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Abstract

A novel lithium ion (Li-ion) battery cathode material has been investigated for potential mobile
technology energy storage applications. | have successfully synthesized Lithium Manganese oxide
(LMO), reduced Graphene Oxide (rGO) and Aluminium trifluoride (AlF3). The cathode coated
nanocomposite was compiled of the aforementioned materials to give [AIF3LiMn204-rGO]. A
single-phase spinel was observed from X-ray diffraction (XRD) studies with a high intensity (111)
plane which indicates good electrochemical activity. No alterations to the crystal structure were
observed after forming the composite nano-cathode material. Fourier transfer infrared (FTIR)
spectroscopy showed the vibrational spectrum of LiMn.O4 with a with asymmetric MnOe
stretching confirming that the spinel was formed. The A9 mode of Raman spectroscopy showed
Mn-O vibrations. From High-Resolution Transmission Electron Microscopy (HRTEM) we
confirmed a highly crystalline material with separation (d-spacings) calculated as 0.187 nm. This
could also be said for AIF; and rGO with similar d-spacings in the (A) angstrom range. HRTEM
allows us to deduce that the [AIFsLiMn;0s-rGO] nanocomposite cathode material will display
improved lithium diffusion properties, as the Li* pathlength is shorter for the charge/discharge
process. High Resolution Scanning Electron Microscopy (HRSEM) showed impressive spinel
growth of the AIFs coated nanocomposite cathode material. The characterization results for
[AIFsLiMn204-rGO] cathode material hints that a structurally and electrochemically stable novel
coated lithium ion cathode has been synthesized and can potentially be employed as a cathode
material in new age lithium ion batteries. The current conducting capacity improved by about 5
times as can be seen when comparing the peak current densities from 2.89 pA and -2.08 pA to
10.14 pA and -7.17 pA, clearly hinting towards improved electrochemical capacities and energy
densities of the novel [AIFsLiMn204-rGO] nanocomposite cathode material when applied to a

battery which gives it an extended lifespan.
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Chapterl: Introduction

Chapter Overview

This chapter highlights that fact that sustainable renewable energy resources are needed to meet
the requirements for the global energy demand. These energy sources are to be coupled with energy
storage systems such as batteries which are capable of storing energy and discharging stored

energy when required

1.1 World energy crisis

The current global energy demand exceeds the earths energy resources. The earth’s energy
resources are therefore not sustainable as it will not meet the energy requirements of the future.
This crisis is primarily due to the rapidly increasing global population and the evolution of
technological devices which require large amounts of energy [1]. These devices include cell
phones, laptops, electric vehicles and many others which need to be charged up at all times in this

era we call the age of technology.

Fossil fuels have been used since the beginning of time. It was only during the industrial revolution
in the 18™ century that the extraction of coal and oil became a wide spread necessity in order to
fuel power tools and machines. A little over 200 years on, mankind is superseding these essential
fossil fuels as a result of overconsumption. It is estimated that oil reserves would have depleted by
the year 2050 [2], this can be observed in Figure 1 below. Coal and gas will also run towards

completion very soon after oil, this is due to the energy fuel gap which will be created.
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Figure 1: Global energy reserves and expected depletion dates [2]

Fossil fuels are running low and therefore renewable sustainable energy sources are required. The
use of fossil fuels also has a negative impact on the environment [3]. Combustion of fossil fuels is
one of the major contributing factors to global warming as the process of burning fossil fuels in
order to generate electrical energy produces high volumes of carbon dioxide (COy). It is estimated
that the amount of CO» produced from the motor industry will increase by 65% in the year 2020.

This is due to the 1.5 billion vehicles which are expected to be on roads across the world [4].

Sustainable energy is defined as the fulfillment of energy for our current requirements and meeting
the energy requirements for future generations to come. Renewable energy sources are generally
more environmentally friendly, cheaper and are considered green energy sources. These sources
are mainly solar, hydro, biomass and wind energy to name a few [5]-[7]. The use of these
renewable energy sources will be unsustainable in various parts of the world due to seasonal
weather patterns. In order to obtain maximum efficiency from these renewable energy sources, we
need energy storage devices which are able to reproduce the electrical energy stored at a moment’s
notice. It is for this reason that | have decided to study energy storage devices, more specifically
batteries.

2
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1.2 Batteries

Batteries are energy storage devices which convert chemical energy into electrical energy by
means of a redox reaction. A battery is composed of two or more electrochemical cells. These
electrochemical cells are connected in series or parallel in order to create the desired voltage or
power output. Primary batteries can only be used once and secondary batteries are rechargeable.
Primary batteries cannot be recharged due to the nature of its electrolyte; there is no liquid
electrolyte. It is thus given the term dry cell. These batteries have a high-energy density and are
used in smaller portable electronic applications such as in flash torches and cameras. The
rechargeable property which the secondary battery contains, is very attractive to many
applications. These include mobile phones, laptops and electric vehicles. This is because the
battery is able to restore a full 100% charge after being discharged. During discharge, electrons
flow from the anode to the cathode. The charge process is the exact opposite of discharging where
electrons are transported from the cathode to the anode through the external electrical circuit and
ions migrate from the cathode to anode through the electrolyte [8]. An example of the discharging

redox process of a ZnCl; electrochemical cell can be observed below:

Anode: Zn® — Zn?* + 2¢° (1)
Cathode: Cl2> + 2e" — 2CI’ (2)
Overall: Zn®+ Cl; — Zn?*" + 2CI (3)

The primary components of a battery include the anode, cathode and electrolyte. The cathode is
the positive electrode and the anode is the negative electrode. The electrolyte controls the flow of
positive ions, usually lithium ions from one electrode to the other. Electrons do not flow through

the electrolyte but rather through the external electrical circuit. Current collectors at the anode and

3



cathode allow for the migration of electrons to take place. Copper metal is usually used at the
anode and aluminum at the cathode. Both electrodes are complex composites which contain
polymeric binder material to hold them in place [9]. The current global market for batteries is $132
billion with demand increasing at a rapid rate in countries such as India, Japan and South Korea
[10].

1.3 Battery Concepts

A battery is composed of a group of electrochemical cells which are packed together to form a
battery. Inside a cell, there are three components namely; anode, cathode and electrolyte. The
anode is the negative electrode and is the site at which oxidation takes place. The cathode is the
positive electrode and is the site at which reduction takes place. The electrolyte is the medium
through which ions are transported in-between electrodes. In ideal cell conditions, the electrolyte
will not participate in cell reactions. Thermodynamics and kinetics play an important role in
determining the energy storage and power characteristics of a battery. The basic thermodynamic

considerations for reversible electrochemical systems follow below:

AG = AH — TAS (4)
and
AG® = AH®° — TAS® (5)

AG is the change in Gibbs free energy or the energy of a reaction available for useful work. AH is
the change enthalpy or the energy released by the reaction. AS is the change in entropy and T is
the absolute temperature. TAS is the heat associated with the organisation/disorganization of the
materials. AG°, AH® and AS°® are the Gibbs free energy, Enthalpy and Entropy at standard
conditions, 25°C. 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 appliance. Consider the cell reaction

below:
LixMn204 + LiyCs = Lix+sMn204 + Liy—5Ce (6)
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The thermodynamic quantity describing the change in enrgy as a function of Li concentration in

the chemical potential (i) defined as:

W= — (7

Where X is the number of inserted Li atoms. The change in free energy can be expressed as;

AG = —nFE (8)
Where n is the number of electrons in both electrode reactions. F is Faradays constant and E is the

potential difference between the electrodes.

In order to understand the relationship between chemical and electrical energy in a battery system,

we combine equations 7 and 8 as follows;

JFE = pa— pa 9)

Where pa and pa are the chemical potentials of Li ions in the cathode and anode.

The current flowing through the external circuit can be defined as the charge per unit time and is
given as; I = Q/t. Where | (A) is the current in Amperes, Q (C) is the charge in Coulombs and t
(s) is the time in seconds. The applied charge will consume reactant according to its redox
constituents [11]. This is given by

It It (10)
nNAe_ nF

Nm =

Where n is the number of electrons gained or lost, Na is Avogadro’s constant, e is the charge on

the electron and F is Faraday’s constant.

In a cell, redox reactions occur at the electrode/electrolyte interface. These reactions are referred
to as the charge transfer process. The current flow across the electrode is equivalent to the amount
of redox reactions taking place. The rate of current flow is given by the Butler-Volmer equation
below [11]:



logi, = log(nFAK®) + (1 — a) log[0x]P"¥ + alog[Red]Pulk (11)

1.3.1 Fuel Cells

Fuel cells (FC) serve as a source of clean power generation, contributing zero greenhouse
emissions to the environment. This is due to the fact that fuel cells convert hydrogen and oxygen
into steam as a waste product. Similar to batteries, FC are very quiet in application. FC have been
found to be more efficient in converting energy in a fuel to power than in gasoline engines or utility
thermal plants. Fuel cells can be incorporated into all areas of society. These include utilities, car
manufacturers and in portable electronic devices such as laptops. Governments around the world
have realized the need for alternative power sources and are investing capital into FC research and
development in order to move away from fossil fuels as they are depleting and have an ever-

increasing carbon footprint.

FC convert chemical energy into electrical energy. FC are composed of an anode, cathode and
electrolyte which is the medium for 1onic transport within the FC. Unlike batteries, FC do not
contain the fuel and oxidant within the FC but are supplied by an external fuel source. FC are
similar to internal combustion engines, they operate as long as there is a constant fuel supply. In
FC hydrogen serves as the fuel source and water vapour escapes from the exhaust. Fuels such as
methanol and methane must be converted to hydrogen in order to be used in FC. The basic reaction

which takes place in a H2-O2 FC is as follows:

H, + % 02— H,0 EO=1.229V (12)

Electrical energy is obtained by the conversion of chemical energy due to the reaction between
hydrogen and oxygen at the electrodes in the FC. Low temperature FC use acidic or alkaline
electrolytes. The electrode reaction in acidic electrolytes are as follows:



Anode: Hz + 2e"— 2H" (13)

Cathode: Oz + 2H* + 2" — H20- (14)
H20, + 2H* + 26" — 2H,0 (15)
Overall: O + 4H" + 4" — 2H,0 (16)

Catalysts are required to speed up the dissociation rate of Hz at the anode. These include platinum-
based alloys which is also used at the cathode in order to improve reaction rate. This platinum
based catalysts are very expensive and are thus modified on nanostructured dimensions with
various compositions of porous in order to enhance its properties and lower the product cost price
[12]. Governments around the world are funding FC research due to the need for sustainable

renewable energy. The current FC investment market value amounts to $140 million [13].

1.4 Electrochemical Storage Devices

An Electrochemical Capacitor (EC) is a device which stores charge. The standard configuration of
an EC is two conductors which have equal but opposite charges. EC can be used in various power
utility applications such as the storage of electrochemical energy, filtering out unwanted frequency
signals and making frequency dependent and independent voltage divides when combined with
resistors. EC can also be incorporated into hybrid and electric vehicles. The global market for EC

products and applications is between $150 and $200 million annually.

EC are composed of electric double layer and pseudo capacitors. EC differ from conventional
dielectric and electrolytic capacitors in that they store more energy. The electrochemical storage
properties of EC include rapid charging, reliability, high cyclability and a wide range of safe
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operation temperatures. Repetitive processes such as applying of brakes in cars or the descent in
elevators allow for easy energy generation in EC. Large scale EC are able to regulate the power of
the electrical grid so as to prevent shutdowns and power outages. EC differ to batteries in that they
store electrical charge instead of chemical energy. Due to the fact that electrical energy is stored
physically, there is very little charge-discharge limitations and can undergo millions of cycles
before failure. EC are thus also able to deliver more power than batteries. The basic operation of

EC can be seen in the circuit diagram below:

—— VA —

Ca R; Ce

Figure 2: Basic operation of EC

Ca and C; are the double layer capacitances of the anode and cathode. R is the internal
resistance.

The annual market for EC is $150 - $200 million. The Ragone in Figure 3 plot below shows the
comparison between batteries, FC capacitors and supercapacitors in terms of their specific power
and energy densities. It is observed that batteries have the more stable power to energy conversion
than FC and capacitors, as FC have a high-energy density and capacitors/supercapacitors have high
power densities. Batteries are also cheap and have a minimum impact on the environment. It is for

this reason that batteries are far more commercialized than any of its energy storage competitors.
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Figure 3: Power density as a function of energy density for various energy storage devices [12]

1.5 Classification of batteries

Batteries can be classified as three types namely; primary, reserve and secondary. Primary batteries
are non-rechargeable and must be thrown away after use. Reserve batteries are similar to primary
batteries in that they are not rechargeable. They usually have a removable component which is
removed prior to use. This prevents self-discharge and can therefore be stored for long periods of
time before being used. Secondary batteries are rechargeable and last according to their cycle life.
Secondary batteries are further divided into Lithium ion (Li-ion), Nickel metal hydride (Ni-MH),
lead acid, and Nickel cadmium (Ni-Cd). Since the development of portable electronics, the size of
batteries has become smaller and smaller. Li-ion batteries are at the forefront of energy production
in the latest technological developments such as smart phones, laptops and electric vehicles due to
their high capacities, energy densities and improved rate capabilities. Lithium is relatively
inexpensive and the lightest metal on the periodic table [14]. Lithium metal also has the highest
standard reduction potential of — 3.04 V. This is higher than any of the other battery electrode
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materials such as sodium (- 2.71 V), magnesium (-2.70 V) and aluminum (-1.66 V). This shows
that Li-metal has the least tendency to be reduced in comparison to the above mentioned metals
[8]. Figure 4 illustrates the relationship between volumetric and specific energy density in
secondary batteries. It can be observed that Li-ion batteries have the highest energy density for

amongst all secondary battery types.
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Figure 4: Volumetric vs specific energy density in secondary batteries [14]

Li-ion batteries have unique properties, but they also have a few concerning down sides. These
include rapid capacity fading, decreased power and energy densities. Safety is also a concern as
Li-ion materials are very reactive especially at elevated temperatures [15]. The cathode is the
positive electrode and is also the biggest part of the Li-ion battery system and therefore is very
important in providing the battery with energy. The most popular cathode materials for Li-ion
batteries include; LiCoO2, LiMnO, LiFePOs4, LiNiO2 to name a few [15]. Lithium ion batteries

have a global market value of 12 billion USD per annum and this has been estimated to increase
to 25 billion USD by the end of 2017 [16]-[17].
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1.6 Problem statement

In this study, I will be conducting extensive research on LiMnO; and its modification as a high-
performance Li-ion battery cathode material. LiMnO: has attractive commercial properties. It is
cheap, non-toxic and readily available in nature. Pristine LiMnO2 however does have a few
electrochemical issues when it comes to battery performance. The main problem is capacity fading
due to Jahn-Teller distortion as a result of manganese dissolution into the electrolyte. In an effort
to prevent the loss of capacity during cycling, | will be modifying the pristine LiMnO> cathode
material with nano-AlFz and graphene. The coating of AIFz nanoparticles will minimize
manganese dissolution and also improve cycle life. Graphene has immense electronic properties
and will also aid in improving the electronic properties of the [AlF3xLiMn204-Graphene] cathode

material.

1.7 Objectives

e To develop a novel Li-ion cathode material which improves the structural and
electrochemical stability of the pristine LiMn2O4 cathode material.

e To synthesize and characterize crystalline AlFs which serves as a protective layer to
increase cyclability, rate capability and thermal stability of the pristine cathode material.

e To synthesize and characterize reduced graphene oxide (rGO) which improves the
synergistic properties of pristine LiMn20a,

e To determine the power density, energy density and the stability of the novel cathode

material synthesized.
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Chapter 2: Literature review

Chapter Overview

This chapter includes a review of various lithium ion cathode and electrochemical storage systems

of lithium, their pros and cons as well as battery concepts. The anode in lithium ion batteries is

also discussed in brief.

2.1 Developed battery technologies

Table 1: Comparison of Lead acid, NiCd and Li-ion battery properties [18]-[20]

Lead acid NiCd Li-ion
Gravimetric energy 30 - 50 45 - 80 110 - 160
density (Wh/kg)
Cycle life 200 - 300 1500 500 - 1000
Fast time charge (h) 8-16 1 2-4
Cell Voltage (V) 2 1.25 3.6
Operating -20 to 60 -40 to 60 -20 to 60
temperature (°C)
Maintenance 3t06 1to2 Not required
(Month)
Commercial use 1970 1950 1991
since

2.1.1 Lead acid batteries

The lead (Pb) acid battery is the oldest known secondary battery system invented by Gaston Plante’
in 1859[21]. It is mostly used in motor vehicles, energy storage and the telecommunications
industry. The Pb acid battery is also used in hybrid electric vehicles [22]. Its nomenclature comes
from the fact that lead is the active material in both the positive (PbO2) and negative (Pb) electrode.

The reaction which takes place in Pb acid battery follows below [23]:

CathOde: PbOZ + H2804 + 2H+ + 27 - PbSO4 + 2H20 (17)

Anode: Pb + H,SO, — PbS0O, + 2H* + 2e~ (18)
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Overall: Pb + PbO, + 2H,0, — PbSO, + H,0 (19)

Pb acid batteries have been widely used and commercialized for a very long time. The success of
the Pb acid battery is primarily due to its attractive properties such as non-toxicity, high cyclability,
reliability, cost effectiveness, safety and easy design [24]. In Pb acid batteries, the nominal
potential is U° = 2 V. This is because the equilibrium voltages at the electrodes differ and depend
on acid concentration. U%bo.= 1.7 V and U°b/rbso. = 0.3 V [24]. These voltage differences at the
electrodes allows for secondary reactions to take place within the cell. These reactions are mainly
hydrogen and oxygen evolution reactions which take place at the electrodes as can be observed in

the reactions electrode below.

Oxygen evolution at the cathode: 2H, —» 0, + 4H" + 4e” (20)
Hydrogen evolution at the anode: 4H* + 4e~ — 2H, (21)
Water decomposition: 2H,0 —» 0, + 2H, (22)

Pb acid batteries are continuously being studied and modified due to the hydrogen evolution aspect
which decreases battery efficiency and contributes to safety concerns. Research also continues in
order to maintain market competitiveness especially in emerging markets such as electric and
hybrid electric motor industries. The actual energy density, 30-50 Wh/kg for the Pb acid battery is
very low in comparison to its theoretical energy density, 162 Wh/kg [18]. Improvements in battery
performance are usually done by incorporating lightweight carbon material or graphene
derivatives in order to improve the electrical properties as well as to reduce the mass of the Pb acid
battery [18].
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2.1.2 Nickel-Cadmium batteries

Initial studies on the Ni-Cd battery were conducted in between 1899 and 1901 by Waldemar
Jungner and Thomas Edison. The initial battery design had 2 issues namely; rapid capacity loss
due to compaction and loss of porosity and swelling at the cathode which eventually led to capacity
loss. In order to alleviate this factor, many improvements were performed on the Ni-Cd battery
from the early 1900’s up until World War Il. This included the use of Cobalt, nickel strips, sintering
of electrodes etc. Pocket and tubular Ni-Cd cells were tried but it was the innovation of the
hermetically sealed Ni-Cd cell that proved to withstand high overcharge and thus providing long
cycle life, compactness and increased energy density for a wide range of electronic applications.
The active material at the cathode is NiOOH and Cd metal at the anode forming the Ni-Cd couple

[25]. The electrode reaction can be observed below:

Anode: Cd + 20H™ = Cd (OH), + 2e~ (23)
Cathode: 2NiOOH + 2H,0 + 2e” = 2Ni(OH), + 20H" (24)
Overall: 2NiOOH + Cd + 2H,0 = 2Ni(OH), + Cd(OH) (25)

2.2 Lithium ion batteries

Lithium ion batteries are the most suitable power supplies for many portable electronic devices
such as cellular phones, cameras and laptops. This is due to its high-energy density and
rechargeable nature. Figure 5 illustrates a cross section of a standard Li-ion polymer cell used in

variety of applications.
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Figure 5: Cross-section of a polymer Li-ion cell [12]

Lithium ion batteries have no memory effect. This means that there is no need to discharge
completely before recharging and it can handle many charge/discharge cycles. A Li-ion battery
provides a 1.5 times greater weight energy density than the nickel metal hydride battery (Ni-MH).
Li-ion batteries have a voltage of 3.7 V, which is three times more than the 1.2V nickel batteries
of Ni-MH and NiCd. The Li-ion battery is also compact and light weight thus making it consumer
friendly [20]. Sony commercialized the first Li-ion battery in 1991, and this chemical technology
is today the most promising and fastest growing on the global market. Li-ion batteries are also
being incorporated in military devices, electric vehicles, hybrid electric vehicles and aerospace
engineering [19]. There is therefore a huge need for more efficient ways of storing energy so that

it can be readily available when needed to power some of these technological devices.

The power density of the Li-ion battery is relatively low because of large polarization at high
charge-discharge rates in electronic devices. This polarization is caused by slow lithium diffusion
in the active material and increased resistance of the electrolyte when the charging-discharging
rate is increased. To overcome these problems, it is important to design and fabricate
nanostructured electrode materials that provide high surface area and short diffusion paths for ionic

transport and electronic conduction. Nanomaterials offer extraordinary mechanical, electrical and

15



optical properties to Li-ion battery materials, which can improve its energy and power capacity
[26].

2.2.1 Operating procedure of Li-ion batteries

In the standard Li-ion battery, lithium ions (Li*) flow from the cathode to the anode when charging
and from the anode to the cathode during discharge as illustrated in Figure 6 below. When the Li-

ion cell discharges, the oxidation half reaction at the cathode is: Error! Reference source not found.

MnOz (s) + nLi* + ne- — LinMnO2 (5) (26)

The cathode is generally made from lithium metal oxides such as lithium cobalt oxide and lithium
manganese oxides. The anode is made from graphite or silicon-based alloys of lithium metal. The
cathode material of interest to me is LiMn2O4. This is due to low toxicity compared to other metal
oxide cathode materials, low cost and readily available Mn [28]. When the Li-ion cell discharges,
the oxidation half reaction at the anode is:

LiCs »Cs+ Li* +1e° (27)

The cathode of a lithium ion battery must undergo a reduction reaction which consumes the
electrons and lithium ions produced at the anode. Manganese oxide is an inorganic solvent which
can serve this role [27]. The reduction half reaction is:

MnO; (s) + nLi* + ne- — LinMnO3 (s) (28)

The cathode is generally made from lithium metal oxides such as lithium cobalt oxide and lithium
manganese oxides. The anode is made from graphite or silicon-based alloys of lithium metal. The
cathode material of interest to me is LiMn2O4. This is due to low toxicity compared to other metal
oxide cathode materials, low cost and readily available Mn.
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Figure 6: Illustrating operating procedure of Li-ion battery

2.2.2 Anodes in Lithium ion batteries

The anode is the negative electrode in a lithium ion cell. Oxidative processes take place here and
electrons are released as a result. Lithium metal has been identified as the best anode material in
lithium ion cells due to the fact that it is able to conduct both lithium ions as well as electrons.
Lithium metal is also known as the most electronegative metal (-3.06 V) and high surface to
volume ratio which gives rise to high capacities. Lithium metal however encompasses dendritic

growth as a result of many charge/discharge cycles. It is also very volatile (explosive) [29]

2.2.2.1 Carbon based anodes

Today, the most commercially viable anode material for lithium ion batteries is graphite (372
mAh.g1) [30]. Graphite is ionic and electron conductive. It also allows for reversible lithium ion
insertion and extraction during cycling, hence preventing dendritic formation on the electrode
surface. This redox process can be observed in equation (29) below. The power and energy density
standard requirements of LiBs are changing on a regular basis. It is for this reason that carbon
based anodes need to be modified in order to meet the demand for higher capacities [30]. Apart
from the low capacity of graphite, it also has a high electrical and thermal resistance
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6C + xLi+ +xe~ & LixCe (29)

2.2.2.2 Graphene-metal oxide Composites

In order to improve anode storage capacity requirements in LIBSs, scientists have employed a
range of 1D and 2D carbon-based nanomaterials to be used as graphite substitutes. These include
nanotubes and graphene. Thin layer nanostructured materials are used because they are
lightweight, possess high surface area and have good mechanical properties. Zhang et al., 2017
used CoO/Cos0a4/graphene as an anode material and found that the nanocomposite anode material
had a high capacity of 825 mAh.g. Other graphene based anode materials which also yield high
capacities include, Au,Si-graphene (2210-1520 mAh.g?), SiO2-gpahene (2700- 1300 mAh.gY),
Fe304(1750-1130 mAh.g), where the value before the dash (-) is the capacity at the 1 cycle and
the number after the (-) is the capacity at the last cycle [31]. It is to be noted that the above-
mentioned metal oxides have poor cyclic performance. This is caused as due to anode upon Li*
insertion/extraction volume expansion. The inclusion of graphene to the metal oxide and forming
an anode composite would alleviate this problem as discussed by Zhou et al., 2013 where an

advancement in electrochemical and structural performance was made [32].

2.2.3 Cathode materials in Lithium lon batteries

The cathode is the largest part of a Li-ion battery and the second most expensive component [33].
There are solid, liquid and gas cathodes as well as intercalation cathodes in Li-ion batteries. At the
cathode, electrons and lithium ions produced at the anode are consumed. A typical example of a

solid cathode is Iron disulphide. Its half-reaction is:

FeSa(s) + 4Li* + 4e” — Fe(s) + 2Li2S(s) (30)

Thionyl chloride is a common example of an inorganic liquid that can serve as a cathode material.

Its half-reaction is:
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2SOCIy(l) + 4Li* + 4e — S + SOz + 4LiCI(s) (31)

An example of a gaseous cathode reactant material which is also used in Li-ion batteries is sulfur
dioxide gas. The sulfur dioxide is dissolved in the electrolyte solution and a current collector is

placed in contact with the sulfur dioxide liquid cathode. The cell reaction is:

2Li(s) + 2502 — LizS204 (32)

2.2.3.1 Intercalation Cathodes

There are three main intercalation cathode materials which are used in Li-ion batteries. These
materials include; LiCoO2, LiNiO2 and LiMnO2 [26]. LiCoO: is found to be the most popular due
to the fact that it’s easy to synthesize using both the solid state and chemical approaches. LixC00O>
exhibits excellent cyclability at room temperature for 1> x > 0.5. The specific capacity of LiCoO-
is limited to the range of 137 to 140 mAh.g™ [26]. Even though the theoretical capacity of LiCoO;
is 273 mAh/g. The downfall of the LiCoO; cathode, materials is that it’s very costly and found
to be highly toxic. The reversible capacity of LixNiO2 is higher than that of LixCoO: since the
amount of lithium that can be intercalated during redox cycles is around 0.55 compared to 0.5 for
LiCoO, this allows the specific capacity to be greater than 150 mAh.g? with appropriate
cyclability. The preparation of LiNiO2 is much more complex than that of LiCoO., and this is due
to the additional nickel ions on the lithium sites. The Li-Ni-O system can be represented by Lis.
yNi+yOo. This special structure makes it very difficult to synthesize the stoichiometric oxide with
all the lithium sites completely filled by lithium. This leaves us with the LiMnO> cathode material,
where LiO; serves as the host material onto which the manganese ions will intercalate [26]. When
in comparison to LiCoO2 and LiNiO2, LiMn2O4 is far less toxic and its materials are easier to
source and put together. LiMnOz permits the intercalation of Li-ions in the range 0 < x < 2 [26].
The intercalation of Li-ions decreases the average valence of manganese ions and leads to a

pronounced Jahn-Teller effect in which the cubic spinel crystal becomes distorted tetragonal with
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c/a=1.16. This is known as the axial ratio for a hexagonal close packed structure. The ideal axial
ratio is c/a = 1.66. The lower c/a ratio causes a low capacity restricted to 120-125 mAhg™ as well
as significant capacity degradation at high temperatures [26]. Capacity fading is due to phase
transition from cubic to tetragonal upon 3-4 V prolonged cycling, micro-crack formation on the
surface of the cathode material after electrochemical cycling, formation of a surface dead layer
and formation of oxygen vacancies due to dissolution of manganese in the electrolyte at elevated
temperatures [20]. The 3D spinel channel (8a-16c-8a) is favourable for the intercalation/
deintercalation of Li* ions [34]

2.2.3.2 Nanotechnology in Lithium ion cathodes

There are many nanotechnology methods that can be implemented in improving the capacity
efficiency and surface instability of LiMn2O4 cathode material. These include surface coating,
which modifies the surface of the material by coating it with nanoparticles of various elements,
laser annealing which is used for the crystallization sample material into thin electrodes [35] and
doping which improves the bulk properties of the cathode material. In the LiMn2O4 cathode,
coating and doping serves as a means in which researchers try to inhibit capacity fading and
improve electrochemical performance in modified LiMn204 cathode systems, it also weakens the
Jahn-Teller effect caused by Mn®" ions at the octahedral sites and improves the stability of the
structure. This can be illustrated in the following redox reaction: Li** + le- — Li%" [36]. The
LiMn204 cathode can be doped with various metals and non-metals, these include; B, F, S, Br,
Mg, Al, Ti, Cr, Fe, etc [20]. Pristine LiMn2O4 can be coated with various materials which are
chemically stable and are ion conducting. This is true for AIFz which has a high ionic conductivity,
is chemically and electrically stable due to the strong [Al-F] bonds which are able to decrease

oxygen activity on the electrode surface during cycling [37] .
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2.2.3.3 The Spinel framework
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Figure 7: Unit cell segment showing the coordination of ions in LMO lattice [28]

LMO forms a spinel structure in which manganese is located in the octahedral (16d) sites, lithium
occupies the tetrahedral (8a) sites and oxygen occupies the 32e sites in a unit cell. Li-ion
intercalation/ deintercalation occurs in a 3D channeled network [28]. This can be observed in the
Figure 7 above. Where Mn-O bonds and Mn-chains can be seen. The spinel is very attractive for
battery technology as it allows for good lithium ion transport from the tetrahedral (8a) sites within
the spinel. The LMO spinel is non-toxic, readily available and very cost effective. LMO has a
cubic spinel structure with Fd3m space group symmetry Orthosilicates also form part of the spinel
family, LioMnSiOs; [M] = Mn, Fe, Co, Ni.
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2.2.3.4 The layered oxides

Lithium containing layered oxides can be expressed as Li[M]O2 (M = Co, Ni). LiCoO; is currently
the world’s leading battery cathode material with an energy density of 150 WhKg™ [38]. Layered
oxide materials used as cathodes have a few downsides, these include oxygen evolution at high
charging potentials, high toxicity, they are expensive due to the high cost of Co and have safety
concerns with regard to practical applications in hybrid electric vehicles and electric vehicles.
Layered oxides, even though they are widely commercialized, do not have a bright future in next
generation battery technologies [38]. Figure 8: Layered structure showing lithium ions between
transition metal oxide sheets [39]. Figure 8 below illustrates the general structure of the layered
cathode [39].

Figure 8: Layered structure showing lithium ions between transition
metal oxide sheets [39]

2.2.3.5 The Olivine

The most popular cathode material with an olivine structure is LiFePO4 (LFP). LFP is cheap and
readily available in nature. LFP has been a cathode material of interest to be employed in electric
vehicles and hybrid electric vehicles [40]. In LFP, Phosphorous occupies the tetrahedral sites, iron
occupies the octahedral sites and the Li-ions form 1D chains in the [010] direction. The 1D chains
allow for ion exchange to take place. Although LFP has good reversibility and cyclability [41]. It
has been reported that LFP has a low ionic conductivity in the range of (10° S.cm™ ) and low
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electronic conductivity [42]. Various modification methods have been tried in order to improve
the conductivities of LFP. These include; grain shade and size alterations as well as the addition
of electronic conductive additives such as graphene [43]. Olivine structured materials (FesO4and
Sn-Fe203-C have also been used as electrochemical stable anodes where capacities in the range
of 900 mA.gtand high current densities were obtained [44].

2.3 Electrolytes

The electrolyte in lithium ion batteries serves as a transport medium through which lithium ions
can travel between the electrodes during the charge/discharge process [39]. The electrolyte is very
important as it is a major determining factor in the specific capacity, energy density as well as the
lifespan of the battery [38]. Electrolytes in LIB’s must meet a specific standard, this include:

e Chemical and thermal stability at ambient/ operating temperatures
e Li-ion conductivity> 10* S cm™

e electronic conductivity < 10*° S ¢m™

e Consistency of electrode/electrolyte interface

e User and environmentally friendly

Electrolytes can also transfer electrons to the electrode material or vice versa, depending on the

electron potential range of the electrolyte used [45].

2.4 Thermal instability of LiMn204

Pristine LiMn204 has been proven to become unstable at elevated temperatures in excess of 55 °C.
At increased temperatures, the LMO cathode material becomes unstable and severe capacity fading
occurs. The capacity loss hinders applications for Li-ion batteries as well as its operating potential
range of approximately 4 V [34]. This is due to manganese dissolution into the electrolyte

according to the Mn disproportion reaction as seen below [46]:

2Mn3*(s) > Mn?*(aq) + Mn**(s) (33)
This Mn dissolution also causes structural instability, as the cubic spinel would distort and become

orthorhombic and shape due to Jahn-Teller effects [47]. As a result, less lithium ions will be
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allowed to intercalate/deintercalate between cathode and anode during charge/discharge processes
and therefore lower cathode capacities will be reported. Various strategies have been employed in
order to mitigate the capacity fading challenges which are caused by thermal instability and long
cycling periods. These include, surface modification through coating procedures, cationic and
anionic doping with metals and non-metals alike, particle shape and size modification as well as
electrolyte optimization techniques which allow improved migration of Li-ions through the
electrolyte [47]. Pristine LiMn20O4 was first coated with 2% SrF> by J.G. Li et al.,2012 and proved
that a 97% capacity retention is observed after 20 cycles at 55 °C compared to that of the
unmodified LMO which retained 79% of its cycling capacity at the same temperature[48]. Other
coating methods such as MgF2 and TiO; also showed improved capacities of LMO at elevated
temperatures, reduced electrolyte oxidation, as well as enhanced Li* diffusion were reported [34].
Zhange et al., found that TiO.-coating of LMO substantially reduces Mn dissolution into the LiPF3
electrolyte and as a result a smaller capacity loss was reported after 250 cycles [34]. In our effort
to reduce capacity fading through Mn dissolution, AlFs-coating of LMO will be employed before
placing the active material onto a graphene template so as to obtain optimum structural and
electrochemical stability of the modified LMO.

2.5 Graphene in Lithium ion batteries

Single layer graphene was first isolated in 2004 by Novoselov et al., in 2004 using the simple yet
effective mechanical exfoliation or scotch tape method [49]. Graphene has been found to possess
various superior qualities to most materials and can be seen as a technology of the future. These
qualities include; excellent electrical conductivity due to charge carries which have relativistic
particle properties [50], extremely high surface area (2600 m?.g') and good elasticity. Graphene
has a thickness of atomic proportions. This means that it is a 2D porous material which exposes
every C-atom to the surface, which may provide a matrix on which to grow electrode materials
such as LiMn204 with negligible electrical resistance due to the fact that it’s one atom thick nature
[51]. This porous carbon network could provide multitudes of space for electrode expansion upon
Li-ion insertion and serve as a means to decrease capacity loss after longer cycling periods and
excessive heat. Graphene is an aromatic material which is in the sp? hybridized state. The covalent
bonds of 0.142 nm in length between carbon atoms allow for a polymer network with robust
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strength like none other [52]. The honeycomb lattice gives a strength to weight ratio which is
higher than the strongest of metal alloys [53]. Its robust nature does not prevent elasticity.
Graphene is therefore flexible and forms various allotropes such as nanotubes, nanowires,

fullerenes etc. which can be employed in various electronic and biomedical applications [54].

The application of graphene in LiBs have been described before. Lui et al.,2014 found that
TiO2/rGO as and anode material using a surfactant-templating assembly coating method
significantly improves the specific capacity due to increased surface area in the range of 137 m.g"
1 [55]. Wang et al.,2014 used graphene as a template catalyst onto which MnCoO, was grown onto
through covalent bonding. The honeycomb lattice of graphene allows for carbon-oxygen-metal
bonding [C-O-M]. it was found that the graphene modified transition metal cathode material
displayed improved cycle life and no coating degradation after 10 cycles [56]. This due to the
electronic and structural stability that graphene holds [56]. The carbon structure in graphene forms
a unique honeycomb crystal lattice which allows it to be an excellent electron charge transfer
material. In this study, graphene is to be synthesized using the modified Hummers method. The
graphene sheets will serve as a template onto which it becomes functionalized with AlIFzLiMn20a.

2.6 Aluminium trifluoride coating

Surface coating has previously been used to stabilize LiMn2O/electrolyte interface. This structural
stabilization method makes use of an artificial material layer which served to protect the active
layer. Various coating alternatives have been used before. These include; Al2O3, ZrO,, MgO as
well as metal phosphates such as AIPO4 [57]. Fang et al.,2013 made use of graphene-oxide as a
coating material for LiMn2O4as a means to prevent Mn dissolution into the spinel through the Mn

disproportionation reaction which is seen in equation (33)above [58].

The employment of aluminium trifluoride (AlF3) coating serves to improve the structural and
electrochemical properties of the pristine LiMn204 cathode material [59]. AlFs has high ionic
conductivity, chemical and electrochemical stability. Al-F bonds are strong and stable and reduces
oxygen activity on the surface of the cathode during cycling. AlFs generally has high surface areas
in the range of 10-50 m?/g due to its high lattice energy [60]. A thin layered AlIF; coating will

improve electrochemical properties such as cyclability, rate capability and thermal stability. Wu
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et al.,2015 observed no deviations in the bulk structure of the AlF3z coated material as compared to
the pristine Li[Niy3Co013Mn13]O2 cathode. This simply means that there are no intrinsic structural
defects after coating. This concept is also confirmed by Liu et al.,2008 where the AlF; coating did
not affect the spinel structure of LiMn204 [61].
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Chapter 3: Materials and Methods

Chapter Overview

Chapter 3 gives a basic outline of the methodology employed in obtaining the pristine cathode
material (LiM204) as well as the novel [AlF3LiMn204-rGO] 70% wt. LiMn2O4, 20% wt. AlF3

and 10% wt. rGO cathode material studied and the characterization thereof.

3.1 Reagents and Materials

The chemical reagents used in this study are as follows: Manganese (II) acetate (99 %), Lithium
Hydroxide (99 %), Sulphuric Acid (99 %), Graphite powder, Potassium permanganate, Sodium
borohydride, aluminium fluoride trihydride. These reagents were purchased from Sigma-Aldrich
and N-methylpyrrolidinone (NMP) (99 %), was purchased from Alfa Aesar. Analytical grade
argon (Afrox, South Africa) was used to degas the system. Laboratory grade deionised water was

used for all reactions.

3.2 Characterization of structural properties

The following techniques and instrumentation are mandatory for the characterisation and

fundamental understanding of the synthesized material.

3.2.1 X-ray diffraction (XRD)

XRD is a technique used to determine the crystal structure of a material. X-rays are incorporated
to penetrate through the material of interest and gives the respective diffraction pattern which is
the atomic and molecular pattern specific for that material. XRD is used in material analysis in
order to identify the crystalline phase of the material synthesised. XRD allows for the
determination of lattice parameters using the least squares method [62]. XRD also determines
space group structure and symmetry. XRD plays a pivotal role in characterizing the LiMn2O4
crystal structure. We are thus able to determine whether the spinel was formed as well as to which
space group symmetry was obtained from the sol-gel synthetic route used. XRD measurements
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were carried out with the BRUKER AXS (Germany), D8 advanced diffractometer, using Cu-Ka
radiation (vKa =.5406 A). The diffraction patterns were taken at room temperature in the range of

5 <206 > 90° using step scans.

3.2.2 Surface morphology by SEM and HRTEM

Electron microscopy is an essential set of characterization techniques which comprise of an
electron beam which travels through a vacuum before interacting with the nanomaterial. HRTEM
is focussed on the surface of the material and HRTEM targets the intrinsic properties of the

material such as structure and crystallinity.

3.2.3 High resolution scanning electron microscopy (HRSEM)

HRSEM is based on a scanning principle whereby an electron beam produced by an electron gun
travels through a vacuum and scans over a selected area on the surface of the material. It then
forms a three-dimensional electronic image of the morphology and topography of the material.
This occurs due to secondary electrons which are detected due to their low energies. HRSEM also
gives details about the elemental composition of the material of interest. HRSEM showed the
growth of the LiMn»Oy4 spinel as well as the modified novel cathode composite material. The ZEISS
ULTRA scanning electron microscope was used for HRSEM analysis. A spatula tip amount of sample
was dispersed on a carbon supported by alumina and sputter coated for 5 min with a gold-palladium

alloy to make the samples conductive.

3.2.4 High resolution transmission electron microscopy (HRTEM)

HRTEM is an electron imaging technique which allows us to analyse the intrinsic properties of a
material of interest. This includes material crystalline structure and phase. The high intensity beam
passes through the material and is able to determine its properties. The properties of Most
nanomaterials are studied using HRTEM imaging. These include, quantum dots, nanotubes and
nanowires. Lattice parameters of nanomaterials are imaged and can be quantified adequately. The

elemental composition of the material of interest is also determined the HRTEM analysis. In this
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study, HRTEM analysis confirmed crystallinity and also determined how the lattice fringes

structurally changed after modification of the pristine LiMn,O4 cathode material.

3.2.5 Fourier transform infrared spectroscopy (FTIR)

FTIR is used to determine how atoms are bonded together, surface characterization, how their pi
arrangement is assembled (single, double and triple bonds), as well as the determination of the
functional groups present in a particular molecule [60]. In FTIR, molecular vibrations are triggered
by irradiation with infrared light. Upon excitation with infrared light, certain bonds vibrate faster,
this is detected and can be interpreted in an infrared spectrum. This interpretation requires pattern
recognition against the IR table. IR spectroscopy gives information about the bond length as well.
It tells us whether a particular bond is stretched, compressed or at equilibrium. Covalent bonds
vibrate at different vibrational modes, these include stretching, rocking and scissoring. Figure 9
below illustrates the respective vibrational modes in FTIR spectroscopy. In this work, the
vibrational mode determinations of the pristine LiMn2O4 as well as the novel cathode material was
conducted. KBr was used as the blank for this technique and was mixed with the samples (pristine

and modified Li-ion materials) of interest to form penny sized pellets.
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Figure 9: Vibrational modes in FTIR spectroscopy

3.2.6 Raman spectroscopy

Raman spectroscopy provides a fast and non-destructive analysis in the identification of graphene
layers in determining how many layers are present in the graphene material. This technique was
first invented by Indian physicist CV Raman in 1928. Raman spectroscopy relies on the scattering

of light by a material where light is scattered inelastically as opposed to the more prominent
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Raleigh scattering. Wavelength shifts are caused due to this inelastic scattering which can be used
to extract information about the material being analysed. There is a net energy gain/loss in photons
during the inelastic scattering process and thus a change in wavelength occurs. Raman
spectroscopy can be further understood through stokes/anti-stokes scattering. Stokes scattering
occurs when the molecule is promoted form ground state to virtual then drops back to a higher
energy vibrational state [63]. The scattered photon will have less energy than the incident photon
and therefore a longer wavelength. If the scattered photon has more energy and shorter wavelength,
it’s called anti-stokes scattering. Figure 10 describes the difference between Raleigh and raman
scattering. The shift due to the raman effect is determined by the spacing between the vibrational
states and the ground states. The stokes and anti-stokes scattered spectrum will be shifted an equal

distance on opposite sides of the Raleigh scattered light [63].
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Figure 10: Jablonski Diagram Representing Quantum Energy Transitions for Rayleigh and Raman
Scattering [63]

In this project Raman spectroscopy was used to study the vibrational information about octahedral
MnOgs and tetrahedral LiO4 and how the vibrational structure of the pristine LiMn»O4 cathode
material changed after AIF3 coating and the addition of GO support. Raman results were obtained
using a Dilor XY Raman spectrometer with a Coherent Innova Argon laser with a 514.5 nm laser

excitation.
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3.3 Electrochemical techniques

In this work, all electrochemical studies were done on a CH Instruments electrochemical
workstation, 600 E potentiostat (USA). The 3-electrode system was compiled of a glassy carbon
(GCE) Working electrode, a Ag/AgCl reference electrode and a platinum wire as the counter
electrode. The electrolyte solution used was LiNOsz. All experiments were carried at room
temperature in an argon atmosphere. The setup of the 3 electrode setup can be observed in Figure

11 below:

:""Plétinum wire
..,‘
| = d

Electrochemical cell e bWorkigg electrode

Figure 11: A typical 3 electrode system setup

3.3.1 Cyclic voltammetry (CV)

Cyclic voltammetry is a common electrochemical technique for obtaining qualitative and
quantitative information regarding electrochemical reactions taking place on the surface of the
working electrode. In a typical electro-analytical study, sweeps are carried out across a potential
window which is preferable for the material being analysed. The current runs from the initial
potential (E;) towards the upper limit potential (Er) and reversed back to the initial potential. This

is known as a sweep. Cyclic voltammograms are run at varying scan rates (v). The peak current
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density (Ip) is proportional to the scan rate used and depending on peak position, the reaction can
be classified as either, reversible, non-reversible and quasi-reversible. The cyclic voltammogram
in Figure 12 below shows an example of a reversible reduction/oxidation (REDOX) reaction.

15
Epc

5 Ipc

Current (pA)

-10 T T
11 0.9 0.7 05 0.3

Potential (V vs Ag/AgCl)
Figure 12: A representative example of a reversible electrode reaction process
The peak potentials in CV can be used to determine a range of parameters including concentration,

formal potential, current density, capacity, electrode kinetics etc [64].

These parameters and more can be obtained by manipulations of the Randels Sevcik equation
below [64]:
Ip = 2.69 x 10°n3/2AD'/2Cv1/? (34)

Where, Ip is the peak current (A), n is the number of electrons, A is the electrode area (cm?), D is
the diffusion coefficient (cm?s™), C is the concentration (mol. cm™) and v is the scan rate (mV.s).
For an irreversible process, the following representation of the Randels Sevcik equation is
observed.

Ip = 2.69 x 10°a'/?n3/2ADY/2Cy!/? (35)

Where Ip is the peak current, a is the transfer coefficient, n is the number of electrons, A is the
electrode area (cm?), D is the diffusion coefficient (cm?.s™), C is the concentration (mol. cm™),

and v is the scan rate (mV.s™'). The charge capacity (Q) of the cathode material is given by:

_ Area(AV) (36)
Q= Scan rate (V.s™1)
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And can further be manipulated to give the specific capacity in the following equation:

Q (Ah) (37

Active mass (g)

Specific capacity =

1 M LiNOs solution was used as the electrolyte solution.

3.3.2 Square wave voltammetry (SWV)

Square wave voltammetry is an electrochemical characterization technique similar to CV in that it
determines current density over a certain potential range. This technique however, only determines
oxidation and reduction reactions on their own in comparison to the complete REDOX reaction
seen in CV. It is therefore more sensitive than CV and exact oxidation/ reduction couples can be
obtained. SWV was employed in this study in order to confirm the presence of redox couples

indicating extraction of lithium ions from the tetrahedral sites in the spinel.

3.3.3 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy is required in order to determine the transport, electronic
and ionic conductivity of materials [64]. Oliver Heaviside described EIS as a technique used to
study electrode processes and reactions taking place on the surface of the electrode [65]. EIS
employs an alternating current (AC) as a measure of the resistance observed when charge is passed
across the surface of a material of interest, charge transfer resistance (Rct). Impedance studies are
analysed using the nyquist plot which is the Real impedance (Z:.) vs imaginary impedance (Zim)
or bode plot which is the modulus of impedance log/Z/ and the phase angle y between AC potential
and AC current as a function of the frequency logw [66]. Examples of these can be observed in the
figures below. EIS is of particular importance to this study, as it is used to determine the electron
transfer kinetics as well as the diffusion properties of lithium ions. Theoretically LiMn2O4 has a
higher Rec which causes longer charge transfer frequencies. The reduction of Ret will allow for

faster charge transfer and electron transport within the cathode [15].
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3.4  Methodology

3.4.1 Synthesis of LiMn204

In the Synthesis of nano-LiMn,0O4 cathode material, the precursor spinel LiMn204 was prepared
following a procedure found in the literature with minor adjustments. In a typical process, a
stoichiometric amount of LiOH and Mn(CH3COO)>-4H>O with cationic ratio of Li/Mn = 1:2 were
dissolved in deionized water and mixed well by stirring gently. The solution is evaporated at 100
°C for 10 h to obtain the precursor powder. The precursor was further preheated at 400 °C for 1 h,
and then subjected to calcinations at 800 °C for 20 h in a muffle furnace to form LiMn2Os as

illustrated in Figure 15 below [15].

3.4.2 Synthesis of AlF3

Aluminium trifluoride, AlF3 nanoparticles were obtained after calcinations of commercial

Aluminium fluoride trihydride at 550 °C.

3.4.3 Synthesis of Carbon-Based Support Materials: Graphene

The synthesis of graphene was conducted using the Hummer method. In a typical process, 50 ml
of concentrated H2SO4 was added into a 250 ml flask filled with 20 g of graphite powder at room
temperature. The flask was cooled to 0°C in an ice bath followed by a slow addition of 7g KMnOs.
The flask was then allowed to warm to room temperature. The flask was then removed from the
ice bath and the reaction temperature was allowed to rise to 35°C. The reaction mixture was stirred
with a Teflon coated magnetic stirrer for 2 hrs, after which, it was cooled in an ice bath and 120
ml of H2O was added as well as a slow addition of H20.. The resulting suspension was extensively
washed and centrifuged to remove residual unexfoliated graphite. The material obtained was
vacuum dried at 65°C overnight to graphene oxide. 100 mg of graphene oxide was dispersed in
100 ml of H2O and sonicated for 1 hr. This was followed by addition of 200 mg of NaBH4 to the

dispersion. The mixture was stirred for 30 min and heated under reflux at 142°C for 3 hrs (during
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the reduction process, the yellow solution gradually yielded a black precipitate). The black solid
was isolated by centrifugation, washed with water and finally dried [67].

3.4.4  Preparation of [LiMn19803.99AIlF0.02—rGO] nanocomposite

The novel nanocomposite cathode material was assembled in a 100 ml round bottomed flask in
ethanol. After 24 hr mixing in ethanol at room temperature, the composite precipitate was collected
in a crucible and calcined at 300 °C for 6 hr to produce[ AlF3LiMn204-rGO] nanocomposite. Figure
8 below is the schematic representation of the route employed in the synthesis of the

[LiMnj .9803.99A1F¢.02 -rGO] cathode composite.

3.4.5 Glassy carbon electrode preparation (LiMn204/GCE and [AIFsLiMn204-
rGO]/GCE)

Electrochemical studies were carried out using a three-electrode system. The cathode was prepared by
making a paste comprising of 70 wt% of active oxide material, 10 wt% of rGO and 20 wt% AlFz in 1-
methyl-2-pyrrolidinone (NMP) to form a uniform catalytic solution. The slurry (5 ul) was prepared
comprising of 2 mg/0.5 ml dropped onto a glassy carbon electrode and left to dry at room temperature
overnight. The electrolyte used was a solution of 1 M LiNOgz in a 1:1 (molar ratio). To determine the
electrochemical reactions, present for the spinel cathode material in the potential range of -1.2 to 1.2
mV vs. Ag/AgCl reference electrode. All the experiments were recorded at ~ 25 °C and carried out in
an argon atmosphere. The synthetic flow diagram of the novel [AlIFsLiMn204-rGO] can be seen in

Figure 15.
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Chapter 4: Results and Discussion

Chapter Overview

This chapter outlines the results obtained for the pristine LiMn2O4 and novel [AlIFsLiMn204-rGO]
Li-ion cathode material. These include spectroscopic characterization techniques

4.1 Raman spectroscopy
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Figure 16: Raman spectra of rGO, AlFs, LiMn204and Overlay raman plots

The vibrational information of the LiMn2O4 pristine cathode material is given by raman analysis
of the octahedral MnOe and tetrahedral LiO4 sublattice of spinel LiMnOa. This raman spectra for
LiMn204 is found in the spectral region in Figure 16 (A) found above. The most intense peak

around 500 cm is characteristic for pristine LiMn2O4and also confirms that the spinel structure
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was formed as was observed in XRD analysis. The strongest peak is assigned to A mode which
corresponds to Mn-O stretching vibration of the MnOe group [68][69]. The raman spectrum of
LiMn204 obtained also shows that the sample is related to the Fd3m space group.

The composite [AIFsLiMn204-rGO] in Figure 16 (D) has more intense raman active bands than
that of the pristine LiMn2O4. This could mean that the crystal structure is more stable and will
allow for more charge/discharge cycles as insertion/extraction of Li-ions take place without
capacity fading as can be seen in the pristine material. The band at 608 cm™ is attributed to the Asq
mode which is characteristic for Mn-O stretching [70]. The band at 492 cm™ is representative of
the t24(3) mode. The other bands in the region are weak and can be ascribed to the tog(1) and t2g(2)
modes. The bands in the region of 1370-1600 cm™ can be ascribed to D and G bands of rGO which
now forms part of the composite cathode material [71]. The D band at 1370 cm™ represents the
disorder of the sp® carbon atoms within the complex graphene structure and the G-band at 1600
cmis representative of the structural superiority due to the sp? hybridized carbon atoms within
the graphene lattice. The band vibration at 2432 cm™ is a result of the gel used in sample
preparation. The formation of the composite material gives rise to new intense peaks at 2917 and

2960 cm! respectively.
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4.2 X-ray diffraction (XRD)
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Figure 17: XRD plots of (A) LiMn20O4, (B) AlFs, (C) rGO and (D) Overlay with AIFsLiMn204

nanocomposite

The powder XRD pattern of pristine LiMn204 cathode material calcined at 800 °C is shown in
Figure 17 (A) above. The indexed material synthesized has a face centered cubic (FCC) lattice,
and an Fd3m space group. This structure allows for closely packed oxygen atoms in the Face

centered cubic (FCC) unit cell which can be filled with 56 atoms [72]. The lithium ions occupy
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the octahedral (8a) sites, the manganese the (16d) sites and oxygen the (32e) sites. The lattice
parameter, a, as calculated from the least squares method is 8.24 A [73]. This confirms that the
spinel LiMn,O4 was formed. The high intensity of the (111) peak indicates good electrochemical
activity for lithium ion batteries [74]. The narrow peaks observed, indicated that the material is
crystalline and contains no impurities [75]. The XRD representation of AlFz in Figure 17 (B) above
was obtained from the thermal treatment of commercial AlFs-3H20 at 450 °C. Crystalline trigonal
alpha-AlFs; formed after air calcination and there is no indication of hydroxide species [60]. The
spectrum above indicates that bulk AlFs is stable at elevated temperatures. The material can now
be used as a catalytic coating material in Li-ion battery applications [60]. Amorphous rGO was

obtained and is represent in figure (C) as a broad phase.

The bulk structure of the novel [AIFsLiMNn20s-rGO] composite material is comprised of 70 %
weight of the LiMn2O4 active cathode material, 20 % weight AlFsand 10 % rGO. From the XRD
spectrum in Figure 17 above, it is clear that the novel material had no structural effect on the
pristine LiMn2O4. The spinel remains-unchanged. Li-ion insertion/extraction will therefore still
take place, and more efficiently too as the coated Li-ions will withstand structural damage caused
at elevated temperatures and increased cycle numbers. The specific capacity and energy density

will therefore be improved.

Table 2: Comparison of Crystal structure, d-spacing and lattice constants of various material

synthesized.

Material Crystal structure Lattice constant (a) d-spacing (nm)
LiMn2O, FCC 8.2476 0.22
AlF; Trigonal 4.9278 0.11
[AIF5LiMn,0,-rGO] FCC 8.2900 0.24

Table 2 above shows that the crystal lattice d-spacing of all materials synthesized. The crystal
structure of the novel [AIF3LiMn204-rGO] comparable to the pristine LiMn2O4 cathode material.
The slight shift of 0.2 A is also observed in the XRD spectrum and has a negligible effect on crystal

structure.
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4.3 Fourier transfer infrared spectroscopy (FTIR)
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Figure 18: FTIR plot of (A) LiMn20s, (B) AlF3, (C) [Graphite, rGO and GO overlay], (D)
[AIFsLiMN20s-rGO]

(A) above shows infrared vibrational spectrum of pristine LiMn2O4. The strong bands at 640 and
578 cm™ are characteristic to the formation of LiMn,Oa4. They are assigned to the asymmetric
stretching of MnQg in the spinel structure. The shoulder ripple bands in the region of 1400 cm™ are
due to Mn-OH vibrations [76]. Figure 18 (B) above shows Al-F vibrations as well as the AlF3
stability to oxygen moisture. There is a strong clearly separated broad peak at 655 cm™ which can
be assigned to the Al-F stretch [77]. This confirms that the AlFsis an amorphous material [78].
According to Roodenko et al., the absorption band at 1644 cm™ can be assigned to Al-O vibrations.
This is however negligible due to its small intensity [78]. The Fourier transfer infrared (FT-IR)
spectra of (a) Graphite, (b) rGO and (c) GO is observed in Figure 18 (C) above. From graphite,
there are no distinct IR bands due to the fact that graphite has no functional groups attached to the
carbon atoms. In (c) GO showed a collection of IR bands which correspond to; aromatic C=0
(1644 cm™), alkoxy C-O (1180 cm™), C-O (862 cm™) and Mn-O (570 cm™). The observable

functional groups that arise from the chemical oxidation of graphite by Potassium permanganate
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(KMnOQg4) gives a wide range of strong and weak IR bands as expected, also a Mn-O vibration is
observed at 570 cm™ this is due to the fact that Mn is a precursor material. Sodium borohydride
(NaBH4) was used as the chemical reducing agent of GO. In Figure (b), the reduced GO (rGO)
product is clearly observed with less functional groups and has less intense bands. The bulk

functional groups have therefore been removed from GO to form rGO [79].

The FTIR vibrational spectrum of the novel cathode material is observed in Figure 18 (D) above.
There is an overlap which can be seen in the Al-F and Mn-O around 600 cm™ which was expected
and gives rise to the formation to vibrational modes of [AlIFsLiMn2O4-rGO]. A new band is
observed in the 900 cm™ region and is also assigned to Al-Mn-F stretches. A strong band is
observed around 1100 cm™ and is assigned to C-O-Mn vibrations. At 1504 cm™ a broad -C=C-

band confirms the presence of rGO in the novel cathode material.
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4.4  Scanning electron microscopy (SEM)
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Figure 19: SEM micrograph of pristine (A) LiMn2O4 cathode material and (B) [AIFsLiMn20s-

rGO] at a scale view of 300 nm and EDX spectrum with percentage weight proportions.
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Figure 20: EDX Spectrum of LiMn2O4 and weight percentage
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Figure 21: SEM micrograph of (A) AlFzand (B) rGO at a scale view of 200 nm and EDX spectrum with

percentage weight proportions.
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Figure 22: EDX Spectrum of [AIF3LiMn204-rGO]
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The SEM micrograph of LiMn2Og4 in Figure 21 above shows that octahedral crystals which are
well defined. Cubic particles were formed with the characteristic spinel shape. The carbon peak in
the EDX spectrum is attributed to the coating used in the sample preparation step. The microscope
used is not sensitive to lithium, hence we don’t see lithium in the EDX spectrum, Lithium is
however confirmed to be included in the metal oxide complex as is seen in the XRD and FTIR
spectra in Figure 17 and Figure 18 . The observable particle in the SEM micrograph is in the
micron range. Particle sizes within the LiMn2O4 spinel do however differ. The SEM micrograph
of LiMn2O4 in Figure 19 A above shows that octahedral crystals which are well defined. The spinel
in still maintained in the [AlIF3LiMn204-rGo] cathode composite formed. Particle sizes do vary,
but their growth within the crystal lattice is impressive. There is also a small percentage of
observable impurities found in the novel material. These are precursor materials which were used
and are negligible in the overall electrochemical functioning or structural properties of the cathode
material, the can also be observed from the XRD spectra in Figure 17. Graphene sheets can clearly
be seen as there is separation between the layers. The chunky particles on top and in between the
sheets are impurities in the form of manganese which is also a precursor material in the synthesis

of graphene from graphene oxide.
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4.5 High Resolution Transmission electron microscopy (HRTEM)
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Flgure 23: TEM micrographs of (A) LiMn204, (B) AIF3, (C) rGO and (D) [AIF3L|Mn204-rGO] at

a scale view of 2 nm

From the HRTEM micrographs in Figure 23 above, well developed lattice fringes are observed
from all the materials. This indicates good crystallinity of the pristine cathode material (A) with a
d-spacing separation value of d = 0.322 nm in the bulk region[15]. This value is comparable to
the d-spacing value obtained from the (111) in the XRD spectrum of LiMn20O4 of 0.476 nm. SD is
the standard deviation in the d-spacings obtained for the material. The AlF3 (B) coating material
shows superior d-spacing as compared to the pristine LiMn2O4 cathode material. This will allow
for an improved modified cathode composite material which will display improved structural and
electrochemical properties. The lattice fringes in the modified LiMn2O4 cathode material shows

significant improvement in the d-spacing separation value (d = 0.187 nm) as compared to the
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pristine material (A). This suggests that the modified material will display improved lithium

diffusion properties, as the Li* path length is shorter for the charge/discharge process.

Chapter 5: Electrochemical characterization

Chapter Overview

Included in this chapter is the electrochemical analysis which was used to determine the redox
reactions taking place on the surface of the GCE electrode as well as the capacity and diffusion
capabilities of the novel [AIFsLiMn204-rGO] cathode material. The techniques used were cyclic

voltammetry, square wave voltammetry and electrochemical impedance spectroscopy (EIS)

5.1 Cyclic Voltammetry
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Figure 24: CV of LiMn20O4and bare electrode in 1 M LiNO3
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Figure 24 above shows the CV overlay of the bare GCE with LiMn204 in 1 M LiNOs electrolyte
solution. The distinct LiMn2O4 peaks show that the pristine cathode material is conductive as it
allows a current to pass through across a potential range of -1.2 to 1.2 V on Glassy carbon electrode
(GCE) surface. The redox peaks at Pa1/Pc1 represent the lithium ion insertion and extraction at half
the lithium sites. The peaks at Ps2/Pc2 represents the insertion/extraction of lithium ions at the
unreacted sites within the spinel. This is characteristic of the 2-step reversible transformation
which takes place between LiMn,O4and A-MnO2[73]. Figure 25 below shows the CV overlay of
LiMn204 between scan rates of 5- 40 mV.s™. The most prominent redox peaks are observed at a

scan rate of 40 mV.s which gives rise to a current density of about 3 pA.
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Figure 25: CV of LMO overlay between 5 and 40 mV.stin 1 M LiNOs
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Table 3: Parameters obtained from the CV of LiMn2O4

Scan Rate Scan Ipa (HA) Ipc (HA) Epa (V) Epc (V) AEp (V)
(mV.st) Rate!/?
(mV.s?)

1 1 0.065 -0.092 0.52 0.17 0.35
5 2.24 0.39 -0.38 0.68 0.07 0.61
10 3.16 0.88 -0.74 0.70 0.04 0.66
20 4.47 1.73 -1.26 0.73 0.03 0.70
30 5.48 2.39 -1.68 0.76 0.04 0.72
40 6.32 2.89 -2.08 0.77 0.03 0.74
Mean 0.69 0.06 0.63

4

3 y =0.5558x-0.7092 °

R? = 0.9829 P

e o

P et
o o
= 0 P N—

0 1 2 3 - 5 6
-1
P y = -0.3802x+0.3979
R?=0.9902
-3

Scan rate2 mV.s2

Figure 26: Plot of peak current vs root scan rate

Figure 26 shows that cathodic and anodic current density increases with increasing scan rate. The

linear correlation shows that the pristine LiMn.O4 cathode material is conductive.

Determination of reversibility:
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pcC

=1.39 pA

- ip—a ~ 1 ...Chemically reversible
pc

Determination of Diffusion Coefficient:
1
nF12 11
Ipa = 0.4463nFA [ﬁ] [0x]BYkDoxz V2

1
nF12 1
Slope = 0.4463nFA [ﬁ] [0x]BUXDox2

(38)

(39)

(40)

1 Slope x (RT)*/?
Doxz = P g )
0.4463(nF)z A[Ox]Bulk
1
1 0.558x10~° (iv)i x (8.314 J. mol~1. K1 x 298 K)1/2
Doxz = m

18 2

Dui*= (2.65X10_9 cm. 5_5)
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DLit=7.069 x 1078 cm?.s71

The diffusion corresponds to the 2 step process of extraction/ insertion of lithium ions in the spinel
structure [80].

Determination of Specific Capacity for LiMn204 during charging

B Area (AV) (41)
~ Scanrate (V.s™1)

Q

_ 4.88x1077AV
~ 0.001V.s™1

Q = 4.88x107As

Capacity units in batteries are in Amperes-hour. Since 3600 As = 1Ah

_ 4.88x107* A.s
B 3600 s

= 1.36x1077A.h
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Q (Ah)

Active mass (g)

Specific capacitycharge =

1.36x1077Ah

specific capacitycharge = 8x10 % g

1.69x10*Ah.g"1x1000 mA

0.17 mAh.g™?!

Determination of Specific Capacity for LiMn204 during discharging

_ Area (AV)
Q= Scan rate (V.s™1)

_ 2.85x1077AV
~ 0.001V.s™1

Q = 2.85x107*As

B 2.85x107% A.s
B 3600 s

=7.91x1078A.h

Q (Ah)

Specific capacitypischarge = Active mass (2)
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7.91x10~8Ah

specific capacitypischarge = 8x10~* g

9.90x10"*Ah.g~'x1000 mA

0.099 mAh.g™1

5.2 Cyclic voltammetry: [AIFsLiMn20s-rGO]

From the CV of [AlIF3LiMn204-rGO] in Figure 27 below, it is observed that the current density of
the modified cathode material has improved. This is due to the influence of rGO which has superior
electron conducting properties [16]. The modified cathode material will thus also have improved
electrochemical properties. The Li-ion insertion/extraction peaks are not clear in the CV overlay
in the figure above, we thus opted to use the more sensitive square wave voltammetry
electrochemical characterization technique. In Figure 28 and Figure 29 below, we can confirm that
lithium ion extraction/insertion does take place on the surface of the GC electrode. Table 5 below
also shows the distinct capacitive improvements made between the pristine LiMn204 and novel
[AIF3LiIMn204-rGO] cathode materials.
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Figure 27: CV of [AIFsLiMn204-rGO] overlay between 5 and 40 mV.s!
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Figure 28: Anodic square wave voltammogram of [AlIFzLiMn204-rGO] in 1 M
LiNOs
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Figure 29: Cathode square wave voltammogram of [AlFsLiMn204-rGO] in 1M LiNO3

Table 4: Parameters obtained from the CV of [AlFsLiMn,04-rGO]

Scan Rate | Scan lpa (LA) loc (LA) Epa (V) Epc (V) AEp (V)
(mV.s) Rate!/?
(mV.s?t)

1 1 0.34 -0.34 0.57 0.37 0.20

5 2.24 1.94 -1.72 0.66 0.19 0.47
10 3.16 3.40 -2.71 0.69 0.19 0.50

20 4.47 5.63 -4.29 0.69 0.19 0.50

30 5.48 7.82 -5.60 0.72 0.13 0.59

40 6.32 10.14 -7.17 0.80 0.07 0.73
Mean 0.69 0.19 0.50
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Figure 30: Plot of peak current vs root scan rate

Figure 30 above shows that cathodic and anodic current density increases with increasing scan
rate. The linear correlation shows that the modified [AlIFsLiMn20s-rGO] cathode material is
conductive. From this plot it is easy to see that the current density of the modified cathode material
is higher than that of the pristine cathode material (Figure 26) and promises improved

electrochemical properties.

Determination of reversibility:

|pa :lpc
lpa  791pA
| 7.28 yA

pc
=1.09 pA

o= ii—i ~ 1...Chemically reversible

Determination of Diffusion Coefficient:
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1

nF12 11
Ipa = 0.4463nFA [ﬁ] [0x]BukDox2 V2

1

nkj2 1
Slope = 0.4463nFA [ﬁ] [0x]BUkDox2

1 Slope x (RT)/2
Doxs = pe x (RT)

3
0.4463(nF)2 A[Ox]Bulk

1
1.819x107° (=) x(8.314].mol 1. K~* x 298 K)'/2

1
2

= 3
0.4463(1 x 96485.33 C.mol=1)2x 0.071 cm=1[0.011 mol. dm~3]

Dox

18 2

Diit= (8.67x10—9 cm. s‘a)

DLit=7.52x10"17 cm?.s™1

The diffusion coefficient obtained for the modified cathode material (D=
7.52x107Y ¢m%.s71 ) is higher than that of the pristine material (Dui*=
7.069 x 10718 cm?2.s~1) and therefore indicates that the process of Li* insertion/extraction on the

surface of the electrode is improved [80].

Determination of specific capacity for [AIFsLiMn204-rGO] during charging
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_ Area (AV)
~ Scanrate (V.s™1)
B 3.39x107 %AV
~ 0.001V.s7?
Q = 3.39x1073As

Capacity units in batteries are in Amperes-hour. Since 3600 As = 1Ah

_ 3.39x107° A.s
3600 s
=9.42x1077A.h

Q (Ah)

Active mass (g)

Specific capacitycharge =

9.42x1077Ah

specific capacity = 8x10- g

1.18x1073Ah. g 1x1000 mA

1.18 mAh.g 1

Determination of specific capacity for [AIFsLiMn204-rGO] during discharging:

Area (AV)
Q= Scan rate (V.s™1)
3.46x107 %AV
~0.001V.s T
Q = 3.46x1073As
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_ 3.46x107° A.s

3600 s

=9.61x1077A.h

Specific capacitypischarge =

specific capacitypischarge =

Q (Ah)

1.20x1073Ah. g 1x1000 mA

1.20 mAh. g1

Active mass (g)

9.61x1077Ah
8x10~*g

Table 5: Charge and discharge capacity for LiMn204 and [AlFsLiMn20s-rGO]

[AIFsLiMnN204

Cathode Charge | Discharge |  Coulombic Capacity loss/gain
material capacity | capacity | efficiency (%) (%)
(mAh/g) | (mAh/g)
Pristine 0.17 0.099 58.24 41.76
LiMn204
Novel 1.18 1.2 101.69 1.69

5.3 Electrochemical Impedance Spectroscopy (EIS)

EIS was used to investigate the intrinsic resistive and diffusion properties of the pristine LiMn204
and more importantly novel [AlIF3LiMn,04-rGO] as the redox activity taking place on the surface
of the GCE in the electrochemical cell. The nyquist plots for LiMn2O4 and [AlIF3LiMn204-rGO]
are seen in Figure 31 below. No semi-circle region is observed, meaning that the electrode
materials have good capacitive properties. The modified cathode material however, is steeper in
the midfrequency range and therefore has less charge transfer resistance. This is also confirmed
from the equivalent circuit modelling which was used to estimate its parameters seen in Figure 31

below [81]. The solution resistance of the novel cathode material has increased from 15 to 22 Q.
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This could be a result of the modified composite material being denser and hence the initial
resistance is slightly higher than the pristine LiMn.O4 cathode material. The charge transfer
resistance (Rct) however, has decreased from 318 to 245.70 Q, meaning that the modified cathode
material is more conductive. This is confirmed from the bode plots below where the phase angle

increased from 39.2 to 40.6° in

Figure 32 and Figure 33.
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Figure 31: Nyquist plots for the pristine LiMn204and AlFsLiMn204 cathode GCE in 1M LiNO3
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Figure 32: Bode plot for pristine LiMn,QO4 cathode material obtained at a formal potential of 0.465
VinlM

Inset: Randle model describing the equivalent circuit
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Figure 33: Bode plot for [AlIF3LiMn204-rGO] cathode material obtained at a formal potential of
0.1Vin1M LIiNOa.

Inset: Randle model describing the equivalent circuit

Table 6: Kinetic Parameters obtained from EIS plots

Electrode Rs () | Cai(uF) Ret () | Ws (Q/s1?) lo
LiMn204 15.11 | 1.60x10° 318 1.03 8.07x10°
AIF3LiMn204 22.27 | 1.39x10° | 2457 1.07 1.05x10*
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L _RT (43)
° " R4F

Where R is the universal gas constant (8.314 JK*mol™), F is Faraday constant (96486 C mol™)
and T is the temperature (298.15 K) and R is the charge transfer resistance (€2). Rsis the solution
resistance which takes into effect at the interface between the surface of the GCE and the
electrolyte. The exchange current density of LiMn,O4 at 0.46 V was 8.07x10° A cm, which
corresponds to a slow rate of electron transfer due to the poor catalytic effect of pristine LiMn20a.
The i, of the modified cathode material is significantly higher than the pristine material which
indicates improved catalytic activity of the novel cathode material.

From Table 6 above, the decrease of R at lower voltages indicates that the electrochemical
polarization decreases, which is beneficial to the transfer of Li*. The interfacial capacitance value
(Cai) of LiMn2O4 was similar than that of modified samples, indicating that the LiMn204 electrode
has a similar surface area which redox reactions take place and the intercalation/deintercalation of

li-ions.

Chapter 6: Conclusion

Lithium ion transition metal oxides as cathode materials for batteries have received much attention
as battery cathode materials ever since the invention of new age technology applications such as
laptops, cellphones and electric vehicles. LiMn2O4 forms part of a collection of intercalation
cathode materials in which li-ions intercalate between the cathode and anode. Of these
intercalation cathodes, LiCoO- is mostly industrialized as it is easier to synthesize and displays a
superior theoretical capacity in comparison to that of LiMn204 and LiNiO. LiCoO; is however
very costly and not environmentally friendly, hence the decision to study the capacitive dynamics
of modified LiMn2Os4. In this study, the properties of LiMn2Os were, investigated and the
modification thereof by forming a coated composite cathode material comprising of LiMn2Oa,
AlF3 and rGO which gives rise to the novel [AIFsLiMn204-rGO].

The novel cathode material was successfully synthesized and analysed using various

electrochemical and spectroscopy analysis techniques. From the characterized materials, 1 am
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confident that the novel cathode material obtained will provide immense improvements to the
capacity and energy density of the cathode. Improvements in structural and electrochemical
stability due to the addition of AlFs and rGO to the pristine LiMn2O4 was confirmed. This is due
to the fact that the material will be able to undergo more charge/discharge cycles before
degradation and capacity loss as compared to the pristine LiMn20O4 cathode. This can be observed
from XRD and TEM crystallinity determinations of the novel material as well as the interlayer d-
spacings (d = 0.187 nm). The cathode material will therefore have the ability to withstand an
improved number of charge/discharge cycles before losing its intrinsic properties in lithium ion
battery applications. The electrochemical parameters of the modified LiMn2Os improved
substantially. The current conducting capacity improved by about 5 times as can be seen when
comparing the current densities in the cyclic voltammograms in Figure 25 where of Ipa/lpa 2.89
MA and -2.08 pA compared to Figure 27 with Ipa/lpc of 10.14 pA and -7.17 pA respectively. The
good capacitive properties of the material was also confirmed through electrochemical impedance
studies where the absence of the semi-circle region on the nyquist plot as well as a substantial
reduction in charge transfer resistance of 318 to 245.70 Q was reported. The determination of these
parameters clearly indicate that a capacity enhancement will be observed when applying the novel
[AIFsLiMn204-rGO] cathode material to a battery or coin cell.

Chapter 7: Recommendations for Future Work

e Coin cells will be fabricated in order to determine the exact electrochemical properties of
the material including cyclability and rate capability.

e The incorporation of Nuclear magnetic resonance (NMR) studies into my work in order to
compare the quadrupolar interactions between the Li, Al and F nuclei as well as to
determine the isotropic nature of the pristine and novel cathode materials.

e This aspect of the study included to coating of LiMn2QOas, but the doping of the LiMn204
cathode material with various dopants and doing a comparative study between the cathode
modification techniques.
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