0 describes a constant configuration independent contribution. The second 

term is concentration dependent and is the sum over all 𝑁 sites of structure 𝜎 with onsite energy 

𝐽1 times the pseudo spin operator 𝜎 at each site 𝑖. Further terms describe the cluster interactions 

between multiple sites, for example two-body interactions 𝐽ij or three-body interaction 𝐽ijk. They 

contain spin products 𝜎i𝜎j … over all 𝑓 vertices of a cluster times its effective cluster interaction 

energy 𝐽ij… summed up over all the possible ways that the cluster can be placed on the lattice 

of structure 𝜎. In other words, the energy (𝜎) of structure is broken down into clusters with 

their associated effective interaction energies. The core issue of cluster expansion is to identify 

a universal set of interactions 𝐽 best-suited to describe a given model. To accomplish this, it is 

useful to reformulate above equation into the more compact form. 

                                                                                                              (4-2) 

The cluster expansion equation sums up the product of cluster 𝐶’s interaction energy 𝐽C with 

its correlation function, 
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                                                                                                      (4-3) 

The sum over all the possible ways that a cluster 𝐶 with 𝑓 vertices can be placed on the 𝑁 sites 

of the structure. In the correlation function the spin product 𝜎1 … goes over all 𝑓 vertices of 

the cluster. Only symmetry in-equivalent clusters are now considered and clusters included in 

an expansion can be collected by the vector 𝐶 = {𝐶1,…, 𝐶n}. 

2.8.2. UNCLE Code 

All the cluster expansion calculations for the study were performed by the program named the 

Universal Cluster Expansion (UNCLE) which was developed by the group of S. Muller [127].  

The code is applicable to as many systems as possible, it requires little user input and it also 

contain efficient tools for the use of ECI’s such as kinetic and thermodynamic Monte Carlo 

simulation. UNCLE code is also able to perform a complete cluster expansion fit using a 

genetic algorithm to predict the ground states of systems containing up to three and more 

elements. For deriving results for temperatures T=0, Monte Carlo simulations are implemented. 

The working scheme used by the cluster expansion for finding input structure is displayed in 

Figure 2-4. The crucial task of a converged CE is to guarantee that chosen interactive energy 

and figures are not biased by the training set. To avoid wrong interpretation of the whole system 

by choosing wrong input, UNCLE uses the chosen figure set to fit the energy of other 

structures. New structures can now be designed and if they lie energetically below the existing 

ground state line they are recalculated by DFT, providing a new set of input structures. 
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Figure 2-4. Illustration of the self-consistent working plan used by UNCLE to choose 

the input structures of the cluster expansion [82]. 

2.8.3. Genetic Algorithm 

A minimization using genetic algorithm was first used for the CE by Hart et al. [83]. In this 

approach the figure list is represented as a binary string. A figure used is marked by the value 

1, otherwise the value is 0. Furthermore, the interaction energies are also represented as a binary 

string. The combination of both binary strings, including figures used and their interaction 

energies, is now the genetic ‘DNA’ of a solution, who’s fitness is described by the CVS. A 

higher CVS compared to other solutions means, that this solution has a lower fitness. Now, a 

‘population’ of npop different solutions is created, in which the fitness of every individual 

solution is calculated. Of those npop individuals only the fittest nfit (0 < nfit < npop) individuals 

are selected to survive to the next iteration process. The other npop-nfit solutions are replaced by 

‘descendants’ of the surviving fittest ‘parent’ solutions. Their ‘DNA’ is created by two different 

processes as shown below: 
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• In crossover, the ‘DNA’ of the ‘offspring’ is created by mixing the ‘DNA’ of two randomly 

selected ‘parent’ solution. Thereby the ‘DNA’ of one ‘parent’ solution is used up to the 

crossover point. After that point the ‘DNA’ of the second ‘parent’ is used. 

• In mutation, a random binary bit of the ‘DNA’ string is flipped from one state to the other, 

i.e. 10 or 01. 

Note that one may replace all surviving ‘parent’ solutions with the ‘children’, for as long as 

only the fittest ‘parent’ solutions are used to create them. 

 
Figure 2-5. Illustration of the genetic algorithms [128]. 

 

2.9. Synthesis methods for NMC cathode material 

The synthesis process of battery cathode has evolved over the past two decades and several 

methods such as solid state, sol gel, co-precipitation, spray pyrolysis, hydrothermal, 

solvothermal and combustion have been explored both at academia and industrial [131]. Off 

all the methods available to synthesize NMC’s, in this study we use co-precipitation method to 

synthesize our NMC’s. The co-precipitation method is a widely used process in different 
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applications such as water treatment, pharmaceutical, metal mining, and catalyst 

manufacturing [132]. Co-precipitation has attracted interest in synthesizing NMC’s due to its 

simplicity, improved particle morphology control, homogeneous mixing at the atomic scale, 

and facile scalability [133, 134]. Co-precipitation is used to synthesize battery active materials 

in two steps: transition metal co-precipitation and sintering. The first stage entails mixing 

transition metals in the proper proportions to make an ionic solution, then co-precipitating these 

metals in a controlled environment by altering pH to produce uniform particles known as 

precursors. A chelating agent is typically utilized throughout the precipitation process to 

achieve single-phase co-precipitation. The obtained precursors are washed with deionized (DI) 

water to eliminate impurities, then dried at room temperature or higher to remove residual water 

and/or other solvents used to clean the co-precipitates.  

The co-precipitate can be ground before being combined with a lithium source, such as lithium 

hydroxide (LiOH) or lithium carbonate (Li2CO3). One of the primary advantages of adopting 

the co-precipitation approach is achieving the desired phase and crystallinity at relatively mild 

sintering temperature and holding time due to the homogenous mixing of transition metals at 

the atomic level [135, 136]. Although the size of primary particles and surface roughness of 

secondary particles are frequently affected by sintering, the comparatively moderate sintering 

conditions are useful in retaining the morphology and size of secondary precursor particles 

[137, 138]. The morphology and composition of the co-precipitate can be significantly 

influenced by various controllable parameters during co-precipitation processes such as pH, 

precipitation temperature and atmosphere, sources of transition metals and their concentration, 

use of chelating agents and their concentration, rate of reactant feed, stirring rate and mixing 

method, drying temperature, and the use of any other additives [139, 140]. In the literature, the 

synthesis of battery cathode material using the co-precipitation process is frequently 
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accomplished in batches, however continuous reactor-based manufacturing is also reported for 

mass-scale production [141]. Based on the acquired co-precipitation, the co-precipitation 

method is further classified into three types: hydroxide co-precipitation, carbonate co-

precipitation, and oxalate co-precipitation. Hence, this study use the carbonate co-precipitation 

method to synthesize our NMC’s.  

2.10. Carbonate Co-precipitation 

The carbonate co-precipitation process allows for easier control of the facile morphology and 

is regarded more ecologically friendly. The preparation of the precursor and sintering is 

identical to the hydroxide approach; the only difference is the source of transitional metal in 

the carbonate method, which is often a metal carbonate salt. One of the key advantages of using 

carbonate co-precipitation is that the majority of the transition metal cations, including 

manganese used for LiNixMnyCo1-x-yO2 or other cathode materials for LIBs, remains in the 

divalent oxidation state by the fixation of 𝐶𝑂3
2− anion groups even in the presence of air or 

oxygen at all operating pH ranges [142]. As a result, there is no need to complete the 

precipitation process under an inert atmosphere to ensure high-quality goods [143]. 

Furthermore, the solution conditions for carbonate co-precipitation are rather neutral in terms 

of pH, making it easier to work with. 

2.11. Continuous stirred tank reactor (CSTR) 

A CSTR is an isothermal, constant-pressure flow reactor that mixes completely at steady state 

to ensure that the reactor's composition is consistent throughout. Four feedthroughs on the 

reactor lid enable the entrance of nitrogen gas, a chelating agent, a pH-controlling agent and a 

transition metal. While the chelating agent and transition metal inlets are at the bottom of the 

fluid between the lower and higher stirring blades, the nitrogen gas and pH control agent inlets 
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are located above the solution. A water bath jacket is also included in the reactor to regulate 

the reaction's temperature. One or more fluid reagents are added to a tank reactor in a CSTR, 

and the tank reactor is normally agitated by an impeller to guarantee correct reagent mixing 

while the reactor overflow is withdrawn. The space time or the amount of time needed to 

process one reactor volume of fluid is calculated by dividing the tank's volume by its average 

volumetric flow rate. The estimated % completion of the reaction can be computed using 

chemical kinetics. The tank will overflow or become empty if the mass flow rate in and out are 

not equal in steady state (transient state). The model equation must be obtained from the 

differential mass and energy balances when the reactor is in a transient condition. 

 

Figure 2-6. A schematic of the reactor configuration and inlet tubes [129]. 

2.12. Tap density measurement 

Tap density tester as shown in Fig.2.7 was used to determine the tap density of our samples. 

Depending on the material's density, the sample is placed into a volumetric cylinder. A level 

surface is created by freely pouring the powder sample into the glass cylinder before inserting 

it into the tapping device. Once the powder has reached a steady condition, the sample is 

tapped. For this study, the powder sample was tapped for 1500 times, and the resulting volumes 

V1 and V2 were read to the nearest graded unit. V2 is the tapped volume if the difference 
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between V1 and V2 is less than 2ml. Applying the formula
∆𝑚

𝑉2
, where V2 represent the final 

tapped volume, one can determine the tapped density (g/mL).  

 

Figure 2-7. Tap density tester 

 

2.13. Scanning Electron Microscope (SEM) 

The SEM is a type of microscope that creates images using electrons as opposed to light. Since 

the SEM has a significantly better resolution, small specimens may be enlarged much more 

effectively. Special sample preparations are required due to the vacuum environment and 

electron-based image formation used by the SEM. The samples must be completely dry 

because any remaining water would vaporize in the vacuum. Since they are all electrically 

conductive, all metals can be employed right away.  
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The sample is positioned in a tiny compartment that is vacuum sealed. One electric field and 

argon gas remove an electron from argon, making the atoms positively charged. The SEM is a 

device that forms a picture using electrons rather than light, resulting in a significantly 

magnified image. An electron gun at the top of the microscope produces an electron beam. The 

microscope is maintained in a vacuum and the electron beam travels through it in a vertical 

path. The beam is focused downward toward the sample as it passes via electromagnetic fields 

and lenses. Electrons and X-rays are ejected from the sample after the beam strikes it. 

 

Figure 2-8. Schematic Scanning Electron Microscope (SEM). 

 

2.14. X-Ray Diffraction (XRD) 

The three fundamental components of an X-ray diffractometer are an X-ray tube, a sample 

holder, and an X-ray detector. In a cathode ray tube, X-rays are produced by burning a filament 

to produce electrons, accelerating the electrons with a voltage toward a target, and then hitting 

the target material with the accelerated electrons. Characteristic X-ray spectra are created when 

electrons have enough energy to knock off the target material's inner shell electrons. 
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As the sample and detector rotate through their respective angles, the amount of diffracted X-

rays is continually measured. When the mineral has lattice planes with the proper d-spacing 

to diffract X-rays at that value of, the intensity peaks. Higher values of result in more 

separation. Usually, these merged peaks are regarded as a single peak. The centre of the peak 

at 80% peak height is often used to determine the 2 position of the diffraction peak. When the 

circumstances are in accordance with Bragg's Law (n = 2d sin), the interaction of the incident 

rays with the sample results in constructive interference (and a diffracted ray). This law 

establishes a connection between the lattice spacing and diffraction angle in a crystalline 

sample and the wavelength of electromagnetic radiation. 

2.15. Raman Spectrum 

Raman analysis refers to a spectroscopic technique used to study vibrational, rotational, and 

other low-frequency modes in a system. It involves shining a monochromatic light, often from 

a laser, onto a sample and analysing the scattered light. The scattering pattern provides 

information about the molecular vibrations and rotational energy levels within the sample. 

Raman spectroscopy is based on the Raman Effect, discovered by Sir C.V. Raman in 1928. 

When light interacts with a molecule, most of it scatters unchanged (Rayleigh scattering), but 

a small fraction interacts with the molecule's vibrational and rotational modes, causing a shift 

in energy. This energy shift, called the Raman scattering, is unique to the molecular structure 

of the sample, allowing for identification and characterization of substances. 

2.16. Materials Synthesis 

The precursor carbonate powders were synthesized using the co-precipitation method in a 4L 

continuous stirred tank reactor (CSTR) equipped with water-bath jacket for controlling 

temperature of the reaction. Co-precipitation method has gained interest in the last 10-15 years 
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due to its simplicity, better particle morphology control and the homogeneous mixing at the 

atomic scale. For the co-precipitation process, the desired transition metal sulphates (MSO4, 

M= Ni, Mn, Co) were dissolved in deionized water in a stoichiometric ratio, then pumped into 

the reactor at a fixed rate. An aqueous solution of NiSO4, MnSO4 and CoSO4 was prepared 

with a total concentration of 2M. Sodium carbonate (Na2CO3) solution was used as pH control 

or precipitant while ammonium hydroxide was used as a chelating agent. The reactor was 

maintained at a constant pH through the addition of ammonium hydroxide (NH4OH). Constant 

concentration of ammonia was maintained within the chemical reactor which acts as a chelating 

agent that prevents impurity phases. Nitrogen gas was continuously bubbled into the reactor to 

remove the dissolved oxygen as it may cause unwanted oxidation which can form transition 

metal oxides or oxy-hydroxides. The reaction was maintained at 50 °C with continuous stirring 

of 1000 rpm under N2 to ensure good mixing of the reactants. The resultant precursor was 

filtered to remove impurities and then it was dried in an oven at 80 °C for ∼24 hours. Dried 

precursor powders and the stoichiometric amount of Li2CO3 were mixed exhaustively. The 

mixed powder was calcined at 1000 °C for 8h to obtain cathode active materials. 

2.17. Synchrotron beam 

The synchrotron beam of the Diamond light source (B18) was used to determine the X-ray 

absorption spectroscopy (XAS) which is useful in understanding the material’s properties, such 

as oxidation states and bond distances. In our case we had pristine and fluorinated NMC 

samples which were weighed to the desired amount and mixed with polyvinylidene (PVD) as 

the binder to improve the pellet's mechanical strength then used mortar and pestle to soften the 

powder sample. We further placed the mixed samples into the pellet press which uses a 

hydraulic press to apply pressure and form the pellet. The pressure applied typically ranges 

from 100 to 500 MPa, depending on the material and desired density of the pellet. We then 



71 

 
 

 

used a foil to place pellets of various samples and sealed the foil using vacuum sealer for a 

more secure and airtight seal. The presentation of our samples in a sealed foil is shown in Figure 

2-9. Moreover, the synchrotron beam as shown in Figure 2-10 was then used overnight 

whereby the beam passes through a sample, and the transmitted radiation is measured to study 

the material's properties. The sample interacts with the beam in several ways, such as 

absorbing, scattering or diffracting the light and the transmitted beam is then collected by 

detectors positioned on the other side of the sample.  These detectors measure the intensity and 

other characteristics of the transmitted light, such as its wavelength, polarization or phase.  

In synchrotron-based X-ray Absorption Spectroscopy (XAS) experiments, the absorption data 

can be collected in two main modes named the transmission mode and fluorescence mode as 

shown in Figure 2-11. In transmission mode, light (or another type of radiation, such as 

electrons) passes through a sample, and the transmitted portion is detected on the other side. 

This mode is used to analyze the internal structure or composition of the sample based on how 

much light is absorbed or how it is altered during transmission. With regard to the sample 

requirements for this mode, it is typically for thin samples with high concentrations. On the 

other hand, in fluorescence mode, light of a specific wavelength is used to excite the sample 

causing it to emit light (fluorescence) at a different wavelength. The emitted light is detected 

and used to form an image or gather data. This mode is based on the principle that certain 

molecules (fluorophores) absorb energy and then re-emit it as light at a longer wavelength. For 

our study, transmission mode was considered since our samples were in powder form (thin) 

with high concentrations. Furthermore, results were collected for further analysis using 

software’s such as Athena and Artemmis [145]. 
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Figure 2-9. Different types of samples in a sealed foil on a rack ready for the beam. 

 

 

Figure 2-10. The synchrotron beam of the Diamond light source. 
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Figure 2-11. The schematic representation of the of a typical XAFS experimental setup, 

where in transmission mode, I0 and IT are measured using two ionization chambers, 

while in fluorescence mode, a fluorescence detector needs to be used [146]. 
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Computational Results 

In this chapter we discuss the ab initio first principles results for manganese rich pure and 

doped structures named Ni0.3Mn0.5Co2CO3, Ni0.3Mn0.5Co2O2, F-doped Ni0.3Mn0.5Co2CO3, F-

doped Ni0.3Mn0.5Co2O2 Ti-doped Ni0.3Mn0.5Co2CO3, Ti-doped Ni0.3Mn0.5Co2O2, Nb-doped 

Ni0.3Mn0.5Co2CO3, Nb-doped Ni0.3Mn0.5Co2O2, Cr-doped Ni0.3Mn0.5Co2CO3 and Cr-doped 

Ni0.3Mn0.5Co2O2 respectively. We particularly discuss their equilibrium lattice constants, heats 

of formations, band structures (BS), density of states (DOS), elastic properties and phonon 

dispersion curves. The calculations were performed using DFT approach as implemented in 

the Vienna Ab initio simulation Package (VASP) code [130]. The projector augmented wave 

(PAW) [131, 132] potential sets were employed with the exchange and correlation functional 

approximated in the spin-polarised localised density approximation.  

 3.1. Energetic Properties 

The optimised crystal structures for Ni0.3Mn0.5Co2CO3 and Ni0.3Mn0.5Co2O2 are shown in Fig. 

3.1 (a, b) and the crystallographic information is provided in Table 3.1-3.3. Table 3.1-3.3, 

presents the calculated lattice parameters, density and heats of formations for 

Ni0.3Mn0.5Co2CO3, Ni0.3Mn0.5Co2O2, F-doped Ni0.3Mn0.5Co2CO3, F-doped Ni0.3Mn0.5Co2O2, 

Ti-doped Ni0.3Mn0.5Co2CO3, Ti-doped Ni0.3Mn0.5Co2O2, Nb-doped Ni0.3Mn0.5Co2CO3, Nb-

doped Ni0.3Mn0.5Co2O2, Cr-doped Ni0.3Mn0.5Co2CO3 and Cr-doped Ni0.3Mn0.5Co2O2. The 

lattice parameters were attained by fully optimising the structures whereby all the atom 

positions were relaxed, cell volume was allowed to change and the cell shape was also allowed 

to change. The Hubbard correction (U) in the rotationally invariant form by Liechtenstein and 

Zaanen, necessary to treat strongly correlated transition 3d metals was employed, whereby U 

= 4.5 eV and J = 1 eV were found to correctly predict the lattice constants for this study. From 
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our LDA+U lattice parameters shown in Table 3.1, we note that lattice parameters for 

Ni0.3Mn0.5Co2O2 are less than lattice parameters for Ni0.3Mn0.5Co2CO3 which indicate reduction 

of the structure. The density for Ni0.3Mn0.5Co2CO3 is greater than the density for 

Ni0.3Mn0.5Co2O2 which suggests that Ni0.3Mn0.5Co2CO3 has greater resistance compressibility 

as compared to Ni0.3Mn0.5Co2O2.  We further went on and doped both the systems with fluorine, 

titanium, niobium and chromium to compare their behaviours. From our results we detect that 

doping Ni0.3Mn0.5Co2CO3 with fluorine, titanium and chromium reduces the density of our 

material which reduces our material’s resistance while doping it with niobium increases its 

density which increases its resistance. We also noticed that doping Ni0.3Mn0.5Co2O2 with 

titanium and chromium decreases the density of our material while doping with fluorine and 

niobium increases its density. 

In order to determine the thermodynamic stability of our materials, we have calculated their 

heats of formations using the formula below; 

𝛥𝐻𝑓(𝑘𝐽/𝑚𝑜𝑙) =
1

𝑁
[𝐸𝑡𝑜𝑡 − (𝐸𝑀 + 𝐸𝐶 + 3𝐸𝑂)]                                                            (3-1) 

Where N is the number of atoms, 𝐸𝑡𝑜𝑡 is the total energy of the compound MCO3, while EM, 

EC and EO are the ground state energies for M, C and O, respectively. The predicted 𝛥𝐻𝑓 values 

are presented in table 3-1 to table 3-3 respectively. The lower the heats of formation, the more 

stable is the system and vice versa. We note that our calculated heats of formations are 

relatively low and negative, suggesting thermodynamic stability for all the systems. However, 

F-doped Ni0.3Mn0.5Co2CO3 has the heat of formation of -6765.23 kJ/mol which is more 

negative as compared to other structures, this implies that F-doped Ni0.3Mn0.5Co2CO3 is more 

energetically favourable or thermodynamically stable. To the best of our knowledge, these are 

the first recorded heats of formation, lattice parameters, cell volumes and density for MCO3 
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and MO2 (M: Ni, Mn, Co) structures, hence these results could be used for benchmarking in 

the near future. 

 

Figure 3-1. Optimised structures of (a) Ni0.3Mn0.5Co2CO3 and (b) Ni0.3Mn0.5Co2O2. 

 

Table 3-1. Calculated lattice parameters for Ni0.3Mn0.5Co2CO3, F-doped 

Ni0.3Mn0.5Co2CO3, Ni0.3Mn0.5Co2O2 and F-doped Ni0.3Mn0.5Co2O2. 

 Ni0.3Mn0.5Co2CO3 F-doped 

Ni0.3Mn0.5Co2CO3 

Ni0.3Mn0.5Co2O2  F-doped 

Ni0.3Mn0.5Co2O2 

a (Å) 9.108 9.235 8.100 16.812 

b (Å) 4.584 4.709 3.000 2.925 

c (Å) 13.876 14.092 8.479 8.618 

V (Å3) 500.600 524.659 437.271 416.961 

Density (mg/m3) 4.654 4.486 4.049 4.306 

∆Hf (kJ/mol)         -3518.43           -6765.23           -1666.14          -3661.88 
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Table 3-2. Calculated lattice parameters for Ti-doped Ni0.3Mn0.5Co2CO3, Ti-doped 

Ni0.3Mn0.5Co2O2, Nb-doped Ni0.3Mn0.5Co2CO3 and Nb-doped Ni0.3Mn0.5Co2O2 

 Ti-doped 

Ni0.3Mn0.5Co2CO

3 

Ti-doped 

Ni0.3Mn0.5Co2O

2 

Nb-doped 

Ni0.3Mn0.5Co2CO

3 

Nb-doped 

Ni0.3Mn0.5Co2O

2 

a (Å) 9.107 17.789 9.107 17.789 

b (Å) 4.584 3.000 4.584 3.000 

c (Å) 13.871 8.479 13.869 8.479 

V (Å3) 500 437.271 500 437.270 

Density(mg/m3

) 

∆Hf (kJ/mol) 

4.514 

 

-4180.41 

3.888 

 

-2445.26 

5.410 

 

-3122.41 

4.914 

 

-1772.69 

 

Table 3-3. Calculated lattice parameters for Cr-doped Ni0.3Mn0.5Co2CO3 and Cr-doped 

Ni0.3Mn0.5Co2O2 

 Cr-doped Ni0.3Mn0.5Co2CO3 Cr-doped Ni0.3Mn0.5Co2O2 

a (Å) 9.107 17.789 

b (Å) 4.584 3.000 

c (Å) 13.869 8.479 

V (Å3) 500 437.271 

Density (mg/m3) 

∆Hf (kJ/mol) 

4.596 

-2931.83 

3.982 

-1612.71 
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3.2. Electronic Properties 

The state and behavior of the electrons in the material are completely described by a collection 

of characteristics and representations known as the electronic properties. This section focuses 

on the electronic band structure, which characterizes the state of electrons in terms of their 

energy and electronic density of states which determines the properties of metals. 

3.2.1. Band Structure 

In this section we present and discuss the calculated electronic band structures (BS) for 

structures within this study and their doped systems. Electronic band structures are plots of 

energy versus wave-vectors for a number of bands. They help in determining if the material is 

an insulator, semiconductor or conductor/metal by defining the size of the energy band gaps 

around the Fermi level. An energy band gap is the distance between the valence band and the 

conduction band of electrons.  

In Figure 3-2, we present the calculated spin polarised electronic band structures for (a) 

Ni0.3Mn0.5Co2CO3 and (b) Ni0.3Mn0.5Co2O2 at ambient pressure and temperature. For (a) 

Ni0.3Mn0.5Co2CO3 we note that the system is a semiconductor with a direct gap of 0.004 eV. 

The valence band maximum is located near (0.00 0.00 0.00), at 0.013 eV with respect to the 

Fermi level while the conduction band minimum is located near (0.00 0.00 0.00), at 0.016 eV 

with respect to the Fermi level. The centre of the gap is located at 0.015 eV with respect to the 

Fermi level. Figure 3-2 (b) shows that the system is a semiconductor with a direct gap of 0.036 

eV. We note that valence band maximum for this structure is located near (0.00 0.00 0.00) at -

0.040 eV while the conduction band minimum is located near (0.00 0.00 0.00) at -0.004 eV. 

The centre of the gap is located at -0.022 eV with respect to the Fermi level which is used as 

the zero of the energy scale. 
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Figure 3-3 to 3-6 show the electronic band structures for doped systems. Figure 3-3 presents 

the energy band structures for F-doped Ni0.3Mn0.5Co2CO3 and F-doped Ni0.3Mn0.5Co2O2. 

Contrary to Ni0.3Mn0.5Co2CO3, it is seen that there are energy bands crossing the fermi energy 

level in both spin directions, indicating that this system is metallic. The Fermi energy in F-

doped Ni0.3Mn0.5Co2CO3 is located in the band interval (#203 - #203) spanning the energy 

interval (-0.014:-0.014) eV with respect to the Fermi level. For F-doped Ni0.3Mn0.5Co2O2, the 

system is a magnetic semiconductor with a direct gap of 0.077 eV. The valence band maximum 

is located near (0.00 0.00 0.00) at -0.067 eV while the conduction band minimum is located 

near (0.00 0.00 0.00), at 0.009 eV with respect to the Fermi level. Figure 3-4 depicts the energy 

band structures for Ti-doped Ni0.3Mn0.5Co2CO3 and Ti-doped Ni0.3Mn0.5Co2O2. The band 

structure for Ti-doped Ni0.3Mn0.5Co2CO3 shows a magnetic semiconductor behaviour with a 

direct gap of 0.043 eV. Furthermore, the valence band maximum is located near (0.00 0.00 

0.00) at -0.019 eV with the conduction band minimum located near (0.00 0.00 0.00), at 0.025 

eV with respect to the Fermi level. Similarly to Ti-doped Ni0.3Mn0.5Co2CO3, the energy band 

structure for Ti-doped Ni0.3Mn0.5Co2O2 depicts a magnetic semiconductor with a direct gap of 

0.013 eV. We also note the valence band maximum located near (0.00 0.00 0.00), at -0.007 eV 

while the conduction band minimum is located near (0.00 0.00 0.00), at 0.005 eV with respect 

to the Fermi level. 

In Fig. 3-5, we note the energy band structures for (a) Nb-doped Ni0.3Mn0.5Co2CO3 and (b) Nb-

doped Ni0.3Mn0.5Co2O2. For Nb-doped Ni0.3Mn0.5Co2CO3, the system is a magnetic 

semiconductor with a direct gap of 0.023 eV. The valence band maximum of this structure is 

located near (0.00 0.00 0.00), at -0.003 eV with respect to the Fermi level while the conduction 

band minimum is located near (0.00 0.00 0.00), at 0.020 eV with respect to the Fermi level. 

Moreover, Fig. 3-6 shows the energy band structures for (a) Cr-doped Ni0.3Mn0.5Co2CO3 and 
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(b) Cr-doped Ni0.3Mn0.5Co2O2. For Cr-doped Ni0.3Mn0.5Co2CO3, the system is a semiconductor 

with a direct gap of 0.007 eV. The valence band maximum is located near (0.00 0.00 0.00), at 

-0.005 eV with respect to the Fermi level while the conduction band minimum is located near 

(0.00 0.00 0.00), at 0.003 eV with respect to the Fermi level. Also for Cr-doped 

Ni0.3Mn0.5Co2O2, the system is a magnetic semiconductor with a direct gap of 0.052 eV with 

the valence band maximum located near (0.00 0.00 0.00) at -0.013 eV while the conduction 

band minimum is located near (0.00 0.00 0.00), at 0.039 eV with respect to the Fermi level. 

 

 

Figure 3-2. Energy band structures for (a) Ni0.3Mn0.5Co2CO3 and (b) Ni0.3Mn0.5Co2O2.  
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Figure 3-3. Energy band structures for (a) F-doped Ni0.3Mn0.5Co2CO3 and (b) F-doped 

Ni0.3Mn0.5Co2O2. 

 

Figure 3-4. Energy band structures for (a) Ti-doped Ni0.3Mn0.5Co2CO3 and (b) Ti-doped 

Ni0.3Mn0.5Co2O2. 
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Figure 3-5. Energy band structures for (a) Nb-doped Ni0.3Mn0.5Co2CO3 and (b) Nb-

doped Ni0.3Mn0.5Co2O2. 

 

Figure 3-6. Energy band structures for (a) Cr-doped Ni0.3Mn0.5Co2CO3 and (b) Cr-

doped Ni0.3Mn0.5Co2O2. 
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3.2.2. Density of states 

Density of states (DOS) is referred to as the energy levels that can be occupied by electrons of 

different number of states. The density of states for structures of the same composition can be 

used to check the stability trend with respect to their behaviour at the Fermi level (𝐸𝑓). The 

number of electron states per unit energy interval is measured by the electron density of states, 

a physical quantity, while the distribution of energy levels is continuous. Understanding and 

assessing the bonding characteristics of materials from a microscopic perspective depends on 

the electronic density of states. Figure 3-7 to 3-11 display the total and partial density of states 

for pure and doped structures within the study. The total and partial density of state calculations 

were computed using the spin polarised local density approximation with Hubbard correction 

(U) at ambient pressure and temperature conditions. The top most plots in all the figures display 

total DOS while the subsequent lower plots display partial DOS. The spin up states are shown 

on the positive scale of TDOS while the spin down states are shown on the negative scale of 

TDOS. The total electronic contribution of whole system is indicated by the total DOS while 

the contributions of each individual atom is indicated by the partial DOS. Moreover, the Fermi 

energy is taken as the energy zero (E-EF=0) in all the plots. The energy bands can be analysed 

from the DOS, which is in correspondence to the number of states available to electrons per 

unit cell at a specified energy.  

 Figure 3-7 presents the total (TDOS) and partial density of states (PDOS) for 

Ni0.3Mn0.5Co2CO3 and Ni0.3Mn0.5Co2O2. For Ni0.3Mn0.5Co2CO3, we note that peaks that appears 

on the valence band side of the total DOS are mainly contributed by manganese d-states and 

carbon p-states with minor amounts of nickel d-states and cobalt d-states. We also note the 

presence of pseudogap and that the Fermi level lies on the right of it, thus permissible for 

valence band states to overlap to the conduction band. The existence of pseudogap suggests 
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that Ni0.3Mn0.5Co2CO3 has a metallic behaviour characteristics and good electronic conduction 

since no energy band gap is observed, which correspond well with the band structure 

prediction. Furthermore, for Ni0.3Mn0.5Co2O2 structure, we note that peaks in the total DOS are 

dominated by nickel and cobalt d-states and oxygen p-states. We also note a small pseudogap 

with the Fermi line lying on the left of the pseudogap. This also indicate a metallic behaviour 

because no energy band gap is observed in this case.  

 

Figure 3-7. Total and Partial density of states for (a) Ni0.3Mn0.5Co2CO3 and (b) 

Ni0.3Mn0.5Co2O2. 

 

In this section we discuss the calculated spin polarized total and partial density of states (DOS) 

for fluorine doped Ni0.3Mn0.5Co2CO3 and fluorine doped Ni0.3Mn0.5Co2O2 systems at Oxygen 

sites. Similarly to pure systems (Ni0.3Mn0.5Co2CO3), Figure 3-8 (a) shows a pseudogap at the 

Fermi line indicating metallic behaviour.  In this energy range (-1.0 to 1.0 eV), the partial 
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density of states associated with the Ni, Mn and Co states are primarily of 3d character while 

the density of states associated with the F, C and O sites are primarily of 2p character 

respectively. Moreover, Figure 3-8 (b) shows a half-metallic ferromagnet which indicate that 

this material can either act as a semiconductor or metal. We further note that the upper spins in 

the valence band of the total DOS are dominated by Ni 3d states and F 2p states while the lower 

spins are dominated by Ni and Mn 3d states and O 2p states. We also observe no energy band 

gap around the Fermi level, but a continuous flow of electrons from the valence to the 

conduction band at ambient pressure. Hence, doping with fluorine plays an essential role on 

the enhancement of the electronic conductivity. 

 

Figure 3-8. Total and Partial density of states for (a) F-doped Ni0.3Mn0.5Co2CO3 and (b) 

F-doped Ni0.3Mn0.5Co2O2. 

Figure 3-9 depicts the total and partial density of states for titanium doped Ni0.3Mn0.5Co2CO3 

and titanium doped Ni0.3Mn0.5Co2O2 at Mn sites. For Ti-doped Ni0.3Mn0.5Co2CO3, the system 
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shows a half metallic ferromagnet which indicate that bands for spin 2 are metallic while bands 

for spin 1 are semiconducting. The spin up and spin down at the Fermi level are dominated by 

Ti 3p states with minor amounts of carbon and oxygen 2p states. The spin up and spin down 

peaks at the valence site are dominated by nickel and cobalt 3d states and oxygen 2p states. For 

Ti-doped Ni0.3Mn0.5Co2O2, the system is a magnetic metal. We note that the contribution of 

peaks at the Fermi line are mainly from nickel 3d states while the contribution of valence bands 

is mainly from Ni and Co 3d states.  

 

Figure 3-9. Total and Partial density of states for (a) Ti-doped Ni0.3Mn0.5Co2CO3 and (b) 

Ti-doped Ni0.3Mn0.5Co3O2. 

Figure 3-10 presents the total and partial density of states for Nb-doped Ni0.3Mn0.5Co2CO3 and 

Nb-doped Ni0.3Mn0.5Co2O2. From Fig. 3-10 (a), we note flow of electrons from the valence 
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bands to the conduction bands with indicate that no energy band gap is recorded for this system. 

This system is a half metallic ferromagnetic with bands for spin 1 being metallic and bands for 

spin 2 semiconducting. The contribution of the behaviour at the Fermi line of the total DOS is 

mainly contributed by niobium 3d states and carbon 2p states. On the other hand, the total and 

partial DOS for Nb-doped Ni0.3Mn0.5Co2O2 shows a half-metallic ferromagnet behaviour with 

bands for spin 2 being metallic and spin 1 bands semiconducting. The valence band maximum 

for this structure is located near (0.00 0.44 0.00), at -0.092 eV while the conduction band 

minimum is located near (0.50 0.22 0.00), at -0.518 eV with respect to the Fermi level. 

 

 

Figure 3-10. Total and Partial density of states for (a) Nb-doped Ni0.3Mn0.5Co2CO3 and 

(b) Ni0.3Mn0.5Co2O2. 
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Figure 3-11 shows partial and density of states for (a) Cr-doped Ni0.3Mn0.5Co2CO3 and (b) Cr-

doped Ni0.3Mn0.5Co2O2. For Cr-doped Ni0.3Mn0.5Co2CO3, we note that the system is half 

metallic ferromagnet, indicating that bands for spin 1 are metallic while bands for spin 2 are 

semiconducting. The valence band maximum for this structure is located near (0.50 0.44 0.00), 

at -0.402 eV with respect to the Fermi level while the conduction band minimum is located 

near (0.00 0.33 0.00), at -0.647 eV. The spins in the total DOS are mainly dominated by nickel, 

chromium and cobalt 3d bands and oxygen 2p bands. Furthermore, for Cr-doped 

Ni0.3Mn0.5Co2O2 we note a similar behaviour as compared to Cr-doped Ni0.3Mn0.5Co2CO3. We 

note that the system is a half metallic ferromagnet whereby spin 1 bands are metallic while spin 

2 bands are semiconducting. The bands dominating the total DOS are mainly dominated by 

oxygen 2p bands and also nickel, chromium and cobalt 3d bands. 

 

Figure 3-11. Total and Partial density of states for (a) Cr-doped Ni0.3Mn0.5Co2O2 and (b) 

Cr-doped Ni0.3Mn0.5Co2CO3. 
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3.3. Elastic properties 

Elastic constants are determined to estimate the mechanical properties of materials. The ability 

of materials to resist against exterior forces within the elastic limit (i.e., reflect the stiffness of 

the material) can be determined by elastic constants. Understanding of elastic constants, moduli 

and anisotropy is crucial as they determine the response of materials to the applied stress. 

Elastic constants also provide essential information on mechanical stability, stiffness, hardness, 

brittleness/ductility nature, susceptibility to cracks induced due to thermal expansion 

coefficient and nature of the forces acting in solid materials. These mechanical properties can 

be measured by bulk modulus B, shear modulus G, Young modulus E and Pugh ratio (
𝐵

𝐺
). 

Elastic constants (𝐶𝑖𝑗) for this study were calculated by Taylor expansion of the total energy as 

shown below [133]; 

𝑈(𝑉, 𝜀) = 𝑈(𝑉0, 0) + 𝑉0 [∑ 𝜏𝑖𝜀𝑖𝛿𝑖𝑖 +
1

2
∑ 𝐶𝑖𝑗𝑖𝑗 𝜀𝑖𝛿𝑖𝜀𝑗𝛿𝑖]                                                 (3-2) 

Where 𝑈(𝑉0,0) is the energy of the unstrained system with equilibrium volume were V0, 𝜏𝑖 is 

element in the stress tensor and 𝜉𝑖 is a factor to take care of Voigt index. From our calculations, 

we observe 21 independent elastic constants which falls within the triclinic lattice systems. For 

triclinic systems to be considered mechanically stable, the following necessary and sufficient 

Born stability conditions must be satisfied [134, 135].   

                                𝐶11 > 0, 𝐶22 > 0, 𝐶33 > 0, 𝐶44 > 0, 𝐶55 > 0, 𝐶66 > 0,                                                  

                              [𝐶11 + 𝐶22 + 𝐶33 + 2 𝑋 (𝐶12 + 𝐶13 + 𝐶23)] > 0,                      (3-3) 

(𝐶33𝑋𝐶55 − 𝐶35
2 ) > 0, (𝐶44𝑋𝐶66 −  𝐶46

2 ) > 0, 

𝐶22 + 𝐶33 − 2𝑋𝐶23) > 0 
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The calculated elastic constants for structures of this study are presented in Table 3-2 and 3-4. 

We note that the stability conditions for Ni0.3Mn0.5Co2CO3 and F-doped Ni0.3Mn0.5Co2CO3 are 

satisfied, indicating mechanical stability. On the other hand, Ni0.3Mn0.5Co2O2 shows a negative 

value of 𝐶55, hence the stability condition 𝐶55 > 0 is not satisfied suggesting mechanical 

instability. We also note that Ti- doped Ni0.3Mn0.5Co2CO3 and Nb-doped Ni0.3Mn0.5Co2CO3 

satisfy the stability criterion for triclinic systems which indicate mechanical stability, while the 

Ti-doped Ni0.3Mn0.5Co2O2 and Nb-doped Ni0.3Mn0.5Co2O2 does not satisfy the stability 

conditions since they show negative values of 𝐶55 and 𝐶66, which implies mechanical 

instability. From the calculated elastic constants, the macroscopic bulk (B), shear (G) and 

Young’s (E) moduli were estimated using the Voigt-Ruess-Hill approximation method [136, 

137, 138]. The Voigt and Ruess theory correspond to the upper and lower limits respectively, 

while the Hill theory is the average of the Voigt and Reuss respectively. The bulk (B) modulus 

determines the material’s hardness and resistance to compression under pressure.  

From our calculations as presented in Table 3-3 and 3-5, it can be observed that Ti-doped 

Ni0.3Mn0.5Co2CO3 system possesses highest hardness over other systems for the study 

respectively, due to its largest value of bulk modulus (182.86 GPa). The shear (G) modulus 

describes the response of materials to deformation against external forces. We note that Nb-

doped Ni0.3Mn0.5Co2CO3 has the highest shear modulus value (1134.05 GPa), indicating 

highest resistance over Ni0.3Mn0.5Co2O2, Ni0.3Mn0.5Co2CO3, F-doped Ni0.3Mn0.5Co2CO3 and F-

doped Ni0.3Mn0.5Co2O2, Ti-doped Ni3Mn5Co2O2, Ti-doped Ni0.3Mn0.5Co2CO3 and Nb-doped 

Ni0.3Mn0.5Co2O2, respectively. It is interesting to note that shear modulus is greater than bulk 

modulus in Ni0.3Mn0.5Co2O2, Ti-doped Ni0.3Mn0.5Co2O2 and Nb-doped Ni0.3Mn0.5Co2CO3. 

This means that Ni0.3Mn0.5Co2O2, Ti-doped Ni0.3Mn0.5Co2O2 and Nb-doped Ni0.3Mn0.5Co2CO3 

has greater stiffness than hardness and resistance to deformation, thus greater susceptibility 
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cracks when subjected under pressure. In the other systems, the bulk is greater than the shear 

implying that shear modulus is the parameter limiting stability.  

The Young modulus (E) which determines stiffness of materials showed that Nb-doped 

Ni0.3Mn0.5Co2CO3 possesses greater stiffness over other structures respectively. In order to 

determine the brittleness and ductility nature of our structures, we have calculated the B/G ratio 

as proposed by Pugh [139]. Materials are considered ductile if the Pugh ratio value is greater 

than 1.75 and brittle if less than 1.75. From our calculated Pugh ratio as shown in Table 3-3 

and 3-5, we note that 
𝐵

𝐺
  is greater than 1.75 for Ni0.3Mn0.5Co2CO3, F-doped Ni0.3Mn0.5Co2CO3, 

F-doped Ni0.3Mn0.5Co2O2 and Ti-doped Ni0.3Mn0.5Co2CO3 suggesting ductility (i.e. the ability 

to bend without deformation). On the other hand, the Pugh ratio values for Ni0.3Mn0.5Co2O2, 

Ti-doped Ni0.3Mn0.5Co2O2, Nb-doped Ni0.3Mn0.5Co2O2 and Nb-doped Ni0.3Mn0.5Co2CO3 are 

less than 1.75, suggesting brittleness (i.e. structural deformation after bending).   

The materials anisotropies were calculated by making use of the universal elastic anisotropy 

(𝐴𝑈) which quantifies single crystal elastic anisotropy. Anisotropy factors are essential to 

determine the susceptibility of materials to cracks and in reducing micro-cracks and dislocation 

[140]. The universal elastic anisotropy index is defined by equation 3-4 below: 

𝐴𝑈= 5 
𝐺𝑉

𝐺𝑅 + 
𝐵𝑉

𝐵𝑅 – 6                                                                                       (3-4) 

Where 𝐺 is the shear modulus, 𝐵 is the bulk modulus and the superscripts 𝑉 and 𝑅 denote the 

Voigt and Reuss bounds respectively for the ensemble averaged quantities over the crystal. For 

isotropic crystals, 𝐴𝑈 = 0 while larger values of  𝐴𝑈 indicate stronger anisotropy. As shown in 

Table 3-4, We note that Ni0.3Mn0.5Co2CO3, Ni0.3Mn0.5Co2O2, F-doped Ni0.3Mn0.5Co2CO3 and 
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F-doped Ni0.3Mn0.5Co2O2 show larger values of 𝐴𝑈 which indicate that these systems possesses 

highest anisotropy, hence greatest susceptibility to cracks.  

Table 3-4. Calculated elastic constants for Ni0.3Mn0.5Co2CO3, Ni0.3Mn0.5Co2O2, F-doped 

Ni0.3Mn0.5Co2CO3 and F-doped Ni0.3Mn0.5Co2O2. 

Cij Ni0.3Mn0.5Co2CO3  Ni0.3Mn0.5Co2O2 F-doped 

Ni0.3Mn0.5Co2CO3 

F-doped 

Ni0.3Mn0.5Co2O2 

C11 394.57 102.54 257.98 76.71 

C12 136.67 62.64 101.84 19.23 

C13 92.25 60.04 81.71 34.00 

C14 35.50 0.92 21.06 -23.16 

C15 -0.67 8.94 11.87 -13.05 

C16 0.58 -2.05 15.77 9.69 

C22 360.51 479.13 237.94 333.44 

C23 99.10 65.84 79.55 20.14 

C24 -37.90 0.51 -7.24 -6.35 

C25 -0.20 -6.28 6.66 -6.35 

C26 24.63 -0.71 25.01 4.71 

C33 183.83 124.71 113.68 82.12 

C34 -5.25 -1.44 8.11 -41.94 

C35 -11.34 -40.49 21.03 2.59 

C36 -4.04 -2.91 -9.56 4.91 

C44 59.21 30.45 50.73 124.69 

C45 0.51 0.05 2.80 6.43 

C46 -2.08 29.11 1.01 40.40 
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C55 53.71 -1.63 49.28 17.41 

C56 28.04 -0.61 20.65 -7.50 

C66 107.81 125.77 74.98 -252.42 

 

Table 3-5. Calculate Moduli, Pugh ratio and Anisotropy for Ni0.3Mn0.5Co2CO3, 

Ni0.3Mn0.5Co2o2, F-doped Ni0.3Mn0.5Co2CO3 and F-doped Ni0.3Mn0.5Co2O2. 

(GPa) Ni0.3Mn0.5Co2CO3 Ni0.3Mn0.5Co2O2 F-doped 

Ni0.3Mn0.5Co2CO3 

F-doped 

Ni0.3Mn0.5Co2O2 

B 164.07 104.65 110.82 58.24 

G 74.33 116.44 50.28 20.13 

E 263.19 237.42 131.03 49.76 

𝐵

𝐺
 

2.21 0.89 2.204 2.89 

𝐴𝑈 6.52 2.72 7.45 2.65 

 

Table 3-6. Elastic constants for Ti-doped Ni0.3Mn0.5Co2CO3, Ti-doped Ni0.3Mn0.5Co2O2, 

Nb-doped Ni0.3Mn0.5Co2CO2 and Nb-doped Ni0.3Mn0.5Co2O2 

Cij Ti-doped 

Ni0.3Mn0.5Co2CO3 

Ti-doped 

Ni0.3Mn0.5Co2O2 

Nb-doped 

Ni0.3Mn0.5Co2CO3 

Nb-doped 

Ni0.3Mn0.5Co2O2 

C11 347.62 43.94 463.25 149.58 

C12 227.63 97.57 168.02 181.89 

C13 135.02 36.27 189.04 68.17 

C14 52.47 11.12 29.34 6.62 
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C15 -18.35 25.39 27.11 -5.54 

C16 66.07 1.30 34.76 2.92 

C22 304.42 529.01 329.55 472.20 

C23 135.66 53.33 227.92 -19.97 

C24 -31.75 -1.28 -15.90 92.89 

C25 -41.79 -46.72 -3.44 -617.42 

C26 -16.56 -41.44 88.21 -14.93 

C33 176.11 55.43 227.06 120.93 

C34 4.15 5.22 -1.24 -66.38 

C35 -23.61 -15.45 -2.44 31.75 

C36 -4.40 -0.07 -32.05 41.92 

C44 72.36 26.99 66.76 59.36 

C45 6.80 -5.37 6.27 -5.76 

C46 -5.06 14.05 8.52 59.79 

C55 87.98 -14.36 78.81 -172.18 

C56 60.13 -9.68 38.34 -7.74 

C66 21.19 -21.86 78.89 262.01 

 

Table 3-7. Moduli, Pugh ratio and Anisotropy for Ti-doped Ni0.3Mn0.5Co2CO3, Ti-doped 

Ni0.3Mn0.5Co2O2, Nb-doped Ni0.3Mn0.5Co2CO3 and Nb-doped Ni0.3Mn0.5Co2O2 

(GPa) Ti-doped 

Ni0.3Mn0.5Co2CO3 

Ti-doped 

Ni0.3Mn0.5Co2O2 

Nb-doped 

Ni0.3Mn0.5Co2CO3 

Nb-doped 

Ni0.3Mn0.5Co2O2 

B 182.86 76.91 235.16 312.51 

G 82.56 91.97 1134.05 -1.36 
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E 211.31 143.42 880.22 -22.04 

𝐵

𝐺
 

2.21 0.84 0.2 -230.17 

𝐴𝑈  2.99        8.02 -0.47 -9.44 

 

Table 3-8. Elastic constants for Cr-doped Ni0.3Mn0.5Co2CO3 and Cr-doped 

Ni0.3Mn0.5Co2O2. 

Cij Cr-doped 

Ni0.3Mn0.5Co2CO3 

Cr-doped 

Ni0.3Mn0.5Co2O2 

C11 390.30 -35.70 

C12 146.53 -256.21 

C13 101.71 287.72 

C14 30.94 -74.33 

C15 8.93 -195.92 

C16 -4.40 -168.97 

C22 365.81 266.37 

C23 115.93 437.99 

C24 -24.07 -223.61 

C25 -0.81 66.56 

C26 27.12 -138.55 

C33 171.48 -33.84 

C34 -2.21 -197.86 

C35 -4.55 -399.76 

C36 -12.91 63.44 
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C44 62.72 -7.60 

C45 -2.31 -65.53 

C46 -0.60 -10.84  

C55 63.75 225.26 

C56 31.33 -287.39 

C66 95.17 -130.35 

 

Table 3-9. Moduli, Pugh ratio and Anisotropy for Cr-doped Ni0.3Mn0.5Co2CO3 and Cr-

doped Ni0.3Mn0.5Co2. 

(GPa) Cr-doped 

Ni0.3Mn0.5Co2CO3 

Cr-doped 

Ni0.3Mn0.5Co2O2 

B 168.38 386.33 

G 72.88 -725.08 

E                                          191.06 -8607.81 

𝐵

𝐺
 

2.31 -580.45 

 

3.4. Phonon dispersion curves 

In this section we present first-principles DFT mechanical properties results of 

Ni0.3Mn0.5Co2CO3 and Ni0.3Mn0.5Co2O2 together with their doped systems. In the same way 

that a photon represents a quantum of electromagnetic radiation, phonons are regarded as lattice 

vibrations that compare quanta of lattice vibration energy [141]. Most solid-state phenomena, 

including stability, specific heat, melting, thermal conductivity, and electrical conductivity, are 

explained by the theory of phonons and cannot be explained by static lattice theory [142]. Since 

phonons play a significant influence in many physical properties of solids, the study of phonons 
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is an essential component of solid state physics. There are two different sorts of phonons seen 

in the propagation wave's dispersion relations: an upper branch (optical branch) and a lower 

branch (acoustical branch). The two atoms in the unit cell move in opposition to one another 

for the optical branch (in the long-wavelength limit), and the light mass amplitude is higher. 

The displacement of both atoms for the acoustical branch has the same amplitude, direction, 

and phase (in the long-wavelength limit). In order to investigate the mechanical stability of the 

transition metal carbonates, we have calculated their phonon dispersion curves along symmetry 

direction within their respective first Brillouin zones. When analysing the phonon dispersion 

curves, structures are said to be stable if there are no negative frequencies (referred to as soft 

modes) along high symmetry directions.  

The phonon dispersion curves were calculated using the PHONON code by Parlinski [143] as 

implemented in MedeA software, which allows phonon dispersion curves and thermodynamic 

properties such as vibrational heat capacity at constant volume, vibrational internal energy, 

entropy and free energy to be calculated. The supercell was constructed from the hexagonal 

cell with the interaction range of 10.0Å and the displacement of +/-0.06Å during the phonon 

dispersion curve calculations. The PHONON code allows for calculation of lattice dynamics, 

dispersion curves and phonon density spectra of crystals from either a set of force constants or 

from a set of Hellmann-Feyman forces computed within an ab initio program which optimises 

the structure of the crystalline supercell within constraints imposed by a crystallographic space 

group [144].  

Figure 3-12 presents the phonon dispersion curves for Ni0.3Mn0.5Co2CO3 and Ni0.3Mn0.5Co2O2 

at ambient pressure. We note that the Ni0.3Mn0.5Co2CO3 system display vibrations within the 

positive frequency and this entails that Ni0.3Mn0.5Co2CO3 is vibrationally stable. On the other 
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hand, the phonon dispersion curve for Ni0.3Mn0.5Co2O2 display negative frequency phonon 

branches (here referred to as soft modes) down to -29 THz at ambient pressure.  These soft 

modes are observed along high symmetry directions in the Brillouin zone. The presence of soft 

modes suggests that Ni0.3Mn0.5Co2O2 system is vibrationally unstable.     

 

 

Figure 3-12. Phonon dispersion curves for (a) Ni0.3Mn0.5Co2CO3 and (b) 

Ni0.3Mn0.5Co2O2. 

 

Figure 3-13 shows the phonon dispersions curves for fluorine doped Ni0.3Mn0.5Co2CO3 and 

Ni0.3Mn0.5Co2O2 systems. Similarly to pure Ni0.3Mn0.5Co2CO3 system, the phonon dispersion 

curve for fluorine doped Ni0.3Mn0.5Co2CO3 display no soft modes along the Brillouin zone 

indicating vibrational stability. We also note that doping Ni0.3Mn0.5Co2CO3 system with 

fluorine at the oxygen position does not change the behaviour of vibrations along the Brillouin 

zone direction as the system remains vibrationally stable. Contrary to fluorine doped 

Ni0.3Mn0.5Co2CO3, the phonon dispersion curve for fluorine doped Ni0.3Mn0.5Co2O2 shows 
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negative vibrations (soft modes) in the Brillouin zone direction which implies vibrational 

instability. However, we note that the negative vibrations for pure Ni0.3Mn0.5Co2O2 are from -

29 THz while the negative vibrations for fluorine doped Ni0.3Mn0.5Co2O2 are from -6 THz 

which indicate that doping with fluorine enhances the vibrations behaviour for Ni0.3Mn0.5Co2O2 

system.  

 

Figure 3-13. Phonon dispersion curves for doped systems (a) F-doped Ni0.3Mn0.5Co2CO3 

and (b) F-doped Ni0.3Mn0.5Co3CO3. 

 

Figure 3-14 display the phonon dispersion curve for Ti-doped Ni0.3Mn0.5Co2CO3 and Ti-doped 

Ni0.3Mn0.5Co2O2. We observe that the phonon dispersion curve for Ti-doped Ni0.3Mn0.5Co2CO3 

shows no negative vibrations in the Brillouin zone direction which implies that the system is 

vibrationally stable. On the other hand, we observe that the phonon dispersion curve for Ti-

doped Ni0.3Mn0.5Co2O2 is characterized by the soft modes or negative vibrations (-30 THz) at 

ambient pressure. These negative vibrations are along the Brillouin zone direction indicating 
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the vibrational instability. We also note that doping Ni0.3Mn0.5Co2O2 system with titanium in 

the manganese position slightly deteriorate its behaviour as the vibrations increases to (-30 

THz) as compared to (-29 THz) of pure Ni0.3Mn0.5Co2O2 system.  

 

 

Figure 3-14. Phonon dispersion curves for (a) Ti-doped Ni0.3Mn0.5Co2CO3 and (b) Ti-

doped Ni0.3Mn0.5Co2O2. 

 

Figure 3-15 presents the phonon dispersion curves for Nb-doped Ni0.3Mn0.5Co2CO3 and Nb-

doped Ni0.3Mn0.5Co2O2 at ambient pressure. Contrary to fluorine and titanium doped 

Ni0.3Mn0.5Co2CO3, the phonon dispersion curve for Ni0.3Mn0.5Co2CO3 doped with niobium at 

manganese positions is characterized by the negative vibrations or soft modes (-5 THz). These 

soft modes in the Brillouin zone direction indicate the vibrational instability of the material. 

This indicate that doping with niobium deteriorate the behaviour of Ni0.3Mn0.5Co2CO3 system. 

Similarly to fluorine and titanium doped Ni0.3Mn0.5Co2O2, the phonon dispersion curve for Nb-
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doped Ni0.3Mn0.5Co2O2 at manganese position display the negative vibrations in the Brillouin 

zone direction (-28 THz) indicating vibrational instability of the material.  

 

 

Figure 3-15. Phonon dispersion curves for (a) Nb-doped Ni0.3Mn0.5Co2CO3 and Nb-

doped Ni0.3Mn0.5Co2O2. 
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Cluster Expansion Technique  

4.1. Introduction 

A cluster expansion (CE) method is a popular and effective way for describing the 

thermodynamics and cooperative phenomena such as the order-disorder transitions of complex 

and multicomponent systems. Cluster expansion as a suitable computing technique, is a power 

series expansion of the partition function that Mayer introduced in 1941. Cluster expansion is 

frequently used as a bridge between first-principle calculations and Monte Carlo simulation, 

both of which try to estimate the material's properties. Since first-principle calculations can 

only be implemented with a small number of atoms per unit cell, DFT computations are 

particularly time-consuming and computationally intensive since they do not scale well with 

system size. The cluster expansion (CE) approach is the best appropriate energy model for the 

following reasons: a big system with hundreds or more atoms can have its energy estimated 

extremely quickly; By fitting to the energies of DFT calculations for a particular collection of 

tiny structures, it is possible to produce precise and transferable CE coefficients. This is 

especially useful for generating multi-component structures inside a random mixing.  

4.2. Phase diagram for new generated systems 

In this section, we discuss in detail the phase diagram obtained using the Universal cluster 

expansion technique. We initially searched for MnCO3 structure in MediA software then added 

cobalt and nickel to the structure to form NiMnCoCO3 structure which is commonly known as 

NMC’s. The structures were generated following the genetic algorithm procedure and the 

effective cluster interactions were fitted by means of a genetic algorithm. Starting with an initial 

training set of 162 structures, the fitting scheme calculated a maximum of 20 iterations, adding 
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a maximum of 10 new structures per iteration. The iterations persisted until the CE could 

anticipate no more new structures.  

Various structures with varied concentrations and symmetries were produced by the ground-

state phase diagram. The iterations continue until all of the anticipated structure’s energies 

which are higher than the estimated energies for the structures of the ground state line at each 

sampled concentration are determined by the cluster expansion. The information in Table 5-1, 

includes the number of iterations required to condense the ground state search, the number of 

existing ground state structures, the number of new structures that have been added to the 

ground state, the cross validation score used to determine how accurate DFT energy 

calculations will be and the list of new structures that have been generated per iteration. From 

the second iteration 0, 13 new structures generated are the initial structures in the training set 

randomly identified by the UNCLE code using genetic algorithm. The energies of the structures 

in the training set, or the structures created from iteration 1 through iteration 19, are used to 

identify the optimal set of new structures together with their accompanying interaction 

parameters. Whether the cluster expansion ground-state search has converged, it is determined 

using the most recent iteration whereby the final iteration (20) needs to produce no new 

structures (0). From our results shown in Table 4-1, it is revealed that at iteration 20, no new 

structures were generated, which indicate that our cluster expansion ground state search has 

converged. A statistical technique used to evaluate the dependability of the structure is cross-

validation score. It is most frequently used for forecasting and determining how accurate a 

predicted structure will be in usage. From our results, the accuracy of the development of new 

structures during cluster expansion fitting is indicated by the cross validation score (CVs) for 

all of the generated new structures being less than 5meV per active atom position. Since all of 
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the developed structures have CVs below 5meV, this indicate that our calculations were valid 

and the new generated structures will work realistically.  

Table 4-1. List of generated new structures from NiCoMnCO3 system. 

Iteration Number 

Of 

structures 

Number 

Of new 

structures 

Cross 

validation 

score 

% structure 

with SD 

below 5 meV 

New structures 

0 0 3 - - ce1 ce4 ce6 

0 0 13 - - ce4361 ce162…. 

1 13 10 0.24 - ce1216 ce2193… 

2 22 10 0.22 - ce332 ce5 

3 32 10 1.1 - ce36 ce5825 

4 42 10 1.6 - ce1018 ce4251 

5 52 10 2 - ce4801 ce4 

6 61 10 2.4 - ce487 ce119 

7 67 10 2.8 - ce1 ce3806 

8 75 10 2.8 - ce297 ce1430 

9 84 10 2.7 - ce6 ce2432 

10 91 10 3 - ce3 ce3410 

11 99 10 3.1 - ce2120 ce576 

12 105 10 3.5 - ce6 ce29 

13 114 10 3.1 - ce4603 ce5842 

14 122 10 3.1 - ce2405 ce107 

15 129 10 3 - ce140 ce594 
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16 137 10 4.6 - ce193 ce2066 

17 144 10 4.8 - ce157 ce5 

18 150 10 4.7 - ce351 ce301 

19 158 10 4.7 - ce1470 ce393 

20 162 0 4.5 - ce1470 ce393 

 

In computational material science, cluster expansion technique is used to predict the ordered 

or disordered superstructures. Figure 4-1 presents the phase diagram for NiCoMnCO3 system 

which reveals critical information about the newly generated and predicted structures 

considered by the cluster expansion. The ground state search included all the possible stable 

configurations within a 42-atom system and managed to generate 162 new structures with 

various concentration and symmetries. We note that the grey crosses within the diagram 

indicate the cluster expansion predictions while the red line indicate DFT ground state line. All 

the structures found to be on the DFT ground state line are considered most stable as compared 

to other generated structures. We further note that all the predicted phases within the diagram 

are in the negative energy of formations side (miscible constituent) which indicate 

thermodynamic stability. The miscible constituent’s behaviour indicate that structures are 

ordered and thermodynamically stable.  
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Figure 4-1. Phase diagram for NiCoMnCO3 structure. 

 

4.3. Manganese rich stable structures 

In this section we further evaluate the most stable phases generated in Figure 4-1. In particular, 

we calculate their structural properties, electronic properties, mechanical properties and 

vibrational properties.  

4.3.1. Structural properties 

The role of various components in the overall structure is reflected in the structural properties 

of the material. In this section we analyse the structural properties in terms of lattice parameters, 

energy of formation, volume and density for the ternary phases generated from cluster 

expansion. Lattice parameters are one of the physical dimensions and angles that determines 

the geometry of the unit cells in a crystal lattice, and is proportional to the distance between 

atoms in the crystal. Table 4-2 depicts our calculated lattice parameters, volume, energy of 
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formation and density for Ni0.3Mn0.5Co0.17CO3, Ni0.17Mn0.67Co0.17CO3, Ni0.13Mn0.75Co0.13CO3, 

Ni0.17Mn0.84Co0.17CO3 and Ni0.13Mn0.87Co0.13CO3.  

From our lattice parameters, we note that 𝑎 ≠  𝑏 ≠ 𝑐 which indicate that all the generated 

phases are triclinic systems. The energy of formation was calculated to determine the 

thermodynamic stability of our phases. As shown in Table 4-2, it is clear that all the energy of 

formation values are negative, which indicate that these new generated phases are 

thermodynamically stable. The thermodynamic stability trend is as follows: 

Ni0.13Mn0.87Co0.13CO3 > Ni0.13Mn0.75Co0.13CO3 > Ni0.17Mn0.84Co0.17CO3 > 

Ni0.17Mn0.67Co0.17CO3 > Ni0.3Mn0.5Co0.17CO3. 

Table 4-2. Lattice parameters, volume, density and energy of formation for 

Ni0.3Mn0.5Co0.17CO3, Ni0.17Mn0.67Co0.17CO3, Ni0.13Mn0.75Co0.13CO3, Ni0.17Mn0.84Co0.17CO3 

and Ni0.13Mn0.87Co0.13CO3. 

 Ni0.3Mn0.5 

Co0.17CO3 

Ni0.17Mn0.67 

Co0.17CO3 

Ni0.13Mn0.75 

Co0.13CO3 

Ni0.17Mn0.84 

Co0.17CO3 

Ni0.13Mn0.87 

Co0.13CO3 

a (Å) 4,573 4,559 5,461 4,565 7,104 

b (Å) 7,182 5,476 8,459 7,117 7,910 

c (Å) 8,499 10,649 8,439 8,463 7,103 

V (Å3) 263,704 259,66 344,693 258,992 344,048 

Density(mg/m3) 4,415 4,460 4,467 4,446 4,456 

∆Hf (kJ/mol) -4975.43 -5042.98 -6882.80 -5107.39 -7032.83 

 

4.3.2. Electronic Band structures 

Band structure is responsible for the explanation of the electrical properties of a material. The 

most important information that can be extracted from the electron band structure is the value 

of the energy gap. The electronic band structure is a representation of the allowed energies for 
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the electrons in the material. It shows how the energy levels of electrons in a solid material are 

arranged into bands, and how those bands are separated by gaps known as energy band gaps. 

In a solid material, electrons exist in one of two types of bands namely the valence and 

conduction bands. The valence band is the band that is occupied by electrons that are bound to 

the atoms in the material while the conduction band is the band that is empty or partially 

occupied by electrons that are free to move. The energy difference between the valence and 

conduction bands is known as the band gap. Figure 4-2 and 4-3 shows the energy band 

structures for all new generated phases in the Mn-rich side which were plotted in the first 

Brillouin zone with respect to the energy (eV). The bands below the zero line is the valence 

bands while bands above the zero line are conduction bands. These two bands are separated by 

the Fermi line which acts as the zero line. The distance between the states at the valence band 

maxima (VBM) and the conduction band minima (CBM) is determined by the electronic 

energy band gap. 

Figure 4-2 shows the energy band structures for Ni0.3Mn0.5Co0.17CO3, Ni0.17Mn0.67Co0.17CO3, 

Ni0.13Mn0.75Co0.13CO3 at ambient temperature and pressure. The band structure for 

Ni0.3Mn0.5Co0.17CO3 shows the metallic characteristic since the conduction bands overlap to 

the valence bands at the Fermi line, this behaviour suggests that Ni0.3Mn0.5Co0.17CO3 have good 

electronic conductivity. On the other hand, band structure for Ni0.17Mn0.67Co0.17CO3, 

Ni0.13Mn0.75Co0.13CO3 behave in the same manner whereby both systems have half metallic 

ferromagnetic characteristic. The half metallic ferromagnetic behaviour simply means that 

bands for one spin are metallic while bands for other pin are semiconducting. Similarly to 

Ni0.17Mn0.67Co0.17CO3 and Ni0.13Mn0.75Co0.13CO3, band structures for Ni0.17Mn0.84Co0.17CO3 

and Ni0.13Mn0.87Co0.13CO3 shown in Fig 4-3 also have the half metallic ferromagnetic 

behaviour. This indicate that Ni0.17Mn0.67Co0.17CO3, Ni0.13Mn0.75Co0.13CO3, 
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Ni0.17Mn0.84Co0.17CO3 and Ni0.13Mn0.87Co0.13CO3 systems can act either as a semiconductor or 

as a metallic.   

 

Figure 4-2. Electronic band structures for Ni0.3Mn0.5Co0.17CO3, Ni0.17Mn0.67Co0.17CO3 

and Ni0.13Mn0.75Co0.13CO3. 
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Figure 4-3. Electronic band structures for Ni0.17Mn0.84Co0.17CO3 and 

Ni0.13Mn0.87Co0.13CO3. 

 

4.3.3. Density of states 

Figure 4-4 and 4-5 show the total density of states (DOS) of Ni0.3Mn0.5Co0.17CO3 

Ni0.17Mn0.67Co0.17CO3,Ni0.13Mn0.75Co0.13CO3,Ni0.17Mn0.84Co0.17CO3 and Ni0.13Mn0.87Co0.13CO3 

phases. The DOS calculations were computed using the spin polarised local density 

approximation with Hubbard corrections (LDA+U). The high spin states are displayed on the 

positive scale while the lower spin states are seen on the negative scale. Figure 4-4 shows the 

density of states for Ni0.3Mn0.5Co0.17CO3 and Ni0.17Mn0.67Co0.17CO3 respectively. For 

Ni0.3Mn0.5Co0.17CO3, we note the pressence of pseudogap and that the Fermi level lies on the 

right of the pseudogap. The existence of pseudogap suggests that Ni0.3Mn0.5Co0.17CO3 has a 

metallic behaviour characteristics. Pseudogap also shows the relative overlap of electrons from 

the valence to the conduction band. This corresponds well with the heats of formation which 
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suggested thermodynamic stability of Ni0.3Mn0.5Co0.17CO3. On the other hand, the total density 

of states for Ni0.17Mn0.67Co0.17CO3 shows that the electronic states at the spin-up chanel of 

nickel, managnese, cobalt, carbon and oxygen atoms are seen overlapping at the fermi line 

depicting metallic behavior. While the spin down channel shows semiconductor behavior due 

to an observed energy band gap between the electronic states atoms. These conditions indicate 

that Ni0.17Mn0.67Co0.17CO3 is a half metallic ferromagnet, since it can acts as a semiconductor 

or metallic.  

Figure 4-5 shows the total density of states for Ni0.13Mn0.75Co0.13CO3, Ni0.17Mn0.84Co0.17CO3 

and Ni0.13Mn0.87Co0.13CO3 systems. Similarly to Ni0.17Mn0.67Co0.17CO3, we note that all the have 

the half metallic ferromagnetic behaviour. For Ni0.13Mn0.75Co0.13CO3, we note that the spin-up 

bands are semiconducting while the spin-down bands are metallic. We also observe the same 

behaviour for Ni0.17Mn0.84Co0.17CO3, as bands for spin-up channels are semiconducting while 

bands for spin down are metallic. Contrary to Ni0.13Mn0.87Co0.13CO3, bands for spin up are 

metallic while bands for spin down are semiconducting. 

 

Figure 4-4. . Total density of states for Ni0.3Mn0.5Co0.17CO3 and Ni0.17Mn0.67Co0.17CO3. 
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Figure 4-5. Total density of states for Ni0.13Mn0.75Co0.13CO3, Ni0.17Mn0.84Co0.17CO3 and 

Ni0.13Mn0.87Co0.13CO3. 

4.3.4. Elastic Properties  

This section is aimed at providing a better understanding of the mechanical compatibility for 

all the phases in the Mn-rich side. Elastic constants play an important role in understanding 

various mechanical and physical properties of materials. For example, the ratio of the bulk and 

shear modulus can depict the degree of ductility or brittleness of a material while the difference 

in the elastic stiffness coefficients can explain the nature of bonding in the system and the 

mechanical stability of the material. On the other hand, elastic anisotropy of a material can be 

related to the dielectric breakdown and anisotropy of the material, the Young‘s modulus of the 

material correlates to the degree of stiffness in the material while the shear and bulk modulus 

of a material can be correlated to its hardness and fracture stress.  
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Table 4-3 to 4-4 lists the DFT results on elastic constants (Cij) of Ni0.3Mn0.5Co0.17CO3, 

Ni0.17Mn0.67Co0.17CO3, Ni0.13Mn0.75Co0.13CO3, Ni0.17Mn0.8Co0.17CO3 and Ni0.13Mn0.87Co0.13CO3 

phases respectively. Since all the phases generated fall within the triclinic crystal system, 21 

independent elastic constants were obtained. For triclinic crystal systems to be considered 

mechanically stable, the following necessary and sufficient Born stability conditions must be 

satisfied [134, 135].   

𝐶11 > 0, 𝐶22 > 0, 𝐶33 > 0, 𝐶44 > 0, 𝐶55 > 0, 𝐶66 > 0. 

We note that Ni0.3Mn0.5Co0.17CO3 does not satisfy the 𝐶33 > 0 condition while 

Ni0.13Mn0.75Co0.13CO3 does not satisfy the 𝐶11 > 0 𝑎𝑛𝑑  𝐶22 > 0 conditions, implying that 

both these systems are mechanically unstable. On the other hand, Ni0.17Mn0.67Co0.17CO3, 

Ni0.17Mn0.8Co0.17CO3 and Ni0.13Mn0.87Co0.13CO3 phases were found to satisfy the triclinic 

stability conditions which indicate mechanical stability. We further calculated the Moduli, 

Pugh ratio and anisotropy for all the generated phases in the Mn-rich side and their results are 

presented in Table 3-5 and 3-6. From our results we note that Ni0.13Mn0.75Co0.13CO3 system 

possesses highest hardness over Ni0.13Mn0.87Co0.13CO3, Ni0.17Mn0.8Co0.17CO3, 

Ni0.17Mn0.67Co0.17CO3 and Ni0.3Mn0.5Co0.17CO3 respectively due to its largest value of the bulk 

modulus. We note that Ni0.3Mn0.5Co0.17CO3 system has highest shear modulus value (71.45 

GPa), indicating highest resistance over other phases. It is noteworthy that the shear modulus 

of Ni0.3Mn0.5Co0.17CO3 is higher than the bulk modulus. This indicates that Ni0.3Mn0.5Co0.17CO3 

is more brittle than hard and resistant to deformation, making it more susceptible to cracking 

when put under strain. In the other systems, the bulk is larger than the shear, indicating that the 

stability-limiting parameter is the shear modulus. Furthermore, Pugh’s ratio suggests 

brittleness if (B/G<1.75) and ductility if (B/G>1.75). Hence, Ni0.3Mn0.5Co0.17CO3 and 
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Ni0.13Mn0.75Co0.13CO3 shows the Pugh ratio being < 1.75 which depicts brittleness while 

Ni0.17Mn0.67Co0.17CO3, Ni0.17Mn0.8Co0.17CO3 and Ni0.13Mn0.87Co0.13CO3 depicts ductility.  

Table 4-3. Calculated elastic Constants for Ni0.3Mn0.5Co0.17CO3, Ni0.17Mn0.67Co0.17CO3 

and Ni0.13Mn0.75Co0.13CO3. 

 

Cij Ni0.3Mn0.5Co0.17CO3 

 

Ni0.17Mn0.67Co0.17CO3 

 

Ni0.13Mn0.75Co0.13CO3 

 

C11 343.88 327.47 -394.67 

C12 153.80 150.25 -623.20 

C13 -330.05 137.82 44.70 

C14 -174.55 33.39 479.37 

C15 0.65 -4.72 -496.08 

C16 219.42 -2.14 99.41 

C22 311.94 332.67 -454.11 

C23 -336.81 139.98 -10.09 

C24 -240.52 -38.97 325.75 

C25 0.87 -5.27 -401.10 

C26 217.21 1.01 135.30 

C33 -562.79 189.30 504.18 

C34 -173.54 -0.71 325.56 

C35 -10.13 -4.24 -341.60 

C36 157.63 -1.19 105.90 

C44 39.77 70.50 99.36 

C45 -1.00 -1.20 -32.46 

C46 12.07 -1.28 27.79 

C55 66.99 73.00 104.69 

C56 30.67 39.90 64.26 

C66 78.94 92.98 49.25 
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Table 4-4. Calculated elastic constants for Ni0.17Mn0.8Co0.17CO3 and 

Ni0.13Mn0.87Co0.13CO3. 

Cij Ni0.17Mn0.8Co0.17CO3 

 

Ni0.13Mn0.87Co0.13CO3 

 

C11 356.25 366.28 

C12 204.19 198.05 

C13 162.66 180.09 

C14 32.89 44.75 

C15 9.47 -4.85 

C16 8.41 -2.93 

C22 375.83 360.17 

C23 171.43 175.53 

C24 -39.59 -40.57 

C25 15.21 -0.47 

C26 7.48 -2.13 

C33 209.44 216.18 

C34 -5.97 0.27 

C35 11.30 -0.95 

C36 6.77 -0.19 

C44 70.33 70.65 

C45 -1.16 -0.50 

C46 -1.66 1.28 

C55 70.74 69.59 

C56 38.58 41.86 

C66 92.81 79.98 
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Table 4-5. Moduli, Pugh ratio and Anisotropy for Ni0.3Mn0.5Co0.17CO3, 

Ni0.17Mn0.67Co0.17CO3 and Ni0.13Mn0.75Co0.13CO3. 

(GPa) Ni0.3Mn0.5Co0.17CO3 Ni0.17Mn0.67Co0.17CO3 Ni0.13Mn0.75Co0.13CO3 

B -1571.88 180.86 1552.71 

G 71.45 66.88 -23.98 

E 253.68 178.52 -58.72 

𝐵

𝐺
 

-22.00 2.7 -64.75 

 

 

Table 4-6. Moduli, Pugh ratio and Anisotropy for Ni0.17Mn0.8Co0.17CO3 and 

Ni0.13Mn0.87Co0.13CO3. 

(GPa) Ni0.17Mn0.8Co0.17CO3 Ni0.13Mn0.87Co0.13CO3 

   

B 210.08 216.72 

G 65.16 59.73 

E 177.09 163.94 

𝐵

𝐺
 

3.22 3.63 

 

4.3.5. Phonon dispersion curves 

The study of lattice vibration is crucial to understand how the energy is absorbed in the solids. 

In this section we discuss the phonon dispersion curves of new generated phases in the 

manganese rich side. In particular we determine the phonon dispersion curves for 

Ni0.3Mn0.5Co0.17CO3, Ni0.17Mn0.67Co0.17CO3, Ni0.13Mn0.75Co0.13CO3, Ni0.17Mn0.8Co0.17CO3 and 

Ni0.13Mn0.87Co0.13CO3. There are two different types of phonons within the propagation wave 

namely the upper branch (optical branch) and the lower branch (acoustical branch). For the 

optical branch, the two atoms in the unit cell move opposite to each other and the light mass 
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amplitude is greater whereas for acoustical branch, the displacement of both atoms has the 

same amplitude, direction and phase. Phonon dispersion curves were calculated using the 

PHONON code as discussed in detail in section 2.5. To the best of our knowledge, phonon 

dispersion curves on Ni0.3Mn0.5Co0.17CO3, Ni0.17Mn0.67Co0.17CO3, Ni0.13Mn0.75Co0.13CO3, 

Ni0.17Mn0.8Co0.17CO3 and Ni0.13Mn0.87Co0.13CO3 structures have never been investigated 

elsewhere, hence these results will be used for benchmarking in the future.  

Figure 4-6 presents the phonon dispersion curves for (a) Ni0.3Mn0.5Co0.17CO3, (b) 

Ni0.17Mn0.67Co0.17CO3 and (c) Ni0.13Mn0.75Co0.13CO3.We note that the phonon dispersion curve 

for Ni0.3Mn0.5Co0.17CO3 and Ni0.17Mn0.67Co0.17CO3 shows positive frequencies in the high 

Brillouin zone which implies vibrational stability. Moreover, contrary to Ni0.3Mn0.5Co0.17CO3 

and Ni0.17Mn0.67Co0.17CO3, the phonon dispersion curve for Ni0.13Mn0.75Co0.13CO3 display 

negative frequency phonon branches (here referred to as soft modes) down to -4 THz. These 

soft modes are observed along high symmetry directions in the Brillouin zone.  The presence 

of soft modes suggests that the Ni0.13Mn0.75Co0.13CO3 structure is vibrationally unstable. 

Furthermore, Figure 4-7 present the phonon dispersion curves for Ni0.17Mn0.84Co0.17CO3 and 

Ni0.13Mn0.87Co0.13CO3. It is clearly seen that there exists no soft modes (only imaginary modes, 

induced by not imposing the invariant conditions in the PHONON Code) along high symmetry 

lines at ambient pressure for Ni0.17Mn0.84Co0.17CO3 structure. This particularly indicates that 

Ni0.17Mn0.84Co0.17CO3 is vibrationally stable. Furthermore, the phonon dispersion curve for 

Ni0.13Mn0.87Co0.13CO3 shows bands to appear in both the negative and positive frequencies. 

This implies that Ni0.13Mn0.87Co0.13CO3 structure is vibrationally unstable due to the 

availability of soft modes in the high Brillouin zone direction.  
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In addition to the phonon dispersion curves, we have calculated the phonon density of states 

for the completeness of lattice dynamics. Figure 4-8 presents the total and partial phonon 

density of states for Ni0.13Mn0.75Co0.13CO3 and Ni0.13Mn0.87Co0.13CO3 respectively. We observe 

relatively high density of states for Mn, Ni and Co atoms below 10 THz, whereas for C and O 

atoms high densities of states are dominant above 20 THz. This  suggests  that  Mn, Ni and Co 

atoms  vibrate  in  modes  of  the  same  low frequencies, while C and O atoms vibrate in modes 

of high frequencies. Moreover, we also note that Mn, Ni and Co atoms show density of states 

below 0 THz, suggesting that these atoms are responsible for the negative acoustic modes in 

the phonon dispersion curves for both Ni0.13Mn0.75Co0.13CO3 and Ni0.13Mn0.87Co0.13CO3 

respectively. 

 

Figure 4-6. Phonon dispersion curves for (a) Ni0.3Mn0.5Co0.17CO3, (b) 

Ni0.17Mn0.67Co0.17CO3 and (c) Ni0.13Mn0.75Co0.13CO3. 
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Figure 4-7. Phonon dispersion curves for (d) Ni0.17Mn0.84Co0.17CO3 and (e) 

Ni0.13Mn0.87Co0.13CO3. 
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Figure 4-8. Phonon density of states for (a) Ni0.13Mn0.75Co0.13CO3 and (b) 

Ni0.13Mn0.87Co0.13CO3. 

4.4. Ternary phase diagram for NiMnCoCO3 

A ternary phase diagram is a graphical representation of the phases that exist in a three-

component system at various combinations of temperature, pressure, and composition. This 

type of diagram is commonly used to understand the behaviour of systems with three 

components. Ternary phase diagrams are valuable tools for predicting the behaviour of 

complex systems, helping researchers understand how different compositions and 

environmental conditions affect the phases present in the system. In our case we doped MnCO3 

structure with NiCO3 and CoCO3 to produce NiMnCoCO3 commonly known as NMC’s. In a 

ternary phase diagram, the three components are typically represented at the vertices of an 

equilateral triangle. Each corner of the triangle corresponds to one of the pure components 

(NiCO3, MnCO3, and CoCO3). The composition of a point within the triangle is expressed as a 
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percentage of each component, and the entire triangle represents all possible phases generated 

from the three parent structures. Lines connecting the corners of the triangle represent binary 

compositions (mixtures of two components). 

Figure 4-6, shows the ternary phase diagram for NiCO3, MnCO3, and CoCO3. From the figure 

we note that the blue crosses represents the cluster expansion grid while the green dots 

represents the phases on the DFT ground states. We also note that binary compositions appears 

from MnCO3 to NiCO3, NiCO3 to CoCO3 and CoCO3 to MnCO3, while the ternary 

compositions appears in the middle of the phase diagram. Our cluster expansion managed to 

generate seven ternary phases which are all thermodynamically stable. The thermodynamic 

stability notion is clearly elaborated in Fig 4-7 which shows that all the phases generated (both 

binary and ternary) are in the negative energy of formation implying thermodynamic stability 

with various colours to specify which phases are more thermodynamically stable than others. 

Furthermore, Table 4-7 to 4-10 indicate the formula and space groups for all the newly 

generated phases. However, the most crucial phases for this study are the ternary phases and 

their compositions are as follows:  

Ni0.5Mn0.2Co0.3CO3, Ni0.5Mn0.3Co0.3CO3, Ni0.5Mn0.3Co0.2CO3, Ni0.3Mn0.2Co0.5CO3, 

Ni0.3Mn0.3Co0.5CO3, Ni0.2Mn0.2Co0.7CO3 and Ni0.2Mn0.3Co0.5CO3. From compositions shown 

above we note that no manganese rich composition was generated as per our expectations, 

instead the nickel rich and cobalt rich phases were generated. The layered nickel rich oxides as 

cathodes for lithium ion batteries have been studied extensively by researchers due to their high 

discharge capacity of (200–220 mAh g −1 ) [145], which represents a large increase in energy 

density as compared to other materials.  
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Figure 4-9. Ternary phase diagram for NiCO3, MnCO3 and CoCO3. 

 

Figure 4-10. Energy of formation diagram for all the generated phases. 

 



123 

 
 

 

Table 4-7. Generated phases from MnCO3 to NiCO3. 

Phases from MnCO3 to NiCO3 Space group 

MnNi5C6O18 P-1 

MnNi3C4O12 P-1 

Mn2Ni4C6O18 C2/c 

MnNiC2O6 -R3 

Mn3NiC4O12 P-1 

 

Table 4-8. Generated phases from NiCO3 to CoCO3. 

Phases from NiCO3 to CoCO3 Space group 

CoNi3C4O12 P-1 

Co2Ni4C6O18 P-1 

CoNiC2O6 -R3 

Co4Ni2C6O18 P-3c1 

Co3NiC4O12 P-1 

Co5NiC6O18 P-1 

 

Table 4-9. Generated phases from CoCO3 to MnCO3. 

Phases from CoCO3 to MnCO3 Space group 

MnCo5C6O18 P-1 

Mn2Co4C6O18 P-1 

MnCoC2O6 -R3 
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Mn4Co2C6O18 C2/c 

Mn5CoC6O18 P-1 

 

Table 4-10. Ternary phases generated from mixing MnCO3, NiCO3 and CoCO3. 

Phases from NiCO3 , CoCO3 and MnCO3 Space group 

MnCo2Ni3C6O18 P-1 

MnCoNi2C4O12 P-1 

Mn2CoNi3C6O18 P-1 

MnCo3Ni2C6O18 P-1 

MnCo2NiC4O12 P-1 

MnCo4NiC6O18 P-1 

Mn2Co3NiC6O18 P-1 
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Experimental Results 

The synthesis process of battery cathodes such as NMC’s has evolved over the past years. 

These NMC’s are synthesized using the co-precipitation methods which are widely used in 

various applications. Co-precipitation has gained interest in the last 10-15 years especially for 

LiNixMnyCo1-x-yO2 cathode materials due to its simplicity, better particle morphology control 

and the homogeneous mixing at the atomic scale. In this chapter we discuss in detail the 

experimental results for lithiated layered structures with various compositions. 

5.1. Thermogravimetric analyses (TGA) 

Thermal analysis is an important analytical tool used to study the properties of materials as the 

temperature is changed. TGA can be used to measure changes in the mass of material as a 

function of time either at a selected temperature (i.e. isothermal mode) or over a particular 

temperature range using a predetermined heating rate under a controlled atmosphere. This 

technique is widely used to monitor thermal stability and the loss of volatile components for 

materials where a loss of mass occurs because of thermal degradation or desolvation.  In this 

study, TGA was utilized to investigate the thermal stability and decomposition behaviours of 

materials used in the battery electrodes, such as nickel manganese cobalt oxide (NMC) 

cathodes. 

The thermal decomposition profiles for LiNi0.33Mn0.53Co0.14O2 and Li1.2Ni0.13Mn0.54Co0.13O2 

are presented as TGA curve in Figure 5-1. The thermal stability of NMC batteries strongly 

depends on the content of nickel, manganese and cobalt. However, it is well known that a high 

nickel content contributes to higher capacity, high manganese content improves the cycling 

and safety characteristics while high content of cobalt enhances power performance. Therefore, 
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compositional optimization of the NMC chemistry is quite crucial for improving the 

electrochemical performance and safety characteristics of lithium ion batteries. The systematic 

investigation of thermal stability on a series of NMC cathode materials with different 

compositions will undoubtedly provide important information on formulating high-capacity 

materials with respectable safety characteristics. Unfortunately, not many systematic studies 

on a full series of NMC cathode chemistries have been reported so far. Hence, our TGA 

investigations will expand the knowledge base of NMC thermal stability and the effect of 

varying stoichiometry. It is observed from Figure 5-1 that LiNi0.33Mn0.53Co0.14O2 (a) and 

Li1.2Ni0.13Mn0.54Co0.13O2 (b) are thermally stable with the significant mass loss recorded above 

600 oC with the inflection points observed at 641℃ for LiNi0.33Mn0.53Co0.14O2 sample and 

645℃ for Li1.2Ni0.13Mn0.54Co0.13O2 sample respectively.  

The sudden weight or temperature loss in TGA curves (commonly known as inflection point) 

signifies a change in the behaviour of the samples being analysed, which could be due to 

various factors such as evaporation of volatile components, chemical reactions, phase 

transitions, or experimental artifacts. Many materials contain volatile components that 

evaporates when exposed to increased temperature, leading to a decrease in the rate of weight. 

Moreover, some materials undergo chemical reactions at specific temperature ranges leading 

to the formation of new compounds or decomposition of existing ones, altering the weight loss 

behaviour while other materials can undergo phase transitions, such as melting or 

crystallization, which can affect their weight. The inflection point may correspond to the 

temperature range where such transitions occur, leading to changes in the rate of weight loss. 

However, since the mass loss recorded for both samples was above 600 oC, this is good news 

from an experimental point of view, as it is significantly above the elevated temperatures 

required during the fluorination procedures.  
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Figure 5-1. Thermogravimetric curve for (a) LiNi0.33Mn0.53Co0.14O2 and (b) 

Li1.2Ni0.13Mn0.54Co0.13O2. 

 

Table 5-1 summarises the decomposition onset temperature for the NMC oxides of the study. 

As can be noted in the above table, there seems to be a strong correlation between the increased 

theoretical wt% Mn content and a higher onset temperature of thermal decomposition. Even 

though there is a limited amount of literature available to explain this occurrence for lithiated 

samples, one specific study references the effect of varying; NixMnyCoz oxide stoichiometries 
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on thermal stability and specifically the onset temperature of oxide release in the discharge 

process of cathode candidate materials.  

Table 5-1. Decomposition onset temperature for LiNi0.33Mn0.53Co0.14O2 and 

Li1.2Ni0.13Mn0.54Co0.13O2. 

Sample Normalised Mn 

Ratio 

Theoretical wt% 

Mn 

Onset 

Temperature (oC) 

LiNi0.33Mn0.53Co0.14O2 0.53 30.43 641 

Li1.2Ni0.13Mn0.54Co0.13O2 0.67 38.44 645 

 

5.2. X-Ray Diffraction Analysis 

X-ray diffraction (XRD) analysis is a powerful technique used to study the crystalline structure 

of materials. In the context of cathodes for lithium-ion batteries, such as Nickel Manganese 

Cobalt Oxide (NMC), XRD can provide valuable insights into the atomic arrangement and 

crystallographic phases of the material during various stages of battery operation. It is also a 

very flexible method that gives chemical data for phase analysis as well as elemental and 

texture analysis. X-ray diffractions for this study were performed using D8 Advance 

diffractometer equipped with flip-stick sample stage. The XRD technique was utilized to 

analyse the crystal structure of the carbonate co-precipitation precursors. Figure 6-2 (a) shows 

our calculated XRD using D8 Advance while Figure 5-2 (b) shows the XRD for 

LiNi0.4Mn0.4Co0.2O2, LiNi0.3Mn0.5Co0.2O2 and LiNi0.2Mn0.6Co0.2O2 from literature, which was 

calculated using the Bruker D8 Discover. Comparing the two figures, we note similar 

characteristics such as the intensity of 003 peak being greater than intensity of 104 peak, 

however, we also note impurity peaks in our XRD diagrams and this may be due to different 
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approaches used and different concentrations. Figure 5-3(a) shows the XRD diagram for 

Li1.2Ni0.13Mn0.54Co0.13O2 and (b) XRD diagram for solution combustion synthesized 

Li1.2Ni0.13Mn0.54Co0.13O2 respectively. Figure 5-3(b) shows what has been done with similar 

structure using different method. We note that our XRD compares well with the experimental 

data as the peaks produced appears at the same 2theta degree. The patterns are indexed to a 

hexagonal α-NaFeO2 structure with the R3m space group. Moreover, the absence of clear 

splitting between (108) / (110) peaks confirms high degree of cation mixing in our sample.  

The spectra are depicted in the figures with the proposed phase and degree of crystallinity also 

highlighted. To a first order, the intensity of the peaks gives an indication of the wt. % of the 

corresponding phase in the sample. Thus, primary phases are given by the intense peaks, 

whereas, low intensities are indicative of minority phases in the sample. The high base line in 

the patterns is attributed to fluorescence of Ni, Mn and Co atoms by the Cu X-rays. From our 

results, we note sharp peaks for both figures indicating well-ordered crystalline structures with 

the most intensive peak appearing at (003).  
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Figure 5-2. XRD for D8 Advance diffractometer (a) LiNi0.33Mn0.53Co0.14O2 and (b) 

Bruker D8 Discover for LiNi0.4Mn0.4Co0.2O2, LiNi0.3Mn0.5Co0.2O2 and 

LiNi0.2Mn0.6Co0.2O2 [146]. 
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Figure 5-3. XRD for D8 Advance diffractometer (a) Li1.2Ni0.13Mn0.54Co0.13O2 and (b) 

solution combustion synthesized Li1.2Ni0.13Mn0.54Co0.13O2 [147]. 

5.3. Raman analysis 

Raman spectroscopy can provide information about chemical composition, molecular 

structure, crystallinity, and phase identification without the need for extensive sample 

preparation. For this study, the Raman analysis investigation was focused on defining the effect 

of averaged crystal structure of the stability for cathode precursor matrices. It seems obvious 

from the data that the spectra for both samples look very similar with relation to the Raman 

shift positions as shown in Table 5-2. This is to be expected as the lattices are assembled in a 

similar manner with the bonding configuration following suit. However, peak intensities are 
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integral in understanding the intrinsic differences. Figure 5-4 and 5-5 present the Raman shift 

for both LiNi0.33Mn0.53Co0.14O2 and Li1.2Ni0.13Mn0.54Co0.13O2. We note that the Raman active 

modes are observed between 400 and 1200 cm-1, which are associated to the vibrational modes 

of different transition metal ions (Ni, Mn, Co). The Raman spectra of our samples consist of 

highly overlapping bands of different transition metal ions, thus it is difficult to assign the exact 

band to each vibration mode. However, it can be concluded that the bands > 600 cm-1 

correspond to Eg and A1g of Mn, while the shoulder at 465 cm-1 can be assigned to Eg mode of 

Ni. 

 

Figure 5-4. Raman spectroscopy for LiNi0.33Mn0.53Co0.14O2. 
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Figure 5-5. Raman spectroscopy for Li1.2Ni0.13Mn0.54Co0.13O2. 

 

Table 5-2. Predominant Raman shifts recorded for LiNi0.33Mn0.53Co0.14O2 and 

Li1.2Ni0.13Mn0.54Co0.13O2. 

LiNi0.33Mn0.53Co0.14O2 (cm-1) Li1.2Ni0.13Mn0.54Co0.13O2 (cm-1) 

157 159 

484 483 

586 583 

638 638 

799 800 

1100 1101 

 

5.4. Energy-Dispersive X-ray Spectroscopy (EDX) and X-Ray Fluorescence (XRF) 

Analysis 

An elemental analysis method that offers quantitative chemical data is X-ray fluorescence 

(XRF). XRF has a higher detection limit than EDS, and it can measure the concentrations of 

trace elements. The signal gathering technique is the main distinction between EDS and XRF. 
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XRF employs an analytical crystal to distinguish the X-rays coming off the sample surface, 

whereas EDS uses a Si (Li) detector. Because of this, XRF's peak resolution is superior to 

EDS's. An analytical crystal with a known composition has fixed interplanar space between its 

atoms, which makes it easier to distinguish between X-rays.  

Table 5-3 highlights the theoretical wt% for each constituent and Mn/Ni and Mn/Co ratios for 

LiNi0.33Mn0.53Co0.14O2 and Li1.2Ni0.13Mn0.54Co0.13O2 samples and compares this with the results 

obtained from the EDX and XRF analysis. As can be observed in Table 5-3, the Mn/Co and 

Mn/Ni ratios are slightly larger than expected as compared to the expected theoretical 

composition, in all cases. This could either imply that the stoichiometry isn’t exactly what is 

expected in the sample or more likely that the oxygen and lithium content within the analytes 

influence the signal outputs in a systematically corrected manner.          

Table 5-3. Comparison of theoretical percentage, EDX percentage and XRF percentage 

for LiNi0.33Mn0.53Co0.14O2 and Li1.2Ni0.13Mn0.54Co0.13O2. 

 LiNi0.33Mn0.53Co0.14O2 Li1.2Ni0.13Mn0.54Co0.13O2 

Theo wt% Mn 30.43 38.44 

EDX wt% Mn 33.85 37.75 

XRF wt% Mn 33.79 46.16 

Theo wt% Ni 20.24 10.42 

EDX wt% Ni 16.81 9.70 

XRF wt% Ni 16.72 11.39 

Theo wt% Co 8.62 10.46 

EDX wt% Co 8.54 9.18 

XRF wt% Co 13.62 12.24 
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5.5. Scanning Electron Microscopy (SEM)  

Scanning Electron Microscopy is a powerful tool used to visualize the surface morphology of 

materials at a very high resolution. In the context of NMC (Nickel Manganese Cobalt) cathode 

materials used in lithium-ion batteries, SEM can reveal details about the particle size, shape, 

distribution, and surface features of these materials. NMC cathode materials typically consist 

of nanoparticles that contribute to the performance of lithium-ion batteries. SEM imaging of 

NMC materials can show the morphology of these nanoparticles, which is crucial in 

understanding their electrochemical properties and performance in batteries. For this study, the 

SEM was determined to check the particle size and distribution which reveal the size range of 

NMC particles, whether they are agglomerated or dispersed, and their distribution across the 

sample.  

SEM was also determined to check the particle shape of our samples, which can showcase the 

shapes of individual particles, whether they are spherical, irregular or faceted. Figure 5-6 and 

5-7 presents the micrographs for LiNi0.33Mn0.53Co0.14O2 and Li1.2Ni0.13Mn0.54Co0.13O2. As can 

be seen from the micrographs, there seems to be a homogeneous particle distribution in each 

sample. The more evenly distributed the sample, the more likely it is to incur even loading 

during fluorination. So when considering thermal stability as well as morphological aspects, 

these candidate precursor materials seem to fulfil experimental requirements. We further 

determined the morphological characteristics such as density, surface area and average pore 

size for both samples as shown in Table 5-4. As expected, there isn’t a massive difference 

observed in morphological characteristics of each sample. This basically means that the 

crystallographic ‘holes’ are more effectively filled, affording a slightly more dense 

configuration.  
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Figure 5-6. Secondary electron images for LiNi0.33Mn0.53Co0.14O2. 

 

Figure 5-7. Secondary electron images for Li1.2Ni0.13Mn0.54Co0.13O2. 
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Table 5-4. A summary of surface area (m2/g) and average pore size (Å) for 

LiNi0.33Mn0.53Co0.14O2 and Li1.2Ni0.13Mn0.54Co0.13O2. 

Sample Surface area (m2/g) Average pore size 

(Å) 

LiNi0.33Mn0.53Co0.14O2 1.0029 115.017 

Li1.2Ni0.13Mn0.54Co0.13O2 1.1391 103.117 

 

5.6. Particle size distribution for LiNi0.33Mn0.53Co0.14O2 and Li1.2Ni0.13Mn0.54Co0.13O2. 

Particle Size Distribution (PSD), describes the range and distribution of particle sizes within a 

material. Most materials especially the active materials used in battery electrodes, contain a 

variety of particle sizes instead of a single particle size. The PSD can be described through 

various metrics like the mean size, median size or mode size and is typically characterized 

using various techniques. The impact of particle size distribution on the lithium ion battery 

performance includes the ionic diffusion, whereby smaller particles provide shorter diffusion 

pathways for lithium ions, which is conducive to faster charge and discharge rates. Therefore, 

a finer PSD tends to enhance rate capability, especially beneficial for applications requiring 

rapid energy delivery such as acceleration in electric vehicles. The structural integrity and 

cycling stability is also included as the impact of PSD whereby finer particles, due to their high 

surface area to volume ratio, are more prone to degradation mechanisms such as cracking. 

Therefore, a PSD skewed heavily towards the finer end can compromise the long-term stability 

of the battery [148].  

Figure 5-8 and Figure 5-9 shows the particle size distribution for LiNi0.33Mn0.53Co0.14O2 and 

Li1.2Ni0.13Mn0.54Co0.13O2. We note that the particle size distribution curve starts at zero and 

remain constant until it reaches the D10, then gradually increases until it reaches a peak around 

the median peak at D50 and continues to remain constant. From Table 5-2, we note that D10 = 
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16.63 and 9.88. This implies that 10% of the LiNi0.33Mn0.53Co0.14O2 sample is smaller than 

16.63𝜇𝑚 while 10% of Li1.2Ni0.13Mn0.54Co0.13O2 sample is smaller than 9.88𝜇𝑚. Furthermore, 

we also note that 50% of LiNi0.33Mn0.53Co0.14O2 sample is smaller than 22.36 𝜇𝑚 while 50% 

of Li1.2Ni0.13Mn0.54Co0.13O2 sample is smaller than 15.24 𝜇𝑚. The D50 is commonly known as 

the median value as it divides the particle size distribution into equal amounts of “smaller” and 

“larger” particles. The 90% of LiNi0.33Mn0.53Co0.14O2 sample is smaller than 30.38 𝜇𝑚 while 

the 90% of Li1.2Ni0.13Mn0.54Co0.13O2 sample is smaller than 21.16 𝜇𝑚. Usually the D10, D50 

and D90 are the most crucial percentiles for a particle size distribution.  

 

Figure 5-8. Particle size distribution for LiNi0.33Mn0.53Co0.14O2. 
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Figure 5-9. Particle size distribution for Li1.2Ni0.13Mn0.54Co0.13O2. 

 

 

Table 5-5. The particle diameter for LiNi0.33Mn0.53Co0.14O2 and Li1.2Ni0.13Mn0.54Co0.13O2. 

Sample D10 D20 D30 D40 D50 D60 D70 D80 D90 

LiNi0.33Mn0.53Co0.14O2 16.63 18.08 19.46 20.94 22.36 23.78 25.30 26.92 30.38 

Li1.2Ni0.13Mn0.54Co0.13O2 9.88 11.58 13.08 14.17 15.24 16.39 17.780 19.396 21.16 

 

5.7. Tapped density for LiNi0.33Mn0.53Co0.14O2 and Li1.2Ni0.13Mn0.54Co0.13O2 

Tap density refers to the density of a powder material after it has been tapped or subjected to 

mechanical compaction. Calculating the tapped density of NMC’s as cathode materials for 

lithium-ion batteries provides valuable information for material characterization, electrode 

optimization, performance prediction, quality control and cost optimization which are essential 

for the development and production of high-performance lithium-ion batteries. Determining 

the tap density of a metal powder provides valuable information on the volume occupied by a 
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specific weight of the powder before and after consolidation through tapping. To determine the 

tap density, a graduated measuring cylinder containing the powder sample is mechanically 

tapped to record the final volume after tapping as the initial volume is recorded before tapping. 

After the weight and volumes of the sample are recorded, the formula below is then used to 

calculate the tap density for both our samples. We note that the tapped density for both samples 

was less than 2 g/ cm3 which is typical for experimental point of view. 

Tapped density = 
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑎𝑝𝑝𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑎𝑝𝑝𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒
 

For LiNi0.33Mn0.53Co0.14O2 

Mass = 30g  

V0 = 35 cm3 

Vf = 28 cm3 

Bulk density = 
𝑚

𝑉0
 = 

30 

35 
 = 0.86 g/ cm3 

Tap density = 
𝑚

𝑣𝑓
 = 

30 

28 
 = 1.07 g/ cm3 

For Li1.2Ni0.13Mn0.54Co0.13O2 

Mass = 30g  

V0 = 23 cm3 

Vf = 19 cm3 

Bulk density = 
𝑚

𝑉0
 = 

30 

23
 = 1.30 g/ cm3 

Tap density = 
𝑚

𝑣𝑓
 = 

30 

19 
 = 1.58 g/ cm3 
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5.8. The synchroton based XAS for LiNi0.33Mn0.53Co0.14O2 and Li1.2Ni0.13Mn0.54Co0.13O2 

In this part, we collaborated with the British council to use their Diamond light source 

synchrotron beam to determine the effect of fluorination in our samples. In particular, we 

wanted to determine if fluorination changes the oxidation state of our transition metals (Mn, 

Ni Co). After getting results from the beam, we used a programme called Athena to first 

normalize our data.  We normalized the Ni-K, Mn-K and Co-K edges and the results are shown 

in the figures below.  

5.8.1. Ni-K edge 

Figure 5-10 present the brief overview of the X-ray absorption spectrum (XAS), which is a 

powerful technique used to probe the electronic and structural environment around specific 

atoms within a material. It is mainly divided into two regions named the x-ray absorption near 

edge structure (XANES) and extended x-ray absorption fine structure (EXAFS). The XANES 

spectra exhibits two more features named the pre-edge and the absorbing edge which gives 

information about the local symmetry, oxidation state and coordination of the absorbing atom 

while EXAFS provides information about the interatomic distances, coordination number and 

neighbour identity. From Fig 5-11 we note that the pre-edge feature is at the same position for 

both pristine and fluorinated samples which indicate that the oxidation state in this regard does 

not change with fluorination, instead it remains the same. We also note that the pre-edge feature 

exhibit a single peak which implies that the oxidation state for these samples is a +2. 

Furthermore, Fig 5-12 as a zoomed spectra for Fig 5-11 shows that some spectra exhibit an 

additional peak on the absorption edge, which is typically indicative of a ligand transition. 

However, since the feature appears in both pristine and fluorinated sample, it clearly indicate 
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that this additional peak is not due to fluorination but may be linked to other transition metals 

within the sample.  

 

  

Figure 5-10. Normalized X-ray absorption spectroscopy. 

 

 

Figure 5-11. Normalized spectra of Ni-K edge for pristine and fluorinated samples. 
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Figure 5-12. Zoomed normalized spectra of Ni-K edge. 

 

Figure 5-13 presents the Fourier transform EXAFS spectra for Ni-K-edge which converts the 

data from reciprocal space (wave vector k) to real space (radial distance R), revealing distances 

between the absorbing atom and its neighbours. The first shell reveal that the pathway between 

nickel and its neighbouring atoms move from nickel to oxygen atom while the second shell 

corresponds to pathway from nickel to metal or ligand atoms. Their radial distances are 

recorded in Table 5-6 whereby it is notable that all the structures (pristine and fluorinated) have 

the same interatomic distances which further confirms that the oxidation state is not changing 

since there’s no change in bond length as this is proportional to the oxidation state (higher 

oxidation state= shorter bond length).  

 

Additional peak 

Pre-edge 
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Figure 5-13. The Fourier transform EXAFS of Ni-K edge for both pristine and 

fluorinated NMC sample 

 

 

Table 5-6. Radial distances between the absorbing atom (Ni, Mn, Co) to Oxygen and 

radial distances from metal to metal or ligand. 

Sample Composition R-Factor Radial distance (M-O) 

 

Radial distance (M-M) 

 

Li1.2Ni0.33Mn0.53Co0.14O2 (P) 0.01 1.9 2.9 

Li1.2Ni0.13Mn0.54Co0.13O2 (P) 0.02 1.9 2.9 

Li1.2Ni0.33Mn0.53Co0.14O2 (F) 0.01 1.9 2.9 

 

5.8.2. Mn-K edge 

The Mn K-edge refers to the absorption edge associated with the excitation of an electron from 

the 1s core level to higher energy states in manganese (Mn), typically observed in X-ray 

absorption spectroscopy (XAS) as presented in Fig 5-14. In the case of Mn, the pre-edge 

features are typically attributed to transitions from the Mn 1s core level to unoccupied Mn 3d 
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states, often hybridized with ligand orbitals. On the pre-edge feature as shown in the zoomed 

spectra in Fig 5-15, we can observe two clear peaks of Mn.  These two distinct pre-edge peaks 

often emerge, reflecting the stronger ligand field splitting and multiple d-orbital levels available 

for transitions. This further imply that the oxidation state cannot be a +2 since there’s more 

than one peak. The oxidation state in this case can either be Mn³⁺ or Mn⁴⁺.  

Moreover, Figure 5-16 present the Fourier Transform EXAFS for Mn K-edge  which provides 

a way to analyze the local atomic structure around the absorber atom (in this case, manganese). 

The FT of EXAFS transforms the oscillatory function in terms of wavenumber k (which 

corresponds to the photoelectron energy) into real space, giving peaks that represent distances 

between the absorbing Mn atom and its neighbouring atoms. Each peak in the Fourier-

transformed EXAFS spectrum corresponds to a different coordination shell or "scattering 

pathway" of neighbouring atoms around the Mn atom. These pathways are typically grouped 

by distance whereby the first coordination shell corresponds to the closest atoms to Mn, often 

oxygen or other ligands while the second shell coordination corresponds to the more distant 

ligand atoms. From Fig 5-16 we note that the first shell indicate the Mn to Oxygen pathway 

while the second shell present Mn to oxygen or any other ligands within the sample. 
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Figure 5-14. Normalized spectra of Mn K-edge for pristine and fluorinated samples. 

 

 

Figure 5-15. Zoomed spectra for Mn K-edge 
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Figure 5-16. Fourier Transform EXAFS for Mn K-edge 

5.8.3. Co K-edge 

The Co K-edge refers to the X-ray absorption edge associated with the excitation of a core 

electron from the 1s orbital of cobalt (Co) to unoccupied higher energy states. It is a key feature 

studied in X-ray Absorption Spectroscopy (XAS), particularly for understanding the local 

electronic structure, oxidation state, and coordination environment of cobalt in various 

materials. The pre-edge region in a Co K-edge XAS spectrum often shows weak features due 

to transitions from the Co 1s level to Co 3d states. These pre-edge features are generally small 

because 1s → 3d transitions are quadrupole allowed but dipole forbidden. However, these 

transitions can gain intensity due to hybridization with ligand orbitals or due to distortions in 

the coordination geometry (such as tetrahedral coordination). As shown in Figure 5-17 and its 

zoomed spectra in Figure 5-18, we observe the pre-edge feature with a single peak implying 

that the oxidation state in this regard is Co2+. Its pathway shown in Figure 5-18 indicate that 

atoms move from Co to oxygen then Co to metal or any ligands within the sample, respectively. 
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Figure 5-17. Normalized X-ray absorption spectroscopy of Co K-edge for pristine and 

fluorinated samples. 

 

Figure 5-18. Zoomed spectra of Co K-edge XAS 
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Figure 5-19. Fourier Transform EXAFS for Co K-edge 
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Chapter 6 
 

6.1. Summary and Conclusions 

Density functional theory with Hubbard parameter (U) were employed in this study to 

investigate the structural, electronic and mechanical properties of Mn-rich NiMnCoCO3 and 

NiMnCoO2 with high Mn concentration and minor amounts of Ni and Co. We employed DFT 

with Hubbard correction U calculation within the exchange correlation of GGA-PBE as 

embodied in the VASP code, and the PHONON codes. The equilibrium cell characteristics and 

energy of formation were determined by full structure optimization. The spin-polarized local 

density approximation was also used to calculate the electronic total and partial densities of 

states while mechanical properties were found by computing elastic properties and phonon 

dispersion curves.  

Computational studies on Mn-rich NMC’s were not found in literature to compare our results 

with, hence the computational results of this study will be used for bench-marking in the future. 

We firstly used Media software to build supercells for Ni0.3Mn0.5Co0.2CO3 and 

Ni0.3Mn0.5Co0.2O2 structures, then calculate their stability properties. Our calculated lattice 

parameters for Ni0.3Mn0.5Co0.2CO3 were smaller than the lattice parameters for 

Ni0.3Mn0.5Co0.2CO3 which typically indicate that Ni0.3Mn0.5Co0.2CO3 structure has a smaller 

unit cell volume, smaller density and closer atomic packing as compared to Ni0.3Mn0.5Co0.2CO3 

supercell. The heats of formation for Ni0.3Mn0.5Co0.2CO3 were found to be more stable than 

Ni0.3Mn0.5Co0.2O2 due to its lower energy of formation value. We further doped both systems 

with fluorine, titanium, niobium and chromium to enhance both our system’s behaviors. Their 

heats of formations were calculated and we found that their results are relatively low and 

negative, suggesting thermodynamic stability for all doped systems. However, F-doped 
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Ni0.3Mn0.5Co0.2CO3 has the heats of formation of -6765.23 kJ/mol which is more negative as 

compared to other doped supercells and this implies that F-doped Ni0.3Mn0.5Co0.2CO3 is more 

energetically favorable or thermodynamically stable. 

We have also calculated the band structures and the density of states for both supercells to 

investigate their electronic structure behavior. From the band structures, we note that 

Ni0.3Mn0.5Co0.2CO3 and Ni0.3Mn0.5Co0.2O2 shows the direct energy band gap of 0.004 eV and 

0.036 eV which suggest that both supercells are either metallic or semiconductors, hence high 

in electronic conductivity. This was confirmed by calculating the density of states for both 

systems. With the density of states for Ni0.3Mn0.5Co0.2CO3, we note that peaks that appears on 

the valence band side of the total DOS are mainly contributed by manganese d-states and 

carbon p-states with minor amounts of nickel d-states and cobalt d-states. We also note the 

presence of pseudogap and that the Fermi level lies on the right of it, thus permissible for 

valence band states to overlap to the conduction band. The existence of pseudogap suggests 

that Ni0.3Mn0.5Co0.2CO3 has a metallic behavior characteristics and good electronic conduction 

since no energy band gap is observed, which correspond well with the band structure 

prediction. Furthermore, from the density of states of Ni0.3Mn0.5Co0.2O2, we note that peaks in 

the total DOS are dominated by nickel and cobalt d-states and oxygen p-states. We also note a 

small pseudogap with the Fermi line lying on the left side of the pseudogap. This also indicate 

a metallic behavior and good electronic conductor because no energy band gap is observed. 

For fluorine doped Ni0.3Mn0.5Co0.2CO3 and Ni0.3Mn0.5Co0.2O2 at oxygen sites, we note that 

there are energy bands crossing the fermi energy level in both spin directions, indicating that 

both doped system are metallic, hence good electronic conductors. The density of states for 

fluorine doped Ni0.3Mn0.5Co0.2CO3 and Ni0.3Mn0.5Co0.2O2 shows that both system have the 
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metallic behavior due to the presence of pseudogap at the Fermi level. We further calculated 

band structures and density of states for titanium doped Ni0.3Mn0.5Co0.2CO3 and 

Ni0.3Mn0.5Co0.2O2 at Mn sites. For Ti-doped Ni0.3Mn0.5Co0.2CO3, the system shows a half 

metallic ferromagnet which indicate that bands for spin 2 are metallic while bands for spin 1 

are semiconducting. This behavior indicates that this system is either a semiconductor or 

metallic, hence good electronic conductor while the band structure and density of states for Ti-

doped Ni0.3Mn0.5Co0.2O2 shows a metallic behavior at the Fermi level indicating good 

electronic conductor. Moreover, we further doped both our systems with niobium to investigate 

their electronic properties. We note the flow of electrons from the valence bands to the 

conduction bands which indicate that no energy band gap is recorded for both niobium doped 

Ni0.3Mn0.5Co0.2CO3 and Ni0.3Mn0.5Co0.2O2 which implies metallic behavior indicating good 

electronic conductor. Lastly, the electronic properties were calculated for chromium doped 

Ni0.3Mn0.5Co0.2CO3 and Ni0.3Mn0.5Co0.2O2 by determining their band structures and density of 

states. We note that their band structures and density of states revealed that both chromium 

doped systems shows half ferromagnetic behavior since bands for spin one are metallic while 

bands for spin two are semiconducting. However, this characteristic indicate that both systems 

are good electronic conductors.  

Furthermore, the mechanical properties for Ni0.3Mn0.5Co0.2CO3, Ni0.3Mn0.5Co0.2O2 and their 

doped systems were determined by calculating the elastic properties. The elastic constants of 

Ni0.3Mn0.5Co0.2CO3, F-doped Ni0.3Mn0.5Co0.2CO3, Ti-doped Ni0.3Mn0.5Co0.2CO3, Nb-doped 

Ni0.3Mn0.5Co0.2CO3 and Cr-doped Ni0.3Mn0.5Co0.2CO3 satisfy the necessary conditions for 

mechanical stability within the triclinic systems. Moreover, we also note that the elastic 

constants for Ni0.3Mn0.5Co0.2O2 shows a negative value of 𝐶55, hence the stability condition for 

𝐶55 > 0 is not satisfied, suggesting mechanical instability. We further note that even after 
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doping Ni0.3Mn0.5Co0.2O2 with fluorine, titanium, niobium and chromium the system remained 

mechanically unstable as the stability conditions of  𝐶55 and 𝐶66 were not satisfied. In this case 

none of the dopants we used could improve the mechanical stability of Ni0.3Mn0.5Co0.2O2. We 

further note that Nb-doped Ni3Mn5Co2CO3 has the highest shear modulus value (1134.05 GPa), 

indicating highest resistance when compared to Ni3Mn5Co2O2, Ni3Mn5Co2CO3, F-doped 

Ni0.3Mn0.5Co0.2CO3, F-doped Ni0.3Mn0.5Co0.2O2, Ti-doped Ni0.3Mn0.5Co0.2O2, Ti-doped 

Ni0.3Mn0.5Co0.2CO3, Nb-doped Ni0.3Mn0.5Co0.2O2, Cr-doped Ni0.3Mn0.5Co0.2O2 and Cr-doped 

Ni0.3Mn0.5Co0.2CO3  respectively. It is interesting to note that the shear modulus is greater than 

bulk modulus in Ni0.3Mn0.5Co0.2O2, Ti-doped Ni0.3Mn0.5Co0.2O2 and Nb-doped 

Ni0.3Mn0.5Co0.2CO3. This means that Ni0.3Mn0.5Co0.2O2, Ti-doped Ni0.3Mn0.5Co0.2O2 and Nb-

doped Ni0.3Mn0.5Co0.2CO3 have greater stiffness than the hardness and resistance to 

deformation, thus greater susceptibility cracks when subjected under pressure. In the other 

systems, the bulk is greater than the shear modulus implying that shear modulus is the 

parameter limiting stability. The Young modulus (E) which determines stiffness of materials, 

showed that Nb-doped Ni0.3Mn0.5Co0.2CO3 possesses greater stiffness over other structures 

respectively.  

In order to determine the brittleness and ductility nature of our structures, we have calculated 

their B/G ratio as proposed by Pugh. We note that B/G ratio is greater than 1.75 for 

Ni0.3Mn0.5Co0.2CO3, F-doped Ni0.3Mn0.5Co20.2CO3, F-doped Ni0.3Mn0.5Co0.2O2, Ti-doped 

Ni0.3Mn0.5Co0.2CO3 and Cr-doped Ni0.3Mn0.5Co0.2CO3 suggesting ductility (i.e. the ability to 

bend without deformation). On the other hand, the Pugh ratio values for Ni0.3Mn0.5Co0.2O2, Ti-

doped Ni0.3Mn0.5Co0.2O2, Nb-doped Ni0.3Mn0.5Co0.2O2, Nb-doped Ni0.3Mn0.5Co0.2CO3 and Cr-

doped Ni0.3Mn0.5Co0.2O2 are less than 1.75, suggesting brittleness (i.e. structural deformation 

after bending).   
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The vibrational properties for Ni0.3Mn0.5Co0.2CO3, Ni0.3Mn0.5Co0.2O2 and their doped systems 

were determined by calculating the phonon dispersion curves. The phonon dispersion curve for 

Ni0.3Mn0.5Co0.2CO3 show no soft modes or negative vibrational branches indicating vibrational 

stability. On the other hand, we note that the phonon dispersion curve for Ni0.3Mn0.5Co0.2O2 

shows soft modes or negative vibrations in the high Brillouin zone indicating vibrational 

instability. For the doped systems, we note that fluorine doped Ni0.3Mn0.5Co0.2CO3 and titanium 

doped Ni0.3Mn0.5Co0.2CO3 shows no soft modes indicating vibrational stability, while on the 

other hand the fluorine doped Ni0.3Mn0.5Co0.2O2, titanium doped Ni0.3Mn0.5Co0.2O2 and 

niobium doped Ni0.3Mn0.5Co0.2O2 shows negative vibrations indicating vibrational instability.  

We further used the UNCLE code to build a ternary phase whereby Ni and Co were doped on 

MnCO3 structure to generate new phases. Cluster expansion generated new phases in Ni-rich 

side and Mn-rich side. We note that all the generated phases were in the negative energy of 

formations side (miscible constituent) which indicate thermodynamic stability. The predicted 

phases in the Mn-rich side were as follows: Ni0.3Mn0.5Co0.17CO3, Ni0.17Mn0.67Co0.17CO3, 

Ni0.13Mn0.75Co0.13CO3, Ni0.17Mn0.84Co0.17CO3 and Ni0.13Mn0.87Co0.13CO3. We further calculated 

their first principles to determine their stability properties. The heats of formation for all the 

predicted phases indicated that all phases were thermodynamically stable with the stability 

trend as follow: Ni0.13Mn0.87Co0.13CO3 > Ni0.13Mn0.75Co0.13CO3 > Ni0.17Mn0.84Co0.17CO3 > 

Ni0.17Mn0.67Co0.17CO3 > Ni0.3Mn0.5Co0.17CO3. Their density of states showed that all the 

predicted phases revealed either a semiconductor or metallic behaviour since some spin up 

were found to be semiconductors while spin down were found to be metallic and vice versa, 

which is an indication of a good electronic conductors. 
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We also calculated their elastic constants to determine their mechanical properties. We found 

that Ni0.17Mn0.67Co0.17CO3, Ni0.17Mn0.8Co0.17CO3 and Ni0.13Mn0.87Co0.13CO3 phases satisfied 

the triclinic stability conditions which indicate mechanical stability. On the other hand, 

Ni0.3Mn0.5Co0.17CO3 and Ni0.13Mn0.75Co0.13CO3 were not satisfying all the stability conditions 

indicating mechanical instability. Furthermore, Pugh’s ratio suggests brittleness if (B/G<1.75) 

and ductility if (B/G>1.75). Hence, Ni0.3Mn0.5Co0.17CO3 and Ni0.13Mn0.75Co0.13CO3 shows the 

Pugh ratio being < 1.75 which depicts brittleness while Ni0.17Mn0.67Co0.17CO3, 

Ni0.17Mn0.8Co0.17CO3 and Ni0.13Mn0.87Co0.13CO3 depicts ductility.  

We also calculated their phonon dispersion curves to determine the vibrational stability. We 

note that the phonon dispersion curve for Ni0.3Mn0.5Co0.17CO3, Ni0.17Mn0.67Co0.17CO3 and 

Ni0.17Mn0.8Co0.17CO3 shows positive frequencies in the high Brillouin zone implying 

vibrational stability, while on the other hand the phonon dispersion curves for 

Ni0.13Mn0.75Co0.13CO3 and Ni0.13Mn0.87Co0.13CO3 display negative frequency phonon branches 

(here referred to as soft modes) indicating vibrational stability. We further used the same cluster 

expansion file to plot ternary phase diagram for NiMnCO3 structure. We note that only Ni-rich 

phases were generated and were not explored by means of calculating their First principles 

calculations as this study our focus was only on the Mn-rich side. However, the generated Ni-

rich phases can be tested at laboratory for those working on Ni-rich NMC’s as cathodes for 

lithium ion batteries. The computational results indicate that when comparing NMCCO3 with 

NMCO2, we found that NMCCO3 structures performed much better than NMCO2 structures 

which now lead us to using the carbonate co-precipitation method instead of the hydroxide co-

precipitation to synthesize our NMC’s as cathodes for lithium ion batteries. Moreover, the Mn-

rich phases predicted have never been studied before, which means this work could be used for 

bench-marking in the near future of studying batteries by testing these phases at the laboratory. 
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Lastly, the carbonate co-precipitation method was used to synthesize LiNi0.33Mn0.53Co0.14O2 

and Li1.2Ni0.13Mn0.54Co0.13O2 samples. For characterization, both samples were tested for 

thermal decomposition analysis using the TA instruments. The thermogravimetric analysis 

results revealed that both samples are thermally stable since their mass loss was above 600 oC, 

this is good news from an experimental point of view, as it is significantly above the elevated 

temperatures required during the fluorination procedures.  

We further used the X-Ray diffraction using D8 advance diffractometer to determine the atomic 

arrangements and crystallographic phases of our samples, which were found to compare well 

with the experimental data. Furthermore, the Raman analysis for both samples was performed 

and it was revealed that the Raman spectra of our samples consist of highly overlapping bands 

of different transition metal ions, thus it is difficult to assign the exact band to each vibration 

mode. Scanning Electron Microscopy was also tested to determine the particle size and 

distribution for both samples which reveal the size range of NMC particles, whether they are 

agglomerated or dispersed, and their distribution across the sample. The results revealed a 

homogeneous particle distribution in each sample and the more distributed the sample, the 

more likely it is to incur during fluorination. So when considering thermal stability as well as 

morphological aspects, these candidate precursor materials seem to fulfil experimental 

requirements. From our results, it was observed that compounds with higher manganese 

content have greater stability which is sufficient for fluorination experiments. Moreover, the 

synchrotron beam of the Diamond light source was successfully used to determine the effect 

of fluorination in our samples. The x-ray absorption spectroscopy results at the pre-edge feature 

indicated that oxidation state does not change since the pre-edge peak for all our samples was 

at the same energy position. This was further confirmed by the Fourier transform EXAFS 
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which calculated the bond distances of atoms within the sample and they were all the same 

indicating no change in oxidation state. 

6.2. Suggestions for Future Work 

Among the energy storage materials that are currently on the market, lithium-ion batteries, 

which have the advantages of high working voltage, long cycle life, and environmental 

friendliness, have dominated the energy storage materials market since they first entered the 

commercial market in 1991. The development of cathode materials has gained a lot of attention 

as a result of pressing need for high energy density and high output power sources. So since 

Mn-rich NMC’s gained attention as the promising cathode with high energy density for lithium 

ion batteries, we still have to study various Mn-rich phases and understand their stability 

properties.  

From our results, few phases were generated using the universal cluster expansion. However, 

the phases were tested using first principles calculations, so for future work those phases can 

be tested in laboratory or experimentally to check their morphology, energy density and 

electrochemical properties. Moreover, since this study focused on the carbonate co-

precipitation as the method, we can further use hydroxide co-precipitation method to compare 

the results from both methods. Furthermore, on the synchrotron results, since there was no 

change on the oxidation state of transition metals due to fluorination, we can further determine 

the impact of fluorination whilst cycling to check its influence on oxidation of the anions using 

the synchrotron based techniques. 
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