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ABSTRACT 

This work involved the study of manganese oxide based materials as cathode materials in 

lithium-ion batteries (LIBs) and sodium-ion batteries (SIBs). A lithium manganese rich-

transition metal oxide, Li1.2Mn0.52Co0.13Ni0.13Al0.02O2 (LMNCA) cathode material was 

successfully prepared using the combustion method. Urea and ethylene glycol (EG) were used 

as fuels during the combustion synthesis and their effect on the physical and electrochemical 

properties of the samples were evaluated. This study revealed that the combustion synthesis of 

electrode materials depends greatly on the type of fuel to produce materials with enhanced 

electrochemical properties. LMNCA prepared by urea (LMNCA-urea) delivered the higher 

specific capacity of 295 mAh/g with a capacity retention of 84 % after 50 cycles, while the 

LMNCA prepared by EG (LMNCA-EG) gave a capacity of 240 mAh/g and a capacity retention 

of 78 % after 50 cycles. Even though LMNCA-urea has enhanced cycle performance, it has 

higher voltage fade and decomposition of electrolyte occurs upon cycling as compared to 

LMNCA-EG. The effect of microwave irradiation on the combustion synthesis of LMNCA 

using either the urea or EG was also studied. The microwave irradiation improved the capacity 

and the rate capability of LMNCA-EG by decreasing the particle size and tuning the oxidation 

state of the manganese ion content. The capacity retention after 50 cycles at 0.1 C is 88 % and 

82 % for LMNCA-EG and LMNCA-urea, respectively. A novel method using 𝛼𝛼-MnO2 

nanowires as manganese precursor to prepare LMNCA cathode material is also reported. The 

XRD analysis revealed pure, crystalline LMNCA powders with good hexagonal ordering. The 

SEM images showed that LMNCA powders exhibited plate-like particles with smooth surfaces, 

an unusual morphology for LMNCA materials. The LMNCA material exhibited excellent cycle 

performance and good rate capability. The capacity retention was 95 % and 96 % after the 50th 

and 100th cycles, respectively. The preparation of P2-type Na0.67Mg0.28Mn0.72O2 (NaMgMnO) 

cathode materials for sodium-ion batteries using a urea combustion method is also reported for 

the first time. The effect of microwave irradiation and fluorination was investigated with the 

aim to improve the capacity retention and the rate capability of NaMgMnO cathode material. 

The powder XRD analyses showed that pure single phase P2-type powders were successfully 

prepared. SEM analyses revealed an impact of microwave irradiation and fluorination on the 

morphology of the materials. The galvanostatic charge-discharge and the electrochemical 

impedance spectroscopy studies showed that both microwave irradiation and fluorination 

improved the capacity, coulombic efficiency, cycle performance and impedance of NaMgMnO 

cathode materials.  
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CHAPTER 1 

 

Introduction 

 

1.1 Introduction 

This chapter gives a brief overview of the motivation and rationale for the research project.  It 

also presents aims and objectives of the study, and finally the layout of the thesis. 

1.2 Motivation and Rationale 

Lithium-ion batteries (LIBs) are of great significance as power sources for portable electronic 

devices. Lithium-ion batteries are also important in realizing cleaner and energy-efficient 

automobiles such as electric vehicles. Electric vehicles are attractive alternative cars to petrol 

cars as they also contribute to the  reduction of green-house gas (GHG) emissions which impact 

on climate change, health and environmental pollution. Literature estimate that electric vehicles 

such as plug-in hybrid vehicle (PHEV) could halve the use of petroleum in cars and reduce 

transport GHG emissions by 65 % [1, 2].  

Sodium-ion batteries (SIBs) are also rechargeable batteries widely studied as promising energy 

storage systems for renewable energy sources. This is because these batteries are cheaper and 

have high energy density which is important for grid scale application. Renewable energy 

(wind, and solar) sources are cheap, environmentally friendly and provide universal access. 

Therefore they are alternative energy sources important to supplement the main streams of 

energy supply and their use will reduce the increasing energy demand especially in the African 

continent  and also contribute in decreasing the GHG emissions repercussions. 

Cost is an important factor in the commercialization of the lithium-ion and sodium-ion batteries. 

The cost of the preparation of the electrode materials has the potential to limit the full utilisation 

of the LIBs and SIBs. Expensive batteries are unusable because they also make the devices in 

which they are used expensive and unaffordable. One of the ways to reduce the cost of lithium-

ion batteries is to use cheaper electrode materials (cathode and anode).  At least 40 % of the 

cost of these batteries comes from the cathode materials. 
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Manganese based cathode materials are the cheaper cathode materials because of the abundance 

of the mananganese source especially in South Africa. South Africa is one of the major 

exporters of manganese ore in the world and currently has the largest Mn ore reserve in the 

whole world, as can be seen in Figure 1.1. 

 

 

Figure 1.1: The pie chart shows world manganese ore production and the bar chart shows 

the world reserves of manganese ore in terms of metal content [3]. 
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Manganese based cathode materials are not only low cost but also have a good voltage 

characteristics, they are easy to prepare and environmentally friendly. This is evident from 

cathode materials as the lithium manganese oxide (LMO) is currently being used in most 

electric cars such as Nissan Leaf, Chevrolet Volt and Renault Fluence. Other examples of best 

performing manganese based cathode materials are the lithium nickel manganese cobalt oxide 

(NMC), lithium–manganese rich manganese cobalt oxide (LMR-NMC), lithium manganese 

nickel oxide (LMNO).  

However, manganese based cathode materials suffer from capacity fade upon cycling. This is 

mainly due to the presence of the high spin Mn3+ ions in the structure because the manganese 

ions in the structure exists in the Mn3+ and Mn4+ oxidation states. The Mn4+ oxidation state is 

redox inactive and the Mn3+ (d4) oxidation state is redox active but causes Jahn-Teller distortion 

of the structure. Jahn-Teller distortion results in change of the structure and thus results in a 

change in the electrochemical properties, especially capacity retention. The Mn3+ oxidation 

state also undergoes disproportionation reaction that causes the dissolution of the electrode 

materials in the electrolyte. 

Therefore, this thesis studies the manganese oxide based cathode materials such as the LMR-

NMC and NaMgMnO cathode materials for lithium-ion and sodium-ion batteries, respectively. 

The investigation of the electrochemical performance of LMR-NMC materials is 

technologically significant as these cathode materials have the potential to improve energy 

densities and reduce costs for electric vehicles and hybrid electric vehicles [4]. Sodium cathode 

materials such as P2-type sodium magnesium manganese oxide Na0.67Mg0.28Mn0.72O2 

(NaMgMnO) can offer high capacity and good voltage characteristics [5,6]. Both of these types 

of cathode materials also suffer from capacity fade amongst other problems.  

In this work we investigate the effect of fuel for the combustion synthesis of LMR-NMC 

cathode materials to improve capacity fade. This is because it is widely reported that the 

synthesis methods and experimental conditions influence the stoichiometry, crystal structure, 

morphology, and electrochemistry of the electrode materials. We demonstrate that fuels with 

different chemical properties have an impact on the electrochemical properties of LMNCA 

cathode materials. The effect of microwave irradiation on the combustion synthesis of 

manganese oxide based materials (LMNCA and NaMgMnO) is also investigated with the aim 

to use microwave irradiation to reduce capacity fade and improve the cycle performance. This 

work demonstrates that the application of microwave irradiation at the pre-annealing steps of 

the synthesis can be used to enhance the structure, morphological and tune the Mn3+:Mn4+ ratio 

to improve the capacity and capacity retention. Microwave irradiation also offers rapid heating 
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rates and energy savings. Surface fluorine doping is also used to dope fluorine at the oxygen 

sites to stabilize the structure to improve capacity fade. The strong ionicity of fluorine over 

oxygen (or oxyanion) in electrode materials also results in the increase in operating voltage and 

energy density [7]. We show that modifying the surface of NaMgMnO cathode with minute 

amounts of fluoride atoms results in increased capacity and improved capacity retention. Lastly, 

we studied the preparation of LMNCA cathode using manganese oxide nanowires as 

manganese precursor to improve the morphology of the LMNCA cathode which resulted in 

improved capacity retention.   

 

1.3 Objectives of the study 

The objectives of the research project were as follows: 

 To synthesise LMNCA cathode material using urea and ethylene glycol as fuel in  

combustion synthesis.  

 To investigate the effect of microwave irradiation in the combustion synthesis of 

LMNCA cathode material. 

 To synthesize LMNCA cathode material using manganese oxide nanowires as 

manganese precursor.  

 To synthesize NaMgMnO cathode material using the combustion menthod. 

 To investigate the effect of microwave irradiation in the combustion synthesis of 

NaMgMnO cathode material. 

 To investigate the effect of fluorination and dual microwave irradiation and fluorination 

treatment in the synthesis of NaMgMnO cathode material. 

 To investigate the electrochemical performance of the prepared cathode materials in 

lithium-ion and sodium-ion batteries. 

 

1.4 Outline of the thesis 

Chapter 1 (Introduction): This is an introductory chapter giving the motivation and objectives 

of the study. The chapter also presents the outline of the thesis. 

Chapter 2 (Literature review): This chapter presents a literature review on LMR-NMC and 

NaMgMnO cathode materials. 

Chapter 3 (Experimental methodology): This chapter presents and describes all the 

experimental procedures and all the characterization techniques used in this study. 
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Chapter 4 (Results and discussions): This chapter presents and discuss the results obtained in 

using urea and ethylene glycol in the combustion synthesis of LMNCA. This chapter reports 

the impact of these different fuels in the structure, morphology and electrochemical 

performance of LMNCA cathode materials. 

Chapter 5 (Results and discussions): This chapter reports the effect of microwave irradiation 

in the combustion synthesis using urea and ethylene glycol for the preparation of LMNCA 

cathode material.  

Chapter 6 (Results and discussions): This chapter presents and discuss the results obtained in 

this study of the preparation of LMNCA cathode from manganese dioxide nanowires. The 

impact of manganese dioxide nanowires on the physical and electrochemical properties of 

LMNCA cathode is reported. 

Chapter 7 (Results and discussions): This chapter reports the preparation of P2-type 

NaMgMnO cathode using the combustion method. The impact of microwave irradiation on the 

electrochemical performance of P2-type NaMgMnO cathode is also reported. 

Chapter 8 (Results and discussions): This chapter presents and discuss the results obtained in 

the study of surface fluorination of NaMgMnO cathode. The effect of fluorination of pristine 

and microwave irradiated NaMgMnO cathode is reported.  

Chapter 9 (Conclusions and future works): This chapter presents the conclusions made from 

the results obtained in the study and gives recommendations for future work. 
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CHAPTER 2 

 

Literature Review 

 

2.1 Introduction 

This chapter reviews the history, working principle and applications of lithium-ion and sodium-

ion batteries. The challenges and available solutions in the performance of LMR-NMC and P2-

Type cathode materials are reported. The chapter concludes with a review on the 

characterization techniques important for studying cathode materials for lithium-ion and 

sodium-ion batteries. 

 

2.2 Lithium-Ion Batteries 

2.2.1 Background of lithium-ion batteries 

A battery is an energy storage device that converts chemical energy into electrical energy. The 

name battery was coined by Benjamin Franklin in 1748 [1] and the first true battery was 

invented by Alessandro Volta in 1800 [2]. Since their invention, batteries have become very 

essential for our daily living especially due to the rapidly improving technology that has made 

our lives dependent on it. Lithium-ion and sodium-ion batteries are amongst the newest types 

of secondary batteries.  

 

Batteries are classified into two major types, namely primary and secondary batteries. Primary 

batteries are non-rechargeable batteries as their chemical reaction cannot be reversed. Examples 

of these batteries include; Lithium/sulfur dioxide (Li/SO2), Lithium/manganese oxide 

(Li/MnO2) and Lithium/carbon monofluoride (Li/CFx) batteries, amongst others [3]. Secondary 

batteries are rechargeable batteries for example lithium-ion, sodium-ion, lead-acid, lithium-

sulfur, sodium-sulfur, nickel-zinc molten salt and nickel-cadmium, amongst others [3-8].  

 

Lithium-ion batteries are rechargeable batteries based on the movement of lithium ions between 

the anode and the cathode during charge and discharge, hence they were named lithium-ion 
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batteries. LIBs were firstly commercialized in 1991 by Sony Company [9], but research into 

these batteries started in the early 1970’s [10]. The first commercial LIBs use the layered 

lithium cobalt oxide (LCO) as the cathode and graphite (C) as the anode material, and a non-

aqueous Li-ion electrolyte [11]. LIBs have high specific power, high specific energy and are 

lighter compared to other secondary batteries such lead acid, nickel-cadmium and nickel metal 

hydride batteries [12]. It is for these reasons that LIBs have been used in most portable 

electronics and currently in electric transportation. Figure 2.1 shows a comparison of some 

properties of LIBs with other secondary batteries. The figure shows that LIB competes well 

with other secondary batteries. 

 

 
Figure 2.1: Comparison of various secondary batteries [12] 

 

2.2.2 Working principle of lithium-ion batteries 

LIBs contain a positive electrode (cathode), negative electrode (anode), electrolyte and 

separator. The anode is made from materials such as graphite. The cathode is normally made 

from Lithium Transition Metal Oxides (LTMOs). The separator is made from a micro-porous 

polymer membrane and prevents short circuiting by separating the cathode and anode. The 

electrolyte is the medium that facilitates the movement of lithium-ions during charging and 

discharging. Figure 2.2 shows the basic structure and working principles of LIBs. 
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Figure 2.2: The basic structure and working principle of lithium-ion batteries; (a) shows the 

charge cycle and (b) shows the discharge cycle of a typical lithium-ion [13]. 

During charging, Li-ions move from the cathode to the anode. During discharging, the Li-ions 

move back to the cathode from the anode. During both charging and discharging, the electrons 

flow in the opposite direction to the Li-ions through the external circuit for charge 

compensation. The charging and discharging of the Li-ion battery involves simple oxidation-

reduction (REDOX) chemical reactions such are following: 

 

Cathode: LiMO2 ⇄ Li1-xMO2 + xLi+ + xe- (2.1) 

Anode: C + xLi+ + xe- ⇄ LixC (2.2) 

Overall: LiMO2 + C ⇄ LixC + Li1-xMO2 (2.3) 
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2.2.3 Application of lithium-ion batteries 

2.2.3.1 Electronic devices 

LIBs are used in portable electronic devices such as mobile phones, calculators, laptops, 

camcorders and power tools [14]. Lithium-ion batteries are also used in industrial 

applications such as uninterruptible power supply (UPS) systems, fork lifts, medical 

electronic machinery and others. They have currently also found application in electric 

cars. The use of electric vehicles could reduce the green-house gasses emissions that result 

in global warming. Global warming causes droughts, floods and reduces agricultural yields 

and these result in food scarcity, human deaths and potential extinction of animal and plant 

species.  The wide application of LIBs as shown in Figure 2.3 is due to their remarkable 

properties which include compact size, flexibility, light weight, high power, and high 

capacity characteristics. 

 

 
Figure 2.3: Applications of lithium-ion batteries [15]. 

 

2.2.3.2 Electric transportation 

Batteries have revolutionised, for the second time, the automobile industry. Lithium-ion 

batteries are currently found in electric cars such as the Nissan Leaf and Tesla Model S. 

The high energy density and power density of LIBs in comparison to the other secondary 

batteries, allows them to be used in different electric vehicles. There are three types of 
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electric cars, viz. the pure electric vehicle (EV), hybrid electric vehicle (HEV), and plug-

in hybrid electric (PHEV) vehicle. Pure electric vehicles operate on batteries instead of 

internal combustion (IC) engines, which use petrol, for vehicular propulsion. The HEV 

combines an internal combustion engine and electric motor in a parallel configuration [16]. 

The electric motor is used for starting the vehicle and low-speed propulsion and the IC 

engine is used for higher speed and long distance propulsion [16]. The PHEV combines 

the electric motor and IC engine in the serial configuration. In PHEV the electric motor is 

used for propulsion and the IC engine is activated only after the battery power is used up, 

i.e. to run the generator and produce electricity for running the electric motor [16]. LIBs 

are also used in other electric transportation such as electric buses, hybrid trains and railcars 

[17]. Table 2.1 shows different electric vehicles and their lithium-ion battery chemistries.  

 

Electric vehicles are environmentally friendly as they have zero or reduced green-house 

gas emissions such as carbon dioxide (CO2) emissions [18]. Electric vehicles and PHEVs 

are estimated to halve the use of petroleum in cars and reduce transport GHG emissions by 

65% [19,20].  

 

Table 2.1: Example of electric vehicles based on lithium-ion batteries [21]. 

Vehicle Positive electrode Negative electrode 

Nissan Leaf Lithium manganese oxide: LMO Graphite: C 

Chevrolet Volt Lithium manganese oxide: LMO Graphite: C 

Renault Fluence Lithium manganese oxide: LMO Graphite: C 

BYP E6 Lithium iron phosphate: LFP Graphite: C 

Subaru G4e Lithium vanadium phosphate: LVP Graphite: C 

Honda Fit Lithium nickel cobalt manganese oxide: NCM Lithium titanate: LTO 

Tesla Model S Lithium nickel cobalt aluminium oxide: NCA Graphite: C 
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2.2.4 Manganese oxide based cathode materials 

The electrochemical performance of LIBs and SIBs is determined by the intrinsic properties of 

the cathode and anode materials [22]. However, the cathode contributes at least 30% of the 

performance and the total cost of the batteries [23]. It is for that reason that the work in this 

thesis focuses on the improvement of the cathode materials. The research for this thesis work 

is directed at manganese based cathode materials because of the low cost of manganese due to 

its abundance especially in South Africa. Research in manganese based cathode materials is 

one of the means in reducing the cost of LIBs and SIBs. Such studies are important since cost 

is one of the most important factors for commercialisation. 

Cathode materials can be categorized in terms of structure. The conventional cathode materials 

include layer structured cathodes LiMO2 (M = Co, Ni, Mn, etc.), spinel structured cathodes 

LiM2O4 (M = Mn, etc.), and olivine structured cathodes LiMPO4 (M = Fe, Mn, Ni, Co, etc.) 

[24]. The different structures of the conventional cathode materials are shown in Figure 2.4. 

 

 
Figure 2.4: Different structures of cathode materials (a) layered structure, (b) spinel 

structure, and (c) olivine structure [25]. 

The structure is important because it determines the properties and the performance of the 

cathode materials. The commercially available layered LiCoO2 is a 3 V cathode material for 

LIBs and has a theoretical capacity of 267 mAh/g vs. Li [25]. The spinel LiMn2O4 (LMO) and 

the olivine LiFePO4 (LFP) are 4 V cathode materials LIBs and also recently became 

commercially available. The theoretical capacity of LMO is 148 mAh/g vs. Li [25,26] and LFP 

is 170 mAh/g vs. Li [27]. Cathodes materials for sodium-ion batteries are nearing the 

commercialization stage. 
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2.2.5 Lithium and manganese rich nickel manganese cobalt oxide (LMR-NMC) 

Lithium and manganese-rich nickel, manganese, cobalt oxide is a 5 V cathode for future 

generation lithium-ion batteries. LMR-NMC cathode materials were first proposed by 

Thackeray et al. in 2007 and is amongst the family of Li2MnO3-stabilized LiMO2 cathode 

materials [28,29]. These cathode materials are attractive and promising candidates for the near 

term integration into the market place [29,30]. 

 

The development of LMR-NMC cathode materials was motivated by the shortage of high 

voltage materials (> 3 V vs. Li) which possess high capacity, good structural stability, cycle 

performance and rate capability [31]. This is because the commercially available LCO has low 

practical capacity at 140 mAh/g, structural and chemical instabilities at deep charge [32,33], is 

toxic and expensive [32]. These disadvantages limit the application of LCO in high power 

applications such as the electric cars. The spinel LMO and the olivine LFP also deliver a low 

practical capacity between 100-140 mAh/g above 3 V vs. Li, which is not suitable for the high 

power applications [31]. Figure 2.5 compares the LMR-NMC cathode material with other 

cathode materials for lithium-ion batteries.  

 

 
Figure 2.5: Comparison of lithium-ion cathode materials [15]. 

 

However, the history of LMR-NMC cathode materials dates back to 1990’s. In the late 1990’s 

Thackeray’s group reported work on stabilizing MnO2 compounds with Li2O structural unit 

[31]. This strategy involved stabilizing the layered LiMO2 or spinel LiM2O4 by integrating it 

with a structurally compatible component which is electrochemically inactive (i.e. does not 

contribute to the capacity) between 4 and 3 V [31]. In addition, Thackeray also reported the 
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successful preparation of Li2MnO3-stabilized layered MnO2 electrode. These reports by 

Thackeray led to the preparation of structurally integrated ‘layered–layered’ xLi2MnO3 ∙ (1 -

x)LiMO2 and ‘layered–spinel’ xLi2MO3 ∙(1-x) LiM2O4 materials which are stable between 2.0 

V – 4.8 V [31]. ‘Layered–layered’ electrodes, particularly xLi2MnO3 ∙ (1-x)LiMO2 (M = Mn, 

Ni, Co) electrodes appear as promising high voltage and capacity electrode materials [31]. 

 

2.2.5.1 Application of LMR-NMC  

LMR-NMC cathode materials have been extensively studied [34] and their development 

addresses the following:  

(1) Need for suitable cathode materials for electric vehicles 

LMR-NMC is suitable to be used in electric vehicles and hybrid vehicles because of its 

high capacity, high energy density and low cost as shown in Figure 2.7, compared to the 

conventional cathodes such as the LCO, LMO and LFP cathode materials [35-38]. The 

practical capacity of LMR-NMC is above 250 mAh/g while the practical capacity of 

LMO is 110 mAh/g, LCO is 120 mAh/g and LFP is 150 mAh/g.    

 

(2) Need to increase the range of electric cars 

The need to increase the range of electric vehicles has led to enhancing currently 

available cathode materials and identifying new cathode materials for the lithium-ion 

batteries. For example, the short range of 160 km or 100 miles for the Nissan Leaf 

electric car [39] could be increased using LMR-NMC cathode materials because of their 

high capacity and highest energy density of ca. 900 Wh/kg compared to all the other 

cathodes [40].  

 

(3) Increasing energy consumption  

Modern societies rely greatly on the use of electronic devices, such cell-phones and 

electronic kitchen appliances, to lead their lives. This resulted in the rapid increase in 

the demand for rechargeable batteries over the past few years. Additionally, the 

intermittent nature of renewable energy sources and electric mobility has also increased 

the demand for high energy density storage devices. LMR-NMC cathode materials can 

be used in lithium-ion batteries for such applications. 
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2.2.5.2 Structure of LMR-NMC cathode materials 

LMR-NMC cathode materials are based on the composite ‘layered-layered’ xLi2MnO3 ∙ (1-x) 

LiMO2 (M = Mn, Co, Ni) structure. Therefore LMR-NMC is a mixture of Li2MnO3 and LiMO2 

layered materials which have the same layered rock salt structure but different space groups. 

The difference in space groups is due to the different atomic and electronic configurations in 

the structures of these materials [31]. Li2MnO3 (also written Li[Li1/3Mn2/3]O2) is shown in 

Figure 2.6 (a) and belongs to a monoclinic crystal system with C2/m space group symmetry. 

The transition metal (TM) layers in Li2MnO3 are occupied by the Li+ and Mn+4 ions.  LiMO2 

shown in Figure 2.6 (b) belongs to a trigonal crystal system with R3�m space group symmetry. 

The TM layers are occupied by only TM ions and the average oxidation state of the M cations 

is three. 

 

 
Figure 2.6: (a) The LiMO2 structure (M = Mn, Co, Ni), (b) Li2MnO3 structure and (c) 

‘layered-layered’ LMR-NMC structure [41]. 

 

These two structures are compatible as they have similar cubic close-packed layers having 

interlayer spacing of ~4.7 Å [(001) for monoclinic and (003) for trigonal]. This compatibility 

allows their integration at an atomic level to form Li1+yM1-yO2 (M = Co, Mn, Ni) [31]. 

Therefore after integration it is very difficult to distinguish the Li2MnO3 from LiMO2 in the 
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composite material [31]. The high resolution transmission electron microscopy (HRTEM) of a 

0.3Li2MnO3∙0.7LiMn0.5Ni0.5O2 composite structure revealed the coincidence of (001) and 

(003) lattice fringes of the Li2MnO3 and LiMn0.5Ni0.5O2 components [30,31]. 

 

The Li2MnO3 phase is important for the structural stability and electrochemical properties of 

the LMR-NMC cathode material upon cycling [31]. This phase increases the stability of layered 

LMO2 electrode over a wider compositional range without compromising the electrochemical 

performance. This is because all the manganese ions are in the tetravalent state in the Li2MnO3 

phase; it is then electrochemically inactive between 2.0 V and 4.4 V. Also, the reduction of the 

manganese ions as a consequence of lithium insertion into Li2MnO3 is inhibited [31]. During 

this reaction, depletion of lithium ions from the lithium layer is compensated by the diffusion 

of lithium from octahedral sites in the manganese layer of the Li2MnO3 component to 

tetrahedral sites in the lithium-depleted layer thereby providing the additional binding energy 

necessary to maintain structural stability.  

 

However, it is still a scientific debate occurring in literature as to whether the structure of LMR-

NMC cathode materials is a true homogeneous solid solution or invariantly contains nanoscale 

inhomogeneity [28]. In the latter, the two components are viewed as a complex nanocomposite 

structure containing nanosized Li2MnO3 regions, typically less than 5 nm, embedded in a 

LiMO2 matrix with some allowed disorder [28,30,42-46].  However, both phases coexist in a 

single nanoparticle despite how the structure of LMR-NMC is viewed [47]. 

 

2.2.5.3 Charging and discharging of LMR-NMC materials 

During charging and discharging, lithium extraction and insertion occurs with the concomitant 

oxidation and reduction of the M ions. LMR-NMC materials are suitable for charge and 

discharging between 2.0 V to 4.8 V.  During the initial charge of LMR-NMC materials to 4.8 

V vs. Li, the lithium extraction occurs in two steps and the corresponding ideal reactions are 

shown in equation 2.4 and equation 2.5 [48]: 

 

 LiMO2 → MO2 + Li+ +e- (2.4) 

 Li2MnO3 → MnO2 + 2Li+ + 1
2
 O2 + 2e- (2.5) 
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(a) Charging: 2 V to 4.4 V 

In this voltage range only the LiMO2 component is electrochemically active and 

operates as a true insertion electrode [31]. Lithium ions are extracted from the LMO2 

phase with a concomitant oxidation of Ni2+ to Ni4+ and Co3+ to Co4+. The manganese 

ions are spectator ions and are not oxidised in this voltage range. Figure 2.7 displays the 

typical charge-discharge curve for LMR-NMC material. 

 

 
Figure 2.7: Typical charge-discharge of LMR-NMC cathode materials between 2.0 V – 4.8 

V vs. Li [49]. 

 

(b) Charging: 4.4- 4.8 V  

In this voltage range the Li2MnO3 component is activated. When charging above 4.4 V 

more lithium ions are extracted from the electrode. The lithium and oxygen are 

simultaneously extracted from the Li2MnO3 component in a combined electrochemical 

process (lithium removal) and chemical process (oxygen loss) due to the activation of 

the Li2MnO3 component (electrochemical process) [34,50]. In this voltage range the 

lithium is extracted as Li2O and this results in a long plateau between 4.4 V and 4.8 V. 
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The loss of oxygen gas is irreversible and its quantification has been difficult, but it is 

not more than 50 % of the required stoichiometric requirement [42,51-54]. However, 

not all oxygen is lost as gas as some may react with the electrolyte [54-56]. Interestingly, 

the overall layered configuration of the LMR-NMC structure is not destroyed despite 

the release of oxygen from the electrode surface during the Li2MnO3 activation [55,57]. 

Figure 2.8 shows the effect of charging on the structure of the LMR-NMC materials. 

Charging above 4.4 V results in a layered MO2 electrode structure in which the M 

octahedral sites are occupied almost exclusively by manganese and nickel [50]. This 

material becomes the host structure for reversible lithium ion insertion/extraction from 

the second cycle onwards and gives rise to reversible capacities in excess of 200 mAh/g. 

[50]. The complete extraction of Li2O from the Li2MnO3 results in an electrochemically 

active spinel MnO2 [31]. 

 

 
Figure 2.8: Effects of charging on the structure of LMR-NMC materials [51]. 

 

2.2.5.4 Advantages of LMR-NMC cathode materials 

1. High capacity 

LMR-NMC has significantly higher capacities compared to other layered cathode 

materials such as LCO and NCA since Mn4+ ions are more stable in their fully charged 

state compared to Ni4+ and Co4+ ions [54]. LMR-NMC cathodes are known to deliver 

high capacity of > 200 mAh/g when charged at high potentials > 4.4 V vs. Li [58-60]. 

The layered LMR-NMC electrodes exhibit exceptionally high electrochemical 

capacities due to the activation of the Li2MnO3 component. However, the capacity and 

cycling stability is dependent on the value of x (xLi2MnO3 ∙ (1-x) LiMO2 (M = Mn, Co, 

Ni) ) and the relative amounts of manganese, nickel and cobalt in the LiMO2 component 
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[31]. The reported capacities of LMR-NMC cathode materials are higher than their 

theoretical capacity of approximately 260 mAh/g [31]. This theoretical capacity is 

calculated from the mass of the xLi2MnO3 ∙ (1-x) LiMO2 parent component before 

cycling [31]. The high capacity in LMR-NMC material is also due to the ‘excess’ 

lithium-ions from the Li2MnO3 phase which becomes available during the activation at 

> 4.4 V [28,42] and/or the surface reaction through electrode-electrolyte reduction 

[61,62] and/or hydrogen exchange [63]. The latter is generated from decomposition of 

the electrolyte especially at higher temperatures > 55°C. Higher capacity is obtained for 

LMR-NMC at high temperatures also because about 25% excess lithium are removed 

at the higher temperature [63]. Generally, the oxygen loss is the dominant mechanism 

of Li overcapacity during electrochemical charging [34,63-66]. 

2. Cost 

LMR-NMC cathode materials are cheaper because they contain reduced amount of 

cobalt compared to LCO. These materials are cheap because they are also rich in 

manganese [67-69]. Manganese is cheaper than both Co and Ni as it is one of the most 

abundant elements on the earth’s crust.  

3. Safety 

LMR-NMC materials meet the safety requirements of advanced Li-ion batteries [29]. 

Since the LMR-NMC materials are manganese rich; they also possess superior safety 

qualities compared to cobalt- and nickel-rich cathode materials [29].  

 

2.2.5.5 Disadvantages of LMR-NMC cathode materials 

Since nothing is perfect in life, LMR-NMC cathode materials suffer from some short comings 

that hinder their further commercialisation. 

 

1. Poor cycling performance 

The poor cycle performance in LMR-NMC cathode materials is due to several factors 

occurring during the cycling of these materials. These factors are discussed below: 

(a) Spinel formation: Electron microscopy studies reported in literature indicate that 

the poor cycle performance in LMR-NMC cathode materials is partially due to 

structural reconstruction inducing a structural transition from the ‘layered-layered’ 

to ‘layered-spinel’ at the surface and/or in the bulk [43,47,61,70,71]. Spinel 

formation occurs upon cycling of LMR-NMC and is one of the primary factors 
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contributing to poor rate capability and capacity fade due to the blockage of the Li-

ion diffusion channels [47,72]. Gu and co-workers reported that a spinel phase 

gradually forms upon cycling from both the LiMO2 and Li2MnO3 components in 

LMR-NMC materials and the mechanism of formation is different for both 

components [47], as shown in Figure 2.9 (e). The formation of a spinel from the 

LiMO2 component occurs through the migration of transition metal ions to the Li-

ion sites (Li-ion layer), then the Li-ions move into the tetrahedral sites, and this 

causes the distortion of oxygen lattices [47,73]. As a result, mosaic structured spinel 

grains form within the parent particle. In this formation a LiMn2O4-type cubic 

spinel is formed from the surface of the particle and is extended to the inner part of 

the particle [47,61]. This happens without breaking the LiMO2 lattice. While the 

formation of the spinel from Li2MnO3 is caused by the removal of Li+ and O2- 

during the Li2MnO3 activation upon high voltage cycling. This results in the 

breakdown of the crystal lattices (amorphization), crack formation, and porosity 

formation [45]. In this case, the spinel formation follows a nucleation and growth 

mechanism, which results in spinel clusters with different orientations in the 

distorted/amorphized lattices [47] as shown in Figure 2.9 (a-d). 

 

 
Figure 2.9: (a) LMR-NMC cathode after 60 cycles with small domains of spinel nucleated, 

(b and c) nucleated spinel crystal domains in different crystal orientations, blue circled 

region show amorphized lattices, (d) FFT of the TEM image in (c) showing lattice 

distortions. (e) Schematic drawing showing the different mechanisms of spinel formation 

from the LiMO2 (R3�m) and Li2MnO3 (C2/m). 
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(b) SEI formation: The poor cycle performance is due to the chemical evolutions at 

the surfaces of the LMR-NMC materials. The cycling to high electrode voltages 

results in the build-up of a complex solid electrolyte interphase (SEI) rich in LiF 

and organic components due to the decomposition of the electrolyte (chemical 

evolution) [70]. These then impact the capacity retention upon cycling. Figure 2.10 

shows the surface reactions occurring during charging and discharging of LMR-

NMC materials. The poor cycle performance is also due to the decomposition of 

electrolyte at high cell potentials as the LiPF6 based electrolyte is only stable up to 

4.5 V [68,74]. The products of electrolyte decomposition also contribute to the SEI 

formation. 

 

 
Figure 2.10: Surface reactions occurring during 1st cycle charging (before voltage plateau 

and at voltage plateau) and discharging (after voltage plateau) for a typical LMR-NMC 

cathode material [51]. 

 

(c) Manganese dissolution: The spectroscopic studies of LMR-NMC cathode 

materials revealed that not all the manganese ions are in the Mn4+ state, but there 

exist some Mn3+ ions [43]. Also, discharging to lower potentials, i.e. at 2.0 V, 

results in the reduction of Mn4+ to Mn3+ ions [75]. The dissolution of transition 

metals, particularly manganese, during cycling results in poor cycling performance. 

Manganese ions in the three oxidation state undergoes Jahn-Teller distortion and 

disproportionation reaction as shown in equation 2.6: 

 

 Disproportionation reaction: Mn3+ → Mn4+ + Mn2+ (2.6) 
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The disproportionation reaction of Mn3+ ions results in the formation of Mn2+ ions 

which are soluble in the electrolyte. The Jahn-Teller distortion results in the 

distortion of the structure and this impacts specifically the cycle performance. 

 

(d) Destruction of the electrode surface: The cycling performance of LMR-NMC 

cathode materials is also impacted by the destruction of the electrode surface which 

also accelerates the dissolutions of the transition metals [75]. 

 

2. Voltage fade 

Voltage fade is one of the most critical problems in LMR-NMC materials because it 

limits the management of state-of-charge, energy output (total available energy of the 

battery after cycling) and efficiency in the battery systems [29]. Voltage fade is defined 

as the continuous decrease in energy output of the cells despite capacity retention of the 

electrode [29].  

The activation of the Li2MnO3 phase at high voltages (> 4.4 V) also causes the 

hysteresis and voltage fade regardless of the composition of LMR-NMC and the 

synthetic method used [29,42,76]. The effects of activation results in the decrease in the 

average voltage which decreases the energy output of the cells. Looking carefully at the 

charge-discharge curves in Figure 2.11, it is clear that the voltage fade is observed 

during the discharge curve between 3 and 4 V [43]. Figure 2.11 (a,b) depict the 

difference between the voltage fade and absent of voltage fade in charge-discharge 

profiles for LMR-NMC, (c) shows the differential capacity vs. voltage plot showing the 

voltage fade and hysteresis in LMR-NMC materials and (d-f) indicates the existence of 

voltage fade in LMR-NMC materials synthesized using different methods.  
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Figure 2.11: Results for LMR-NMC show (a,b) voltage fade charge-discharge profiles, (c) 

voltage fade and hysteresis in differential capacity vs. voltage plots and (d-f) voltage fade in 

LMR-NMC materials synthesized utilising different methods. 

 

3. 1st cycle irreversible capacity loss 

LMR-NMCs suffer from irreversible 1st cycle capacity [32,33,77]. The reactions of the 

electrode with the electrolyte, the loss of Li2O and the inability to insert all the Li-ions 

back into the lattice during discharge lead to the huge irreversible capacity loss in the 

initial cycle [32,33,67]. However, when LMR-NMC materials are initially charged > 

4.5 V the Li2MnO3 activation occurs before electrolyte oxidation [10]. The first cycle 

irreversible capacity loss (ICL) in LMR-NMC materials is between 40–100 mAh/g on 

charging to 4.8 V depending on the composition [33,69] or discharge capacity can be 

20–30% less than it is on charge [7, 12]. The ICL in the first cycle also results in poor 

initial coulombic efficiency. 

4. Poor rate capability 

LMR-NMCs also suffer from poor rate capability which is due to the low lithium-ion 

diffusion coefficient inside the Li2MnO3 phase and the large charge transfer resistance 

between the electrolyte and Li2MnO3 phase [67]. The poor rate capability of these 

materials could also be attributed to the low electronic conductivity associated with the 

Mn4+ ions [77] as the LMR-NMC materials are rich in Mn4+ ions.  The formation of a 

thick amorphous solid SEI layer on the surface of the materials during charging also 
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results in poor rate capability [61]. Additionally, the removal of Li2O reduces the rate 

capability because of structural damage on the surface of the electrode particles [62]. 

5. Impedance rise 

The extensive removal of Li2O damages the electrode surface and results in the increase 

in cell impedance [31,75,78]. The formation of the SEI layer, decomposition of the 

electrolyte, surface reconstruction and chemical evolution also contribute to the increase 

in the impedance upon cycling [70]. 

 

2.2.5.6 Solutions to the disadvantages of LMR-NMC cathode materials 

More research efforts have been reported in literature to solve the challenges discussed above 

inhibiting the application of LMR-NMC cathode materials in electric vehicles. The efforts 

include the following: 

(a) Coating 

LMR-NMC materials have been coated with metal oxides such as Al2O3 [32], V2O5 

[33] , RuO2, TiO2 [79], AlPO4 [69], ZrO2[80], MnO2 [67], La2O3 [81], MgO [82], 

Na2S2O8 [83], ZnO [84,85] and Li2SiO3[86]. Coating of the LMR-NMC cathode 

materials with these inert oxide materials minimizes the cathode-electrolyte interfacial 

reactions. This improves the first cycle irreversible capacity loss and reduces the side 

reactions between the LMR-NMC cathode material and the electrolyte [67]. But these 

coating strategies still exhibit poor rate capabilities because the materials used have poor 

conductivity and thus surface modification with these materials increases the surface 

electronic resistance and this then results in poor rate capability. Carbon based coating 

strategies have been reported to improve the rate capability. LMR-NMC has been coated 

with graphene, carbon nanotubes, and porous carbon materials. These carbon materials 

have excellent electronic conductivity and thus coating with them improves the 

capacity, cycling performance and the rate capability [68]. Figure 2.12 shows the 

improvement of rate capability of LMNCO material by carbon coating strategy. 
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Figure 2.12: (a) LMNCO cathode material coated with graphene and (b) cycle performance 

for the graphene coated LMNCO [68]. 

 

LMR-NMC materials have also been coated with fluorides such as AlF3 [79,87], Mg2F 

[88], FeF3 [89], ZrF4 [90], CaF2 [91] to improve the cycle performance. The coating 

with fluorides improves initial coulombic efficiency, capacity retention and rate 

capability due to the suppression of electrolyte decomposition, stable 

electrolyte/electrode interfacial structure and spinel formation [91]. 

 

Equation 2.7 relates the reaction rate constant (k) of electrode side reactions to the 

electrode over-potential. 

 𝑘𝑘 = 𝑘𝑘0 ⋅ exp �
𝛽𝛽𝛽𝛽𝛽𝛽∆𝜑𝜑
𝑅𝑅𝑅𝑅 � (2.7) 

where k represents the reaction rate constant, k0 is the standard rate constant, β is the 

barrier symmetry factor, n is the number of electrons involved in the electrode reaction, 

F is the Faraday constant, Δφ is the over-potential, R is the universal gas constant, and 

T is the absolute temperature [68]. According to the electrode kinetics from equation 

2.7, decreasing the over-potential decreases the rate of the electrode side reactions. The 

electrode over-potential mainly originates from the electrochemical and concentration 

polarizations [68]. Therefore decreasing the polarization and improving the electrode 

conductivity is beneficial in depressing the side reactions [68]. 

 

The LMR-NMC materials have also been surface coated with LiNiPO4 to improve their 

rate capability. Kang and Thackeray reported that such coatings also lead to good 
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reversible capacity. The LiNiPO4 acts as an excellent Li-ion conductor as well as an 

efficient protective layer. This helps in stabilizing the surface of the electrode and thus 

improves the rate capability [48]. 

 

(b) Mild-acid treatment 

The 1st cycle irreversible capacity can be reduced by chemically leaching some Li2O 

from the Li2MnO3 by acid treatment [92,93].  In this strategy certain amounts of lithium 

is extracted from the material prior to the cell assembly using the acid treatment 

employing acids such as nitric acid (HNO3). This method can reduce the 1st cycle 

irreversible capacity and increase the coulombic efficiency to almost 100% [92-94]. 

However, this treatment results in the poor cycling performance, due to the H+/Li+ 

exchange process and the removal of oxygen (as H2O) during the dehydrating process 

[92-94]. 

 

(c) Doping 

Partial substitution of transition metal (TM) ions is one of the efforts made to improve 

the electrochemical performance of LMR-NMC cathode materials. LMR-NMC 

materials have been doped with elements such as Al [95,96], Mg [97-99], Cr [100], Ru 

[101,102], Mo [103], Y [104], Sn [105], V [106], Zr [107], Zn [108] and others. 

Doping with Mg, Al, Mo or Y impacts the structural stability and thus improves the 

cycle performance of the LMR-NMC materials [97,103]. Doping with Cr or V improves 

the rate capability [100,106]. Ru-doping improves the initial coulombic efficiency [101] 

and Y-doping improves also the capacity. 

LMR-NMC cathode materials have been doped with anions like the fluoride (F-) ions 

[94,109]. Anion doping is relatively easy to control compared to cation doping as there 

is only one kind of anion in the cathode.  Fluoride doping was used to stabilize the 

structure and improve the electrochemical performance of LMR-NMC [110,111]. The 

fluoride anions are used to partially substitute the oxygen, as the F- ions form strong 

bonds with TMs and this improves the structural stability [111]. A minute amount is 

often used, e.g. for Li1.2Mn0.54Ni0.13Co0.13O2-xFx (x ≤ 0.05) gives enhanced 

electrochemical properties [110]. Fluoride doping suppresses the spinel formation, 

enhances the stability of the electrode surface against HF attack, reduces the formation 

of LiF in the SEI layer, and maintains a stable charge transfer resistance [110,111]. 

These then result in improved cycle performance and coulombic efficiency. Surface 
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doping results in higher capacities and improved coloumbic efficiency compared to bulk 

doping [110]. 

(d) Synthesis methods 

LMR-NMC cathode materials are generally prepared by co-precipitation [29,60,69,112-

114]. Co-precipitation method is slow, needs precise control of feeding speed and pH.  

Due to these disadvantages of co-precipitation other synthesis methods were 

investigated such as the freeze drying [75], combustion[115,116], sol-gel [117-120], 

hydrothermal [121,122], Pechini [95], molten salt and microwave irradiation methods 

[123,124] amongst others. 

The electrochemical performance of LMR-NMC depends on the synthesis methods 

[94,96,116,124]. Literature confirms that most the problems associated with LMR-

NMC materials are closely related to the structure, stoichiometry, and morphology 

which are greatly influenced by the synthesis methods and conditions [116,125,126]. 

Therefore, there is a need for continued investigation of synthesis methods to be able to 

overcome the hurdles associated with this material. Table 2.2 compares different 

synthesis methods used for the preparation of  Li1.2Mn0.54Ni0.13Co0.13O2 cathode  

material and shows that different synthesis methods results in different particle size and 

electrochemical performances. 
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Table 2.2: Comparison of synthesis methods for Li1.2Mn0.54Ni0.13Co0.13O2 cathode. 

 

Method 
Particle 

size 

Initial discharge capacity 

(mAh/g) 

1st cycle Irreversible 

capacity 

Capacity 

retention 
Ref 

Hydrothermal 20-200 nm 251.9 mAh/g , 1 C 87 mAh/g or 74 % 75 %@ 140 cycles [121] 

Sucrose combustion 100-200 nm 
275 mAh/g, 0.1 C 

(18 mA/g) 
50 mAh/g or 84 % 80 % @ 50 cycles [120] 

Sol-gel 200-400 nm 
265 mAh/g, 0.1 C 

(18 mA/g) 
60 mAh/g or 82 % 83 % @50 cycles [120] 

Sol-gel 100-250 nm 
277.3 mAh/g, 0.1 C 

(18 mA/g) 
86 mAh/g or 76 % 98 % @ 50 cycles [127] 

Polymer-pyrolysis 100-150 nm 
290  mAh/g, 0.1 C 

(20 mA/g) 
61 mAh/g or 83 % 75 % @ 70 cycles [128] 

Co-precipitation 200-500 nm 
249 mAh/g, 0.1 C 

(18 mA/g) 
76 mAh/g or 76 % 82 % @ 30 cycles [116] 

Molten salts 200-300 nm 
277.2  mAh/g, 0.1 C 

(20 mA/g) 
71 mAh/g or 79 % 94 % @ 80 cycles [129] 

Pechini ~90 nm 
258 mAh/g, 0.1 C 

(22.5 mA/g) 
82 mAh/g or 76 % 62 % @ 50 cycles [130] 

Ultrasonic spray-

pyrolysis 
~ 0.5-5 𝜇𝜇𝜇𝜇 

291 mAh/g, 0.1 C 

(25 mA/g) 
45 mAh/g or 87 % 92 % @ 50 cycles [131] 
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(e) Combustion method 

The combustion method is an effective technique for the synthesis of cathode materials 

for lithium-ion batteries [132-134]. This method involves the combustion reaction of 

some oxidizers and fuels such as glycine, citric acid, glucose and urea [135,136]. The 

exothermic reaction gives off heat that allows a chemical reaction to occur forming the 

oxide powders. Figure 2.13 shows an example of the combustion synthesis of LMNC 

cathode material. 

 
Figure 2.13: Scheme for the glucose combustion synthesis of LMNC cathode material 

[135]. 

This synthesis method is low cost, simple and gives powders with perfect structures and 

uniform particle size distribution. The powders also show excellent electrochemical 

performance. Due to these advantages, the combustion method was used in this work 

to prepare the LMNCA cathode material.  

The combustion fuel is a very important component in the combustion synthesis of 

oxide materials. It has an effect on the flame properties and the evolution of gases 

during the combustion synthesis. These then have an impact on the powder properties 

of the oxide materials. Powder properties such as particle size, crystallinity, surface area 

and morphology are very important for the electrochemical performance of the oxide 

electrode materials.  

Urea is a popular and attractive fuel for the combustion synthesis of oxide materials. 

When urea is used as a fuel in the combustion synthesis it uses its ability to react rapidly 

with the nitrate reagents to aid combustion. During combustion synthesis when urea is 

used as a fuel the following takes place: as the solution mixture of the reagent nitrates 
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and urea is heated to 500℃, it firstly undergoes dehydration and then gel formation. 

The gel foams as the solution is heated due to the formation of gases such as nitrogen 

oxides (NOx), NH3 and HNCO. The foam then erupts with a flame because of the 

accumulation of the hypergolic mixture of these gases, burns to incandescence and 

decomposes to give an oxide powder. This mechanism is proposed based on the 

literature reported for the preparation of ceramic materials [137].  

Ethylene glycol (EG) has been used as fuel in the combustion synthesis of ceramic 

materials. When EG is used in the combustion synthesis of oxide materials it acts as a 

fuel and a complexing agent. During combustion synthesis when EG is used as a fuel 

the following takes place: as EG is mixed in water with the reagent nitrates, it 

complexes the metal cations (Ni, Mn, Co, Al) and increases their solubility. When the 

mixture is heated at 500 ℃ , the EG complexes the metal ions and prevents them from 

precipitating as the water evaporates. A high viscosity honey-like consistency results 

and forms viscous foam as the water is completely evaporated. The foam then ignites 

and burns to incandescence and decomposes to the oxide powder with evolution of 

gases (CO2, N2 and H2O). This mechanism is proposed based on the literature reported 

for the preparation of ceramic materials [137]. 

(f) Microwave irradiation 

Microwaves are electromagnetic waves with wavelengths ranging from 1 mm to 1 nm 

and corresponding frequencies between 300 MHz and 300 GHz [138].  During 

microwave irradiation the energy is delivered directly to the materials through 

molecular interaction with the electromagnetic field [139]. Figure 2.14 compares 

microwave irradiation with convectional heating. 

Microwave irradiation heats the materials through dipolar polarization or ionic 

conduction. When a material is irradiated the dipoles or ions in the material align with 

the applied electric field. When the applied electric field oscillates, the ion or dipole 

field in the material will realign itself with the applied field. This then results in the loss 

of energy in the form of heat through the molecular friction and dielectric loss. 

Therefore the microwaves penetrate the materials during heating to deposit energy and 

results in volumetric heating throughout the material. Microwave heating transfers the 

electromagnetic energy into thermal energy. 
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Figure 2.14: Microwave irradiation vs. convectional heating. 

So microwave irradiation involves energy conversion rather than heat transfer. In 

conventional heating processes, the energy is delivered to the surface of the material by 

radiation or convection and then transferred to the bulk of the material by conduction 

[138]. The reaction mixture in contact with the hot vessel walls is heated first in 

conventional heating, while the microwave irradiation raises the temperature from the 

inside, as seen Figure 2.14. Microwave irradiation has the following advantages: 

Properties of microwave irradiation 

 Volumetric heating 

 Low energy consumption 

 Clean, reproducible 

 Easily automated 

 High temperatures 

 Fast heating rates, short reaction times 

 High quality products 

 

Microwave irradiation has been used in the synthesis of the electrode materials for 

lithium-ion batteries [140]. The resultant powders have fine microstructures, small 

particles and improved electrochemical properties. In this work we strategically applied 
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microwave irradiation as a tool to curb capacity fading and improve the electrochemical 

properties of the studied cathode materials.  

.  

2.2.5.7 Li[Li0.2Mn0.54Ni0.13Co0.13]O2 cathode material 

Li[Li0.2Mn0.54Ni0.13Co0.13]O2 is from a class of xLi2MnO3·(1−x)LiNi1/3Co1/3Mn1/3O2 LMR-

NMC materials. This class of LMR-NMC materials have been reported to show good 

electrochemical performance [115]. Li[Li0.2Mn0.54Ni0.13Co0.13]O2 cathode material can be 

rewritten in two-component notation as 0.5 Li2MnO3·0.5 LiNi1/3Co1/3Mn1/3O2 (x = 0.5). This 

material is a type of a LMR-NMC material employed for the efforts of this thesis in the study 

of manganese rich cathodes for lithium-ion batteries.  

Lithium Nickel Manganese Cobalt Oxide Li[Li0.2Mn0.54Ni0.13Co0.13]O2 will be referred to as 

LMNC in this thesis. The theoretical capacity of LMNC, based on complete extraction of 

lithium is 377 mAh/g [110]. The theoretical discharge capacity for the initial cycle was 

determined as 251 mAh/g. At room temperature this material could deliver an initial discharge 

capacity of 250 mAh/g when discharged from 4.8 to 2.0 V at 18 mA/g [112]. At elevated 

temperatures (50℃) this material could deliver a discharge capacity of 286 mAh/g when 

discharged from 4.6 to 2.5 V at 0.05 mA/cm [60]. 

Like all other LMR-NMC cathode materials LMNC suffers from capacity fade, poor rate 

capability, initial irreversible capacity loss and voltage fade, as discussed above. Some of the 

strategies discussed in solving these challenges with LMR-NMC cathode materials were also 

tried here, particularly doping with minute amounts of Al–ions in the structure of LMNC to 

stabilize the structure and thus improves capacity retention and rate capability [130,141,142]. 

 

2.3 Sodium-Ion Batteries 

2.3.1 Background of sodium-ion batteries 

SIBs have been studied alongside LIBs, but lost attention after the first commercialization of 

LIBs in 1991 [143]. SIBs have similar chemistry and properties to LIBs and thus have recently 

drawn wide attention as the most attractive alternative to LIBs for smart grid applications [144-

146]. Figure 2.15 shows the publications in SIBs research between 1980-2015. The increase in 

publications signifies the renewed interest in the sodium ion batteries.  
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Figure 2.15: Sodium-ion batteries research publications history [147]. 

The research in SIBs is renewed because of the abundance of sodium which has a potential to 

decrease the price of batteries, which is another problem for lithium-ion batteries. Table 2.3 

shows the characteristics of sodium-ion batteries and lithium-ion batteries.  Lithium resources 

are unevenly distributed (mainly in South America), and therefore, the production of LIBs 

depends on the import of lithium from South America. In contrast, sodium resources are 

unlimited everywhere, as sodium is one of the most abundant elements in the Earth’s crust, as 

seen in Figure 2.16. However, SIBs have low energy density compared to LIBs, but this is not 

an issue for large scale stationery applications.  
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Table 2.3: Characteristics of sodium-ion batteries and lithium-ion batteries [148]. 

 

 

 

Figure 2.16: Elemental abundance in the Earth’s crust [149]. 

 

Sodium-ion batteries are based on layered intercalation compounds as electrode materials they 

are operated at ambient temperatures, have low maintenance cost and cheaper compared to 

their counterparts Na-NiCl2 (ZEBRA) and Na-S batteries. Na-NiCl2 and Na-S batteries are 

operated in the molten state at high temperatures (300-350oC) to maintain the sodium in the 

liquid state. Thus Na-NiCl2 and Na-S batteries are considered as molten salt batteries. Na-S 

batteries were developed in the 1960’s by Ford Motor Company and contain molten sodium as 

anode, sodium β”-alumina as electrolyte and molten Sulphur as cathode. ZEBRA (Zeolite 

Category Lithium Sodium 

Cation radius (Å) 0.76 1.06 

Atomic weight (g/mol) 6.9 23 

Cost, carbonates ($/ton) 5000 150 

Capacity, metal 3829 1165 

Coordination preference Octahedral and tetrahedral Octahedral and prismatic 

Melting point (℃ ) 180.5 97.7 

Distribution 70% in South America Everywhere 
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Battery Research Africa) batteries were developed in the 1980’s by Council for Scientific and 

Industrial Research (CSIR)-South Africa and contain molten sodium as an anode, molten 

sodium tetrachloroaluminate (NaAlCl4) as electrolyte and a metal chloride (NiCl2) as cathode.  

 

2.3.2 Working principle of sodium-ion batteries 

The working principle and internal configuration of sodium-ion batteries is the same as the 

lithium-ion batteries as described in Section 2.2.2. Figure 2.17 shows the working principle of 

SIBs. However, the cathode in sodium-ion batteries is made of sodium-based materials and the 

anode is made of sodium foil or graphite. Glass-fibre filter paper is used as the separator in 

sodium-ion batteries while polypropylene separator is used in lithium-ion batteries. The 

electrolyte in sodium-ion batteries is also different from lithium-ion batteries. Typically, 

sodium-perchlorate (NaClO4) is used as the electrolyte in sodium-ion batteries while lithium-

hexafluorophosphate (LiPF6) is used in lithium-ion batteries. 

 

 

Figure 2.17: Working principle of sodium-ion batteries [148]. 

 

2.3.3 Applications of sodium-ion batteries  

SIBs can be used to directly store energy from renewable energy sources such as wind, solar 

and wave, or be used as energy storage systems for smart grid application. Renewable energy 

sources are alternative means for energy generation since fossil fuels, which are primary 
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sources of energy, will be depleted in years to come. Renewables are cheap, environmentally 

friendly and provide universal access. However, the intermittent nature of renewable energy 

sources requires effective energy storage systems to save the energy when the demand is low 

and provide the energy when the demand is high. Figure 2.18 shows examples of renewable 

energy sources. 

 

 

 

 

Figure 2.18: Applications of sodium-ion batteries [150]. 

SIBs are favorable for smart grid applications because they are cheap and have high voltage 

characteristics [143,151,152]. Sodium is cheap and it is the 4th most abundant element on the 

earth’s crust and is uniformly distributed around the world [153]. Therefore SIBs can be used 

to store the energy and help to integrate the renewable energy sources with the power grid. 

 

2.3.4 Cathode materials for sodium-ion batteries 

Cathode materials also play an important role in sodium-ion batteries. The energy density and 

rate capability of a sodium-ion battery depends greatly on the theoretical capacity and 

thermodynamics of the cathode material.  

 
The research in cathode materials for sodium-ion batteries started around the same time as the 

research in the cathode materials for lithium-ion batteries since 1970. The requirements for 
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cathode materials for sodium- ion batteries are similar to that of lithium-ion battery cathode 

materials. This is because of the similar chemistry of sodium-ion with lithium-ion, since they 

are found in the same group in the periodic table.  The cathode materials for sodium-ion 

batteries should allow reversible intercalation and de-intercalation of Na-ions within the crystal 

structure during charge and discharge at redox potential greater than 2 V vs. Na+/Na. These 

cathode materials should also exhibit low volume expansion during charge and discharge to 

allow good cycle performance [154]. There are different types of cathode materials studied for 

sodium-ion batteries. These include layered oxides, polyanions and pyrophosphates, organic 

materials and Prussian blue analogues. A type of layered oxide cathodes materials were studied 

in thesis.  

1. Prussian blue analogues 

Prussian blue analogues such as (NaxMFe(CN)6, where M = Fe, Co, Ni) have been studied as 

cathode materials for sodium-ion batteries [155]. The Prussian blue analogues are based on the 

AxM[D(CN)6].nH2O crystal structure (A is alkali metal ion, M is N-coordinated transition 

metal  ion and D is C-coordinated transition metal ion). The example of Prussian blue 

analogues used as cathode materials include KFe[Fe(CN)6], rhombohedral Na1.72MnFe(CN)6 

and cubic Na1.4MnFe(CN)6, NaZnFe(CN)6, NaFe[Fe(CN)6], Na2MnII[MnII(CN)6], and others 

[155-159]. However, Prussian blue compounds exhibit poor cycle efficiency and structural 

instability due to the distortion of the lattice during charge and discharge as a result of the 

existence of the vacancies and coordinating water which break down the bridging of the M-

CN-D framework [157]. Figure 2.19a shows a frame work of Prussian blue analogues and 

Figure 2.19b shows a typical electrochemical performance of Prussian blue analogues as 

cathode materials in sodium-ion batteries.  
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Figure 2.19: (a) Frame work of Prussian blue analogues and (b) electrochemical 

performance of Prussian blue analogues as cathode materials in sodium-ion batteries [156]. 

 

2. Organic materials  

Multifunctional organic compounds such as bipolar porous organic electrode (BPOE) are also 

used as cathode materials for sodium-ion batteries. This type of cathode materials are shown 

to deliver an energy density of 500 W h/kg  and a power density of 10 kW/kg, which is 

comparable to that of layered oxides and polyanion cathode materials [154]. Organic electrode 

materials are candidates for sodium ion batteries because they are cheap, environmental 

friendliness and are recyclable.  However, organic electrodes are suffers from poor electronic 

conductivity, low thermal stability and they dissolve in organic electrolyte. Figure 2.20 shows 

example of organic cathode materials used in sodium-ion batteries. 
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Figure 2.20: Organic cathode materials used in sodium-ion batteries [160]. 

 

3.  Polyanions and pyrophosphates 

Na-based polyanions includes olivine NaFePO4, Na-based fluorophosphates such as 

Na2FePO4F and Na2MnPO4F, NASICON (Na Super Ionic CONductor) Na3V2(PO4)3 

[154,161,162] They are good candidates for sodium ion batteries because of their structural, 

thermal stability and higher redox potential of transition metals. Sodium-based pyrophosphates 

such as Na2MP2O7 (M = Fe, Mn or Co) have also been studied as cathode materials due to 

their structural stability and good sodium ion mobility, but these materials suffers from low 

capacity and poor cycle performance [154]. Figure 2.21 displays the structural framework of 

the different polyanions based cathode materials for sodium-ion batteries. Table 2.4 shows the 

electrochemical performance of polyanions and pyrophosphates based cathode materials. 
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Figure 2.21: Crystal structure of polyanionic cathode material (a) NASICON Na3V2(PO4)3, 

(b) olivine NaFePO4, (c) Na2FePO4F, (d) Na2FeSO4F [154]. 

 

Table 2.4: Electrochemical performance of polyanions and pyrophosphates based cathode 

materials [149].  

Material 
Specific Capacity 

[mAh/g] 

Potential of insertion 

[V vs. Na+/Na°] 

NaFePO4 (maricite-type) Inactive - 

Na3Fe2(PO4)3 ~ 45  2.5  

Na3Fe3(PO4)4 ~80  2.5  

Na3Fe2(PO4)2F3 ~ 45 2.8  

NaFePO4F ~ 110  3.0  

Na2FeP2O7 ~ 80  2.8  

Na2MnP2O7 ~ 80  3.3  

NaFeF3 ~ 150 2.8  
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4. Layered Oxides 

Layered oxides are the widely studied cathode materials for the sodium-ion batteries due to 

their high potential and energy density above 500 Wh/kg. The study of layered sodium 

transition metal oxides began in the 1970’s. Fouassier et al studied the physical and structural 

properties of AxMO2 compounds (A = Na, K; M = Cr, Mn, Co) in the early 1970’s and in 1985 

Delmas et al. established the notation for the layered sodium transition metal oxides[163]. The 

crystal structures of the layered sodium transition metal oxides are built up by stacking sheets 

of edge-sharing MO6 octahedra and the sodium ions are located between MO6 sheets. Layered 

sodium transition metal oxides are classified according to the stacking arrangement of the 

sodium-ion between each interlayer in the structure [154,164]. Each layered oxide structure is 

denoted by Xn (X = the sodium-ion coordination and n = the number of MO2 slabs in the unit 

cell). Layered sodium transition metal oxides are found as an O and P-type structure where the 

sodium-ion is in octahedral and trigonal (prismatic) coordination with the oxygen within the 

interstitial layer of the crystal structure, respectively [154]. In the P2-type phase, the sodium-

ion is coordinated in the trigonal prismatic sites between the TMO2 (TM = transition metal) 

sheets and there are two repeating MO2 layers in the unit cell (Figure 2.22) [144,165,166]. In 

the O3-type the sodium ion is coordinated in the octahedral site and there are three repeating 

MO2 layers in the unit cell. The stacking order in the P2-type is ABBA and the stacking order 

in O3 is ABCABC as shown in Figure 2.22. A prime indicates a distortion of an ideal structure 

(polytype) for example O’3 and P’2 represent the monoclinic distortion of O3 and P2 phase 

packing [167]. Sodium layered oxides are found as O- and P-type structures because of the 

large sodium ionic radius which prefers octahedral and trigonal (prismatic) coordination [167] 

. P2-type, P3-type, O3-type layered oxides are the most common structure types of layered 

sodium transition metal oxides. The difference in the stacking order results in different 

insertion sites for the sodium-ions [164]. This then results in different electrochemical 

performance. Figure 2.22 displays the different structures of sodium layered oxides.  
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Figure 2.22: Structural classification of layered sodium transition metal oxide cathodes and 

phase transition processes induced by sodium extraction [149]. 

P2-type structures are obtained when xNa < 2/3, while O3-type structures are obtained at high 

Na contents [167]. P2-type structures are found to result in high capacity compared to O3-type 

structure. This is due to easy and fast intercalation and de-intercalation of sodium-ion in P2-

type due to that the sodium ion sits in the prismatic site which is larger than the octahedral site 

for O3-type structure [144,168]. P2-type also has improved cycle performance compared to 

O3-type structure. This is due that the P2-type rarely undergoes structural changes from P2-

type to other phases/structures during charge and discharge  because the structural 

transformation involves complex processes which includes the rotation of MO6 octahedra and 

the breaking of M–O bonds. 

A wide range of transition metals are used for layered NaMO2 compounds and their 

combination also results in layered NaMO2 compounds. Each combination results in different 

electrochemical performance as seen in Figure 2.23. Figure 2.23 displays different layered 

NaMO2 compounds and compares their electrochemistry with other types of sodium-ion 

cathode materials and lithium-ion cathode materials.  
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Figure 2.23: Average discharge potential and volumetric energy density (Wh/L) vs. 

volumetric capacity (Ah/L) for cathode materials for SIBs and LIBs [167]. 

 

2.3.5 P2-type Na0.67Mg0.28Mn0.72O2 cathode material 

Layered P2-type manganese based oxides are the promising cathode materials for sodium-ion 

batteries [169-176]. This is because of the abundance of manganese, high capacities and larger 

tunnels that allow easy intercalation and de-intercalation of the sodium-ion [177-179].  

In 2014, Bruce group reported Mg doping of P2-type Na0.67MnO2 cathode materials. The Mg 

doping of P2-type Na0.67MnO2 samples were prepared by solid state and co-precipitation 

methods.  The work studied a series of Na2/3Mn1-xMgxO2 (x = 0, 0.05, 0.1, 0.2) compounds 

and found out that Mg doping affected the structural phase transitions and Na-ordering [180]. 

In the same year, Komaba group reported that a P2-type Na2/3[Mg0.28Mn0.72]O2 prepared by 

solid state method capable of giving a large reversible capacity of >220 mAh/g [178]. The 

layered P2-type Na2/3[Mg0.28Mn0.72]O2 is abbreviated herein simply as NaMgMnO has a 

theoretical capacity of 260 mAh/g [181]. This cathode material is also interesting because it is 

cheap due to the huge natural abundance of Na, Mg and Mn precursor materials and that it is 
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also considered as a manganese rich layered oxide since the manganese content is 1.0 ≤ 𝑀𝑀𝑀𝑀 ≤ 

0.67 [182].  

2.3.5.1 Stucture of P2-type Na0.67Mg0.28Mn0.72O2 cathode material 

The P2-type structure of NaMgMnO is composed of oxygen layers stacked in an ABBA 

arrangement, in which Mg and Mn occupy the octahedral sites between the AB oxide layers 

and Na occupies the trigonal prismatic sites between the AA and BB layers. The Mg and Mn 

ordering exists in the TM layers [183]. Figure 2.24 shows the structure of the P2-type 

Na2/3[Mg0.28Mn0.72]O2 cathode material. 

 

 

Figure 2.24: The structure of Na2/3[Mg0.28Mn0.72]O2, (a) shows the stacking of MO2 in the 

structure and (b) shows the Mg-Mn ordering in the TM layers [183]. 

 

2.3.5.2 Disadvantages of Na0.67Mg0.28Mn0.72O2 cathode material 

Sodium cathode materials based on P2-type manganese oxide intercalation materials can offer 

high capacity but they suffer from capacity fade during electrochemical cycling [143,184]. The 

capacity fade in these materials is due to the Jahn-Teller distortion of Mn3+ ions in the structure 

and manganese dissolution. Phase transition also occurs during cycling, whereby gliding of the 

oxygen layers result in structural distortion and rearrangement [164]. This also affects the cycle 

performance. 

Sodium magnesium manganese oxides exhibit Jahn-Teller distortion because of the presence 

of Mn3+ ions in the structure. Manganese ions bonded to the weak field ligand such as oxygen 

results in a high spin complex with high spin 3d Mn3+ ions of electronic configuration t2g
3-eg

*1. 

Then Jahn-Teller distortion occurs in these complexes to lower the symmetry and thus remove 
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the degeneracy of the orbital. The electron in the eg* orbital with orbital degeneracy will 

occupy the dx
2

-y
2 orbital resulting in the compression of the structure or occupy the dz

2 orbital 

resulting in the elongation of the structure [182]. Figure 2.25 shows the Jahn-Teller distortion 

of Mn3+ ions. 

 

 

Figure 2.25: Jahn-Teller distortion of high spin Mn3+ ions [182]. 

 

2.3.5.3 Solution to the disadvantages of Na0.67Mg0.28Mn0.72O2 cathode material 

To solve this problem of capacity fade in P2-type manganese oxide cathode materials strategies 

to decrease the Mn3+ ion content in the structure are employed. Magnesium (Mg) doping is one 

of the strategies reported in literature to reduce capacity fade in these materials [180,181]. 

Magnesium doping increases the Mn4+ ions (decreasing Mn3+ ions) and this reduces the Jahn-

Teller distortion. However, Yabuuchi and co-workers reported the synthesis of 

Na0.67Mg0.28Mn0.72O2 exhibiting a high capacity of 220 mAh/g but this capacity reduced upon 

 



Funeka Phumzile Nkosi Page 45 
 

cycling and was 150 mAh/g after 30 cycles (i.e. 32 % capacity loss after 30 cycles) [181]. This 

suggests that the capacity fade in Mg-doped P2-type manganese oxide could be further 

improved. Some strategies to be employed in improving the capacity fade in 

Na0.67Mg0.28Mn0.72O2 cathode materials include the following; 

1. Doping of the materials with anions such as fluoride ions in the space of the oxygen 

can be used to improve the cycle performance. Surface fluorination also is beneficial 

for enhancing the rate capacity performance.  

2. The electrochemical performance of electrode materials for SIBs can be also improved 

by employing using different synthesis methods and conditions. The 

Na0.67Mg0.28Mn0.72O2 cathode material has been only synthesized using solid state and 

co-precipitation methods. Therefore other methods need to be investigated to improve 

its electrochemical performance. 

3. Coating strategies discussed above for lithium-ion batteries can be used to improve the 

cycle performance of the Na0.67Mg0.28Mn0.72O2 cathode materials. 

 

 

2.4 Electrochemical characterization of cathode materials 

Electrochemical characterization of the cathode materials is a very crucial part of the study of 

cathode materials. The results obtained from the electrochemical characterization give in 

details the performance of the cathode materials in lithium-ion or sodium-ion. The study of 

cathode materials is never complete without the electrochemical characterization techniques 

such cyclic voltammetry, galvanostatic charge-discharge measurements and electrochemical 

impedance spectroscopy.  

2.4.1 Cyclic voltammetry  

Cyclic voltammetry (CV) is an important electrochemical technique for the determination of 

the redox potentials and redox couples for electroactive species in the cathode materials. 

Therefore, it is useful in determining the potential window for the electrochemical cycling of 

the cathode materials. It then should be the first analysis performed in any electrochemical 

characterization of cathode materials, especially if the cathode material is newly discovered.  

A typical CV experiment involves the sweeping of a potential applied to the working electrode 

from an initial potential (V1) to an end potential (V2) at a constant scan/sweep rate (ν). Then 
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the direction of the sweep is reversed and the potential is swept from V2 back to V1, to complete 

one scan or cycle. The scans can be repeated many times and performed at different scan rates. 

The scan rate may range from a few millivolts per seconds to a million volts per second. 

However, slower scan rates are used to study the redox couples for electroactive species in the 

cathode materials. During the potential sweep current due to the electrochemical reactions 

taking place at the electrode interface is measured. Then a cyclic voltammogram becomes a 

plot of measured current (y-axis) vs. applied potential (x-axis). Figure 2.26 displays the cyclic 

voltammogram of Li[Li0.2Mn0.54Ni0.13Co0.13Al0.02]O2 cathode material for lithium-ion battery. 

Cyclic voltammetry is also used to investigate the kinetics, thermodynamics and mechanism 

of electrochemical reactions. The reversibility of the insertion ions (Li+ or Na+) is also 

investigated using CV. 

 
Figure 2.26: Typical cyclic voltammogram of LMR-NMC (Li[Li0.2Mn0.54Ni0.13Co0.13Al0.02] 

O2) cathode material cycled between 2.5 V and 4.8 V at 0.1 mV s-1 [185]. 

2.4.2 Galvanostatic charge-discharge 

Galvanostatic charge-discharge studies are at the centre of the electrochemical characterization 

of cathode materials. This technique allows the cathode material to be tested under real battery 

working conditions. This technique can give us the specific capacity of the cathode material. 
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The capacity is an amount of energy the cathode material can store. The theoretical capacity 

(Q) can be calculated using the following equation (2.8): 

 𝑄𝑄 =
𝑛𝑛𝑛𝑛 

𝑀𝑀 × 3.6
 (2.8) 

where M is the molar mass of the active material (in g/mol), n is the number of moles of lithium 

ions that participate in the reaction and F is Faraday’s constant (9.65 x 104 C mol-1). 

During galvanostatic charge-discharge measurements a constant current is applied between the 

set upper and lower potentials limits for the working electrode (cathode). When coin half cells 

are used, the working electrode is the cathode electrode and the lithium metal foil assumes the 

role of both a reference and counter electrode. 

Galvanostatic charge-discharge studies are also used to determine the cycle performance of the 

cathode materials by charging and discharging the cell at a constant current for many cycles 

e.g. 100 cycles. Slow current rates are preferred for determination of the cycle performance. 

The cell can also be charge-discharged at different currents from low current rates to high 

current rates in order to study the rate capability of the cathode material. The rate capability 

studies determine how fast the cathode material can be charged and discharged.  

2.4.3 Electrochemical impedance spectroscopy  

Electrochemical Impedance Spectroscopy (EIS) is used in lithium-ion and sodium-ion batteries 

to study the impedance, aging effects and kinetics of cathode materials [186,187,187-190]. The 

impedance (Z) is measured by applying an AC potential (sinusoidal V(t)) to an electrochemical 

cell and measuring the resulting sinusoidal current, I(t) [191]: 

 𝑍𝑍 =  
 𝑉𝑉 (𝑡𝑡)
𝐼𝐼 (𝑡𝑡)

 (2.9) 

where V(t) is given by  V(t) = V0 sin 𝜔𝜔t  and  I(t) = I0 sin(𝜔𝜔t +𝜃𝜃).  V0 is the maximum potential 

amplitude and 𝜔𝜔 is the radical frequency (rad s-1), I0 is the maximum applied current and 𝜃𝜃 

represent the shift in phase by which the voltage lags the current [191,192]. The current 

response I(t) can be analysed as a sum of sinusoidal functions at the same frequency but at a 

different phase. Therefore the impedance can be represented as follows: 

 𝑍𝑍 =
𝑉𝑉(𝑡𝑡)
𝐼𝐼(𝑡𝑡)

=
𝑉𝑉0sin (𝜔𝜔𝜔𝜔)

𝐼𝐼0sin (𝜔𝜔𝜔𝜔 + 𝜃𝜃)
= 𝑍𝑍0

sin (𝜔𝜔𝜔𝜔)
sin (𝜔𝜔𝜔𝜔 + 𝜃𝜃)

 (2.10) 
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For the expression of impedance in Euler’s relation, the total impedance becomes: 

 𝑍𝑍0 exp(𝑗𝑗𝑗𝑗) = 𝑍𝑍0[cos(𝜃𝜃) + 𝑗𝑗sin (𝜃𝜃)] (2.11) 

Therefore the total impedance is written in complex notation as the following: 

 𝑍𝑍 = 𝑍𝑍′ + 𝑗𝑗 ∙ 𝑍𝑍′′ (2.12) 

where Z′ is the real impedance, Z" is the imaginary impedance and j is the complex number. 

The EIS data is then represented using the Nyquist plots where the 𝑍𝑍′′ is plotted against Z′ for 

different values of 𝜔𝜔. The radical frequency is related to the frequency as 𝜔𝜔 = 2𝜋𝜋f. 

The Nyquist plot usually comprises of a semi-circle at high frequencies corresponding to the 

kinectic processes and a straight-line at low frequencies corresponding to the diffusion 

processes in the cell. The EIS data is fitted using an equivalent circuit. Figure 2.27 shows a 

Nyquist plot and equivalent circuit for LMR-NMC cathode material. 

 
Figure 2.27: Nyquist plot and equivalent circuit (inset) of LMR-NMC cathode material 

[185]. 

In the equivalent circuit the fitting parameters involve the solution ohmic resistance of the 

electrode system (Rs), solid electrolyte interface (SEI) film resistance (Rf) and the 
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corresponding capacitance of the surface film (Cf), the charge transfer resistance (Rct) due to 

the lithium intercalation/de-intercalation process and the corresponding interfacial capacitance 

(CLi) and the Warburg element (Zw) signified as the straight sloping line (45o) at the low 

frequency region describing the solid state diffusion of lithium ions inside the active particles 

[185]. Figure 2.28 shows the EIS behaviour of cathode material at different frequency ranges.  

 

 
Figure 2.28: EIS behaviour of cathode material at different frequency ranges [193]. 

2.4.4 Diffusion coefficient of lithium-ions  

The diffusion coefficient of lithium ions in this thesis was calculated using the Warburg 

parameter obtained from the EIS data. The following equation was used [95]: 

 𝐷𝐷𝐿𝐿𝐿𝐿 =
2𝑅𝑅2  𝑇𝑇2

 𝑛𝑛4 𝐹𝐹4 𝜎𝜎2𝐴𝐴2  𝐶𝐶𝐿𝐿𝐿𝐿2
 (2.13) 

where DLi is the lithium ion diffusion coefficient, R is the gas constant, T is the absolute 

temperature, n is the number of electrons transferred, F is the Faraday constant, 𝜎𝜎 is the 

Warburg parameter, A is the geometric surface area of the cathode and CLi is the concentration 
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of lithium in the cathode material. The Warburg factor (𝜎𝜎) is obtained from the slope of a plot 

of real impedance (Zʹ) vs. reciprocal square root of frequency (𝜔𝜔−1/2 )  in the low frequency 

region. The following equation is then used for the plot: 

 𝑍𝑍 = 𝜎𝜎 (1 − 𝑗𝑗)𝜔𝜔−1/2 (2.14) 
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CHAPTER 3 

 

Experimental Method 

 

3.1 Introduction 

This chapter discusses the experimental and characterization techniques used in this thesis. 

This chapter outlines the chemicals and materials used for the preparation of cathode materials 

and fabrication of coin cells, the methods for synthesis of the cathode materials and discusses 

the characterization techniques used in studying the properties of the materials and their 

performance in the coin cells. 

3.2 Chemicals and Materials  

Table 3.1 shows all the chemicals and materials used in this thesis work. All chemicals were 

used without further purification. 

3.3 Synthesis Procedures  

3.3.1 Combustion synthesis of LMNCA powders using urea and ethylene glycol fuels 

Combustion synthesis method was used to prepare the composite layered-layered LMNCA 

samples. Stoichiometric amounts of lithium nitrate (10 % excess lithium), manganese (II) 

nitrate tetrahydrate, nickel (II) nitrate hexahydrate, cobaltous nitrate hexahydrate and 

aluminum nitrate nonahydrate were dissolved completely in de-ionized water along with the 

appropriate quantity of urea or EG as fuels. The molar ratio of Li:fuel was 1:3.  The mixture 

was stirred for 1 h using a magnetic stirrer at room temperature. The resultant solution was 

transferred into a crucible and introduced into a muffle furnace maintained at 500 ℃. In the 

muffle furnace, the solution initially boils and dehydrates, followed by the decomposition with 

evolution of gases. Then it burns to incandescence to form a foamy homogeneous residue. The 

combustion reaction was completed within 10 minutes. The residue was cooled to room 

temperature and ground into a fine powder before subjected to further heat treatment at 800 ℃ 

for 9 h in air. The powder is further annealed to complete the crystallisation of the material and 
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to get a pure powder by decomposing unreacted organic residues and carbon deposits. The 

schematic representation of the preparation of the LMNCA powders is shown in Scheme 3.1. 

The sample synthesized using urea as a fuel, will be referred to as LMNCA-urea sample and 

the sample synthesized using EG as a fuel will be referred to as LMNCA-EG sample. 

 

 

 

 

 
Scheme 3.1: Combustion synthesis of LMNCA using EG and urea as a fuels. 
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Table 3.1: List of materials and reagents used in this thesis. 

Reagents and materials 
Purity and 

specifications 
Supplier 

Acetone (CH₃)₂CO ≥ 99.5 % Sigma Aldrich 

Aluminum nitrate nonahydrate 

(Al(NO3)3·9H2O) 
≥ 98 % Fluka Analytical 

Aluminum foil 50 𝜇𝜇m thick MTI corporation USA 

Ammonium fluoride (NH4F) ≥ 98 % Sigma Aldrich 

Carbon Black 
Control number: 

030520 
PRINTEX XE-2-B 

Microfiber filter paper Grade. GF/A Whatman 

Cobaltous nitrate hexahydrate 

Co(NO3)2·6H2O 
≥ 98 % 

Associated Chemical 

Enterprises (ACE) 

Diethyl carbonate (DEC) 

OC(OCH2CH3)2 
≥ 99 % Sigma Aldrich 

Dimethyl carbonate (DMC) 

OC(OCH₃)₂ 
≥ 99 % Sigma Aldrich 

Ethylene carbonate (EC) (CH₂O)₂CO 99 % Sigma Aldrich 

Ethylene glycol (CH2OH)2 ≥ 99 % Sigma Aldrich 

Lithium nitrate (LiNO3) ≥ 99 % Sigma Aldrich 

Lithium hexafluorophosphate (LiPF6) 99.99 % Sigma Aldrich 

Manganese (II) nitrate tetrahydrate 

(Mn(NO3)2·4H2O) 
≥ 97 % Sigma Aldrich 

Manganese sulphate monohydrate 

(MnSO4.H2O) 
≥ 99 % Sigma Aldrich 

Manganese (II,III) oxide (Mn3O4) 97 % Sigma Aldrich 

Magnesium oxide (MgO) ≥ 97 % Sigma Aldrich 

Nickel (II) nitrate hexahydrate  

(Ni(NO3)2·6H2O) 
≥ 98.5 % Sigma Aldrich 

N-methyl-2-pyyolidone (NMP) 99.5 % Sigma Aldrich 

Polycarbonate (PC) ≥ 99 % Sigma Aldrich 

Potassium nitrate (KNO3) >99 % Sigma Aldrich 
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Polyvinylidene fluoride (PVDF) ≥ 99.5 % MTI Corp 

Pluronic acid (PA) Pluronic F-127 Sigma Aldrich 

Sodium carbonate (Na2CO3) 99.95 % Sigma Aldrich 

Sodium nitrate (NaNO3) 97 % Sigma Aldrich 

Sodium perchlorate (NaClO4) 98 % Sigma Aldrich 

Urea (CO(NH2)2) ≥ 99 % Merck 

 

3.3.2 Microwave irradiation of LMNCA prepared using urea and ethylene glycol 

combustion synthesis. 

Stoichiometric amounts of lithium nitrate (10 % excess lithium), manganese (II) nitrate 

tetrahydrate, nickel (II) nitrate hexahydrate, cobaltous nitrate hexahydrate, aluminum nitrate 

nonahydrate and ethylene glycol were dissolved completely in de-ionized water. The mixture 

was stirred for 1 h using a magnetic stirrer at room temperature. The resultant solution was put 

into a crucible and combusted at 500 ℃ for 10 min using a muffle furnace. Then the resultant 

powders were allowed to cool to room temperature. The powders were then ground into a fine 

powder and were subjected to microwave irradiation (Anton Paar Multiwave 3000 system, λ = 

0.12236 m) at 600 W for 20 min before annealing at 800 ℃ for 9 h in air. The schematic 

representation of the preparation of the LMNCA powders is shown in Scheme 3.2. Similar 

synthesis procedure was used for the urea combustion synthesis where urea instead of EG was 

used as a fuel. Urea is a common fuel used for combustion synthesis of electrode materials.  
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Scheme 3.2: Hybrid microwave irradiation-combustion synthesis of LMNCA powders. 

 

3.3.3 Preparation of LMNCA from α-MnO2 nanowires 

3.3.3.1 Preparation of α-MnO2 nanowires 

Stoichiometric amounts of manganese sulphate monohydrate, lithium nitrate, sodium nitrate 

and potassium nitrate were mixed by grinding using a pestle and mortar until mixed well.  The 

mixture was heated at 380 ℃ for 3 h in air using a muffle furnace. The resultant precursor was 

cooled naturally before washing several times with de-ionized water. Then it was dried in the 

oven 80 ℃ overnight. 

3.3.3.2 Preparation of Li[Li0.2Ni0.13Mn0.52Co0.13Al0.02] composite  

Stoichiometric amounts of MnO2 nanomaterials, nickel (II) nitrate hexahydrate, cobaltous 

nitrate hexahydrate and aluminum nitrate nonahydrate were dispersed in de-ionized water. 

Then the Pluronic Acid (PA) was added to the mixture and stirred for 3 h using a magnetic 

stirrer at room temperature. The resultant solution mixture was dried in vacuum at 120 ℃ for 

8 h using a vacuum oven. The dried powder was lithiated using lithium nitrate (10 % excess 

lithium) before annealing at 800 ℃ for 9 h.  
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3.3.4 Preparation of NaMgMnO cathode materials  

3.3.4.1 Combustion synthesis of NaMgMnO cathode materials and microwave 

irradiation 

Stoichiometric amounts of sodium carbonate, manganese (II, III) oxide and magnesium oxide 

were thoroughly mixed using ball milling for 12 h under wet conditions with acetone. The 

mixture was then properly ground using pestle and mortar and dried in air for 30 min. The 

resultant mixture was mixed with the appropriate amount of urea, ground and dispersed in de-

ionized water, ignited at 500 oC in air for ca. 10 min and then left to cool naturally at room 

temperature. The resultant product was ground into a very fine precursor powder, which was 

then divided into two batches. One batch was directly annealed at 900 oC for 12 h (abbreviated 

herein as NaMgMnO-a) while the other was first subjected to microwave irradiation (Anton 

Paar Multiwave 3000 system, λ = 0.12236 m) for 10 min at 600 W before annealing at 900 oC 

for 12 h (product abbreviated herein as NaMgMnO-ma).  

3.3.4.2 Fluorination of NaMgMnO cathode materials  

Portions of each of the NaMgMnO-a and NaMgMnO-ma prepared above were fluorinated by 

calcining the powders with the required amount of NH4F at 450 oC for 5 h, and the resultant 

products abbreviated herein as NaMgMnO-af and NaMgMnO-maf, respectively. The general 

scheme for the synthesis is given in Scheme 3.3.  

 
Scheme 3.3: Schematic representation of NaMgMnO samples including fluorination and 

microwave irradiation treatments.  
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3.4 Materials Characterization 

The prepared samples were characterized using the following techniques: Powder X-ray 

Diffraction (PXRD), Scanning Electron Microscopy (SEM), Electron Dispersive X-ray 

Spectroscopy (EDX), Transmission Electron Microscopy (TEM), X-ray Photoelectron 

spectroscopy (XPS), Raman Spectroscopy (RS), Brunauer Emmett Teller surface area  and 

these techniques are discussed briefly below. All the measurements were taken at room 

temperature. 

3.4.1 Powder x-ray diffraction 

X-ray diffraction (PXRD) is an analytical technique used to determine and identify the phase(s) 

and structure type of crystalline materials. The Rietveld refinement of the PXRD data provides 

information about the lattice parameters, d-spacing, and crystal density.  A PANalytical X’Pert 

Pro diffractometer with CuKα radiation ( λ=1.5046 Å, 45 kV, 40 mA, step size = 0.02°) was 

used. The XRD diffractograms were obtained in a scan range between 0 and 90°. The lattice 

parameters and crystal information were obtained by Rietveld refinement using a Topas 

software. 

3.4.2 Scanning electron microscopy and Energy dispersive x-ray spectroscopy 

The scanning electron microscope (SEM) is a form of an electron microscope that images the 

sample by scanning it with a focused high-energy electron beam in a raster scan pattern. This 

technique can be used to determine the morphology, particle size, and shape of the sample 

particles. The prepared samples were examined using the field emission scanning electron 

microscope (FE-SEM) (JSM-7500F, JEOL) with the acceleration voltage of 2.00 kV. The 

samples were coated with carbon during sample preparation to prevent charging.  

Energy Dispersive X-ray Spectroscopy (EDX) is used for the elemental analysis of the sample. 

A SEM/EDX combined equipment was used for the analysis of the sample.  

3.4.3 Transmission electron microscopy  

The transmission electron microscope (TEM) is a type of electron microscope used for directly 

imaging materials in the nanometer range with maximum thickness of sample of 10 nm. TEM 

is also used to determine the morphology and particle size of the materials. Additionally, high 

resolution TEM is used to determine crystallinity and calculate d-spacings from lattice fringes.   
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A drop of sample particles dispersed in ethanol was spread on a carbon copper grid (200 

meshes) and then allowed to dry at room temperature before the analysis. TEM analyses of the 

samples were carried out on a Joel HRJEM-2100 microscope using LaB6 filament as an 

electron source with the electron beam at 200 kV.  

3.4.4 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a quantitative surface technique used to measure 

elemental composition and oxidation states of elements present in the sample. XPS 

measurements were carried out using the Thermo ESCA lab 250Xi with monochromatic Al 

K𝛼𝛼 radiation (1486.7 eV). X-ray power of 300 W and X-ray spot size 900 𝜇𝜇m were used. The 

binding energy was calibrated with reference to the C 1s level of the carbon (284.6 eV).  

3.4.5 Raman spectroscopy  

Raman spectroscopy is a fast and non-destructive spectroscopy technique based on the inelastic 

scattering of light (laser) by materials. The Raman spectra were acquired using a Horiba 

LabRAM HR Raman spectrometer with an Olympus BX41 microscope attachment. The 

excitation wavelength was the 514.5 nm line and the beam power at the sample was 0.4 mW. 

Raman spectra were measured up to 1000 cm-1 on the stokes side, with a spectral resolution of 

about 3 cm-1. 

3.4.6 Brunauer- Emmett-Teller (BET) surface area 

Brunauer- Emmett-Teller (BET) surface area is used to determine the surface area and porosity 

of the materials. The surface area of the materials was determined using a Micromeritics Tristar 

3000 surface area and porosity analyzer. The N2 adsorption–desorption experiments were 

conducted at -195 ℃. Prior to the experiment, the sample was outgassed at 150 ℃ for 4 h under 

nitrogen gas. The BET surface areas were obtained from the adsorption data in a relative 

pressure range from 0.05 to 0.30. 

3.5 Coin cells  

3.5.1 Electrode fabrication for lithium-ion and sodium-ion batteries 

The cathodes for sodium-ion and lithium-ion cells were prepared using the same procedure. 

The cathodes were prepared by the making up of slurry containing 80 % active material 

(prepared sample), 10 % carbon black and 10 % polyvinylidene fluoride (PVDF) binder in N-

methyl-2-pyrrolidone (NMP) solvent. The slurry is stirred overnight to perfectly mix the 
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contents. The slurry was coated onto an aluminum current collector using a doctor-blade 

method. The coated aluminum foil was then dried under vacuum at 110 oC for 12 h, before 

being pressed to form a uniform layer and cut into circular disk electrodes. The electrodes were 

heated at 80 oC for at least 6 h before put into the glove box.  

3.5.2 Fabrication of coin cells 

The electrochemical performance of the prepared materials was evaluated using a two-

electrode coin-type cell. The coin cells consist of the prepared powders as cathode, lithium foil 

as an anode and the electrolyte. The coin cells also contain a spacer which provides an electrical 

connection from the electrode to the case and a spring to allow maximum contact of the cathode 

and anode when the coin cell is sealed. A 1 M LiPF6 in EC/DEC/DMC in 1:1:1 volume ratio 

solution was used as the electrolyte and a micro-porous polypropylene Celgard 2400 was used 

as a separator. The electrolyte was put on the separator, between the cathode and the anode. 

The cells were fabricated in a glove box with ultra-high purity argon gas (MBRAUN MB10 

compact). The concentration of H2O and O2 was maintained at < 0.5 ppm because lithium and 

sodium metal are highly reactive and react rapidly with water, and also the electrolyte is 

affected by water. Figure 3.1 shows the components of the coin-cells and the coin cells before 

electrochemical characterization.  The sodium-ion coin cells were fabricated in the same way 

as the lithium-ion coin cells, except that the anode is sodium metal, a 1 M NaClO4 in 

Polycarbonate (PC) is used as an electrolyte and a Whatman microfiber filter paper is used as 

a separator. The coin cells were sealed with a Compact Hydraulic Crimping Machine (MSK-

110). The pressure on the crimper was set at 750 psi to seal the coin cells. The coin cells were 

allowed to stand for 24 h before performing the electrochemical measurements. 
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Figure 3.1: Components of a coin cells and coin cells fabricated from the prepared cathode 

materials. 

 

3.5.1 Characterization of coin cells  

All of the electrochemical performance measurements were carried out at room temperature. 

3.5.1.1 Cyclic voltammetry 

Cyclic voltammetry (CV) was conducted using the coin cell wherein the prepared cathode 

samples were used as the working electrode and lithium/sodium metal was used as the counter 

and reference electrodes. The CV was measured using a Bio-Logic Science VMP3-based 

instrument. CV scans were recorded at a scan rate of 0.1 mV s-1 between 2.0 and 4.8 V (vs. 

Li+/Li) for the LMNCA cathodes and 1.5 to 4.4 V (vs. Na+/Na) for NaMgMnO cathodes. 

 

3.5.1.2 Galvanostatic charge-discharge measurements  

Galvanostatic charge-discharge measurements were carried using a Maccor 4000 battery tester. 

The charge-discharge measurements were recorded at 0.1 C between between 2.0 and 4.8 V 

(vs. Li+/Li) for the LMNCA cathodes and 1.5 to 4.4 V (vs. Na+/Na) for NaMgMnO cathodes. 
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The rate capability was measured at different C-rates (charge-discharge rates) also using a 

Maccor 4000 battery tester. The different C-rates are 0.1 C, 0.5 C, 1 C, 2 C, 3 C and 5 C.  

3.5.1.3 Electrochemical impendence spectroscopy  

Electrochemical impedance spectroscopy (EIS) studies were carried out using a Bio-Logic 

Science VMP3-based instrument. The EIS measurements were performed in the range from 

100 kHz to 1 MHz with an AC signal amplitude of 10 mV. The data acquisition and analysis 

were done using the EC-lab V10.32 software.  
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CHAPTER 4 

 

Investigating the effect of combustion fuel on the 

synthesis of lithium manganese rich – transition 

metal oxides: Comparative studies of structure and 

electrochemistry 

 

4.1 Introduction  

Intensive efforts have been made in the development of lithium-manganese-rich nickel-

manganese-cobalt oxides (LMR-NMC) as cathode materials for lithium-ion batteries. This is 

because these materials deliver a high reversible capacity of ca. 250 mAh/g when charged to > 

4.4 V vs. Li+/ Li, they have high energy density (above 900 Wh/kg), high operating potential 

(> 3.5 V vs. Li+/Li), low cost and better thermal stability compared to commercial LiCoO2 

cathode material [1-12]. These remarkable characteristics make LMR-NMCs attractive for 

application in electric vehicles. However, these cathode materials are faced with various 

problems such as poor rate capability, voltage fade, low first cycle efficiency (< 80 %), capacity 

fade and transition-metal ion solubility [1,9,13-17]. Many of these short comings are related to 

the synthesis method. The synthesis method and conditions impact the stoichiometry, crystal 

structure, and morphology which in turn have an effect on the electrochemical performance 

[18-21]. Therefore, it is important to understand how the synthesis routes affect the 

electrochemical properties of these materials. This could lead to solving the problems inhibiting 

the performance of these materials. 

Combustion synthesis is an alternative method for preparing pure crystalline electrode 

materials at low external temperatures in a short time [22,23]. Unlike methods such as sol-gel 

and co-precipitation, the combustion method does not have long stirring, washing and drying 

steps. These methods are also accompanied by the loss of nickel and manganese ions during 

filtering and washing [24]. Combustion method is also desirable compared to high temperature 
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solid state methods because it requires lower temperatures (< 500 ℃) and shorter reaction times 

(<10 min) [23,25]. Combustion method involves a highly exothermic reaction between 

oxidizers (such as metal nitrates) and fuel as a reducing reagent [26]. This exothermic reaction 

is accompanied by the rapid evolution of gases, which is useful in controlling the increase in 

flame temperature (> 1000 ℃) to avoid local sintering among the crystallites [27]. The 

exothermic heat (flame) produced determines the powder properties of the sample and is 

influenced by the fuel used for the combustion synthesis [27].  

In this work we investigate the effect of the fuel (urea and ethylene glycol) in the combustion 

synthesis of Li1.2Mn0.52Co0.13Ni0.13Al0.02O2 (LMNCA). Doping with aluminium in LMR-

NMC is employed to improve the structural stability and rate capability performance. Urea, 

also known as a carbamide, reacts rapidly with the nitrate reagents often used in the combustion 

synthesis but it is a weak complexing agent and thus results in poor gel stability. Ethylene 

glycol (EG), a dihydroxyl alcohol, is a controllable oxidant for combustion, a good complexing 

agent and thus forms a stable gel. The gel stability is one of the important parameters of the 

combustion synthesis and has an effect in the flame temperature. The effect of urea and EG 

fuels in the electrochemical performance of LMNCA is also investigated and discussed in this 

work. The experimental procedure is outlined in Chapter 3 Section 3.3.1 of this thesis. 

4.2 Results and Discussions  

4.2.1 Powder X-ray Diffraction Characterization  

The effect of the different fuels on the structure of the samples was investigated using X-ray 

analysis. Figure 4.1 shows the X-ray diffraction pattern of the samples. The diffraction peaks 

of the samples were indexed to a hexagonal structure with the space group R3�m corresponding 

to the LiMO2 major phase (M =Ni, Mn, Co, Al) and to a monoclinic structure with the space 

group (C2/m) corresponding to the Li2MnO3 minor phase [8,16,28,29]. Therefore both samples 

show the formation of a ‘layered-layered’ composite. The samples are pure as there are no 

peaks from any impurities (such as NiO, CoO or Al2O3) observed. The samples are both of 

good crystalline quality as they produce narrow peaks and there is clear splitting of the 

(006)/(012) and (108)/(110) doublet peaks.  

The increase in the intensity of the peak between 2 Theta = 20-25° (shown in the insert) is due 

to the superlattice structure of Li2MnO3 in LMNCA-EG compared to LMNCA-urea indicates 

a more stable Li2MnO3 phase.  
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The peak intensity ratio of I(003)/I(104) for the samples, listed in Table 4.1, was calculated to 

determine the cation mixing in the LiMO2 layer. Cation mixing causes the deterioration of the 

electrochemical performance in the LMR-NMC material and it is small and negligible when 

the I(003)/I(104) value is >1.2. LMNCA-EG has a larger I(003)/I(104) value of 1.4705 compared to 

LMNCA-Urea at 1.3669, suggesting that EG is beneficial for reducing cation mixing compared 

to urea. 

The lattice parameters a and c were determined by Rietveld refinement and are reported in 

Table 4.1. The lattice parameters are comparable to those reported in literature for lithium 

manganese rich- transition metal oxides [30,31]. The lattice parameter a represents the metal 

to metal distance while the c parameter represents the inter-slab distance. The high c lattice 

parameter and axis ratio c/a values for LMNCA-urea suggests faster lithium ion diffusion 

compared to LMNCA-EG. A high axis ratio c/a value indicates better hexagonal ordering and 

high c-lattice parameter decreases the activation of lithium-ion hoping; and that allows for fast 

lithium intercalation and de-intercalation [32]. 

 

 
Figure 4.1: PXRD pattern of LMNCA-urea and LMNCA-EG samples. 
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Table 4.1: Summary of crystallographic parameters 

Materials 

Lattice 

parameter 

±0.003 (Å) 

Axis 

ratio 

(c/a) 
 

I(003)/I(104) 

ratio 

Cell 

volume 

±0.002 

(Å3) 

Crystal 

density 

±0.002 

(g cm-3) 

Rp 

(%) 

Rwp 

(%) 

Rbragg 

(%) 

LMNCA-

EG 

a-2.860 

c-14.227 
4.97 1.4705 100.780 482.253 1.91 2.47 1.323 

LMNCA-

urea 

a-2.852 

c-14.239 
4.99 1.3669 100.304 231.555 1.97 2.58 1.529 

 

4.2.2 X-ray Photoelectron Spectroscopy Characterization (XPS) 

X-ray photoelectron spectroscopy (XPS) of the samples is shown in Figure 4.2 (a-c) and was 

done to investigate the oxidation states of the manganese ions. Figure 4.2 (a) shows the Mn 3s 

spectra of the samples. The Mn 3s spectra give two intense peaks at about 84 and 88 eV and 

their energy separation (∆𝐸𝐸3𝑠𝑠) is ~ 4.4 eV. This suggests that the majority of the manganese 

ions are in the Mn4+ oxidation state for both samples [29,33]. Figure 4.2 (b,c) shows the Mn 

2p3/2 spectra of the samples. The broad nature of the Mn 2p3/2 peak suggests the existence of 

more than one manganese oxidation state. The Mn 2p3/2 peak was deconvoluted into the Mn3+ 

and Mn4+  states and their distributions are reported in Table 4.2. The binding energies of the 

Mn4+ and Mn3+ ions are consistent with the literature [29,33,34]. The XPS results reveal  

The average oxidation state of manganese ions (VMn) in both samples was calculated from the 

following linear equation (Equation 4.1) between VMn and ∆𝐸𝐸3𝑠𝑠 [35,36]. 

 𝑉𝑉𝑀𝑀𝑀𝑀 = 7.875 − 0.893∆𝐸𝐸3𝑠𝑠 (4.1) 
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Table 4.2: XPS analysis of LMNCA-urea and LMNCA-EG samples 

Sample 

Binding energy 

position (eV) 
Cation distribution Average 

oxidation 

state of Mn Mn4+ Mn3+ 
Mn4+ 

(%) 

Mn3+ 

(%) 
Mn3+/Mn4+ 

LMNCA-urea 643.0 641.9 79 21 0.26 3.95 

LMNCA-EG 643.1 641.9 77 23 0.29 3.95 

 

 
 

 

Figure 4.2: XPS of LMNCA powders prepared from urea and EG combustion methods. 

  

(a) (b) 

LMNCA-EG 

(c) 

LMNCA-urea 
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4.2.3 Raman Spectroscopy Characterization 

Furthermore, Raman analysis shown in Figure 4.3 was performed to investigate the effect of 

the fuels in the local structure of the samples [9]. The assignment of the observed Raman bands 

is summarized in Table 4.3 and these results are consistent with previously reported Raman 

spectra of LMR-NMC material [9]. The Raman peaks of the LMNCA-EG sample are slightly 

shifted to higher wavenumbers compared to the LMNCA-urea sample. The peak shift to higher 

wavenumbers suggests an increase in the bond strength for the Li2MnO3 phase for LMNCA-

EG compared to LMNCA-urea. 

 

 
Figure 4.3: Raman analysis of LMNCA-urea and LMNCA-EG samples. 

 

Table 4.3: Raman analysis of LMNCA materials synthesis by urea and EG combustion 

Peak position (cm-1) 

-Urea- 

Peak position (cm-1) 

-EG- 
Assignment Symmetry 

428 431 Bg, Ag Li2MnO3 

497 495 Eg, M-O bend LiMO2 

558 559 Bg, Ag Li2MnO3 

602 605 A1g, M-O stretch LiMO2 

660 661 Mn-O Spinel-like 

 

(a) (b) 



Funeka Phumzile Nkosi Page 80 
 

4.2.4 Scanning Electron Microscopy Characterization (SEM) 

FE-SEM analysis (Figure 4.4) was carried out to study the effect of the fuels on the morphology 

of the LMNCA samples. LMNCA-urea exhibits octahedral shaped particles with particle size 

distribution between 50-90 nm (shown in inset of Figure 4.4 (c)) and average size is 56 nm. 

LMNCA-EG exhibit hexagonal shaped particles with particle size between 80-200 nm (shown 

in inset of Figure 4.4 (a)) and average size 102 nm. Particle size distribution was also calculated 

and the LMNCA-urea exhibit a narrow particle size distribution compared to the LMNCA-EG. 

These results are due to different flame properties and gas evolution processes for urea and EG, 

which impacts the particle size, surface area and morphology. 

 

 
Figure 4.4: SEM images and particle size distribution histogram of urea-combustion and 

EG-combustion samples. 

Urea is beneficial to the combustion reaction because it reacts rapidly with the nitrates reagents. 

During the combustion synthesis the solution mixture of the reagent nitrates and urea rapidly 

undergoes dehydration, followed by the gel formation which results in the hypergolic mixture 

(a) (b) 

(c) (d) 

LMNCA-EG 

LMNCA-UREA LMNCA-UREA 

LMNCA-EG 
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of NOx, NH3 and HNCO gas emissions. But EG acts as both a fuel and a complexing agent. 

EG complexes the metal cations (Ni, Mn, Co, Al), increases their solubility, and prevents them 

from precipitating. A different gel with high viscosity honey-like consistency results and CO2, 

N2 and H2O gas evolutions are expected. The different gel properties results in different flame 

properties. LMNCA-urea shows increased agglomeration compared to LMNCA-EG sample. 

Agglomeration is generally expected from combustion synthesis because of the Van Der Waals 

forces existing between the nanoparticles [37]. However, the reduced agglomeration in EG is 

due to the complexing ability of EG [37]. 

4.2.5 Transmission Electron Microscopy Characterization (TEM) 

Figure 4.5 shows typical TEM images of LMNCA material at low magnification (Figure 4.5 

(a)) and high magnification (Figure 4.5 (b)). The HRTEM image (Figure 4.5 (b)) confirms that 

the sample is highly crystalline with distinct lattice fringes of d-spacing of ca. 0.474 nm 

corresponding to (003) lattice planes of the hexagonal layered phase. 

 
Figure 4.5: TEM images of LMNCA-urea sample. 

 

4.2.6 Brunuar Emmett Teller (BET) Surface Area 

Figure 4.6 shows the surface area of the samples determined using the BET surface area 

analysis. LMNCA-urea shows high surface area and pore volume compared to the LMNCA-

EG sample. This will be beneficial for increased reaction with the electrolyte and thus will 

improve the electrochemical performance. Table 4.4 shows the BET analysis results.  
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Figure 4.6: BET surface area analysis of LMNCA-urea and LMNCA-EG samples. 

 

Table 4.4: Summary of particle surface area, pore volume and average particle size 

Material (cm-1) BET surface area (m2/g) Pore volume (cm3/g) 

LMNCA-urea 2.55 ± 0.14 0.038 

LMNCA-EG 2.32 ± 0.03 0.026 

 

4.2.7 Electrochemical Characterization 

4.2.7.1 Cyclic voltammetry 

Cyclic voltammetry of the samples was studied to investigate the redox reactions in the 

samples. Figure 4.7 (a) shows the cyclic voltammograms of the LMNCA-urea and LMNCA-

EG samples at a scan rate of 0.1 mV s-1 in the voltage range of 2.0 – 4.8 V. The cyclic 

voltammograms are similar to each other and show two oxidation peaks in the first cycle 

appearing at ~4.2 V and ~4.7 V. The broad peak at about 4.2 V corresponds to the oxidation of 

both the Ni2+ to Ni4+ and Co3+ to Co4+ in the structure [29,31,33]. The peak at ~4.7 V 
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corresponds to the extraction of Li2O (in the form of Li+ and O2) due to the activation of the 

Li2MnO3 phase, which results in the formation of the spinel-like MnO2 phase. The reduction 

peaks between 3.7 and 4.5 V corresponds to the reduction of Ni4+ to Ni2+ and Co4+ to Co3+ due 

to the lithium reintercalation in the tetrahedral and octahedral sites. The reduction peak at ~3.2 

V is due to the reduction of Mn4+ in the spinel-like MnO2 phase and . This peak shifts to lower 

potentials for LMNCA-urea compared to LMNCA-EG, indicating increased activation of the 

Li2MnO3 phase in LMNCA-urea [31,38]. LMNCA-urea also shows more intense redox peaks 

compared to the LMNCA-EG sample confirming the faster Li-ion intercation and de-

intercalation kinetics as suggeted by the X-ray diffraction analysis. However, Figure 4.7 (b) 

shows more intense redox peaks after 100 cycles for LMNCA-EG compared to LMNCA-urea, 

revealing faster Li-ion intercation and de-intercalation kinetics for LMNCA-EG after cycling. 

Figure 4.7 (b) also shows an oxidation peak around 3.25 V due to the oxidation of the spinel-

like MnO2 phase, but this is only observed in LMNCA-urea. 

 

 
Figure 4.7: Cyclic voltammograms between 2.0 V - 4.8 V at 0.1 mV s-1 at room 

temperature. 

 

4.2.7.2 Galvanostatic charge-discharge. 

Galvanostatic charge-discharge studies were performed to investigate the lithium-ion battery 

performance of LMNCA-urea and LMNCA-EG. Figure 4.8 (a-b) displays the charge-discharge 

cycle results of the samples cycled between 2.0 and 4.8 V at 0.1 C (vs. Li+/Li) at room 

temperature. Figure 4.8 (a-b) shows two defined voltage plateaus in the first charge curves of 

(a) (b) 
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both materials due to the two-step charging process from the two different lithium extraction 

processes. The first voltage plateau around 4.1 V is attributed to the de-lithiation of the LiMO2 

(M = Mn, Ni, Co) phase corresponding to the oxidation of the Ni2+ to Ni4+ and Co3+ to Co4+. 

The long second voltage plateau above 4.4 V is due to the activation of the Li2MnO3 phase 

and disappears after the 1st cycle. These results are consistent with the electrochemical redox 

reactions observed in the cyclic voltammogram studies. 

 

 
Figure 4.8: (a-b) Charge-discharge at 0.1 C between 2.0 - 4.8 V, and (c-d) corresponding 

differential capacity curves (dQ/dV vs. V) plots for the LMNCA-urea and -EG samples. 

 

LMNCA-urea exhibits a higher discharge capacity of 295 mAh/g compared to the LMNCA-

EG which exhibits a discharge capacity of 240 mAh/g. The high capacity for LMNCA-urea is 

(a) (b) 

(c) (d) 
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due to the longer second voltage plateau at > 4.4 V, indicating more activation of the Li2MnO3 

phase in LMNCA-urea. The charge capacity in the first cycle is 442 mAh/g and 360 mAh/g for 

LMNCA-urea and LMNCA-EG, respectively. The length of the second voltage plateau is 282 

mAh/g and 235 mAh/g for LMNCA-urea and LMNCA-EG, respectively. 

The activation process transforms the Li2MnO3 phase to a MnO2 phase which also contributes 

to the high discharge capacity [39]. Differential capacity curves (dQ/dV vs. V) were plotted to 

investigate the transformation of the Li2MnO3 phase to MnO2 phase in the samples. Figure 4.8 

(c-d) shows the differential capacity curves of the samples at different charge-discharge cycles 

(1, 2, 10, 30, 50,100 cycles). The dQ/dV redox couples around 3.7-4.2 V corresponds to the 

reversible redox process of Ni2+ to Ni3+ to Ni4+ and Co3+ to Co4+ redox process [34]. In the first 

cycle, the intense oxidation peak around 4.5 V is due to the activation of Li2MnO3 phase and 

gives no corresponding reduction peaks since this process is irreversible. However, the 

activation process induces a new reduction peak ~3.3 V which is due to the transformation of 

the Li2MnO3 phase to a spinel–like MnO2 phase. The reduction peak ~3.3 V is due to the Mn4+ 

to Mn3+ reduction in the MnO2 activation product. LMNCA-urea shows a more pronounced 

Mn4+/Mn3+ reduction peak at ~3.3 V compared to LMNCA-EG and this indicates more 

activation of Li2MnO3 in LMNCA-urea. The shift of this peak to lower potentials upon cycling 

confirms the formation of the spinel-like MnO2 phase. For LMNCA-urea the potential 

difference between the 1st and 100th cycle is 550 mV, while for LMNCA-EG the difference is 

490 mV. These findings show the formation of the spinel-like MnO2 phase is adverse in 

LMNCA-urea compared to LMNCA-EG. Figure 4.8 (c) displays the formation of new 

oxidation peaks between 3.1- 3.4 V upon cycling for the LMNCA-urea sample, while these 

peaks do not appear in the LMNCA-EG sample in Figure 4.8 (d). These new peaks demonstrate 

the transformation of the structure from ‘layered-layered’ to ‘layered-spinel’. The existence of 

these new peaks also demonstrate the increase in the Mn3+ ion content upon cycling in 

LMNCA-urea [34,40].  

However, these results also suggest that EG can be used to suppress or reduce the activation of 

the Li2MnO3 phase which affects the average discharge voltage stability upon cycling and 

causes a voltage fade. The LMNCA-EG showed resistance to the formation of the spinel phase 

because of the improved the Li2MnO3 local structure or framework stability. To get more 

information on the voltage fade of the materials, the mid-point voltages of these materials are 

plotted in Figure 4.9 (a). Figure 4.9 (a) shows a similar mid-point voltage in the second cycle 

for the materials but the mid-point voltage fades fast for LMNCA-urea compared to the 
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LMNCA-EG. The mid-point voltage difference between the 2nd cycle and 100th cycle is ∆Emid 

= 0.15 V and ∆Emid = 0.33 V for LMNCA-EG and LMNCA-urea, respectively. These results 

illustrate the suppression of the voltage fade in LMNCA-EG compared to LMNCA-urea. 

4.2.7.3 Cycle performance and Coulombic efficiency (CE) 

Figure 4.9 (b-c) displays the cyclic performance with coulombic efficiency curves of the 

LMNCA-urea and LMNCA-EG samples. Figure 4.9 (b-c) shows the cycle performance of the 

samples cycled at 0.1 C between 2.0-4.8 V at room temperature. The capacity retention after 

50 cycles is 84 % and 76 % for LMNCA-urea and LMNCA-EG, respectively. The capacity 

retention after 100 cycles is 78 % and 70 % for LMNCA-urea and LMNCA-EG, respectively. 

Capacity fade in LMR-NMC materials is caused by the transformation of the layered-layered 

to layered-spinel structure, dissolution of the manganese in the electrolyte, electrode/electrolyte 

interface reaction and lattice rearrangement [14]. Interestingly, the layered-spinel formation 

did not deteriorate the electrochemical performance suggesting that small amounts of spinel 

phase were formed, especially for the urea sample which showed more spinel formation 

according to Figure 4.8 (c,d). The differential capacity curves (dQ/dV vs. V) in Figure 4.8 (c,d) 

also show that the intensity of the peak at ~3.3 V due to the newly formed MnO2 spinel 

formation is not reduced upon cycling; this means that the spinel phase formed did not lose its 

capacity upon cycling and therefore does not affect the capacity retention upon cycling. Figure 

4.9 (b-c) also shows the coulombic effieciency of the LMNCA-urea and LMNCA-EG samples. 

Coulombic efficiency (CE) is 67 % for both the samples in the first cycle due to the activation 

of the Li2MnO3 phase, but stabilized to above 90 % after 6 cycles. This indicates good 

reversibility of the Li-ion intercalation and de-intercalation reactions in the materials after 6 

cycles. The CE is 98 and 99 % after 100 cycles for LMNCA-urea and LMNCA-EG samples, 

respectively.  
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Figure 4.9: (a) Mid-point voltage curves at 0.1 C, (b-c) cycle performance and coulombic 

efficiency at 0.1 C between 2.0 - 4.8 V for LMNCA-urea and LMNCA-EG samples. 

  

(a) 

(c) 

(b) 
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4.2.7.4 Rate capability 

Figure 4.10 (d) shows the rate capability performance of the samples, cycled at different current 

rates of 0.5, 1, 2, and 5 C between 2.0 - 4.8 V (vs. Li+/Li) at room temperature. The LMNCA-

urea shows better and more stable cycle performance and rate capability compared to the 

LMNCA-EG. This is due to smaller particles, narrower particle size distribution and higher 

surface area for LMNCA-urea.  

 
Figure 4.10: Rate capability at different current densities for LMNCA-urea and LMNCA-

EG samples. 

 

4.2.7.5 Post-cycling analysis  

The structure of the LMNCA-urea and LMNCA-EG samples after 100 cyles at 0.1 C was 

examined by XRD analysis. The coin cells were disassembled in the Ar filled glove box after 

the cyclic analysis. Figure 4.11 shows the XRD analysis of LMNCA-urea and LMNCA-EG 

samples after 100 cycles at 0.1 C. The XRD results show that the materials still display a 

layered structure as the XRD patterns of the cycled electrodes are comparable to the fresh 

powders of the samples. However, the superlattice peaks between 2 Theta = 20-22° 

disappeared, confirming the activation of the Li2MnO3 phase upon cycling. Though the spinel 
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formation was confirmed by the differential capacity curves (dQ/dV vs. V) curves, the XRD 

analysis could not detect the spinel phase diffraction peaks and this confirms that only small 

amounts of the spinel phase is formed. 

 
Figure 4.11: XRD patterns of LMNCA-urea and LMNCA-EG electrodes after 100 cycles. 

 

SEM analysis of the electrodes was also peformed to determine the change in morphology upon 

cycling. The SEM images of the electrodes after cycling for 100 cycles at 0.1 C were taken ex-

situ. Figure 4.12 shows the SEM images of both samples and reveal that the morphology of the 

electrode materials was maintained, except for some agglomeration due to the redox reactions 

occuring during cycling [41]. The SEM images also show the coverage of the particles of both 

samples by the solid electrolyte interphase (SEI) layer. The SEI layer is  due to the interfacial 

reactions between the surface of the electrodes and the electrolyte solution [42]. Charging 

above 4.5 V results in severe oxidative decomposition of electrolyte and contributes to SEI 

formation [43-45]. However, a thicker SEI layer was formed on the surface of the cycled 

LMNCA-EG electrode compared to that of LMNCA-urea electrode (Figure 4.12 inset). This 

could be the cause of the unstable cycle performance and rate capability in LMNCA-EG. This 

is because the SEI layer creates a barrier for Li-ions during cycling which increases the cell 

impedance and decreases cycle performance and the rate capability [43,46]. These results and 
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the XRD analysis in Figure 4.11 suggest that the capacity fade in the samples is not affected 

by the spinel formation but by the SEI layer growth. 

 
Figure 4.12: SEM analysis of the LMNCA-urea and LMNCA-EG electrodes after 100 

cycles at 0.1 C. 

To investigate the properties of the SEI layer the EDX and XPS analyses of the LMNCA-EG 

electrode after 100 cycles were performed. Figure 4.13 shows the EDX elemental analysis and 

mapping and reveal that the electrode contains fluorine (F), phosphorus (P), oxygen and 

carbon, additionally to some Mn, Ni, Co and Al due to LMNCA cathode. The EDX elemental 

analysis results are reported in Table 4.5. The obtained Mn:Ni:Co ratio is ca. 4.7:1:1 for 

LMNCA-EG and ca. 4.4:1:1 for LMNCA-urea and these values agree with the expected 4:1:1 

Mn:Ni:Co ratio in LMNCA. This suggests that the Mn:Ni:Co composition was not changed 

during cycling. 

 

SEI layer 

LMNCA-urea LMNCA-urea 

  

LMNCA-EG LMNCA-EG 

  

SEI layer 
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Figure 4.13: EDX mapping and elemental analysis of LMNCA-EG electrode after 100 

cycles. 

 

Table 4.5: EDX elemental composition of the LMNCA sample. 

Element 
Atomic percentage (%) 

LMNCA-EG 

Atomic percentage (%) 

LMNCA-urea 

C 42.81±0.17 42.98±0.16 

O 21.08±0.34 21.77±0.12 

F 24.83±0.76 21.96±0.18 

Al 0.74±0.01 1.50±0.01 

Si 0.07±0.01 0.09±0.01 

P 1.68±0.01 2.16±0.01 

Cl 0.01±0.01 0.07±0.01 

Mn 6.15±0.02 6.67±0.02 

Co 1.32±0.01 1.42±0.01 

Ni 1.33±0.02 1.39±0.01 
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The XPS analysis in Figure 4.14 shows the O 1s, F 1s, P 2p, Li 1s and C 1s spectra for the 

LMNCA-EG electrode. Figure 4.14 a shows that the surface of the electrode is composed of 

the O, F, P, Li and C. The O 1s spectra shows peaks at 531.8 eV and 533.5 eV due to Li2O 

together with Li3PO4, and organic O, respectively. The Li2O is believed to be from the reaction 

of the electrode with the atmospheric oxygen and the Li3PO4 is due to the hydrolysis of LiPF6 

[43]. The F 1s spectrum shows peaks at 685.1 and 686.9 eV due to the LiF and PVDF binder, 

respectively. The P 2p spectrum shows peaks at 133.9 and 137.0 eV due to Li3PO4 and PVDF 

binder, respectively. The Li 1s spectrum shows peaks due to LiF, Li2O and Li3PO4 which 

cannot be resolved because they have very similar binding energies. The LiF is due to the 

decomposition of the LiPF6 [46,47].  

The C 1s spectrum shows peaks at 285.1, 286.7, 288.4 and 290.0 eV corresponding to the 

polymeric phase of the surface, ether functional groups, carbonate functional groups and 

PVDF, respectively [46]. The ether and carbonate functional groups are due to the 

decomposition of the solvent [43,48]. The assignment of the ether and functional groups is 

supported by the peak at 532.8 eV in the O 1s spectrum. Table 4.6 reports the quantitative 

analysis of the XPS electrode surface data of LMNCA-EG and LMNCA-urea and reveals that 

the SEI layer consists mostly of Li3PO4, polycarbonates, LiF and PVDF compounds. 
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Figure 4.14: O 1s, F 1s, P 2p, Li 1s and C 1s XPS spectra for LMNCA-EG electrode after 

100 cycles. 
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Table 4.6: Elemental identification and quantification of LMNCA-EG  and LMNCA-urea. 

Name  Peak BE (eV) 
[LMNCA-EG] 

Atom (%) 
[LMNCA-EG] 

Peak BE (eV) 
[LMNCA-urea] 

Atom (%) 
[LMNCA-urea] 

Li 1s (LiF; Li2O; 

Li3PO4) 
55.4 1.9 55.5 27.2 

P 2p (Li3PO4) 133.9 0.0 133.9 0.5 

P 2p (PVdF) 137.0 0.0 136.9 0.8 

C 1s (C-C) 285.1 0.9 284.9 13.6 

C 1s (C-O) 286.6 0.7 286.6 9.4 

C 1s (O-C=0) 288.6 0.1 288.6 2.0 

C 1s (PVdF) 290.0 0.6 289.9 5.8 

O1s (Li2O; 

Li3PO4) 
531.8 94.9 531.8 24.0 

O 1s (Organic O) 533.5 0.3 533.4 4.8 

F 1s (LiF) 685.1 0.4 685.0 4.9 

F 1s (PVdF) 686.9 0.2 686.8 6.1 

 

Although a thick SEI layer was observed in LMNCA-EG, LMNCA-urea also exhibited 

decomposition of the electrolyte upon cycling. Figure 4.15 (a) shows a dark compound on the 

surface of the LMNCA-urea electrode assumed to be the electrolyte decomposition product. 

Wang and co-workers also reported the existence of this surface compound after 100 cycles in 

Li1.2Mn0.54Co0.13Ni0.13O2 based electrodes [14]. The EDX analyses (Figure 4.15 (a-f)) reveal 

that this surface compound consists of P and F ions. This surface compound is due to the 

insoluble LixPFyOz and LiF precipitates due to the decomposition of electrolyte. The XPS 

analyses in Figure 4.15 (g-h) compares the F 1s and P 2p spectra of LMNCA-urea and 

LMNCA-EG and shows that the LiF and Li3PO4 decomposition peaks are also present in 

LMNCA-urea. The LMNCA-urea shows stronger PVDF binder peaks in both F 1s and P 2p 

spectra suggesting more decomposition in LMNCA-urea compared to LMNCA-EG. 
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Figure 4.15: Post-morterm studies- (a-g) EDX analysis of LMNCA-urea, (h) XPS analysis of LMNCA-urea and (i,j) XPS of F 1s and P 2p peaks for LMNCA-urea 

and LMNCA-EG. 
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4.2.7.6 Electrochemical impedance spectroscopy (EIS) 

Figure 4.16 (a-b) shows the Nyquist plots (-Zʺ vs. Zʹ) and Z΄ vs. 𝜔𝜔P

-1/2 curves obtained from the 

electrochemical impedance spectroscopy analysis. The coin cells were analyzed before and 

after 100 cycles at the open circuit voltage, where OCV ∼3.0 V vs. Li/Li+.The spectra were 

fitted with the equivalent circuit shown as the insert in Figure 4.16 (a). The fitting parameters 

involved: the solution ohmic resistance of the electrode system (Rs) due to electric conductivity 

of the electrolyte, separator and electrodes; the surface film resistance (Rf) and constant phase 

element (CPEf), referring to the resistance and capacitance due to the solid-electrolyte 

interphase layer formed on the electrode surface; the charge transfer resistance (Rct) and 

interfacial capacitance (CPELi), corresponding to lithium intercalation/de-intercalation 

processes arising at the interface between the electrode and the electrolyte, and the Warburg 

element (Zw) describing the solid state diffusion of Li-ion between the particles of active 

materials and electrolyte, signified by the straight sloping line (∼45°) at the low frequency 

region 

The impedance spectra for both the samples consists of one clear semicircle in the high 

frequency region and a straight line with an inclined slope in the low frequency region. Table 

4.7 summerises the EIS results of the samples. The EIS data measured before cycling indicate 

that LMNCA-urea exhibits lower Rf and RCT impedance values compared to the LMNCA-EG. 

This suggests that LMNCA-urea has higher electronic conductivity compared to  LMNCA-

EG. The Rf and Rct values are 57.5 and 544.0 ohm, and 645.6 and 719.9 ohm for LMNCA-

urea and LMNCA-EG, respectively. Interestingly, the Rf and Rct values increases for LMNCA-

urea after 100 cycles, while they decrease for the LMNCA-EG. The increase in Rct values after 

100 cycles is expected because of the spinel phase formation and rearrangement of the lattice 

upon cycling. The increase in the Rf value after 100 cycles is due to the formation of a SEI 

layer and changes in surface structure as the extensive removal of Li2O from the Li2MnO3 

activation process damages the electrode surface [49]. 

Figure 4.16 (b) represents the relationship of impedance and frequency used to determine the 

diffusion coefficient for the samples. The Li-ion diffusion co-efficient (DLi
+) was calculated as 

reported in literature [31]. It was calculated to be 1.22 x 10-16 and 0.62 x 10-16 cm2s-1 at 3.0 V 

for LMNCA-urea and LMNCA-EG, respectively. The Li-ion diffusion coefficient of the 

LMNCA-urea is double that of the LMNCA-EG before prolonged cycling and this explains 

the high Li-ion intercalation and de-intercalation kinectics observed for the LMNCA-urea 
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confirmed by the higher hexagonal ordering calculated in the XRD analysis. However, the 

diffusion coeffcient increases after 100 cycles for both the samples due to the MnO2-spinel 

formation product, this suggests that the diffusion of lithium ions in the layered-spinel is easier 

compared to that of the layered-layered structure.  

 
Figure 4.16: (a) Nyquist plots (-Zʺ vs. Zʹ) and (b) Z΄ vs. 𝜔𝜔P

-1/2 curves of LMNCA-urea and 

LMNCA-EG samples. 

 

(a) 

(b) 
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Table 4.7: Electrochemical impedance spectroscopy fitted parameters 

 
RSEI 

(Ω) 

Rf 

(Ω) 

RCT 

(Ω) 

CPEf CPECT 
Zw 

Ω.s-1/2 

DLi
+ 

cm2s-1 
CPEf 

(F.s (a-1)) 
a 

CPECT 

(F.s (a-1)) 
a 

LMNCA-urea 

(OCV) 
13.6 57.5 544.0 6.6e-6 0.91 25.4e-6 0.67 322 

1.2e-

16 

LMNCA-urea 

(100 cyc) 
16.7 112.2 806.4 9.4e-6 1.00 37.8e-6 0.70 152 

6.8e-

16 

LMNCA-EG 

(OCV) 
3.2 645.6 719.9 3.1e-3 0.78 27.2e-6 0.81 216 

0.6e-

16 

LMNCA-EG 

(100 cyc) 
10.1 26.6 275.9 0.9e-6 0.84 14.6e-6 0.78 76 

12.e-

16 

 

The obtained lithium-ion diffusion coefficients are lower compared to layered oxides such as 

LCO and NMC (LiNi1/3Mn1/3Co1/3O2), this is due to the existence of Li2MnO3 phase [50]. 

The diffusion coefficient of LCO and NMC is 10-8 - 10-10 cm2 s-1 and 10-9 - 10-10 cm2 s-1, 

respectively [51,52].  

 

4.3 Conclusions  

LMNCA-urea and LMNCA-EG were successfully prepared using urea and EG fuel, 

respectively. The samples both exhibit pure and crystalline powders. LMNCA-urea sample 

shows high capacity, improved cycle performance and rate capability compared to LMNCA-

EG. This is due to the narrower particle size distribution, high surface area and high hexagonal 

ordering compared to LMNCA-EG. However, the LMNCA-EG displays the suppression of the 

voltage fade due the resistance to the formation of spinel phase. This is attributed to the strong 

complexing ability of EG which improved the Li2MnO3 structure stability.  
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CHAPTER 5 

 

Effect of microwave irradiation on the LMNCA 

cathode materials prepared using urea and ethylene 

glycol combustion synthesis 

 

5.1 Introduction 

Previous studies have reported the influence of synthesis method and conditions on the physical 

and electrochemical properties of LMR-NMC cathode materials [1-3]. For example, Zheng and 

co-workers reported the direct correlation between voltage fade and atomic level spatial 

distribution of chemical species among lithium manganese- rich cathode materials prepared by 

several synthesis methods [1]. Iftekhar and co-workers revealed that the electrochemistry of 

lithium manganese - rich composite materials is significantly affected by the choice of synthetic 

route [2].  

This chapter studies the effect of microwave irradiation on the Li1.2Mn0.52Ni0.13Co0.13Al0.02O2 

(LMNCA) powders prepared using combustion methods, again using either urea or EG as fuel. 

In this work we employ the hybrid microwave irradiation- combustion synthesis to prepare 

LMNCA cathode materials. The effect of microwave irradiation on the electrochemisty of 

LMNCA cathode materials prepared using combustions synthesis is also investigated. The 

samples were exposed to microwave irradiation before the annealing step and the experimental 

procedure is outlined in Chapter 3 Section 3.3.2 of this thesis. Research efforts carried-out by 

our group and our previously reported work [4-8] revealed that microwave irradiation 

particularly with the following conditions; power = 600 W and irradiation time = 20 min, has 

the ability to improve the morphology, average manganese ion oxidation state and tune the 

electrochemical performance of electrode materials. These conditions were found to be 

optimum conditions for microwave irradiation treatment at the pre-annealling step during the 

synthesis of electrode materials. 
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5.2 Results and Discussions 

5.2.1 Powder X-ray Diffraction Characterization 

Figure 5.1 shows the PXRD patterns of the LMNCA-urea mic and LMNCA-EG mic samples. 

The relatively strong peaks were indexed to the LiMO2 phase based on the hexagonal structure 

with the space group R3�m [9,10], while the peak between 2 Theta= 20-25° was indexed to the 

Li2MnO3 phase based on the monoclinic structure with the space group (C2/m) [11]. The peak 

between 2 Theta = 20-25° is due to the superlattice structure of Li2MnO3 as a result of the Li-

TM (transition metal) cation ordering [10]. The PXRD patterns also show a clear splitting of 

the (018)/(110) doublet peaks for both the samples suggesting a highly ordered layered R3�m 

structure [12]. The PXRD patterns also show that the samples are pure with no impurity phase 

such as Al2O3. These results confirm that microwave irradiation did not change the structure 

of the samples. 

 

 
Figure 5.1: PXRD patterns of LMNCA-urea mic and LMNCA-EG mic samples. 
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The lattice parameters a and c for the samples were calculated using Rietveld refinement using 

the R3�m space group. The calculated lattice parameters with other structural parameters are 

summarized in Table 5.1. The obtained lattice parameters are consistent with the values 

reported in literature [13]. The axis ratio c/a is close to 5, indicating that the samples exhibit 

good hexagonal ordering [12]. However, the peak intensity ratio I(003)/I(104) is larger for 

LMNCA-EG mic compared to LMNCA-urea mic indicating reduced Li-Ni cation mixing 

effect in LMNCA-EG mic [14]. The PXRD analysis also reveals an increase in the lattice 

parameters and crystal density for LMNCA-EG mic compared to LMNCA-urea mic. This 

suggests that there is lower in Mn4+ ions in the LMNCA-EG mic sample compared to the 

LMNCA-urea mic sample. The Mn3+ ions are larger ionic radius (0.66 Å) compared to the 

Mn4+ (0.60 Å) ions [15], therefore the increase in lattice parameters and crystal density may 

suggest more Mn3+ and less Mn4+ ions.  

Table 5.1: Summary of crystallographic results LMNCA-urea mic and LMNCA-EG mic 

samples 

Materials 

Lattice 

parameter 

±0.003 (Å) 

Axis 

ratio 

(c/a) 
 

I(003)/I(104) 

ratio 

Cell 

volume 

±0.002 

(Å3) 

Crystal 

density 

±0.002 

(g cm-3) 

Rp 

(%) 

Rwp 

(%) 

Rbragg 

(%) 

LMNCA-

urea mic 

a-2.852 

c-14.233 
4.991 1.259 100.23 235.055 1.89 2.45 1.478 

LMNCA-

EG mic 

a-2.853 

c-14.244 
4.993 1.327 100.38 309.735 2.02 2.63 1.336 

 

5.2.2 X-ray Photoelectron Spectroscopy Characterization (XPS) 

X-ray photoelectron spectroscopy (XPS) analysis was used to determine the oxidation states of 

the transition metals especially for the manganese ions. Figure 5.2 (a-d) shows the XPS spectra 

of the Mn ions. 

 

Figure 5.2 (a,b) shows the Mn 3s spectra of the samples. The Mn 3s spectra give two intense 

peaks at about 84 and 88 eV and their binding energy difference is 4.3 and 4.7 eV for LMNCA-

urea mic and LMNCA-EG mic samples, respectively. This suggests that the majority of the 

manganese ions are in the Mn4+ oxidation state. To confirm this, the Mn 2p spectra of the 
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samples was examined and show two major peaks at around 642 and 654 eV, corresponding to 

the Mn 2p3/2 and Mn 2p1/2 peaks. The binding energy difference between the Mn 2p3/2 and 

2p1/2 peak is around 11.5 eV and this confirms that most of the Mn ions in the samples are in 

Mn4+ oxidation state. These results are consistent to the XPS findings by Honglei Li et al. [16] 

and Li Li et al. [17] for Li1.2Mn0.54Ni0.13Co0.13O2 (LMNC) materials.  

 

 
Figure 5.2: XPS data of Mn 3s and Mn 2p3/2 for (a,c) LMNCA-EG mic, and (b,d) LMNCA-

urea mic samples. 

However, the descrepancy in the binding energy difference of the Mn 3s peaks of the samples, 

suggests that the samples contain different amounts of the Mn4+ ions. The broadness of the Mn 

2p peak indicates that there also exist some Mn3+ ions additionally to the Mn4+ ions [18]. Then 

the Mn 2p3/2 peak (Figure 5.2 (c,d)) was deconvoluted into two peaks at about 641 eV and 643 

eV, corresponding to the Mn3+ and Mn4+ ions, respectively. The relative amounts of Mn3+ and 

Mn4+ ions in the samples were determined from their corresponding peak areas. Table 5.2 

reports the Mn 2p3/2 peak position, Mn3+/Mn4+ cation distribution, Mn3+:Mn4+ ratio and the 

average manganese oxidation state. These XPS results reveal that the LMNCA-EG mic has 

lower Mn4+ ions compared to LMNCA-urea mic. The Mn4+ content is 59 and 72 % for 

(a) (b) 

(c) (d) 
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LMNCA-EG mic and LMNCA-urea mic, respectively. Comparing to non-microwave 

irradiated samples, the microwave irradiation resulted in the decrease of the Mn4+ content for 

both samples and thus decreased the average manganese oxidation state. The average oxidation 

state of manganese was calculated using Equation 4.1.  The Mn4+ content is 77 and 79 % for 

the non-microwave irradiated LMNCA-EG and LMNCA-urea, respectively. Low Mn4+ content 

is beneficial for the reduction of Li2MnO3 phase activation for reduced voltage fade. Mn4+ ions 

are further decreased in the LMNCA-EG mic because during the synthesis the ethylene glycol 

also complexes the metal cations and this results in the incomplete oxidation of the manganese 

ions and thus decreases the Mn4+ ions. 

 

Table 5.2: Summary of Mn 2p3/2 peak positions and cation distribution of the LMNCA-EG 

mic and LMNCA-urea mic samples 

Sample 

Binding energy 

position (eV) 
Cation distribution Average 

oxidation 

state of 

Mn Mn4+ Mn3+ 
Mn4+ 

(%) 

Mn3+ 

(%) 
Mn3+/Mn4+ 

LMNCA-EG mic 643.3 642.1 59 41 0.70 3.77 

LMNCA-urea mic 642.8 641.7 72 28 0.39 3.49 

 

Figure 5.3 (a-d) shows the XPS spectra of the Co and Ni ions. General observations do not 

reveal any significant difference in the oxidation states of the Co and Ni between the samples 

and the non-microwave irradiated samples. Figure 5.3 (a,b) shows the Co 2p spectra and Figure 

5.3 (c,d) shows the Ni 2p spectra of the samples. The Co 2p and Ni 2p spectra each exhibit four 

peaks than include the two intense peaks and their two corresponding satellite peaks denoted 

as “S” in the spectra. The two relatively intense Co 2p peaks at around 798 and 780 eV are 

assigned to Co 2p1/2 and Co 2p3/2, respectively. The binding energy difference between the Co 

2p3/2 and Co 2p1/2 peaks for all the samples are about 15 eV indicating that the cobalt ions for 

all the samples are in the Co3+ oxidation state [12,18-20].  The binding energy of the two intense 

Ni 2p peaks, Ni 2p1/2 and Ni 2p3/2 peaks is 879 and 855 eV, respectively; and their binding 

energy difference is around 18 eV corresponding to the Ni2+ oxidation state in the samples 

[12,21]. 
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Figure 5.3: XPS data of Co 2p and Ni  2p for (a,c) LMNCA-EG mic, and (b,d) LMNCA- 

urea mic samples. Symbol “S” denotes the satellite signals for the corresponding metal 

ions. 

 

5.2.3 Scanning Electron Microscopy Characterization (SEM) 

Figure 5.4 shows the SEM images of the samples at high and low magnification. The LMNCA-

EG mic sample exhibit polyhedral particles with particle size in the range of 50-100 nm and 

the average particle size is around 64 nm. The LMNCA-urea mic sample exhibit sphere-like 

particles with the particle size in the range of 60-110 nm and the average particle size is around 

86 nm. The microwave irradiation in LMNCA-EG mic sample reduced the particle size, while 

it slightly increased the particle size for the LMNCA-urea mic. The particle size distribution 

was 50-90 nm and 80-200 nm for the unmicrowave irradiated LMNCA-urea and LMNCA-EG 

samples, respectively. The microwave irradiation did not change the shape of either of the 

samples. 

 

(a) (b) 

(c) (d) 
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Figure 5.4: SEM images of (a-b) LMNCA-urea mic and (c-d) LMNCA-EG mic sample. 

 

5.2.4 Electrochemical Characterization 

5.2.4.1 Cyclic voltammetry 

Cyclic voltammetry was carried out at 0.1 mV s-1 between 2.0 - 4.8 V. Figure 5.5 shows the 

cyclic voltammograms of cycles 1,2,5 and 10 of the samples. The microwave irradiated and 

unmicrowave irradiated samples have similar redox behaviour. The first cycle shows; (II) the 

oxidation of the Ni2+ and Co3+ transition metals at ~4.2 V and (III) the activation of the 

Li2MnO3 at 4.7 V. The reduction peaks at (II)’ and (II)’’ are due to the reduction of the Ni4+ 

and Co3+ in the octahedral and Ni4+ in the tetrahedral sites. In the second and third scans, the 

strong oxidation peak at (III) disappears, and the peak at (II) broadens indicating more 

oxidation of the Ni2+ and Co3+. The activation of the Li2MnO3 induces a new peak at (I)’ due 

to the Mn4+/Mn3+ reduction from the spinel phase formed. The corresponding oxidation peak 

of this new peak at (I) is due to the Mn3+/Mn4+ oxidation of the spinel phase as the material is 

(a) (b) 

(c) (d) 
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cycled. However, the Mn3+/Mn4+ redox peaks are observed to be more intense for the LMNCA-

urea mic compared to LMNCA-EG mic upon cycling.  

 

 
Figure 5.5: Cyclic voltammetry at 0.1 mV s-1 between 2.0 - 4.8 V (a) LMNCA-urea mic 

and (b) LMNCA-EG mic. 

 

(II) 

(III) 

(I) 

(II)’ (I)’ 

(a) 

(I) 

(III) 

(II)’ (II)’’ (I)’ 

(II) 

(I) 

(b) 
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5.2.4.2 Galvanostatic charge-discharge 

The galvanostatic charge-discharge studies were performed to determine the electrochemical 

performance of the LMNCA-urea mic and LMNCA-EG mic samples. Figure 5.6 (a,b) 

compares the 1st, 2nd, 10th, 30th and 50th cycles of the samples cycled between 2.0 and 4.8 V at 

0.1 C at room temperature. The first charge curve shows two plateaus due to the two-step 

charging process from the two different lithium extraction processes. The first voltage plateau 

at ~4.0 V is due to the delithiation of the LiMO2 phase corresponding to the oxidation of the 

Ni2+ to Ni4+ and Co3+ to Co4+. The second voltage plateau at ~4.5 V is due to the activation of 

the Li2MnO3 phase due to the extraction of Li2O (in the form of Li+ and O2) from the Li2MnO3 

phase. This activation of the Li2MnO3 phase is only observed in the first cycle and disappears 

from the second cycle onwards.  

LMNCA-urea mic shows a higher discharge capacity of ca. 361 mAh/g while LMNCA-EG 

mic exhibit a capacity of ca. 221 mAh/g. The capacity of LMNCA-urea mic is high compared 

to the LMNCA-EG mic because the former contains a higher content of Mn4+ ions at 72 % 

while the latter contains 59 % of Mn4+ ions. An increase in Mn4+ ions results in an increased in 

the activation of the Li2MnO3 phase which results in high capacity densities. As discussed 

before, the LMR-NMC materials get their high capacities from the activation of the Li2MnO3 

phase. 

To gain further insight into the Li2MnO3 activation, differential capacity vs. voltage curves are 

plotted in Figure 5.7 (a-f). The oxidation in the first cycle (Figure 5.7 (a,d)) reveals the 

activation of the Li2MnO3 phase at ca. 4.51 - 4.53 V. The activation peak is longer for 

LMNCA-urea mic compared to LMNCA-EG mic samples, confirming increased Li2MnO3 

activation for LMNCA-urea mic. The activation of the Li2MnO3 phase results in the formation 

of the MnO2-like spinel phase, which induces a new reduction peak at ca. 3.33 V upon cycling. 

The new Mn4+/Mn3+ redox peaks are more pronounced for the LMNCA-urea mic. These redox 

peaks start appearing from cycle 1 and become intense upon cycling (Figure 5.7 (d-f)), 

especially for LMNCA-urea mic . Therefore, these results also confirm the increase in the 

Li2MnO3 activation in LMNCA-urea mic compared to LMNCA-EG mic. 
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Figure 5.6: Galvanostatic charge-discharge at 0.1 C for  (a) LMNCA-EG mic and (b) 

LMNCA-urea mic after 50 cycles. 

  

(b) 

(a) 
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Figure 5.7: Differential capacity vs. voltage curves for (a-c) LMNCA-EG mic and (d-f) 

LMNCA-urea mic after 90 cycles. 

 

  

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 
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Additionally, LMNCA-EG mic sample also shows that the oxidation and reduction of Ni 

occurs both from the tetrahedral and octahedral sites. This is observable by the intense 

oxidation peak between 4.12 - 3.82 V and the corresponding reduction peaks appearing at 

different voltages. The reduction at 3.76 (cycle 10) and 3.81 V (cycle 1 & 2) are due to the 

reduction in tetrahedral and the reduction at 4.18 and 4.29 V are due to the reduction in the 

octahedral sites. However, LMNCA-urea mic sample shows the reduction of Ni in the 

octahedral sites and the peaks are seen at 4.45 V (cycle 1 & 2), 4.41 V (cycle 10 & 30), 3.95 V 

(cycle 50) and 4.43 V (cycle 90). The oxidation of Co3+ to Co4+ and Ni2+ to Ni4+ is observed at 

4.10 - 4.15 V. 

 

5.2.4.3 Cycle Performance and Coulombic Efficiency (CE) 

Figure 5.8 (a,b) shows the cycle performance and the coulombic efficiency of the LMNCA-

urea mic and LMNCA-EG mic materials, respectively. The materials possess a good cycle 

performance at 0.1 C and 2 C. The capacity retention after 50 cycles at 0.1 C is 88 % and 82 

% for LMNCA-EG mic and LMNCA-urea mic, respectively. Microwave irradiation increased 

the capacity retention of both microwave irradiated LMNCA-EG mic and LMNCA-urea mic. 

The capacity retention after 50 cycles is 84 % and 76 % for the non-microwave irradiated 

LMNCA-urea and LMNCA-EG samples, respectively. The microwave irradiated samples also 

have excellent capacity retention at high current rates. The capacity retention is 96 % and 102 

% at 2 C after 50 cycles for LMNCA-EG mic and LMNCA-urea mic, respectively.  

Coulombic efficiency (CE) at 0.1 C for the first cycle is reasonable at 58 % for LMNCA-EG 

mic and 62 % for LMNCA-urea mic. However, the coulombic efficiency reaches over 90 % 

for LMNCA-EG from the 2nd cycle, while it stabilizes after 6 cycles for LMNCA-urea mic and 

this is due to rearrangement of the lattice upon cycling due to the increase in the spinel 

formation. The coulombic efficiency reaches to 95 % and 98 % for LMNCA-EG mic and 

LMNCA-urea mic, respectively, after 50 cycles. However, the coulombic efficiency of the first 

cycle is improved at 2 C and is 88 % and 89 % for LMNCA-EG mic and LMNCA-urea mic, 

respectively. The coulombic efficiency at 2 C after 50 cycles is 99 % for both samples. Table 

5.3 displays the capacity, retention and coulombic efficiency at 0.1 C and 2 C for the samples. 

These results indicate that microwave irradiation results in good reversibility of the lithium-

ion extraction and insertion reactions in the materials and also contributes to the good cycle 

performance of the materials.  
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Figure 5.8: Cycle performance and the coulombic efficiency of the materials (a) LMNCA-

urea mic and (b) LMNCA-EG mic, and (c) Cycle performance of both samples at 2 C. 

(a) 

(c) 

(b) 
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Table 5.3: Capacity retention and coulombic efficiency at 0.1 C and 2 C of LMNCA-urea mic 

and LMNCA-EG mic samples. 

Cycle performance LMNCA-EG mic LMNCA-urea mic 

Charge capacity (mAh/g): 0.1 C, 1st cycle 383 579 

Discharge capacity (mAh/g): 0.1 C, 1st cycle 221 361 

Capacity Retention (%): 0.1 C, 50th cycle 88 82 

Coulombic efficiency (%): 0.1 C, 1st cycle 58 62 

Coulombic efficiency (%): 0.1 C, 50th cycle 95 98 

Charge capacity (mAh/g): 2 C, 1st cycle 98 178 

Discharge capacity (mAh/g): 2 C, 1st cycle 84 159 

Capacity Retention (%): 2 C, 50th cycle 96 102 

Coulombic efficiency(%): 2 C, 1st cycle 86 89 

Coulombic  efficiency (%): 2 C, 50th cycle 99 99 

 

5.2.4.4 Rate capability 

Figure 5.9 shows the rate capability of the samples. The cells were charge and discharged at 

0.5, 1, 2, 3 C and again at 0.5 C. The microwave irradiation also improved the rate capacity of 

the LMNCA-urea mic and LMNCA-EG mic samples and this is due to that the microwave 

irradiation resulting in small particle size and high surface area.  
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Figure 5.9: Rate capability of LMNCA-urea mic and LMNCA-EG mic materials. 

 

5.2.4.5 Electrochemical impedance spectroscopy (EIS) 

Figure 5.10 shows the Nyquist plots obtained from the electrochemical impedance 

spectroscopy (EIS) analysis of the materials. Figure 5.10 (a) compares the EIS data obtained 

before and after 100 cycles at the open circuit voltage, where OCV ∼3.0 V vs. The equivalent 

circuit used for the EIS data fitting and the EIS fitting parameters are as defined in the previous 

chapter. Table 5.4 compares the Rct and Zw of microwave irradiated samples (LMNCA-urea 

mic and LMNCA-EG mic) with non-microwave irradiated  samples (LMNCA-urea and 

LMNCA-EG materials), measured at OCV before and after cycling. These results show that 

microwave irradiation reduces the impedance of LMNCA materials. 
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Table 5.4: Comparison of Rct and Zw of LMNCA-urea mic and LMNCA-EG mic with non-

microwave irradiated LMNCA-urea and LMNCA-EG samples. 

Materials 
RCT 

(Ω) 

Zw 

Ω.s-1/2 

LMNCA-urea ( OCV) 544.0 322 
LMNCA-urea (100 cyc) 806.4 152 
LMNCA-urea mic (OCV) 257.1 94.2 
LMNCA-urea mic (100 cyc) 1 171 119.2 
LMNCA-EG (OCV) 719.9 216 
LMNCA-EG (100 cyc) 275.9 76 
LMNCA-EG mic (OCV) 142.2 38.2 
LMNCA-EG mic (100 cyc) 152.8 86.8 

 

Figure 5.10 (b) shows the EIS data obtained at 4.2 and 4.5 V to further understand the impact 

of the activation of the Li2MnO3 phase on the EIS performance. 4.2 V corresponds to the 

voltage before activation and the voltage around the oxidation of the transition metals (Ni and 

Co) and 4.5 V is the voltage of the Li2MnO3 activation. The impedance is similar at 4.2 and 

4.5 V for the LMNCA-EG mic sample but slightly increases from 4.2 to 4.5 V for the LMNCA-

urea mic sample. These results indicate that the increase in the Li2MnO3 activation increases 

the impedance. The Rs, Rf and Rct values at 4.2 V and 4.5 V are lower for LMNCA-EG mic 

compared to LMNCA-urea mic. This is due to the resistance to the Li2MnO3 activation in the 

LMNCA-EG mic sample and improved particle morphology, i.e. small particles compared to 

LMNCA-urea mic. The Rs, Rf and Rct values, especially the Rf, for LMNCA-urea mic 

increased upon charging from 4.2 V to 4.5 V. The increase in the Rf value is due to the 

formation of a surface film and the changes in surface structure and composition as the 

extensive removal of Li2O from the Li2MnO3 activation process damages the electrode surface 

[9].  

Figure 5.10 (c) shows the Zʹ vs. ω-1/2 plots and shows clearly that the LMNCA-urea mic has 

higher impedance compared to LMNCA-EG mic. Figure 5.10 (d) studies the lithium diffusion 

coefficient (DLi
+) at different voltages. It is found that the diffusion coefficient only changes 

very slightly when charging (1st cycle charge) from 3.0 V to 3.7 V; this is because as observed 

from the CV analysis no electrochemical reactions due to the lithium-ion intercalation and de-

intercalation occurs in this range. But, the diffusion coefficient rapidly increases and then 
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decreases when charging from 4.0 V - 4.5 V, especially for LMNCA-urea mic and this is 

consistent with the oxidation of Ni, Co ions upon charging and Li2MnO3 activation. The 

lithium-ions diffuse faster at the 4.0 - 4.5 V region because the “c” lattice parameter is reported 

to be increasing upon charging towards 4.8 V [22] and this means that the space around the Li-

layer also increases and the activation energy for Li motion is reduced [23]. This then allows 

the fast diffusion of the lithium ions.  The lithium diffusion coefficient was also determined 

after 100 cycles. It is found to be higher for LMNCA-urea mic compared to the LMNCA-EG 

mic because of larger c lattice parameter and larger hexagonal ordering (Table 5.1). The lithium 

diffusion coefficient is higher for microwave irradiated samples compared to non-microwave 

irradiated samples. This shows that the microwave irradiation also increases the lithium 

diffusion coefficient resulting in faster lithium-ion kinectics. Table 5.5 summaries the EIS 

results of LMNCA-urea mic and LMNCA-EG mic samples. 

  

  
Figure 5.10: EIS and diffusion co-efficient analysis of LMNCA-urea mic and LMNCA-EG 

mic samples. 

(a) (b) 

(c) (d) 
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Table 5.5: Electrochemical impedance spectroscopy fitted parameters and diffusion coefficient. 

 
Charging Potential 

(V) 

RSEI 

(Ω) 

Rf 

(Ω) 

RCT 

(Ω) 

CPEf CPECT 

Z (Ω s-1/2) 
DLi+ 

(cm2 s-1) 
CPEf 

(F.s (a-1) ) 
a 

CPECT 

(F.s (a-1)) 
a 

LMNCA-urea mic 

4.2 15.2 17.9 25.8 0.06 0.82 58.81e-6 0.67 5.6 9.94e-14 

4.5 17.8 121.0 27.4 0.24 0.99 16.36e-6 0.80 12.3 2.50e-14 

OCV 2.7 22 381 257.1 0.02 0.98 17.45e-6 0.70 94.2 7.83e-16 

100th cycle 20.1 28.0 1171 0.02 0.90 21.37e-6 0.94 119.2 3.32e-15 

           

LMNCA-EG mic 

4.2 6.3 13.9 18.9 0.49e-3 0.54 0.03 0.98 8.8 6.23e-14 

4.5 4.4 16.1 55.8 0.68e-3 0.49 0.03 0.95 11.9 1.77e-14 

OCV 3.9 2 490 142.2 0.049 0.97 13.35e-6 0.74 38.2 4.34e-15 

100th cycle 17.3 197.3 152.8 24.47e-6 0.67 4.77e-3 0.90 86.8 8.56e-16 
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5.3 Conclusions  

LMNCA-urea mic and LMNCA-EG mic samples were successfully prepared using ethylene 

glycol and urea as fuels. Microwave irradiation was applied before the pre-annealing step and 

its effect on the electrochemical performance of LMNCA cathode materials was investigated. 

Microwave irradiation resulted in decreased Mn4+ ion and particle size, especially for LMNCA-

EG mic. The microwave irradiation increased the capacity of LMNCA-urea mic due to 

increased Li2MnO3 activation, while the LMNCA-EG mic possessed a lower capacity and 

exhibited resistance to the Li2MnO3 activation. The Li2MnO3 activation is larger for LMNCA-

urea mic because of the high content of Mn4+ ions at 72 % compared to LMNCA-EG mic with 

59 % Mn4+ ions in the structure before cycling. The cycle performance and the rate capability 

of microwave irradiated LMNCA-urea mic and LMNCA-EG mic samples was improved 

because of reduced particle size. Microwave irradiation also resulted in decrease 

electrochemical impedance and higher lithium ion diffusion coefficients. Therefore this work 

showed that microwave irradiation improved the electrochemical performance for LMNCA 

materials prepared using either urea or EG as fuel during the combustion synthesis. However, 

there still exist differences in the electrochemical performance between urea and EG prepared 

samples, as observed in the study of non-microwave irradiated samples.  
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CHAPTER 6 

 

Preparation of LMNCA cathode materials from α-

MnO2 nanowires 

 

6.1 Introduction 

LMR-NMC materials are generally synthesised using the co-precipitation method which relies 

on precise control of synthesis conditions such as pH, feeding rate of the co-precipitator, 

temperature and stirring speed [1-5]. The preparation of 0.5Li2MnO3 ∙0.5LiNi1/3Co1/3Mn1/3O2 

cathode materials using co-precipitation results in spherical agglomerates with particle size 

between 5-10 microns [4,6]. However, these spherical agglomerates exhibit poor rate capability 

as they block the lithium intercalation and de-intercalation when charging above 4.4 V, 

especially at high current densities [7]. 

The synthesis employed in this Chapter involves the use of 𝛼𝛼-MnO2 nanowires as the 

manganese source and pluronic acid as both a fuel and complexing agent to control the growth 

of the particles. The complexation of the metal cations by the pluronic acid prevents the 

precipitation of the metal cations and forms a stable precursor before the heating steps. MnO2 

materials have been used as manganese precursors in the preparation of cathode materials for 

lithium-ion batteries [8,9]. This is because MnO2 is cheap, environmentally friendly, abundant 

and have good adsorption of lithium. It has been observed from previous studies that the 

structure and the morphology of the manganese based cathode materials are affected by the 

manganese precursor [8]. Therefore, α-MnO2 nanowires were used in this work to influence 

the morphology of the LMNCA material in order to improve the electrochemical performance. 

This is because α-MnO2 contains (2 × 2) + (1 × 1) one-dimensional (1D) tunnel structures with 

good absorption properties [10-12]. Therefore they can easily accommodate and absorb Li+ 

into the structure [9]. α-MnO2 nanowires also have high reactivity because they possess high 

surface area and this will facilitate the formation the LMNCA cathode material. Due to these 

remarkable properties α-MnO2 nanowires make excellent manganese precursor for the 
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preparation of lithium-rich cathode materials. The experimental procedure is outlined in 

Chapter 3 Section 3.3.3 of this thesis. 

The morphology, chemical composition and crystalline structure of the LMNCA powder 

prepared in this work were examined. The electrochemical performance of the materials as 

cathode materials in lithium-ion batteries was also studied.  

 

6.2 Results and Discussions 

6.2.1 Powder X-ray Diffraction Characterization 

Figure 6.1 (a,b) shows the PXRD pattern of the 𝛼𝛼-MnO2 wires and the LMNCA sample 

prepared. Figure 6.1 (a) was indexed to a 𝛼𝛼-MnO2 phase which is based on the tetragonal 

crystal structure with the space group I4/m. No peaks from other phases such as the 𝛽𝛽- or 𝛾𝛾-

MnO2 phases were detected. The lattice parameters for the samples were calculated using 

Rietveld refinement. The refined parameters are a = b = 9.966 Å and c = 2.882 Å which are 

consistent with the values reported in literature [13-15].  

Figure 6.1 (b) was indexed to a LiMO2 (M = Ni, Co, Mn) phase based on a hexagonal structure 

with the space group R3�m. The minor peak between 2 Theta = 20-25° is indexed using the 

Li2MnO3 phase based on the monoclinic structure with the space group (C2/m). This peak is 

due to the superlattice structure of Li2MnO3 as a result of the Li-M (transition metal) cation 

ordering [16,17]. The prepared sample is of high purity as no extra peaks due to impurity phases 

are observed. The XRD pattern also shows a clear splitting of the (018)/(110) doublet 

suggesting a highly ordered and well crystalline layered R3�m structure. The lattice parameters 

a and c for the samples were calculated using Rietveld refinement using the R3�m space group. 

The calculated lattice parameters with other structural parameters are summarized in Table 6.1. 

The obtained lattice parameters are consistent with the values reported in literature [18]. The 

results reveal that the peak intensity ratio I(003)/I(104) is > 1.2 suggesting a lower and negligible 

Li-Ni cation mixing [19]. The axis ratio c/a is almost the value 5 indicating good hexagonal 

ordering [20]. 
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Figure 6.1: PXRD patterns of α-MnO2 nanowires and LMNCA cathode materials. 

 

Table 6.1: Summary of crystallographic results of α-MnO2 nanowires and LMNCA cathode 

materials. 

Materials 

Lattice 

parameter 

±0.003 (Å) 

Axis 

ratio 

(c/a) 
 

I(003)/I(104) 

ratio 

Cell 

volume 

±0.002 

(Å3) 

Crystal 

density 

±0.002 

(g cm-3) 

Rp 

(%) 

Rwp 

(%) 

Rbragg 

(%) 

LMNCA 
a-2.844 

c-14.208 
4.996 1.435 99.5 220.696 1.91 2.47 1.280 

MnO2 

wires 

a-9.966 

c-2.882 
- - 286.2 34.223 3.20 5.19 1.420 

 

6.2.2 X-ray Photoelectron Spectroscopy Characterization (XPS) 

X-ray photoelectron spectroscopy (XPS) analysis was used to determine the oxidation states 

for the manganese ions. Figure 6.2 shows the XPS Mn 2p3/2 peak spectrum which was 

deconvoluted into two peaks at about 639 eV and 641 eV, corresponding to the Mn3+ and Mn4+ 

ions, respectively. Table 6.2 reports the Mn 2p3/2 peak position, Mn3+/Mn4+ cation distribution, 

Mn3+:Mn4+ ratio and the average manganese oxidation state. These XPS results reveal that the 

LMNCA prepared form 𝛼𝛼-MnO2 nanowires has high Mn3+ ions compared to the LMNCA 

samples studied in Chapter 4 and Chapter 5. The high Mn3+ ion content in LMNCA prepared 

form 𝛼𝛼-MnO2 nanowires explains its reduced discharge capacity compared to that of LMNCA 

samples studied in Chapter 4 and Chapter 5. Mn 3+ ions do not participate in the Li2MnO3 

activation which contributes to the high capacity of LMNCA materials. 
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Figure 6.2: XPS data of Mn 2p3/2 for LMNCA sample prepared from 𝛼𝛼-MnO2 nanowires.. 

 

Table 6.2: Summary of Mn 2p3/2 peak positions and cation distribution of the LMNCA 

sample prepared from 𝛼𝛼-MnO2 nanowires. 

Sample 

Binding energy 

position (eV) 
Cation distribution 

Average oxidation 

state of Mn 
Mn4+ Mn3+ 

Mn4+ 

(%) 

Mn3+ 

(%) 
Mn3+/Mn4+ 

LMNCA 642.8 641.7 39 61 1.56 3.61 

 

 

6.2.3 Scanning Electron Microscopy Characterization (SEM) 

The morphology of the 𝛼𝛼-MnO2 nanowires was observed by scanning electron microscopy 

(SEM) and by transmission electron microscopy (TEM). Figure 6.3 (a,b) shows the SEM 

images of the MnO2 wires at high and low magnifications. Figure 6.3 (c,d,e) shows the TEM 

images of the sample. The TEM images show nanowires with particle size in the range of 7-15 

nm in diameter and their length is between 200 nm-1.65 𝜇𝜇m. The MnO2 wire sample is highly 
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crystalline showing the (200) lattice planes with d-spacing approximately 0.496 nm. The SAED 

pattern shown in Figure 6.3 (f) confirms that the sample is highly crystalline. 

 

 
Figure 6.3: (a) Low magnification SEM images, (b) High magnification, (c) Low 

magnification TEM, (d) High magnification TEM, (e) High resolution TEM and (f) SAED 

image of α-MnO2 nanowires. 

Figure 6.4 (a,b) displays the morphology and the elemental analysis of the LMNCA sample. 

The image shows that the sample exhibits plate-like particles with smooth surfaces. The clean 

and smooth surface facets observed will improve the contact of the sample with the electrolyte 

and the transport of Li-ions and electrons during charge and discharge. The thickness of the 

plates is between 38-167 nm and the width of the particles is 135-922 nm. Figure 6.4 (c-d) 

shows the elemental analysis of the LMNCA sample. Figure 6.4 (c) confirms the purity and 
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elemental content of the sample. The EDX analysis confirms the composition of the samples 

and the results were found to be within 5 % of expected values. The elemental mapping in 

Figure 6.5 shows that the elements are homogeneously dispersed in the LMNCA particle. 

 
Figure 6.4: SEM images of LMNCA powders (a-b) and (c) EDX elemental analysis and 

composition. 

(d) 

(a) (b) 

(c) 
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Figure 6.5: EDX elemental mapping of prepared LMNCA sample. 

6.2.4 Transmission Electron Microscopy Characterization (TEM) 

Figure 6.6 (a, c) shows the low magnification transmission electron microscopy (TEM) and 

high resolution TEM (HRTEM) images of the sample to further investigate the structure of the 

prepared LMNCA sample. The low magnification TEM of the frontal plane of the LMNCA 

sample and confirms the morphology of the sample as observed in the SEM analysis. The 
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HRTEM shows clearly the apparent lattice fringes with d spacing of 0.4725 nm corresponding 

to the (003) and/or (001) due to the R3�m and C2/m space groups, respectively. These planes 

are parallel to the c-axial direction parallel to the (100), (010), or (110) planes belonging to the 

{010} planes [21,22]. Figure 6.6 (b) shows the selected area electron diffraction (SAED) of the 

LMNCA particle and confirms the existence of the (110) planes belonging to the {010} planes. 

This suggest that the surface of the particle has exposed {010} planes which are known to be 

electrochemically active and results in rapid lithium- ion intercalation and de-intercalation 

leading to excellent electrochemical performance [21-24]. The (101) and (020) planes belong 

to the hexagonal and monoclinic phase, respectively.  

 The XRD, TEM and SAED pattern confirms that the LMNCA samples is highly crystalline 

and consists of the LMO2 and Li2MnO3 phases. 

 

 
Figure 6.6: High resolution TEM and SAED pattern of the prepared LMNCA sample. 
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6.2.5 Electrochemical Characterization 

6.2.5.1 Cyclic voltammetry 

Figure 6.7 shows the cyclic voltammetric evolutions of the prepared samples for the 1st, 2nd, 

4th, 6th, 8th and 10th cycles. The CV behaviour of the prepared samples is similar to that of the 

LMNCA samples studied in chapters four and five. The first cycle also shows an intense peak 

at >4.5 V due the Li2MnO3 activation. However, it is important to observe that there is not 

much change between the cycles, especially from the 3rd cycle onwards. This suggests good 

cycle performance of the prepared LMNCA sample.  

 

 
Figure 6.7: Cyclic voltammograms (current density vs. voltage) of the prepared LMNCA 

cathode.  Scan rate: 0.1 mV s-1; voltage range: 1.5 – 4.4 V vs. Li/Li+. 

 

6.2.5.2 Galvanostatic charge-discharge 

Figure 6.8 (a,b) reports the cycle performance and the coulombic efficiency of the sample at 

0.1 C and 5 C rate. The capacity retention is 95 % and 96 % after the 50th and 100th cycle at 0.1 

C, while the capacity retention at 5 C is 98 % and 97 % after 100th and 300th cycles, 
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respectively. This indicates that the prepared LMNCA material possesses excellent cycle 

performance especially at 5 C rate due to the nanoplate structure,  clean and smooth surface 

facets of the nanoplate and the exposed electrochemically active {010} planes. The prepared 

sample also possesses coulombic efficiency (CE) at 0.1 C of 62 % in the first cycle but increases 

to 94, 99 and 95 % in the 2nd, 50th and 100th cycle, while the CE at 5 C is 51 % and 99 % for 

2nd and 300th cycle respectively.  

 
Figure 6.8: Cycle performance and coulombic efficiency at (a) 0.1 C and (b) 5 C rate. 

 

(a) 0.1 C 

5 C 
(b) 
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6.2.5.3 Rate Capability 

The sample exhibits a good rate capability when charge and discharged at different current 

rates at 0.5 C, 1 C, 2 C and 3 C as seen in Figure 6.9. Table 6.3 compares our results to reported 

values in literature and reveals that the LMNCA prepared in this work has better performance 

which is due to the nanoplate structure with exposed electrochemical active {010} planes and 

the nanoplates provide the short diffusion pathways and faster intercalation for the lithium-

ions.  

 

 

 
Figure 6.9: Rate capacity at different current rates. 
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Table 6.3: Comparison of the prepared LMNCA sample with literature. 

Material Synthesis method Capacity 
Capacity retention 

After 100 cycles 
Reference 

Li1.2Ni0.16Mn0.52Co0.16Al0.02O2 Self-combustion reaction (SCR) 255 mAh/g @0.1C 78 % [25] 

Li1.2Ni0.13Mn0.52Co0.13Al0.02O2 Pechini method 243 mAh/g @0.1C 62 % after 50 cycles [26] 

Li1.2Ni0.13Mn0.52Co0.13Al0.02O2 
This work: LMNCA-prepared from 𝛼𝛼-MnO2 

nanowires 
215 mAh/g @0.1 C 96 % - 
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6.2.5.4 Electrochemical Impedance Spectroscopy (EIS) 

Figure 6.10 shows the Nyquist plots obtained from electrochemical impedance spectroscopy 

(EIS) analysis of the prepared LMNCA material. The Nyquist plots were fitted with the 

electrical equivalent circuit and EIS fitting parameters as described in Chapter 4 of this thesis. 

The fitted data is shown in Table 6.4. 

 
Figure 6.10: Electrochemical Impedance Spectroscopy of LMNCA sample. 

 

Table 6.4: Impedimetric data of prepared LMNCA sample. 

Aging cells Rs (Ω) Rf (Ω) R(ct) (Ω) Zw (Ω) 

Fresh cells 2.08 406.5 412.9 114.1 

100th cycle 52.25 63.88 425.1 21.67 

 

The Rs value increases upon cycling and this is expected due to that the electronic conductivity 

of the electrolyte changing/decomposing when charging at high potentials above 4.5 V. The Rct 

values show a slight increase after 100 cycles and this confirms the good cycle stability of the 

materials. These results corroborate the charge-discharge results.  
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6.3 Conclusions  

A new and simple synthesis method employing 𝛼𝛼-MnO2 nanowires as precursor was used to 

prepare layered LMNCA cathode with exposed {010} planes. The 𝛼𝛼-MnO2 nanowires were 

successfully prepared using the molten salt method. The prepared LMNCA sample is pure with 

highly crystalline and ordered structure. The LMNCA sample exhibits hexagonal nanoplates 

with exposed electrochemically active {010} planes. The mechanism of formation of the plates 

is such that the pluronic acid used during the synthesis as a surfactant chelated the transitional 

metal ions and also capped the surface of the highly reactive and absorptive 𝛼𝛼-MnO2 nanowires. 

The capping of the 𝛼𝛼-MnO2 nanowires surface then reduced the growing rate of the particles 

along the [001] direction to give a plate like morphology with exposed {010} planes. 

Nanoplates, which are two dimensional, possess high specific surface areas and large surface-

to-volume ratios which are beneficial for improved electrochemical performance. Importantly, 

the exposed electrochemically active {010} planes results in improved cycle performance and 

rate capability due to that the lithium-ions can be easily intercalated and de-intercalated into 

LMNCA samples through the {010} planes. The capacity retention is 95 % and 96 % after the 

50th and 100th cycle at 0.1 C, while the capacity retention at 5 C is 98 % and 97 % after 100th 

and 300th cycles, respectively. The simple synthesis strategy used in this work will be helpful 

in the development of other high voltage cathode materials especially those that suffer from 

capacity fade.  
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CHAPTER 7 

 

The effect of microwave irradiation on the 

preparation of P2-type Na0.67Mg0.28Mn0.72O2 cathode 

materials for sodium-ion batteries 

 

7.1 Introduction 

The cheap P2-type Na0.67Mg0.28Mn0.72O2 cathode material is one of the promising cathode 

materials for sodium-ion batteries. P2-type Na0.67Mg0.28Mn0.72O2 cathode has shortcomings, 

such as capacity fade, large voltage hysteresis and is sodium deficient, which limit its 

implementation in practical systems. However, the results presented here in Chapter 7 and 8 

advance our understanding of the effect of synthesis methodology and anion coating in 

improving the electrochemical performance of P2-type Na0.67Mg0.28Mn0.72O2  cathode 

materials. This chapter studies the shortcomings of this cathode material and discusses one of 

the solutions for enhanced electrochemical performance.  

The P2-type Na0.67Mg0.28Mn0.72O2 (NaMgMnO) based cathode materials were prepared using 

a combustion synthesis method as outlined in Chapter 3 Section 3.3.4. This work reports for 

the first time the preparation of NaMgMnO cathode material using the urea-combustion 

method. Combustion method of synthesis is regarded an effective and fast method of preparing 

electrode materials [1-4]. Urea was chosen as suitable fuel for the synthesis of NaMgMnO 

materials because the urea synthesized cathodes were found in Chapter 4 and 5 of this thesis to 

result in improved capacity. Two samples were considered: a pristine sample (NaMgMnO-a) 

and a microwave-irradiated sample (NaMgMnO-ma). 

P2-type Na0.67Mg0.28Mn0.72O2 cathode materials suffers from poor cycle performance, i.e. their 

capacity decreases rapidly during charge and discharge. The poor cycle performance is due to 

various factors including high Mn3+ ion concentration, poor morphological integrity, 

manganese dissolution in the electrolyte during cycling, Jahn-Teller distortion of the high-spin 

Mn3+ and phase transformation from P2 to O2-type. 
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This chapter investigates the effect of microwave irradiation in the electrochemical 

performance of P2-type Na0.67Mg0.28Mn0.72O2 cathode material. The effect of microwave 

irradiation was investigated particularly with the aim to improve the cycle performance of this 

cathode material. The same microwave irradiation conditions used in Chapter 5 were also 

employed in this chapter. This thesis also aims to extends the study of microwave irradiation 

on the electrode materials to sodium-ion batteries and also reports for the first time the study of 

microwave irradiation for P2-type Na0.67Mg0.28Mn0.72O2 cathode materials.  

 

7.2 Results and discussion 

7.2.1 Powder X-ray Diffraction Characterization 

Figure 7.1 reports the PXRD results of the NaMgMnO-a and NaMgMnO-ma materials. PXRD 

patterns were indexed to a P2-type hexagonal structure with the space group P63/mmc. [8]. The 

patterns also show a diffraction peak at ca. 21° due to the presence of stacking faults of the 

superlattice layers along the c-axis direction. This is a (1/3, 1/3, 0) peak of superstructure due 

to the formation of (√3)a by (√3)a in-plane ordering between (Mg2+ and Mn3+) and Mn4+ [8]. 

The NaMgMnO materials have the A1A1A1A1 stacking of ordered Mg-Mn layers (MgxMn1-

xO2 sheets).  

 
Figure 7.1: XRD patterns of the prepared NaMgMnO samples. 

The Rietveld refinement was used to calculate the lattice parameters (a and c) and cell volume. 

The Rp , Rwp and Rbragg are refinement parameters and the reasonably small (< 5%) Rp , Rwp 

and Rbragg demonstrates a very good refinement. The observed and calculated patterns match 

well, also confirming a good fit. For layered materials, lattice parameter a represents the 

interlayer metal-metal distance and lattice parameter c represents the inter-slab distance. The 

2 Theta (deg.) 
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crystallographic data is summarised in Table 7.1. There lattice parameters a and c of  

NaMgMnO-a and NaMgMnO-ma are similar and the values obtained are comparable to those 

obtained in literature [9,10].  

 

Table 7.1: Summary of refined crystallographic parameters for the prepared NaMgMnO 

samples 

Materials 

Lattice 

parameter 

±0.002 (Å) 

d-spacing 

(002) 

±0.002 

(nm) 

Cell 

volume 

±0.002 

(Å3) 

Crystal 

density 

±0.002 

(g cm-3) 

Rp 

(%) 

Rwp 

(%) 

Rbragg 

(%) 

NaMgMnO- 

a 

a-2.895 

c-11.265 
5.632 245.259 67.894 2.86 3.82 1.761 

NaMgMnO- 

ma 

a-2.893 

c-11.248 
5.624 244.639 77.606 2.32 3.64 2.051 

 

Figure 7.1 (b) reveals that the microwave irradiation increased the intensity and slightly shifted 

the (002) peak to lower angles. This confirms the slight decrease in the lattice parameter, d-

spacing and the cell volume by microwave irradiation suggesting a decrease in the 

concentration ratio of Mn3+/Mn4+. 

 

7.2.2 X-ray Photoelectron Spectroscopy Characterization (XPS) 

Figure 7.2 compares the XPS of the deconvoluted peaks of the Mn 2p3/2 of (a) NaMgMnO-a 

and (b) NaMgMnO-ma. The Mn 2p3/2 peak is deconvoluted into two peaks occurring at the 

expected positions for Mn3+ and Mn4+ oxidation states. 
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Figure 7.2: XPS spectra for the (a) NaMgMnO-a and  (b) NaMgMnO-ma samples. 

 

Table 7.2 displays the XPS (Mn 2p3/2 spectra) data of the NaMgMnO-a and NaMgMnO-ma 

samples. The results show some unique changes in the percentage concentration ratio of 

Mn3+/Mn4+ upon microwave irradiation, i.e. the Mn3+/Mn4+ ratio decreases by about 29 % upon 

microwave irradiation. The Mn3+ content is much higher than that of its Mn4+ counterpart in 

both samples, resulting in an average valence state of Mn atoms (VMn) of ca. 3.3+ for each 

sample (this value would be 3.5+ for a 50:50 ratio of Mn3+ and Mn4+). This value is lower than 

 

(b) 
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the 3.74+ obtained for Na0.53MnO2 by Li et al. [11] which may be related to the substitution of 

some Mn atoms by Mg in our work. In summary, this result suggests that microwave irradiation 

can decrease the amount of the redox-active Mn3+, but without affecting the average valence 

state of the manganese significantly.  The decrease in the Mn3+ ions results in an increase in the 

Mn4+ ions and thus decreases the cell volume and d-spacing since the Mn3+ ions are bigger than 

the Mn4+ ions [12]. These results corroborate the XRD results. 

Table 7.2: XPS (Mn 2p3/2 spectra) data of the NaMgMnO-a and NaMgMnO-ma samples 

Sample 

Binding energy 

position (eV) 
Cation distribution Mn valence 

(average redox 

state) Mn4+ Mn3+ 
Mn4+ 

(%) 

Mn3+ 

(%) 
Mn3+/Mn4+ 

NaMgMnO-a 640.1 638.5 30.9 69.1 2.24 3.31 

NaMgMnO-

ma 
639.8 638.2 38.8 61.2 1.58 3.39 

 

 

7.2.3 Scanning Electron Microscopy Characterization (SEM) 

The SEM images shown in Figure 7.3 reveal that both the samples exhibit hexagonal plate-like 

shaped micron-sized particles (1–3 µm diameters). The microwave irradiation did not affect the 

particle size but resulted in clean and smooth surface facets, confirming that the microwave 

irradiated particles are well-crystalline. This is important for improving the electrochemical 

properties because the transport of Na-ions and electrons upon cycling occurs on the surface of 

the electrode sample. 
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Figure 7.3: SEM images of (a) NaMgMnO-a and (b) NaMgMnO-ma samples. 

 

7.2.4 Energy–Dispersive X-ray Spectroscopy (EDX) 

Energy–Dispersive X-ray Spectroscopy (EDX) was carried out to determine the elemental 

composition of the prepared samples. Figure 7.4 shows the EDX analysis of NaMgMnO-a and 

Figure 7.5 shows the EDX analysis of NaMgMnO-ma.  
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Figure 7.4: EDX analysis of NaMgMnO-a. 
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Figure 7.5: EDX analysis of NaMgMnO-ma. 

 

The EDX profiles show peaks at ca. 5.9 keV and 6.5 keV due to the characteristic Kα and Kβ 

X-rays, respectively, emitted from manganese atoms. The incident beam used had sufficient 

energy to produce both Kα X-rays and Kβ X-rays. The Kα X-ray is emitted when the filling 

electron drops from the L shell to the K shell where the initial vacancy occurs [13]. The Kβ X-

ray is emitted when the filling electron drops from the M shell to the K shell and therefore the 

Kβ radiation peak is higher in energy than Kα radiation as the energy between the M and K 

shell is greater than the energy between the L and K shell.  

The Na and Mg peaks are observed at about 1.1 keV and 1.3 keV, respectively. The O and C 

peaks are observed at about 0.6 keV and 0.3 keV, respectively. The C peaks are due to the 

carbon coating used for sample preparation for the analysis. Therefore the EDX analyses 

confirm that the samples are pure and contain only the expected elements. The EDX results are 

summarised in Table 7.3. These results confirm the elemental composition of the samples to 
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within the expected 3 %. EDX elemental mapping of the samples also show that the elements 

are homogenously disperse in the samples. 

Table 7.3: Elemental composition obtained from EDX 

Elements 
NaMgMnO-a NaMgMnO-ma 

Weight % Atomic % Weight % Atomic % 

O 45.93 63.13 45.15 63.1 

Na 20.92 20.01 19.99 19.45 

Mg 7.14 6.45 6.39 5.88 

Mn 26.01 10.41 28.23 11.49 

C - - 0.24 0.08 

 

7.2.5 Electrochemical Characterization 

7.2.5.1 Cyclic voltammetry 

Figure 7.6 compares the cyclic voltammograms of the coin cells made using the synthesized 

cathode materials for the fresh cell and after the 100th cycle. The cyclic voltammograms show 

ill-defined and broad redox peaks suggesting multi-step reversible reaction processes. 

NaMgMnO-a (Figure 7.6 (a)) displays redox couples that are broad and nearly indistinguishable 

indicating that the reactions occur very close to each other. NaMgMnO-ma (Figure 7.6 (b)) 

displays improved peak intensity compared to NaMgMnO-a. This indicates a lower internal 

resistance, better electrochemical performance and good reversibility between charge and 

discharge processes. There are three prominent pairs of redox peaks: (I) at ca. 2.7 V vs. Na/Na+ 

ascribed to the Mn3+/Mn4+ redox couple, (II) at 3.0 – 3.3 V vs. Na/Na+ gives broad peaks due 

to the complicated de-sodiation/sodiation processes in the crystal lattice structure, and (III) at 

ca. 4.2 V vs. Na/Na+, observed only in the initial cycle, is due to the P2 – O2 phase 

transformation and the resultant gliding and expansion of the transition metal layers [10].  After 

the 100th cycle, the redox processes in NaMgMnO-a (Figure 7.6 (a)) have almost completely 

disappeared, indicating poor cycling performance. These results suggest that the microwave 

irradiation gives faster sodium extraction/insertion kinetics and improved cycle performance. 
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Figure 7.6: Cyclic voltammograms (current density vs. voltage) of the cells of (a) 

NaMgMnO-a and (b) NaMgMnO-ma. Scan rate: 0.1 mV s-1. Voltage range: 1.5 – 4.4 V vs. 

Na/Na+. 

 

7.2.5.2 Galvanostatic charge-discharge 

Figure 7.7 displays the charge-discharge performances of the materials (selected cycles 

between 1 – 100), cycled between 1.5 and 4.4 V at 0.1 C (1C = 260 mA/g). The first charge 

cycle to 4.4 V corresponds to the extraction (de-sodiation or de-intercalation) of small amounts 

of sodium ions (low charge capacity). However, upon discharge (sodiation or intercalation) 

more sodium ions from the sodium source (sodium metal anode) are inserted back into the 

structure giving rise to higher capacity. The long plateau which appeared around 4.2 V vs. 

Na/Na+ in the charge curve of both the cells is due to the phase transition from the P2-type to 

the O2-type structure, with the resultant gliding and expansion of the transition metal layers 

which leads to irreversible capacity loss, whilst the voltage plateau below 4.0 V is due to the 

Na+ and vacancy ordering taking place within the sodium layer. In the O2-type structure, the 

Na ions sit in the small octahedral sites in the lattice structure while in the P2-type they sit in 

the large prismatic sites, as shown in Figure 2.17. Therefore, there is a change in the unit cell 

as the structure changes from a P2-type to O2-type and this induces capacity fade upon cycling. 

The microwave irradiation is observed to increase the capacity of the NaMgMnO material. The 

discharge capacity for the first cycle is ca. 116 and 125 mAh/g for NaMgMnO-a and 

NaMgMnO-ma, respectively. The microwave irradiation increased the capacity due to the 

improved the morphology and crystallinity, as observed in the SEM and XRD analyses. 

Microwave irradiation also reduced the voltage fade in the NaMgMnO samples. NaMgMnO-a 

exhibited voltage fade with unstable mid-voltage.   

(a) (b) 
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Figure 7.7: Galvanostatic charge-discharge graphs (voltage vs. specific capacity) of the cells 

containing the following cathode materials (a) NaMgMnO-a and (b) NaMgMnO-ma. 

  



Funeka Phumzile Nkosi Page 150 
 

7.2.5.3 Cycle performance and Coulombic efficiency (CE) 

Figure 7.8 shows the cycling performance and the coulombic efficiency profiles of the 

NaMgMnO-a and NaMgMnO-ma samples. The capacity retention and coulombic efficiency 

data are summarised in Table 7.4. NaMgMnO-a shows a good coulombic efficiency above 95 

%, however, NaMgMnO-ma exhibits enhanced coulombic efficiency of 100 % from the 5th – 

100th cycles. NaMgMnO-a shows poor capacity retention, only 50 % (i.e. 54 mAh/g) of its 

initial capacity of 108 mAh/g after 100 cycles. At the end of the 100th cycle, NaMgMnO-ma, 

gave capacity retention of 71 %. The result clearly shows that microwave irradiation is able to 

stabilize the structure of the materials upon continuous cycling. Aside from the phase 

transformation, the reason for the observed capacity fading may be related to the Jahn-Teller 

distortion of the high-spin Mn3+ [20-22]. XPS revealed that the NaMgMnO-a has more Mn3+ 

ions compared to the NaMgMnO-ma, i.e. 69.1 % and 61.2 % for NaMgMnO-a and NaMgMnO-

ma, respectively. 

 
Figure 7.8: Discharge capacity and coulombic efficiency vs. cycle number graphs of 

NaMgMnO-a and NaMgMnO-ma containing cells. 
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Table 7.4: Summary of discharge capacity and capacity retention of NaMgMnO samples 

Material 

DC at the 

1st cycle 

(mAh/g) 

CE at the 

1st cycle 

(%) 

CR at the 

20th cycle 

(%) 

CR at the 

30th cycle 

(%) 

CR at the 

50th cycle 

(%) 

CR at 

the 

100th 

cycle 

(%) 

NaMgMnO-a 116 66 81 76 67 50 

NaMgMnO-

ma 
125 57 82 82 78 71 

Ref [8] 220 ~ 96 ~ 80 ~ 68 n/a n/a 

Key: DC = Discharge capacity; CE = Coulombic efficiency; CR = Capacity retention; n/a = 

Not available 

 

As shown in Table 7.4, the first discharge capacities obtained are lower than those in Ref [8]. 

Kobama and co-workers [8] work is similar to the one reported here except that they used a 

solid state synthesis method instead of the combustion method used in this work. However, it 

is evident from Table 7.4 that this present work showed better capacity retention compared to 

literature [8]. The discrepancies may be attributed to the differences in the chemical 

compositions and synthesis methods employed. This is because the synthesis methods and 

experimental conditions influence the stoichiometry, crystal structure, morphology, and 

electrochemistry of the electrode materials. The results obtained in this work show that 

combustion method as opposed to solid state method is able to reduce the capacity fade in the 

NaMgMnO materials by reducing the structural transition P2-O2 upon cycling which is 

observable by a voltage plateau in the charge cycle when charging above 4.0 V. The voltage 

plateau above 4.0 V is due to the evolution of the O2-phase which is accompanied by 

unavoidable volume expansion which then causes capacity fade upon cycling. In the present 

work, the voltage plateau above 4.0 V is observed in the 1st and 2nd cycles whereas in Ref  [8] 

the voltage plateau is observable even at the 5th cycle. The existence of the voltage plateau is 

also the reason for the large capacity obtained in Ref  [8], because when charging NaMgMnO 

materials above 4.0 V oxygen redox reactions occurs which result in additional capacity  [8].  
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7.2.5.4 Rate Capability 

Figure 7.9 displays the rate capability studies of the materials conducted at different current rates 

viz. 1, 2, 5, 10 and 30 C with 5 charge-discharge cycles for each step in the voltage range from 

1.5 to 4.4 V. The discharge capacity decreased as the current density increased since at higher 

currents the Na-ions are removed rapidly during charging and there is no enough time for all of 

them to return to the cathode during discharging. NaMgMnO-a and NaMgMnO-ma have 

similar rate capability due to similar particle sizes. 

 

 
Figure 7.9: Rate performance at different current densities of the NaMgMnO samples. 

 

7.2.5.5 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) was conducted to establish the effects of 

microwave irradiation on the impedance and kinetics of NaMnMgO materials. The coin cells 

were analyzed before and after 100 cycles at the open circuit voltage, where OCV ∼3.0 V vs. 

Na/Na+. The Nyquist plots shown in Figure 7.10 were fitted with the electrical equivalent and 

fitting parameters as described in Chapter 4.  

The values obtained from the fitted EIS data are summarized in Table 7.5. NaMgMnO-ma 

shows a lower impedance compared to NaMgMnO-a, suggesting that the microwave irradiation 
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decreases the impedance of the materials, hence its enhanced conductivity and kinetics of the 

Na+ ions during the repetitive cycling. The fresh cell of NaMgMnO-ma has smaller Rs, Rf and 

Rct values compared to NaMgMnO-a. There is also a much larger increase in the impedance 

values after 100 cycles for NaMgMnO-a compared to NaMgMnO-ma. This is consistent with 

the poor capacity retention observed for NaMgMnO-a sample. From the total series resistance 

(Rs + Rf + Rct), the percentage increase of resistance after the 100th cycle shows NaMgMnO-

ma (92 %) < NaMgMnO-a (247 %), clearly showing that the best-conducting material is the 

NaMgMnO-ma.  
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Figure 7.10: Nyquist plots (Zʺ vs. Z’) measured (a) before (OCV) and (b) after cycling (100 

cycles). The dots and the straight line represent the experimental and fitted data, 

respectively. 
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Table 7.5: Impedimetric data of NaMgMnO-a and NaMgMnO-ma. 

Material Aging cells Rs (±5Ω) Rf (±5Ω) Rct(±5Ω) Zw(±10Ω) 

NaMgMnO-a 
Fresh cells 3.50 21.79 516.40 39.50 

100th cycle 36.30 3.09 1840.00 182.40 

NaMgMnO-ma 
Fresh cells 3.50 2.18 261.90 1.30 

100th cycle 6.20 13.14 494.80 23.40 

 

7.2.5.6 Diffusion coefficient 

Figure 7.11 shows plots of Zʹ vs. ω-1/2 of NaMgMnO-a and NaMgMnO-ma samples used in 

determining the diffusion coefficients and Table 7.6 displays the obtained values. The Na-ion 

diffusion coefficients were obtained for fresh cells and aged cells (100 cycles) using EIS data.  

The Na-ion diffusion coefficients were found to be 9.3 x 10-14 and 2.6 x 10-12 after 100 cycles 

for NaMgMnO-a and NaMgMnO-ma, respectively. The microwaved sample (NaMgMnO-ma) 

gave the highest value compared to the pristine sample (NaMgMnO-a) and this is due to the 

morphological differences of the samples. The clean and smooth surface facets due to 

microwave irradiation observed in NaMgMnO-ma improves the contact of the sample with the 

electrolyte and the transport of Na-ions and electrons during charge and discharge.  

 
Figure 7.11: Plots of Zʹ vs. ω-1/2 of NaMgMnO-a and NaMgMnO-ma. 
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Table 7.6: The calculated diffusion coefficients. 

Material Aging cells DNa+ (cm2s-1) 

NaMgMnO-a 
Fresh cell 9.8 x 10-13 

100th cycle 9.3 x 10-14 

NaMgMnO-ma 
Fresh cell 1.8 x 10-13 

100th cycle 2.6 x 10-12 

 

7.3 Conclusion 

The urea-based combustion method has been utilized to synthesize P2-type 

Na0.67Mg0.28Mn0.72O2 cathode material for sodium-ion batteries. The prepared cathode 

materials are pure with well-defined Mg-Mn cation ordering. Microwave irradiation in the 

NaMgMnO-ma sample enhanced the morphology and crystallinity which, in turn, improved the 

capacity and capacity retention of the sample. The key finding clearly shows the impact of 

microwave irradiation in suppressing the P2-O2 phase transformation process and the 

Mn3+ induced Jahn-Teller distortion effect. 
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CHAPTER 8 

 

Fluorination of P2-type Na0.67Mg0.28Mn0.72O2 cathode 

materials for sodium-ion batteries 

 

8.1 Introduction 

Finding alternative solutions to reduce capacity fade in P2-type NaMgMnO materials is very 

important as this cathode material for sodium-ion batteries has the potential for 

commercialization. This is because it is well-known as a high-volumetric capacity/energy 

cathode material for sodium-ion batteries [1] and the huge natural abundance of its precursor 

materials makes it low cost. Thus this cathode material is favourable for grid-scale storage 

where high energy density and low costs are very critical. 

One of the causes of the capacity fade in the electrode material is the solid electrolyte interface 

film (SEI) formation or interfacial reaction of the electrode reaction with the electrolyte. Anion 

doping is one of the strategies used to improve the cycle stability of cathode materials. However 

surface anion doping is beneficial for improving the capacity fade caused by interfacial reaction 

of the electrode material with the electrolyte. Among the anions such F-, Br-, S2- and PO4
3-, 

fluorine doping has been reported to enhance the electrochemical performance of the cathode 

materials with various structures including spinels, olivines and layered cathode materials [2-

6]. 

Fluorination has been found to improve the stability of electrode materials [7-9]. Fluorine 

surface doping of cathode material is expected to improve electrochemical performance by: (a) 

increasing surface electric conductivity, (b) stabilizing the surface structure during charge and 

discharge, and (c) reducing electrolyte oxidation [10-15]. 

Therefore this chapter introduces surface fluorine-doping of P2-type NaMgMnO which has not 

been reported in literature before and studies the effect of both microwave irradiation and 

fluorine-doping on the electrochemistry of the material. 
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The fluorinated sample (NaMgMnO-af) and microwave irradiated and fluorine-doped sample 

(NaMgMnO-maf) were prepared using a combustion synthesis method as outlined in the 

experimental section Chapter 3. A low-temperature (450 ℃) method using NH4F is used to 

modify the surface structure of NaMgMnO with F-ions, and this method is advantageous for 

doping compared to high temperature annealing methods [16] which promote fluorination 

towards the core of the materials [10]. 

The fluorinated samples were doped with a minute content of fluorine atoms making the 

stoichiometry of the samples to be Na0.67Mg0.28Mn0.72O1.98F0.02. Studies by Khalil Amine and 

co-workers clearly demonstrate that doping with 0.02 F can effectively improve the capacity 

retention and reduce the impedance of the cathode materials [11]. 

Therefore this work interrogates and clearly confirms the synergistic effect of the redox 

property-enhancing features of microwave irradiation and fluorination towards the 

electrochemical performance of P2-type NaMgMnO material.  

 

8.2 Results and Discussion 

8.2.1 Powder X-ray Diffraction Characterization  

Figure 8.1 reports the PXRD results of the prepared NaMgMnO-af and NaMgMnO-maf 

samples. The XRD diffractograms were indexed to a P2-type hexagonal structure with the space 

group P63/mmc [1]. The pattern also shows a (1/3, 1/3, 0) diffraction peak at ca. 21° due to the 

presence of stacking faults in the superlattice layers due to the in-plane ordering between (Mg2+ 

and Mn3+) and Mn4+ [1]. As shown in Figure 8.1, the NaMgMnO-af and NaMgMnO-maf 

samples are pure as there are no new peaks or impurity peaks such as LiF. Therefore this 

confirms the successful preparation of the samples and shows that fluorine doping and 

microwave irradiation does not distort or change the layered NaMgMnO structure. The lattice 

parameters (a and c), crystal density and cell volume were calculated using Rietveld refinement.  

Table 8.1 summarises the crystallographic data of the NaMgMnO-af and NaMgMnO-maf 

samples and compares the results with that of pristine NaMgMnO-a sample. Fluorination in 

NaMgMnO-af and NaMgMnO-maf slightly decreased the a lattice parameter. This confirms 

that the fluorine has been successfully doped in the oxygen site, due to the smaller atomic radius 

of the fluorine (0.71 nm atomic radius) than oxygen (0.73 nm atomic radius). Importantly, it is 

clear that the crystal density of the fluorinated materials are higher than those of the pristine 

materials, decreasing in density as follows: NaMgMnO-maf (~84 g cm-3) > NaMgMnO-af (~78 
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g cm-3) > NaMgMnO-a (~68 g cm-3). The crystal density values suggest that the combination 

of microwave irradiation with fluorination leads to high molecular packing arrangement of the 

materials. Also, the increased crystal density upon fluorination may be related to fluorine atoms 

being heavier than oxygen atoms. 

 

 
Figure 8.1: PXRD pattern of the prepared (a) NaMgMnO-af and (b) NaMgMnO-maf 

samples. 
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Table 8.1: Summary of crystallographic data of NaMgMnO-af and NaMgMnO-maf 

compared to NaMgMnO-a sample. 

Materials 

Lattice 

parameter 

±0.002 (Å) 

d-spacing 

(002) 

±0.002 

(nm) 

Cell 

volume 

±0.002 

(Å3) 

Crystal 

density 

±0.002 

(g cm-3) 

Rp 

(%) 

Rwp 

(%) 

Rbragg 

(%) 

NaMgMnO-a 
a-2.895 

c-11.265 
5.632 245.259 67.894 2.86 3.82 1.761 

NaMgMnO-

af 

a-2.888 

c-11.275 
5.637 244.382 77.606 2.09 3.28 1.969 

NaMgMnO-

maf 

a-2.883 

c-11.236 
5.628 242.628 83.882 1.85 2.66 1.960 

 

8.2.2  X-ray Photoelectron Spectroscopy Characterization (XPS) 

Figure 8.2 represents the deconvoluted XPS spectra of the Mn 2p3/2 peak for NaMgMnO-af and 

NaMgMnO-maf samples. The spectra for both samples were deconvoluted into two peaks 

attributed to Mn3+ and Mn4+ ions as expected. 
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Figure 8.2: XPS spectra for the (a) NaMgMnO-af and (b) NaMgMnO-maf samples. 

  

The binding energies and the distribution of the manganese ions in the samples are summarised 

in Table 8.2. The binding energies of Mn3+ and Mn4+ ions for the NaMgMnO-af and 

NaMgMnO-maf samples are comparable to the values reported in literature and the values 

found in the previous section of this study. From Table 8.2, it is interesting to observe some 

unique changes in the ratio of the percentage concentrations for Mn3+/Mn4+: upon fluorination 

the ratio decreases (compare the ratio of 2.24 for NaMgMnO-a with the ratio of 2.00 of 

NaMgMnO-af) but dramatically increases if microwave irradiation is followed by fluorination 

 

(a) 

(b) 
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(compare the ratio of 2.24 for NaMgMnO-a with the ratio of 3.03 for the NaMgMnO-maf. In 

summary, this result suggests that microwave irradiation and fluorination (NaMgMnO-maf) 

can increase the amount of the redox-active Mn3+, but without affecting the average valence 

state of the manganese significantly.    

Table 8.2: XPS (Mn 2p3/2 spectra) data of the NaMgMnO-af and NaMgMnO-maf samples 

compared to the pristine NaMgMnO-a sample. 

Sample 

Binding energy 

position (eV) 
Cation distribution Mn valence 

(average 

redox state) Mn4+ Mn3+ 
Mn4+ 

(%) 

Mn3+ 

(%) 
Mn3+/Mn4+ 

NaMgMnO-a 640.1 638.5 30.9 69.1 2.24 3.31 

NaMgMnO-af 643.2 641.9 33.3 66.7 2.00 3.33 

NaMgMnO-

maf 
643.0 641.9 24.8 75.2 3.03 3.25 

 

 

8.2.3 Scanning Electron Microscopy Characterization (SEM) 

The morphology of the samples is shown in the SEM images in Figure 8.3 (a-c) for NaMgMnO-

af and Figure 8.3 (d-f) for NaMgMnO-maf. The SEM images Figure 8.3 (a,d) show that both 

samples exhibit hexagonal plate-like shaped micron-sized particles (1–3 µm diameters). There 

is surface roughness which appears to indicate coating with fluorine atoms. Coating of the 

particles with fluorine leads to surface roughness indicating that the fluorine-doping is surface-

confined. Surface-doping is expected to improve the electrochemical properties because the 

transport of Na-ions and electrons during charge and discharge occurs on the surface of the 

electrodes [17].  

However, agglomeration and growth in particle size was observed in the fluorinated samples 

and this is consistence with reports for fluorine doped cathode materials [14,18]. NH4F is 

known as a crystal growth flux and sintering agent [19,20]. This is because a small of amount 

of ammonium fluoride acts as a mineralizing agent thus increases the grain growth rate during 

annealing [16,21]. These results demonstrate that the surface fluorine doping has an impact on 

the growth kinetics, surface properties and morphology of NaMgMnO. Fluorination of 

microwave irradiated sample (NaMgMnO-maf) promotes blanket-like covering of the surface 

of the particles with the fluorine atoms (see Figure 8.3 (f)), while in the fluorinated sample 
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without microwave irradiation (NaMgMnO-af) the fluorine atoms are disperse on the particle 

surface.   

 

 
Figure 8.3: SEM analysis NaMgMnO-af (a,b,c) and NaMgMnO-maf (d, e, f) samples. 

 

   

 

   

NaMgMnO-maf NaMgMnO-af (a) 

(f) 

(e) 

(d) 

(c) 

(b) 
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8.2.4 Electron Dispersive X-ray spectroscopy   

Figure 8.4 and Figure 8.5 show EDX elemental mapping and composition of NaMgMnO-af 

and NaMgMnO-maf, respectively. These images show the elements present in the 

NaMgMnO-af and NaMgMnO-maf samples and confirm the presence of fluorine in the 

sample. The fluorine and the main elements (Na, Mg, Mn) are uniformly distributed.  

 

 
Figure 8.4: EDX mapping of the NaMgMnO-af samples. 
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Figure 8.5: EDX mapping of the NaMgMnO-maf samples. 

8.2.5 Transmission Electron Microscopy Characterization (TEM) 

Figure 8.6 shows the typical TEM analysis of the fluorine-doped NaMgMnO sample. TEM 

images confirm that the particle shape is not changed by fluorination (Figure 8.6 (a)).  The high 

resolution TEM proves that the powders are crystalline (Figure 8.6 (c)), showing a lattice fringe 

with an in interlayer distance of 0.4367 nm corresponding the (010) plane in the lattice structure. 

This was confirmed by the corresponding Fast Fourier Transformation (FFT) pattern (Figure 

8.6 (d)), which is also consistent with the XRD results.  
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Figure 8.6: Typical TEM analysis of the fluorine-doped NaMgMnO (a,b) TEM images, (c) 

HR-TEM image and FFT image mapping of the NaMgMnO-af sample. 

8.2.6 Electrochemical Characterization 

8.2.6.1 Cyclic voltammetry 

Figure 8.7 shows the cyclic voltammetric evolutions of the fluorine doped samples for the fresh 

cell and after the 100th cycle and compares the results with that of pristine NaMgMnO-a sample 

Figure 8.7 (a) (inset). The CV behaviour of the fluorinated samples is similar to that of the 

pristine sample, but NaMgMnO-af and NaMgMnO-maf exhibit sharp peaks with higher peak 

currents than the pristine material. This indicates good reversibility between charge and 

discharge processes and improved electrochemical performance for NaMgMnO-af and 

NaMgMnO-maf compared to NaMgMnO-a. The NaMgMnO-af and NaMgMnO-maf samples 

having similar cyclic voltammograms indicate that the dual microwave irradiation and 

fluorination treatment has the same effect on the redox reactions as the fluorination alone.  

500 nm 
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After 100 cycles, the area under the curve of the pristine samples is much smaller than that of 

NaMgMnO-af and NaMgMnO-maf. The decrease is as follows: NaMgMnO-maf > NaMgMnO-

af > NaMgMnO-a. This indicates larger capacity fade for the pristine sample compared to 

fluorinated samples, which is consistent with the cycling performance. 

 
Figure 8.7: Cyclic voltammograms (current density vs. voltage) of (a) NaMgMnO-af, 

NaMgMnO-a (inset) and (b) NaMgMnO-maf. Scan rate: 0.1 mV s-1. Voltage range: 1.5 – 

4.4 V vs. Na/Na+. 

  

(b) 

(a) 
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8.2.6.2 Galvanostatic charge-discharge 

Figure 8.8 shows the charge-discharge performances of the materials cycled between 1.5 and 

4.4 V at 0.1 C. The galvanostatic charge-discharge behavior is also similar to that of the pristine 

sample. However; microwave irradiation and fluorination are observed to increase the capacity 

of the NaMgMnO material. The discharge capacity for the first cycle is ca. 130 and 140 mAh/g 

for NaMgMnO-af and NaMgMnO-maf, respectively. This is higher than 116 mAh/g for pristine 

NaMgMnO-a. The microwave irradiation increased the capacity for the NaMgMnO-maf due to 

the improved the morphology and crystallinity, as observed in the SEM and XRD analyses. 

Fluorination increased the capacity for NaMgMnO-af because the fluoride ions are doped on 

the surface of the NaMgMnO materials and thus result in increased surface electric conductivity 

and protect the cathode materials from HF attack. The fluorinated samples also show reduced 

voltage fade during cycling compared to pristine sample. 
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Figure 8.8: Galvanostatic charge-discharge graphs (voltage vs. specific capacity) of (a) 

NaMgMnO-af and (b) NaMgMnO-maf. 

  

(a) 

(b) 
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8.2.6.3 Cycle performance and Coulombic efficiency (CE) 

Figure 8.9 shows the cycling performance as well as the coulombic efficiency profiles of the 

NaMgMnO-af and NaMgMnO-maf samples compared to the NaMgMnO-a. The capacity 

retention and coulombic efficiency data are summarised in Table 8.3. NaMgMnO-af and 

NaMgMnO-maf samples exhibit better cycling performance than the pristine sample. Stable 

coulombic efficiency of higher than 95 % after 5 cycles is also observed for NaMgMnO-af and 

NaMgMnO-maf. Fluorination stabilizes electrode/electrolyte interface and thus improves the 

electrochemical performance. These results further confirm that the improved cycling 

performance is mainly attributed to the stabilized electrode surface. The capacity retention after 

100 cycles for NaMgMnO-maf and NaMgMnO-af was 70 % and 62 %, respectively. The results 

clearly show that microwave irradiation and fluorination are able to stabilize the structure of 

the materials upon continuous cycling. 

 
Figure 8.9: Discharge capacity vs. cycle number and coulombic efficiency graphs of 

NaMgMnO-af and NaMgMnO-maf compared to the pristine NaMgMnO-a sample. 
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Table 8.3: Summary of discharge capacity and capacity retention of fluorine doped 

NaMgMnO samples compared to the pristine NaMgMnO-a sample. 

Material 

DC at 

the 

1st cycle 

(mAh/g) 

CE at the 

1st cycle 

(%) 

CR at the 

20th cycle 

(%) 

CR at the 

30th cycle 

(%) 

CR at the 

50th cycle 

(%) 

CR at 

the 

100th 

cycle 

(%) 

NaMgMnO-a 116 95 81 76 67 50 

NaMgMnO-

af 
125 86 81 79 75 62 

NaMgMnO-

maf 
140 83 86 83 79 70 

Key: DC = Discharge capacity; CE = Coulombic efficiency; CR = Capacity retention; n/a = 

Not available 

 

8.2.6.4 Rate capability 

Figure 8.10 shows the rate capability studies of the materials at different current densities in the 

voltage range from 1.5 to 4.4 V. All the samples show decrease in capacity at high current 

densities. However the fluorinated samples decrease slowly, suggesting improved rate 

capability. Although, the discharge capacity of NaMgMnO-a is high at 26 mA/g, the rate 

capability is poor at high current densities, the discharge capacity dropped to below 40 mAh/g 

at 780 mA/g.  
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Figure 8.10: Rate capability curves of NaMgMnO-af and NaMgMnO-maf compared to the 

pristine NaMgMnO-a sample. 

 

8.2.6.5 Electrochemical impedance spectroscopy (EIS) 

Figure 8.11 shows the Nyquist plots of pristine NaMgMnO-a, NaMgMnO-af and NaMgMnO-

maf for fresh cells (Figure 8.11 (a)) and aged cells (100 cycles) (Figure 8.11 (b)). The Nyquist 

plots were fitted with the electrical equivalent circuit as described before. 

Figure 8.11 reveals that the fluorination decreases the impedance in the NaMgMnO materials 

and fluorination coupled with microwave irradiation results in even lower impedance both 

before and after cycling. The values obtained from the fitted EIS data are summarized in Table 

8.4. The Rct values are high for pristine NaMgMnO-a and drastically increases after 100 cycles, 

which is consistent with the poor cycle performance, while increases for the fluorinated sample 

consistent with the improved cycle performance. The total impedance (Rs +Rf + Rct) after 100 

cycles is 1879, 321 and 317 Ω for NaMgMnO-a, NaMgMnO-af and NaMgMnO-maf, 

respectively.  
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Figure 8.11: Nyquist plots (-Zʺ vs. Zʹ) of NaMgMnO-af and NaMgMnO-maf compared to 

the pristine NaMgMnO-a sample measured before (at OCV) and after cycling (100 cycles). 

The dots and the straight lines represent the experimental and fitted data, respectively. 
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Table 8.4: Impedimetric data of NaMgMnO-af and NaMgMnO-maf compared to the pristine 

NaMgMnO-a sample. 

Material Aging cells Rs (±5Ω) Rf (±5Ω) R(ct)(±5Ω) Zw (±10Ω) 

NaMgMnO-a 
Fresh cells 3.50 21.79 516.40 39.50 

100th cycle 36.30 3.09 1840.00 182.40 

NaMgMnO-af 
Fresh cells 19.40 3.83 386.30 37.20 

100th cycle 23.80 41.18 256.80 45.20 

NaMgMnO-maf 
Fresh cells 6.20 25.00 166.70 65.70 

100th cycle 4.10 31.62 281.60 27.70 

 

8.2.6.6 Diffusion coefficient 

The diffusion coefficient of lithium ions was calculated using the Warburg factor obtained from 

the EIS results. The Warburg factor (𝜎𝜎) of the samples was obtained from the slope of a plot of 

real impedance (Zʹ) vs. reciprocal square root of frequency (ω-1/2) in the low frequency region 

curves shown in Figure 8.12. 

 
Figure 8.12: Zʹ vs. ω-1/2 curves for NaMgMnO-af and NaMgMnO-maf for fresh and aged 

cells. 
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Table 8.5 displays the calculated Na-ion diffusion coefficients in the NaMgMnO-af and 

NaMgMnO-maf. The Na-ion diffusion coefficients after 100 cycles were found to be 1.2 x 10-

12 and 4.3 x 10-12 cm2s-1 for NaMgMnO-af and NaMgMnO-maf, respectively. These are higher 

than the pristine sample with Na-ion diffusion coefficient of 9.3 x 10-14 cm2s-1. The values 

decrease in this order: NaMgMnO-maf > NaMgMnO-af > NaMgMnO-a. The microwave 

irradiated and fluorinated sample (NaMgMnO-maf) has the highest diffusion coefficient. It is 

also greater than the microwave irradiated sample that was not fluorinated. This is consistent 

with the galvanostatic charge-discharge results for the most enhance electrochemical 

performance. The fluorinated samples gave the high Na-ion diffusion coefficient values 

compared to the pristine sample and this due to the morphological differences of the samples. 

The surface doping with F-ions in NaMgMnO-af and NaMgMnO-maf stabilizes the structure 

and reduces the manganese dissolution reaction and the electrolyte oxidation.  

Table 8.5: The calculated Na-ion diffusion coefficients 

Material Aging cells DNa+ (cm2s-1) 

NaMgMnO-af 
Fresh cell 9.2 x 10-13 

100th cycle 1.2 x 10-12 

NaMgMnO-maf 
Fresh cell 2.1 x 10-13 

100th cycle 4.3 x 10-12 

 

8.3 Conclusions 

Fluorine doped NaMgMnO (NaMgMnO-af) and fluorine-doped and microwave irradiated 

(NaMgMnO-maf) have been prepared by combustion method using NH4F as fluorine source. 

EDX analysis shows the presence of fluorine in the samples and XRD analysis shows that the 

fluorine ions successfully substitute for oxygen sites. The F-doped materials show improved 

capacity, rate capability, impedance and cycling performance in comparison with the pristine 

materials. In particular, NaMgMnO-maf shows capacity retention of 79 % after 50 cycles which 

is higher than 67 % for pristine material. Microwave irradiation for the un-fluorinated sample 

enhanced the morphology and crystallinity which, in turn, improved the capacity and capacity 

retention of the sample. NaMnMgO-ma and NaMnMgO-maf have similar capacity retention at 

100 cycles but the NaMnMgO-maf sample gives high capacity compared to NaMnMgO-ma. 

Therefore, microwave irradiation combined with fluorination resulted in even better 

electrochemical performance, proving the synergy of these dual treatment methods to curb the 

negative P2-O2 phase transformation process and the Mn3+-induced Jahn-Teller effect. 
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CHAPTER 9 

 

General conclusions and Future work 

 

9.1 Introduction  

This chapter presents the conclusions pertaining to all the results obtained in this thesis and the 

recommendations for future work. 

9.2 Conclusion 

9.2.1 Preparation of LMNCA cathode materials using urea and ethylene glycol 

combustion synthesis.  

• The effect of the fuel for the combustion synthesis of LMNCA cathode materials was 

investigated. Both fuels resulted in pure and crystalline LMNCA powders.  

• The different types of fuel resulted in different morphology and particle sizes. This then 

resulted in different electrochemical behaivors.  

9.2.2 The effect of microwave irradiation on LMNCA cathode materials prepared using 

urea and ethylene glycol combustion synthesis. 

• This study investigated the effect of microwave irradiation on the electrochemistry of 

LMNCA cathode materials. LMNCA powders were successfully synthesised using a 

microwave assisted combustion method.  

• The strategic application of microwave irradiation resulted in reduced particle size, 

enhanced the structural stability by strengthening the Mn–O bonds, and increased 

crystallinity. 

• Microwave irradiated samples (LMNCA-urea mic and LMNCA-EG mic) showed 

improved cycle performance, capacity retention, coulombic efficiency and rate 

capability. The reaction kinetics and lithium ion diffusivity were also improved for the 

LMNCA-urea mic and LMNCA-EG mic materials. 
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9.2.3 Preparation of LMNCA cathode materials from α-MnO2 nanowires  

• α-MnO2 nanowires were successfully prepared using the molten salts method. They 

proved themselves to be effective manganese precursor for the preparation of LMNCA 

cathode materials. 

• The prepared LMNCA cathode materials using the α-MnO2 nanowires precursors were 

successfully prepared without impurities or change in the structure. The thickness of the 

plates was between 38-167 nm and the particle size was 135-322 nm. 

• Interestingly, α-MnO2 nanowires resulted in a LMNCA materials with hexagonal plate-

like morphology, uncommon for the LMNCA cathode materials.  

• The prepared LMNCA materials exhibited very good cycle performance because of the 

exposed electrochemically active {010} planes. 

9.2.4 The effect of microwave irradiation on the preparation of P2-type 

Na0.67Mg0.28Mn0.72O2 cathode materials for sodium-ion batteries 

• P2-type Na0.67Mg0.28Mn0.72O2 (NaMgMnO) cathode materials were prepared for the 

first time using the urea combustion synthesis. The prepared materials are pure and 

highly crystalline. 

• The effect of microwave irradiation was also investigated in the preparation of 

NaMgMnO materials. The microwave irradiation was applied in the pre-annealing step 

of the synthesis.  

• Microwave irradiation in NaMgMnO materials resulted in enhanced the morphology 

and crystallinity.  

• The prepared NaMgMnO materials exhibited improved the capacity and capacity 

retention of the sample. 

9.2.5 Fluorination on the electrochemistry of P2-type Na0.67Mg0.28Mn0.72O2 cathode 

materials for sodium-ion batteries 

• Surface fluorination of NaMgMnO performed using a low temperature annealing 

procedure employing NH4F was successful in doping surface oxygen atoms with 

fluoride atoms. The fluorination of microwave irradiated sample was also studied. 

• Surface fluorination impacted the morphology and crystal density of the NaMgMnO 

cathode materials.  

• Surface fluorination improved capacity, rate capability, impedance and cycling 

performance of NaMgMnO materials. This is due to that fluorine doping enhances the 
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stability of electrode surface, improves surface conductivity and maintains a stable 

charge transfer resistance  

• However, microwave irradiation combined with fluorination resulted in even better 

electrochemical performance, proving the synergy of these dual treatment methods to 

curb the negative P2-O2 phase transformation process and the Mn3+-induced Jahn-

Teller effect. 

9.3 Future work 

• This study comprises of work carried out at room temperature. It is, therefore, 

recommended that the electrochemical studies should be performed at lower 

temperatures (-10 °C), medium temperatures (40 °C ) and high temperatures (>50℃). 

This will study the performance of LMNCA and NaMgMnO materials as these 

temperatures important for electric vehicle application and stationary storage 

applications, respectively.  

• The effect of microwave irradiation can be also investigated for LMNC and NaMgMnO 

cathode materials doped with different cations such Ru, Fe, Cr, Ti and Zn.  

• The effect of microwave irradiation can be also investigated for NaMgMnO cathode 

materials synthesized using other different synthesis methods such as sol-gel, co-

precipitation, Pechini, etc.  

• The effect of microwave irradiation may be studied for the synthesis of manganese 

oxide based anode materials for lithium-ion and sodium-ion batteries. 

• The electrochemical studies of the cathode materials studied in this thesis were 

perfomed using half-cells, where the anode was the lithium or sodium metal. Therefore 

future work will involve investigating the performance of these cathode materials in full 

cells where the anode can be graphite or lithium titanate. This study will validate the 

materials for commercialization.  
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