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ABSTRACT

Among currently available rechargeable battery systems, Lithium-ion (Li-ion)
batteries feature high energy density and operating voltage, and long cycle life. Since
the 1990s, the development of Li-ion battery technology has been ongoing, owing to
the ever-growing demand in portable electronics, electric vehicles (EV), hybrid
electric vehicles (HEV) and stationary energy storage devices. Although the
improvements in battery technology rely on achievements in electrode materials,
separators, electrolytes and external management systems, electrode materials play
the most important role as they control the electrochemical reaction and determine
the properties of a battery system. Based on extensive literature reviews, the
electrochemical performances of electrode materials are size- and morphology-
dependent. In this study, several nanostructured materials with specifically designed
morphologies were synthesized, characterized, and used as electrode materials for
Li-ion battery applications.

First, spherical over-lithiated transition metal oxide was chosen as the high capacity
cathode material. Through a modified co-precipitation method, this material
exhibited relatively low irreversible capacity loss, high specific capacity, satisfactory
cyclability and rate capability. These are suitable for large-scale application.
Secondly, two different carbon coating techniques were designed and applied in the
synthesis of LiFePO; and LiFeSiO4 cathode materials through in-situ
polymerization and modified ball-milling methods respectively. Carbon-coated
LiFePO,4 consists of primary particles (40-50 nm) and agglomerated secondary
particles (100-110 nm). Each particle is evenly coated with an amorphous carbon

layer, which has a thickness around 3-5 nm. Meanwhile, Li,FeSiO4/C nanoparticles
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were coated with an amorphous carbon layer, owing to the carbonization of glycolic
acid. Both materials exhibited much higher specific capacity, better capacity
retention, and better rate capability than their pristine counterparts.

After that, a hydrothermal method was chosen and applied to synthesize hollow-
structured CoFe,O4 nanospheres and CoFe,Os/mutiwalled carbon nanotubes
(MWCNTs) hybrid material. The significant improvements in the electrochemical
performances of these two materials, including high capacities, excellent capacity
retentions and satisfactory rate capabilities could benefit from their unique nano
architectures. CoFe,O4 demonstrated uniform hollow nanosphere architecture, with
an outer diameter of 200-300 nm and the wall thickness of about 100 nm. Hybrid
material resembled wintersweet flower “buds on branches”, in which CoFe,04
nanoclusters, consisting of nanocrystals with a size of 5-10 nm, were anchored along
carbon nanotubes. Both materials could be a promising high capacity anode material

for lithium ion batteries.
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CHAPTER 1 Introduction

1.1 General Background

With increasing awareness of the need for low carbon emissions and the shortage of
traditional fossil fuels, there is an ever-growing demand for renewable energy
sources, including wind/solar energy, tidal power, nuclear energy, fuel cells and
rechargeable batteries. The most widely used renewable energy sources are wind and
solar energy, which can be converted into electricity for transmission to users or
storage. However, they vary their availability as energy sources, which means
alternative energy sources are in high demand.

Rechargeable batteries are among the most successful technologies that can be
repeatedly used to provide an efficient storage of electrical energy [1]. As displayed
in Figure 1.1, the history of the rechargeable battery began in the 1959, with Lead-
acid and Ni-Cd being the most common secondary batteries [2]. In the 1970s, Ni-H
batteries emerged as an alternative in the rechargeable battery market. Motivated by
the demand for greener, more efficient and more durable batteries, extensive
investigations on the lithium battery began in the 1960s and initially concentrated on
nonaqueous primary batteries using lithium as the anode. However, their usage was
limited because of safety concerns of lithium dendrites. Since the first commercial
lithium-ion (Li-ion) batteries were developed in 1991 by the SONY Corporation,
they have gradually become an alternative power source for traditional lead-acid and
Ni-Cd batteries. Over the past two decades, with the development of battery
technology, Li-ion batteries are currently the prevailing portable power source and

are targeting wide-ranging applications in hybrid electric vehicle and stationary
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energy storage, as it provides twice the energy density than nickel-cadmium or

nickel-metal hydride batteries, in terms of both weight and volume.
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Figure 1.1 Battery histories over the years, showing the main electrode materials
used [3]
There are several reasons why Li-ion batteries should meet considerable success in
the market [4]. First, with the awareness of global warming, there is large demand for
renewable energy sources to replace traditional fossil fuels. Second, the Li-ion
battery offers high energy density (250 Wh g'l, 2-3 times higher than Ni-MH, Ni-Cd,
and Pb-acid batteries), long cycle life (more than 10000 cycles), high voltage output
and no “memory effect”, enabling them to meet the fast-growing requirements for
newly emerged electronics and electrical vehicles. Furthermore, the chemistries
involved in Li-ion batteries are versatile, which could offer more choice of electrode

materials, ranging from layered oxides to polyanion compound, as well as some
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suitable candidates from the organic field. This has provided many opportunities

when searching for advanced electrode materials for Li-ion batteries.
1.2 Present Status and Remaining Challenges

The past twenty years have witnessed the continuous progress of Li-ion batteries,
from first-generation test cells to mature mass production, which is dominating the
current rechargeable battery market in portable electronic devices, such as computers,
cell phones, power tools and camcorders. The new generation wireless and portable
communication technologies require batteries of lighter weight, higher energy/power
density and longer cycle life and in particular, the application of Li-ion batteries that
will extend into the auto industry, with the goal to popularize fully battery-powered
electric vehicles. Undoubtedly, the replacement of fossil fuels with renewable
rechargeable batteries would solve some of the current serious problems, such as
high carbon emission and scarcity of fossil fuels. However, at this stage, Li-ion
batteries are no more practical and price competitive than fossil fuels for large-scale
applications [5].

The ideal batteries for electric vehicles (PHEV, HEV and EV) and back electricity
storage units will have attributes such as long life, low cost, environmental
compatibility, high energy density, safety, compact size and light weight [1, 6].
Currently, none of these batteries fulfil all these critical requirements, and most of
them operate below their theoretical value. The large-scale application of Li-ion

batteries is still of prime concern.

1.3 Importance of Study




Y. Wang

The popularity of Li-ion batteries for large-scale energy applications, such as low-
emission electric vehicles, renewable power plants and stationary electric grids,
requires safer batteries with high-rate charge-discharge capability and long cycle life.
Under these circumstances, high demand for advanced energy storage devices with
high energy and power densities has boosted extensive research in the development
of novel electrode materials for Li-ion batteries. From the electrochemistry
perspective, electrode materials are of great importance in the improvement of Li-ion
battery technology, as the performance of a specific battery unit essentially relies on
the thermodynamics and kinetics of the electrochemical reactions involved in a
battery system. Today, nanomaterials with tunable morphology have drawn extensive
attention because of their fascinating mechanical, electrical and optical properties
compared with bulk counterparts. The development of Li-ion batteries could benefit
from the application of nanomaterials. The aim of this study is to synthesize
nanostructured electrode materials with enhanced battery performances through
morphology control and process optimization. Also, the mechanism and principles
involved the electrochemical redox reactions will be fully analysed, which will shed
light on further on-going research. Improvements for electrode materials mainly
focus on:
1) larger capacity and higher energy and power density;
2) higher reactivity, reversibility, structural stability during the de-
lithiation/lithiation process;
3) faster ionic diffusion and electronic transfer at higher C-rates;
4) low cost, higher safety; and

5) facile synthesis of material and environmental benignity.
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1.4

Outline of Study

This PhD study focuses on synthesizing the nanostructured electrode materials with

diverse morphologies for rechargeable Li-ion battery application. The physical

properties, crystal structures and electrochemical properties of the as-synthesized

samples were systematically investigated, and the results and key findings are

structured as follows:

1))

2)

3)

4)

5)

Chapter 2 reviews the recent development in Li-ion batteries. Various cathode
and anode materials were systematically summarized, especially the
improvements in novel synthetic routes and electrochemical performances. The
concise and useful investigations will shed light on my further research.

Chapter 3 lists the overall experimental methods, characterizations and
electrochemical evaluations for various cathode and anode materials involved.
Synthesis of cathode materials via a precipitation method are presented in
chapter 4 (over-lithiated transition metal oxide) and chapter 5 (lithium ion
phosphate LiFePO,) respectively.

Chapter 6 demonstrates the preparation of carbon-coated nanosized Li,FeSiO4
through solid-state reaction, and the effect of carbon-coating on the
electrochemical performances of Li,FeSiO4 was evaluated through fully
assembled Li-ion batteries.

Chapter 7 1is divided into two parts, concentrating on the design of
nanostructured CoFe;O4 nanospheres and the winter-sweet-flower-like
CoFe;O4/MWCNTSs nanocomposites respectively. A hydrothermal method was

chosen to tailor the morphology of as-prepared samples. In addition, their
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6)

electrochemical performances were fully investigated when used as the anode
materials in Li-ion batteries.

Finally, Chapter 8§ summarizes the main achievements of this study, and outlook
possible improvements. At the end of the thesis is a list of references, a list of
nomenclature, and a list of materials and chemicals, followed by a list of

publications during the period of the study.
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CHAPTER 2 Literature Review

2.1 Rechargeable Batteries

A battery is a device that converts the chemical energy contained in its active

materials directly into electric energy by means of an electrochemical oxidation-

reduction reaction [2]. The type of reaction involved is the transfer of electrons from
one material to another through an electric circuit. In the case of a rechargeable
system, the redox reaction inside the battery is reversible.

Rechargeable batteries are characterized by high power density, high rate capability,

flat discharge voltage plateau, and good environmental endurance. They attract much

attention worldwide as they have various applications, such as the following:

1) Energy-storage device: a rechargeable battery can be connected to, and charged
by, a prime energy source, such as a un-interruptible power supply (UPS),
wind/solar-power source, hybrid electric vehicle and stationary energy storage
system.

2) Portable consumer electronics: for example, power tools, computers, cell phones,
electric vehicles.

The history of rechargeable batteries began more than a century ago. Lead-acid

batteries, invented in 1859 by a French physicist, are the oldest rechargeable battery,

with corroded lead foils to form active material. Until the 1980s, the sealed valve-
regulated batteries dominated the battery market for their applications in power tools,
electronic back-up, and small cells for consumer and road usage because they were

low cost, maintenance-free, and had moderate energy density [2]. Following on, the
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rechargeable nickel-cadmium and nickel-hydrogen emerged as alternatives for lead-
acid batteries. Soon after, lithium metal, as the most powerful reducing agent,
became attractive as a battery anode material, owing to its superior conductivity,
light weight, high voltage and high energy-density batteries. In the early 1970s, the
first lithium batteries were used in selected military applications. However, their
applications were restricted because of safety concerns [7]. Until 1983, Yoshino
proposed an operational model of rechargeable battery, later named lithium ion
battery, which contained LiCoO, as cathode and polyacetylene as anode, and was
sealed in a test tube [8]. This cell functioned with the same cell principles as the Li-
ion batteries in the market. Yoshino also developed an electrode fabrication method,
using Al foil and Cu foil as current collectors for cathode and anode respectively.
After immense pioneering work, SONY successfully commercialized the lithium-ion
battery in 1991. Since then, they have revolutionized battery technology.

Today, there are several types of rechargeable batteries utilized successfully in all
areas of life. Table 2.1 summarizes the key characteristics and applications of

standard rechargeable battery systems.

Table 2.1 Major characteristics and applications of standard rechargeable battery systems (reproduced

from [2, 3])

Systems Applications Advantages Disadvantages

Lead-acid

Automotive Automotive staring, Popular Poor energy density
lighting and ignition Low cost (30-40 Wh kg™
(SLD) High rate and low- Relatively low cycle
Golf carts temperature performance life (50-500 cycles)
Lawn mowers Maintenance-free designs Limited high
Tractors temperature cyclability
Aircraft Difficult to
Marine manufacture in very

Stationary Emergency power Long life ?rmau sllzed
UPS Stability oxie fea
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Energy storage
Load levelling

Portable tools
Small appliances

Portable

Maintenance-free
Low cost

Price competitive
Moderate cycle life

Nickel-cadmium

Consumer electronics
Memory backup

Portable

Large-scale Industrial and aerospace
Railroad equipment

Standby powers

Maintenance-free

Sealed

Long cycle life

High-rate low-temperature
performance

Long shelf life in any state
of charge

Rapid recharge capability

Low maintenance
Reliable: no sudden death
Good charge retention
Excellent cycle life and
long-term storage

Voltage depression or
memory effect in
certain applications
Higher cost than lead-
acid batteries

Poor charge retention
Toxic Cd

Low energy density
Higher cost than lead-
acid batteries

Toxic Cd

Nickel-metal hydride

Portable Consumer electronics
Other portable

applications

Higher capacity then Ni-Cd
batteries

Sealed

Maintenance free

Cd free, minimal
environmental problems

Low voltage

Poor charge retention
Moderate memory
effect

Limited recyclable

Nickel-hydrogen

Aerospace Primarily for aerospace High specific energy (60 Wh  High initial cost
applications kg™ Self-discharge
Long cycle life under proportional to H,
shallow discharge pressure
Long life Low volumetric
energy density
Zinc-MnO,
Portable Cylindrical cell Low cost Limited cycle life and
applications Good capacity retention rate capability
Rechargeable Sealed Higher internal
replacement for Zn- Maintenance-free resistance than Ni-Cd
Carbon and alkaline No memory effect and Ni-MH batteries
primary batteries
Li-ion
Portable Portable electronic High voltage Moderate initial cost at
equipment High specific energy/power  this stage
Power tools density Need for protective
Long cycle and shelf life circuitry
Rapid charge capability Cobalt is not green, but
High coulombic and energy  can be replaced by
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efficiency abundant and
No memory effect sustainable materials
Durable and compact Recycling feasible but
Large-scale Electric and hybrid High specific energy/power at an extra energy cost
electric vehicles density
Stationary power grid High rate capability
Aerospace applications Long life

Maintenance-free

Li-air (future)

Large-scale Large-scale Quite high energy density Poor energy efficiency
Stationary energy Low cost if technology Easy recycling
sources improves

2.2 An Introduction of Li-ion Batteries

Li-ion batteries comprise cells that employ lithium intercalation compounds as the

positive and negative materials. When the cell is charged and discharged, Li"

exchange between the positive and negative electrodes, forming the so-called

rocking-chair batteries.

Lithium metal is the chosen anode material, based on Li being the most

electronegative (-3.04 V vs. standard hydrogen electrode, SHE) as well as the lightest

metal (equivalent weight M = 6.94 g mol™), and may deliver a theoretical capacity

up to 3860 mAh g [9]. This provides lots of opportunity to tune the size of the

battery down and enhance its energy density and power density.

The advantageous features of the Li-ion battery include the following:

1) High voltage: Li-ion batteries have voltages up to 4 V, depending on the active
materials used

2) High specific energy and power density: the energy output of a lithium battery is
2 to 4 or more times better than that of conventional zinc anode batteries

3) Wide operation temperature range: most of the lithium batteries will perform

over a temperature range from about 70 to -40 °C

10
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4) High coulombic and energy efficiency

5) High rate and rapid charge capability

6) Long cycle life

7) Superior shelf life: Li-ion batteries can be stored for long periods, even at
elevated temperatures, with no memory effect

Disadvantages for Li-ion batteries:

1) Degrade at high temperature

2) Capacity loss or thermal runaway when overcharged

3) Venting and possible thermal runaway when crushed

4) Moderate initial cost and extra cost for recycling

2.2.1 Basic concepts for Li-ion batteries

The following terms are frequently used in this study for evaluating the properties of

Li-ion batteries.

2.2.1.1 Cathode and anode

In chemistry, the cathode and anode of an electrochemical cell is where the reduction
and oxidation occurs respectively. The cathode can be negative, as when the cell is
electrolytic, or positive, as when the cell is galvanic. Since our studies were on the
galvanic cell, the cathode was connected to the positive pole to allow the circuit to be
completed. The anode was the negative electrode from which electrons flowed out

towards the external part of the circuit.

2.2.1.2 Charge-discharge

When the cell is connected to an external load, electrons flow from the anode

through the external load to the cathode. The electric circuit is completed in the

11
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electrolyte by the flow of anions and cations to the anode and cathode respectively.
This process is called discharge, which is the exact reverse to the charge process [2].
During the recharge of a rechargeable battery, the current flow is reversed and

oxidation occurs at the cathode and reduction at the anode.

2.2.1.3 Potential

The theoretical potential of the cell depends on the type of active materials selected
in the cell. It can be calculated from free-energy data or the standard electrode
potentials. Figure 2.1 summarizes the voltages and capacity for various electrode
materials. The open circuit voltage is the voltage of a no-loaded cell and is usually
close to the theoretical voltage. For a commercial battery, it is often evaluated by its

nominal voltage, which is generally accepted as typical of the operating voltage of

the battery.
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Figure 2.1 Voltages versus capacity for cathode and anode materials for the next

generation of rechargeable Li-based cells [9]

2.2.1.4 Theoretical capacity
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The theoretical capacity of materials is the total quantity of electricity involved in a
specified electrochemical reaction, which is dependent on the electron transfer and
molecular weight of active material. The specific capacity (Qs (Ah g™)) of electrode
materials is theoretically determined by the electrode reactions according to the

Faraday equation, and can be calculated from the equation below:
Qs = 268 %~ (Eq. 2.1)
Where M is the molecular weight of the active material (g mol™)

n is the number of electrons transferred during the redox reaction

2.2.1.5 Coulombic efficiency

The coulombic efficiency () of a battery is the ratio of the charge capacity (Q.)
during charging compared with the discharge capacity (Qq4) during discharging. It

indicates the reversibility of a particular battery and can be defined by equation (2.2):

n= g— X 100 % (Eq. 2.2)

d

2.2.1.6 C-rates

In this study, C-rate was used to indicate the charge-discharge current of a battery,
which can be expressed as:

I =C X Qg (Eq. 2.3)
Where 1 is the charge or discharge current (A), Qs represents the theoretical specific
capacity of the cell (Ah g™). For example, a battery charge-discharged at 0.1 C rate
represents 10 hours charge and discharge of this battery to its cut-off voltage, and the

charge-discharge current can be calculated from equation 2.3.

2.2.2 Principles of Li-ion batteries

13
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The prototype of a commercial Li-ion battery contains lithium cobalt oxide as
cathode and graphite as anode respectively, with LiPF¢ dissolved in carbonate as
electrolyte. The schematic operating principles of a typical Li-ion battery are shown
in Figure 2.2. When charging the battery, Li-ions move from the cathode, through
electrolyte, and insert into graphite layers, forming LiCs. Upon discharging, the
whole process is reversed. During charging-discharging, lithium ions flow between
cathode and anode, forming the so called “rocking-chair” battery, enabling the

conversion of chemical energy into electrical energy, which will be utilized by load.

i ] Charge
e
>

’ * __Dlscharge
Lithium lon Battery

Figure 2.2 Schematic operating principles of a typical Li-ion battery [10]

The electrochemical reactions involved in the LiCoO,/graphite cell are:

Anode:

LiyCy, < 6C + xLi* + xe™ @= —-29V (Eq. 2.4)
Cathode:

Li;_4C00, + xLit + xe™ <> LiCoO, o= 12V (Eq. 2.5)

14
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Overall:

Li;_,Co0, + Li,Cg <> LiCoO, +6C  E0= 4.1V (Eq. 2.6)

2.2.3 Configurations of Li-ion batteries

The term battery is generally used, and the basic electrochemical unit is referred to as
the ‘cell’. The cell is composed of an assembly of cathode, anode, porous
polyethylene separator, electrolyte, container and terminals. A battery consists of one
or more of these electrochemical cells, connected in a series or parallel, or both,
depending on the designed output voltage and capacity. The commercial Li-ion
batteries consist of the same components inside, with different configurations (shown
in Figure 2.3). The electrolyte of lithium ion batteries, usually liquid carbonate
electrolyte containing lithium salt or solid electrolyte, is an ionic conductor, which
provides the medium for the transfer of the charge. The separator is for physically
separating the anode and cathode to prevent internal short-circuiting, and at the same

time providing the desired ionic conductivity.
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Figure 2.3 Schematic drawing of various Li-ion battery configurations (a) cylindrical

(b) coin (c) prismatic and (d) thin and flat [9]
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Hereafter, a detailed review on the electrode materials is presented, which will
highlight the importance of electrode materials on the performance of state-of-the-art

Li-ion batteries.

2.3 Cathode Materials for Li-ion Batteries

One of the critical properties for Li intercalation material is the potential at which Li
can be extracted and inserted. Hence, knowledge of the thermodynamic potential is
one critical aspect when determining whether new materials are used as cathode
materials for Li-ion batteries. If the potential is too high, even though it will benefit
the high energy density of the material, Li cannot be practically removed, and the
electrolyte breakdown will deteriorate battery performance. By contrast, a low
potential can lead to moisture sensitivity of the electrode material. In a practical
system, the cathode must fulfil the following requirements

1) High free energy of reaction with lithium

2) Capable of hosting large quantities of lithium

3) Reversibly incorporates lithium without structural change

4) Have a useful working voltage

5) High lithium ion diffusivity

6) Good electronic conductivity

7) Be stable when in contact with the electrolyte

8) Low cost in terms of reagents and synthetic method
Based on these criteria, various cathode materials are proposed for Li-ion battery

application. These range from conventional layered materials (LiCoO,, LiNiO,,
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LiMnO; and LiMO; (M = Ni, Co, Mn and combination)), to the spinel materials and

the recent polyanion materials. A brief review of these materials follows.

2.3.1 Layered transition metal oxides

The development of lithium ion batteries is through the continuous improvements in
air stable Li-based intercalation compounds which can significantly improve battery
technology. Early studies on LiCoO, [11] have emphasized the important
applications of the layered transition metal oxide cathode materials. They provide
several benefits, for example, the well-developed synthetic routes, high specific

capacity, and the ability for facile processing for mass production [4].

2.3.1.1 Conventional Layered Metal Oxides

LiCoQO,, first reported by Goodenough and co-workers in 1979 [11], offers a high
theoretical capacity (274 mAh g' assuming complete Li extraction) and an
intercalating and deintercalating voltage around 3.9 V. LiCoO, exhibits two crystal
structures (a cubic spinel-related structure and a hexagonal layered structure),
depending on both the preparation method and synthesis temperatures [12]. Figure
2.4 displays a typical layered structure of LiCoO,, with cubic-close-packed oxygen
array providing a two-dimensional network of edge-shared CoOg octahedra for the
lithium 1ons.

The conventional synthetic method for LiCoO, is solid-state reaction, where high
calcination temperature is usually required to obtain LiCoO,, owing to the
insufficient mixing and the low reactivity of reagents. In this case, LiCoO, was
predominantly composed of a layered structure. However, the high temperature

calcination process is less energy-efficient, and normally causes the aggregation of
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the nanoparticles and even the evaporation of lithium. Moreover, studies suggest that
the capacity fading rate increases with increasing LiCoO; particle size [12]. Thus,
other low temperature synthetic methods, such as sol-gel [13], spray-drying [14] and
rotary evaporation method [15], are much more favourable in obtaining LiCoO; with
ultrafine particles and controlled morphology. In particular, nanowire and
mesoporous LiCoO, were prepared using a templating reaction under low
temperature [16, 17]. These nanostructured LiCoO, exhibited superior capacity

retention compared with normal LiCoOs.

LiCo0, : layered structure

Figure 2.4 Structure of layered LiCoO; (dots: lithium ions; octahedra: CoOg) [18]
Owing to extensive pioneer work on LiCoO,, it was the most widely used
commercial cathode material for Li-ion batteries during the 1990s. When pairing
with graphite carbon anode, LiCoO,/graphite batteries have dominated the Li-ion
battery market for the last twenty years as they provide much improved safety over

the lithium batteries, while maintaining high energy density, high capacity and high
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voltage to meet consumers’ demand. However, owing to the severe structural
stability degradation of LiCoO, when in contact with organic electrolyte, the
delithiation of LiCoO; beyond 0.5 Li is limited, which means LiCoO; can only
deliver half of its theoretical capacity [19]. Even though this disadvantage could be
compensated through doping with trivalent ions (such as Al, Cr) and coating with the
metal oxides or phosphates (e.g. ZrO,, Al,O3;, AIPO4 and FePO,) [20-23], toxicity
and high cost led us to search for alternative cathode materials.

LiNiO; is another choice of intercalated cathode material to replace LiCoO, as it has
favourable specific capacity and is cheaper when compared with LiCoO,. However,
the preparation of LiNiO; is complicated, because the atomic radius of Li and Ni are
similar, resulting in additional nickel ions on the lithium sites, and vice versa in the
crystal structure of LiNiO, [24]. This structure makes the synthesis of the
stoichiometric oxide, with all the lithium sites entirely filled by lithium, difficult. In
addition, the structure of delithiated LiNiO, usually collapses, accompanying
exothermic oxidation of the organic electrolyte [9]. These disadvantages hinder its
commercial application.

Another candidate for cathode materials is LiMnO,. Although LiMnO, exhibits 10 %
less theoretical capacity than LiCoO,, it has an advantage in terms of cost and non-
toxicity. However, its implementation has been delayed because of limited cycling
performance at elevated temperatures. The layered LiMnO, can be easily converted
to the spinel structure during cycling [25-28].

None of the aforementioned layered cathode materials (LiCoO;, LiNiO; and LiMnO,)
offer the satisfactory electrochemical properties required by the fast growing battery

industry. Under such circumstances, layered transition metal oxides LMO (M = Ni,
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Co, Mn combinations with various ratios) were proposed and investigated, such as
LiNiy;3Co15Mn; 30, (NCM) [27, 29], LiNipsCo0020; [17, 30], and LiNigsMngsO,
[31-33], because the combination of transition metal provides advantages of milder
thermal stability at charge state, lower cost and less toxicity than LiCoO,. In
particular, one paper published findings on a layered cathode material with a
fascinating core-shell structure [34]. Figure 2.5 shows the LiNipgCop;Mng 0, core
surrounded by a concentration-gradient outer layer, with the purpose of increasing
the thermal-abuse tolerance and cycle life of LiNipgCop1Mng;0,. The Ni-rich core
features high capacity, whereas the Mn and Co-rich outer layer provides enhanced
thermal stability. Under an aggressive test condition, this material exhibited a high

capacity of 209 mAh g and a capacity retention of 96 % after 50 cycles.

(@)

Bulk
Li(Nig g Cogy Mng1)04|
¢high capacity)

Interface
|

Concentration-gradient
outer layer
Li(Nig gy Cogisy Mg 1,002

0=x=034
0<y<013
0<z<021

Surface
Li(Nig 4¢ Cop a3 Mng3))0;
(high thermal stability)

Interface

Figure 2.5 (a) Schematic diagram and (b) SEM images of cathode material with Ni-

rich core surrounded by concentration-gradient outer layer (reproduced from [34])

Among those binary or ternary layered materials, LiNi;;3Co;3Mn;;30, (NCM) is the
most attractive alternative with a high theoretical capacity of 278 mAh g through
redox couples of Ni*"/Ni*", Ni*"/Ni*" and Co*"/Co*", almost zero phase change and

superior thermal stability [35, 36]. Moreover, the decreased Co content in NCM
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makes mass production feasible. Early reports on NCM show that although this
material has superior initial capacity, a relatively high irreversible capacity and poor
cyclability can be observed [37]. During the past ten years, significant improvements
were achieved on NCM material, making it a promising candidate for large-scale Li-
ion batteries. For example, carbon coated NCM, prepared through the pyrolysis of
polyvinyl alcohol (PVA), exhibited better rate capability and higher discharge
capacity compared with the pristine one [38]. Through a rheological phase reaction
route, the as-synthesized NCM had a high tap density of 2.41 g cm™, resulting in a
high volumetric energy density of this material [39]. P.G. Bruce group published that
a porous NCM material synthesized through sol-gel method exhibited a quite high
capacity of 195 mAh g at 1 C rate, superior capacity retention of 99.99 % and high
volumetric density of 2244 and 2008 Wh L at 1 C and 10 C respectively [40]. In
addition, a very recent publication also demonstrated the preparation of porous NCM
materials, consisting of single crystal nanoparticles, through an optimized
crystallization process [41]. As shown in Figure 2.6, metal acetates were dissolved in
water to form solution A. This was added drop-wise into citric acid solution B. After
adding nitric acid, the mixture was left to age and dry, forming a homogeneous gel.
The gel was further dried and sintered to produce a porous NCM product. This
material exhibited high surface area and well-defined layered structure, which gave

improved electrochemical performances.
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Solution A

Solution B Magnetic stirring  Solution C Evaporation

H Drying

Pre-heat
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Cobalt oxide \langanese ovide

Porous NCM Highly porous precursors Foaming gel

Figure 2.6 Schematic illustration of porous NCM prepared by modified sol-gel

method [41]

2.3.1.2 Over-lithiated Layered Metal Oxides

Among the aforementioned cathode materials, LiCoO; can only deliver half of its
theoretical capacity, owing to chemical and structural instabilities at deep charge,
with x<0.5 in LixCoO, [19]. In addition, difficulties in the preparation of LiNiO, and
its exothermic oxidation when in contact with organic electrolytes hinder its
commercial application, while, as already discussed, the layered LiMnO, can be
easily converted to the spinel structure during cycling [25-28]. Under such
circumstances, lithium-rich (or over-lithiated) layered transition metal oxides
emerged as promising alternatives, owing to their lower cost, higher discharge

capacities and better thermal stability compared with previous conventional layered
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materials [42-44]. Lithium excess compound is a series of Li,MnO3-LMO (M = Ni,
Co, Mn combinations with various ratios) solid solution with different mole ratios
between Li,MnO; and LMO, and the ratios among Ni:Co:Mn in LMO may also vary
in different cases. Literature shows that the excess lithium and manganese in the
‘conventional’ transition metal oxides (LiNi;»,Mn;,0; and LiNi;;Co/3Mn;;30,) can
lead to the formation of Li,MnOs, which is capable of participating in the lithium
intercalation and deintercalation process to deliver a discharge capacity greater than
200 mAh g [45-47].

Lithium-rich layered oxides mainly have three disadvantages: high irreversible
capacity; poor cyclic performance; and rate capability [42, 48, 49]. The large
irreversible capacity loss of 40-100 mAh g in the first charge-discharge cycle is due
to the oxygen evolution during the first charging process, while the poor cycling
performance and low rate capability can be ascribed to the low electronic
conductivity induced by the insulating Li,MnO; component [50, 51]. Some
appealing approaches were proposed to overcome the problems. In particular, surface
modification with conductive or protective agents proved to be an effective way to
enhance the electrochemical performances of over-lithiated layered compounds.
Table 2.2 summarizes recent publications on various coating agents and
corresponding coating techniques of layered materials. The reasons that the surface-
modified material exhibits better electrochemical performance are because the coated
layer can suppress the SEI layer thickness, enhance the surface conductivity, and
lower irreversible capacity by retaining more oxide ion vacancies in the lattice [52-
54]. In some cases, a double layer coating was also applied on over-lithiated layered

material (i.e. AIPO4+Al,O;5 [55], ALL,O3+RuO, [56]).
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Table 2.2 Summary of recent publications on surface-modified over-lithiated layered transition metal

oxides
) Coating ) ) )
Materials Coating techniques ~ Functions Refs
layer
Surface coating with conductive agents
Higher specific capacity,
Carbon rate capability and [57]
Ther mal. capacity retention
evaporation . .
Al Higher rate capability 58]
Li[Lig2Mng 54Nig,13C00.13]0, Lower Ci, loss
Co-precipitate Higher specific capacity
RuCl; with NH4OH  and rate capability
Ru0; followed by Lower charge transfer [56]
calcination resistance
Surface coating with inert oxides
Higher rate capability
Li[Lig2Mng 54Nig,13C00.13]0 AlPO, Co-precipitate and specific capacity [55,
CoPO, corresponding Lower Ci; loss 391
metal nitrates
/acetates /chlorides  Higher specific capacity
ALOs with NH,OH and capacity retention
(1-z)Li[Li,sMn,3]O,- /(NH4),HPOy, Lower C, loss [52,
(z)Li[Mng 5.,Nig 5.,C0,,]O, followed by 60]
Ce0,/ZrO,/  calcination
Lower Cj, loss
ZnO
o Higher rate capability
Co-precipitate and capacity retention
Li[Lig2Mng 54Nig13C00.13]0, ~ AlF; AINO; with NH,F Lower Ci loss [61]
fOHQW@q by Suppress electrolyte
calcination decomposition
Lower area specific
- . Hydrolysis of impedance
Li[Lio,Mn ¢Nio»]O, Al(OH); AI(C;H;0); Higher capacity retention  [53]
and thermal stability
Higher thermal stability
Li[Lig,Mng 54Nip 13C0013]0, TiO, and capacity retention [62]
Lower Cj, loss
Doping strategies
3+ i s Higher specific capacity
Al Co-precipitation Lower C,. loss
Li[Lip 17Mng ssNig.25]O> Calcination pristine ~ Slightly higher capacity — [54]
F sample with retention

NH,HF, Lower specific capacity

Solution-based
method

Lower specific capacity

e . . At
Li[Lio,Mno.54Nio.13C00.13]02 - Ti Suppress oxygen loss

Ci; :Initial irreversible capacity
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Furthermore, Manthiram and co-workers also proposed a novel technique of
blending Li[Lip,Mngs4Nig13C00.13]O, cathode with other lithium insertion hosts,
such as V;,0s, LisMnsOy,, or LiV30g [64, 65]. It showed that the lithium insertion
hosts can efficiently decrease the irreversible capacity loss of layered material by
accommodating the extracted Li-ions which could not be reinserted back into the
layered lattice.

In conclusion, the fully developed synthetic procedures for layered materials have
fulfilled the mass production of Li-ion batteries for the application in small-scale
portable electronics for the last two decades. However, their unavoidable
shortcomings, including high cost, toxicity, scarcity, oxygen evolution and
electrolyte decomposition at high charging potential, have limited their application in

EVs/HEVs [3].

2.3.2 Spinel LiMn,04 materials

Spinel materials have a three-dimensional framework or tunnelled structure based on
A-MnOQ; as illustrated in Figure 2.7. The cubic-close-packed oxygen array provides a
three-dimensional array of edge-shared MnQOg octahedra for the lithium ions.

Initially, LiMn,0Oy is also of commercial interest, particularly for applications that are
cost-effective, durable and robust. This material offers favourable safety and intrinsic
rate capability, which arise from the chemically stable Mn®"/Mn*" couple and a 3D
framework for facile Li" mobility [66]. However, the commercialization of LiMn,O4
has ceased, owing to the gradual capacity loss resulting from the recognized John-
Teller distortion of Mn®* and Mn dissolution in the electrolyte. John-Teller distortion

happens when the cubic spinel crystal transforms into tetragonal with a c/a = 1.16,
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and the volume of the unit cell increases by 6.5 %, which results in a low capacity

and significant capacity fading at moderate temperature [67].

LiMn,0, : spinel structure

Figure 2.7 Structure of spinel LiMn,04 (dots: lithium ions; octahedra: MnQOg) [ 18]
The development in novel nanomaterial synthesis allows us to improve the properties
of LiMn,O4 by shifting from bulk to nanostructured electrode materials. Although
nano-structured materials are not likely to suppress the structural change, they can
accommodate better strains during this structure transformation than bulk
counterparts. Particularly, one-dimensional (1D) LiMn,O4 nanowires showed
enhanced power density, owing to its shorter Li" diffusion path [68]. Cho et al. also
reported the rate capability and cycling performance of LiMn,04 can be improved by
coating with a ZrO, layer [69]

Doping with other elements in manganese site is an effective way to improve the
cycling performance of LiMn,0,. In particular, Ni doped spinel compound showed
the highest capacity and the most stable cyclability at higher potential. N. Kumagai
demonstrated the easy substitution of Mn with Ni to form LiNipsMn; 504 through an

emulsion drying method [70]. After optimizing the calcination condition at 750 °C
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for 24 h, this material showed good cyclability. A modified Pechini method was
employed to obtain nanostructured LixMn; sNigsO4 (x = 0.95, 1.0, 1.05), which was
sintered at different temperatures and resulted in two spinels with different symmetry
groups [ordered P4332(P) or disordered Fd3m(F)] [71]. The disordered spinel was
shown to have two orders of magnitude higher electronic conductivity than the
ordered sample. Thus, the disordered spinel exhibited higher rate capability than the
ordered sample. Moreover, Hernan demonstrated the preparation of LiNipsMn; sO4
with controlled crystallinity through polymer-assisted synthesis [72]. The nanorod-
like LiNipsMn;sOq4, with nanocrystals in the size of 20 nm, was obtained using
polyethylene glycol 400 (PEG400) as a sacrificial template. After calcination, high
crystalline nanoparticles adopted a well-defined polyhedral morphology. The
polymerization controlled the particle shape and maintained connectivity between
nanocrystals during the synthesis. This material delivered an excellent coulombic
efficiency and fast charge ability, which might have application in high-voltage

lithium batteries.

2.3.3 Polyanion-based materials

Polyanion compounds are a class of materials in which tetrahedral polyanion
structure units (XO4)" with strong covalent bonding combine with MO, (M denotes
transition metal) polyhedral [4], resulting in a higher thermal stability than
conventional layered transition metal oxides. Therefore, polyanion-based materials,
such as phospho-olivines and lithium metal orthosilicates, are now the most
promising cathode candidates for use in next-generation Li-ion batteries for large-

scale applications, owing to their enhanced stability and safety, natural abundance
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and no toxicity, compared with traditional transition metal oxides [73, 74]. To date,
extensive studies have concentrated on lithium iron phosphate (LiFePO,) and lithium
iron/manganese silicate (Li,MSiO4 (M = Fe, Mn or combinations)), and they are

addressed in the following review.

2.3.3.1 Lithium Iron Phosphate

Since J.B. Goodenough’s group did their breakthrough work on phospho-olivine
polyanionic compound in 1997 [75], LiFePO4 has emerged as the most promising
cathode material for large-scale applications [76, 77]. As shown in Figure 2.8,
olivine LiFePO, can be described as a slightly distorted hexagonal closed-packed
(hcp) oxygen array resulting in an orthorhombic structure, in which the FeOg
octahedra share common corners. The phosphorus atoms occupy tetrahedral sites; the

iron and lithium atoms occupy octahedral 4a and 4c sites respectively [78].

Figure 2.8 Crystal structure of olivine LiFePOsviewed along the (a) b- and (b) c-axis

respectively. tetrahedral, POy4; octahedral, FeOg [4]
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The electrochemical reaction of LiFePOy4 can be expressed as LiFePO4 <» FePO, +
Li" + ¢". During the charge-discharge processes, strong P-O covalent bonds in (PO4)*
polyanion stabilize the oxygen. Thus, the delithiated phase FePO, essentially has the
same structure as LiFePO4 but the FePO, host framework deforms slightly to
orthorhombic symmetry as displayed in Figure 2.9. Therefore, during the charge and
discharge of the cell, LiFePO, electrodes are actually composed of two separate

phases of LiFePO4 and FePO,.

Charge

>

Discharge

<

LiFePO, FePO,

Figure 2.9 The olivine structure evolution during lithium insertion and extraction.
dots, Li; tetrahedral, PO4; octahedral, FeOg [79]
The prominent advantages of this compound include the abundance of iron
phosphate, a relatively high theoretical capacity (170 mAh g™'), good lithium storage
reversibility, thermal stability at deeply charged state and high safety [80]. LiFePO4
also features an extremely flat charge/discharge profile characterized by typical two-

phase (LiFePO4/FePO,) reactions with lithium insertion voltage at 3.5 V, which lies
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within the window of the carbonate electrolyte, resulting in an excellent
electrochemical stability of LiFePO4 with no apparent capacity fade [75, 81]. The
disadvantages of this material include low electronic conductivity (~10° S cm™) and
lithium diffusivity (~1.8x10"* cm? s™) [82, 83], resulting in a relatively poor rate
performance. Over the last ten years, extensive studies showed that the
electrochemical performances of LiFePO4 could be dramatically improved through
the following techniques.

The first approach is surface coating, particularly carbon coating, which can
significantly increase the intrinsically poor electronic conductivity to around 107 S
cm” from around 10® S em™ at room temperature, while serving as a barrier against
detrimental surface reactions between active material and electrolyte [84, 85].
Previous publications showed that there were various methods to introduce a
conductive carbon layer on the surface of LiFePOj. Porous microspheres of
LiFePO4/C were synthesized through sol-gel and subsequent spray drying method
[86]. The carbothermal reduction method was also adopted in the preparation of
LiFePO4/C composite from inexpensive raw materials [87]. A soft chemistry
approach to coat LiFePOs with a conducting polymer Poly(3,4-
ethylenedioxythiophene) (PEDOT) demonstrated it to be a facile, green and
environmentally friendly method to prepare high-rate LiFePO,s cathode materials
[88]. LiFePO4 nanoplates with a 5 nm thick amorphous carbon layer were
synthesized by the solvothermal method and exhibited high rate lithium storage
performances [89].

Furthermore, in terms of the carbon sources, polymers (e.g. polyaniline [90, 91],

polypyrrole [92, 93], PEDOT [94], polyethylene [95], polyacene [96], polystyrene
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[97], polyvinyl alcohol (PVA) [98]) and inexpensive organic materials [99, 100]
offer lots of opportunities to achieve the mass production of high-performance
LiFePOy. In chapter 4, we demonstrate an example of carbon-coated LiFePO4
through in-situ polymerization. The detailed review about various polymers as
carbon precursor is presented. In this study, nanosized LiFePO4/C is shown to have a
high rate capability and excellent cyclability.

The second method to improve the rate capability of LiFePO, is by downsizing the
particle size to nanoscale [101], because nanosized materials can provide a shorter
distance for ionic and electronic transport and enhance lithium transport kinetics
compared with bulk material. Carbon-free LiFePO, can still deliver satisfactory
performance, with a discharge capacity of 147 mAh g at 5 C rate, by controlling its
particle size between 100-200 nm [102]. Some efforts were made on reducing carbon
content while maintaining the good rate capability of LiFePO./C [85, 103], as the
presence of carbon usually lowers the specific capacity of LiFePO4 and decreases its
tap density, resulting in a relatively low energy density.

Another way is through substituting Fe with covalent ions, including Cr [104], F
[105], V [106], Ti [107, 108], Cu [109], and Al [110] etc. These apart, one
representative is Mn substituted LiMn; x\FexO4 (0 < x < 1). Compared with LiFePOy,
LiMnPO,, LiCoPO4 and LiNiPO4 have higher plateau voltages, because of the higher
redox potentials of Mn*/Mn*" (= 4.1 V), Co’"/Co*" (= 4.7 V) and Ni*/Ni*" (= 5.1 V)
[111]. However, those materials demonstrated extremely low capacity retention and
sluggish kinetics, which prohibited their practical applications [112]. In particular,
LiMnPO, suffers from poor electronic conductivity (< 107 S cm™) and cycle life

because of Mn dissolution. Partially substituting Mn with Fe to form mixed-metal
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olivine compounds could balance the properties offered by the pure olivine
compound. Examples are LiMnggFeo,POs [113], LiMn;Fe,POs/graphene
composites [114] and double-structured LiMnggsFegsPO4 [115]. Those materials
showed a much improved rate capability than those of LiFePO4 or LiMnPO,. In
particular, double-structured LiMng gsFeg 15sPO4 was prepared by combining the bulk
material LiMnggsFeosPO4 with a LiFePO,4 outer layer to ensure the high energy
density, as well as improve its overall rate capability. In comparison with bulk
material, the double-structured LiMnggsFepsPOs showed a much improved rate
capability at 0 °C and room temperature, high thermal stability and high tap density.
The specific capacity approached the theoretical limit. These results indicate that the
double-structured LiMnggsFe1sPO4 1s suitable for large-scale battery applications.
Aurbach [113] explained that the presence of Mn and Fe ions in the olivine material
could increase the size of the solid-solution zone of Li(MnFe)PO./(MnFe)PO4
compared with LiMnPO,, and also improve the kinetic of Li(MnFe)PO,.
Alternatively, the electronic conductivity of this material could be enhanced though
substituting Fe ions for some Mn ions.

Along this vein, LiFePOs nanocomposites also demonstrated a new insight into
synthesizing electrode materials with improved electrochemical performances. For
instance, porous LiFePO4/RuO, nanocomposites were proposed for improved
electrode performance. RuO, act as the interconnect between the carbon layer and
LiFePOy4 (corresponding TEM images is shown in Figure 2.10). RuO; can maintain
the contact between carbon and LiFePO, through surface-surface interactions [116],

especially when the cell works at high current rates.

32



Y. Wang

Approximately 0.9 wt% doping of NiP in the NiP/LiFePO4 nanocomposites were
prepared using a spraying technique. This approach increased the conductivity of
bulk LiFePOy4 by nearly four orders of magnitude with improved reversible capacity
and lithium insertion/extraction kinetics [117]. LiFey9MngPO4/Fe,P composite
[118], synthesized by mechanical alloying, showed higher electronic conductivity
with the formation of conductive Fe,P and increased Li" mobility by substitution of
Mn®" for Fe®’, resulting in better electrochemical performance, compared with

LiF ePO4.

(c) scheme showing the repair of the electronically conducting network of carbon on

porous LiFePO4 by nanometer-sized RuO, [116]
The advances in materials preparation, particularly in nanostructured materials, have
opened a new era for electrode materials preparation. In summary, the synthetic

routes of LiFePO, are many. They range from a conventional solid-state reaction
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[119, 120], to the hydrothermal [121-123], so-gel [124], microwave [94] and spray
pyrolysis method [125]. There are also some novel techniques reported, such as
ionothermal synthesis [126] and template method [127, 128]. The low-temperature
ionothermal synthesis benefits from less energy demand, compared with
conventional ceramic routes. One example is tailor-made LiFePO4 with controlled
size and morphology at low temperatures, prepared using ionic liquids as both
solvent and template [126]. This material showed excellent electrochemical
performances versus lithium. Fluorophosphates were also prepared via ionothermal
synthesis and demonstrated effectiveness of this method in the preparation of
nanometric LiFePO4F [105]. Hierarchically porous LiFePO4 were prepared via a
solution-based templating technique, using poly(methyl methacrylate) (PMMA) as
the template [127]. Figure 2.11 summarizes the recent synthesis approaches in the

preparation of LiFePOy4 by taking into account energy and material thrift.
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Figure 2.11 Summary of the current synthetic approaches towards the preparation of

LiFePO, [129]
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2.3.3.2 Lithium Iron/Manganese Silicate

Theoretically, the orthosilicate family could afford more than one electron reversible
exchange per transition metal I, as the group would allow the 3d metal to change its
valence between +2 and +4, resulting in two lithium insertion/extraction per formula
unit [4]. Early theoretical research showed the Li intercalation potential of
orthosilicate (Li,MsiO4, M = Fe, Mn, Co, Ni) compounds approaching 5 V [130].
Apart from the high theoretical capacity and high voltage potential, orthosilicates
also have remarkable privileges in their natural abundance and non-toxicity. Thus,
they emerge as another class of polyanion-type cathode materials and attract
considerable interests.

Li,FeSiOy4 has a theoretical capacity of 166 mAh g through the Fe’"/Fe*" redox
couple, as the Fe''/Fe’" is hard to access. Through in-situ X-ray adsorption
spectroscopy (XAS) study, the changes in the local environment of Fe were
monitored, revealing the electrochemical reversibility of Li,FeSiO,4, which can be
expressed as Li,FeSiO4 <> LiFeSiO4 + Li" +¢ [131]. Early research evaluated the
possibility of the application of Li,FeSiO4 in Li-ion batteries. Nyten et al. first
reported the application of Li;FeSiO,4 as a new cathode material for Li-ion batteries,
which can deliver a reversible capacity of 130 mAh g at 60 °C at C/16 [132]. When
Li,FeSiO4 was used as the cathode material for Li-ion batteries, it was suggested that
an obvious voltage drop (usually in the range of 0.18-3.0 V after the initial cycle,
shown in Figure 2.12) was associated with the structure arrangement from Li,FeSiO4
to LiFeSiO4, in which some of the Li-ions (in the 45 site) and Fe ions (in the 2a site)

became interchanged [132, 133].
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Figure 2.12 A voltage profile of pristine Li,FeS104 cycled at 60 °C at C/16 using
IM LiTFSI in EC:DEC 2:1 electrolyte [132]
In regards of structure, orthosilicates belong to the large family of tetrahedral
structure materials which usually exhibit complex polymorphism [134]. The
tetrahedral structures can be divided into two families, designated £ and y (related to
the f and y polymorphs of LizPO4) [73]. In the case of Li,FeSiOs, three typical
polymorphs (s, y1, and fi) and a newly elucidated cycled structure (inverse-fy;) are
shown in Figure 2.13. In the y, structure, half of the tetrahedral point in opposite
directions and contain pairs of LiO4/FeO, and LiO4/LiO4 edge-sharing 36intersweet.
In the yy structure, the group of three edge-sharing 36intersweet has the sequence
Li—Fe—Li. In fy, all the 36intersweet point in the same direction, perpendicular to the
close-packed planes, and share only corners with each other; chains of LiO4 along
the a-axis are parallel to chains of alternating FeO, and SiO4; and the inverse-fy;, in

which all 36intersweet point in the same direction along the c-axis, are linked only
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by corner-sharing. SiOy tetrahedra are isolated from each other, sharing corners with

LiO4 and (Li/Fe)Oy tetrahedra.

ik ¥

(a) ¥ space group P2y /n  (b) ¥y space group Pmnb  (c) B space group Pmn2; (d) inverse fi;; space group|
Pmn2,

i

Figure 2.13 Structures of Li,FeSiO4 polymorphs, showing two orthogonal views. (a)

s structure (space group P2,/n); (b) yy structure (Pmnb); (¢) py structure (Pmn2,);
and (d) inverse-fy; structure (Pmn2;). Key: SiO4 (blue); FeO4 (brown); LiO4 (green);

oxygen ions (red) [135]

Table 2.3 shows the polymorphism structures with cell parameters and a space group
of Li;MsiOy4. The unusually small differences in formation energies of Li,MsiO, are
owing to a mixture of different polymorphism and may be obtained during the
synthesis of Li,MsiO4 materials [4]. Therefore, in terms of preparation, this material
presents a challenge.

As Li,FeSiO, suffers from extremely low electronic conductivity (6x10™* S em™)
and slow Li-ion diffusion, which is believed to be intrinsic to polyanion compounds,

early research shows that this material exhibits relatively poor cyclability and rate
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capability. Zaghib et al. examined the electrochemical properties of LiFeSiOy4
through cyclic voltammograms, which showed two redox peaks at 2.8 V and 2.74 V
in the first cycle [136]. However, they did not test the cycling performances of this
material.

Table 2.3 Unit cell parameters reported for polymorphs of Li,MsiO4 (M = Fe, Mn, or Co) [4]

Space group alA b/A c/A B/
Li,FeSiO, Pmn2, 6.26 5.32 5.01 90
Pmnb 6.285 10.659 5.036
P2y/n 6.2835 10.6572 5.0386 89.941
P2, 8.229 5.0200 8.2344 99.203
P2,/n 8.2253 5.0220 8.2381 99.230
Li;MnSiOy4 Pmn2,; 6.31 5.38 4.96 90
Pmnb 6.3126 10.7657 5.0118 90
P2,/n 6.33 10.91 5.07 90.99
Li,CoSiO, Pmn2,; 6.253 10.685 4.929 90
Pbn2, 6.2599 10.6892 4.9287 90
Pmnb 6.20 10.72 5.03 90
P2\/n 6.284 10.686 5.018 90.60

Following the carbon coating strategy applied in LiFePO,, the electrochemical
performances of Li;FeSiO4 can be dramatically improved though this technique
[137]. For instance, Li,FeSiO, particles embedded in carbon matrix delivered a
capacity of 120 mAh g at C/10 and satisfactory capacity retention at C/2 [138]. The
electrochemical performances of Li;FeSiO4/C, prepared via two different synthetic
routes (solid-state reaction and citrate assisted technique), were compared.
Li;FeSiO4/C prepared by the citrate route demonstrated better electrochemical
performances than the Li,FeSiO4/C prepared via solid state reaction [139]. A recent
publication studied the influence of carbon content on the -electrochemical
performance of Li,FeSiO4/C. This material with 7.5 wt % of carbon showed the best
performances. The initial discharge capacity was 141 mAh g' at 0.1 C and the
capacity retention was 95.4 % at 0.5 C after 50 cycles [140]. Moreover, an in-situ

carbon coating technique was developed through the sol-gel method [141]. The as-
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prepared LiFeSiO4 nanoparticulate was covered with a continuous thin layer of
carbon and exhibited a large specific surface area up to 395.7 m” g"'. Most
importantly, this intimate carbon layer was graphene-rich with obviously disordered
D/G ratio from Raman spectrum. In conclusion, carbon matrix can behave as a
conductive network by connecting the isolated particles together. This results in
much improved electronic conductivity and electrochemical performances.
Nanotechnology is also an effective approach to improve the battery performance of
Li;FeSi04 material. Nanostructured Li,MsiO4 (M = Mn and Fe) was prepared and
delivered the discharge capacities of 148 mAh/g at room temperature and 204 mAh
g at 55 °C [142]. Nano-sized Li,FeSiO,, with the average particle of 80 nm, was
also synthesized by sol-gel method based on citric acid, which acted as both a
chelating agent and a carbon source [143]. This material delivered a capacity of
153.6 mAh g in the third cycle and the capacity retention of 98.3 % for 80 cycles.
The hydrothermal-assisted sol-gel method was adopted to synthesize Li,FeSiO4 with
uniform nanoparticles in the range of 40-80 nm. This material demonstrated very
good rate capability, with discharge capacities of 125 and 80 mAh g™ at 2 C and 10
C respectively [144].

Thomas investigated the influence of lithium salts in the electrolyte on the electrode
surface [145, 146]. Studies showed LiTFSI-based electrolyte exhibited high salt
stability and no significant formation of LiF; while LiF was found on the surface of
electrodes in the LiPF¢-based electrolyte. Through comparative XPS study, we may
have a better understanding of the surface chemistry of Li,FeSiO4. Ionic liquids were
used as the electrolyte in the Li,FeSiO4/Li cell system, which showed satisfactory

performances at elevated temperatures [147].
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Li,MnSiOy is one of the first cathode materials that in principle could exchange more
than 1 lithium ion per unit, resulting in a high capacity of 330 mAh g'. Moreover,
the Mn*"/Mn*" redox couple is of particular interest because of its high potential vs.
Li [148]. However, the preparation of highly stoichiometric Li,MnSiO; is difficult,
owing to the presence of impurities, such as MnO, MnSiOs, and Li,Si0; [149].
Dominko and co-workers successfully synthesized Li,MnSiO4. However, it only
delivered 55 % of its theoretical capacity (based on one lithium ion extraction) at
room temperature, owing to the relatively low electronic conductivity, which is three
orders of magnitude lower than that of LiFePO, [149]. In addition, theoretical
research showed that Li,MnSiO4 was unstable upon delithiation. The experimental
results also demonstrated that this material exhibited quite poor cyclability and did
not 40 inters the high capacity expectation [149-152]. Even though, Yang
demonstrated the possibility of the extraction of more than one electron change in
Li,MnSi104/C nanocomposite, this material did not show good cyclability [153].

Recently, the Gaberscek group demonstrated the possibility of a reversible exchange
of more than one Li per unit by using the Mn/Fe solid solution with a general
formula Li,MnyFe;,Si04 [154]. Based on the density functional theory (DFT), the
Mn/Fe mixture will not phase-separate upon lithiation. Therefore, the partial
substitution of Mn with Fe proved to be an efficient way to improve the
electrochemical performances of Li,MnSiO4 [155]. It showed that Li;MnyFe; S104
solid solution has a wide compositional range. The Li;MngsFeysSiO4 sample
achieved a capacity of 214 mAh g and energy density of 593 Wh Kg' [155, 156].
In particular, the Li;MngsFeysSi04/C nanocomposites delivered a maximum

discharge capacity of 200 mAh g and a capacity retention of 63 % after 10 cycles
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[157]. Other dopants, such as Ni and V, could also improve the performance of
Li,FeSiO4. For example, Ni-doped Li,FeSiO4 has been reported by Li to have an
initial discharge capacity of 160 mAh g'at C/16, which was a much higher capacity
than the bared one and almost close to the theoretical capacity [158]. The
Li,FeSipoV(.104/C sample exhibited better cyclability and rate capability, owing to
the larger cell volume and higher lithium ion diffusion coefficient, compared with

those of the pristine Li;FeSiO4 [159].

2.3.4 Summary

The advances made in cathode materials have brought significant improvements in
battery technology. Generally, cathode materials normally exhibit lower theoretical
capacity and energy density than the anode side. The real capacity in a practical
battery system will essentially depend on the intrinsic electrochemical properties of
cathode materials. Apart from electrochemical performance, other considerations in
identifying a new electrode material for commercial rechargeable Li-ion batteries are
the availability and cost of materials. From this perspective, polyanion-based
material will be the most promising candidate, especially for large-scale applications,
such as Evs, HEVs and stationary storage batteries. In addition, the Co content can
be lowered in the lithium excess layered material; it could also become a potential

cathode material where high capacity and high energy density are required.

2.4 Anode Materials for Li-ion Batteries

The basic criteria for selecting the anode are the following: efficiency as a reducing

agent; good conductivity; high coulombic efficiency; stability; and low cost. To date,
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extensive studies have concentrated on anode materials, ranging from carbonaceous

materials to alloy-based materials and transition metal oxides.

2.4.1 Carbon-based anode materials

Over the past two decades, graphite is the most used commercial anode material for
Li-ion batteries, owing to its low and flat working potential, long cycle life and low
cost. Graphite is characterized as a stack of hexagonally bonded sheets of carbon
held together by van der Waals forces [160], with the spacing between graphite
layers approximately 3.35 A [161]. Lithium ions can be inserted in between the
planes of graphite, resulting in a slight expansion of the interlayer spacing to 3.5 A.
The process, known as insertion or intercalation, reveals the mechanism of lithium
storage in graphite of a theoretical capacity of 374 mAh g (forming fully lithiated
LiCs). Owing to the small volume expansion of graphite during de-
lithiation/lithiation, this material can keep its structural integrity and thus achieve a
good cycling performance. However, with the development of technology, graphite
could not meet the market demand of high-performance Li-ion batteries where the
properties of high energy/power density and high capacity are essential.

Since their discovery in 1991 [162], carbon nanotubes (CNTs) have greatly
stimulated researchers’ interests in their applications as pseudocapacitors, nanoscale
semiconductor devices, energy storage materials, and electronic and sensor materials
[163-165], owing to their strong mechanical strength, high conductivity (10° S m™),
large surface area, extraordinary physical and chemical stabilities. As an allotrope of
graphite, CNTs consist of layers of one-dimensional cylindrical tubules of graphite

sheets, and they have proved to be good candidates for anode materials. Studies show
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that CNTs can host Li between pseudo-graphitic layers and/or inside central tubes
[166]. The small diameters of CNTs can impose a strain on the planar bonds of the
hexagon. This strain causes de-localization of electrons and makes the structure more
electronegative than regular graphitic sheets, which in turn increases the degree of Li
intercalation. Therefore, the specific capacities of CNTs are often higher than
graphite. For example, Shimoda et al. estimated that a density up to around LiCs was
possible [167].

Carbon nanotubes not only have a higher capacity than graphite, but they can be very
useful as a support conductive matrix to form CNT/metal oxides nanocomposites that
can take advantage of both components. Through integrating CNTs with metal
oxides, the specific capacity of electrode materials can dramatically improve. For
example, Wan et al. demonstrated dual functional CNT networks in the CNTs/CuO
nanomicrospheres [168], which combine the advantages of high capacity CuO active
materials and high conductive CNTs. CNT networks provide an elastic buffer for
releasing the strain of CuO during the charge-discharge processes. Another
outstanding demonstration is the synthesis of MnO,/CNTs hybrid coaxial nanotube
as the anode material for Li-ion battery applications [169]. As illustrated in Figure
2.14, the MnO,/CNTs hybrid coaxial nanotube arrays were prepared using the
vacuum infiltration of the inside of an AAO template and the chemical vapour
deposition technique. This hybrid material demonstrated high performance of Li
storage, owing to the synergic properties offered by both counterparts. Inspired by
this, the 43 intersweet-flower-like CoFe;O4/MWCNTs hybrid materials were

synthesized and characterized. This is further addressed in chapter 7.
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Figure 2.14 Schematic diagram shows the fabrication of MnO,/CNTs hybrid coaxial

nanotube arrays [169]

2.4.2 Alloy-based anode materials

Since Dey reported that lithium metal can electrochemically alloy with other metals
in an organic electrolyte, Li-alloying compounds have gained researchers’ interests
over the past few decades [170]. Early in the 1980s, Matsushita introduced the first
commercial cell [9]. This design was based on Wood’s metal (a low-melting point
alloy of Bi, Pb, Sn and Cd), which showed to have high gravimetric capacity. The
redox reaction within the alloy-based materials is through the reaction of metal ions
and the formation of Li-metal alloys (redox reaction can be generalized as xLi" + xe’
+ yM < LiyM,). Figure 2.15 shows the crystal structures and theoretical capacities
of the most favoured elements that can form an alloy with lithium based on the
maximum Li-containing phase of the Li-Metal phase diagram. It is obvious that the
discovery of Li-alloying compounds dramatically improved the theoretical specific

capacity of anode materials, 2-10 times higher than that of graphite. However, they
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generally suffer from large irreversible capacity and large capacity fading, owing to

large volume expansion during the (de)alloying process [171].
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Figure 2.15 (a) Crystal structures and (b) capacities of selected elements that can
alloy with lithium metal. Key: Blue: cubic Si; green: cubic Ge; red: tetragonal Sn;
ora