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Abstract 

 

Lithium ion cathode systems based on composites of lithium iron phosphate (LiFePO4), iron-

cobalt-derivatised carbon nanotubes (FeCo-CNT) and polyaniline (PA) nanomaterials were 

developed. The FeCo-functionalised CNTs were obtained through in-situ reductive 

precipitation of iron (II) sulfate heptahydrate (FeSO4.7H2O) and cobalt (II) chloride 

hexahydrate (CoCl2.6H2O) within a CNT suspension via sodium borohydride (NaBH4) 

reduction protocol. Results from High Resolution Transmission Electron Microscopy 

(HRTEM) and Scanning Electron Microscopy (SEM) showed the successful attachment of 

FeCo nanoclusters at the ends and walls of the CNTs. The nanoclusters provided viable 

routes for the facile transfer of electrons during lithium ion deinsertion/insertion in the 3-D 

nanonetwork formed between the CNTs and adjacent LiFePO4 particles. The voltammetric 

and impedimetric analyses of the composite cathodes (LiFePO4/10% FeCoCNT-PA and 

LiFePO4/50% FeCoCNT-PA assembled in lithium ion rechargeable (LIR) 2032 coin cells) 

gave higher electrochemical performance for the composite prepared with LiFePO4/10%. The 

performance parameters (for LiFePO4/10% FeCoCNT-PA and LiFePO4/50% FeCoCNT-PA) 

were: charge capacity (148 and 86 mAh/g), time constant (τ, 6.43 x 10-5 and 2.13 x 10-4 s rad-

1), charge transfer resistance (Rct, 24.57 and 115.7 Ω) exchange current (I0, 1.045 x 10-3 and 

2.219 x 10-4 A) rate constant of electron transfer (ket, 2.36 x 10-7 and 5.0 x 10-8 cm s-1), the 

Warburg coefficient (σ, 38.41 and 63.62 Ω s-1/2) and the apparent lithium ion diffusion 

coefficients (Dapp, 4.57 x 10-14 and 1.67 x 10-14 cm2 s-1). Results from charge/discharge studies 

showed that the high performance LiFePO4/10% FeCoCNT-PA composite cathode gave 

higher Coulombic efficiency (90%), higher retention capacity (99.72%) and lower capacity 

loss (10%) compared to pristine LiFePO4 which had values of 80.36%, 89.61% and 19.64% 

for Coulombic efficiency, retention capacity and capacity loss, respectively. 
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Chapter 1 

Introduction 

 

1.1 Sustainable energy and the urgent need for efficient electrochemical storage systems 

 

Sustainable energy, as defined from the concepts of sustainable development[1], is the 

provision of energy that meets the needs of the present without compromising the ability of 

future generations to meet their own needs (Figure 1). The present energy supply and use, 

mostly based on non-renewable and limited resources of fossil fuels (coal, oil and natural 

gas), is deemed to be environmentally unsustainable [2]. This is due to the fact that the 

combustion of fossil fuels to produce electricity releases carbon dioxide (CO2) which is the 

major greenhouse gas contributing to global warming and climate change. As the world’s 

population grows towards nine billion people over the next fifty years[3], the global energy 

demand is anticipated  to increase proportionately. This projection in energy consumption, 

coupled with the growing demand for low or zero-emission sources of energy, has brought 

increasing awareness of the need for clean and renewable energy sources. The two principal 

renewable energy sources are solar and windmills. Solar and wind power systems convert 

natural sources of energy (sunlight and wind kinetic energy) into electricity. They are 

regarded as major future sources of electrical energy. However, intermittent supply of energy 

from these renewable sources as a result of seasonal and tidal variations makes the 

development of efficient energy storage systems inevitable. The transport sector is not left out 

of the energy crisis. Currently, the internal combustion engine (ICE), which dominates as a  

power source for most automobile systems, is a major user of fossil fuels and consumes about 

1/3 of the annual total demand for energy[4]. As the world’s population grows, there will be 

need for more automobiles. It is estimated that there will be 1.5 billion vehicles in the year 
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2020 and the total emission of CO2 from transportation will be about 65% higher [5]. In view 

of the above environmental concerns, a sustainable mitigation measure involves the 

replacement of ICE powered vehicles with zero-emission vehicles, that is, electric vehicles 

(EVs) or at least with controlled emission vehicles, that is hybrid electric vehicles (HEVs). A 

recent study revealed that petroleum consumption in the United States will shrink by six 

million barrels per day if half the vehicles on the road in 2030 are electric powered [6]. 

Again, the successful achievement of this objective lies in the development of suitable 

storage systems.  
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Figure 1: Key expectations from implementation of green energy strategies and policies [7]. 

 

The development of reliable storage technologies is also important for the myriads of 

portable electronic devices such as mobile phones, digital cameras and high performance 

computing systems that are constantly released to the consumer world, since limited amount 
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of electrical energy can be stored in magnetic fields (superconductive coils) or electric fields 

(capacitors). Electrical energy storage unarguably, is the key technology for an efficient and 

sustainable use of energy. The storage of electrical energy requires its conversion into another 

form of energy [8]. The most versatile and convenient way is conversion to chemical energy 

through the use of rechargeable batteries [9-10]. Batteries are electrochemical devices that 

convert chemical energy into electrical energy and vice versa, via redox reactions which 

occur at the electrodes [11]. A Battery has more energy density than a supercapacitor [12], 

another electrochemical energy storage device. Since the invention of the first battery in 1800 

by Alessandro Volta, battery technology has been undergoing series of revolutions as shown 

in Table 1. 

 

Table 1: History of electrochemical cell development [6]. 
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Table 2: Some typical properties of secondary batteries [6]. 

 

The lithium ion battery with its outstanding features as shown in Table 2 and Figure 2 is 

designed to spearhead the modern revolution in batteries.  

 

 

Figure 2: Comparison of the different battery technologies in terms of volumetric and 
gravimetric energy density [13]. 

 

Worldwide battery demand is projected to rise at a 4.8% annual rate to $109 billion (USD) in 

2014 [14]. In order to effectively meet the increasing market demands which are in tandem 

with technological advancements, there is need for further improvements in battery 

technology. This will mostly depend on the development of new materials as well as 
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enhancement of the properties of the existing ones, for the various battery components [15-

18]. The global anticipation of a green and sustainable energy use can therefore be realized 

through the development of improved battery technology in general and lithium ion 

technology in particular. In fact, it is impossible to think of a world without batteries [19]. 

 

The remainder of this chapter provides a general introduction to batteries with emphasis on 

lithium ion battery technology as well as the electrochemical techniques studied in this thesis. 

The chapter concludes with the rationale, aim and objectives of the research. 

 

1.2 Elementary battery concepts 

The basic unit in a battery is the electrochemical cell which consists of three main 

components; the electrodes: cathode and anode; and the electrolyte. The cathode is 

characterised as the electrode where a reduction-reaction occurs (i.e. electrons are accepted 

from an outer circuit); while an oxidation-reaction occurs at the anode (i.e. electrons are 

donated to an outer circuit). The voltage and capacity of a cell are functions of the electrode 

materials used. The anode material should be efficient as a reducing agent, have high 

Coulombic output, good conductivity, stability, ease of fabrication and low cost. Practically, 

metals are mainly used as the anode material. The cathode must be an efficient oxidizing 

agent, have a useful working voltage and show good stability when in contact with the 

electrolyte. As reactions at the anode usually take place at lower electrode potentials than at 

the cathode, the terms negative and positive electrode (indicated as minus and plus poles) are 

used. The more negative electrode is designated the anode, whereas the cathode is the more 

positive one. The electrolyte, a solution of a salt and a solvent, is an electronic insulator, but a 

good ionic conductor. Its main function is to provide a transport-medium for ions to travel 

from one electrode to the other. It must also prevent short-circuiting by acting as a physical 
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barrier between the electrodes. Conceptually, the electrolyte should undergo no net chemical 

changes during the operation of the battery, and all Faradaic processes are expected to occur 

within the electrodes [20]. Most electrolytes are aqueous solutions except in thermal and 

lithium anode batteries. A typical electrode reaction in a lead acid battery is as shown below:  

+ -
2 4 4Anode: Pb+H SO PbSO +2H +2e→                                                                                     (1) 

+
2 2 4 4 2Cathode: PbO +H SO 2H 2 PbSO +2H Oe−+ + →                                                           (2) 

2 2 4 4 2Overall Cell reaction: Pb + PbO 2H SO 2PbSO +2H O+ →                                             (3) 

The energy storage and power characteristics of battery systems follow directly from the 

thermodynamic and kinetic formulations for chemical reactions as adapted to electrochemical 

reactions. The basic thermodynamic equations for a reversible electrochemical transformation 

are given as: 

Δ   Δ - ΔG H T S=                                                    (4) 

* * *Δ   Δ - ΔG H T S=             (5) 

where G is the change in Gibbs free energy which is the net energy of a reaction available 

for useful work; ΔH is the enthalpy change or the energy released by the reaction; ΔS is the 

change in entropy; T is the absolute temperature; TΔS is the heat associated with the 

organization/ disorganization of materials. ΔG*, ΔH* and ΔS* represent changes in Gibbs free 

energy, enthalpy and entropy, respectively for the material in the standard state at 25 °C and 

unit activity. The change in the standard free energy of a cell reaction is the driving force 

which enables a battery to deliver electrical energy to an external circuit. Consider the total 

cell reaction: 

x 4 y 6 x+δ 4 y-δ 6Li FePO Li C Li FePO Li C+ → +                                                                              (6)  
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The thermodynamic quantity describing the change in energy as a function of changes in Li 

concentration in the host matrix is the chemical potential (µ), defined as: 

G
x

μ ∂
=
∂

           (7) 

-where x is the number of inserted Li atoms. The change in free energy can be expressed as:   

G nFEΔ = −            (8) 

-where n is the number of electrons in both electrode reactions (δ in the cell reaction above), 

F is the Faraday constant, E is the potential difference between the electrodes. Whenever a 

reaction occurs, there is a change in the free energy of the system as expressed in Equation 

(8). The relation between electrical and chemical energy in the system is obtained by 

combining (7) and (8): 

c aFE μ μ−∂ = −           (9) 

-where µc and µa; are the chemical potentials of the lithium ions in the cathode and anode 

respectively. The mechanism of battery electrode reactions often involves a series of 

physical, chemical, and electrochemical steps, including charge-transfer and charge transport 

reactions. The rates of these individual steps determine the kinetics of the electrode and, thus, 

of the cell/battery. The primary goal of battery development is to maximize the following 

characteristics while maintaining safety and reasonable cost: 

- specific energy (Wh/kg): energy stored per unit mass  

- energy density (Wh/L): energy stored per unit volume  

- specific power (W/kg): power available per unit mass  

- power density (W/L): power available per unit volume  

- high reversibility of charge and discharge (for rechargeable batteries) 

The amount of electrical energy expressed per unit of weight or per unit of volume that a 

battery can deliver is a function of the cell potential (which depends on the type of active 
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materials used) and the capacity (which depends on the amount of active materials used), 

both of which are linked directly to the basic chemistry of the system. Battery power depends 

mainly on the chemicals the battery contains and partly on the engineering design [15]. 

Maximizing the stored energy content of a battery requires maximising the chemical potential 

difference between the electrodes; and by controlling the specific charge that can be 

accommodated in the electrodes. The choice of electrode materials is constrained by the fact 

that electrodes must conduct both electrons and ions. In practice, only a fraction of the 

theoretical energy of the battery is realized. This is due to the need for electrolyte and 

nonreactive components (containers, separators, electrodes) that add to the weight and 

volume of the battery, as illustrated in Figure 3. Another contributing factor is that the battery 

does not discharge at the theoretical voltage (thus lowering the average voltage), nor is it 

discharged completely to zero volts (thus reducing the delivered ampere-hours capacity). 

Further, the active materials in a practical battery are usually not stoichiometrically balanced. 

This reduces the specific energy because an excess amount of one of the active materials is 

used [11]. 

 

Figure 3: Components of a cell [11].  
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1.2.1 Polarisation effects and Ohmic drop 

The maximum electric energy that can be delivered by the chemicals that are stored within or 

supplied to the electrodes in the cell depends on the change in free energy ΔG of the 

electrochemical couple, as shown in Equation (8). It would be desirable if during the 

discharge, all of this energy could be converted to useful electric energy. However, losses due 

to polarization occur when a load current, I, passes through the electrodes, accompanying the 

electrochemical reactions. These losses include: (a) activation polarization, which drives the 

electrochemical reaction at the electrode surface, and (b) concentration polarization, which 

arises from the concentration differences of the reactants and products at the electrode surface 

and in the bulk as a result of mass transfer. These polarization effects consume part of the 

energy, which is given off as waste heat, and thus not all of the theoretically available energy 

stored in electrodes is fully converted into useful electrical energy. In practice, it is difficult 

to determine the values for activation polarisation and concentration polarisation because of 

the complicated physical structure of the electrodes. Most battery electrodes are made of 

composite active material, binder, performance enhancing additives and conductive filler. 

They usually have a porous structure of finite thickness and require complex mathematical 

modelling with computer calculations to estimate the polarization components. 

 

Another factor that strongly affects the performance or rate capability of a cell is the internal 

impedance of the cell. It causes a voltage drop during operation, which also consumes part of 

the useful energy as waste heat. The voltage drop due to internal impedance is usually 

referred to as ‘‘Ohmic polarization’’ or IR drop and is proportional to the current drawn from 

the system. The total internal impedance of a cell is the sum of the ionic resistance of the 

electrolyte (within the separator and the porous electrodes); the electronic resistances of the 

active mass, the current collectors and electrical tabs of both electrodes; and the contact 
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resistance between the active mass and the current collector. These resistances are Ohmic in 

nature, and follow Ohm’s law, with a linear relationship between current and voltage drop. 

When connected to an external load R, the cell voltage E can be expressed as: 

( ) ( ) ( ) ( )0 ct c ct c ia a c c
E E IR IRη η η η⎡ ⎤ ⎡ ⎤= − + − + − =⎣ ⎦ ⎣ ⎦                        (10) 

-where   E0   = electromotive force or open circuit voltage of a cell 

(ηct)a, (ηct)c   = activation polarization or charge-transfer overvoltage at anode and cathode 

(ηc)a,    (ηc)c    = concentration polarization at anode and cathode 

               I   = operating current of cell on load 

               Ri = internal resistance of cell 

As shown in Equation (10), the useful voltage delivered by the cell is reduced by polarization 

and the internal IR drop. It is only at very low operating currents, where polarization and the 

IR drop are small, that the cell may operate close to the open-circuit voltage and deliver most 

of the theoretically available energy. Figure 4 shows the relation between cell polarization 

and discharge current. 

 

Figure 4: Cell polarization as a function of operating current [11]. 
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1.2.2 Factors affecting the magnitude of charge-transfer reaction 

It has been stated earlier that the available energy of a battery depends on the basic 

electrochemical reactions at both electrodes. However, there are many factors which affect 

the magnitude of the charge-transfer reaction, diffusion rates, and magnitude of the energy 

loss some of which factors include:  

• electrode formulation and design; 

• electrolyte conductivity;  

• nature of the separators. 

Based on the electrochemical principles, there are some essential rules, which are important 

in the design of batteries in order to achieve a high operating efficiency with minimal loss of 

energy: 

(1) The conductivity of the electrolyte should be high enough that the IR polarization is 

not excessively large for practical operation. Batteries are usually designed for 

specific drain rate applications, ranging from microamperes to several hundred 

amperes. For a given electrolyte, a cell may be designed to have improved rate 

capability, with a higher electrode interfacial area and thin separator, to reduce the IR 

drop due to electrolyte resistance.  

(2) Electrolyte salt and solvents should have chemical stability to avoid direct chemical 

reaction with the anode or cathode materials. 

(3) The rate of electrode reaction at both the anode and the cathode should be sufficiently   

fast so that the activation or charge-transfer polarization is not too high to make the 

cell inoperable. A common method of minimizing the charge-transfer polarization is 

to use a porous electrode design. The porous electrode structure provides a high 

electrode surface area within a given geometric dimension of the electrode and 

reduces the local current density for a given total operating current. 
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(4) To avoid build-up of excessive concentration polarization, the cell should have 

adequate electrolyte transport to facilitate the mass transfer of the reaction products. 

Proper porosity and pore size of the electrode, adequate thickness and structure of the 

separator, and sufficient concentration of the reactants in the electrolyte are very 

important. Mass-transfer limitations should be avoided for normal operation of the 

cell. 

(5) The material of the current collector or substrate should be compatible with the 

electrode material and the electrolyte without causing corrosion problems. The design 

of the current collector should provide a uniform current distribution and low contact 

resistance to minimize electrode polarization during operation. 

(6) For rechargeable cells, the reaction products should be mechanically and chemically 

stable with the electrolyte to facilitate the reversible reactions during charge and 

discharge.  

1.2.3 Factors affecting battery performance 

Many factors influence the operational characteristics, capacity, energy output and 

performance of a battery. Some of these factors are discussed below: 

 

Voltage level 

Different references are made to the voltage of a cell or battery: 

(a) The theoretical voltage is a function of the anode and cathode materials, the 

composition of the electrolyte and the temperature (usually stated at 25 ºC). 
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(b) The open-circuit voltage is the voltage under a no-load condition and is usually a 

close approximation of the theoretical voltage. 

(c) The closed-circuit voltage is the voltage under a load condition. 

(d) The nominal voltage is one that is generally accepted as typical of the operating 

voltage of the battery, for example, 1.5 V for a zinc-manganese dioxide battery. 

(e) The working voltage is more representative of the actual operating voltage of the 

battery under load and will be lower than the open-circuit voltage. 

(f) The average voltage is the voltage averaged during the discharge. 

(g) The midpoint voltage is the central voltage during the discharge of the cell or battery. 

(h) The end or cut-off voltage is designated as the end of the discharge. Usually it is the 

voltage above which most of the capacity of the cell or battery has been delivered. 

The end voltage may also be dependent on the application requirements. 

Using the lead-acid battery as an example, the theoretical and open-circuit voltages are 2.1 V, 

the nominal voltage is 2.0 V, the working voltage is between 1.8 and 2.0 V, and the end 

voltage is typically 1.75 V on moderate and low-drain discharges; and 1.5 V for engine 

cranking loads. On charge, the voltage may range from 2.3 to 2.8 V.  

 

When a cell or battery is discharged, its voltage is lower than the theoretical voltage. The 

difference is caused by IR losses due to cell (and battery) resistance and polarization of the 

active materials during discharge as shown in Figure 5. In the ideal situations, the discharge 

of the battery proceeds at the theoretical voltage until the active materials are consumed and 

the capacity is fully utilized. The voltage then drops to zero. Under actual conditions, the 
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discharge curve is similar to the other curves in Figure 5. The initial voltage of the cell under 

a discharge load is lower than the theoretical value due to the internal cell resistance and the 

resultant IR drop as well as polarization effects at both electrodes. The voltage also drops 

during discharge as the cell resistance increases due to the accumulation of discharge 

products, activation and concentration, polarization, and related factors. Curve 2 is similar to 

curve 1, but represents a cell with a higher internal resistance or a higher discharge rate, or 

both, compared to the cell represented by curve 1. As the cell resistance or the discharge 

current is increased, the discharge voltage decreases and the discharge shows a more sloping 

profile. 

 

Figure 5: Characteristic discharge curves[11].  

 

The specific energy that is delivered by a battery in practice is therefore lower than the 

theoretical specific energy of its active materials, due to: (1) the average voltage during the 

discharge is lower than the theoretical voltage. (2) The battery is not discharged to zero volts 

and all of the available ampere-hour capacity is not utilized. 

Since specific energy is given by: 

 /      /Watt hours gram Voltage x Ampere hours gram=                            (11) 
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The delivered specific energy is lower than the theoretical energy as both of the components 

of the Equation (11) are lower. 

The shape of the discharge curve can vary depending on the electrochemical system, 

constructional features, and other discharge conditions. Typical discharge curves are shown 

in Figure 6. The flat discharge (curve 1) is representative of a discharge where the effect of 

change in reactants and reaction products is minimal until the active materials are nearly 

exhausted. The plateau profile (curve 2) is representative of two-step discharge indicating a 

change in the reaction mechanism and potential of the active material(s). The sloping 

discharge (curve 3) is typical when the composition of the active materials, reactants, internal 

resistance, and so on, changes during the discharge, affecting the shape of the discharge curve 

similarly. 

 

Figure 6: Battery discharge characteristics—voltage profiles [11]. 

 

Current drain of discharge 

As the current drain of the battery is increased, the IR losses and polarization effects increase; 

the discharge is at a lower voltage, and the service life of the battery is reduced. Figure 7(a) 
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shows typical discharge curves as the current drain is changed. At extremely low current 

drains (curve 2) the discharge can approach the theoretical voltage and theoretical capacity. 

However, with very long discharge periods, chemical deterioration during the discharge can 

become a factor and cause a reduction in capacity. With increasing current drain (curves 3–

5), the discharge voltage decreases, the slope of the discharge curve becomes more 

pronounced, and the service life, as well as the delivered ampere-hour or Coulombic capacity, 

are reduced. 

 

 

(a)                                                                                             (b) 

Figure 7: (a) Battery discharge characteristics—voltage levels. (b) Discharge characteristics 
of a battery discharged sequentially from high to lower discharge rates [11]. 

 

If a battery that has reached a particular voltage (such as the cut-off voltage) under a given 

discharge current is used at a lower discharge rate, its voltage will rise and additional capacity 

or service life can be obtained until the cut-off voltage is reached at the lighter load. Thus, for 

example, a battery that has been used to its end-of-life in a flash camera (a high drain 

application) can subsequently be used successfully in a quartz clock application which 
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operates at a much lower discharge rate. This procedure can also be used for determining the 

life of a battery under different discharge loads using a single test battery. As shown in Figure 

7(b), the discharge is first run at the highest discharge rate to the specified end voltage. The 

discharge rate is then reduced to the next lower rate. The voltage increases and the discharge 

is continued again to the specified end voltage, and so on. The service life can be determined 

for each discharge rate, but the complete discharge curve for the lower discharge rates, as 

shown by the dashed portion of each curve, obviously is lost. In some instances a time 

interval is allowed between each discharge for the battery to equilibrate prior to discharge at 

the progressively lower rates. 

 

1.2.4 Capacity and battery C-rates  

The capacity of a cell/battery is the amount of charge available which is expressed in ampere-

hour (Ah). An ampere is the unit of measurement used for electric current and is defined as a 

coulomb of charge passing through an electrical conductor in one second. The capacity of a 

cell or battery is related to the quantity of active materials in it and the amount of electrolyte 

and the surface area of the plates. The capacity of a battery is measured by discharging at a 

constant current until it reaches its terminal voltage. This is usually done at a constant 

temperature, under standard conditions (25°C). The capacity is calculated by multiplying the 

discharge current value by the time required to reach terminal voltage. The most common 

term used to describe a battery’s current is its rated capacity. The charge and discharge 

current of a battery is measured in C-rate. Manufacturers frequently specify the rated capacity 

of their batteries in ampere-hour at a specific discharge rate.  For example, a battery rated for 

200 Ah (for a 10-hour rate) will deliver 20 amperes of current for 10 hours under standard 

conditions. Alternatively, a discharge rate may be specified by its charge rate or C-rate which 
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is expressed as multiple of the rated capacity of the cell or battery. A battery may have a 

rating of 200 Ah at a C/10 discharge rate. The discharge rate is determined by the equation 

below:  

/10  ( )  200 /10   20 C rate amperes Ah h A= =                 (12) 

A discharge of 1 C draws a current equal to the rated capacity. For example, a battery rated at 

1000 mAh provides 1000 mA for one hour if discharged at 1 C rate. The same battery 

discharged at 0.5 C, provides 500 mA for two hours. The same battery delivers 2000 mA for 

thirty minutes. 1C is often referred to as a one-hour discharge. A 0.5 C (C/2) would be a two-

hour discharge and a 0.1 C (C/10) a 10-hour discharge. Battery capacity varies with the 

discharge rate. The higher the discharge rate, the lower the cell capacity. Lower discharge 

rates result in higher capacity.  

 

1.3 Classification of batteries 

Batteries are classified as primary or secondary depending on their capability of being 

electrically recharged.  

 

1.3.1 Primary batteries 

In primary batteries, the electrode reactions are not reversible and the cells are therefore not 

rechargeable, i.e. they are discharged once and discarded. Discharge is an operation in which 

a battery delivers electrical energy to an external load whereas charge involves the 

restoration of a battery to its original charged condition by reversal of the current flow. 

Primary batteries have high energy density, good storage characteristics and are usually 

inexpensive source of power for portable electronic and electric devices. Some examples of 

primary batteries are zinc-alkaline-manganese-dioxide (the Leclanche´ cell), zinc-mercuric-
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oxide, zinc-silver oxide, zinc-air, magnesium-manganese-dioxide and primary lithium 

batteries. Zinc has been by far the most popular anode material for primary batteries because 

of its good electrochemical behaviour and compatibility with aqueous electrolytes but the 

lithium anode battery systems, offer the opportunity for higher energy density and other 

advances in the performance characteristics of primary systems. Lithium primary batteries 

use lithium metal as the anode. Lithium metal is attractive because of its light weight, high 

voltage, good conductivity and high electrochemical equivalence. Non-aqueous solvents are 

used as electrolytes in lithium batteries because of the reactivity of lithium in aqueous 

solutions. There are many kinds of primary lithium batteries based on the electrolyte and 

cathode material used. Examples are: lithium-sulphur dioxide (Li/SO2), lithium-thionyl 

chloride (Li/SOCl2), lithium-sulfuryl chloride (Li/SO2Cl2), lithium-manganese dioxide 

(Li/MnO2) and lithium/carbon monofluoride Li/ (CF) n [11, 20-23].   

 

1.3.2 Secondary (rechargeable) batteries 

The electrode reactions in secondary batteries are reversible and the cells are rechargeable. 

Rechargeable batteries are used in automotive and aircraft systems, emergency no-fail and 

standby (UPS) power sources, hybrid electric vehicles and stationary energy storage (SES) 

systems for electric utility load levelling. They also find applications in portable consumer 

electronics, power tools, and electric vehicles. Conventional aqueous secondary batteries are 

characterized, in addition to their ability to be recharged, by high power density, flat 

discharge profiles, and good low-temperature performance. Their energy densities however, 

are usually lower, and their charge retention is poorer than those of primary battery systems. 

Lithium ion technologies, however, have higher energy densities, better charge retention, and 

other performance enhancements characterized by the use of higher energy materials [8, 11, 

24]. In a rechargeable battery, the anode is the negative electrode during discharge while the 
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cathode is the positive electrode. On charging however, the anode becomes the positive 

electrode while the cathode is the negative electrode. The secondary batteries include the 

lead-acid, nickel-cadmium, nickel-metal hydride, lithium ion, nickel-iron, nickel-zinc, 

secondary silver-zinc, silver-cadmium, nickel-hydrogen, silver - hydrogen and lithium-metal 

batteries. Energy storage in a typical secondary battery involves Faradaic reactions occurring 

at the surface of an electrode, and mass and charge transfer through the electrode. Therefore, 

the surface area and the transport distance play important roles in determining the 

performance of the battery in question. Chemical composition and structure will have 

significant impacts on the surface reaction and transfer processes as well as on cyclic 

stability.    

 

1.4 The role and challenges of lithium metal in batteries  

Interest in this alkali metal as a promising anode material arose from the combination of its 

two unique properties: (a) it is a strong reducing agent with a very low standard reduction 

potential (a  measure of the ease with which an ion is reduced back to the metallic state) of -

3.04 V which translates into high cell voltage when matched with cathodes that are capable of 

reversible lithium insertion, for example, MnO2, MoS2 or TiS2 [21, 25]; and (b) it is the 

lightest metal with a density of 0.53 g cm-3 which makes it an anode of high specific capacity 

(3860 mAhg-1). The electrochemical capacity of a metal is a practical property defined as the 

quantity of electric charge produced per gram of metal in the anode half reaction [26]. 

Because of these outstanding electrochemical features, the search for high-energy density 

batteries led to the use of lithium in primary and secondary batteries. Secondary lithium-

metal batteries which have a lithium metal anode are attractive because of their high energy 

density. Lithium-molybdenum disulfide batteries were the world’s first secondary cylindrical 

lithium-metal batteries. The continued efforts to expand lithium chemistry into rechargeable 
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technology, however, encountered severe difficulties in terms of the cycle life and safety. The 

reactivity of the lithium metal anode with the electrolyte and changes that occur after 

repetitive charge-discharge cycling leads to dendrite formation on the lithium electrode. 

These dendritic deposits pose risks of explosion as they are chemically hyper-reactive due to 

their high surface area. In 1989, incidents of fire as a result of overheating defects in the 

above secondary cylindrical lithium-molybdenum disulfide batteries in electronic devices, 

followed by the manufacturer’s recalls highlighted the end of general enthusiasm in lithium 

metal as an anode [20-21, 23]. Lithium alloys with other metals such as aluminium, tin and 

silicon were studied to replace lithium metal [13, 17, 27-29] but the problem of large anode 

volume change was not solved until the introduction of the concept of lithium ion cells.  

 

1.5 The Lithium ion battery 

The failure of metallic lithium as an anode led to the development of rechargeable lithium ion 

batteries which comprise cells that employ intercalation compounds. Intercalation electrodes 

in batteries are electroactive materials that serve as hosts into which guest species are 

reversibly inserted through the electrolyte [30]. These batteries offer improved cycle life and 

safety than lithium-metal batteries. Lithium ion battery is light, compact and works with an 

average voltage of 3.8 V with a specific energy that ranges between 100 Whkg-1 and 180 

Whkg-1 which is a factor of five higher than that stored by the much older lead acid batteries 

[15, 18]. The operation of lithium ion batteries is based on the intercalation process, a 

topotactic reaction where lithium ion is reversibly removed or inserted between anode and 

cathode via transport across the electrolyte whereas the electrons generated from the 

reaction:   + -Li Li e ,→ +  go through the external circuit to do work. The electrode system 

therefore, must allow for the flow of both lithium ions and electrons [31]. The principal 
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concept of lithium-ion batteries is illustrated in Figure 8. On discharge, lithium ions are de-

intercalated from the negative electrode, through the electrolyte and intercalated into the 

positive electrode. An exact reverse reaction occurs during the charge process. Hence, lithium 

ions shuttle back and forth between the electrodes during the discharge-charge cycle. This 

electrochemical insertion/extraction process is a solid state redox reaction involving 

electrochemical charge transfer coupled with insertion/extraction of mobile guest ions 

into/from the structure of an electronic and ionic conductive solid host. The major structural 

features of the host are kept after the insertion/extraction of the guest. The rate determining 

step of the intercalation/de-intercalation process is the diffusion of lithium ion in and out of 

the electrode structures [18-19, 32] while the free energy change of the lithium migration 

process is the maximum reversible work that can be obtained.  

 

Figure 8: Schematic of the electrochemical process in a lithium ion cell [11]. 
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The reactions at both electrodes in a typical lithium ion cell are as shown: 

charge + -
2 1-x 2discharge

Positive:          LiMO Li MO + xLi +xe                                                       (13) 

charge+ -
xdischarge

Negative: C+ xLi + xe Li C                                                                                  (14) 

charge
2 x 1-x 2discharge

Overall: LiMO + C Li C+ Li MO                                                             (15) 

LiMO2 represents lithiated transition metal oxide. 

 

1.5.1 Electrolyte 

The basic features of a battery performance (operating voltage, theoretical energy density 

etc.,) are essentially determined by the chemistry of the active materials used as the positive 

and negative electrodes. However, the chemistry of the electrolyte often affects battery 

performance significantly. A suitable electrolyte should have characteristics such as: (I) high 

ionic conductivity while being electronically insulating so that ion transport can be facile and 

self-discharge can be kept to a minimum. (II) Wide electrochemical window so that 

electrolyte degradation would not occur within the range of the working potentials of both the 

cathode and the anode. (III) Inert to other cell components such as cell separators, electrode 

substrates, and cell packaging materials. (IV) Thermal and chemical stability. (V) 

Environmentally friendly. Most compositions of electrolytes in current lithium ion cells are 

based on solutions of lithium salts in mixtures of two or more solvents. A mixed solvent 

formulation can provide better cell performance, higher conductivity, and a broader 

temperature range than a single solvent electrolyte; however, mixtures of salts are usually not 

used [20]. An ideal electrolyte solvent should meet the following requirements: (a) it should 

be able to dissolve salts to sufficient concentration. In other words, it should have a high 

dielectric constant (ε). (b) It should be fluid (low viscosity η), so that facile ion transport can 
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occur. (c) It should remain inert to all cell components, especially the charged surfaces of the 

cathode and the anode, during cell operation. (d) It should remain liquid in a wide 

temperature range. In other words, its melting point (Tm) should be low and its boiling point 

(Tb) high. (e) It should also be safe (high flash point Tf), nontoxic, and economical. The most 

commonly used solvents for electrolytes in lithium ion batteries are nonaqueous aprotic 

organic compounds including cyclic and acyclic carbonates, esters and ethers. Some of the 

major electrolyte solvents together with their physical properties are shown in Tables 3 and 4.  

 

Table 3: Organic Carbonates and Esters as Electrolyte Solvents [20].  

 

EC = ethylene carbonate; PC = propylene carbonate; BC = butylene carbonate; BL = butyro-lactone; 
DMC = dimethyl carbonate; DEC = diethyl carbonate; EMC = ethylmethyl carbonate; EA = ethyl 
acetate; MB = methyl butanoate; EB = ethyl butanoate.  
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 Table 4: Organic ethers as electrolyte solvents [20]. 

 
DMM = dimethoxy methane;  DME = dimethoxy ethane; DEE = diethoxy ethane;  THF = 
tetrahydrofuran; Me = methyl; 1,3-DL = 1,3-dioxolane.  
 

 

The solid electrolyte interface (SEI) film (Section1.5.3) formed on carbonaceous anode 

influences the choice of solvents for lithium ion electrolytes. The solvent system commonly 

used involves a combination of carbonates, usually EC/DMC [33]. Guyomard and Tarascon 

[34-35] discovered that this mixture offers a wide electrochemical stability window and has 

very good conductive properties; most importantly the formulation produces the best 

protective surface films on graphite electrodes thus minimizing solvent co-intercalation. EC 

is the indispensable solvent component while DMC serves as the co-solvent to increase the 

fluidity and reduce the high melting point of EC. The ability to effectively form the SEI 

protective film on graphite is the  reason EC is mostly preferred to PC [36] despite the 

seemingly slight difference in molecular structure between the two. PC causes degradation in 

graphite electrodes as it co-intercalates with lithium ions resulting in exfoliation [11]. Other 

linear carbonates such as DEC [37-38] and EMC [39] can also be used as co-solvents as there 

is no significant difference between them and DMC in terms of electrochemical 

characteristics. The co-solvents on their own (that is, as single solvents) are unsuitable 

because of their inability to solvate lithium salts as well as their instability on the oxidizing 
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surface of cathode materials. However, ethers are more readily oxidized on the cathode since 

their α-hydrogens are highly susceptible to oxidation than the carbonates [40]. The gassing of 

lithium ion cells during long term cycling is also believed to arise from the co-solvents [20]. 

The choice of electrolyte salt is also important. An ideal electrolyte solute should meet the 

following requirements: (I) it should be able to completely dissolve and dissociate in the 

nonaqueous media, and the solvated ions (especially lithium ions) should be able to move in 

the media with high mobility. (II) The anion should be stable against oxidative decomposition 

at the cathode. (III) The anion should be inert to electrolyte solvents. (IV) Both the anion and 

the cation should remain inert toward the other cell components such as separator, electrode 

substrate, and cell packaging materials. (V) The anion should be non-toxic and remain stable 

against thermally induced reactions with electrolyte solvents and other cell components. The 

most commonly used salts together with some basic physical properties are listed in Table 5.  

 

Table 5: Salts used in electrolytes for lithium ion cells [20]. 

 

LiBF4 = lithium tetrafluoroborate; LiPF6 = lithium hexafluorophosphate  
LiAsF6 = lithium hexafluoroarsenate; LiClO4 = lithium perchlorate  
Li Triflate = lithium trifluoromethanesulfonate;  
Li Imide = lithium bis (trifluoromethanesulfonyl) imide    
Li Beti = lithium bisperfluoroethanesulfonimide. 
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Each salt has some inherent drawbacks associated with it. Lithium tetrafluoroborate is less 

toxic than LiAsF6 and has higher safety than LiClO4 [41] but moderate in ionic conductivity 

due to its low dissociation constant [42]. Interestingly, electrolyte compositions based on 

LiBF4 show improved performance at low and elevated temperatures (up to 50 ◦C) than in 

LiPF6 [43-44].  Lithium hexafluorophosphate is the most widely used electrolyte solute in 

lithium ion cells [45]. In 1990, when lithium ion technology moved from concept to product, 

it was used by Sony in the first generation lithium ion cell [46] and has remained the salt of 

choice since then. Its ability to effectively resist oxidation up to 5.1 V [35] in mixed 

carbonate solvent systems makes it one  of the few salts that can actually support the 

operation of 4.0 V cathode materials. However, it is costly and sensitive towards ambient 

moisture. Lithium hexafluoroarsenate was found to be a superior salt  to LiClO4 as an 

electrolyte solute for lithium ion batteries [47] but very toxic due to the presence of arsenic. 

Lithium perchlorate is less hygroscopic and more stable to ambient moisture than other lithium 

salts but at high temperature and high current charge, it constitutes explosive hazards with 

most organic species and was found unsuitable for industrial purposes some decades ago [48-

49]. A  recent publication by Aurbach and co-workers has however revealed that LiClO4 may 

still be considered for use in lithium ion batteries [50]. Despite the shortcomings in large-

scale applications, it is frequently used as a salt of convenience in various laboratory tests 

because it is easy to handle and economical. 

 

Polymer electrolytes (PEs) are also under extensive study for lithium ion cells. They offer the 

following advantages [51]: (1) suppression of dendritic growth. (2) Enhanced endurance to 

varying electrode volume. (3) Reduced reactivity towards lithium unlike in liquid 

electrolytes. (4) Improved safety. (5) Better shape flexibility and manufacturing integrity. PEs 

are of two types: Solid polymer electrolytes (SPEs) and gel polymer electrolytes (GPEs). 
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SPEs are composed of lithium salts (such as those discussed above) dissolved in high 

molecular weight poly-ether hosts, for example, poly (ethylene oxide) (PEO) and poly 

(propylene oxide) (PPO) which serve as solvents as well as mechanical matrix to support 

processability. GPEs are usually obtained by incorporating a larger quantity of liquid 

plasticizer and/or solvents to a polymer matrix that is capable of forming a stable gel with the 

polymer host structure. In order to improve the mechanical properties of the gel electrolytes, 

components that can be cross-linked and/or thermoset may also be added to the gel 

electrolyte formulation. They are characterised by a higher ambient ionic conductivity [52-

53] but poorer mechanical properties when compared with pure SPEs. However, the ionic 

conductivities of SPEs at room temperature are less than 10-4 S/cm, which is not sufficient for 

power production [23]. As studies on SPEs still remain of academic interest without 

immediate commercial applications, GPE technology has been commercialised in lithium ion 

cells [54] and such cells are mostly designed as traction power in electric vehicles [55]. While 

the electrolyte chemistry profoundly affects the performance of the lithium ion cells, the fact 

remains that the choice of electrolyte components is dictated by the nature of the electrode 

materials.     

 

1.5.2 Lithium ion intercalation electrodes  

Typically, both electrodes in a lithium ion battery are intercalation compounds, which as their 

name implies, store Li+ by inserting them into their crystal structure in a topotactic manner. 

The idea of intercalation electrodes for secondary lithium batteries was initiated in the 1970s 

[56] and since then, intensive research is being conducted to develop new materials. 

Considering the fact that the energy of a battery depends on the product of its voltage and 

capacity [11, 57], the use of high-capacity electrode materials that can also offer high cell 

voltages is therefore important for the development of high-energy-density batteries. A high 
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voltage can be achieved with negative (anode) and positive (cathode) electrodes that have, 

respectively, smaller and larger work functions aφ  and bφ . The open-circuit voltage, Voc, of a 

lithium cell is given by the difference in the lithium chemical potential between the cathode 

(µLi(c)) and the anode (µLi (a)) according to the equation [58]: 

oc Li(c) Li(a)( )V Fμ μ= −                           (16) 

The cell voltage is determined by the energies involved in both the electron transfer and the 

Li+ transfer. Thus, Equation (16) is due to the energy involved in Li+ transfer which is 

determined by the crystal structure and the coordination geometry of the site into/from which 

lithium ions are intercalated/de-intercalated while the energy involved in electron transfer is 

related to the work functions of the cathode and anode and is as shown in Equation 17 [59]:  

oc c a( )V eφ φ= −                                (17) 

where e is the electronic charge. A schematic energy diagram of a cell at open circuit is 

shown in Figure 9. Thermodynamic stability considerations require the redox energies of the 

cathode (Ec) and the anode (Ea) to lie within the band gap, Eg of the electrolyte as depicted in 

Figure 9, so that no unwanted reduction or oxidation of the electrolyte occurs during the 

charge/discharge process. Thus, the electrochemical stability requirement imposes a 

limitation on the cell voltage as: 

oc Li(c) Li(a) ge ( )V μ μ= − < Ε                                  (18) 
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Figure 9: Schematic energy diagram of a lithium cell at open circuit. HOMO and LUMO 
refer respectively to the highest occupied molecular orbital and lowest unoccupied molecular 
orbital in the electrolyte [58]. 

 

The theoretical capacity of a material can easily be calculated from Faraday’s 1st law of 

electrolysis, which states that 1 gram equivalent weight of a material will deliver a charge of 

96485 coulombs (or 26.8 Ah) per mole of electron. This can be very useful when considering 

the synthesis of new materials. It can be readily assessed whether the material can compete 

with existing electrode materials in terms of specific capacity. For example, LiFePO4 has an 

equivalent weight of 157.7 g/mol which translates into a theoretical capacity of: (26.8/157.7) 

170 mAh/g, if the whole charge/discharge range is exploited. The electrode material should 

allow an insertion/extraction of a large amount of lithium to maximize the cell capacity. This 

is because LiCoO2, for example, has a theoretical capacity of: 274 mAh/g but in practice, a 

capacity of about 130 mAh/g [31, 60] is achieved because only around 0.5 lithium ions per 

LiCO2 formula could be reversibly cycled [31, 58] without causing cell capacity loss as a 

result of changes in the LiCoO2 structure. A flat discharge curve (voltage-capacity profile) is 

also desirable for all intercalation electrodes as this means that the voltage remains constant 
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as the battery is used up. Therefore, intercalation electrode materials are selected based on the 

following requirements: 

• the cathode intercalation compound should have a high lithium chemical potential and 

work fuunction in order to maximize the cell voltage. This implies that the transition 

metal ion, M in LixMyXz (X= anion) should have a high oxidation state.  

• The intercalation compound should allow an insertion/extraction of a large amount of 

lithium to maximize the cell capacity. 

• The lithium insertion/extraction process should be reversible with no or minimal 

changes in the host structure over the entire range of lithium insertion/ extraction in 

order to provide a good cycle life for the cell. 

• The intercalation compound should support good electronic and lithium ion 

conductivities to minimize cell polarizations. The high conductivities are essential to 

support a large current density and also a high power density. 

• The insertion material should be chemically stable over the entire voltage range 

without undergoing any reaction with the electrolyte. 

• The redox energy of the cathode in the entire range of lithium insertion/extraction 

should lie within the band gap of the electrolyte as shown in Figure 3 to prevent any 

unwanted oxidation or reduction of the electrolyte. 

• From a commercial point of view, the intercalation compound should be inexpensive, 

environmentally friendly, and lightweight to minimize the battery weight. 

The electrochemical potential ranges of some lithium intercalation compounds versus 

metallic lithium are given in Figure 10: 
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Figure 10: Electrochemical potential ranges of some lithium intercalation compounds in 

 reference to metallic lithium metal [58].  
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1.5.3 Anode 

Since lithium metal constituted a safety problem, attention shifted to the use of carbonaceous 

materials. Anodes of carbon origin have the ability to reversibly intercalate lithium [29, 61] 

and the fact that the chemical potential of lithiated carbon is close to that of metallic lithium, 

as shown in Figure 10, makes them viable alternatives to lithium metal. Furthermore, they 

show long term cycling performance superior to lithium alloys due to their better dimensional 

stability. In addition, most carbon materials suitable as anodes for lithium ion cells are cheap 

and abundant compared with the other materials such as polymers, transition metal oxides or 

chalcogenides. Although carbon has several allotropes (graphite, coke, activated carbon, 

carbon fibre), graphite and its disordered forms are used as practical anode materials. Dahn et 

al studied the dependence of the intercalation process on the crystal structure of a variety of 

carbons. It was found that the morphology, crystallinity and orientation of crystallites 

determine the electrochemical characteristics of carbonaceous materials; and together with 

the anode thickness, it plays an important role in the number of lithium ions that can be 

exchanged [62-63]. For example, coke has a turbostratic structure and can intercalate a low 

amount of lithium to form LixC6, where 0 < x < 0.5 [36]. Graphite, however, which almost 

has a perfectly layered structure that consists of hexagonal graphene sheets of atoms weakly 

bonded together by van der Waals forces into an ABAB stacking sequence along the c-axis as 

shown in Figure 11, is able to intercalate twice the amount of lithium forming LixC6, where 
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Figure 11: Crystal structure of hexagonal graphite showing the ABAB stacking of graphene 
sheets and the unit cell [64].  

 

0 < x < 1 and gives a higher capacity of 372 mAh/g [36] when compared to the 185 mAh/g 

obtained from coke. Peled in 1979 developed a model to describe the passivation on lithium 

metal [65] which he referred to as “solid electrolyte interface” (SEI). Based on this model, 

Dahn and co-workers discovered that during the first electrochemical cycles, the electrolyte 

decomposes on the carbon anode surface, forming the SEI protective film. Once this film that 

is an ionic conductor but an electronic insulator forms over the entire graphite surface, the 

electrolyte does not further decompose and the cell can be cycled continuously with no 

capacity loss [36]. Coke-type carbons were utilised in the first generation  lithium ion cells 

[11]. However, due to the higher capacities, lower costs, desirable lithium intercalation ratios 

and flatter discharge profiles of graphite, graphitic anodes are currently used commercially in 

all lithium ion batteries [64]. The addition of carbon black to graphite results in a better 

capacity retention [62] although it lowers lithium intercalation. It is possible to exceed the 

lithium intercalation in graphite beyond LiC6 [66] but the formation of dendrite on the anode 
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surface [62] raises concern for safety. The lithium ion cell is usually manufactured in a fully 

discharged state. This is due to the fact that lithiated carbon is thermodynamically unstable 

[11, 25, 51]. Thus, the anode is made with a non-lithiated carbon and lithiation is carried out 

by subsequent formation of the cell whereby during the first charge, lithium ion from the 

cathode intercalates into the carbon anode to form the SEI film which kinetically protects the 

air-sensitive lithiated electrode. While the search for a superior lithium intercalation anode 

material continues, researchers posit that nanoscale silicon and tin are the most promising 

anode materials for the next-generation of lithium ion batteries [6] as both allow for a 

maximum lithium insertion that is over four times greater than that of graphite; that is, Li4.4Si 

and Li4.4Sn, with theoretical specific capacities of  4200 and 996 mAh/g, respectively [67].  

 

1.5.4 Cathode 

Worldwide research and development is in progress for rechargeable lithium ion batteries 

because of their wide applications in portable electronics and electric/hybrid vehicles. Much 

of this effort is focused on developing the cathode materials because the performance and 

cost of the batteries are often decided by the properties of the cathode materials in use [68-

69]. A survey of the main properties of intercalation compounds and their impact on battery 

characteristics revealed that a 50% increase in the specific capacity of the cathode material 

results in an overall 28% improvement in the specific energy of the cell whereas the same 

change in the anode material gives only a 13% increase [70]. A further illustration is given in 

Figure 12 where the cathode materials are seen to have lower capacities than the anodes 

indicating that the cathodes are the real bottlenecks in lithium ion battery development.   
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Figure 12: Voltage versus capacity for cathode and anode materials presently used or under 
serious considerations for next generation of rechargeable Li-based batteries [13].  

 

Besides the big difference in capacity between the cathode and the anode materials, attention 

is drawn to the huge difference in capacity between lithium metal and the other negative 

electrodes, which explains why it remains a main attraction as a potential anode. Hence the 

great interest in solving the problem of dendrite growth [13].  

 

There are three main types of cathode materials that have been investigated for use in lithium 

ion batteries [25]: (1) inorganic transition metal oxides and chalcogenides (2) organic 

molecules and (3) polymers. Class 1 constitutes the largest number of cathode materials 

evaluated. Table 6 represents an overview of some of these materials. Based on the type of 

void spaces available for lithium insertion, transition metal oxides and chalcogenides can be 

classified as one, two or three-dimensional structures. Examples of one dimensional host are 

transition metal trichalcogenides like TiS3 and NbSe3 which possess unlinked channels. The 

two dimensional intercalation cathode materials include the layered dichalcogenides of the 

transition metals Ti, Nb, Ta, Mo and W; as well as the layered transition metal oxides of the 
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formula, LiMO2 (M = V, Cr, Fe, Co and Ni). These structures have empty spaces between the 

MO2 layers that can accommodate lithium ion. The three dimensional cathode materials 

comprise the Mn, Co and Fe oxide spinels; high-valent oxides of vanadium and complex 

frame work structures like iron phosphates and sulphates. They have cross-linked channels 

that are sufficiently large to allow lithium insertion.  

Table 6: Characteristics of representative cathode materials for lithium batteries.  

 

The values are either for fully lithiated (discharged) host materials or lithium-free (charged) host 
materials, and the specific charges are based on a reversible range of the lithium content during the 
charging/discharging process. 

 

The major inorganic cathode materials can be simply categorised into: (a) layered oxides (b) 

spinels and (c) olivines.  

 

1.5.4.1 Layered oxides  

An ideal lithium metal oxide, LiMO2, has the α-NaFeO2-type structure which can be regarded 

as a distorted rock salt superstructure as shown in Figure 13.  
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Figure 13: The two dimensional crystal structure of LiMO2 (M = Ni, Co, V) of the α-
NaFeO2-type [25]. 

 

The oxygen sub-lattice in the rock-salt structure takes an ABCABCABC cubic close-packed 

stacking sequence along the c-axis. The oxides crystallize in a layered structure in which the 

lithium and transition metal cations are ordered in the octahedral interstitial sites formed by 

the cubic close-packed oxygen framework in such a way that the rigid host possesses MO2 

layers composed of edge sharing MO6 octahedra [25] while lithium resides in octahedral 

LiO6 coordination leading to alternating (111) planes of the cubic rock-salt structure to give a 

layer sequence of O-Li-O-M-O along the c axis [58] as shown in Figure 14. This (111) 

ordering induces a slight distortion of the lattice to hexagonal symmetry. The structure is 

designated as the O3 layer structure since the lithium ions occupy the octahedral sites (O 

refers to octahedral) and there are three MO2 sheets per unit cell. The structure with a 

strongly (covalently) bonded MO2 layers allows a reversible de-intercalation/intercalation of 

lithium ions from/into the lithium planes. The interconnected lithium ion sites through the 

edge-shared LiO6 octahedral arrangement between the MO2 layers provide fast two-

dimensional lithium ion diffusion leading to high conductivity. The fully delithiated host 

(assuming it does not transform) possesses the layered CdCl2 structure type [25]. On the other 

hand, the edge-shared MO6 octahedral arrangement with a direct M-M interaction can 
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provide good electronic conductivity depending on the electronic configuration of the M3+ 

ion. As a result, the LiMO2 oxides crystallizing in the O3 structure are attractive as cathodes 

[58].  

                                            

                         (A)                                                                                 (B) 

Figure 14: (A) Ball-stick structure model of hexagonal layered LiMO2 (B) unit cell of 
LiMO2 [68].  

   

The oxides are thermodynamically stable only in the intercalated LiMO2 state. This is due to 

the high electronegativity of oxygen, which leads to a higher ionic character of the metal 

oxygen bonds. The resulting negative charge of the transition metal-oxygen layers causes 

repulsive interactions between adjacent layers which are compensated by positively charged 

ions between the oxygen layers. The compounds of interest among the group include: 

LiCoO2, LiNiO2 and the mixed oxides, Li(Co, Ni)O2 [25].  
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1.5.4.1.1 LiCoO2 

The use of LiCoO2 as a cathode material was suggested for the first time in 1980 by 

Goodenough and co-workers [71]. It was later utilised in the world’s first commercial lithium 

ion battery introduced by Sony in 1990. It possesses the α-NaFeO2 layered structure in the 

trigonal R3m space group with Co at the 3a site (0, 0, 0), Li at the 3b site (0, 0, 0.5) and O at 

the 6c site (0, 0, 0.25) [72] as shown in Figure 13. The lattice parameters in the hexagonal 

setting have been experimentally measured as a = 2.816 Å and c = 14.058 Å [72]. It should 

be noted that the “a” and “b” constants in hexagonal crystal structures are equal. Hence, 

reference is made only to the “a” and “c” constants. In the layered structure of LiCoO2, a 

cubic close-packed oxygen array provides a two-dimensional network of edge-shared CoO6 

octahedra for lithium ions [73]. LiCoO2 therefore adopts the O3 layer structure as shown in 

Figure 10 with an excellent ordering of the Li+ and Co3+ ions on the alternate (111) planes of 

the rock salt lattice.  

 

Figure 15: Crystal structure of LiCoO2 having the O3 layered structure [58]. 
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A high lithium chemical potential associated with the highly oxidized Co3+/4+ provides a high 

cell voltage of around 4 V and the discharge voltage does not change significantly with the 

degree of lithium intercalation/de-intercalation [58]. Lithium diffusion coefficient in LiCoO2 

is 5 x 10-9 cm2/s while cycling at a current density of 4 mA/cm2 [31, 74]. On complete 

removal of lithium, the oxygen layers rearrange themselves to give a hexagonal close packing 

of the oxygen in CoO2 [31, 75]. Between these composition limits, several phases are formed 

with varying degrees of distortion of the cubic close-packed oxygen lattice. Thus, LiCoO2 is 

not stable and can undergo performance degradation or failure when overcharged [76-78]. A 

stable delithiated structure can only be obtained by a 50% reversible cycling of lithium, 

which limits the maximum practical specific capacity of LiCoO2 to about 130 mAh/g [31, 58, 

79] although it has been reported that surface coatings may improve its capacity [80-81]. 

Apart from the moderate specific capacity, LiCoO2 also has the disadvantages of being 

unsafe, toxic, and costly due to the limited availability of cobalt. However, it remains the 

most commonly used cathode material for lithium ion batteries but a search is underway for 

materials with better capacity, lesser toxicity and lower cost than cobalt. 

 

1.5.4.1.2 LiNiO2 

This compound is isostructural with LiCoO2 and therefore crystallizes in the O3 layered 

structure but it is lower in cost and with a practical specific capacity of about 150 mA/g; 

which is higher than that of LiCoO2 [82-83]. The Ni3+/4+ couple with a high lithium chemical 

potential provides a high cell voltage of around 4 V like LiCoO2 [58]. Its main drawback as a 

cathode material is that of being less stable and less ordered than the more popular cobalt 

analogue due to poor cyclability and unsatisfactory thermal stability [84-86]. In addition, it is 

difficult to synthesize stoichiometric LiNiO2 and there is no clear evidence that such has been 

achieved [16, 31]. The non-stoichiometry is ascribed to the tendency to form a nickel-rich 
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non-stoichiometric phase which results in excess nickel ions occupying sites in the lithium 

plane as in Li1-zNi1+zO2 [87], with subsequent reduction in lithium diffusion coefficient and 

electrochemical performance. The migration of nickel ions from the octahedral sites of the 

nickel plane to the octahedral sites of the lithium plane via neighbouring tetrahedral sites,  is 

attributed to a lower octahedral-site stabilization energy (OSSE) associated with Ni3+ ions in 

the low spin state [58]. This defect in the stoichiometry of the layered structure can however, 

be stabilized by incorporating cobalt into LiNiO2 as it is reported to increase the degree of 

ordering by suppressing cation disorder and Jahn–Teller distortion thereby keeping the nickel 

in its layer rather than in the lithium plane [88-92]. The optimal doping content was 

determined to be between 20-30% cobalt [68, 89]. Doping LiNiO2 with some elements such 

as magnesium as in LiNi1-yMgyO2 [93] and aluminium as in LiAl1/4Ni3/4O2  [94] limits the 

various phase transitions and improves cycling performance. Many studies have deployed 

this doping strategy in multiple substituted nickel oxides such as LiNi0.8-yTiyCo0.2O2  [95] and 

LiNi1-y-zCoyAlzO2 [31]. The latter is expected to find use in advanced lithium batteries for 

hybrid electric vehicles [31]. Poor thermal stability makes LiNiO2-based batteries unsafe. It is 

reported that thermal stability is significantly lower in LiNiO2 than in LiCoO2 and LiMn2O4. 

The increasing order of thermal stability is: LiNiO2< LiCoO2 < LiMn2O4 [96]. Guilmard et al 

studied the thermal stability of lithium nickel oxide derivatives [97-98]. The study showed 

that the stability of the delithiated material decreases with decreasing lithium content. 

Generally, Cathode materials show good thermal stability at full lithiation, but would 

decompose at low temperature and low lithium content [68]. In other words, the delithiation 

state of the material is a first order parameter of its thermal stability [70]. The thermal 

stability of delithiated nickel-rich phases can as well be modified by substitution of nickel 

with other cations. Whatever the nature of the substitution, layered materials with the lowest 

amount of  foreign cations in the lithium site must be obtained in order to maintain a very 
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high electrochemical activity [86]. From the foregoing, enhancing structural and thermal 

stability during cycling is one of the major challenges in the practical application of layered 

LiNiO2-based cathode materials. It is expected that the multiple substitution strategy will 

pave the way for the much anticipated breakthrough in its commercialisation.  

 

1.5.4.1.3 Other layered oxides 

LiVO2 and LiCrO2 crystallize in the O3 structure but unlike LiCoO2 and LiNiO2, both are not 

promising cathode materials. Approximately one third of the vanadium ions in LixVO2 (x= 

0.3) migrate from the vanadium layer to the lithium planes due to low OSSE [25, 58] while it 

is difficult to extract lithium from LiCrO2. LiTiO2 is difficult to synthesize and LiFeO2 

synthesized by high temperature procedures does not adopt the O3 structure. Layered 

LiMnO2 is the most attractive in terms of safety, cost and toxicity when compared to other 

cathode materials with the LiMO2 composition. Unfortunately, it is thermodynamically 

unstable at elevated temperature and the synthetic route is quite cumbersome [31, 99-100]. 

The thermodynamically stable form does not have the α-NaFeO2 structure but a modified 

rock salt structure with a distorted cubic close-packed oxygen anion array and the 

orthorhombic space group, Pmmn. The lithium and manganese cations occupy the 3a and 3b 

octahedral interstitial sites respectively in alternating zigzag layers of edge-sharing LiO6 and 

MnO6 octahedra [25, 101]. Metastable layered LiMnO2 can be formed from layered NaMnO2 

by ion exchange [99, 102]. The resultant structure is distorted from the R3m space group to 

monoclinic C2/m by the collective Jahn-Teller distortion but it retains the connectivity of the 

layered structure; that is, distorted cubic close-packed oxygen framework with alternating 

layers of lithium and manganese ions. However, both the O3-type LiMnO2 and the 

conventional LiMnO2 (with orthorhombic structure) transform to the spinel-like structure 

leading to poor cyclability. 
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1.5.4.2 Spinels  

Oxides with the general formula LiM2O4 (M = Mn, Ti, and V) crystallize in the normal spinel 

structure as shown in Figure 11. The oxygen anions occupy the crystallographic 32e sites of 

the Fd3m  space group while the Li+ and the M3+/4+ ions occupy, respectively, the 8a 

tetrahedral and 16d octahedral sites of the cubic close-packed oxygen array to give a cation 

distribution of (Li)8a[M2]16dO4. A strong edge-shared octahedral [M2]O4 array permits 

diffusion of lithium ions from the tetrahedral sites without collapsing the three-dimensional 

[M2]O4 spinel framework [103-104].   

 

 

Figure 16: Crystal structure of spinel LiMn2O4. 

 

Additional lithium can also be inserted into the empty 16c octahedral sites of the spinel 

framework to give the lithiated spinel Li2[M2]O4 [25, 58]. However, an electrostatic repulsion 

between the lithium ions in the 8a tetrahedral and 16c octahedral sites, which share common 

faces, causes a displacement of the tetrahedral lithium ions into the neighbouring empty 16c 

sites to give an ordered rock salt structure having a cation distribution [Li2]16c[M2]16dO4. Thus 

theoretically, two lithium ions per LiM2O4 formula unit could be reversibly intercalated/de-
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intercalated. While the edge shared MO6 octahedral arrangement with direct M-M 

interaction, as in the layered LiMO2 oxides, provides good electrical conductivity, the 

interconnected interstitial lithium sites in the three-dimensional spinel framework provide 

good lithium-ion conductivity. This makes the spinel LiM2O4 oxides attractive cathodes for 

lithium ion batteries. LiMn2O4 is the major cathode material in the spinel group. 

 

1.5.4.2.1 LiMn2O4  

Spinel LiMn2O4 is a low cost, environmentally friendly alternative to the layered oxide 

cathodes. The extraction of two lithium ions from the Li[Mn2]O4 spinel framework occurs in 

two distinct steps [104]. While the lithium de-insertion from the 8a tetrahedral sites reversibly 

proceeds at around 4 V with the maintenance of the initial cubic spinel symmetry, extraction 

from the 16c octahedral sites occurs at around 3 V by a two-phase mechanism involving the 

cubic spinel Li[Mn2]O4 and the tetragonal lithiated spinel Li2[Mn2]O4. The cubic to 

tetragonal transition is due to the Jahn-Teller distortion of the Mn3+ ion [25, 58, 70]. This 

transition induces a change in the c/a ratio as well as in the unit cell volume which is too 

severe for the electrodes to maintain structural integrity during the charge/discharge cycle. As 

a result, LiMn2O4 exhibits rapid capacity fade in the 3 V regions. Hence, LiMn2O4 could only 

be used in the 4 V regions with a limited practical capacity of around: 120 mAh/g which 

corresponds to an extraction/insertion of: 0.4 lithium per manganese; Unfortunately, even 

with a limited capacity, LiMn2O4 tends to exhibit capacity fade in 4 V region as well 

especially at elevated temperatures (50 ◦C) [58, 105]. The fading, particularly at elevated 

temperature, is far worse than that observed with nickel or cobalt-rich materials  [70]. Apart 

from the poor capacity retention in LiMn2O4 during cycling [106], capacity loss has also been 

observed during storage due to dissolution of manganese in the electrolyte [107] or due to 
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changes in the particle morphology or crystallinity [108]. A lot of research work is still 

ongoing to understand and improve the behaviour of LiMn2O4. 

 

1.5.4.3 Olivines 

In the late 1980’s, Manthiram and Goodenough [109-110] discovered that other materials 

based not on the oxygen anion but on a polyanion network (XO4
2-; X = S, Mo and W) could 

be used as lithium insertion/extraction hosts. The use of cathode materials containing these 

compact tetrahedral polyanion structural units was predicated on the assumption that the 

covalently bonded groups would, through inductive effect, increase the cell voltage [111]. 

Sequel to this discovery, Padhi et al. [112] reported the reversible cycling of lithium ion in 

phospho-olivine cathodes, LiMPO4 (M = Fe, Mn, Co, Ni). The olivine structure, as shown in 

Figure 17 for LiFePO4, consists of a slightly distorted hexagonal close-packed oxygen 

framework. The phosphorus atoms occupy the tetrahedral 4c sites while the lithium and M 

atoms occupy the octahedral 4a and 4c sites, respectively. The two octahedral sites are 

crystallographically distinct and differ in size. The LiO6 octahedra form edge-sharing chains 

along the b-axis in the alternate a-c plane while the MO6 octahedra are linked through zigzag 

corners in the other a-c plane. One MO6 octahedron shares common edges with two LiO6 

octahedra and a PO4 tetrahedron. The PO4 groups share one edge with an MO6 octahedron 

and two edges with LiO6 octahedra.  
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Figure 17: The crystal structure of olivines [13].  

 

On the left, is the expanded view of the framework built on FeO6 octahedra and PO4 

tetrahedra, with lithium ions in red. On the right, is the restricted view of Li, Fe and P 

distribution between two distorted, hexagonal close-packed oxygen-dense layers 

(PTd[LiFe]oct.O4) [13]. Comparing the different olivine compounds, LiMnPO4 has a higher 

potential than LiFePO4 but its electrochemical behaviour is shrouded in controversy and 

generates little interest due to its much poorer rate capability [31, 113]. Cobalt and nickel 

olivines are more thermally unstable upon delithiation and have low capacities, extremely 

low conductivities and very high oxidation potentials which makes them unsuitable for use in 

known electrolytes [113]. LiFePO4 however, is the most important member of the group. 
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1.5.4.3.1 LiFePO4 

LiFePO4 occurs in nature as the mineral, triphylite and crystallizes in the olivine structure 

with the pmnb space group [112, 114] having cell parameters: a = 6.008 Å; b = 10.334 Å; c = 

291.392 Å with volume of the unit lattice as 291.392 Å3. The central Fe atom together with 

surrounding oxygen atoms forms the FeO6 octahedron which shares edges with two LiO6 

octahedra and one PO4 tetrahedron. Lithium ions reside within the octahedral channels in a 

three-dimensional zigzag framework formed by corner-shared FeO6 octahedra and edge-

shared PO4 tetrahedra as depicted in Figure 18. The presence of the heavier PO4 groups 

restricts free movement of lithium ions to a one-dimensional pattern. LiFePO4 has an 

exceptionally flat discharge potential at about 3.4 V vs. lithium with a capacity of 170 mAh/g 

which is comparable to that of stabilized LiNiO2 but higher than that obtained for LiCoO2. 

Delithiation of LiFePO4 results in FePO4 in which the Fe2+ ions are oxidised to Fe3+, leaving 

the 3D olivine framework intact. Thus, there is no structural change upon lithium 

extraction/insertion. Only a slight variation in lattice parameters is observed [115]. The 

excellent reversibility of the cells is due to the striking similarity of the two structures as 

shown in Figure 18: 
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Figure 18: Crystal structures of (a) LiFePO4 and (b) FePO4 consisting of FeO6 octahedra and 
PO4 tetrahedra. The circles represent lithium ions [112].  

 

This structural stability imparts a good cycle life on LiFePO4 cells as there is no obvious 

capacity fade even after several hundred cycles [112]. In addition to its attractive 

electrochemical features, it is based on iron, an element that is abundant, inexpensive and 

environment-friendly as shown in Table 7. 

Table 7: Cost, deposits and environmental regulation value of transition metals [57]. 

   

 

Thermal stability is an important issue in large scale applications of lithium ion batteries. 

Cathode materials may potentially release oxygen at elevated temperatures which can 

combust the electrolyte and lead to runaway reactions and fire. While the cathode in its 
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discharge state is usually relatively stable with respect to oxygen release, cathodes based on 

layered LiCoO2, LiNiO2, and spinel LiMn2O4 decompose with oxygen evolution [96] when 

heated in the highly oxidized charged state. Olivine LiFePO4 on the other hand, offers much 

better thermal stability [116-117] and low oxidative ability with the electrolyte. It has been 

tacitly assumed that all materials based on the phosphate polyanion would share this 

advantage [118-119]. Unfortunately, LiFePO4 has a poor electronic conductivity at 10-9 S/cm 

[114, 120] which was found to be far lower than  that of LiCoO2 [121] and LiMn2O4 [122] at 

10-3 S/cm  and 10-4 S/cm, respectively. The poor kinetics of lithium intercalation in LiFePO4 

caused by the intrinsic low electronic conductivity and low lithium diffusion coefficient [123] 

could adversely affect its practical capacity especially at higher current densities. Since its 

discovery, research has been focused on improving its performance [124-125].  

 

1.6 Nanomaterials 

Nanomaterials are structures with dimensions in the nanoscale range, normally between 1 and 

100 nm [126-128]. The use of nanomaterials as building blocks for devices not only helps to 

downscale conventional technologies by at least an order of magnitude but also offers a 

cheaper and more environmentally friendly production route, due to a drastic reduction in the 

necessary amount of raw materials. The chemical and physical properties of substances can 

be considerably altered and fine-tuned when they exist on a nanoscopic scale. An increase in 

the specific surface area is one of such changes that could occur when the particle size of a 

material is scaled down to nanometre dimensions. Typical applications of nanomaterials 

include energy conversion, electrochemistry, catalysis and environmental chemistry, where 

the use of nanomaterials increases efficiency, sensitivity and response time. Nanostructured 

materials are becoming increasingly important for electrochemical energy storage [17, 129-

130] because of the unusual mechanical, electrical, optical and structural properties endowed 
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by confining their dimensions and because of the combination of bulk and surface properties 

to the overall behaviour. Most attempts to improve the design of lithium ion batteries have 

tackled the problem at the macroscopic level but work is now focusing on the nanoscale [15]. 

There are three primary types of nanoscale building blocks that may be used for further 

device fabrication and applications [131]: 

(i) 0-D (e.g., nanoparticles, nanoclusters, nanocrystals, quantum dots) 

(ii) 1-D (e.g., nanotubes, nanofibres, nanowires, nanoribbons) 

(iii) 2-D (e.g. graphene/graphene oxide sheets) 

The direct incorporation of these nano-architectures in existing materials improves their 

properties. The small particle size of nanoscale materials allows short diffusion distances in 

lithium ion cells which translate into high rate capability of active materials and increased 

capacity utilization [19, 61, 132]. 

 

1.6.1 Carbon nanotubes 

Carbon nanotubes (CNTs) are well-ordered, all–carbon, graphitic nanomaterials with lengths 

ranging from several hundred nanometres to several micrometers; and diameters from a few 

to tens of nanometres which results in a high aspect ratio [133-134]. They are classified as 

either single-wall carbon nanotubes (SWNT) with internal diameters of 0.7 – 2 nm [135] or 

multi-wall carbon nanotubes (MWNT) which typically have inner diameters of 2 – 30 nm 

[136].  Conceptually, the nanotubes are viewed as rolled-up structures of one or multiple 

layers of graphene sheets for SWNTs and MWNTs respectively. For the MWNTs, the 

number of concentric graphene sheets can range from 2 to 100 [137]. These one 

dimensional carbon allotropes have high electrical conductivity, high surface area, high 

mechanical strength, and excellent chemical and thermal stability. As a result, CNTs are 

highly attractive for fundamental research and commercial applications.  
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1.7 Electrochemical techniques 

1.7.1 Cyclic voltammetry 

The main target of an electrochemical experiment is to study in detail the electron transfer 

process of a material and an understanding of the redox behaviour of the material requires the 

study of the kinetic aspects of the electron transfer processes exhibited by that material as 

well as the thermodynamic aspects of such electron transfer processes. 

A preliminary electrochemical overview of the redox aptitude of a material can easily be 

obtained by: 

(a) Varying with time the potential applied to an electrode immersed in a solution of the 

material under study and recording the relevant current-potential curves. These curves 

first reveal the potential at which redox processes occur.  

(b) Determining the size of the currents generated by the relative Faradaic processes 

which is normally proportional to the concentration of the active species.  

(c) Examining the shape of the response as a function of the potential scan rate. This 

allows one to determine whether there are chemical complications (adsorption or 

homogeneous reactions) which accompany the electron transfer processes. 

Cyclic voltammetry (CV) certainly constitutes the most useful technique for a preliminary 

determination of the redox properties of a given material. 

In CV, the potential is ramped from an initial potential (Ei) and at the end of its linear sweep, 

the direction of the potential scan is reversed, usually stopping at the initial potential. The 

potential may commence with additional cycles. The potential at which the change in 

direction occurs is also known as the switch potential (Eλ). The scan rate between Ei and Eλ is 

the same as that between Eλ and Ei and the values of the scan rate vforward and vreverse are 
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always written with positive numbers. Oxidation usually takes place during the forward part 

of the CV, if scanned from a negative to a positive potential. The reverse part of the CV will 

then represent reduction, with the potential running from a positive to a negative potential. 

However, if the potential is scanned from a positive to a negative value, then reduction would 

occur during the forward part of the CV scan and oxidation during the reverse CV scan. 

Important parameters are usually obtained from cyclic voltammograms for analysis of 

reversible reaction properties and properties of an electroactive sample. These parameters 

include anodic and cathodic peak potentials, denoted as Epa and Epc, respectively as well as 

anodic and cathodic peak currents denoted as Ipa and Ipc, respectively. A typical cyclic 

voltammogram illustrating these parameters is shown in Figure 19. 

 

Figure 19: A typical cyclic voltammogram showing the basic peak parameters [138].  

 

The position of both the cathodic and anodic peaks gives thermodynamic information of the 

redox couple. The anodic and cathodic peak potentials also enable the calculation of the 

formal electrode potential, Eo’ as follows:  
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pa pco' + 
=

2
E E

E                      (19) 

By decreasing the reversibility, the difference between the two peak potentials increases. 

 

1.7.1.1 Diagnostic criteria to identify a reversible process 

An electrode process is defined as electrochemically reversible when the rate of the electron 

transfer is higher than the rate of the mass transport. 

To prove reversibility of the system, the following conditions should hold: 

• the ratio of the currents passed at reduction (Ipc) and oxidation (Ipa) is near unity (Ipa = 

Ipc or Ipa / Ipc = 1) 

• the peak potentials (Epa and Epc) is independent of the scan rate, v 

• the formal potential is positioned midway between Epa and Epc 

• the peak current (Ip) is proportional to v . 

• the separation between the peak potentials Epa and Epc is 59 mV/n for an n-electron 

couple at 25 o C or, |Epa-Epc| would be 59 mV for a 1 electron process and 30 mV for a 

two -electron process. 

The maximum current (i.e. the current at the potential corresponding to the maximum of the 

peak) for a planar electrode is expressed by: 

1/ 2
1/ 2 1/ 2

p = 0.4463 o
nFI nFAC D
RT

ν⎛ ⎞
⎜ ⎟
⎝ ⎠

                  (20) 
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Where n is the number of electrons transferred; F is the Faraday’s constant; A is the electrode 

area; Co is the bulk concentration; R is the gas constant; D is the diffusion coefficient and v is 

the speed at which the potential is scanned. At 25 ºC, equation (20) becomes: 

5 3/ 2 1/ 2 1/ 2 1/ 2
p 2.69 x10 oI n A D Cν=                   (21) 

Equation (21) is known as the Randles-Sevčik equation. From the equation, if a plot of Ip vs. 

v1/2 yields a straight line which passes through the origin, such a process is said to be 

diffusion controlled and the value of D can be calculated from the slope.  

When plotted, the log of peak current versus the log of scan rate gives a linear plot whose 

slope distinguishes between diffusion controlled peaks, adsorption controlled peaks or even a 

mixture of the two. When a slope of 0.5 is obtained, it implies a diffusion controlled peak and 

a slope of 1 is for an adsorption peak. Moreover, when an intermediate value of the slope 

(0.5-1) is obtained, the suggested mechanism is mixed (diffusion-adsorption) [139]. 

 

CV can also be used to evaluate the interfacial behaviour of electroactive compounds. Both 

the reactant and the product can be involved in an adsorption –desorption process. Such 

interfacial behaviour can occur in studies of numerous organic compounds, as well as of 

metal complexes (if the ligand is specifically adsorbed) [140]. In some cases, the sample to 

be characterized may be immobilised onto the surface of a working electrode (chemically 

modified electrodes). In such a case, the surface concentration (Γ) of the adsorbed species 

could be estimated from a plot of current (Ip) versus scan rate (v) in accordance with the 

Brown Anson model using the equation [140-141]: 

2 2

p 4
n F AI

RT
νΓ

=                                            (22) 
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During the reduction or adsorption of the adsorbed layer, the quantity of the charge (Q) 

consumed can also be used to calculate the surface coverage or surface concentration (Γ) 

[140]: 

Q = nFA Γ                     (23) 

-where Q is the charge in Coulomb (C) and (Γ) is the surface coverage in mol/cm2. 

 

1.7.1.2 Diagnostic criteria to identify an irreversible process 

The most important characteristic of a cyclic voltammogram of a totally irreversible system is 

the total absence of a reverse peak. For totally irreversible systems, the peak potential shifts 

with the scan rate. In addition, the individual peaks are reduced in size and widely separated 

as shown in Figure 20 (Curve c). Such processes are characterised by sluggish electron 

transfer. 

 

Figure 20: Qualitative behaviour of the cyclic voltammetric profiles for a reduction process 
having features of (a) reversibility; (b) quasi reversibility; (c) irreversibility [141]. 
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The following conditions are required to identify whether an electrochemical process is 

irreversible: 

• there is no reverse peak 

• Ipa or Ipc is proportional to v 1/2 

• the value of Ep shifts - 30/αn for each decade increase in v 

• ︱Ep –Ep/2︱= 48/αn mV  

The dependence of peak potential with scan rate for an irreversible process is expressed in the 

following equation [140]: 

1/2o
o'

p 1/2= - 0.78-ln +lnRT k nFE E
nF D RT

α ν
α

⎡ ⎤⎛ ⎞ ⎛ ⎞
⎢ ⎥⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠⎣ ⎦
                (24) 

Where ko is heterogeneous rate constant and α is the transfer coefficient 

Thus, Ep occurs at higher potentials than Eo’ when the over-potential depends on ko and α. In 

a case where Ep is independent of ko, the shift of the peak potential could be compensated by 

an appropriate change of the scan rate. Therefore, when αn decreases, the voltammogram 

could become more drawn out. Equation 24 also allows for the calculation of the 

heterogeneous rate constant, ko, if the values of Eo’ and D are known. 

The peak current for an irreversible process is given by: 

5 1/2 1/2 1/2
p o= (2.99 x 10 ) (αn)I n AC D ν                  (25) 

For the irreversible process, the peak current (Ip) is proportional to the bulk concentration 

(Co) but can be lower in value depending on the value of the transfer coefficient (α). The 

chemical meaning of an irreversible electrochemical process implies that a large activation 
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barrier to the electron transfer takes place causing breakage of the original molecular frame 

with the formation of new species [141]. 

 

1.7.1.3 Diagnostic criteria to identify a quasi-reversible process 

It is common that in electron transfer processes one observes that at low scan rates, the 

process behaves reversibly, whereas at high scan rates the process behaves irreversibly (such 

behaviour is more easily seen for processes that are not complicated by coupled reactions). 

Processes occurring in the transition zone between reversible and irreversible behaviour are 

called quasi reversible. A quasi reversible process occurs when the rate of the electron 

transfer -Ox + ne   Red → is of the same order of magnitude as the mass transport. A typical 

cyclic voltammogram for a quasi-reversible process is shown in Figure 20 (Curve b). A 

quasi-reversible process is characterised by determining either the thermodynamic parameter 

Eº΄ (formal potential) or the kinetic parameters, α (transfer coefficient) and ko (rate constant) 

[141]. 

 

For a quasi-reversible system, the following conditions should hold: 

• |Ip| increases with ν1/2 but is not proportional to it 

• Ipa = Ipc or Ipa/Ipc = 1 provided αc = αa= 0.5 

• ΔEp is greater than 59/n mV and increases with increasing v 

• Epc shifts negatively with increasing v. 
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The current for a quasi-reversible process (with 10-1 > ko > 10-5 cm/s) is controlled by both 

charge transfer and mass transport. In such a case, the shape of the CV is a function of  

ok
Dπα  

and nF
RT
να = . When the values of 

ok
Dπα

 increase, the quasi-reversible process 

approaches the reversible system and when its values decreases (i.e., at very fast scan rate) an 

irreversible process behaviour is observed. Compared to reversible systems, cyclic 

voltammograms of a quasi-reversible system are more drawn-out and have a larger peak 

potential separation [140]. Furthermore, the chemical meaning of a quasi-reversible 

electrochemical process suggests that some important structural reorganisation accompanies 

the redox step, but it does not allow the molecular framework to undergo fragmentation 

[141]. 

 

The equilibrium potential for the intercalation processes:  

+ -
x nxLi + xe +nC Li C→                    (26) 

Where x, the degree of intercalation, is given by the Nernst equation: 

[ ]
[ ]

0 Ox
ln

Red
RTE E
F

= +                    (27) 

-in which during lithium ion reversible insertion in the guest structure, the reduction of the 

guest species occurs. Equation 27 corresponds to [142]: 

0 x(x)= ln
1-x

RTE E
F

+                     (28) 

For slow scan rate cyclic voltammetry (SSCV), the obtained voltammograms reflect steady-

state conditions, and can be used to describe intercalation curves; x vs. E (by integration of 
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the current measured at each potential) (Figure 21) or to evaluate the Coulombic efficiency of 

intercalation systems by comparing the integrated areas.  

 

Figure 21: Example of cyclic voltammogram and the corresponding intercalation curve. 

 

1.7.2 Electrochemical impedance spectroscopy (EIS) 

An electrochemical reaction at the electrode– electrolyte interface cannot be fully understood 

only by using traditional electrochemical measurements. Those methods provide only 

currents made of Faradaic and non-Faradaic components. A complete description requires 

impedance measurements made over a broad frequency range at various potentials. EIS is an 

excellent, non-destructive, accurate and rapid in-situ technique for examining processes 

occurring at electrode surfaces. The technique involves superimposing a small sinusoidal 

(AC) voltage (or current) signal of known amplitude and frequency (the perturbation) to an 

electrochemical cell at a steady bias potential (or current) and monitoring the AC amplitude 

and phase response of the cell. The AC perturbation is typically applied over a wide range of 

frequencies, hence the name impedance spectroscopy. This is in contrast to the usual 

spectroscopic techniques where interactions of electromagnetic waves and materials are 

measured. The response to an applied sinusoidal potential excitation is an AC current signal, 
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(or potential or another signal of interest) which can be analysed as a sum of sinusoidal 

functions (a Fourier series). The ratio and the phase-relation between the AC voltage and 

current signal response is the complex impedance Z (jω) of the system which permits analysis 

of electrode process in relation to diffusion, kinetics, double layer, coupled homogeneous 

reactions, etc. Electrochemical Impedance is normally measured using a small excitation 

signal. This is done so that the cell response is pseudo-linear. In a linear (or pseudo-linear) 

system, the current response to a sinusoidal potential will be a sinusoid at the same frequency 

but shifted in phase as shown in Figure 22: 

 

Figure 22: Sinusoidal current response in a linear system. 

 

In traditional Electroanalytical techniques, an applied potential is either constant 

(potentiostatic) or changing (potentiodynamic) when ramped at a constant rate (ν) of V = 

dE/dt. However, in impedance, a small perturbing potential is applied across a cell or sample 

that changes in a cyclic sinusoidal manner and generates a current resulting from the 

overpotential (η) caused by the difference of the potential from the equilibrium value. Over a 
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time period, the average over potential is zero. Because the potential is only perturbing, it has 

the advantage of minimising the concentration change within the cell or sample after the 

experiment. The induced current alternates because the voltage changes in a cyclic manner, 

and hence the term alternating current (AC). The term impedance is therefore a measure of 

the ability of a circuit to resist the flow of an alternating current (AC). It is synonymous to 

resistance (R) used in direct current (DC). The ratio of the applied voltage (E) to measured 

current (I) is the impedance of the system (Z = E/I). Since an AC potential is applied to the 

cell, there will probably be a phase shift by an angle (φ) between the applied AC potential 

waveform and the AC current response. 

The excitation signal, expressed as a function of time, has the form: 

Et = E0 sin (ωt)                    (29) 

 Et is the potential at the time t, E0 is the amplitude of the signal, and ω is the angular 

frequency. The relationship between angular frequency ω (expressed in radians/second) and 

frequency f (expressed in hertz) is:  

ω = 2 π f                                                                  (30) 

In a linear system, the response signal, It, is shifted in phase (φ) and has different amplitude: 

It = I0 sin (ωt + φ)                    (31) 

Since the analysis of impedance spectra involves complex numbers, the in-phase and out-of 

phase impedances are often referred to as real and imaginary impedances. The complex 

impedance (Z) is made up of a resistive or real part Z′, attributable to resistors (in phase with 

the applied voltage), and a reactive or imaginary part Z′′, attributable to the contributions of 

capacitors (out of phase with the applied voltage by π/2) and /or inductors (out of phase with 
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the applied voltage by -π/2). The impedance is related to the resistance (R), reactance (X) and 

capacitance (C) by the equation: 

Z = R- jX                     (32) 

X = 1/ωC                     (33) 

The notation, Z, denotes the complete impedance, which has two components, real (Z′) and 

imaginary (Z"). They are related by the equation: 

Z = Z ' - jZ''                      (34) 

1j = −                      (35) 

By considering a pure resistor that does not have any capacitance, its resistance when 

determined with a continuous current (DC) is R because its impedance is frequency 

independent. Hence we can write that: 

Z = Z ' = R                     (36) 

For an electric circuit or an electrochemical system, the transfer function from the potential 

(Input function) to the current (output function) is called the admittance (Y) of the system 

which is the inverse of impedance: 

Y = 1/z                                 (37) 

An expression analogous to Ohm's Law allows the calculation of the impedance of the 

system as: 

( )
( )

( )
( )

0t
0

t 0

sin sin
sin sin

E t tEZ Z
I I t t

ω ω
ω ϕ ω ϕ

⎛ ⎞
= = = ⎜ ⎟⎜ ⎟+ +⎝ ⎠

                          (38) 
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The impedance is therefore expressed in terms of a magnitude, Z0, and a phase shift, φ. With 

the Euler’s relationship, 

( )exp cos sinj jα α α= +                               (39) 

-it is possible to express the impedance as a complex function whereby the potential is 

described as: 

( )t 0 expE E j tω=                                 (40) 

And the current response as:   

( )t 0 expI I j tω ϕ= +                                             (41) 

The impedance is then represented as a complex number: 

( ) ( )0 0exp ( ) cos sinEZ Z j Z j
I

ω ϕ ϕ ϕ⎛ ⎞= = − = −⎜ ⎟
⎝ ⎠

                        (42) 

 

1.7.2.1 Graphical representations of EIS data 

(a) The Nyquist plot 

This is a plot of the imaginary part of Z (ImZ) vs. the real part of (ReZ). The impedance can 

be represented as a vector (arrow) of length |Z|. The angle between this vector and the x-axis 

is f (= arg Z). A typical Nyquist plot is as shown in Figure 23: 
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Figure 23: A typical Nyquist plot [143]. 

 

(b) The Bode diagram 

This is a plot of the logarithm of the magnitude of impedance and phase angle versus the 

logarithm of frequency. The magnitude of impedance, |Z| measured in Ohms (Ω), is given by: 

2 2| | =  ' +  ''  Z Z Z                                 (43) 

Impedance data are well resolved at all frequencies in a Bode plot as shown in Figure 24: 
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Figure 24: A typical Bode plot [143]. 
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EIS data are commonly analysed by fitting them to an equivalent electrical circuit model. An 

equivalent circuit is an electrical circuit that, at any frequency, is able to give the same 

electrical response to an electrical AC-stimulus as the electrochemical system under 

examination. This means that the electrochemical system can be described in terms of real or 

complex circuit elements as resistors, capacitors or inductors (more generally in terms of 

complex impedances) and distributed elements such as constant phase element and Warburg 

impedance. To be useful, the elements in the model should have a basis in the physical 

electrochemistry of the system. As an example, most models contain a resistor that models 

the cell solution resistance. 

Table 8 shows the common circuit elements and their current – voltage and impedance 

relationships: 

 

Table 8: Common circuit elements. 

Circuit element Current vs. voltage Impedance  

Resistor E = IR Z = R 

Inductor E = L dI/dt Z = j ω L 

Capacitor I = C dE/dt Z = 1/j ω C  

 

The impedance of a resistor is independent of frequency and has no imaginary component. 

With only a real impedance component, the current through a resistor stays in phase with the 

voltage across the resistor. The impedance of a capacitor is a function of frequency and has 

only an imaginary part. A capacitor’s impedance decreases as frequency increases. The 
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impedance versus frequency behaviour of a capacitor is opposite to that of an inductor.  As a 

result, the current through a capacitor is phase shifted -90° with respect to the voltage. 

Inductors have only an imaginary impedance component. The current through an inductor is 

phase shifted 90° with respect to the voltage. The impedance of an inductor increases as 

frequency increases.  

In order to develop an equivalent circuit, the circuit elements can be arranged in series and 

parallel connections. A common circuit used for impedance data modelling is the Randles 

equivalent circuit as shown in Figure 25: 

 

Figure 25: The Randles equivalent circuit in series with the solution resistance. 

 

1.7.2.2 Physical electrochemistry and electrical circuit elements 

The contributions to the resistance of a cell are the solution resistance (Rs), the charge transfer 

resistance (Rct) and Warburg impedance (Zw) while contribution to the capacitance could be 

as a capacitor (C) and constant phase element (CPE). 
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(a) Solution resistance (Rs)  

The solution resistance is the resistance between the working electrode and the reference 

electrode. This is indicated as a small offset on the real impedance axis. Its measurement is 

taken at the high frequency intercept close to the origin of the Nyquist plot. The resistance of 

an ionic solution depends on the ionic concentration and type of ions present in the 

electrolyte, temperature and the geometry of the area in which current is carried. In addition, 

the solution resistance arises from the finite conductance of the ions in bulk solution. In a 

bound space, with area A and length l, carrying a uniform current, the resistance is defined 

as: 

s
lR
A

ρ=                                               (44) 

ρ is the solution resistivity.  The reciprocal of ρ, (κ ), is more commonly used, and it is the 

conductivity of the solution. Its relationship with solution resistance is: 

l
RA

κ =                                   (45) 

The unit of  κ  is Siemens per meter (S/m). The Siemens is the reciprocal of the ohm (1 S = 

1/Ohm). 

 

(b) Charge transfer resistance (Rct) 

The charge transfer resistance is the resistance associated with the charge transfer 

mechanisms for electrode reactions. It is the resistance to electron transfer at the electrode 

interface. The charge transfer resistance (Rct) is a manifestation of two effects (1) the 

potential energy associated with the oxidation or reduction event at the electrode (i.e. the 
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overpotential) and (2) the energy barrier of the redox species reaching the electrode due to 

electrostatic repulsion or steric hindrance. It can be deduced from the kinetically controlled 

electrochemical reaction at low over-potentials. From the Butler-Volmer equation which is 

the principal equation of electrochemical kinetics [144], the current (I) from the oxidation and 

reduction reactions is given by: 

( )( )0 exp exp 1nF nFI I
RT RT

ηα η α⎛ ⎞⎛ ⎞= − − −⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
                          (46) 

When nFη/RT is well below unity, the linearization of the Butler-Volmer equation is 

necessary to obtain: 

0=I I nF RTη                      (47) 

By analogy with Ohm’s law [144], and when the over-potential, η, is very small and the 

electrochemical system is at equilibrium, the equation below is called charge transfer 

resistance: 

ct
0

RTR
nFI

=                                               (48) 

-where I0 is the exchange current in Amperes (A) and Rct is charge transfer resistance in ohms 

(Ω). Thus, the charge transfer impedance is equal to charge transfer resistance, given by the 

equation below: 

Rct ct
0

RTZ R
nFI

= =                                 (49) 

From this equation the exchange current (I0) can be calculated when Rct is known. The charge 

transfer resistance (or charge transfer impedance) is estimated from the diameter of the 

semicircular region on the real impedance axis of the Nyquist plot. When the chemical 
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system is kinetically sluggish, the Rct will be very large and may display a limited frequency 

region where mass transfer is a significant factor. However, if the system is kinetically facile, 

and the mass transfer always plays a role, the semicircular region is not well formed [145]. 

 

(c) Warburg impedance (ZW) 

This is the resistance associated with the diffusion of ions across the electrode/electrolyte 

interface. In other words, the impedance due to diffusion is called the Warburg-impedance. 

The impedance depends on the frequency of the potential perturbation. It is associated with 

the difficulty in mass transport of electroactive species. Layers of ions at the electrode 

interface behave like RC element (i.e. a resistor and a capacitor in parallel) and this produces 

an infinite sum of RC elements called the Warburg impedance. The Warburg impedance (Zw), 

only of physical importance in Faradaic EIS, represents the delay arising from diffusion of 

the electroactive species to the electrode [145]. It is only appreciable at low frequencies and 

is affected by convection. It is characterised as a linear portion at an angle of 45°, and its 

Nyquist plot is a straight line with a slope of unity and its Bode plot is a straight line having a 

slope of -0.5 [144, 146]. The equation for the infinite Warburg impedance is given by [144]: 

( )
w

1 j
Z

σ
ω
−

=                                   (50) 

With σ, the Warburg coefficient defined as: 
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                            (51) 

-where, ω is the angular frequency, Do is the diffusion coefficient of the oxidant, Dr is the 

diffusion coefficient of the reductant, A is the surface area of the electrode, n is the number of 
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electrons involved, Co is the concentration of oxidant at the electrode surface, Cr is the 

concentration of reductant at the electrode surface, F is the Faradays constant, T is the 

temperature and R is the gas constant. 

 

(e) Double layer capacitance 

The capacitance, (C) is defined as the ability of an electrochemical system to store or retain 

Charge [145-146]. An electrical double layer exists at the interface between an electrode and 

its surrounding electrolyte. This double layer is formed as ions from the solution “stick on” 

the electrode surface and electronic carriers (electrons or holes) of the opposite sign 

accumulate at the electrode side of the interface. Charges in the electrode are separated from 

ions charges by the electrode/electrolyte interface. The separation is very small, often on the 

order of angstroms. Charges separated by an insulator form a capacitor. The value of the 

double layer capacitance depends on many variables. Electrode potential, temperature, ionic 

concentrations, types of ions, oxide layers, electrode roughness, impurity adsorption, etc. are 

all factors. 

 

The electrical double layer is the array of charged particles and/or oriented dipoles that exists 

at all materials interface. In electrochemistry, double layer reflects the ionic zones formed in 

the solution to compensate for the excess of charge on the electrode [140]. When an electrode 

is polarized relative to the solution, it attracts ions of opposite charge. This tendency is 

countered by the randomising thermal motion of the ions, but resulting in a local build-up of 

excess ions of opposite charge. Thus, any electric field arising at the electrode or within ionic 

solution decays exponentially because the excess ions screen the field. The characteristic 
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length of this decay or Debye length is proportional to the square root of ion concentration 

[145] (about1 nm for biological ionic strengths). This effect creates a capacitance called 

double layer capacitance or diffuse layer capacitance. Ions adsorbed at bare electrodes 

increase the capacitance in accordance with the Gouy- Chapman-Stern model. The double 

layer capacitance depends on the voltage because an increase in the electrode voltage attracts 

the diffuse ion layer, therefore increasing capacitance. If an insulator (e.g. an insulating probe 

layer) covers the electrode, forming a capacitance, the double layer capacitance appears in 

series with it. Thus, measurement of the double layer capacitance can provide valuable 

insights into adsorption and desorption processes, as well as into the structure of the film-

modified electrodes. 

 

(F) Constant phase element (CPE) 

Capacitors in EIS experiments often do not behave ideally. Instead they act like a constant 

phase element. The impedance of a CPE is given by: 

  CPE
1 1

o

Z
j Q j Cω ω

= =                               (52)  

 

1.8 Rationale 

Various attempts have been made in the past to improve the conductivity and electrochemical 

properties of LiFePO4 cathode. Many researchers have suggested solutions such as: coating 

with a conductive layer around the particles [147]; ionic substitution to enhance the 

electrochemical properties [148-150]; and synthesis of particles with well-defined 

morphology [151]. Li et al. [152] demonstrated that LiFePO4/MWCNTs composite cathode 
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displayed an initial discharge capacity of 155 mAh/g at 0.1 C rates and a gradual decrease in 

discharge capacity upon cycling. Whittingham et al. [153] indicated that the added MWCNTs 

in pure LiFePO4 enhanced the electronic conductivity of the final product. Sakamoto and 

Dunn [154] incorporated single walled carbon nanotubes (SWNT) as a conductive additive in 

V2O5 aerogels. The V2O5/SWNTs composite electrode retained high specific capacity at high 

discharge rate. Zaghib et al. [5] reported the electrochemical performance of natural graphite-

fibres/polyethylene oxide (PEO)-based gel electrolyte/LiFePO4 batteries. Huang and 

Goodenough [125] showed that significantly improved capacity and rate capability can be 

achieved in LiFePO4/polymer composite cathodes.  

It can be seen from the above that attempts have been made to improve the electrochemical 

properties and conductivity of LiFePO4 cathode. However, to the best of my knowledge, 

LiFePO4/carbon nanotubes/polyaniline composite cathodes (with the carbon nanotubes 

previously functionalised with inorganic nanocrystals of iron-cobalt alloy nanoparticles have 

not been synthesized. Iron-cobalt alloy nanoparticles due to their porous structure provide 

viable routes for the facile transfer of electrons during lithium ion deinsertion/insertion in a 3-

D nanonetwork that is formed between the carbon nanotubes and adjacent LiFePO4 particles. 

It is expected that the iron-cobalt derivatised carbon nanotubes, in combination with 

polyaniline conducting polymer, will bring about synergistic effects in the electrochemical 

properties and performance of lithium iron phosphate cathode in a lithium ion cell.      

 

1.9 Aim and objectives 

The aim of this research work is therefore to develop novel lithium ion cathode systems with 

enhanced electrochemical properties that will fit the characteristics (high capacity, safety and 

low cost) required in modern lithium ion batteries for applications not only in portable 
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electronics but also in zero or controlled emission vehicles, so as to curb the environmental 

challenges and threats posed by CO2 emissions from fossil fuel in internal combustion 

engines. Accordingly, this thesis focused on the following objectives: 

(i) Preparation and microscopic analysis of nanocrystal alloys of iron-cobalt (FeCo) and 

carbon nanotubes (CNTs). 

(ii) Preparation and microscopic analysis of nanocrystal alloys of iron-cobalt and their 

CNTs composites (FeCoCNT). 

(iii)Preparation of FeCoCNT/polyaniline composites (FeCoCNT-PA).  

(iv) Assembly of pristine LiFePO4 and LiFePO4/FeCoCNT-PA composites battery coin 

cells and the determination of their voltammetric, impedimetric and 

charge/discharge properties. 



  76

Chapter 2 

Methodology 

2.1 Instrumentation 

Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and 

charge/discharge studies were carried out using crimp-sealed LIR 2032 laboratory coin cells. 

CV and EIS measurements were conducted on Zahner IM6ex (Germany) Electrochemical 

Workstation. A Potential range of: 2.3 - 4. 0 V and 0.1- 0.8 mV/s scan rates were used for CV 

while EIS measurements were recorded at a formal potential of 3.4 V and perturbation 

amplitude of  5 mV within the frequency range of 100 mHz – 100 KHz. Charge/discharge 

data  were recorded from MTI 8 Channels Battery Analyser between 3.0 - 4.0 V at 0.1 C 

rates. The surface morphology and size distribution of the nanomaterials were examined 

through SEM and TEM images obtained from JEOL JSM-7500F Scanning Electron 

Microscope (US) and Tecnai G2 F20X-Twin MAT 200 kV Field Emission Transmission 

Electron Microscope (FEI, Eindhoven, Netherlands). Coin cells were assembled in an argon-

filled LAB STAR MBRAUN glove box in which the oxygen and water contents were 

maintained below 1 ppm. All potentials were measured against Li/Li+. 

 

2.2 Reagents and materials 

Iron (II) sulfate heptahydrate (FeSO4.7H2O), cobalt (II) chloride hexahydrate (CoCl2.6H2O), 

sodium borohydride (NaBH4, 98%), triethylamine (C6H15N, 99.5%), trisodiumcitrate 

dihydrate (Na3C6H5O7.2H2O, 99%), ethanol (C2H6O, absolute), acetone (C3H6O, 99.8 %), 

aniline (C6H5NH2, 99%), poly(4-styrenesulfonic acid, 18% w/v aqueous solution), 

ammonium persulfate ((NH4)2S2O8), nitric acid (HNO3, 65%), N-methyl-2-pyrrolidone, 
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lithium ribbon (0.75 mm thick, 45 mm wide, 99.9%) were all purchased from Sigma-Aldrich. 

Sulfuric acid (H2SO4, 98%) was purchased from Kimix; hydrochloric acid (HCl, 37%) was 

purchased from Fluka; poly(vinylidene fluoride), carbon black, LiFePO4 powder, 1 M stock 

electrolyte solution of LiPF6 in 1:1 v/v ethylene carbonate-dimethyl carbonate, aluminium 

foil, positive and negative electrode casings, springs, spacers and celgard separators were 

obtained from MTI Corporation. Home grown carbon nanotubes (CNTs; diameter of 40-200 

nm and length up to 20 µm; synthesized according to [155]) were used. Water obtained from 

a Millipore Milli-Q purification system with resistivity 18.2 MΩ cm, was used to prepare all 

aqueous solutions. Before use, all the glassware was cleaned with freshly prepared aqua regia 

(HNO3: HCl) 1:3, % v/v), rinsed thoroughly with water, and dried. 

 

2.3 Preparation of iron-cobalt (FeCo) bimetallic nanoparticles 

Bimetallic FeCo nanoparticles were synthesized by a procedure described previously for Fe-

Ni nanoparticles [156] with some modification. 20 mL of 0.05 M aqueous mixture of 

FeSO4.7H2O and CoCl2.6H2O in a Fe: Co atomic ratio of 3:2 was stirred, under nitrogen 

saturation, for 20 min followed by gentle addition of 0.6 g NaBH4. The solution colour 

changed from brownish pink to black upon addition of NaBH4. After further stirring for 20 

min, 2 mL of 1 M triethylamine was added to stabilize the nanoparticles. Stirring was 

continued for an additional 20 min and followed by vacuum filtration through 0.2 µm Nylon 

6.6 membrane filter paper. To get rid of the excess borohydride, the particles were washed 

with copious amounts of water and rinsed with ethanol and acetone, in that order. The 

washed particles were vacuum dried overnight at 50 ºC. 
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2.4 Preparation of FeCo functionalised CNTs 

CNTs were first purified according to the procedure developed by Liu et al [157]. Briefly, 50 

mg of CNT was added to 100 mL of an acid mixture of 3:1 concentrated sulphuric acid and 

concentrated nitric acid. The CNTs were sonicated in a DC 200 H ultrasonic cleaner (mrc) for 

8 h. The purified nanotubes were centrifuged using a Mini - Plus Eppendorf: 12-place fixed-

angle rotor for 1.5 – 2.0 mL tubes (F-45-12-11) of radius 6 cm at 14100 relative centrifugal 

force (RCF) and washed with water until the pH tested neutral. The washed CNTs were 

vacuum dried overnight at 50 ºC. Functionalisation of the purified CNTs with FeCo 

nanoparticles was achieved through the reductive precipitation of metal salts within a CNT 

suspension according to the modified procedure [158]: 1 mg CNT and 2 mL of 1% sodium 

citrate (complexant) were added into a 100 mL flask containing 0.05 M aqueous mixture of 

FeSO4.7H2O and CoCl2.6H2O. The resultant mixture was ultrasonicated for 2 h at room 

temperature followed by careful addition of 0.6 g NaBH4 and 1 mL of 1 M triethylamine 

(TEA; stabilizer). This was allowed to stir for 30 min followed by filtration and vacuum 

drying according to the above procedure for FeCo nanoparticles preparation. 

 

2.5 FeCoCNT/polyaniline composites synthesis 

Chemically synthesized FeCoCNT/polyaniline composites were obtained by a simultaneous 

chemical polymerization of aniline monomer in the presence of acidic suspension of 

FeCoCNT according to the outline: 
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First, 0.05 mg FeCoCNT in 50 mL of 1 M HCl was sonicated for 30 min; then 1 mL distilled 

aniline monomer and poly (4-styrenesulfonic acid) dopant (monomer to dopant ratio of 4:1) 

were dissolved in the suspension and stirred magnetically in ice bath for 30 min. 0.5 g of 

(NH4)2S2O8 that acts as an oxidant was slowly added into the above suspension. The mixture 

was reacted for 30 min at 0-5 °C. The dark suspension became green which is an indication 

of the beginning of polymerisation reaction of aniline monomer. Polymerisation was carried 

out at 0-5 °C for 24 h. The composites were obtained by filtering and rinsing the reaction 

mixtures several times with distilled water and ethanol, resulting in the conductive 

emeraldine salt form of FeCoCNT/polyaniline composites. Finally, the dark-green 

composites were dried at 60 °C for 24 h under vacuum. This composite will be subsequently 

referred to as FeCoCNT-PA. Pure polyaniline free of FeCoCNT was also polymerized at the 

same conditions [125, 159].  

 

2.6 Preparation of LiFePO4/10% FeCoCNT-PA composites 

The composites were prepared according to a reported procedure [160]. FeCoCNT-PA was 

dispersed in water under short sonication in ultrasonic bath. To this solution, LiFePO4 

powder was added (in a proportion of 10% of FeCoCNT-PA in the mixture) and stirred 

overnight. The suspension was subsequently evaporated to dryness. Similar procedure was 

adopted for the preparation of LiFePO4/50% FeCoCNT-PA composites.  

Thus, the three active lithium cathode materials used in this thesis include: 

(a) LiFePO4/10% FeCoCNT-PA  

(b) LiFePO4/50% FeCoCNT-PA  

(c) Pristine LiFePO4 
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2.7 Coin cell assembly  

The LIR 2032 coin cells of Li︱ LiPF6 (EC׃ DMC=11׃in volume ratio) ︱active Li cathode 

employed in this thesis were assembled according to the following steps: First the working 

cathode was prepared by mixing 80% of the active material with 10% carbon black and 10% 

poly (vinylidene fluoride) in N-methyl-2-pyrrolidone. The mixed slurry was spread uniformly 

on a thin aluminium foil and dried in vacuum at 120 ºC for 12 h. The coated aluminium foil 

was roll-pressed and punched out to the required dimension with a punching machine. A 

metal lithium ribbon (permanently kept in the glove box) was used as anode and punched to 

the same dimension as the cathode. Together with the other cell components (positive and 

negative electrode casings, spring, spacer, polypropylene micro-porous film (celgard) 

separator and the electrolyte), the LIR 2032 coin cells (Figure 26) were assembled in a dry 

argon-filled glove box and crimp-sealed for further electrochemical studies.  
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Figure 26: Lithium ion rechargeable (LIR) 2032 coin cells. 



  82

Chapter 3 

Results and discussions 

 

3.1 Electrochemical studies 

The composite LiFePO4 battery coin cells were interrogated by cyclic voltammetry and 

electrochemical impedance spectroscopy to ascertain the cathode composition with better 

electrochemical performance.  

 

3.1.1 Cyclic voltammetry 

The CV profiles of LiFePO4/10% FeCoCNT-PA and LiFePO4/50% FeCoCNT-PA are shown 

in Figure 27. 

 

Figure 27: Cyclic voltammograms of (i) LiFePO4/10% FeCoCNT-PA and (ii) LiFePO4/50% 
FeCoCNT-PA in 1 M LiPF6 containing 1:1 v/v ethylene carbonate – dimethyl carbonate 
solvent mixture. Scan rate 0.1 mV/s (voltage range: 2.3 – 4.0 V). 
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The cyclic voltammograms are characterised by a well-defined pair of redox peaks which are 

associated with the electrochemical lithium ion deinsertion/insertion within the octahedral 

sites of the LiFePO4 structure upon the two phase oxidation/reduction of Fe2+/Fe3+ redox 

couple [112, 161-162]. However, the shapes of the voltammograms show that the 

LiFePO4/50% FeCoCNT-PA composite cathode with diminished and broadened peaks 

revealed more sluggish lithium deinsertion/insertion behaviour. This could be consistent with 

a pseudo capacitive type phenomenon taking place on the electrode surface [163-164] due to 

more carbon nanotubes content in this composite than in the 10% composite cathode. The 

sharp peaks of LiFePO4/10% FeCoCNT-PA composite cathode indicate a more facile lithium 

ion transfer resulting in better reaction kinetics. Again, the peak to peak separation in 

LiFePO4/10% FeCoCNT-PA (ΔEp = Epa- Epc = 270 mV) is less than that of LiFePO4/50% 

FeCoCNT-PA (ΔEp = 370 mV) which suggests better electrochemical reversibility in the 

former than in the latter. The electrochemical deinsertion/insertion of lithium ions into 

LiFePO4 can be described as: 

charge + -
4 1-x 4discharge

LiFePO Li FePO + xLi + xe                                                    (53) 

Analysis of voltammogram i, which is due to LiFePO4/10% FeCoCNT-PA, gave an anodic 

peak, a, (Ipa = 1.15 mA, Epa = 3.58 V) and a cathodic peak, b, (Ipc = 0.79 mA, Epc = 3.31 V) at 

a formal potential, ΔE0` = (Epa + Epc)/2 = 3.44 V. This formal potential value has been 

reported [116, 165] and is synonymous with the potential at the point of inflexion on the flat 

plateau at 3.45 V, observed during battery cycling experiments (charge/discharge curve) 

(Section 3.1.7), where lithium deinsertion/insertion occurs as a two-phase process. Peak a, 

corresponds to the delithiation of LiFePO4 to the charged state of the functioning battery, 

FePO4. Complete extraction of lithium (when x = 1) according to Equation (53), corresponds 

to a theoretical specific capacity of 170 mAh/g. It is well known that the electrochemical 



  84

deinsertion/insertion mechanism of LiFePO4 electrode in nonaqueous electrolytes has already 

been established [112]. The corresponding equation for the anodic process (lithium 

deinsertion) can be written as:  

+ -
4 4 4LiFePO - xLi  - xe xFePO + (1-x)LiFePO→                                                                    (54) 

Conversely, peak b arose from the lithiation of the isostructural FePO4 under the 

electrochemically reducing conditions. The cathodic process (lithium insertion) is governed 

by the equation [112]: 

+ -
4 4 4FePO + xLi + xe xLiFePO + (1-x)FePO→                                 (55) 

Voltammogram ii (Figure 27) showed that the LiFePO4/50% FeCoCNT-PA composite gave 

an anodic peak at c (Ipa = 0.26 mA; Epa = 3.68 V) and a cathodic peak, d, (Ipc = 0.29 mA; Epc 

= 3.31 V) at a formal potential, ΔE0` = 3.49 V. Peak c corresponds to lithium deinsertion as 

peak a while peak d involves the insertion of lithium as peak b. The value obtained from the 

integrated area under the anodic peak at the scan rate of 0.1 mV/s, indicates that the 

composite LiFePO4/10% FeCoCNT-PA cathode exhibited a charge capacity of 148 mAh/g 

and a discharge capacity of 134 mAh/g for the insertion of lithium and reduction of Fe3+ to 

Fe2+ upon integration of the cathodic peak; thus, giving a charge/discharge reversibility of 

91%. The charge capacity corresponds to 87% of the theoretical capacity of LiFePO4 while 

both capacities were found to be well within the range of reported values using data obtained 

from cyclic voltammetry [116, 160, 166]; and higher than values obtained for the 

LiFePO4/50% FeCoCNT-PA composite cathode with charge and discharge capacities 

calculated to be 86 mAh/g and 73 mAh/g, respectively. The capacities were calculated 

according to the following steps:  
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For the 10% cathode composition (Figure 27 (i)), the integration of the anodic peak obtained 

at 0.1 mV/s (1 x 10-4 V/s) scan rate gave the area under the current-potential curve as 1.95 x 

10-4 Ampere-Volt (AV).  

But charge,  Area (AV)=
Scan rate (V/s)

Q                             (56) 

Thus          
-4

-4

1.95 x 10  (AV)=
1 x 10  (V/s) 

Q                                                                                                            (57) 

 ⇒            Q = 1.95 As = 1.95 Coulombs                 

However, in battery parlance, capacity is calculated in Ampere-hour (Ah). Since 3600 As = 1 

Ah,  

 ⇒            1.95 = Ah
3600

Q ⎛ ⎞
⎜ ⎟
⎝ ⎠

                                    (58) 

⇒               -4= 5.42 x10 AhQ                   (59) 

This Q is the electric charge in Ah which represents the coulometric capacity of the battery. 

But interest is on the specific capacity of the battery which is defined as the capacity per 

gram of the active cathode material [11, 125] and is obtained by dividing the coulometric 

capacity in (Ah) by the mass of the active electrode material. For the 10% composite cathode, 

mass = 3.672 mg = 3.672 x 10-3 g. Therefore the specific capacity becomes: 

-4

-3

5.42 x 10 (Ah)Specific Capacity = 0.148 Ah/g
3.672 x 10 (g)

=                                                             (60) 

This parameter is usually expressed in mAh/g. Therefore, the specific capacity becomes 

0.148 Ah/g x 1000 = 148 mAh/g. The same procedure was adopted for all other capacity 

calculations with data obtained from cyclic voltammetry.  
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It is obvious from the foregoing that lithium deinsertion/insertion occurs faster and at a lower 

onset potential (ΔE0` values) on LiFePO4/10% FeCoCNT-PA composite electrode. It 

therefore presents a better electrochemical performance as a lithium ion cathode than the 

composite LiFePO4/50% FeCoCNT-PA electrode. This observation is consistent with results 

obtained from electrochemical impedance spectroscopy. 

 

3.1.2 Electrochemical impedance spectroscopy (EIS) (Part 1) 

EIS tests were conducted to evaluate the interfacial properties as well as the Li+ migration 

dynamics of the two composite electrodes. The Nyquist plots are presented in Figure 28.  

 

Figure 28: Comparative Nyquist plots of (i) LiFePO4/10% FeCoCNT-PA and (ii) 
LiFePO4/50% FeCoCNT-PA at formal potential of 3.4 V vs. Li/Li+ and perturbation 
amplitude of 5 mV. 

 

Each plot gave a well-defined, single semi-circle at high frequency and an inclined line at low 

frequency attributed to Warburg impedance associated with lithium ion diffusion in the bulk 

of the electrode, which is an indication that during lithium deinsertion/insertion, the kinetics 
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of the electrode process is controlled by the diffusion process in the low frequency region and 

by the charge transfer in the high frequency region [161, 164, 167-168]. The semi-circle 

attributed to the solid electrolyte interface (SEI) layer [164, 169-170] was not observed. An 

intercept of the semi-circle with the Z′-axis in the very high frequency region identifies the 

Ohmic resistance (Rs) of the electrolyte and electrodes. The diameter of the semicircle at high 

frequency region on the Z′-axis is related to the charge transfer resistance (Rct) which controls 

the transfer kinetics at the electrode interface. Extrapolation of the semi-circle to lower 

frequencies gives an intercept corresponding to Rs + Rct from which the value of Rct is 

determined by subtracting Rs value. Impedance parameters were obtained by fitting from a 

modified Randles equivalent electrical circuit (inset). CPE is the constant phase element that 

models the double layer capacitance (Cd) which is due to surface roughness. The time 

constant (τ); exchange current (Io) (a measure of the rate of exchange of charge between 

oxidized and reduced species at any equilibrium potential without net overall change [11]) 

and heterogeneous rate constant of electron transfer (ket) were calculated according to the 

equations [145, 171-172]:   

max

1=τ
ω

                     (61) 

ct
0

= RTR
nFI

                     (62) 

0 et=I nFAk C                                 (63) 

0
et = Ik

nFAC
                                            (64) 

Where, maxω is the angular frequency at maximum impedance; R is the gas constant = 8.314 

J/mol K [173]; T is the room temperature = 298 K [173]; n is the number of electrons 
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transferred per molecule of lithium = 1 [165]; F is Faraday’s constant = 96485 C/mol [173]; 

A is the geometric area of the electrode (16 mm diameter; measured from experiment) = 2.01 

cm2 ; C is the concentration of lithium ion in LiFePO4 = 0.0228 mol/cm3 [162, 165-166]. The 

other parameters have their usual meanings. The calculated values are shown in Table 9. 

 

Table 9: Kinetic parameters of LiFePO4/10% FeCoCNT-PA and LiFePO4/50% FeCoCNT-
PA obtained from electrochemical impedance spectroscopy at 298 K. 

Cathode 

composition 

τ/s rad-1 Rct/Ω I0/A ket/cm s-1  σ/Ω s-1/2 Dapp/cm2 s-1 

10% 6.43 x 10-5 24.57 1.045 x 10-3 2.36 x 10-7 38.41 4.57 x 10-14 

50% 2.13 x 10-4 115.7 2.219 x 10-4 5.0 x 10-8 63.62 1.67 x 10-14 

 

The 50% cathode composition exhibited a larger semi-circle with an Rct value that is an order 

of magnitude higher than that of the 10% composite cathode which is an indication of a 

kinetically sluggish system. The values of other parameters in the Table point to the fact that 

facile reaction kinetics occur on the latter as previously confirmed from CV data. Similar  

phenomenon was reported by Feng, where a composite cathode with 7 wt% multi-walled 

carbon nanotubes and LiFePO4 showed better electrochemical performance than that with 10 

wt% multi-walled carbon nanotubes and LiFePO4 [164]. 

 

Generally, the diffusion of lithium ions within the electrodes is the rate-limiting step. The 

exploitation of the Warburg domain allows determination of the kinetics of this limiting 
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process through the calculation of the diffusion coefficient, D [161, 174] from the equations 

[145], where at low frequencies: 

-1/2
re Ω ct= + +Z R R σω                                   (65) 

-1/2 2
im d= + 2Z Cσω σ                                 (66) 

Zre is the real impedance = Z’; Zim is the imaginary impedance = Z’’; RΩ is the solution 

resistance = Rs; σ is the Warburg coefficient. The other parameters have their usual meanings. 

From Equation (65), a plot of Zre vs. ω−½ gives slope = σ and intercept = (Rs + Rct) as shown 

in Figures 29 and 30.  

 

 

Figure 29: The plot of Zre vs ω−½ for composite LiFePO4/10% FeCoCNT-PA cathode.  
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Figure 30: The plot of Zre vs ω−½ for composite LiFePO4/50% FeCoCNT-PA cathode.  

 

The straight lines were drawn from the lower frequency region where the Warburg 

impedance is significant.  

σ is defined according to the equation [145]:  

1/2 1/22 2
o o r r

1 1= +
2

RT
D C D Cn F A

σ
⎛ ⎞
⎜ ⎟
⎝ ⎠

                             (51) 

Assuming diffusion coefficients Do = Dr = D and concentrations Co = Cr = C, Equation (51) 

can be simplified according to the following steps to obtain an expression for D: 

1/2 1/22 2

1 1= +
2

RT
D C D Cn F A

σ ⎛ ⎞
⎜ ⎟
⎝ ⎠

                             (67) 
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2 2

1 1= +
2   

RT
n F A D C D C

σ ⎛ ⎞
⎜ ⎟
⎝ ⎠

 

2 21 1 σ 2+ = n F A
RTD C D C

⇒                   (68) 

Rationalising the surdic quantities, Equation (68) becomes: 

2 21 1 1 1 σ 2x x + x x =D D n F A
C C RTD D D D

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

                          (69) 

( )
2 2

2
1 22 x =D n F A
C RTD

σ
⎛ ⎞
⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

                                                    (70) 

But ( )2
n = n, therefore Equation (70) becomes: 

2 22 2D n F A
DC RT

σ
=                                (71) 

Squaring both sides of Equation (71) gives: 

2 22 22 2D n F A
DC RT

σ⎛ ⎞ ⎛ ⎞
=⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
                               (72) 

22 2 2

2 2

2 2D n F A
D C RT

σ⎛ ⎞⎛ ⎞
=⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠

                              (73) 

22 2 2

2

2 2 n F A
DC RT

σ⎛ ⎞
=⎜ ⎟⎜ ⎟
⎝ ⎠

                              (74) 

( )
( ) ( )

22
2

2 22 2

2
=

2

RT
DC

n F Aσ
                   (75) 
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Making D the subject and re-arranging, Equation (75) becomes: 

( )
( )

22

22 2

2
=

2

RT
D

n F ACσ
                               (76) 

( )
( )

2

22 2

2
=

RT
D

n F ACσ
                    (77) 

Substituting ( )2
2 for 2, Equation (77) becomes: 

( ) ( )

( )

2 2

22 2

2
=

RT
D

n F ACσ
                                    (78) 

( )
( )

2

22 2

2
=

RT
D

n F ACσ
                    (79) 

Equation (79) can be re-written as: 

2

2 2

2
=

RT
D

n F ACσ
⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠

                                 (80) 

Due to the initial assumptions, the calculated diffusion coefficients are approximate values 

and are referred to as apparent diffusion coefficients (Dapp) as indicated in Table 9 above. It is 

evident from the Table that the composite with lower value of σ has higher Dapp value. The 

calculated Dapp values are in good agreement with values reported by Prosini et al using 

similar technique (electrochemical impedance spectroscopy) [123]. The superiority of the 

LiFePO4/10% FeCoCNT-PA composite cathode over the LiFePO4//50% FeCoCNT-PA 

cathode is further highlighted by the Bode phase-impedance plots as shown in Figure 31:  
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Figure 31: Comparative Bode phase-impedance diagrams of (i) LiFePO4/10% FeCoCNT-PA 
and (ii) LiFePO4/50% FeCoCNT-PA at 3.4 V vs. Li/Li+ and perturbation amplitude of 5 mV. 

 

At low frequencies (100 mHz), where the electronics of the electrode systems are minimally 

perturbed and electrochemical equilibrium almost maintained, the LiFePO4/10% FeCoCNT-

PA was observed to exhibit lower impedance at 98.86 Ω with higher phase angle at 34.7◦ 

which is indicative of better conducting properties and faster kinetics than the LiFePO4/50% 

FeCoCNT-PA with impedance and phase angle at 259.7 Ω and 20.1◦, respectively. 

The above diagnostic tests show that the composite LiFePO4/10% FeCoCNT-PA cathode 

gave better electrochemical reversibility and kinetics towards lithium ion transport within the 

electrode/electrolyte interface than the LiFePO4/50% FeCoCNT-PA. Hence, detailed analyses 

on LiFePO4/10% FeCoCNT-PA and comparisons with pristine LiFePO4 are presented in 

subsequent sections.     
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3.1.3 Scan rate studies  

The cyclic voltammograms of LiFePO4/10% FeCoCNT-PA at different scan rates (0.1 to 0.8 

mV/s) are shown in Figure 32. 

 

Figure 32: The effect of potential scan rate on the cyclic voltammograms of LiFePO4/10% 
FeCoCNT-PA in 1 M LiPF6 containing 1:1 v/v ethylene carbonate – dimethyl carbonate 
solvent mixture between 0.1 – 0.8 mV/s. Voltage range: 2.3 – 4.0 V.  

 

As stated previously (Section 3.1.1), the pairs of peaks, consisting of anodic and cathodic 

peaks, corresponded to the two-phase charge–discharge reaction of the Fe2+/Fe3+ redox 

couple. These voltammograms indicate that only one electrochemical reaction, corresponding 

to the peak pairs occurred during the charge and discharge of the composite cathode material. 

The mean redox potential , E1/2 = 3.45 V vs. Li/Li+. Although the wave shapes of the anodic 

and cathodic peaks were almost symmetrical, the difference between the peak potentials, ΔEp, 

was observed to increase with scan rate, ν,  and calculated to be 421 ± 121 mV which is 

higher than the 59 mV expected for an ideal Nernstian process; and shows that there are some 
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kinetic limitations during the electrochemical processes [141, 175]. Such behaviour is 

attributed to lithium ion interfacial charge transfer as well as other electrochemical processes 

involved in the diffusion of lithium ions in a solid phase and electron jumping across a poorly 

or fairly conducting compound [174, 176]. Thus, the ΔEp, unlike in an ideal reversible 

condition, is dependent on ν . Moreover, the peak intensities follow the linear law, Ip = f(ν) 

(Figure 37) with the ratio of peak currents, (Ipa/Ipc) calculated to be 1.29 ± 0.1. Furthermore, 

considering the fact that quasi-reversible electron transfer processes behave reversibly at low 

scan rates and irreversibly at high scan rates [141] as depicted in Figure 33: 
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Figure 33: Comparative cyclic voltammograms of LiFePO4/10% FeCoCNT-PA at (i) 0.1 and 
(ii) 2 mV/s scan rates. 

 

-for 0.1 and 2 mV/s scan rates, it therefore suggests that the Fe2+/Fe3+ redox reaction in the 

LiFePO4/10% FeCoCNT-PA electrochemical system under study is quasi-reversible. This 

observation was also reported by other researchers [116, 165, 177] and equally observed in 

the behaviour of the pristine LiFePO4 used in this work (Figure 34). However, the degree of 

irreversibility is higher in the pristine electrode (ΔEp = 704 ± 220 mV; formal potential = 

3.45 ± 0.004 V; Ipa/Ipc = 1.3 ± 0.1). 
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Figure 34: The effect of potential scan rate on the cyclic voltammograms of pristine LiFePO4 
in 1 M LiPF6 containing 1:1 v/v ethylene carbonate – dimethyl carbonate solvent mixture 
between 0.1 – 0.8 mV/s. Voltage range: 2.3 – 4.0 V.  

 

The improvement of the composite electrode over the pristine electrode (Figure 35) is 

ascribed to a synergistic kinetic-effect of the conductive polyaniline and carbon nanotubes 

additives in the former which enhances its elctrochemical activity. Polyaniline serves as a 

host for lithium ion intercalation and extraction and provides good electronic contact between 

the LiFePO4 particles and the current collector through an overlap of the electrochemically 

active energies of the conductive polymer and that of the working redox couple of the 

carbon- coated oxide insertion compound, LiFePO4 [125]. On the other hand, the nanoscale 

networking with carbon nanotubes enhances the mobility of electrons between the adjacent 

LiFePO4 particles during the lithiation/delithiation process in such a way that the nanotubes 

interlace adjacent LiFePO4 nanoparticles together to form a 3D network wiring without 

blocking the lithium ion transport [178]. 
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Figure 35: Comparative cyclic voltammograms of (i) LiFePO4/10% FeCoCNT-PA and (ii) 
pristine LiFePO4 in 1 M LiPF6 containing 1:1 v/v ethylene carbonate – dimethyl carbonate 
solvent mixture. Scan rate 0.1 mV/s (voltage range: 2.3 – 4.0 V).  

 

The peak notations and descriptions follow similar trends as in the comparisons made 

between the LiFePO4/10% FeCoCNT-PA and LiFePO4/50% FeCoCNT-PA composite 

cathodes (Section 3.1.1). The integration of the area under the anodic and cathodic peaks at 

0.1 mV/s scan rate gave the values of the anodic charge (Qa) and cathodic charge (Qc) to be 

1.95 and 1.77; 1.62 and 1.50 Coulombs for the composite and pristine electrodes, 

respectively; indicating that an almost equal quantity of lithium ions can be reversibly 

deinserted and inserted. The Q values of the pristine LiFePO4 correspond to charge and 

discharge capacities of 127 and 117 mAh/g, respectively. The capacity values again show 

better performance of the composite electrode than the pristine electrode.    
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Figures 36 and 37 illustrate the scan rate dependence of the peak potentials (Epa and Epc) and 

peak currents (Ipa and Ipc) for LiFePO4/10% FeCoCNT-PA. Plots for the pristine electrode are 

shown in Appendices A and B. From Figure 36, Epa increases while Epc decreases as scan rate 

increases.  
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Figure 36: The plots of the (i) anodic peak potential as a function of potential scan rate (ii) 
cathodic peak potential as a function of potential scan rate for LiFePO4/10% FeCoCNT-PA. 
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Figure 37: The plots of the (i) anodic peak current as a function of potential scan rate (ii) 
cathodic peak current as a function of potential scan rate for LiFePO4/10% FeCoCNT-PA. 

 

A linear dependence of peak current on scan rate was observed in the above plots as 

explained previously.  

From the graph, A = intercept; B = slope. 

The linear dependence of peak current on the square root of scan rate was also demonstrated 

in the Randles-Sevcik plot (Figure 38; Equation (21) ), for LiFePO4/10% FeCoCNT-PA. 

Plots for the pristine LiFePO4 are shown in Appendix C. 
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Figure 38: The plots of the dependence of (i) anodic peak current and (ii) cathodic peak 
current on the square root of potential scan rate for LiFePO4/10% FeCoCNT-PA. 
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The non-zero intercepts observed are due to the contributions of non-Faradaic currents. This 

linearity is a confirmation of a diffusion-controlled electron transfer process. In order to shed 

light on the fact that the diffusion of lithium on the electrode surface is the rate- limiting step, 

log-log plots of peak current versus scan rate [139] (Figure 39) were studied. 
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Figure 39: The plots of  log of (i) anodic peak current and (ii) cathodic peak current vs. log 
scan rate for LiFePO4/10% FeCoCNT-PA. 

 

The plots show that peak currents increased linearly with log of scan rate according to the 

equations: log Ipa = 0.67364 x log ν – 0.2848; log Ipc = 0.6388 x log ν – 0.5519. It is well 

known that the slope of such log-log plots is 0.5 if diffusion is the rate–limiting process 

[139]. The slight deviations from this value as observed from the equations is however, as a 

result of the contributions of adsorption processes at the metal/electrolyte interface due to the 

presence of the Fe/Co bimetallic nanoparticles that were used to functionalize the nanotubes; 

and charging of electronically conducting polymers as a result of polyaniline film on the 

electrode surface [123, 179-180]. Hence, the Fe2+/Fe3+ redox process upon 

deinsertion/insertion of lithium in the composite LiFePO4/10% FeCoCNT-PA cathode was 

largely due to diffusion. To buttress this point, log-log plots of the pristine LiFePO4 (Figures 

40 and 41) gave slopes that were approximately = 0.5, according to the equations: log Ipa = 

0.47122 x log ν – 1.14908; log Ipc = 0.46501 x log ν – 1.29805; indicating the absence of 

adsorption processes emanating from the conductive additives.  
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Figure 40: The plot of  log of anodic peak current vs. log scan rate for pristine LiFePO4. 

 

 

Figure 41: The plot of  log of cathodic peak current vs. log scan rate for pristine LiFePO4. 
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According to the Randles-Sevcik equation [146]:  

5 3/2 1/2 1/2
p (2.69 10 )I x n A D Cν=                                         (21) 

The diffusion coefficient, D, calculated from Equation (21) and Figure 38 (i), was found to be 

1 x 10-9 cm2/s and is consistent with those measured by Liu et al [181] for carbon coated 

composite LiFePO4 but about four orders of magnitude higher than values reported by 

Franger et al for raw LiFePO4 [161]; and two orders of magnitude higher than the pristine 

LiFePO4 used in this work (Appendix C (i)) which was calculated to be 4.81 x 10-11 cm2/s. 

This difference is ascribed to the synergistic kinetic effects of the conductive additives in the 

composite cathode as discussed previously. The value is also about four orders of magnitude 

higher than that obtained from electrochemical impedance spectroscopy in this study. Liu et 

al equally observed this phenomenon [181-182]. Shaju et al reported similar observations in 

Li2/3(Ni1/3Mn2/3) O2 cathode systems [167]. The difference in measurements between the two 

different techniques could be ascribed to the complicated model fittings in EIS together with 

the various assumptions made in the calculation of Dapp as discussed earlier on.  

 

3.1.4 Kinetic studies    

The redox properties of the pristine and composite electrodes were further interrogated by 

determining the rate constant of the electron transfer process in the rate-limiting step. The 

standard rate constant, ks of an uncomplicated quasi-reversible electrochemical reaction and 

the scan rate, ν, are governed by the Nicholson’s equation [183]: 

( ) -1/2
s /k Dn F RTπ νΨ= ⎡ ⎤⎣ ⎦                                                        (81) 

Where Ψ is the charge transfer parameter. The other parameters have their usual meanings. 

Equation (81) is applicable when (ΔEp x n) values do not exceed 212 mV and under such 

conditions, the least value of the dimensionless parameter, Ψ that could be obtained is 0.1 
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[183-184]. Therefore, when the measured ΔEp values lie outside the range of Ψ values of the 

Nicholson’s treatment, the Klingler and Kochi equation [185] can be used to calculate ks from 

CV curves: 

1/2 2

s pa pc  2.18 exp - ( - )D nF nFk E E
RT RT
β ν β⎛ ⎞⎛ ⎞= ⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠
                              (82) 

Where β is the transfer coefficient (or the symmetry factor) for the electrode process and is 

equal to α. The transfer coefficient determines what fraction of the electric energy resulting 

from the displacement of the potential from the equilibrium value affects the rate of 

electrochemical transformation [11]; Epa – Epc = ΔEp. 

Re-writing Equation (82), 

1/2 2

s p2.18 exp - ( )D nF nFk E
RT RT
α ν α⎛ ⎞⎛ ⎞= Δ⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠
                                                      (83) 

Re-writing Equation (83), 

2

p( )
-s

1/2

2.18

nF E
RTk e

D nF
RT

α

α ν

⎛ ⎞
Δ⎜ ⎟⎜ ⎟

⎝ ⎠⇒ =
⎛ ⎞
⎜ ⎟
⎝ ⎠

                               (84)  

Taking natural log of both sides, Equation (84) becomes, 

2

p( )
-s

e e1/2log log
2.18

nF E
RTk e

D nF
RT

α

α ν

⎛ ⎞
Δ⎜ ⎟⎜ ⎟

⎝ ⎠

⎛ ⎞
⎜ ⎟
⎜ ⎟ =
⎜ ⎟⎛ ⎞
⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠

                            (85) 

But loge(x) = ln(x) and logee = 1; therefore, Equation (85) becomes: 
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2
s

p1/2ln - ( )
2.18

k nF E
RTD nF

RT

α
α ν

⎛ ⎞
⎜ ⎟
⎜ ⎟ = Δ
⎜ ⎟⎛ ⎞
⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠

                            (86) 

But ( ) ( )Mln = ln M -ln N
N

⎛ ⎞
⎜ ⎟
⎝ ⎠

, re-writing Equation 86,  

( ) ( )
1/2 2

s pln - ln 2.18 -D nF nFk E
RT RT
α ν α⎛ ⎞⎛ ⎞⇒ = Δ⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

                (87) 

Re-writing Equation (87), 

( ) ( ) ( )
1/2 2

1/2
s pln - ln 2.18 - ln -D nF nFk E

RT RT
α αν

⎛ ⎞⎛ ⎞⇒ = Δ⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
                          (88) 

Making ln (ν) ½ the subject, Equation (88) becomes: 

( ) ( )
2

1/2 s
p1/2ln ln

2.18

k nF E
RTD nF

RT

αν
α

⎛ ⎞
⎜ ⎟
⎜ ⎟= + Δ
⎜ ⎟⎛ ⎞
⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠

                (89)  

Re-arranging, Equation (89) becomes: 

( ) ( )
2

1/2 s
p 1/2ln ln

2.18

knF E
RT D nF

RT

αν
α

⎛ ⎞
⎜ ⎟⎛ ⎞ ⎜ ⎟= Δ +⎜ ⎟ ⎜ ⎟⎛ ⎞⎝ ⎠
⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠

                (90) 

Equation (90) is now of the form: y = mx + c; 

⇒That a plot of ( )1/2ln ν vs. ΔEp gives slope = 
2nF
RT

α⎛ ⎞
⎜ ⎟
⎝ ⎠

and intercept =
1/2ln

2.18

sk
D nF

RT
α

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟⎛ ⎞
⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠

. 
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Thus, ks can be calculated from the intercept according to the following steps: 

s
e 1/2Intercept = log

2.18

k
D nF

RT
α

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟⎛ ⎞
⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠

                                                     (91) 

Taking exponent of both sides, Equation (91) becomes, 

s
1/2

2.18
Intercept

elog

k

D nF
RTe e
α

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟

⎛ ⎞⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠=                                             (92) 

But logee = 1, therefore Equation (92) becomes: 

Intercept s
1/2

2.18

ke
D nF

RT
α

⎛ ⎞
⎜ ⎟
⎜ ⎟=
⎜ ⎟⎛ ⎞
⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠

                                     (93) 

( )
1/2

Intercept
s 2.18 D nFk x e

RT
α⎛ ⎞⎛ ⎞∴ = ⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

                                      (94) 

Plots of ( )1/2ln ν   vs. ΔEp are shown in Figures 42 and 43 for the composite and pristine 

electrodes: 
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Figure 42: The plot of ( )1/2ln ν  vs. ΔEp for composite LiFePO4/10% FeCoCNT-PA.  

 

Figure 43: The plot of ( )1/2ln ν vs. ΔEp for pristine LiFePO4. 

 

Considering Equation (94), α was calculated according to the treatment for the general case 

of a quasi-reversible one-step, one-electron reaction which follows the equation [145]:  
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2

p 2.718
F AI

RT
α νΓ

=                        (95) 

Where Γ is the surface concentration of electroactive species and calculated according to the 

equation [145]: 

Q nFA= Γ                                   (96) 

Q
nFA

⇒Γ=                       (97) 

From Equation (95), 

( )
2

p 2.718
F AI

RT
α ν

⎛ ⎞Γ
=⎜ ⎟
⎝ ⎠

                    (98) 

Equation (98) is now of the form, y = mx;  

⇒  That a plot of pI  vs. ν (Figure 37 (i) for the composite electrode and Appendix B (i) for 

the pristine electrode) gives slope = 
2

p

2.718
I F A

RT
α

ν
Γ

=                                     (99) 

2

2.718 xslopeRT
F A

α⇒ =
Γ

                           (100) 

Thus, using the respective values of D (calculated from CV); Q; Γ and α, the values of ks 

from the graphs were found to be 7.05 x 10-7 cm/s for the LiFePO4/10% FeCoCNT-PA 

composite cathode and 2.68 x 10-7 cm/s for the pristine LiFePO4. This shows that electrode 

reactions are kinetically more facile in the modified cathode system than in the unmodified 

one. The summary of the calculated kinetic parameters are shown in Table 10:   
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3.1.5 Conductance studies 

Conductance may be defined in the context of cyclic voltammetry as a measure of how well 

an electroactive specie carries an electric current. By applying the classical Ohm’s relation to 

multiple potential scan rate cyclic voltammetry,  the conductance pofile of the redox states of 

the electrodes (pristine and composite) can be determined [186]. From Ohm’s law: 

V = IR                    (101) 

VR
I

⇒ =  

But conductance, G, is the reciprocal of R 

ν

ν

IIG
V E

∴ = =                                             (102) 

In a multiple scan rate study, 

ν

ν

IG
E
Δ

=
Δ

                               (103) 

Where ν p(0.5 mV/s) p(0.1 mV/s)-  I I IΔ =    

              ν p(0.5 mV/s) p(0.1 mV/s)-  E E EΔ =  

From Figures 32 and 34, the conductance values of the two redox states of each cathode 

(pristine and composite) were determined by taking the average value for the two redox 

states. The values are shown in Table 10. The composite cathode gave higher conductance 

values as a result of the conductive additives present. The values agree with reported values 

from cyclic voltammetry [186].  
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Table 10: Electrochemical kinetic parameters of LiFePO4/10% FeCoCNT-PA and LiFePO4 

obtained from cyclic voltammetry at 298 K. 

Cathode  D/cm2 s-1 Q/C  Γ/molcm-2 α ks/cm s-1 Conductance/S 

composite 1.0 x 10-9 1.95 1.005 x 10-5 0.3 7.05 x 10-7 1.83 x 10-2 

pristine 4.81 x 10-11 1.62 8.361 x 10-6 0.1 2.68 x 10-7 8.21 x 10-3 

 

3.1.6 EIS studies (Part 2) 

Further to discussions on EIS (Section 3.1.2), Figures 44 and 45 represent the Nyquist and 

Bode phase-impedance plots of the pristine and composite electrodes:  

 

 

Figure 44: Comparative Nyquist plots of (i) LiFePO4/10% FeCoCNT-PA and (ii) pristine 
LiFePO4 at formal potential of 3.4 V vs. Li/Li+ and perturbation amplitude of 5 mV. 
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The discussions follow similar trends as in the comparisons made between the LiFePO4/10% 

FeCoCNT-PA and LiFePO4/50% FeCoCNT-PA composite cathodes (Section 3.1.2). A 

marked decrease in semi-circle shows that the composite electrode has better conducting properties 

with enhanced electron transfer mediation than the pristine electrode. This observation is corroborated 

by the Bode phase-impedance plots. The plot of Zre vs. ω−½ for pristine LiFePO4 is shown in 

Appendix D.   

 

Figure 45: Comparative Bode phase-impedance diagrams of (i) LiFePO4/10% FeCoCNT-PA 
and (ii) pristine LiFePO4 at 3.4 V vs. Li/Li+ and perturbation amplitude of 5 mV. 

 

The Figure shows higher impedance to electron transfer on the pristine electrode as 

evidenced by the impedance and phase angle values at low frequency regimes where 

disturbances to the equilibrium positions of the systems are minimal. This lends credence to 

the fact that facile electrode kinetics takes place on the composite cathode than on the 

unmodified LiFePO4. Table 11 gives a summary of the kinetic parameters determined for 

both electrodes from electrochemical impedance spectroscopy: 
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Table 11: Kinetic parameters of LiFePO4/10% FeCoCNT-PA and LiFePO4 obtained from 

electrochemical impedance spectroscopy at 298 K. 

Cathode  τ/s rad-1 Rct/Ω Io/A ket/cm s-1  σ/Ω s-1/2 Dapp/cm2 s-1 

composite 6.43 x 10-5 24.57 1.045 x 10-3 2.36 x 10-7 38.41 4.57 x 10-14 

pristine 9.76 x 10-4 450.7 5.70 x 10-5 1.20 x 10-8 82.27 9.97 x 10-15 

    

3.1.7 Charge/discharge studies 

The rate capability and cyclic stability of the composite and pristine electrodes were 

investigated for potential applicability in lithium ion batteries with respect to 

deinsertion/insertion of lithium using the LIR 2032 coin cells. Typical charge/discharge 

profiles at 0.1 C rates for both electrodes are shown in Figures 46 and 47. 

 

Figure 46: Charge/discharge curves of composite LiFePO4/10% FeCoCNT-PA at 0.1 C rates 
for the 1st, 2nd 15th and 29th cycles. 
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Figure 47: Charge/discharge curves of pristine LiFePO4 at 0.1 C rates for the 1st, 2nd 15th and 
24th cycles.  

 

A flat charge/discharge voltage plateau was observed for both the pristine LiFePO4 and 

composite LiFePO4/10% FeCoCNT-PA systems between 3.4 V - 3.5 V ranges which is 

consistent with the CV formal potential obtained at around 3.44 V and typical of a well-

defined LiFePO4 olivine structure indicating the two-phase nature of lithium 

deinsertion/insertion between LiFePO4 and FePO4 [112]. The length of the flat voltage-

plateau, gives the cell capacity [116]. In other words, a long flat voltage-plateau indicates a 

high charge/discharge capacity. As shown in Figure 48 for the 15th cycle, the composite 

cathode exhibits a longer and flatter voltage profile than the pristine electrode thus giving a 

charge and discharge capacities of 111.41 and 112.78 mAh/g; respectively. The pristine 

electrode, with a broader and shorter voltage plateau, gave charge and discharge capacities at 

98.88 mAh/g and 91.29 mAh/g. The closeness of both capacities for the composite electrode 

indicates higher reversibility of the electrochemical processes during cycling.  



  117

 

Figure 48: Comparative charge/discharge curves of composite LiFePO4/10% FeCoCNT-PA 
and pristine LiFePO4 at 0.1 C rates for the 15th cycle. 

 

The charge-discharge capacities of the pristine and composite electrodes for several 

successive cycles are shown in Figures 49 – 52. The composite cathode exhibited an almost 

constant charge capacity profile than the pristine electrode. A similar occurrence was 

observed in the respective discharge profiles. This behaviour culminated in the composite 

electrode having higher capacity retention which is also related to good cycle reversibility 

and higher coulombic efficiency. The poor cycle stability of the pristine elctrode obviously 

affected its rate performance as shown in Table 12.  
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Figure 49: Charge capacity vs cycle number profile for the first 29 cycles of composite 
LiFePO4/10% FeCoCNT-PA at 0.1 C.   

 

Figure 50: Charge capacity vs cycle number profile for the first 24 cycles of pristine 
LiFePO4 at 0.1 C.   
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Figure 51: Discharge capacity vs cycle number profile for the first 29 cycles of composite 
LiFePO4/10% FeCoCNT-PA at 0.1 C.   

 

 

Figure 52: Discharge capacity vs cycle number profile for the first 24 cycles of pristine 
LiFePO4 at 0.1 C.   
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Table 12: Charge-discharge data for composite LiFePO4/10% FeCoCNT-PA and LiFePO4 
cathode materials at 0.1 C rates between 3.0 and 4.0 V at 298K.    

 

Loss = (1st cycle Qcharge – 1st cycle Qdischarge)/ (1st cycle Qcharge) x 100% [168]. 

Capacity retention = (last cycle Qdischarge/1st cycle Qdischarge) x 100% [168].  

Coulombic efficiency = (ratio of discharge capacity to charge capacity) x 100% [187]. 

Figures 49-52 show that the total number of cycles for the composite cathode is 39, while that 

for the pristine electrode is 24. Hence, for ease of comparison, the 20th cycle was chosen as 

the last cycle in Table 12. Comparing capacity results obtained from CV with that from 

charge/discharge experiments, it was observed that higher capacities were achieved from the 

former technique than the latter as demonstrated in Tables 13 and 14: 

Table 13: Comparative analysis between capacity data obtained from CV and 

charge/discharge experiments for composite LiFePO4/10% FeCoCNT-PA at 298 K.   

Technique Qcharge/mAh/g Qdischarge/mAh/g 

CV at 0.1 mV/s 148 134 

Charge/discharge at 0.1 C rates 

(1st cycle) 

123 111 

Cathode 1st cycle 

Qcharge/mAh/g 

1st cycle 

Qdischarge/mAh/g

Loss 

/% 

Last  cycle 

Qdischarge/mAh/g

Capacity 

retention/% 

Coulombic 

efficiency/% 

composite 122.95 110.66 10 110.35 99.72 90.00 

pristine 124.44 100.00 19.64 89.61 89.61 80.36 
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Table 14: Comparative analysis between capacity data obtained from CV and 
charge/discharge experiments for pristine LiFePO4 at 298 K.   

Technique Qcharge/mAh/g Qdischarge/mAh/g 

CV at 0.1 mV/s 127 117 

Charge/discharge at 0.1 C rates 

(1st cycle) 

124 100 

 

This discrepancy could be as a result of inefficiencies in current during battery 

charge/discharge cycling. It was observed that the 10 h discharge time expected for a 

charge/discharge experiment at the 0.1 C rates took about 7 h to run meaning that the whole 

time-range was not fully exploited. In contrast, a run time of almost 10 h was observed during 

CV experiments. This might be connected to the lower capacity performance when compared 

with results reported by other researchers which were obtained from charge/discharge 

experiments [188-191]. However, the capacities were observed to be higher than those 

obtained by some other researchers [192-193].     

 

3.1.8 Capacitance studies 

As stated earlier in this thesis (Section 1.1), electrical energy can be stored in two 

fundamental different ways: (a) in batteries (indirectly) as potentially available chemical 

energy requiring Faradaic oxidation and reduction of the electrochemically active reagents to 

release charge that can perform electrical work when they flow between two electrodes 

having different electrode potentials [142] and (b) in supercapacitors (directly) in an 

electrostatic way as negative and positive electric charges on the plates of a capacitor, a 
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process known as non-Faradaic electrical energy storage [142]. The energy stored by 

supercapacitors is measured in Farad, which is the international system of units (SI unit) for 

capacitance. Supercapacitors are characterised by high capacitance values in Farad ranges 

[194].  Thus, in terms of capacitance, the high performance composite cathode system, 

LiFePO4/10% FeCoCNT-PA, can also serve as a supercapacitor material as demonstrated 

below. Since the capacitance (C) of an electrode is given by the formula: 

x
QC

m E
=

Δ                    (104) 

The Q (of discharge) calculated for LiFePO4/10% FeCoCNT-PA composite (Section 3.1.1) is 

1.77 C; and  since 1 Coulomb = 1 As (ampere x second) = 1 FV (Farad x volt), it implies that 

1.77 C = 1.77 FV; m = electrode mass = 3.672 mg = 3.672 x 10-3 g; voltage range of CV = 2.3 

to 4.0 V, which implies that ΔE = 4.0 – 2.3 V = 1.7 V. Substituting all the values, Equation 

(104) becomes, 

-3

1.77 (FV)
3.672 x10 (g) x1.7 (V)

C =
                 (105) 

283.7 F / gC⇒ =   

The above value is the specific capacitance of the high performance composite cathode 

obtained from CV data. From Table 12, the discharge capacity from the first cycle obtained 

for the high performance composite cathode is 110.66 mAh/g. This can be converted to 

capacitance according to the following steps:  

110.66 mAh/g = 110.66 x 10-3 Ah/g 

But 1 Ah = 3600 As 
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-3
-3 110.66 x 10 (Ah/g)110.66 x 10  Ah/g =  x 3600 (As) = 398.38As/g  

1(Ah)
∴

           (106) 

But 1 As = 1 FV 

398.38 As/g =398.38 FV/g ∴  

But the voltage range of the charge/discharge experiment = 3.0 to 4.0 V. This implies that ΔE 

= 4.0 – 3.0 V = 1.0 V. Therefore, applying Equation (104), the specific capacitance becomes:  

398.38(FV/g)= 398.38F/g
1 (V)

C =
                                                                                           (107) 

This high value of 398.38 F/g was orchestrated by the presence of the conductive FeCo-

derivatised CNTs and polyaniline nanomaterials and is consistent with capacitance values 

reported for supercapacitor materials of high specific capacitance [195-200].   

 

3.2 Electron microscopy studies 

HRTEM micrographs of synthesized FeCo bimetallic nanoparticles (Figure 53) showed 

spherical nanoparticles of 35-50 nm in diameter connected in chains of beads due to magnetic 

and electronic interactions between the metal particles [201].  
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Figure 53: HRTEM micrograph of FeCo nanoparticles.    

 

Similar HRTEM images have been reported for FeCo nanoparticles [202-203]. The elemental 

analysis from EDX (Table 15) showed that the nanoparticles contain 56.84% Fe and 43.15 % 

Co. This distribution is close to the original ratio (3:2) of the metal precursors in the reaction 

mixture. The oxygen peak in the EDX profile (Figure 54) could be as a result of surface 

oxidation of FeCo nanoparticles during sample preparation and characterization; the peaks 

from carbon and copper were from the carbon-coated copper grid used during analysis. 

 

Table 15: EDX Analysis of FeCo Nanoparticles. 

 

 

 

 

Element Weight %    

   

Atomic % Uncertainty %  Detector 

Correction 

k-Factor 

Fe(K) 56.84 58.16 0.19 0.99 1.403 

Co(K) 43.15 41.83 0.16 0.99 1.495 
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Figure 54: EDX profile of FeCo nanoparticles. 

 

The morphology of the nanoparticles as obtained from SEM (Figure 55) revealed porous 

nanoclusters which facilitate movement of electrons during extraction and insertion of 

lithium within the 3D framework between the nanotubes and adjacent LiFePO4 particles 

[178] as explained earlier on (Section 3.1.3).   
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Figure 55: SEM micrograph of FeCo nanoparticles. 

 

The porous nanoclusters thus provide wider electrode surface area that helps to minimize 

energy loss due to both activation and concentration polarisations at the electrode surface and 

increase the electrode efficiency or utilisation [11].  

The synthesised FeCo nanoparticles were subsequently attached to the ends and walls of the 

nanotubes. Prior to this, the raw nanotubes were purified by acid-treatment to render them 

soluble for further characterisation and application. Figures 56 and 57 show the HRTEM 

images of raw and purified CNTs.            
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Figure 56: HRTEM micrograph of raw CNTs. 

 

The image revealed several layers of graphitic carbon and hollow cores [204]. 

 

Figure 57: HRTEM micrograph of acid-purified CNTs. 

The image shows a decrease in the outer diameter of the tubes with increased surface 

roughness when compared with the raw CNT. This observation supports the oxidative-
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functionalisation of CNTs in 3: 1 H2SO4/HNO3 acid mixture for 8 h ultrasonication. FeCo 

nanoparticles were then successfully attached to the CNTs as shown in Figure 58: 

 

Figure 58: HRTEM micrograph of FeCo Functionalised CNTs 

 

FeCo bimetallic nanoparticles were attached to the CNTs according to the following scheme 

(Scheme1): 

 

Scheme 1: Simulative view of the process for attaching FeCo nanoparticles to CNTs.  
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The successful fabrication of the FeCo-CNT composite through the above scheme is a 

prelude to the formation of  the  strong 3D nano-network of CNT and adjacent LiFePO4 

particles which through a kinetic synergy with polyaniline nanomaterials, enhances the 

electrochemical performance of LiFePO4 as illustrated in the earlier sections of this thesis. 
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Chapter 4 

Conclusion 

Novel, high performance lithium ion battery cathode based on LiFePO4/FeCoCNT-PA 

composites has been developed. The voltammetric, impedimetric and charge/discharge 

properties of this new electrode, LiFePO4/10% FeCoCNT-PA were interrogated using LIR 

coin cells of the 2032 configuration. Scan rate studies revealed quasi-reversible behaviour of 

the electrode which is in agreement with findings by most researchers for composite and 

pristine LiFePO4 electrodes. The rate constant of electron transfer calculated from both CV 

and EIS revealed complementary results from both techniques and showed the composite 

cathode having values of about an order of magnitude higher than the pristine LiFePO4 

electrode. This was made possible by the kinetic synergistic effects of the conductive FeCo-

derivatised CNTs and polyaniline nanomaterials that were present in the composite cathode 

system. Due to this same synergy, values of diffusion coefficients calculated from CV 

showed the performance of the composite electrode to be about two orders of magnitude 

higher than the pristine cathode and consistent with reported values. The charge capacity of 

the composite electrode calculated from CV data also revealed the superiority of the modified 

electrode over the unmodified and was found to be about 87% of the theoretical capacity of 

LiFePO4. The charge and discharge capacities of the composite cathode at 0.1 mV/s scan rate 

combined to give a reversible capacity of 91% which is consistent with the Coulombic 

efficiency of 90% calculated for the high performance electrode from charge/discharge 

experiments for the first cycle at 0.1 C rates. The discharge capacity of the high performance 

cathode was found to be higher than some reported values. The novel electrode exhibited 

excellent cyclability after 20 cycles with a capacity retention of 99.72%, a desirable property 

in a lithium ion cell.  
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The results obtained from the various electrochemical studies conducted in this thesis suggest 

that the novel LiFePO4/10% FeCoCNT-PA composite cathode presents good properties for 

applications in lithium ion batteries as well as in supercapacitors as seen in the high 

capacitance values calculated. The overall performance of this novel cathode was 

orchestrated by the presence of the conductive FeCo-derivatised CNTs and polyaniline 

nanomaterials.  

 

For future work, there is need for further optimization as it is necessary to study the rate 

capabilities of various cathode systems at different compositions and different C-rates.   
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Appendix A 

 

Figure A (i): The plot of the of the anodic peak potential as a function of potential scan rate 

for pristine LiFePO4. 

 

 

Figure A (ii): The plot of the cathodic peak potential as a function of potential scan rate for 

pristine LiFePO4. 
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Appendix B 

 

Figure B (i): The plot of the anodic peak current as a function of potential scan rate for 

pristine LiFePO4. 

 

Figure B (ii): The plot of the catodic peak current as a function of potential scan rate for 

pristine LiFePO4. 
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Appendix C 

 

Figure C (i): The plot of the dependence of the anodic peak current on the square root of 

potential scan rate for pristine LiFePO4. 

 

Figure C (ii): The plot of the dependence of the anodic peak current on the square root of 

potential scan rate for pristine LiFePO4. 
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Appendix D 

 

Figure D: The plot of Zre vs. ω−½ for pristine LiFePO4 

 


