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Abstract

This thesis focuses on the synthesis and characterization of high energy density
materials for cathode applications in lithium ion batteries with a strong emphasis on the
application of microwave -assisted synthetic strategies which can be utilised in order to
reduce processing times. The structural and transport properties arising from
modifications to the materials aimed at suppressing material degradation, have also been
investigated here. Synthesised materials presented here have been characterised and
analysed using laboratory based techniques such as powder Xray diffraction, scanning
electron microscopy and electrochemical cycling studies, with more advanced central
facility based experiments conducted on some materials including neutron diffraction
pair distribution function analysis and X-ray absorption spectroscopy measurements to
provide detailed structural properties and muon-spin spectroscopy studies which probe
ion transport properties. Such analysis is conducted to more fully understand the
structure -property relationships that ult imately underpin the functionality of these
battery materials.

Chapter 1 presents a general introduction to lithium ion batteries, detailing the working
principles behind lithium ion battery operation. The material properties that can induce
high energy densities within cathode materials are also presented, before discussing
several well-known cathode materials. Included in these discussions are the high -nickel
content layered oxides, the processes that can lead to their rapid degradation and some
strategie s commonly used to suppress this degradation. Some basics on current anode
technologies and sodium ion batteries are then discussed. Finally, different synthetic
strategies to obtain such materials are introduced including discussion into the benefits
arising from sol-gel and microwave-assisted type methods. This is followed by a brief
outline of the aims of the thesis.

Chapter 2 provides information on the chemicals used and the experimental procedures
undertaken to synthesise the materials presented and u sed throughout the thesis.
Furthermore, each of the techniques used throughout this thesis for the characterisation
and analysis are introduced and explained to make the reader familiar with the basic
scientific principles behind each technique.

In Chapter 3 the local -scale cationic diffusion in three different polyanionic materials is
investigated using muon spin relaxation ( ®SR)measurements. An adapted microwave-
assisted synthesis of the fluorinated, high voltage cathode material LiFeSO 4F in the
tavorite phase is first investigated , showing the successful conversion to the higher

voltage triplite phase using a short heat treatment.  O-SRmeasurements conducted on



the tavorite phase are presented alongside the data analysis and the structural
considerations required for the calculation of the activation energies and diffusion
coefficients , which are representative of the behaviour of the microscopic Li* diffusion
throughout the structure. The Na* diffusion in fluorinated sodium -ion battery cathode
NaFePOF i s al so i nv e-SR and aaluesdof thesaictivagion énergy and
diffusion coefficients are presented. Finally, the maricite phase of NaFePO 4 which is
expected to be an i oni c*3Ri svestigate wvnethéranylecal-di ed u s
scale diffusion can be detected.

The microwave-assisted sol-gel synthesis of well-known layered oxides LiNixMn,Co1.x.yO»
(NMCs)is presented in Chapter 4 focusing initially on the synthesis and characterisation
of NMG 111 and comparing the material properties and electrochemical performance to
those obtained using a conventionally synthesised sample using PXRD, SEM and
galvanostatic cycling techniques. The progression to higher nickel content NMC-622 and
NMG811 is then introduced, presenting the PXRD, SEM and galvanostatic cycling analysis
conducted on samples of these compositions synthesised by the microwave -assisted
sol-gel method. The local Li* diffusion properties between these samples and
commercially supplied samples of NMG622andNMG8 11 ar e i nvesiSRagdat ed us
comparisons between samples of differing nickel contents and between laboratory and
commercial samples are made. Finally, the optimisation of reaction parameters involved

in the microwave -assisted l-gel synthesis of NMG811 is presented where samples have
been examined by PXRD, SEM, EDX and galvanostatic cycling techniques to ascertain
sample quality.

Keeping a focus on NMG811, Chapter 5 presents a simple and cheap method to apply an
amorphous protective Al ,0O; coating to NMC-811 in an attempt to mitigate electrode
degradation. PXRD and SEM are used to investigate whether any structural or
morphological changes are brought on by the coating method and galvanostatic cycling

is performed to investigat e any changes in the cycling stability afforded by the protective
coating. Operando X-ray absorption spectroscopy measurements are conducted to
examine changes in the Ni environment and local structure during cycling in order to
compare between commercial NMG811 and uncoated and coated microwave -synthesised
NMG811. Neutron diffraction and PDF analysis is also used to examine and compare the
bulk and local structure between these three samples. Finally, the microwave -assisted
sol-gel method has been used to synthesise samples of NME811 containing Al** and Mg*
dopant cations where PXRD is used toinvestigate the change in lattice parameters as a
result of the introduction of these dopants. Any changes to the local Li  * diffusion resulting

from the introduct ionoft hese dopants i s al-SRmedsurementst i gat ed



Finally, Chapter 6 concludes the main findings from the research presented in this thesis

and outlines possible avenues of future work that builds upon this research.
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1 Introduction

0 L i t Rionbatieries have revolutionized our lives since they first entered

the market in 1991. They have laid the foundation of a wireless, fossil fuel -

free society, and are of t he @RowléSverlisht

Academy of Sciences upon awarding the 2019 Nobel Prize in Chemistry to John
B. Goodenough, M. Stanley Whitti ngham and Akira Yoshino

Illustration: Niklas ElImehed

1.1 Introduction to lithium ion batteries

Due to the widespread concern in the global usage of fossil -fuel based energy
production means, there has been a shift in the energy paradigm with major  progressin
more renewable and environmentally conscious ways to both produce and store energy.
One of the most well -known advances has been the development of the lithium ion
battery (LIB) as an energy storage device. Research into lithium ion based reversible
energy storage systems started with work done in 1976 by M. Whittingham (then at
Exxon), who demonstrated the reversible intercalation of Li * into a layered TiS>
framework. ! This was followed by John Goodenough at Oxford University in 1980, who
recognised the potential for voltage increases in oxides and demonstrated this same
intercalation p rocess for layered type Li MO, (M = Co, Mn, Ni) compounds.? Following
further research on the use of carbonaceous speciesas a safe anode materials, the LIB

was eventually commercialised by Sony in 1991.

As an energy storage device, LIBs convert chemical energy to electrical energy with the

initial chemical energy stored within the materials that makeup t he cel | 0s
These usually consist of some crystalline material, with the chemical energy converted
to electrical energy via redox reactions occurring at these electrodes. These working
principles, involving the conversion of chemical energy to electri cal energy through redox
reactions, are common to battery technologies, such as lead -acid (used mainly for
stationary applications and starting automobiles) , Ni-MH and Nicadmium (most suitable

for high power applications e.g. power tools). However, LIBs present a storage medium
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with much in creased energy densities compared to earlier battery technologies, as shown
in Figure 1.1. 3 Higher volumetric (with units Wh I-1) and gravimetric energy densities (with
units of Whkg?) result in smaller and lighter batteries respecti vely; an essential
property of more advanced energy storage technologies and the driving force behind the
rapid rise in utilisation and popularity of the LIB. These increased energy densities arise
as a consequence of the lithium ions from which these batt eries derive their name. The
lithium ion is small, light and electropositive with a low Li  %Li * redox potential of -3.04 V
vs. the standard hydrogen electrode. These three factors unite in imparting both higher
specific capacities and higher operating volt ages when compared to older battery
technologies, and it is the product of the specific capacity and operating voltage which

yield the high energy density storage capabilities of LIBs.
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Figure 1.1 Comparisonof the volumetric and gravimetric energy densities for a range of

common battery technologies, including lead-acid, Ni-Cd, Ni-MH and lithium ion. 3

Since its commercialisation, the LIB has become ubiquitous to life in the modern world
where they have been traditionally used to power mobile phones and laptops amongst
various other rechargeable portable devices. More recently, with the signing of th e Paris
Agreement in 2016 by 195 United Nations members, worldwide policy is now more

focused than ever on mitigating greenhouse gas emissions, alongside the adaptations and
financial aspects which accompany such efforts. 4 While consumer electronics is a
relati vely stagnant market for LIBs regarding the growth capacity (as opposed to the
market for next generation battery applications), larger scale applications such as
electric vehicles (EVs) and stationary energy storage ( e.g. grid storage) have presented

themselves as a prime opportunity for technological advancement of LIBs. This is



evidenced in the rapid growth of the LIB market in the decade betwe en 2006 and 2016
from 11 GWh to 78 GWh(doubling approximately every 5 years) , with new market growth
arising from the needs of EVs and stationary energy uses, highlighted in Figure 1.2 .5 These
larger scale applications, particularly in the field of EVs, provides a major push to the
development of higher energy density systems. For EVs to become desirable to the
majority of consumers, they must be able to provide equal (if not superior)
characteristics to conventional vehicles which rely on the internal combustion engine.
For example, current LIB technology for EVs suffers presently from issues relating to cost,
range, charging rates, lifetime, reliability, and limited charging infrastructure. Many of
these properties can be tackled with increased research and development, inevitably
bringing costs down, with ma terials development providing safe and reliable batteries

with higher energy and power densities with longer lifetimes.

Present and future LIB market
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Figure 1.2 The present and predicted future market share of LIB technologies, including
consumer electronics, EVs, industry & stationary energy (large scale storage) and miscellaneous

others.®

1.2 Working principles behind LIBs

The main components of a LIB are the catho de and anode (known collectively as
the electrodes), separator, electrolyte, current collectors and casing.  LIBs are considered
as a type of secondary battery technology, meaning that reversibility of the redox
reactions occurring allows for the battery to be both discharged during use and then
charged again, allowing the battery multiple cycles of use and subsequently long
lifetimes. The operation of the LIB specifically depends on the reversible intercalation
and de-intercalation of Li * ions into and from host electrode materials. Ideally, the

intercalation process should impart minimal structural change to these host electrodes



in order to prevent lattice strain and destabilisations which could result in irreversible

lattice damage.

During the discharge operation, when connected to some external circuit, Li * ions are
extracted from a high energy configuration (the anode) and diffuse across the cell
through a Li* conducting electrolyte (usually a LiPF ¢ salt dissolved in carbonate liquids).
The Li*ions are then intercalated into the lower energy state within the cathode. In order

to preserve charge balance, the extraction of Li * from the anode is accompanied by
removal of an electron from the anode also. This negative charge carrier is allowed to
flow throug h the external circuit where it reaches the cathode, providing the current
needed to operate the connected device while flowing. Once the store of Li  *in the anode
has been consumed, the reverse process is allowed to happen when an external current
is applied and the cell is able to recharge. The discharge process can be visualised in
Figure 1.3, which shows a cell consisting of a lithiated graphite anode and an LiCoO -

cathode, the configuration most commonly utilised in mobile phone batteries.
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Figure 1.3 Visualisation of a LIB during discharge operation. A flow of electrons (e °) through the
external circuit is concomitant with movement of the positive charge carrier, Li  * (pink spheres),

across the cell. Li* and e are extracted from a lithiated graphite.



As previously mentioned, the two properties of the cell which determine the energy
density are the specific capacity and the cell voltage. The specific capacity of an
electrode material is determined by the mass of the material and the number of Li  * able
to be extracted/inserted per formula unit (thus determining the number of e - that are
free to flow through the external circuit). The theoretical specific capacity, Q theoretical (iN
units of mAh g?) of an electrode material can be calculated from Equation 1.1, where n
is the number of electrons released (equal to the number of Li *) per formula unit during
discharge, F is the Faraday constant (96485 C molt), M, is the mole cular mass of the

electrode material and 3.6 is a factor to convert from sA  g!to mAh gt

0 s_o (1.1)
V] o
From the above equation, in order to increase the theoretical capacity, either the
molecular weight of the electrode must decrease, or the number of Li * per formula unit
must increase. There is also an interest in replacing Li * with multivalent cations such as
Mg where one cation can promote the release of two electrons in order to preserve

charge neutrality.

The cell voltage is determined from the difference in electrochemical potential across
the cell, and is calculated according to Equation 1.2, where Voc is the open circuit
potential, pa and pc are the chemical potentials of lithium in the anode and cathode
respectively and e is the charge on the electron, a fundamental constant with a
magnitude of 1.6 x 101°C. 6

&)

9 (1.2)
It can therefore be seen that the cell voltage is directly proportional to the difference in

the chemical potentials of the electrodes. By inspection of equation 1.2, to obtain a high
cell voltage, pc must be small, and hence, a low energy state, and pamust be large, and
therefore a high energy state. However, it is not as simple as choosing two electrode
materials to obtain the largest energy gap possible 6 the stability window of the
electrolyte (Fig ure 1.4) at certain voltages plays an important role and must not be

overlooked.
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Figure 1.4 Schematic of the relative electrode potentials and the electrolyte stability window,

Ey within a lithium ion electrochemical system. Adapted from  Goodenough and Kim’

The electrolyte stability window, E;, defines the stability limits providing the voltage is
within a specific range. If pa lies above the LUMO of the electrolyte, reduction of the
electrolyte will occur, and if ¢ lies below the HOMO, the electrolyte will be oxidised.
Upon electrolyte reduction and oxidation, a passivating solid electrolyte interphase (SEI)
and cathode-electrolyte interphase (CEI) are formed on the anode and cathode surfaces
respectively. On one hand this can aid in particle aggregation, maintaining a uniform
chemical composition at the electrodes and preventing exfoliation of the graphite, but
on the other hand can increase the internal cell resistance and consume lithium ions from
the electroch emical system, leading to a reduction in achievable capacities and power. ©
To circumvent these issues, development of new electrolytes with wider  electrochemical
stability windows is paramount to realising high voltage electrode configurations.
Traditional electrolytes used in LIBs consist of a lithium salt (usually LiPF ¢) dissolved in

organic carbonates (e.g. ethylene carbonate and dimethyl carbona te) and start to readily
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decompose above 4.5V. Advanced formulation of electrolyte solutions, including
replacing LiPFs with more stable lithium salts, the introduction of electrolyte additives

to commercial electrolytes and the replacement of common flam mable organic solvents
with non -flammable solvents has been shown to greatly improve cell safety and allow
high voltage cathodes to be used. & For example, the utilisation of fluorinated electrolyte
systems has shown enhanced cycling performances up to 5.0 V when used in conjunction
with high voltage cathodes such as LiNiosMmn s04.%1° However, completely replacing the
liquid component w ith a lithium conducting ceramic material has garnered much interest
also, with garnet, perovskite, LISICON and sulphide-type materials showing potential
application in solid -state cells. '3 The development of the all -solid state LIB (ASSB)
presents many advantages over conventional liquid electrolytes and will be discussed

further in section 1.3.

1.3 Routes to high energy density batteries

As previously mentioned, the energy density of a system is defined as the amount of
energy stored in a system per unit mass or per unit volume and is usually quoted in units
of W h kg?! or W h It respectively when referring to lithium ion batteries. The energy
density is simply a product of the specific capaci ty and the working voltage of the cell.
Thus it is logical that in order to obtain high energy density cell configurations the cell
must be able to deliver high specific capacities at high voltages while remaining light and
compact. Currently, achievable d ischarge capacities of up to 200 mAh g?! have been
observed for new cathode technologies such as high nickel content LiNi ¢sMmny1C@.10,and
common anode material LixGCs, exhibits a comparatively high specific capacity of
a 372 mAh gt. Furthermore, a pure Li metal anode, which is currently not used due to
safety reasons, has a theoretical capacity of 3860 mAh g, one of the highest capacity
amongst anode materials.* Other anode technologies actively researched include alloys
based on Sn, Sb and Si which have been shown to deliver up to 5005 700 mAh g over 300
cycles, and nanostructured MnO which exhibits a re versible capacity of 2014 mAh g*

after 150 cycles. 1516

From observation of specific capacities of common anode and cathode materials, it is the
cathode which limits the overall energy density of the cell, and therefore designing and
tailoring new cathode technologies to exhibit higher energy densities is a logical choice
in materials development. Strategies to affect an increase in electrode energy density

include design of new materials or careful manipulation of current chemistries to

increase the cathodeds deliverable capacities.

layered oxide material LiCoO » with nickel, the specific capacities achieved increase from
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4140 mAhg! to >200 mAh g'. This capacity increase arises from increased reversible
extraction of Li * during charge and discharge §in LiCoQ; only & 0.5 Li can be reversibly
intercalated due to safety issues and this will be discussed further in section 1.4.1.
Following this thread, it is therefore evident that systems where more than one Li  * per
formula unit can be reversibly intercalated would also be capable of achieving higher
energy densities. This type of behavi our has been observed in high-valent oxides of
vanadium such as LiV>Os where up to 3 Li* can be intercalated per formula unit
accompanied by several phase changes!’ Similar behaviour is seen for other vanadium
oxides such as Li\(Ogs which was shown to intercalate between three and four Li* ions per
unit. 8 Moving away from inorganic materials, as will be discussed in Chapter 6, organic -
based cathode materials also have been shown to react with > 1 Li * per formula unit to

achieve higher capacities.

The cell voltage of the battery is associated with transition metal redox reactions and
corresponding redox couples. It is possible to tailor the redox potential by careful
materials manipulatio n and substitution of certain moieties within well -known

structures. This will be discussed in much greater detail in section 1.4.4.

The development of new electrolyte technologies to enable the use of high voltage
cathodes is not limited to advances in | iquid electrolytes. By replacing the flammable
liquid electrolyte with a solid ceramic that allows facile Li * transport throughout its
structure, safety concerns relating to the thermal runaway problem may be alleviated.
Furthermore, utilisation of solid s tate electrolytes may help to address the issues
associated with Li metal anodes which acts to further accelerate the practical
applications of high energy density systems. !® There are many candidate systems of
inorganic solid-state electrolytes currently under intensive research within the battery
community such as garnets, perovskites and LISICON and NASICONike structures. %20
The structural stability of some of these proposed solid state electrolytes allow them to

be stable well above 6 V vs. Li/Li * opening up the opportunity to be used in conjunction
with high voltage cathodes. Solid state batteries furthermore have the ability to be
fabricated with thin film type architectures, with footprint areas of a few square
millimetres and typ ical thicknesses of approximately 1 um, whereas liquid containing
cells are restricted in size and design due to the available separators and electrolytes. 2!
These solid state micro-batteries offer high energy systems with inherent safety features
and are thus an extremely attractive option for next generation lithium ion technologies

when combined with a pure lithium anode and a high energy density cathode material.



1.4 Cathode Materials for LIBs

One major advantage of LIBs compared to other well -known battery technologies,
is the versatility in compatible electrode materials and the relative ease of tailoring
known materials to enhance existing or impart new properties. Five of the most common
cathode materials are LiCoO3 (LCO), LiNiyzMny3 Coyz O (NMC), LiNb.sCm.15Al0.0502 (NCA),
LiFePQ (LFP) and LiMnrO, (LMO), whose characteristics are shown in Figure 1.5.%? These
structures all operate on the intercalation principles, where Li * ions can be reversibly
extracted and inserted int o a host lattice during charge and discharge respectively. To
allow this intercalation mechanism, some change in valence state within the electrode
must occur and the host lattice must also provide space to accommodate Li *ions which

can take the form of t unnels, layers and complex 3-dimensional pathways.

Figure 1.5 Spider diagram for common cathode materials LCO, LMO, LFP, NCA and NMC

comparing various different physical and electrochemical properties. 22

1.4.1 Layered oxide materials LiMO2 (M = Co, Ni, Mn)

Layered transition metal oxides currently form one of the practical classes of
commercialised materials for LIBs. 22 For example, the LiCoO; cathode discovered by
Goodenoughet al . is the archetypal cathode material for LIBs and is still utilised in the
present day.? This material benefits from a large theoretical capacity, low self  -discharge

and good cycling performance. The layered structure of LiCoO ; possesses rhombohedral



symmetry and adopts the 'Yo& space group, i s NaRe®. Ttletstwetmel wi t h
consists of planes of oxygen with an ABCABC stacking pattern where Li* and Cc* ions

reside in octahedral sites in alternating planes betweent he oxygen sheets.?* The planes

of Li* ions effectively screen and stabilize the negatively charged CoO ; sheets within the

lattice. 2° This arrangement is known as the O3-type lattice. During battery operation, Li *

ions can be reversibly extracted from and inserted into layered host CoO. lattice,

operating on the Co3"#* redox couple with a cell voltage of & 4 V vs. Li/Li *. During the

insertion/extraction process the half -reaction proceeds as:
WMo z04QD

for 0 Ox O1. Increased Li* extraction from LiCoO , increases the electrostatic repulsions
between CoO, sheets which results in an increase in the c parameter, as reported
separately by Ohzuku and Ueda and Amatucci et al .252% Upon full delithiation to the CoO »
end structure, the oxygen slabs rearrange into an ABAB stacking pattern & named the
O1-type phase. This fully delithiated end member was first isolated by Amatucci et al.
The transformation from the O3 to the O1 phase during delithiation is shown in Figure
1.6.

(b)

Discharged state Charged state

Figure 1.6 Crystal structures of (a) fully lithiated LiCoO ; with an O3 structure and (b) fully

delithiated CoO , possessing the O1 structure.

The layered nature of LiCoO» makes the material receptive to changes in Li concentration

within a certain range without large structural changes and so provides an ideal
environment for Li * intercalation. Upon removal of > 0.5 Li* per formula unit, the exact

nature of phase transformations is poorly understood and there remains controversy in

the literature over the matlmdeed, ghk flully debtdah sedd i our

end member CoQ; is difficult to isolate and could only be isolated upon charging the
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material to 5.2 V vs. Li/Li *, a voltage that is too high for safe operation in commercial
electrolytes. Considering the extraction/insertion of 1 Li * per formula unit, LiCoO ;
theoretically can provide large specific capacities of 274 mAh g -1 However,
commercially, LIBs containing a LiCoO. cathode are charged to allow the removal of
4 0.5 Li* per formula unit, delivering specific capacities of approxim ately 140 mAh g.
The reasons for this encompass both structural and chemical changes occurring upon
increased delithiation. Upon deep charging above 4 V vs. Li/Li*, a rhombohedral to
monoclinic phase transition is observed, where repeated structural chan ges over
continued cycling can cause physical deformities in the crystal structure and can lead to
cracking, dislocations and general physical instabilities. Chemically, the issues caused by
deep delithiation are more dangerous. This issue lies in the over lapping of the bottom of
the Co®*7** and the top of the O:2p bands as shown in the density of states diagrams for
LixCoQ (x = 1, 0.5, 0) in Figure 1.7. 27 As the Li content in the cathode decreases upon
charging, this is accompanied by a removal of electrons from the Co #73*;t,q band.
However, there is band overlap between the filled O ; and half-filled Co bands and further
removal beyond 0.5 Li* per formula unit corresponds to a removal of electrons from the
overlapping region da removal of electrons from the O: 2p band and thus, oxidation of

the bound O species occurs, resulting in the evolution of O , gas.

The evolved O, gas is free to react with the organic liquid electrolyte (often containing

compounds such as EC, EMC and DMC), generating heat in the process. If heat dissipation

cannot keep up with heat generation, the temperature continues to rise which then

increases the reaction rates and the process proceeds at ever increasing rates. This

situation is known as thermal runaway and can result in ignition of the organic liquid

el ectrolyte when the cell temperature reaches t
the cell to catch on fire, presenting a major safety issue. 22 Alongside this potentially

dangerous process, the loss of G anions from the structure, and parasitic electrode -

electrolyte reactions that also occur lead to loss of active electrode material over time

too, which, while not posing a safety hazard, manifests itself as gradual capacity fade

upon extended cycling. Due to this in stability, LiCoO ; is only electrochemically viable and

safe when cycled so as to ensure removal of only & 0.5 Li* per formula unit, and, as a

result specific capacities delivered by the cell are limited to & 140 mAh g?. Although it

is unquestionable that LiCoQ revolutionised the portable electronics industry, indeed it

isLIiCoGQt hat is stildl used in todayds mobile phone
cell in larger applications such as EVs is impractical due to the safety issues and resulting

lower deliverable specific capacities. LiCoO » has reached its potential and new, improved
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cathodes are required which can deliver capacities close to the theoretical capacity of
these layered oxides.
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Figure 1.7 Density of states diagrams for Li1.xCoQ at increasing states of charge, highlighting
the overlapping of the Co #3*:t,4 and O?:2p bands leading to eventual O? oxidation on removal

of > 0.5 Li*ions.?”

By comparing the density of states diagrams for the Ni and Mn analogues, it can be seen
that less band overlap occurs, indicating that LiNiO >, and LiMnQ could be viable
alternatives. Nickel and manganese are also cheaper and less toxic than Co which
presents further economical and safety benefits. In Figure 1.8, it can be seen that the
bottom of the redox active Ni 3*4*:e4 band only overlaps a very small amount with the top
of the O%:2p band and in the case of the Mn analogue there is no overlap at all between
these two bands, indicating that the Ni 3*4* and Mré*4* redox couples exhibit improved
chemical stability in terms of O , loss compared with that of Co 3*4*.2° The filled Ni 3*/4*:t 54
and Mr**4*:t 55 will not undergo any ch ange during electrochemical extraction of Li *
therefore their overlap with the O 2:2p band is of no consequence when considering
chemical stability during charging. 2°
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Figure 1.8 Density of states diagrams for layered oxides LiCoO;, LiNiO, and LiMnG showing very

little or no overlap between the redox active bands in LiNiO , and LiMnG.2°

However, it is known that LiNiO ; is difficult to synthesise as an ordered layer ed material,
instead yielding materials with compositions Lii.;Ni1+;O, where the Li deficiencies are not
caused by Li* ion vacancies in the lithium layers, but rather excess Ni ?* cations occupying
Li* sites. Thus these disordered structures are more accurately represented as
(Lit*1- 2Ni2*;) (Ni®*1.,Ni2*)0..%%31, This disorder and the presence of divalent Ni cations has
consequences on the cycling behaviour, as oxidation of the Ni ?* to Ni®* on charging can
cause local collapse of the interslab space. Structural instability arising from multiple
phase transitions during cycling and thermal instability due to exothermic reactions
between the organic electrolyte and the highly delithiated Li 1.eNiO; further p lace
limitations on the practical use of LiNiO in lithium ion batteries. 3233 Structural transitions

are also present in LiMnO,, where a layered to spinel transition is observed. 34

This has led researchers into the field of mixed transition metal oxides adopting the

| ay e r-MaffeQ Wtructure (space group ‘Yo ). These types of materials have very
similar theoretical capacities of & 275 mAhg?! owing to the similar masses of the
transition metals commonly used (Co, Ni and Mn) and all operate at voltages close to4 V.
Mixed oxides containing Ni and Co were studied where it was proposed that the presence
of a small amount of Co 3*cations would stabilise the overall structure and prevent some
of the cationic site mixing between Ni 2*and Li*. The good reversibility of the LiCoO »
system and the large capacities observed for the LiNiO, system led researchers to
investigate solid solutions for optimization of structural and electrochemical properties.
For LiNi1.yCo/0; a solid solution was found for the entire range 0 >/ )1, where Ni3* and
Cc** homogenously reside in 3a sites.3>% Good electrochemical properties have been

observed for Li1-xNio.ssC 150, as observed by Liet al . where an initial discharge capacities
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of 180 mAh g?! and 200 mAh g*! were obtained for Li 1.xNio.ssC.150, when cycled between
3.0and 4.25 V at 25 °C and 40 °C respectively, also showing excellent capacity retention
over 30 to 50 cycles.®” The reasons for these high capacities compared to LiCoO, were
pointed out by Manthiram et al. who highlighted that the onset of oxyge n loss under deep
delithiation occurs at > 0.7 extraction of Li * compared to a 0.5 for LiCoO,. This allows
the structure to retain the O3 stacking arrangement over a longer extent of charge
whereas changes to P3 and O1 oxygen stacking is observed for LiCo®@ due to sliding of
the oxygen layers. By measuring oxygen loss (using iodometric titration to ascertain
transition metal oxidation state) over a full chemical delithiation for
both Li1.xNio.ssCm.150, and LiCoQ, it was observed that the Ni containing com pound
retained an oxygen content close to 2 between 0 to 0.7 Li* extracted and only a small
loss upon further extraction. For LiCoO » the oxygen loss was found to be three times
larger over the same delithiation. 28 Despite these excellent advantages, Li 1-xNio.ssC.150,
suffers from gradual capacity fade on long term cycling or hol ding in the delithiated state
which can be explained by the migration of Ni 2* cations from the transition metal layers
into the Li * layers which can block migration pathways and impede Li * diffusion. Low
thermal stability, especially in the charged state f urthermore causes safety issues with

liquid electrolytes and prevent the use of these materials in commercial cells.

The ternary transition metal oxide LiNi 13MnsCois O, (NMG111) offers attractive
properties, where the combination of Ni, Mn and Co have a synergistic effect on the
electrochemical properties and structural stability. The mixture of transition metals
combines the good rate capability of LiCoO 2, the high deliverable discharge capacities of
LiNiO, and a structural stabilization imparted by th e presence of Mn** cations.3® Many
synthesis methods can be used in order to produce NMG111 (also called NMG333 in some
conventions) including solid state, s ol-gel and co-precipitation, with co -precipitation
remaining the most common synthesis technique. %> Many methods comprise a final
calcination temperature of 750 to 1000°C and similar electrochemical behaviour
characterised by average and stable discharge capacities of 150 to 160 mAh g! when
charged to & 4.3 Vvs. Li/Li * and initial discharge capacities of 200 mAh g* when charged
to higher voltages which is often subject to gradual fading upon extended cycling.
NMC111 adopts the same layered "Yod structure as LiCoO, with the transition metals
distributed across the same crystallographic site with octa hedral symmetry. A first
principles approach to the electronic structure of NMC -111 sheds interesting information
about the oxidation states of the transition metals in NMC -111 compared to those in Li MO,
structures. Itis reported by Koyama etal. that th e electronic structure of Coin NMC -111

is the same in the formal sense as that for in LiCoO , (a half filled Co t »4 band), whereas
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the Ni eg band in NMG111 is fully filled compared to half -filled for LiNiO » and the Mn g4
band is empty for NMC-111 compared to half -filled for LiIMnO ,. This means that the
oxidation states adopted by these cations are not the same as what is seen in the parent
LiMO; structures: Ni, Co and Mn have oxidation states of 2+, 3+ and 4+ respectively in
NMG111.%6 This has also been shown by Hwanget al. in the transition metal K edge XANES
spectra for NMC-111. By comparing with reference materia Is NiO (N#*) and LiNiO, (Ni®*)
it could be seen that the Ni -K edge spectrum obtained for NMC-111 overlapped with that
obtained for NiO. The Co-K edge spectrum overlapped with that obtained for LiCoO , and
the Mn K edge spectra showed overlap with the MnO; reference spectrum, confirming the
nominal oxidation states of +2, +3 and +4 for Ni, Co and Mn respectively in NMC -111.4?
Electrochemically therefore, Mn #*is inactive and the cell mainly operates on the Ni 24+
redox couple. The contribution of the Co 3*#* redox couple is under debate. Koyama et al.
suggest that initial Li * extraction for Lii-xNiyzsMnyz Coys O2 where 0 XXx XK1/3 operates on
the Ni2*3* redox couple which lies highest in energy. Further Li * extraction in the region
1/3 XXx X2/3 involves the Ni 3*4* redox couple, and showing a similar potential compared
to Li;xNiQ; (ca. 3.30 V compared to 3.35 V vs. Li/Li *). The next segment of oxidation,
2/3 Xx XKL, finally involvesthe Co %*#*. | n experi ments undertaken by
5%Li MAS NMR and neutron pair distribution (PDF) techniques were combined in order to
investigate the transition metal cation ordering in NMC -111.#" According to the neutron
pair distribution analysis, it was found that local distribution of cations involved N i2*
cations prefer to be close to Mn 4+ within the first coordination shell, with a more random
ordering of Co®*. This is backed up by the NMR studies where intensities of the resonance
associated with Co®* rich regions matched with the idea of a non -random distribution of

transition metals.

1.4.2 Properties of n ickel rich layered oxides for higher energy density
cathodes and their degradation under cycling
As mentioned before, the electrochemical activity of NMC -111 is primarily attributed to
the Ni2*4* redox process. Therefore, there is interest in developing higher nickel content
materials isostructural with NMC -111 which still maintain small amounts of Co 3* and Mr**
to impart increased rate capabilities and stability associated with both of these cations
respectively. Such compounds containing at least 50 % Ni in the transition metal layer
are known as nickel rich structures. Amongst nickel rich layered oxides, LiNi 05Mnp3Ca 20,
(NMG532), LiNigsMmnp ,C 20, (NMG622) and LiNip sMn1C 10, (NMG811) are promising.
For NMG111 where the average oxidation state of the total transition metal content
could be kept at 3+ to preserve neutrality by having equal numbers of Ni  2* and Mrf* and

Co*, the uneven proportions present in NMC -532, -622 and -811 evidently cannot balance
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these charges. Instead, the charge is compensated via partial oxidation of Ni 2*to Ni3* in
these structures (while the Mn 4* and Cc** retain their original oxidation states). “484° These
nickel rich layered oxide materials ben efit from higher capacities 6 NMG532 has been
shown to deliver discharge capacities of 214 mAh g-! and 175 mAh g* when upper cut -off
voltages of 4.6 V and 4.3 V are used respectively. % It is clear from the evidence that
higher cut -off voltages are essential in delivering high capacities during cycling, however
rapid capacity fade under these high charge conditions indicate that severe degradation
processes are occurring on the cathode which reduce the amount of electrochemically

active material over prolonged cycling.

NiO - Cubic phase

Li,(Nig sCoy ;Mng 5),0, - Spinel phase

Li deficient phase Li; 5(NiysC0,Mng )0,

After cycling at -> Spinel Li(Nip sC05,Mng 5),04

3.0-4.5V

LiNig sC0y ;Mn, 50, - Rhombohedral phase

NiO - Cubic phase

Li (Ni, sCo,,Mn, ;),0, - Spinel phase

After cycling at
3.0-4.8V

Highly delithiated Li,(NiysCo, ,Mny 3),0,
= 2(Ni sC0g,Mny 3)0 + O,

LiNiy sCo,,Mn, 30, - Rhombohedral phase

Figure 1.9 Visual representation of the degradation of NMC -532 cathodes precipitated by

surface phase transformations occurring when implementing higher voltage cut -offs. 5!

A paper by Jung et al. attempted to pin down these degradation processes in NMC -532
and it was found that the processes occurring in nickel rich layered cathodes are different

to those observed in NMG111, indicating that degradation pathways are different for
differing ratios of Ni, Co and Mn and therefore should be considered for individual
compositions. The research involved the structural and electrochemical analysis of
NMG532 with upper cut -off voltage s of 4.3, 4.5 and 4.8 V. Initial discharge capacities of
150, 180 and 200 mAh g* were observed respectively with capacity retentions of 95, 72
and 61 % over 50 cycles. It was found that surface phase transformations from

rhombohedral to spinel and rock -sat NiO occurred upon cycling to 4.5 and 4.8 V leading
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to loss of active rhombohedral phase (resulting in capacity fade) and an increase in the
charge transfer resistance, with a greater extent of NiO phase formed at high states of
charge. The presence of these surface phases is visualised in Figure 1.9. Unlike for
NMGC111 where O3 to O1 phase transitions are pivotal in structural material degradation,
an O3 to O1 phase transition was not observed for NMG-532, where it is believed that site
mixing between Li* and Ni?* acts to prevent the layer sliding. 5 The presence of Ni?* on
the surface has also been observed using soft X-ray absorption spectroscopy (SXAS) during
a study into the valence state evolution in NMC -532 during charging, further
corroboration that some form of surface reconstruction occurs at higher levels of
charge.> These irreversible phase transitions from lay ered to spinel and rock salt occur
during cycling when Li* removed from the lithium layer can be replaced by Ni 2* cations
which are able to migrate from the transition metal layer due to the similar ionic radii

of Li* (0.076 nm) and Ni2* (0.069 nm).5® Another factor in cathode degradation at high
charge states (high voltages) is the oxidative decomposition of the traditional
LiPRs/carbonate electrolyte. Under h igh charge voltages the decompaosition products such
as polyethylene carbonate species and lithium alkyl carbonates can form an undesirable
surface film on the cathode. Besides consuming quantities of active Li * from the
electrolyte, if these surface films are thick and ionically insulating, the further
insertion/extraction of Li * from the cathode structure can be severely affected. Where
the solid-electrolyte interphase (SEI) is a feature commonly associated with
carbonaceous anode species during electrolyte decomposition, this surface film on the
cathode is named the cathode -electrolyte interphase (CEIl). Accumulation of these
decomposition products causes continual film growth and eventually leads to increased
impedances and poor cyclabilities over increase d cycling. %% Mechanical issues can
furthermore precipitate cathode degradation in the form of particle cracking, whereby
repulsive interactions between transition metal layers, accompanie d by the formation of
new phases with larger lattice parameters induces an anisotropic stress in the particles,
eventually leading to cracking. ¢ As new surface area is exposed during cracking, the CEl
is disrupted and rebuilt to form on these new surfaces, further hastening active Li *
consumption and hindering access to the active cathode material. Further processes that
may influence cathode degradation include migration of soluble species (such as
transition metals), binder decomposition, corrosion of the current collector and the
oxidation of ¢ onductive particles which are shown alongside major contributing factors
in Figures 1.10 and 1.11. Itis clear that there is a complex interplay between all of these
processes where they interact and mutually aggravate each other and making delineation

intractable. 57:58
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Figure 1.10 General visual overview of the many processes that lead to cathode degradation. °7
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Figure 1.11 Cause and effect of degradation mechanisms in cathodes. %8

18



For NMC622, Ruan et al. have systematically studied the degradation mechanisms for
cut-off voltages of 4.2, 4.5 and 4.8 V. %° While practically zero capacity fade was observed
for cells charged up to 4.2 V after 100 cycles, those charged to higher values showed
gradual capacity fade with cells charged to 4.8 V showing more rapid capacity fade and
larger impedances after 100 cycles. Cation mixing between Li * and Ni?* was observed to
increase upon higher voltage charging, thus facilitating the formation of spinel and rock -
salt type surface phases as previously mentioned. Examination of the electrode
morphology highlights the presence of micro -pores, micro-cracks and obvious intra-
granular cracks for materials charged up to 4.2, 4.5 and 4.8 V respectively, witha4 -5nm
amorphous CEIl observedvia TEM imaging for the latter. Initial discharge capacities of
161, 197 and 237 mAh g* were achieved, with retentions of 98, 90 and 65 % for cut -off
voltages of 4.2, 4.5 and 4.8 V respectively. Despite severe performance loss when high ly
charged (4.8 V), the discharge capacities and retention for moderately charged (4.5 V)
NMG622 are promising.

The drive for increasing the nickel content in order to realise higher specific capacities

is not the only focus when designing new cathode tec hnologies. The minimisation of

cobalt content is another hugely important factor due to cost, toxicity, but perhaps most

importantly the ethical issues surrounding the cobalt supply chain. The Democratic

Republic of Congo (DRC) accounts fora 50 % ofthewor | dds cobalt mi ni ng,
mined from copper -cobalt ores. 60 Cobalt availability is therefore greatly affected by the

geopolitical stability of the DRC, where instabilities can lead to significant price

fluctuations, price volatility and widespread supply disruptions of cobalt. %' Economics

aside, and more importantly, there is also a human ¢ ost to cobalt mining. Oppressed

women, men and children as young as six years old toil away, doing backbreaking work

to obtain cobalt ore for as little as A0.50 pe
work). Conditions are terrible, with no protection  against airborne mineral dust or
contaminated water supplies. 62 Cobalt refining is also geographically concentrated, with

most mined cobalt being sent to China for refinement, further placing risks on supply

volatility. 6!

NMG811 has gained considerable attention for its advantages over lower nickel content
cathodes. With deliverable capacities of a 200 mAh g* and an average voltage of &4 3.8 V
vs. Li/Li *, NMG811 is approximately 25 % more energy dense than LiCoQ.%? Like with
LiNiO,, the synthesis of NMC-811 is not trivial, with minimisation of cation mixing
between Li* and Ni?* a difficult task and the for mation of extra Li containing compounds

such as LCG; and LiOH during synthesis can have a negative impact on cell
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performance. ¢4% Furthermore, as has been mentioned before, a higher nickel content
leads to poor thermal and structural stabilities, especially at high states of charge, with
capacity fade observed over many cycles. Although good discharge capacity was generally
observed for NMG532 and NMC-622 when an upper cut-off potential of 4.2 to 4.5V was
implemented, NMC-811 synthesised by a co-precipitation method by Noh et al. showed a
discharge capacity retention of 70 % after 100 cycles when charged to 4.3 V, indicating
that degradation processes in NMG811 occur in a much more facile manner. ¢ These
degradation processes are widely acknowledged to be initiated at higher states of charge
due to the rapid performance fade at voltages greater than 4.2V  vs. Li/Li *.%¢ Figure 1.12
shows the relationships between Ni content, thermal stabilities and initial discharge
capacities for a range of LiNi xMn,Cow«yO, compositions, highlighting the poor thermal
stabilities associated with very nickel rich compositions which yields poor safety
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Figure 1.12 Comparison of thermal stabilitie s and discharge capacities achieved for a range of
LiNixMn,Cor.x.,O, materials. NMC-811 is circled. 3

The thermal stability and structural changes of various layered oxides (NMC -433,
NMG532, NMG622 and NMG811) in the charged state (4.3 V) has been studied by Bak et

al. using in-situ time resolved X-ray diffraction and mass spectro metry.%” The onset
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temperatures corresponding to the formation of spinel and rock -salt phases was
recorded, alongside mass spectroscopy profiles for oxygen release. Upon heating the
charged cathode materials up to 600 °C, it was observed that NMC -811 exhibited the
lowest onset temperature of thermal decomposition of 135 °C (corresponding to the
rhombohedral to spinel phase transition) with a gradual transition from spinel to rock -
salt observed between 155 to 365 °C. NMG622 showed slightly higher onset temperatures
for the same transitions, whereas NMC-532 and NMG433 showed much higher onset
temperatures. For NMC-532, the spinel phase was observed to form between 235 to
315°C and the rock-salt phase was not observed even at 600 °C. Mass spectranetry
revealed oxygen release peaks at temperatures that coincided well with the phase
transitions. Whereas the oxygen profile s for NMG433 and NMG532 suggest the release of
small amounts of O, gas spread over a wide temperature range, for NMC-622 and NMG811
significant peaks were observed. NMC-811 displayed the most intense peak, occurring
between 130 to 150 °C, corresponding to a substantial release of oxygen which could
cause serious safety problems for a real battery system dthe reaction of released oxygen
with a highly reactive electrolyte could cause fires and thermal runaway as previously
discussed for LiCoQ.

It is suggested for NMC-811 that structural changes may not provide a major contribution

to the fast capacity fade that is often observed. Li et al. probed the changes in structure
on charging to 4.4 V vs. Li/Li * using XRD and found no significant changes to the atomic
structure on recovered electrodes after 200 cycles, despite a large c-axis contraction at
high potentials during charge. 88 This is inconsistent with degradation mechanisms
occurring in LINiO» associated with high states of charge where a H2 to H3 phasetransition
is observed and generates lattice strains within particles which lead to cracking. 897 It is
suggested that other processes, such as parasitic reactions between the electrolyte and
the delithiated cathode may play a more crucial role in poor electrochemical
performances. The absence of an O3 to O1 phase change has been corroborated in 2019
by Méarker et al . at Cambridge in a study to examine changes in structure and Li * diffusion
under electrochemical cycling. * Using synchrotron XRD, thec parameter of NMC-811 also
showed the same behaviour as was shown by Liet al. d a gradual expansion until 4.2 V
vs. Li/Li * followed by a sudden contraction on further charge to 4.4 V. In order to probe
the Li* diffusion at different states of charge, ’Li solid-state NMR was utilised which allows
one to observe local diffusional be haviours as opposed to bulk diffusion. It was found that
fast Li* ion hopping commenced at a 20 % state of charge (SOC) and reached a maximum
hopping rate between 40 to 50 % SOC with a sharp decrease in ionic mobility observed

between 70 to 75 % SOC. Thiscorresponds to the contraction of the c¢ axis
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aforementioned, where a collapsing Li layer impedes the Li mobility. From the studies of
degradation of NMGC-811 it is obvious that to sustain good cell performance,
electrochemical cycling should be limited to a n upper cut -off voltage of a 4.2V to avoid
the onset of severe layer contraction and further degradation processes that hinder good
performance. However, employing this relatively low cut -off potential reduces the
amount of deliverable discharge capacitie s, which, it can be argued, negates the purpose
of these nickel rich compositions. Therefore, it is logical to investigate modifications that

can be made to prevent the onset of degradation.

1.4.3 Mitigating Degradation in nickel rich layered oxides

On the one hand it is clear that the development of high capacity nickel rich layered
oxide cathodes is severely hindered by the onset of debilitating degradation processes
which occur under operation at higher voltages, but on the other hand, it is these higher
voltages that are crucial in delivering high discharge capacities of > 200 mAh g such as
for NMG-811. The massive commercial success of LiCo@ and NMC111 truly shows the
benefits these layered oxides offer and therefore, in order to fully realise the hi  gh
capacities posed by nickel rich layered oxides, these degrading processes must be
mitigated or prevented entirely. Several strategies have been investigated for these

purposes and will be discussed here.

One strategy involves introducing electrochemica lly inactive cations into the transition
metal layers in order to suppress instabilit ies. This doping mechanism is hoped to
favourably influence the cation mixing arrangement and suppress unwanted phase
transitions. Aluminium doped LiNiO » have been widely studied by Rougier, Ozhuku, Zhong
and Wang who used solid state synthetic methods to obtain the final material. 72737475
Further research has employed the use of sol-gel methods and co-precipitation
techniques to incorporate Al 3*ions into the LiNiO ; structure. 7677 This research has yielded
common results of improved cycle life and reduced capacity fade which is attributed to

an increase in thermal stability imparted by ability of Al 3* to migrate into tetrahedral
sites which disrupts the cationic migration responsible for phase changes at elevated
temperatures. "® Owing to favourable characteristics already imparted by the presence of
Cc* in LiNi1.xCoQ, system, similar systems of LiNi1.xyCaAl,O, (with 0Ox,y O haye been
extensively researched and can be referred to as NCA-type materials. When introducing
electrochemically inactive dopants into the structure at the expense of active cations
such as Ni and Co as is the case with NCA materials, it is imperative to keep th e dopant
concentrations as low as possible in order to keep reversible capacity losses to a minimum

and also to mitigate impurity formation. Therefore, many studied systems focus on Al 3*
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contents of 5 to 15 %. For example, Madhaviet al. studied Al doping in LiNi¢7C 3-xAKO,
for 00x 00.15 systems and found improved capacity retention for samples with x = 0.05,
0.1 compared to the undoped sample. However, it is clear from their results that capacity
fading still occurs, with the best performing sample where x = 0.05 showing a discharge
capacity retention of only 70 % after 50 cycles.”® Guilmard et al. synthesised
LiNio.7Cm.15Al0.150,2 using a co-precipitation technique that delivered average discharge
capacities of 150 mAh g* at a C/20 rate with lower polarisation as has been observed in
similar LiNi1.,AlyO, materials studied by the same researchers. & For battery cycling, the
current rate is often expressed with notation o f C/h where C is the charge drawn from
the cell during total reduction/oxidation of the electrode and h is the time in hours in
which this charge will be passed. For example, a cell cycled at a rate of C/10 is expected

to fully discharge in 10 hours and fu lly charge in 10 hours if the theoretical capacity can
be achieved. Following from these advances, in 2002 the company SAFT commercialised
LiNipsCm.15Al0.0502, with their technology showing significant improvements in
electrochemical performance and cell safety. With this composition, NCA materials have
been shown to achieve specific discharge capacities close to 200 mAh g* when cycled
between 2.75 to 4.3 V vs. Li/Li * at a rate of C/5 and capacity retentions of up to 94.2 %
over 60 cycles.® The material commercialised by SAFT has shown energy densities of 120
to 130 Wh kg? over 1000 cycles at 80 % depth of charge.®2 Thi s mat eri al 6s comp
considered optimal for LiNi 1.«yC0oAlyO, materials and is currently one of the materials
used in Tesla electric vehicles. & However, although commercialised, much like LiCoO »,
NCA has its share of concerns, including poor thermal stabilities which arise from the Ni 4+
rich delithiated state, resulting in oxygen evolution which can jeopardise the safety of
the battery. 8

Doping of layered oxides has also been achieved with other cations such as Ga, Mg and
Ti. For example, doping small quantities of Ga 3* cations into LiCoO, to form compositions
LiCaxGaO, (x = 0.025, 0.05) has been shown to yield a prominent improvement of
discharge capacity retentions at higher cut -off potentials up to 4.5V vs. Li/Li * compared
to pristine LiCoO». Furthermore, this doping also suppresses large changes in the lattice
¢ parameter during cycling which improves reversibility. It has furthermore been shown
that improved thermal stability and ionic conductivity arise in doped LiCoO ; from the
presence of small amounts of Ga3*.858¢ Gallium doping has also shown enhanced cycling
performance and stabilities when doped compositions LiNi 1xGaO,, LiGaxMgNii-xyO, and
LiC.25Gan.05Nio.7O2.878% Magnesium doping has also shown to impart cycling performance
improvements. For a series of Mg?* doped LiNiO, with compositi ons LiNi.yMg,0,, improved

cycling stabilities were observed which were attributed to the presence of
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electrochemically inactive Mg 2* residing in the lithium layer and preventing local collapse
of the inter -slab space during the deintercalaction process. Low doping amounts of
y < 0.1 resulted in Mg?* residing wholly in the lithium layer, while larger doping amounts
resulted in some Mg?* occupying spaces in the Ni layer, leading to the production of
charge compensating Ni** species, although after charging it was found that all Mg 2*
migrated into the lithium layer. Because of the inactive electrochemical character of the
doped Mg, specific capacities are reduced upon increased doping and Mg contents of
5% or less are optimal.®®®? Small quantities of magnesium doping in NMC-622
(LiNig.6-xMmnp 2C 2MgO, with x = 0.01, 0.03 and 0.05) has also been shown to be beneficial
in improving capacity retention, rate capabilities and the degree of Li/Ni cation mixing,
with the best improvements seen for the x =0.01 sample.®® The incorporation of titanium
on the transition metal sites of high nickel content layered oxides has also proven to
improve the electrochemical performance of the material through increased s tructural
stabilities. The samples of Ti - substituted NMC-811 show superior cycling stability when
cycled to 4.5 V, compared to a pristine sample of NMC -811 with only a slight compromise
of achieved capacities and rate capabilities with an optimum dopanta mount of 2 %. Post
mortem SEM and XRD analysis of cycled material has also highlighted the suppression of
particle cracking in the doped samples and further suppression of cell volume changes
during, indicating superior mechanical stability imparted by the  presence of Ti#* cations

within the structure. 94

Evidently, doping with aliovalent and electrochemically inactive cations has been shown
to be beneficial in enhancing electrochemical and thermal stabilities in a variety of high
nickel content layered cathode materials. The range of dopants that can be incorporated

is clearly much broader than what has been presented above and thus a rich playground
for optimisation and tailoring of material properties is available. Many further dopant s

such as Mo, Na, W, Zr, have been investigated and presented in the literature. 695®9

Alongside doping, techniques involving the coating of primary or secondary particles with

a stable material, and thus forming a passivating layer have also been shown improve the
electrochemical properties and stabilities of cathode materials. This is especially
effective in high nickel content cathodes at high states of charge where the surface
becomes highly reactive and parasitic electrode -electrolyt e reactions lead to severe
material degradation including O ; release and the formation of a CEI. By coating these
highly reactive surfaces with an unreactive material, direct contact between the active
material and the electrolyte solution is prevented whi ch in turn suppresses the parasitic

side reactions and heat generation. Coating with metal oxides such as MgO, Al ;0s, SiO,,
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TiO;, ZnO, SnQ, and ZrO, have been shown to markedly improve electrochemical
performances of many electrode materials including improved reversible capacities,
increased coulombic efficiencies (most importantly in the first cycle), rate capabilities
and an enhanced overcharge tolerance.'® For example, a ZrO;, coating applied to
NMGC111 has been shown to greatly improve capacity retention across 45 cycles under
cycling with an upper potential cut -off of 4.5 V, where coated materials retained
capacities of at least 160 mAh g - (& 89 % retention) for slower cycling rates, compared
to & 76 % retention for the uncoated sample. Improved rate capabilities were also seen,
where for cycling rates between 0.1 to 0.5C the ZrO; coated sample exhibited identical
discharge capacities, alongside suppression of impedance growth also improving the
cycling properties of the NMC-111.1%* A 100 nm thick sulfated ZrO, coating applied to
spherical NMG811 particles exhibited extremely high capacity retentions of 98.8 % after
50 cycles at room temperature, compared with 91.1 % exhibited by the pristine NMC -811
electrode. Capacity retention at 60 °C was also greatly improved from 64.9 % for a
pristine electrode to 79.2 % and 88.9 % for ZrO and sulphated-ZrO, coated samples. This
has been rationalised by the ZrO, layer physically suppressing metal dissolution by
protecting the active material from  HF attack alongside suppressing deleterious
electrode -electrolyte side reactions, with the sulphur component of the coating acting
chemically to modify and stabilise the CEI formed. 1°? Alumina (Al.Os) coatings have also
been investigated and are desirable due to the low cost and non -toxic nature of Al ;0.
Coatings deposited by atomic layer deposition (ALD) on NMC-111 particles were shown to
have beneficial effects on the cycling performance including high deliverable capacities

of 166 mAh g?! between 3.0 to 4.5V at 1C, a 96 % capacity retention over 110 cycles and
an excellent rate capability of 137 mAh g ! at 4 C was also achieved. Cycling at elevated
temperatures (55 °C) showed an outstanding improvement in capacity retention from
only 14 % for a pristine sample of NMC-111 to 92 % with the coating applied. 1°2 A 2 nm
thick Al.Os coating applied by ALD to NMG811 particles also manifested improvements in
initial discharge capacities, initial coulombic efficiencies and the capacity retention over
100 cycles. A higher initial discharge capacity of 213 mAh g -* with a first cycle efficiency
of 84 % could be attained for the coated sample compared to 198 mAh g * and 76 %
achieved respectively for pristine NMC -811 when cycled up to a high upper cut off
potential of 4.6 V. Suppression of side reactions and phase transitions brought ab out by
the protective Al Oz coating is proposed to be responsible for these improvements. 1%
Further cycling studies in 2 Ah pouch cells of Al ;O; ALD coated NMG811 showed an
improvement of 40 % in the cycling performances and TEM/SAED structural

characterisation showed that the Al .O; coating prevented layered -to-spinel phase
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transitions at the surface. T hese results were confirmed with electron energy loss
spectroscopy (EELS), showing transition metals in a reduced oxidation state at the

surface, consistent with oxygen loss and the associated layered to spinel phase change ,
whereas no change in the bulk structure was observed using neutron powder

diffraction. 105.106

1.4.4 Polyanionic Frameworks

Although the layered transition metal oxide cathodes such as LCO, NMC and NCA are

abundant in commercial applications and possess favourable features for
commercialisation, their lack of structural and thermal stability, alongside the presence

of harmful and expensive elements such as Co are unfavourable both economical ly and
socially. Considering these limitations, polyanionic materials have become of great
interest for alternative cathode technologies where non -toxicity, abundance and low cost
of constituent elements, alongside improved safety play vital roles. Such co mpounds
consist of three -dimensional frameworks built on transition metals whereupon the redox
reaction occurs and a moiety ( XOs)™ or the derivative ( XnOsm+1)™ Where X =P, S, Si, B.
Due to the rigid covalent X-O bonds, these form very stable frameworks providing long
term structural stability essential to long cycle life and good safety. %7 The nature of
these X-O bonds also acts to increase the working voltage of such materials compared to
their oxide counterparts t hr ovueg he fwhdacttispthe
covalency of the X-O bond increases the ionic character of the M-O bond which in turn
lowers the position of the M?*3* redox couple relative to Li/Li *, resulting in a greater
difference between the two couples and leads to a higher cell vol tage. The greater the
covalent character of the X-O bond, the greater the ionic character of the M-O bond and
the greater redox potential relative to lithium. The lowering of the M?+3+ couple due to
increasing ionic character of the M-O bond occurs due to the lowering of the t
antibonding orbital relative to lithium which is brought on by a lessening of the quantum
mechanical repulsions between bonding and antibonding orbitals present for increasingly
covalent character bonding. A visualisation of the en ergy level changes due to the

induction effect is shown in Figure 1.13

26

k nown



Li/Li*

Voc
Voc
)
/ \
! \ ! g
] \ VA 0 MR
3 _____( \ I' \
agd ¥ v W =g : }
'dc',' “ \ 3d \\ \‘
L 4 \ \ \
\ \ \ \
“ \ \ ,\.___
e \
/)_2 o7 2p
! ’ P o
ST
o lonic bond
Covalent bond

Figure 1.13Ener gy | evel diagrams depicting the differen
bonding and anti-bonding orbitals (formed between 3d orbitals on transition metals M"" and
oxygen 2p orbitals). The effect of the nature of the M-O bondi.e. covalent or ionic, on the open

circuit voltage, V og is evident.

1.4.4.1 LiFePO,

Perhaps the most well known and most researched polyanionic cathode material is the
phospho-olivine LiFePO, (LFP), with reversible Li * extraction first reported by Padhi and
Goodenough in 19971%° The material benefits from excellent thermal and structural
stability due to the strong P -O bonds present. Moreover, it has a relatively hi gh
theoretical capacity of 170 mAh g, a flat voltage plateau at a relatively high voltage of
3.45 V and as the only transition metal present is Fe which presents a safer, cheaper and
less toxic option compared with layered oxide type materials (which are hindered in these
aspects by the presence of cobalt in the structure ). Excellent cycling stability is also
observed for LiFePO, due to the minimal volume change to the crystal structure upon

insertion and extraction of Li * cations.

Olivine type LiFePQ adopts an orthorhombic unit cell symmetry described by the Pnma
space group. The framework is built upon a distorted oxygen hexagonal packing
arrangement where Li* and Fe?* occupy a half of the octahedral sites, generating FeO &
and LiOs octahedra respectively, and P occupies 1/8 of the tetrahedral sites, generating
PQ tetrahedra. This can also be understood as layers of distorted corner sharing FeO s
octahedra within the bc plane of the crystal, with adjacent planes bridged by PO .4
tetrahedra. As the FeQ; octahedra are only corner sharing, this leads to poor electronic

delocalisation and hence poor electronic conductivity. Furthermore, as a result of the
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connectivity of octahedra throughout the structure, Li  * cation movement is restricted to
channels along the b plane, making LiFePQ, a poor ionic conductor owing to this 1D
diffusion mechanism. The structure of LiFePO4 is shown in Figure 1.14. The poor intrinsic
electronic and ionic conductivities of LiFePO 4 make electrochemical utilisation of the
pristine material impractical. However, by implementing strategies such as carbon
coating and morphology control of LiFePO. materials, both of these obstacles can be
overcome respectively. The carbon coating process generally involves mixing LiFePO4
powders with a carbon source, followed by a high temperature heat treatment. Carbon
sources can be organic (e.g. glucose, sucrose, citric acid and lactose) which are excellent
at forming homogenous coatings and allowing good control of layer structure and
thickness, or inorganic (e.g. carbon nanotubes, graphite or acetylene black) which can
provide higher quality carbon ( e.g. more conductive) but coating parameters are difficult
to control. 10 Morphological control to enhance ionic diffusion is an equally important
factor, where careful control of particle size and shape can aid to shorten Li  * diffusion
path lengt hs. For example, since the 1D diffusion pathway in LiFe PO, occurs along the
[010] direction, synthesis of nanostructures with large [010] surface areas should enhance
the electrochemical performance. This has been demonstrated in nanosheets, nanowires,
nanoparticles and core-shell structures to yield materials wi th excellent rate
performances and long cycle lives. 111413 As a result of these modifications, LiFePO 4 has
advanced to show good performance electrochemically with very stable cycling

characteristics and very little degradation seen over its lifetime.

Figure 1.14 Crystal structure of the olivine phase of LiFePO 4, showing the channels of lithium
along [010].

1.4.4.2 LiFeSOiF flurorosulfate materials
The success of LiFeP@ has led researchers to further investigate polyanionic materials

for LIB cathodes. In order to obtain similar materials but possessing higher energy
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densities, the induction effect can again be implemented. Building on the LiFePO .4
framework, replacement of the (PO 4)* group with the more electronegative (SO 4)> group
will serve to push down the Fe 2*3* redox couple even further, thus increasing the overall
cell potential. This has been shown in isostructural NASICON frameworks LiFes(PQy); and
Fex(SQ)s, where an open circuit voltage increase of 0.8 eV was observed upon
substitution of the (PO 4)* units with (SO4)% groups.'* However, it is evident that with the
different charges on the (PO 4)* and the (SO4)? groups, that in order to preserve charge
neutrality, a monovalent anion must also be incorporated into the material, with the
highly electronegative F - being a sensible choice. While this anion is an essential addition,
it also serves to further enhance material proper ties due to its high electronegativity
acting to further decrease the voltage of the Fe 2*3*redox couple. > Owing to the dual
effect of having both an el ectron withdrawing sulphate group and a highly
electronegative fluoride anion in the structure, the fluorosulphate material LiFeSO 4F
presents a promising higher voltage Fe-containing cathode material. Compared to the
olivine structure of LiFePO 4, which exhibits an average voltage of 3.45 V vs. Li/Li*
operating on the Fe 2*/3*redox couple, the tavorite and triplite phases of LiFeSO 4F display
redox voltages of 3.6 and 3.9 V respectively, acting on the same redox couple. The origin
of this voltage difference b etween polymorphs is believed to lie in the difference of
anionic networks of the two phases, more specifically related to the differing
arrangements of F anions around the transition metal, which will be discussed in the
following section. 6 The increased voltages offered by these two polymorphs, alongside
the inherent safety, stability and lo w cost, makes these materials highly desirable as a

consideration for advanced cathode technologies.

1.4.4.3 Structures of LiIFeSO 4F and possible diffusion pathways

The lower voltage phase of LiFeSQiF is isostructural with the mineral tavorite,
LiFePQOH, and crystallises in the triclinic 0p space group, hence the nomenclature of
referring to this phase of LiFeSO4F as the tavorite phase. The structure of LiFeSO 4F
consists of chains of corner sharing FeOsF, octahedra along the c¢ axis, which are
connected by fluorine containing corners where the fluoride ions are located on opposite
vertices within each octahedron. This corner -sharing, mediated through oppositely
located fluoride ions, gives rise to alternate orientation of the FeO 4F, octahedra along
the chain. The structure is cross -linked by Fe-O-S O-Fe chains, formed by the connectivity
of each oxygen in octahedra to a sulphur atom, forming SO . tetrahedra. Corner sharing
SQ units act to induce a physical separation between the FeO 4F, chains, resulting in th ree
primary open tunnels within the structure along the [100], [010] and [101] directions. Li  *

ions are located within these tunnels. 7 The higher voltage triplite phase of LiFeSO 4F
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crystallises in the monoclinic C2/c space group, with a structure that can be regarded as
a disordered analogue of tavorite, where the Fe and Li do not sit on distinct
crystallographic sites and are instead randomly dis tributed across two sites. Further
differences include edge sharing connectivity between adjacent FeO 4F; octahedra which
results in two crystallographically unique chains along the [010] and [101] directions,
alongside a cis orientation of F atoms in each octahedra instead of the trans orientation
as seen in tavorite. 18 It is these differing orientations that give rise to the voltage
disparity observed between the two phases. Visuali sations of the crystallographic
structures of both tavorite and triplite phases of LiFeSO 4F are displayed in Figure 1.15,

where the complicated nature of the triplite phase compared to tavorite is clearly shown.

Using atomistic simulation techniques alongside a conventional hopping model, Tripathi
et al. have determined that long -range Li diffusion in tavorite LiFeSO 4F occurs in zig-zag
jumps down the [100], [010] and [111] directions conduction channels, with the [111]
conduction exhibiting the lowest ener gy path for diffusion. A series of four unique
diagonal hops shared between all of these channels lead to continuous interconnecting
paths within the structure and effectively allow 3D transport of Li  * ions throughout. The
open nature of these transport pa thways, alongside the low activation energies
calculated for each hop (E = 0.36 eV for transport along the [111] direction and
E. & 0.45 eV for other hops) and calculated Li diffusion coefficients on the same order of
magnitude as is calculated for LiCoQ (in the range 10-° to 10® cm? s?) indicates that
tavorite LiFeSO4F could show fast and facile Li transport properties, thereby improving
the charge and discharge capabilities when utilised in a LIB. 7 While Tripathi et al. have
claimed facile Li transport along three directions, Mueller et al. , using density functional
theory (DFT) methods have calculated fast ionic conduction occurs only along the [111]
direction with an activation energy of 208 meV, with activation energies increasing to
700 and 976 meV for 2D and 3D conduction respectively, arguing that DFT methods
provides a more accurate model than the potentials based methods used by Tripathi et
al. 1*°® This 1D diffusional nature is corroborated by Adams and Rao who have predicted
fast diffusion along [111] using molecular dynamics simulations and bond valence analysis
with an activation energy of 0.1 eV. 20 For the tri plite phase, the random ordering of Li
and transition metal cations would presumably preclude any Li diffusion through lack of

a coherent transport pathway. This was assumed due to the electrochemical inactivity
exhibited by triplite LiMnSO 4F, however, tri plite LiFeSOsF has been shown to be
electrochemically active. 118121324 Atomistic modelling by Lee and Park has suggested that
the edge-sharing nature of octahedra connectivity in triplite aggravates the restriction

of Li* ion mobility, and only a channel along [010] is available for ion transport. 125
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Both tavorite and triplite phases of LiFeSO 4F clearly present an attractive option for
future poly anionic cathode materials due to improved energy densities compared to
LiFePQ and improved safety characteristics and cost compared to conventional layered
oxide materials. Indeed, the 3.9 V vs. Li/Li * exhibited by the triplite phase is the highest
report ed voltage for an Fe -containing cathode and the proposed 3D nature of Li diffusion
in tavorite LiFeSO4F could yield improved rate capabilities over well -known materials
such as LiFePQ.

(@) Tavorite

Figure 1.15 Crystal structures for (a) tavorite phase LiFeSQiF looking along the a direction and
(b) triplite phase LiFeSO4F looking along the b direction. In tavorite, Li (blue) and Fe (brown) sit
on distinctly separate sites whereas in triplite they are evenly distributed over two
crystallographic sites M1 and M2. Oxygen (red), fluorine (green) and (SO 4)% groups (yellow

tetrahedra) are shown al so.
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1.5 Anode materials for lithium ion batteries

1.5.1 Lithium metal

The most elementary anode is metallic lithium itself, boasting a large theoretical specific
capacity of 3860 mAhg?, alongside the lowest potential ( -3.05V vs. the standard
hydrogen electrode) and the lightest mass (6.94 g mol- ) amongst metals, the utilisation
of a purely metallic Li anode clearly presents a seemingly logical route to higher energy
density lithium i on batteries. However, repeated Li electrodeposition on the anode can
cause the continuous growth of Li dendrites during cycling, which are thin, needle -shaped
crystals. These dendrites, while depleting the amount of electrochemically active lithium

in the anode, can also propagate across the cell from anode to cathode during cycling,
puncturing the separator and causing a short circuit which has the potential to start
fires. 126 These dendrite related issues present the main roadblock in Li metal utilisation

in anodes for secondary batteries.

1.5.2 Carbon based anodes

The process of Li* ion intercalation into host structures in cathode technologies can also

be applied for practical anodes resulting in the elimination of the Li plating process and

the conditions for dendritic growth. This has been demonstrated by the reversible
intercalation of Li into graphiteto formLi xGsspeci «® (DO The complete r
intercalation of 1 Li per 6 carbon atoms results in a theoretical specific capacity of
372mAh gt for these types of lithiated carbon. For graphite and related graphitised
carbons, Li* ions are able to move into and out of layers within the structures, akin to

layered LiMO; cathodes. Akira Yoshino (co-recipient of the 2019 Nobel Prize in Chemistry)

and co-workers at Asahi Kasei Corporation published a patent in 1986 describing the first
prototype of a LIB operating with a modified LiCoO » electrode coupled with a graphitised
carbon anode made from coke fired at temperatures between 80 to 1400°C.*2? Da hn d s
group also demonstrated more reversible intercalation in graphite and simila r petroleum

coke materials. 1?8 The first -generation commercialised LIB pioneered by Sony in 1991
consisted of a coke anode, elaborately he at treated under optimum conditions to yield
relatively low energy densities of 200 Wh 1t and 80 Wh kg!. The second generation LIB

by Sony used a type of non-graphitisable carbon known as hard carbon, with larger layer
spacings able to incorporate more L i cations than the previous generation, evidenced by

the improved energy densities of 295 WhI! and 120 Whkg?. Finally, for their third
generation battery, Sony developed a graphite anode where elaborate preparation of the

graphite and electrolyte yield ed energy densities of > 400 Wh |- and 155 Wh kg*.12°
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1.6 Sodium ion batteries

The success of lithium ion batteries has in no doubt revolutionised the portable
electronics market and is set to impart the same effect on the electric vehicle market in
the near future. This growing adoption of lithium ion technology brings into question
whether the global availability and cost of lithium resources will be capable of sustaining
the demands placed by our growing dependency on lithium ion systems. The long
lifetimes of lithium ion batteries, and the difficulties encountered during recycling spent
cells further exacerbates these concerns. It is clear that parallel development of
alternative a nd complementary energy storage systems necessary to combat possible
lithium shortages. Sodium ion batteries (NIBs) present one such option, owing to its many
similarities to LIBs and the vast abundance of cheap global sodium sources for example,
saltwater in the oceans. 30 Although adoption of NIBs would alleviate cost and availability
concerns, they exhibit lower energy densities compared to LIBs due to the nature oft he
Na" cation. It is both larger and heavier than Li * while also displaying a Na/N a* redox
potential of -2.71 V vs. the standard hydrogen electrode (0.3 V smaller than that of
Li/Li *), and therefore lower energy densities are inherent when comparing NIBs a nd
LIBs!3! Nevertheless, sodium secondary batteries are a promising comple mentary
technology, best suited to applications where size and weight are of little concern, for
example stationary grid storage applications. Indeed, development of sodium based
secondary batteries is not new and initial research was carried out during th e early
research stages of the LIB. However, the superior energy densities provided by lithium

resulted in efforts being focussed on this route instead.

Analogous to lithium layered oxide LiCoO ,, sodium cobalt oxides with the general formula
NaCoQ have been shown to reversibly intercalate Na * ions electrochemically. In the
composition range 0.5 < x < 1, four different phases of material have been identified with

Na" occupying octahedral or trigonal prismatic coordination environments, noted as O

and P type respectively in the |literature. Phase

within this sodium range where the number represents the number of distinguishable

sodium containing layers. 132132 These four phases have all been shown to react reversibly

vs. sodium under galvanostatic cycling with the occurring reversible phase evolution

O3A O3AP3 regardless of the initial phase for
material with stoichiometry Na (67C00, has been shown to keep a consistent phase during

cycling and shows a higher level of reversibility and improved cycle life and
efficiencies. 1** The material NaFePQ, has also been investigated for use in NIBs. The

olivine polymorph of NaFePO;, is expected to behave like LiFePO,, with 1 -dimensional

conduction channels for Na* diffusion. However, the stable polymorph of NaFePO . is the
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maricite phase, where the Na * and Fe?** cations essentially swap sites, presenting one-
dimensional channels of FeOs octahedra and no channels for Na* cationic diffusion.
Instead, both chemical and electrochemical delithiation methods can be applied to
olivine LiFePO, to yield FePO, which can then be cycled vs. sodium to give olivine
NaFePQ. 135136 Galvanostatic cycling of the ma terial produced from the electrochemical
Li-Na exchange method yielded discharge capacities close to 120 mAh g* with excellent
retention over 50 cycles at a rate of C/20. Unexpectedly, however electrochemical
activity in maricite NaFePO 4 has recently been demonstrated by Kim et al. where a
nanosized sample delivered an initial discharge capacity of 142 mAh g ! with a capacity

retention of 95 % over across 200 cycles.®’

Sodium fluorophosphates including NaVPQF, NasV2(PQy)2Fs, Nai sVOPQR s and Na:FePQF
have shown in recent works to be promising candidates for sodium based cathode
materials also, with Na ;FePQF delivering an initial discharge capacity of 120 mAh g ! and
dropping slightly over 10 cycles to & 105 mAh g at a rate of C/15. 138 Built on a network
of bioctahedral Fe .O;F, units consisting of FeO4F, octahedra, connected by bridging F
atoms to form chains and joined by PO 4 tetrahedra to form infinite layers of the [FEPO 4F]
moiety with the spaces between these layers providing a 2 -dimensional diffusion path for

Na' cations. 130.139

1.7 Synthesis of electrode materials

The resultant properties of functional materials such as battery electrodes rely

immensely on the synthetic methodologies employed when preparing such materials.
Electrochemical performance parameters such as deliverable sp ecific capacities and rate
capabilities are determined by the constituent
structure and particle sizes and morphologies, all of which are strongly dependent on the

preparation methods. Employing the right synthesi s methods where appropriate is

therefore crucial for intelligent materials design and investigation into newer, more

novel techniques could offer fundamental advances for future technologies. 140

One of the most common synthetic methods for production of battery materials is solid
state synthesis, in which powder precursors a re intimately mixed (typically with a mortar
and pestle) and heated in furnaces at high temperatures for long times so as to overcome
mass transport limitations. Solid state synthesis is the most direct route to materials
production and its simplicity allo ws the process to be easily scaled up for industrial
materials production. These high temperatures and long reaction times present an energy
expensive means of production and the solid -state mixing of precursors can lead to

impurity phases easily forming. Procedures may also require repeated grinding and
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calcinations, thus making the process even more lengthy. Attention is instead focussed
on alternative procedures designed to yield purer materials with much greater control
over structure and morphology coupled with decreased processing times and
temperatures. Wet chemical methods such as sol-gel and co-precipitation are

advantageous regarding these issues.

1.7.1 Sol-gel synthesis

The sol-gel method is a wet chemical and low temperature approach often used in the
preparation of metal oxides that has several advantages over conventional solid -state
synthesis methods, originating from the production of a chemically homogenous
precursor. This precursor can ensure atomic level mixing of reagents allowing for the
synthesis of complex inorganic systems such as ternary and quaternary oxides at lower
processing temperatures and shorter reaction times with less chance of impurity products
forming from side reactions. Greater control of particle morphology and size is also

enabled by sol-gel methodologies. 14

In a traditional sol -gel reaction, metal alkoxide precursors are hydrolysed to form a
colloidal suspension, referred to as the sol, which is then transformed into a gel, that
can be described generally as a non-fluid 3D network that extends through a fluid phase.
This gel is highly homogenous on the atomic level and can be further treated in order to
remove the solvent fluid phase to yield a dry solid precursor, depending on the desired
final application. 142 The sol-gel process, showing different processing routes, is shown in
Figure 1.16.143
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Figure 1.16 Schematic of the sol-gel process for materials synthesis. The flexibility of both the

sol and the gel is highlighted by the different possible processing techniques that can be applied

in order to yield desired material properties. 143

Several types of gels have been classified by Kakihana in 1996 including colloidal, metal -
oxane polymer, metal complex and polymer complex types. !4 Of these, the metal
complex type is widely used in metal oxide synthesis although whether these metal
complexes can actually be classed as true gels is debatable since they usually form
viscous solutions or glassy solids. However, these complexes do achieve the fundamental
goal of forming a homogenous metal -containing precursor and are often cited in the

literature and gener gleils enk¥ehso dtbhe o6ci trate sol

The citrate sol -gel method is a popular technique in the synthesis of metal oxides, where
the addition of a chelating agent solution to the sol promotes the formation of the metal
complexes. This method is useful in sols containing metal precursors tha t can easily
precipitate where the addition of a suitable chelating agent promotes the formation of
metal complexes in solution and preventing any precipitation. Citric acid is a common
choice, where its three carboxylic acid groups can dissociate and chel ate the metal ions

in the sol, forming the desired metal complexes. Citric acid is also cheap and readily
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available alongside being an effective chelating agent . Common water-soluble metal

precursors used in these synthetic methods include hydroxides, acet ates and nitrates.

The sol-gel method has been widely applied in the synthesis of cathode materials for
lithium ion batteries, for example LiCoO », LiNiO,, LiMNn.Os and several doped variants
incorporating, cations such as Al 3, Cr3*, Ti#*, and V" have all been achieved via sol-gel
methods to yield powders with good reported electrochemical performances attributed

to the homogeneity at the atomic or molecular level and milder synthesis conditions
leading to improved crystallinity, uniform particle distribution and smaller particle
size.'*® There are also multiple reports on the preparation of NMC -111 by sol-gel type
methods exhibiting favourable electrochemical characteristics. Julien et al. , using table
sugar as a chelating agent, synthesised NMCG111 showing particle sizes in the range of
300to 500 nm showing improved capacity retention compared to commercially available
NMG111.146

The sol-gel method is thus proposed to be a promising way of synthesising mixed metal
electrodes, e.g. NMCs due to the homogeneity of the precursor promoting an even
distribution of transition metal cations in the final material . This uniformity will lead to
homogeneity across particle volumes during charge and discharge and could decrease the

likelihood of particle degradation on cycling.

1.7.2 Microwave -assisted synthesis methods

In the field of materials manufacturing, factors such as energy efficiency and
sustainability are key in the future of materials synthesis and processing. Conventional
solid-state synthesis techniques which are comm ercially common, often require long
reaction times at high temperatures and have an associated large energy cost and
therefore present a rather inefficient means to materials production. Microwave assisted
technologies, on the other hand, offer potential s olutions to these issues though the
realisation of rapid synthesis and processing at lower temperatures, vastly improving the
energy efficiency of processes and additionally allowing for improvements in properties
of functional materials and also the disco very of new materials with interesting
properties. 14’ Microwaves form part of the electromagnetic spectrum, with wavelengths
between 1 m and 1 mm corresponding to frequencie s ranging from 300 MHzto 300 GHz,

although commercially available microwave generators operate at 2.45 GHz.

The application of microwaves to enable rapid heating has been widely implemented
across many areas of both solution and solid-state chemistry. For example, in solution

based methods, microwaves have been utilised widely across organic synthesis and
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hydrothermal/solvothermal processing where fast reactions can be afforded due to the
rapid temperature increases caused due to selective heating of a sol vent by microwave
radiation. 148149 |n solid-state synthesis, microwave heating has been implemented in
ceramics processing including annealing and sintering steps showing improvements in
homogeneity and densification respectively. 50 The ability of microwave assisted methods
in yielding these interesting results lies in the coupling of microwave radiation with a
specific component in the sample environment causing uniform heating throughout

materials.

1.7.2.1 Solution phase microwave heating

The solvothermal synthesis process involves the heating of reactants in a high
temperature liquid medium (the technique is often called hydrothermal when the solvent

is water). Conventionally, energy is transferred from a traditional heat source, for
example an oven, to the liquid solvent through conduction, convection and radiation
processes. Traditional solvothermal reactions often require long reaction times (up to a
few days) and the use of high -power equipment which inevitably induces a large energy
cost. Conversely, microwave -assisted solvothermal methods have the ability to yield
product with very rapid reaction times and the required equipment generally operates
on lower power (typically a few hundred Watts). This rapid heating, enabled by the
microwave dielectric heating effect, occurs due to interactions between the solvent and
the incident microwave radiation which causes the generation of heat by the solvent
itself in its bulk. The heat is generated over the entire volume of solvent and results in
uniform heating allowing for rapid reaction times alongside the suppression of side
reactions. The temperature gradient of a reaction vessel showing uniform heating of a
solvent facilitated by micr owave radiation is shown in Figure 1.17, alongside the
corresponding set up heated via conventional methods. Other benefits to microwave -
assisted synthetic methodologies include excellent reproducibility due to improved
control over reaction parameters whi ch is beneficial to both product quality and general

safety of the process and the possibility of automation and high throughput synthesis. 15!

The microwave dielectric heating effect arises from the interactions between microwave
radiation and dipoles or charges within a reaction medium. For many microwave
solvothermal reactions, the heating arises from the interaction of a dipolar solvent with
microwaves. Upon the application of electromagnetic r adiation to a dipolar solvent, the
dipole will align itself with the electromagnetic field. When the field polarisation is
reversed, the solvent molecules will re -orient themselves in order for the dipole to re -

align with the new field polarisation. A cont inually alternating electromagnetic field will
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therefore cause continuous re -orientation of the molecules as they try to align the dipole
with the ever -changing field. This continuous rotation results in heat generation through
frictional losses. The effec tiveness of solvents for microwave synthesis is evaluated by
considering two factors, (i) the dielectric constant, O &vhich is a measure of the ability
of a material to store electromagnetic energy through polarisation and (ii) the dielectric
loss factor, O6 which describes how efficiently the material can convert stored
electromagnetic energy into heat. Most commonly these values are combined in order to

describe the loss tangent

o el — (1.3)

where higher values of loss tangent correspond to so lvents that will give more rapid heat

generation when penetrated by microwave radiation. 148
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Figure 1.17 Temperature profiles of a liquid reaction medium af ter 60 s facilitated by
microwave irradiation (left) and conventional heating in an oil bath (right) highlighting the
entire volume undergoes uniform and rapid heating, whereas the medium is heated from the
outside inwards in the conventional heating. The vertical scale zero corresponds to the

meniscus.1?

Microwave solvothermal synthesis methods have been widely used to make cathode
materials for LIBs. The high level of precision in controlling reaction parameters has
proved useful in the synthesis of LiFePO4, where the need for nanostructured forms of
LiFePQ is essential to realise effective ionic diffusion rates. For example, crystalline
LiFePQ has been synthesised using a microwave assisted method in benzyl alcohol and
irradiation with microwaves at 180°C for only 3 minutes. The synthesised product display s

small particle morphologies and high discharge capacities of 160 mAh g - with little fading
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over extended cycling. 152 The ability to access metastable phases and polymorphs has
also been demonstrated by Assat and Manthiram, who obtained the high pressure Cmcm
phase of LIMPQ, (M = Mn, Fe, Co and Ni) by a microwave solvothermal method in
tetraethylene glycol with reaction temperatures between 275 to 300 °C and reaction
times between 10 to 40 minutes depending on the identity of the transition metal
cation. 1% The literature on microwave -assisted solvothermal synthesis for battery
materi als is dominated by reports on phospho-olivines such as LiFePQ, however, the
method has also been used to synthesise LbMSIQ, (M = Fe, Mn) cathodes at 300°C for 25
minutes and fluorosulphate cathode material LiFeSO 4F with reaction parameters of 230°C
for 10 minutes, again highlighting a viable low temperature and rapid route to battery

material fabrication. 122154

1.7.2.2 Solid-state microwave heating

Microwaves can also be applied in the area of inorganic solid -state synthesis, where
microwave assisted furnaces often work on a hybrid method, combining bot h microwave
and conventional heating mechanisms. Whereas the main heating mechanism in solution
based microwave synthesis is through the rotation of solvent molecules in response to an
alternating electromagnetic field, the mechanism in inorganic solids di ffers due to the
static nature of atoms in a solid, disabling any kinds of friction  arising from movement.
Instead, the pure solid -state microwave heating mechanism is facilitated by a conduction
mechanism whereby the alternating electromagnetic field give s rise to a current of
mobile charge carriers in the reactants when they absorb the microwave energy. This
current is travelling in phase with the field and causes resistive heating in the sample. 1%
However, several problems are encountered when heating solid state materials purely by
microwaves, firstly, most commercial microwave instruments operating at 2.45 GHz do
not allow for efficient coupling of microwaves to many materials at room temperature
and this makes initial heating difficult. Secondly, thermal runaway can occur with
materials where the specimen drastically overheats and inherent temperature gradients
can lead to severe temperature non -uniformities which can result in materials cracking
and physical non-uniformity in final samples. Finally, poor microstructural characteristics

of the surface are evident in microwave treated samples due to the inside -out direction
of heating, with poor microstructural characteristics of the core seen for  conventional
heating. In order to overcome these issues, hybrid heating techniques have been
developed which combine microwave heating with infrared heat sources. '°° Hybrid
heating furnaces are lined with a high dielectric loss susceptor material, that is capable
of efficient absorption of microwaves and the subsequent conversion to heat energy

especially at low temperatures. The heat generated by the susceptor is then transferred
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by the conventional techniques of conduction, con vection and radiation to the sample.
As the sample heats up by conventional means, it becomes more able to couple to the
microwave radiation and a balance of both heating mechanisms ensures greater
uniformity between the surface and the core. Common suscep tors for such applications

include silicon carbide, carbon and copper monoxide.

Previous work carried out in our group has included microwave assisted solid state

synthesis of many oxide materials for ceramic electrolytes for example Zn -, Ga- and Al-
doped LBLTO garnets, Al and Ga-doped LLZO garnets, In- and Y-doped LisHf.O; materials,
LizsLaisMOs (M = WE*, Te®) Li-rich and NaisLa; sTeOs Na-rich double perovskites. 156359

It is clear that microwave -assisted synthesis methods offer an attractive route to
advanced materials synthesis and processing from both an economical and scientific
perspective by offering much more rapid and energy efficient processes while also
providing the opportunity to access different reaction pathways. This in turn can lead to
metastable phases that are difficult to obtain  using conventional synthetic routes and
reaction products with structural and chemical differences imparting interesting and

beneficial properties such as nanoparticulate samples to enhance ionic conductivities.

1.8 Aims

The research carried out during this Ph D aims to investigate materials that provide high
energy density cathodes for lithium ion battery applications. Gaining a thorough
understanding of these materials and the structure -property relationships that underpin
their functionality is essential in r ealising their use in future battery applications

especially when pertaining to electric vehicle applications.

A focus has been placed on the development of synthetic routes to these materials based
upon the use of microwave radiation that can offer softer synthesis conditions with
reduced energy consumption. Materials that promise higher voltages i.e. fluorinated
polyanionic and higher capacities i.e. nickel rich layered oxides are both under
investigation here. The main focus of this work lies in the high nickel content layered
oxide NMCG811 due to the large specific capacities that it can deliver which makes it an
excellent candidate for use in electric vehicles. A microwave -assisted solgel synthetic
route to NMC-811 has mainly been investigated here owi ng to the dual benefits afforded
by both the sol -gel and microwave aspects of this route where the sol -gel process allows
for a good level of homogeneity in transition metal distributions to be achieved. As these
nickel rich cathodes often show degradation on cycling that act to ultimately limit the

battery lifetime, understanding the causes of these processes and the effect they have
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on the electrochemical cycling behaviour are of great importance. Implementing coating
and doping methods in order to suppre ss such degradation processes with work carried
out here aiming to implement such features to NMC -811 and analysing the effect that

these modifications have on the properties of the NMC -811.

Using a wide range of different structural, morphological and ele ctrochemical analysis

techniques helps to build -up a more detailed picture of the complex nature of these

materials and helps to elucidate the structure -property relationships present. Laboratory

based techniques such as PXRD, SEM, EDX and electrochemictdsting used in conjunction

with central facility based methods such as XANES, EXAFS, NPD and PDF analysis to
elucidate bulk and | ocal S*™4SR todrnivastigatd trarspont an g e me |
properties help to achieve this by providing information that  spans a range of length-

scales. Understanding such properties of these higher energy density materials will guide

future synthetic roadmaps to new and improved materials for energy applications.
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2 Materials and e xperimental methods

2.1 Materials

The following chemicals were purchased and used as supplied without any further
purification: FeSO 4-7H,0O (Sigma Aldrich), LiF (Sigma Aldrich), tetraethylene glycol (TEG)
(Alfa Aesar), tetrahydrofuran (THF) (Fisher), acetone (VWR), ethanol (VWR), NaCHCOO
(Sigma Aldrich), NaF (Sigma Aldrich), NHsH.PQ, (Sigma Aldrich), FeG04-2H,0 (Alfa Aesar),
Co(CHCQ)2:4H.0O (Alfa Aesar), Ni(CHCQ)2:4H,0O (Alfa Aesar), Mn(CHCQ)2-4H,O (Alfa
Aesar), LI(CH:CQ) (Sigma Aldrich), citric acid (Sigma Aldrich), Al(NGs)3-9H.0 (Alfa Aesar),
Mg CHCQ)2-4H,0 (Alfa Aesar), NiSQi-6H,0O (Sigma Aldrich), MnSQ-H;O (Sigma Aldrich),
CoSQ-7H0 (sigma Aldrich), NaOH (Alfa Aesar) and LiOH-HO (Sigma Aldrich).

For battery fabrication the following were used: 1 M lithium hexafluorophosphate (LiPFs)
in ethylene carbonate (EC) and dimethyl carbonate (DMC) 1:1 v/v (Solvionic), 1 M LiPk
in EC and ethylmethyl carbonate (EMC) 3:7 wiw + 1 % VC (SoulBrain), Whatman glass
microfibre filter as separators, carbon black KETJEN BLACK EG600JD (AkzoNobel),
polytetrafluoroethylene (PTFE) (Fisher), Li metal ribbon (Sigma Aldrich), polyvinylidene
fluoride (PVDF) (Sigma Aldrich) and N-Methyl-2-pyrrolidone (NMP) (Sigma Aldrich).

2.2 Synthetic methodologies
2.2.1 Dehydration of FeSO 4-7H20 to FeSOs-H.O

Commercial blue coloured FeSQy-7H,O (stored in an Ar filled glovebox with H >0
and O, levels < 0.5 ppm) powder was transferred to a tube furnace equipped with flowing
Ar gas and heated up to 100 °C with a heating rate of 5 °C per minute, with a dwell time
at 100 °C of 3 hours. The obtained white, chalky textured FeSO 4H>O powder was

thoroughly ground and was stored in an Ar filled glovebox for future use.

2.2.2 Microwave assisted synthesis of tavorite LiFeSO 4F

FeSQ-7H,0 (0.187 g 1.0 mmol) and LiF (0.0285 g 1.1 mmol) were weighed out and
added to a 10 mL cylindrical stainless steel ball mill jar with a 12 mm diameter stainless
steel ball. The jar was sealed under Ar in a glovebox and transferred to a Retsch MM200
Mixer Mill where the powders were milled for 1 hour at 20 Hz. Then, 0.0099 g (0.5 mmol)
of the milled powder was then added to a 10 mL quartz vessel containing 5 mL of TEG
and sealed under Ar. The reaction mixture was magnetically stirred for 10 minutes at
room temperature before being transferred to a CEM Discover SP microwave synthesiser

(operating at 2.45 GHz) for 1 hour at 230 °C with an additional pre -stirring step of two
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minutes used to ensure complete mixing. After the synthesis, the obtained white powder
was centrifugally washed with THF (3 x 10 mL for 10 minutes) and acetone (1 x 10 mL)
and dr i ed°C anta hat pl&and ground before being stored in an Ar filled
glovebox. Exposure to air was minimised to < 1 hour in order to avoid oxidation of the
Fe2* within the sample. Oxidation could b e evidenced by the off -white powder developing
an orange hue gofpavdeodvitatadeifan mun nieasurements, the synthesis

was repeated under identical conditions a 10 ti

2.2.3 Conversion of tavorite LiFeSO 4F to tripl ite LiFeSO4F

To facilitate the conversion of tavorite to triplite LiFeSO 4F, 0.15 g of the
microwave synthesised tavorite powder described in the previous section was pressed
into a 10 mm pellet under 2 tonnes of uniaxial pressure. The pellet was then trans ferred
to a tube furnace equipped with flowing Ar gas and subject to a heat treatmentat 350  °C
for 4.5 hours with a heating rate of 5 °C per minute used. The obtained powder was dark

brown/black in colour and was stored in a glovebox.

2.2.4 Solid state synthesi s of Na;FePOQsF

NaCHCOO (0.205 g, 2.5 mmol), NaF (0.105 g, 2.5 mmol), NHH.PQ, (0.2875 g, 2.5
mmol) and FeC,04-2H,0 (0.3598 g, 2.0 mmol) were ball milled under Ar for 2 hours at 20
Hz in a Retsch MM200 Mixer Mill in a 1:1:1:0.8 molar ratio. The milled mixt ure was then
transferred to a tube furnace equipped with Ar/H > (5%) gas flowing and heated to 350 °C
at a heating rate of 5 °C per minute with a dwell time of 5 hours in order to decompose
the precursors. Once cool, the obtained powder was thoroughly groun d using an agate
mortar and pestle and transferred to the tube furnace for further heating at 600 °C for

5 hours under Ar/H 2 (5%) flow. A brown powder was obtained.

2.2.5 Solgel synthesis of layered oxides LiNi xMnyCo1-x-yO»
Synthesis of the LiNi xMnyCo1.x.yO. sol-gel precursor

Stoichiometric amounts of Ni(CHCQ)2-4H:0, Mn(CH:CQ)2-4H:0,
CaoCHCQ)2-4H0 and Li(CHCQ) (5 to 10 % excess of Li) powders were weighed out and
added to a 600 mL beaker rinsed with deionised H ;0. Specific quantities are listed in
Table 2.1. Approximately 100 mL of deionised H,O was further added and the solution
was stirred magnetically until all of the powders had fully dissolved (adding more H >0 if
necessary to facilitate solvation). To this, a solution of fully dissolved citric ac  id of
approximately 50 mL was added and the resultant sol was stirred magnetically on a
stirrer-hotplateat150 AC i n order to evaporate tahmusol vent

with a viscous gel obtained at the end. The gel was thenpre -d r i e d30&°C in & heating
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mantle in a fumehood to obtain a black coloured ash. The ash was transferred to an
alumina crucible and heated in a Carbolite box -furnace at 450 °C for 14 hours to remove
carbon species originating from the acetate groups and the citric acid . The obtained

precursor was ground with a mortar and pestle and stored for later use.

Table 2.1 Quantities of precursors used for the sol -gel microwave -assisted synthesis of

LiNixMn,Coi.x,O, materials.

Composition | Ni(Ac).a4H,O  Mn(Ac)adH,O  Co(Ac)8H,0 Li(Ac) Citric acid
1.1210 1.1198 1.1030 0.9355 5.187
NMG111 9 g g g g
(4.5 mmol) (4.5 mmol) (4.5 mmol) (14.175 mmol) (27 mmol)
2.2394 0.7352 0.7468 1.1880 5.76
NMG622 9 9 9 g g
(9 mmol) (3 mmol) (3 mmol) (18 mmol) (30 mmol)
2.9861 0.3676 0.3734 1.1880 5.76
NMG811 J I I 9 I
(12 mmol) (2.5 mmol) (2.5 mmol) (18 mmol) (30 mmol)

Heat treatment of the sol -gel precursor to form crystalline LiNi ~ xMnyCo01.x.yO>

Portions of the previously obtained precursor were transferred to an alumina crucible
and heated in either a Carbolite conventional box furnace or a CEM Phoenix microwave
furnace (2.45 GHz) and heated at temperatures between 650 °C to 900 °C for times
between 1 to 12 hours which will be specified in the text. High nickel content samples

were stored in an Ar filled glovebox after synthesis.

2.2.6 Dispersion based Al 203 coating of LiNi 0.8Mno.1C0o.102

First, a stock solution of AI(NO 3)38H,O in ethanol with a concentration of
1 mg ml-*was made up. From this stock solution an appropriate volume was then pipetted
to a portion of microwave -synthesised NME811 of 100 mg in a vial to correspond to 0.2,
0.5 and 1.0 wt.% of Al,Os with respect to the initial NMC -811 mass. Quantities are listed
in Table 2.2. Ethanol was then added to the vial to make up more volume to allow for
adequate stirring. The solution/dispersion was then magnetically stirred for 10 minutes
before undergoing sonication for 45 minutes at room temperature in an ultrasonic bath.
The dispersion was then heated @)éOtdévaporatender
off the ethanol. Dried powder was then transferred to an alumina crucible and heated at
400 °C for 3 hours under air in a Carbolite box furnace. The obtained powder was then

stored in an Ar filled glovebox.
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Table 2.2 Quantities of reactants used in the alumina coating of NMC -811.

Mass of
_ ) Mass of NMG811 Mass of ALOs; Volume of stock
Coating weight Al(NOs)3.9H,0 )
(mg) (mg) solution (ml)
(mg)
0.2 wt.% 100 0.2 1.48 1.48
0.5 wt.% 100 0.5 3.68 3.68
1.0 wt.% 100 1.0 7.36 7.36

2.2.7 Microwave assisted co -precipitation synthesis of LiNi 0.8Mnp.1C0o.102
Approximately 30 ml metal sulphate solutions of the correct concentration were
made up (quantities of metal sulphate and deionised H 0O are listed in Table 2.3) and
were added dropwise to 65 ml of deionised H 20 in 3 different 600 ml beakers under
magnetic stirring. 10 ml of the nickel sulphate solution was added followed by 10 ml of
the manganese solution and 10 ml of the cobalt solution. Each of these were added to
the three beakers thus using 30 ml of the metal sulphate solutions overall. Then, 5 ml of
a 6 M NaOH solution was added dropwise to each beaker and stirred for 10 minutes to
facilitate the precipitation of a metal hydroxide precursor. The reaction was then left
for 1 hour in order to allow the precipitate to settle and was then washed 6 times with
deionised H;O. The precipitate was then dried and heated at 450 °C for 14 hours. This
was then mixed with LiOH (3 % excess Li) using a mortar and pestle and the final mixture
was heated at 850 °C for 1 hour in a CEM Phoenix microwave furnace (2.45 GHz)to form
NMGB811. The synthesised NME811 was stored in an Ar filled glovebox until further use.

Table 2.3 Quantities of metal sulphate reactants and deionised H ,O used to make up solutions

of the appropriate con centration for the co -precipitation synthesis of NMC-811.

Metal sulphate Mass (g) Volume H,0 (ml)
NiSQ:86H,0 6.5112 30.96
MnSQaH.0O 0.5257 31.08
CoSQarH,0 0.8557 30.44

2.2.8 Solgel microwave -assisted synthesis of Al% and Mg?* doped
LiNio.sMno.1C0o.102
The synthesis of AF* and Mg?* doped NMG811 was carried out using the same
procedure as that described in Section 2.2.5 for the sol -gel synthesis of pristine NMC-811
but with some precursor quantities altered in order to synthesise the targeted
composition. Al(NO3)38H,0 and Mg(CHCOO)a4H,O were used as the AF* and Mg* sources
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respectively with 0.3676 g (1.5 mmol) Mn(CHCOO&H,O, 0.3734g (1.5 mmol)
Co(CHCOO0)&H,0 and 5.76 g and (30 mmol) citric acid. The quantities used of the other
reactants are | isted in Table 2.4. Reactions carried out in the microwave furnace to yield

the doped NMG811 compounds were carried out at 850 °C for 3 hours.

Table 2.4 Quantities of Ni(Ac) :aH,O, Al(NG;)389H,O Mg(AcyaH,O Li(Ac) precursors used for the

sol-gel microwave-assisted synthesis of AI** and Mg* doped NMG811 materials.

Composition Ni(Ac).&H,0 Al(NOs3)38H,0 Mg(Ac).&H,0 Li(Ac)
2.9488 0.0563 1.1880
1% Al g 9 0 9
(11.85 mmol) (0.15 mmol) (18 mmol)
29111 0.1126 1.1880
2 % Al 9 9 0 ¢
(12.7 mmol) (0.3 mmol) (18 mmol)
298619 0.0322¢g 1.1642 g
1 % Mg 0
(12 mmol) (0.15 mmol) (17.64 mmol)

2.3 Characterisation Techniques

2.3.1 Powder x -ray diffraction (PXRD)

The form of electromagnetic radiation known as X -rays were discovered by
Wilhelm Roentgen in 1895 and, as part of the electromagnetic spectrum, exhibit wave
particle duality evidenced by single slit diffraction (wave -like nature) and scattering of
X-rays from electrons (the Compton Effect, particle -like nature). With typical
wavelengths of the same order of magnitude as atomic dimensions (1 to 100 A), X-rays
are perfectly primed for studying a vast range of crystalline materials. 6% Powder X-ray
diffraction (PXRD) is a powerful and widely used technique for elucidating structural
properties of materials. It is one of the most useful techniques for general structural
analysis due to fast data collection times, the fact that it is non  -destructive to samples
and the general ease of access to the equipment. In PXRD the sample takes the form of
a finely ground, homogenised powder (as opposed to single crystal X -ray diffraction with
utilises single crystals of a specific compound) and the bulk composition is studied. This
is especially useful in compositional analysis of multiphase powders. The technique relies
upon the scattering of incident X -rays from different atoms in the lattice.  Ideally these
X-rays are monochromatic but in reality they consist of several, similar wavel engthsi.e.
Ku1 Kuzand sometimes Ky wavelengths are used during these experiments. Generation of
X-rays generally occurs by heating up a filament in order to produce electrons which are
accelerated in a vacuum chamber under potentials of 10 to 60 kV towards a metal target

(often Cu, Mo or Cr) from which X -rays are generated when the elec trons hit the target.
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A spectrum of generated X-rays using this method shows two distinct regions. Firstly, a
continuous region where white (polychromatic) X -rays are produced by deceleration of
electrons. This is often called bremsstrahlung (German for braking radiation ) and the
spectrum is smooth. On the other hand, the characteristic region is also observed and
consists of discrete peaks. These peaks arise from the ejection of a core shell (1s)
electron from an atom, with an electron from a higher  energy level dropping down to
take its place accompanied the release of X -rays equal in energy to the difference
between these two energy levels. For example, the characteristic spectrum of copper
consists of two distinct wavelengths of emitted X-rays, called Ky and Ky, where Ky
radiation with a wavelength of 1.5406 A, is most often selected using a monochromater

for PXRD experiments.

Because Xrays are a type of electromagnetic radiation, they interact with the electron

density (i.e. the electron cloud) associated with each atom, being first absorbed by the

electron density which causes a movement in the electron cloud and resulting in

re-radiation of X -rays of identical frequency 9 as if the incident radiation were being

reflected. No energy loss betwee n incident and outgoing radiation is observed and hence

can be described as elastic scattering. The crystal lattice where diffraction occurs can

be thought of as a three -dimensional, ordered array of atoms that repeats infinitely in

space. Atoms can form planes and it is from these planes that diffraction occurs.
Described by Braggds | aw, el astic scattering r

radiation with constructive interference fulfilling the Bragg condition:

g€ _ CQi Q¢ (2.1)

where n is the order of the diffracted beam (a positive integer), 2 is the wavelength of
the incident beam, d is the lattice spacing between neighbouring planes and P is the
angle at which X-rays are incident on the sample. ¢! This is shown graphically in Figure
2.1. The positions of atoms within the lattice and the number of electrons that each atom
has bears large influence over the scattering intensities and positions respectively, with
light er atoms (generally consisting of smaller amounts of electrons) such as H and Li being
essentially invisible to X -rays and heavy atoms (which generally have larger numbers of

electrons) dominating diffraction patterns.

Many lab-based diffractometers utilise BraggBrentano geometry regarding the set -up of
X-ray source, sample and detector. In this geometry, the X -ray source is fixed in position
while the sample (mounted on a flat -plate holder) and the detector are allowed to rotate

through P and 2P respectively, allowing the angle between incident radiation and the
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sample to be scanned through a range of values. The detector, therefore detects X -rays
at specific angles of P (2P is instead used when reporting data), giving large counts at
angles where constructive interference occurs. Diffractograms for PXRD data are often
displayed as detected intensity vs. the 2q] angle and collected data can be compared
against reference diffractograms (obtained from online databases such as the Inorganic
Crystal Structure Database (ICSD)) to elucidate structural composition. Therefore, PXRD
can be considered a 'echngue @of crystgllne pnatérials i Mhis 6
fingerprinting aspect is used to carry out phase analysis of synthesised materials, where
the presence of any possible impurity phases in the prepared sample can be identified by
additional peaks in the collected data compared to the reference patterns. Impurity
phases can be confirmed by comparing these additional peaks to a variety of reference
patterns for logical impurities in the sample ( i.e. unreacted reagents, possible side
products and decomposition product s etc.). By careful analysis of PXRD data using
refinement processes, properties such as lattice parameters, cell volume, atomic

positions and site occupancies can be deduced.

Figure 2.1 lllustrationof t he geometry used for the derivation of

law. Adapted from Dinnebier and Billinge. 6!

PXRD characterisation presented in this thesis were carried out on two different

di ffractometers. The first wad faakANmleyteircalsi X
radiation operated at 40 kV and 40 mA . Data were coll edot78°dn i n a 2
step sizes of 0.02 °. The second diffractometer was a Rigaku MiniFlex benchtop powder

di ffractometer using CuKW r abdhAaData ware colgced at ed a-
between 10 to 70 °with a step size 0f 0.02 °. Phase analysis was carried out by comparing

collected data to reference patterns collected from the ICSD , with the comparison being

carried out in a general data plotting program.

49



2.3.2 Neutron Powder Diffraction (NPD)

As previously mentioned, one limitation to the PXRD technique is the sensitivity
to atoms with low electron density resulting in light atoms such as Li being essentially
invisible to X -rays. For materials containing Li, t herefore, a complementary method is
valuable for determining important parameters such as Li content and site occupancies.
Neutron powder diffraction bears much the same properties as PXRD but with neutrons
being used as the probe instead of X-rays. Commonly thought of as a particle (indeed one
of the fundamental particles contained within atoms and responsible for all matter)
neutrons display wave-like properties also and can be described by a wavelength. By
carefully tuning the speed of neutrons, waveleng ths with the same order of magnitude
as the typical separation bet AecenbeselecethIhei n a s o
method of interaction between neutrons and atoms lies in the atomic nuclei rather than
the electron densities and the scattering interaction is quantified by the scattering length
b. The quantification of the scattering length is not well understood but depends on the
makeup of the nucleus and the orientation of its spin relative to that of the neutron. 162
As a result of this, the coherent scattering lengths bear no discernible trend such as is
seen between scattering factors and atomic number with X -ray scattering. This is hugely
beneficial when studying materials containing light atoms such as lithium. Furthermore,
as there is no relation between atomic number and scattering cross section with
neutrons, atoms which sit next to each other in the periodic table ( e.g. Mn, Fe, Ni and
Co) often have different scattering cross sections allowing them to be distinguished from
each other and isotopes can easily be distinguished also. 162 For example, the coherent
scattering lengths of lithium isotopes are 2.00 fm ( fermi, 1 fm =103 cm) for SLi (with
7.5 % abundance) and-2.22 fm for ’Li (92.5 % abundance) thus yielding atotal scattering
length of -1.9 fm for natural lithium. 64 Furthermore the coherent scattering lengths of
Ni, Mn and Co are 10.30fm, -3.73 fm and 2.49 fm respectively allowing for each of these

to be easily distinguished.

The production of neutrons suitable for diffraction requires large scale fac ilities such as

the Institut Lau Langevin (ILL) in Grenaoble or ISIS Pulsed Neutron and Muon Source at the

Rutherford Appleton Laboratory in Oxfordshire. Both of these facilities generate neutrons

in different ways. The ILL is a reactor source where neutron s are produced as a result of

nuclear fission and a continuous, monochromatic neutron beam is fired at the sample,

working in much the same way as PXRD. Spallation sources, such as ISIS produce pulses

of neutrons by colliding proton pulses into a tantalum target, and operate on a time of

flight (TOF) met hod, where the neutronds wavel e

as per the De Broglie relationship. Neutrons with longer wavelengths have a lower

50



velocity and will take more time to traverse the dist ance from source to detector as
opposed to shorter wavelength, faster neutrons. The De Broglie relationship is combined

with the Bragg equation to determine neutron wavelength as:
_ "Qd 0 @ g 0 Qi Q¢ — (2.2)

where2i s the neutron wavel engh=6.626Kk103m>’Ka mc kds co
is the mass of the neutron ( m, = 1.675 x 10?7 kQ), t is the time taken to travel between

source and detector and L is the distance between the source and the detector. In TOF
measurements, a polychromatic neutron beam is employed, giving a direct determination

of neutron wavelength and allowing for the use of fixed detectors arrays. The stationary

detectors are commonly grouped into different banks that are distributed aro  und the

solid angle of the sample as shown in Figure 2.2 for the Polaris instrument at ISIS. 165

Bank 5

Bank 5 (Inner)

(Outer)

Sample
position

Figure 2.2 The Polaris diffractometer at ISIS. Detectors are grouped into different banks,
differentiated here by colour. The neutron beam enters in the top right hand corner and exits in

the middle section of Bank 1. 16°

The NPD data presented in this thesis were collected on the Polaris instrument at the ISIS
Pulsed Neutron and Muon Source, at the Rutherford Appleton Laboratory in the UK.
Polaris is high intensity, medium resolution powder diffractometer optimised for the
rapid characterisation of structures. Resolutions (eed /) dn Polaris range from 0.3 % to
2.7 % from Bank 5 (back scattering detector bank) to Bank 1 (very low angle detector
bank) respectively. 16> Approximately 3 g of sample were loaded into 6 mm diameter

vanadium cans which were loaded into an auto-changer (for room temperature
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measurements) or a cryostat for low temperature measurements at 60 K. Vanadium cans
are chosen due to the very small scattering length of vanadium. Measurements were
performed at room temperature and at 60 K for each sample with a run time of

approximately 8 hours per sample per temperature.

2.3.3 Rietveld Method

In the case of PXRD and NPD data, Rietveld refinements are carried out to obtain
structural parameters such as cell dimensions, atomic positions and site occupancies.
Such refinements basically compare the collected data with data simulated for a model
structure. The Rietveld approach to refinement utilises a least squares approach in order
to iteratively refine a theoretical structural model until a fit is achieved that best
matches the observed data. The best fit is determined by a minimisation in the difference
function between the observed data and the calculated fit. The Rietveld algorithm
determines the difference function as the sum of the weighted sq uared differences
between the observed and calculated intensities:
5 Lo doad (2.3)
W
where M is the difference function, the index i refers to the it atom, W is a statistical
weight determined from an uncertainty estimate for the observed data, y(obs) and
y(calc) are the observed and theoretical profiles respectively and c is the overall scale

factor between the two profiles such that:
WO TRIE O (2.4)

Refinements are performed on several structural and instrumental parameters, with each
one being refined iteratively until a minimisation is reached. %6 Once fully refined, the
structural model should be considered as a good representatio n of the real structure and
parameter values obtained during the refinement, such as cell parameters, cell volume,
atomic positions and site occupancies for the structure are obtained. To determine the
goodness of the refinement and the level of agreement between the observed and
calculated profiles, statistical values are employed. There are three important statistical
values calculated dthe weighted profile R -factor ( Rup), the expected R -factor ( Rexp) and
the goodness of fit value ( ¢?). The weighted R -factor is calculated as:

0

Y - (2.5)
Bw wé wi

Where it can be seen that Ru is the square root of the minimised function scaled by the

weighted intensities. The Rexp factor is calculated as:

52



, O 0
Y ——— (2.6)
Bw wé¢wi

Where N is the number of data points and P is the number of parameters. Generally, Nis
a lot larger than P and tends to dominate the numerator. This factor indicates the
theoretical minimum R -factor that can be obtained taking account of the number of data
points. Logically therefore, for good profile matching  Ru, should be close in value t0 Rexp.
This can be determined by the ratio of both of these numbers to yield a general goodness
of fitvalue, >( 6 c hi s quhichis eatcdated as:

Y
N (2.7)

For good profile matching, and hence a good refinement, the R -factors (often reported
as percentages) should be as small as possible ande® should be as close to unity as

possible.16”

In this thesis, Rietveld refinements conducted on data obtained by PXRD and NPD were
carried out using the GSASII program. For PXRD refinements the refinement was carried
out in the general following order: (i) background polynomial, (ii) scale factor, (iii) cell
parameters, (iv) zero point and sample displacement, (v) profile parameters, (vi) atomic
positions where appropriate and (vii) site occupancies where appropriate. For
refinements of NMC layered oxides, the atomic positions were not refined , with the 3a
sites positioned at (0,0,0) and the 3b sites positioned at (0,0,0.5) and 6c (oxygen) sites
at (0,0,0.24). Uises Were also not refined and were kept at the same value as reported in
the downloaded CIF file. Site occupancies were refined as reported in the results

chapters.

Structural analysis was carried out on the NPD data for each sample by Rietveld
refinements using the GSASII program. ¢ Data collected from detector bank 5 on the
Polaris diffrac tometer were used in order to fit a model of "Yo& NMG811. Structural and
profile parameters were refined in the following order: (i) scale factor, (i) a 6 -coefficient
Chebyschev background function, (iii) cell parameters, (iv) absorption, (v) profile
parameters (vi) atomic positions where necessary and (vii) fractional occupancies of
atoms where appropriate constraints were applied . Constraints applied to the fractional
occupancies were added to keep the total lithium content equal to 1, the total nickel
content equal to 0.8 and the total of the Co and Mn contents equal to 0.2. An equivalence

between Li on the 3b site and Ni on the 3a site was also introduced.
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2.3.4 Neutron Pair Distribution Function analysis (PDF)

Whereas conventional diffraction methods with Bragg analysis act to probe the
bulk structure of crystalline materials, total scattering methods can be used to elucidate
information pertaining to the local structure which is of great interest in nanomateria Is
and more complex materials which exhibit varying degrees of disorder at this local level.
This is useful in examples such as materials with long range order but possessing aperiodic
modifications to the average structure, materials with limited long ran  ge order e.g.
nanocrystals, gels and turbostratic materials and even materials with no long range order
for example glasses, other amorphous solids and liquids. Total scattering techniques
utilise both Bragg and diffuse scattering which yield information on the average and
periodic structure and local deviations from perfectly regular units respectively with the
diffuse scattering contribution dominating at higher scattering angles. Total scattering
experiments can be performed using neutrons o r X-rays and require short wavelength,
high energy particles, often requiring the use of national synchrotron facilities and
neutron sources (although laboratory based X-ray diffractometers allowing for the
collection of total scattering data are becoming more common). Pair distribution function
(PDF) analysis can be used with the total scattering data collected for a specific material
and is a powerful tool for the study of non -periodic materials or crystalline materials that
display some level of aperiodi city at a local level. 16 The PDF analysis involves the Fourier
transform of the t otal scattering data, generating the probability of finding any two
atoms at a given interatomic distance. This can be easier visualised as a histogram of
interatomic spacings weighted by both the quantity and scattering length of different

atoms within a specific sample. This can be described mathematically by equation 2.8:
"Oi ™ "1 ” (2.8)

whereG(r) i s t he adismitdhhePRF,erjage at omistheatammber den
pair density where the variable r is some radial distance. Thus, this function yields
information on the number of atoms at a distance r from a reference atom with the PDF
producing a peak at radial distances corresponding to characteristic distances between
atomic pairs. To calculate the function G(r), the Fourier transform  of the total scattering
function S(Q) is taken as shown in equation 2.9
o 1 C T ol 2 ZN ol
O1i — U0UYo pOEUIQU (2.9)
where Q is the magnitude of the momentum transfer vector Q=ki-krand Q = 4Usi n( q)

The structure function S(Q) is obtained from scattering experiments and contains the
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measured intensities from a sample. For good quality PDF data, it is important to measure
diffraction data over a wide Q range to ensure adequate real -space resolution. The data
collected from the neutron diffraction experiments outlined in Section 2.3.2 was also
used to generate PDFs. The data were collected at 60 K and room temperature using run
times of at least 8 hours per sample, which were then pr ocessed using the GudruinN
program in order to obtain the PDF radial distribution function G( r).17° Data processing
involved correcting for background, empty containers, attenuation and multiple
scatterings to yield S(Q) where a high Qmax value of 52 A! used during the Fourier
transform. Fitting of an average crystallographic structur al model to the ex perimental
data was carried out using a least squares refinement procedure in PDFgui using an
r-range of 1 to 30 Al7! The scale factor, lattice parameters, quadratic dynamic
correlation factor s (deltal and delta2), Q gamp and Quroad Were refined. Q dgamp and Quroad
model the intensity dampening and the PDF peak broadening respectively. Site
occupancies and anisotropic lattice di splacements were not refined. Similarly to Rietveld

refinements, a reliability factor R is calculated from

, BO O O ;
Y (2.10)
BU O

where w; is a weighting factor and G®® and G¢@° are the experimental and calculated

PDFs respectively.

2.3.5 X-ray Absorption Spectroscopy (XANES and EXAFS)

X-ray absorption spectroscopy (XAS) is a powerful and versatile tool that can be
used to provide information on the local geometric and electronic st  ructure of materials.
The technique utilises the absorption of high energy X -ray radiation (0.1 to 100 keV) by
core electrons within atoms. When the energy of the incident X -ray radiation is equal to
or greater than the binding energy of the core electron, the electron is excited and will
be ejected from the core state into higher energy unoccupied orbitals or into the
continuum. Different elements have different core electron binding energies and
therefore, by tuning the energy of the incident X -ray radiat ion specific elements can be
selected for measurements. During a typical measurement, the X -ray absorption (u) is
analysed as a function of the energy of the incident beam. In transmission mode set -up,
this energy dependent absorption, W(E) can be measured with respect to the initial and

transmitted X -ray intensities, loand I; respectively as

AO 1190 (2.11)
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During a typical experiment, the X -ray energy is scanned from a lower to higher value
while the absorption is measured. When the incident X -ray energy matches the core
electron binding energy a sharp rise in absorption is measured and this is referredtoa s
the O0edgebd. Depending on the energy | evel
edges can be selected, where the edge is denoted by typical X -ray energy level
nomenclature. For example, the K edge refers to excitation of the  1s electron level, L

edges refer to the 2sand 2p levels and M edges refer to 3s,p,d levels.

Depending on the material properties under investigation, two different energy regions
can be explored. The XANES region, located on either side of the absorption edge which
can determine oxidation state and local geometry of the absorber atom and the EXAFS
region, located at higher energies that sheds insight into the local structure surrounding
the absorber atom. Figure 2.3 highlights the XANES and EXAFS regions with respect tothe

absorption edge.
X-ray absorption near edge structure (XANES)

XANES, which can also be referred to as Near Edge Xray Absorption Fine Structure
(NEXAFS) concerns the region of the XAS spectrum encompassing the absorption edge and
ca. 50to 100 eV either side of the edge. Analysis of the XANES region provides information
on electronic structural properties of the absorber atom such as oxidation state and local
coordination geometries. Atoms in higher oxidation states will have more tightly bound
core electrons and thus higher binding energies, shifting the rising edge and the edge
maxima to slightly higher energies. 172 Spectral features occurring before the absorption
edge within the XANES region, referred to as pre-edge features, can also offer valuable
information. Pre -edge features arise due to quadrupole -allowed dipole -forbidden
1s A 3d excitation where 31 = £2 and are therefore weak in intensity in comparison to
the dipole allowed 31 = +1 edge. Deviations from centrosymmetry and the occurrence of
3d-4p orbital mixing on the metal atom act to relax the dipole selection rule and allow
pre-edge features to be observed in the spectrum with intensities of the pre -edge
features determined by the extent of devi ation and orbital mixing. The pattern contained
within the pre -edge feature contains information on spin -state, oxidation -state, ligand
field splitting and multiplet effects present. Comparison of measured data with data
obtained from standards of known ox idation state and coordination geometries allows for

the determination of these properties in the material under investigation.
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Figure 2.3 XAS data highlighting the XANES and EXAFS regions with respect tolte absorption
edge. Data shown here was collected at the Ni K -edge for NMG811.

Extended X-ray absorption fine structure  (EXAFS)

The EXAFS region in a typical XAS spectrum is located at energies above the XANES region
and can be described as an oscillatory modulation in the X -ray absorption coefficient in
this high energy region. EXAFS can yield information pertaining to the numbers and types
of atoms in the immediate environment of the absorbing atom alongside accurate
absorber-neighbour distances. At energies larger than the binding energy, the core shell
electron is ejected into the continuum and can interact with electrons in neighbouring,
non-excited atoms. Wave -patrticle duality allows one to consider this photoelectron to
possess wavelike p roperties, and if the neighbouring atoms are considered to be point
scatterers, the backscattered electron waves can interfere with forward -propagating
waves once the photoelectron wave returns to the absorber atom, modifying the final -
state wavefunction at the absorber. This modified transmitted wave shows up as a

modulation in the absorption coefficient.

The XAS data reported in this thesis were collected on the 120 -scanning beamline at the
Diamond Light Source synchrotron in the UK. Samples were prepared by casting cathode
slurries into carbon -coated aluminium foil and punching electrode disks. AMPIX cells were
then assembled in an Ar filled glovebox using a glass microfibre separator, lithium foil as

a counter electrode and 1 M LiPFk in EC:EMC 3:7 wiw +1 % VC as the electrolyte. AMPIX
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cells”® were assembled with this process described in more detail in Section 2.3.9. The
samples were exposed to the synchrotron X-ray radiation and data were collected in
transmission mode. During the operando measurements, cells were connected to a
BioLogic potentiostat and cycled at a rate of C/5 between 3.0 to 4.5 Vvs. Li/Li * with full
XANES and EXAFS measurements taken every OM. The data were processed and

normalised using the Athena software package. 4

2.3.6 Scanning Electron Microscopy (SEM)

Scanning electron microscopy is a powerful tool in the visualisation of materials
on the small scale, shedding insight into particle size, particle morphology and the
homogeneity of these two properties throughout a sample. In a standard optical
microscope, light is used alongside a system of lenses in order to magnify images of small
objects. However, the size of object to be magnified is limited by the wavelength of
visible light. Electron microscopes utilise a beam of short wavelength electrons, focused
by magnets in order to image specimens down to the nanometre scale. A beam of
thermionically emitted electrons is first generated from an electron gun fitted with a
tungsten filament. The beam then passes through several magnetic lenses to focus the
beam and reduce its spot diameter to the appropriate size. T his focused beam is allowed
to scan across the surface of the sample, producing various different signals that provide

information on sample topography and composition, as highlighted in Table 2.5.

Table 2.5 Sgnal types produced during scanning electron microscopy and the information

provided.
Signal type Information provided
Secondary electrons Topographical
Back-scattered electrons Atomic numbers and topographical
X-ray Composition
Cathodoluminescence Electrical
Auger electrons Surface sensitive composition

For general surface imaging applications, back scattered electrons (BSEs) and secondary
electrons (SEs) are commonly used. Back scattered electrons are caused when an incident
electron scatters elastically from an atom within the sample and can provide information

on regions deep within the sample. The production of back scattered electrons is
dependent on the mass of the scattering element, with heavy elements scattering more

strongly and thus appearing brighter in an SEM image. BSEs thus, can be particularly
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useful for identification of regions of chemical heterogeneity and possible impurities in
the sample. On the other hand, secondary electrons are ejected from atoms in the
sample during inelastic scattering processes between incident electrons and the sample.
The number of SEs produced depends on the angle at which the incident beam strikes
the sample surface, with steeper surfaces and edges yielding more SEs compared to fla t
surfaces. Therefore, the intensities of SEs as a function of position directly generates a

topographical image of the sample surface.

SEM images were obtained from a Carl Zeiss Sigma variable pressure analytical SEM with
operating voltages between 5 and 15kV and an FEI Inspect F50 SEMit an operating
voltage of 10 kV. Sample preparation was carried out by adhering the powder samples
onto an adhesive conductive carbon tab which was then attached to an aluminium stub.

Coating of the NMC samples was notrequired as they are electronically conductive.

2.3.7 Energy Dispersive X-ray spectroscopy (EDX)

Energy dispersive X-ray spectroscopy is a technique used to determine the
elemental composition of a sample. When a beam of high energy electrons is incident on
a sample, stimulation of X-ray emission can occur when an incident electron ejects an
inner-shell electron, producing an electron hole which can be filled by an outer -shell
electron dropping down. The difference in energy between the outer shell and the inner
shell manifests itself as an X-ray possessing that particular energy. Characteristic
energies for different atoms can be referenced and compared to the  X-rays emitted from
the sample in order to determine its elemental composition. As an electron beam is
required for EDX, it is often combined with common SEM equipment with the user
selecting a different detector to examine the EDX data. All EDX data reported in this
thesis were recorded using the same sample preparation and the same electron
microscopes reported above with the Oxford microanalysis program utilised for data

acquisition and analysis.

2.3.8 Muon spin relaxation spectroscopy ( U*-SR)

The pu*-SRtechnique is used in battery materials to study local ionic diffusion of
cations. Cationic diffusion is a hug ely important property of battery materials as this
strongly influences the performance of the cell, particularly the power delivery and the
charge and discharge rate capabilities. Several macroscopic techniques are popular in
studying ionic diffusion, the most widely used being electrochemical impedance
spectroscopy (EIS). However, as a bulk technique, EIS is limited by large scale effects
such as grain boundaries and interfaces between electrodes. Grain boundaries are highly

dependent on material processing factors such as sintering time and conditions
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implemented during pellet pressing ( i.e. pressing under higher pressure and higher
temperatures reduces grain boundaries) and so comparison across the literature proves
unreliable. Local, or microscopic, tec hniques, conversely, do not rely upon such post -
synthesis processing and can provide a good measure of inherent ionic conductivity which
could prove a more reliable way of comparing materials. Quasi -elastic neutron scattering
(QENS), nuclear magnetic resorance (NMR) andu*-SRare all examples of microscopic
analysis methods. However, QENS suffers from long measurement times and limited
detection time -scale of 10° to 10*? s with some ionic species diffusion timescales falling
outside of this range. NMR offers a wide timescale and has been widely used in analysing
microscopic lithium diffusion in several materials. The NMR technique, however, can be
hindered by the presence of highly paramagnetic ions which can interfere with the spin -
lattice relaxation rate (1/T 1) and can serve to complicate the diffusional analysis. The
p*-SRtechnique presents advantages over QENS and NMR including the ability to study
materials containing paramagnetic ions due to the fact that electronic and nuclear
contributions to the muon spin depolarisat ion can be separated. Furthermore, operating
on a time scale of 10°010% s, u*-SRis perfectly primed to probe long -range and

consecutive short range jumps between interstitial sites in a lattice. 175176

The muon itself can be described as a fundamental particle and is a generation Il lepton.
Considered as a heavier form of the electron, muons are spin -1/2 particles with a mass
of 105.7 MeV, a mean lifetime of 2.2 s, and come in negatively and positively charged
forms. Negatively charged muons implant close to atomic nuclei and are much less
sensitive to condensed matter phenomena. On the other hand, the positive muon
implants in regions of high electron density and close to the regions of interest, therefore

it is the positive muon, p* that is selected for p*-SRexperiments. 177
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Figure 2.4 Schematic of a typical p*-SR experiment where decay positrons are detected in the

forwards and backwards detectors. Adapted from S. J. Blundell. 77

The muon fluxes required for p*-SRexperiments can only be generated by high energy

particle accelerators, and so p*-SRcan only be performed at national facilities such as

ISIS, PSI in Switzerland, TRIUMF in Canada and-PARC in Japan. A high energy proton

beam (800 MeV at ISIS) is firedat a target to prodvuizellispprssi ti ve
with protons in the target (a graphite target is used at ISIS). These pions decay with a

mean lifetime of 26 ns into a positive muon and a muon neutrino. Because of parity

violation due to the pion decay being mediated by the weak interaction, the resultant

beam of muons is essentially 100 % spin polarised. When the muon beam strikes the

sample, muons are implanted at interstitial sites within the structure close to areas with

high electronegativity (i.e. closetoO>ani ons for oxides). Whil e i mg
spin experiences a local field distribution ( 3) which is caused by the surrounding static

local nuclear magnetic environment and a fluctuation rate ( 3) induced by the motion of

surrounding nuclei. In the case of cation conductors for batteries, 3 is largely affected by

Li* or Na* diffusion. Such effects serve to perturb the muon spins with a resultant

depolarisation of the spin ensemble over time.

With a mean lifetime of 2.2 us, the muons decay via a three -body decay to yield a
positron and two neutrinos. Of most use is the positron which is preferentially emitted
in the same direction as the direction which the muon spin was pointing in at the instant
of decay. This allows one to be able to follow the time evolution of the muon spin
polarisation by monitoring the time evolution of the decay positron asymmetry,  A(t), in

two sets of detectors placed behind and in front of the sample:
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where A(0) is the initial positron asymmetry,

(2.12)

G(t) is the depolarisation function, Nrand

Nsare the positron counts
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an instrument and sample dependent calibra tion constant. By fitting the data to a

suitable depolarisation function, important parameters such as 3-and 3 mentioned above

can be obtained that give valuable insight into lithium diffusion dynamics.

H-SRexperiments were carried out on the EMU instrument at ISIS Pulsed Neutron and

Muon Source and the data was analysed using the WIMDA progrant’® The EMU

spectrometer is a 96 de tector instrument optimised for zero field (ZF) and longitudinal

field (LF)

measur ement 5g were toadddeinto tigrdum shngle

holders with up to 2 titanium backing discs to ensure tight packing of the powder and

sealed with a 25 pm thi ck titanium window. Titanium is chosen as it depolarises muons

very weakly. Muons with an energy of 3.2 MeV were implanted into the samples. The

temperature was controlled from 100 K to a maximum of 500 K in 20 K steps using the

available closed cycle refr igerator set-up. The temperature range was chosen to

encompass the thermally activated region. Data were collected at ZF and an extra two

LFs (ranging from5to 15 G) f or

each

temperature and

estimated from a transverse field calibration measurement at 100 G. The application of

LFs parallel to the muon beam decouple s interactions between the muon spins and the

nuclear contributions from surround ing atoms. Furthermore, by simultaneously fitting

multiple magnetic field measureme nts, more reliable fits can be obtained.

2.3.9 Galvanostatic cycling

When assessing potential materials for use in lithium ion batteries such as

electrodes and electrolytes, it is of vital importance to ascertain how they perform in

action. Galvanostatic cycling with potential limitation (GCPL) is one widely used

electrochemical testing method where a constant current is applied to the battery over

time and the resulting change in potential is observed. As the name suggests, GCPL

operates within a limited, defin ed potential window, with a positive current applied

through the cell until the voltage reaches the upper limit after which the current changes

polarisation to lower the voltage to the lower limit. For cathode materials, these actions

correspond to the charge and discharge processes respectively. The main objective in

galvanostatic cycling tests is to obtain how much energy the cell is able to store and

release during charge and discharge respectively. This is obtained by measuring the

capacity of the cell under analysis. The specific capacity of the active material is most
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often expressed in units of mAh g-! where large capacities are desirable. This specific
capacity is essentially a measure of the amount of mAh that can be drawn from the cell
under specific charge and discharge conditions including voltage range, current applied
and temperature. As mentioned in Chapter 1, each specific material has a theoretical
capacity dependent upon the amount of Li * that can be extracted/intercalated and the
molecular mass of the compound. Specific capacities delivered during cycling should be
as close as possible to the theoretical capacity where lower specific capacities would
indicate some problem with the sample being tested. The GCPL method can also be used
to dete rmine the rate capability of the cell i.e. how well the cell performs upon the

application of higher currents.

Galvanostatic cycling experiments presented in this thesis were mainly conducted in
Swagelok type cells on a BioLogic VSP potentiostat. Cells were fabricated in an Ar filled
glovebox with a pellet of electrode material (with a composition of active
material:carbon black:PTFE in a 60:30:10 wt.% ratio), a Whatman glass microfibre
separator, a 1 M LiPF in ethylene carbonate (EC) and dimethyl carbona te (DMC) 1:1 v/v
solution as the electrolyte and a lithium metal disk as the counter electrode. For some
cells a 1 MLiPRin EC:EMC 3:7 w/w (+1 % VCelectrolyte was used where this will be
specified in the text. Figure 2.5(a) shows a typical set-up of a Swagelok type cell. A
small number of cells presented here were fabricated in a coin -cell set up, shown in
Figure 2.5(b). For these, an electrode slurry was prepared from active material:carbon
black:PVDF in a 90:5:5 wt.% ratio and organic solvent N-Methyl-2-pyrrolidone (NMP). The
slurries were mixed using a Thinky mixer and were cast onto carbon -coated aluminium
sheets using a doctor bladetoform15 Om t hi ck coatings. TheéCsheets
for 1 hour to remove the NMP and were transferred to a v acuum oven overnight at 80 °C
before coin-cell assembly. Electrode disks were then punched from the sheet. CR2032
coin cells were assembled in an Ar filled glovebox in a similar manner to the Swagelok
cells but with the cathode pellet replaced by the dried  cathode disks. In-operando XAS
measurements were carried out in the AMPIX cell developed at Argonne National
Laboratory shown in Figure 2.5(c). 1® Cathode sheets for the AMPIX cells were fabricated
as described above for coin cells and Kapton windows were used in order to allow X -rays
to be transmitted through the cell. It will be specified in the text throughout this thesis

which cell set -up was used.
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Figure 2.5 Set-ups of the three different types of battery cells used in this thesis showing (a)
Swagelok type cells, (b) CR2032 coin cells and(c) the AMPIX cell. The AMPIX cell diagram

reproduced from Borkiewicz et al .1"®
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3 Muon spin relaxation studies of p olyanionic cathodes

3.1 Introduction

Olivine structured LiFePO4 has seen commercial success in high power applications such
as replacements for lead acid batteries in boats, e -bikes and e-scooters. However, poor
intrinsi ¢ electronic and ionic conductivities necessitate additional processing steps such
as carbon coating and nano-sizing in order to realise good electrochemical performances
and alternative and improved polyanionic materials constitute a major research areaf or

next generation cathodes.

Despite its limitations, LiFePQ has positioned itself as a highly esteemed cathode
material and the opportunity to tailor this more, by  replacing the phosphate with the
more electronegative sulphate group, for example, would be undoubtedly desirable in
increasing working voltages through the inductive effect, with an additional negatively
charged F anion to preserve charge balance as explained previously in Chapter 1.
LiFeSQF presents a promising higher voltage Fe-containing cathode material with the
tavorite and triplite phases displaying working voltages of 3.6 and 3.9 V vs. Li/Li*
respectively, corresponding to the Fe 2¥3* redox couple, which is higher than that
observed in LiFePQ at 3.45 Vvs. Li/Li *. Thus, the connectivity of the polyanion structures
has a huge influence on the redox potentials observed. A critical analysis of the ionic
diffusion in these increasingly important fluo ride-containing cathodes is, however
currently missing and is important as ion diffusion within such materials underpins their
(dis)charge behaviour. Computational analysis s
for Li* mobility and AC and DC conductivity measurements indicate higher Li * diffusion
coefficients for LiFeSO4F compared to LiFePQ.1'517 The impressive performances
achieved by these fluoride containing electrodes positions such materials favourably for
potential applications in high energy density demanding technologies, and unravelling
their ionic diffusio nal mechanisms will guide future synthetic roadmaps to new and

improved electrode materials.

As previously mentioned, p*-SR offers a variety advantages over techniques such as EIS,
NMR and QENS for studying ionic motion. Muon spin relaxation spectroscopy has been
previously used in order to successfully probe the local ionic diffusion in a range of
cathodes and electrolytes for Li and Na ion batteries including microwave synthesised
LiFerxMnPQ,, LiCoO,, LiNiyisMnzCoz0s, LissAlgoslaeaZr:012, NaFePQ, NaCoQ,
NaMnOs and Nay sLag s TeGs. 156179185 |n these cases, the spin-polarised muon is embedded
within the sample locating close to electronegative species such as oxide ions. In the case

of fluoride containing electrodes, one question that remains open is the effect of the
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fluoride 1 on on the diff usi o'mSR pechoique mas noebgen Up
applied to battery materials containing ions of greater electronegativity such as the

fluoride ion. Spin polarised positive muons can bind strongly to fluoride ions to form a
number of possible species such as FO-F and R0 186187 On one hand, since the most likely
stopping site for the muon is close to the electronegative fluoride ion there remains the

question of whether strong binding between these will p reclude observation of any

effects by diffusing Li -ions near that stopping site. On the other hand, this binding
interaction could place the muon in a pri me

diffusing Li ions.

In this chapter, the p*-SR technique has been used as a local scale probe in order to
investigate microscopic Li- and Na-diffusion across a range of interesting polyanionic
materials as potential cathodes for higher energy density polyanionic technologies which
include LiFeSQF, Na,FePQF and the maricite phase of NaFePO.. From modelling the
p*-SR experimental data to a model incorporating ionic diffusion, the temperature
dependence of field fluctuation rates and local field distribution widths were extracted,
allowing for the calculation of th ermal activation energies and diffusion coefficients for
ionic motion. The measurements involving LiFeSO4F and NaFePQF furthermore give
insight into the ability to carry out pu*-SR experiments on fluorine containing species,
where the highly electronegati ve fluorine anion could preclude cationic diffusion induced
muon spin perturbation. By showing that muons can be applied to the study of
microscopic ionic diffusion in materials containing highly electronegative polyanions, a
new and rich area of materials research could be established regarding the use of muons
as a local probe for establishing the microscopic ionic diffusion mechanisms in high

performance, high voltage electrodes.

3.2 Local Li* diffusion in fluorosulphate LiFeSO 4F measured using p*-SR
The iron containing tavorite polymorph, named after the mineral with composition
LiFePQ(OH), was first reported in 2009. 1*> The material was synthesised via an
ionothermal method by reacting FeSO,-HO with a slight excess of LiF in the ionic liquid
EMITFSI in a PTFE lined steel bomb at 300°C for 5 hours. Such low temperatures are
required due to the thermal decomposition of LiFeSO 4F which occurs at around 400 °C,
inhibiting the use of conventional solid-state synthesis methods which typically require
higher temperatures to overcome diffusional requirements of reactants . Aqueous routes
are also precluded due to the high solubility of sulphates in water. 5 While the
aforementioned research utilised ionic liquids to achieve tavorite LiFeSO 4F, the high cost

of these exotic reaction medi a (ca. $500 per gram) raises questions about the scalability
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of such met hods. Researchers from Nazar ds gr
solvothermal method for tavorite LiIFeSO 4F synthesis using tetraethylene glycol (TEG)as

the solvent at 220 °C for 60 hours.'®® The monohydrate precursor, FeSQ;-H,O is

structurally similar to LiFeSO 4F and when these phases are projected along the [110] and

[100] respectively the same sequence of octahedra and tetrahedra is observed, where

the oxygen site corresponding to the water of crystallisation is the fluorine site in the

LiFeSQF structure. These structural similarities imply that the reaction between

FeSQ-HO (i.e., HFeSQOH) and LiF occursvia a topotactic route, with F - essentially

replacing the O?% from the H.O molecule and a Li* required to preserve charge

compensation to form the tavorite phase LiFeSO 4F.1%5

3.2.1 Microwave -assisted synthesis of tavorite phase LiFeSO 4F

In an effort to synthesise tavorite LiFeSO 4F for p*~-SRmeasurements, a similar approach
to the microwave -assisted technique reported by Tripathi et al. was used.!?? Initially, the
FeSQ-7H,0 precursor was subjected to a short heat treatment at 60 °C for 45 minutes in
a vacuum oven to yield the desired monohydrate precursor. After ball milling for 2 hours
with a slight excess of LiF (1:1.1 molar ratio) the mixture was transferred to a 35 mL
quartz vessel containing 20 mL TEG for reaction in a CEM Dscover SP microwave
synthesiser. In order to replicate the heating conditions outlined in the reference paper,

a temperature of 230 °C was programmed. However, due to the power limits of the
microwave synthesizer (300 W) the reaction mixture could not be heated past a
temperature of 220 °C without causingabuild-up of heat i n the equi pme
causing the program to terminate for safety reasons. Because of the lower reaction
temperature of 220 °C it was decided to prolong the reaction time from 1 0 minutes to
30 minutes in order to facilitate a greater extent of reaction. The PXRD pattern measured

for the obtained material after washing is shown in Figure 3.1.

67



T T | T | T | T I T |
— |ICSD Standard Tavorite LiFeSO4F
— ICSD standard FeSO4.H20

— LiFeSO,F 30 min, 220°C

I .

*LiF

Intensity (arb. units)

1 | | | 1 | 1 | | I 1
10 20 30 40 50 60 70
CuKo26 (degrees)

Figure 3.1 PXRD pattern of the product formed during microwave solvothermal heating of
FeSQ:-H;O and LiF precursors for 30 minutes at 220 °C in a TEG medium (red), alongside
reference patterns for tavorite phase LiFeSO 4F (black) and FeSQ-H,O (green) obtained from the

ICSD (collection code 182944).8° Peaks indicating the presence of LiF are also annotated (*).

It can be clearly seen that the pattern obtained suffers from a high background with
poorly defined peaks, making elucidation of the resulting phase difficult. ~ Owing to the
similarity in structure between tavorite phase LiFeSO 4F and starting material FeSQ-H.0,
their PXRD patterns are also alike. The low -resolution pattern for the synthesised product
makes it extremely difficult to search for peaks which would b e able to resolve the
difference, such as the peaks at 2 q) values of & 22 ° and 33 ° for tavorite LiFeSO 4F.
However, by closer inspection of the relative intensities of the cluster of peaks between
25 to 30° it appears that these match more closely with the ICSD reference pattern for
FeSQ:-H;0 rather than for the ICSD reference pattern for LiFeSO 4F. Furthermore, the
presence of LiF in the collected PXRD data, located by asterisks in Figure 3.1 further
corroborate evidence of a lack of reaction between the tw o precursors. The obtained
PXRD data would be unsuitable for Rietveld analysis owing to the quality of the data.
Despite this, the obtained powder was subjected to a further 3.5  hour solid state heat
treatment at 350 °C under an inert atmosphere to try and facilitate the transformation

to the triplite phase LiFeSO 4F. Temperatures for this reaction must be kept below 400 °C

68



S0 as not to cause thermal decomposition of the fluorosulphate species. The product
obtained after this short solid -state heat treatment was characterised using PXRD, with

the resultant pattern shown in Figure 3.2.
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Figure 3.2 PXRD pattern of the product formed during the short, solid state heat treatment of
the tavorite -like precursor at 35 0 °C for 3.5 hours under Ar (blue), alongside reference patterns
for triplite phase LiFeSO 4F (black) and FesO4 (green) obtained from the ICSD (collection codes
187799and 26410). Also annotated are small amounts of Li ;Fe(SQ), impurity (*) and an

unidentified phase (+).

The PXRD pattern reveals that triplite LiFeSO 4F has been formed alongside various other
phases. The main impurity phase is shown to be the ferrimagneti c iron oxide, Fe 304 (also
known as magnetite), where Fe ?* and Fe** are distributed over different crystallographic
sites. The presence of Fe3* indicates that some quantity of Fe 2* has been oxidised in the
reaction, despite carrying the reaction out under i nert conditions, with this oxidation
leading to the onset of Fe 304 formation. Furthermore, the presence of small amounts of
Li2Fe(SQ). phase in the PXRD pattern could be indicative of the onset of thermal
decomposition of triplite LiFeSO 4F despite the reaction being carried out below the
reported decomposition temperature for the compound. Thermal decomposition of the
sulphate group could be the contributor of oxygen for the oxidation of Fe  2*to Fe3* These
results indicated the initial difficulties faced i n trying to synthesise both phases of
LiFeSQF. To understand how synthesis parameters affected the quality of the produced

samples, it was then decided to investigate several different steps in the process.
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The first step in the synthetic process is the dehydration of the initial FeSO 4-7HO
precursor. This step is required at the beginning as FeSO4-H,O cannot be bought
commercially and thus must be produced from FeSO4-7H,0. The initial experiment relied
on the dehydration step taking place at 60 °C for 45 minutes in a vacuum environment
which was reported to have worked in previous work done in the group. To examine
whether this step does actually produce the monohydrate, a PXRD measurement was
performed on the sample after this short heat treatment. Howev er, it was observed that
the tetrahydrate was actually formed instead of the monohydrate. To form the
monohydrate, it was decided to follow the dehy
group, heating FeSQi-H;0 in a tube furnace at 100 °C for 3 hours under a constant flow
of Ar/H > (5 %) gas. Figure 3.3 shows the PXRD patterns obtained for both dehydration
strategies, alongside ICSD reference patterns for the monohydrate and the tetrahydrate
(collection codes 71345and 23912 respectively). Clearly, from the figure, it is seen that
FeSQ-H20 is successfully synthesised during the technique at 100°C for 3 hours under
Ar/H, (5%). Therefore, subsequent reactions utilise this method during the initial

dehydration step.

After the careful optimisation of several further reaction parameters, including
atmosphere used during the dehydration step, ball milling time, reaction time and mass
of reactants used in the reaction (PXRD patterns for synthesised species during
optimisation of several parameters are shown in Figures 7.1 to 7.6 in the appendix),
LiFeSQF was successfully synthesised. The optimised reaction conditions involved a 1
hour ball milling time between FeSO 4-H,O and LiF (1:1.1 molar ratio) reactants before
the micr owave solvothermal heating step which was performed at 230 °C for 1 hour
(described in detail in Section 2.2.2).
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Figure 3.3 PXRD patterns for two different dehydration strategies applied to FeSO 4-7H,O. The
product after heating in a vacuum oven for 45 minutes at 60 °C (red) is clearly the tetrahydrate
form whereas the monohydrate can be formed in a tube furnace reaction at 100 °C under a flow

of Ar/H ; (5 %) for 3 hours (orange). Reference ICSD diffraction patterns are also displayed for

FeSQ-4H,0 (black) and FeSQ-H,O (green).

Figure 3.4 shows the Rietveld analysis on the PXRD data obtained for the synthesised
LiFeSQF powder. The analysis was performed using the GSASII program using a starting
model of 0p LiFeSQF obtained from the ICSD (collection code 182944 with an additional
phase of "Odod LiF (collection code 18012 as small quantities of remaining LiF react ant
have been reported. 16818% The refinement was prepared for 19 variables, including scale
factor, zero point, sample displacement, 6 background coefficients (fitted with a
Chebyshev function), lattice parameters, microstrain and size parameters and Fe
isotropic displaceme nt parameters. All other atomic positions, displacements parameters
and site fractions were not refined. Good agreement with the experimental data and the
calculated model can be seen with R,, and & values of 2.26 % and 1.18 obtained
respectively. The phase and weight fractions of LiF were calculated as 0.25 % and 0.1 %
respectively, indicating an insubstantial quantity of LiF present in the product. The
refined unit cell parameters, alongside statistical agreement factors Ry, and & are shown
in Table 3.1. Calculated lattice parameters show good agreement with comparable data
in the literature and the fit and model of LiFeSO 4F obtained here can be considered a

good indicator of the formation of tavorite LiFeSO 4F phase. Successive microwave
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reactions were performed under identical conditions to produce ca. 1 g of LiFeSQF

powder to be utilised in the following u  *-SR experiments.

With the synthesis of good quality tavorite LiFeSO 4F, it could be converted to the triplite
phase by a solid-state heat treatment. It was found that heating a 0.15 g pellet of the
tavorite LiFeSO4F in a tube furnace at 350 °C for 4.5 hours under a flow of Ar resulted in
good quality triplite phase with no discernible impurity phases. Figure 3.5 shows the
Rietveld refinement carried out on PXRD data obtained for triplite, showing a good fit to
the data could be achieved using a C2/c model obtained from the ICSD (collection code
187799, with Table 3.2 detailing the calculated lattice parameters and statistical
agreement facto rs. The refinement was prepared for 15 variables, including scale factor,
zero point, sample displacement, 6 background coefficients (fitted with a C hebyshev
function), lattice parameters, microstrain and size parameters. All other atomic
positions, displacements parameters and site fractions were not refined. Impurities found
in previous attempts at triplite synthesis could therefore be most likely attributed to the
poor quality starting material. However, the triplite LiFeSO 4F was not used in p*-SR

experiments, as its synthesis was refined after the muon experiments took place.
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Figure 3.4 Rietveld refinement for the microwave synthesised tavorite LiFeSO sF PXRD data using
a model consisting of two phases, 0p LiFeSQF and "Odod LiF, with Ry, = 2.26 % ande? = 1.18.
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Table 3.1 Calculated lattice parameters for microwave synthesised tavorite LiFeSO 4F and atomic
parameters obtained from the Rietveld refinement using a model containing 0p LiFeSQF and

"Odoa LiF crystalline phases.

Tavorite LiFeSO 4F Rup = 2.26 % ¢ =1.18 V=178(1) A3
y a=5.14(4) A b =5.44(4) A c=7.16(8) A
0 .
P U= 106.62(7)° b =107.16(8)° n = 97.7
Atom Site X y z Uiso (A2 Frac.
Lil 2i 0.2700 0.6340 0.7570 0.00524 1.0
Fel 1b 0.0000 0.0000 0.5000 0.02(4) 1.0
Fe2 la 0.0000 0.0000 0.0000 0.04(5) 1.0
S1 2i 0.3244 0.6381 0.2495 0.00823 1.0
o1 2i 0.5976 0.7469 0.4119 0.01494 1.0
02 2i 0.1063 0.6407 0.3448 0.01494 1.0
03 2i 0.3198 0.3564 0.1458 0.01494 1.0
04 2i 0.2790 0.7708 0.1016 0.01494 1.0
F1 2i 0.1259 0.9144 0.7552 0.01494 1.0
Data
— Fit
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Figure 3.5 Rietveld refinement for the PXRD data collected for triplite LiFeSO 4F synthesised by
heating 0.15 g of the microwave assisted tavorite LiFeSO4F for 4.5 hours at 350 °C under Ar. Fit
using a model of C2/c phase LiFeSGF with Ry, = 3.05 % andc® = 1.18
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Table 3.2 Calculated lattice parameters for triplite LiFeSO 4F and atomic parameters obtained

from the Rietveld refinement using a model containing the C2/c LiFeSQF phase.

Triplite LiFeSO 4F Rup = 3.05 % #=1.18 V =712.05 (3) &
o a=13.034(3)A  b=6.3941(2) A c=9.840(1) A
ocTw U=90° b = 119.753(4)° N = 90A

Atom Site X y z Uiso (A) Frac.

Lil 8f 0.6469 0.8947 0.8475 0.0215 0.426

Li2 8f 0.9473 0.2482 0.0007 0.027 0.574

Fel 8f 0.6469 0.8947 0.8475 0.0215 0.574

Fe2 8f 0.9473 0.2482 0.0007 0.027 0.426

S1 8f 0.3279 0.5923 0.1967 0.0271 1.0

0O1 8f 0.5976 0.7469 0.4119 0.0239 1.0

02 8f 0.1063 0.6407 0.3448 0.0236 1.0

03 8f 0.3198 0.3564 0.1458 0.0234 1.0

0O4 8f 0.2790 0.7708 0.1016 0.0209 1.0

F1 8f 0.9867 0.4037 0.6091 0.043 1.0

3.2.2 Muon spin spectroscopy measurements on tavorite LiFeSO 4F

One of the key determinants in effective lithium ion battery performance is the fast and
facile motion of the Li * cations in the electrodes and electrolyte during cycling, enabling
higher charging and discharging rates. Faster ionic diffusion being attainable at lower
temperatures is furthermore highly valuable for batteries, especially for applications in
electric vehicles where seasonal and regional low temperatures place limits on battery
performance. Thus, determining the dynamics and kinetics of ionic diffusion in el ectrode
materials is a key measurement in materials analysis. As previously mentioned in Section
2.3.8, methods that measure the bulk diffusional properties, such as EIS, are limited by
resistive effects such as those arising from grain boundaries and here, local probes can
offer us valuable and additional information. Here, the 4 *-SR has been used to investigate
the microscopic diffusion of Li * in tavorite phase LiFeSOsF prepared by a microwave
solvothermal method. Aside from diffusional studies, this work was also attempted as a
proof of concept in order to determine if the presence of highly electronegative fluoride
anions would preclude the muon from the detection of Li * ion diffusion via strong p*-F
interactions. Although these types of interactions most likely only apply at low
temperatures (< 100 K), proving that F - in the structure does not preclude measurement

will be a useful step in widening the variety of structures that can be studied usingpu  *-SR.
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Spin polarised positive muons were implanted into a powder sample of LiFeSO 4F
contained within a titanium metal holder using the EMU instrument at the ISIS Pulsed
Neutron and Muon Source. Measurements were taken in the temperature range
100to 400K at zero field (ZF) and applied longi tudinal fields (LF) of 10 and 20 G. The
raw data obtained for these measurements at 100 K and 300K are shown in Figure 3.6
and represent the time evolution of the decay positron asymmetry. The decay positron
asymmetry initially undergoes a rapid relaxatio n followed by a slower relaxation. The
initial relaxation is broadly independent of the applied magnetic field and represents the
interactions between the muon spin ensemble and the magnetic moments arising from
the d-electrons of the Fe ?* cations ("O ). The latter slower relaxation is caused by
interactions between the muon spin ensemble and the surrounding nuclear magnetic
moments ('O ) possessed by atomic isotopes with a non-zero spin in the structure e.g.
6Li, “Li, °Fe and °F. It is observed that the application of higher longitudinal fields
reduces this slower relaxation rate through th

from the nuclear magnetic moments.

The raw data at each temperature were used to obtain fits using the WiMDA pro gram by
utilising equation 3.1 whose terms include (a), an exponentially relaxing term to account
for the interactions with  3d magnetic moments alongside (b), an exponentially relaxing
dynamic Kubo-Toyabe function in order to extract information on the  temperature
dependence of Li* diffusive behaviour, including the field fluctuation rate, 3, and the
local field distribution at the muon stopping site, s and (c), a constant background

component.

AOPLF(t) = AFB_AFt + AKTE_)LKTt X GDGKT(A,V, t, HLF) + ABG (31)
L ) \ ) L )
1 1 1

(@) (b) (c)

The temperature dependence of the 3 and separameters, over the applied temperature
range, are shown in Figure 3.7. The field fluctuation rate is perhaps the most important
parameter here, as it provides information on the Li * hopping rates and thus best
describes the Li* diffusion. From the values obtained from the data fitting, it can be seen
that the 3 values remain relatively steady until a sharp increase is observed in the 200 to
260 K region which represents the onset of thermally activated Li * diffusion and the
escalating diffusivity as the sample temperature is increased. The thermally activated

region is followed by a sharp drop after 260 K, a trend that is often observed in u*-SR
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studies of ionic conduction in cathode materials, and is thought to represent the point

where Li* diffusion becomes too fast to be detected by the pu *-SR technique.

The plot of the temperature dependence of the aevalues shows a relatively stable region
between 100 to 180 K before decreasing over the thermally ac tivated region by & 0.06
MHz which could be explained by changes in the local magnetic environment precipitated
by increasing Li* diffusion relating to faster Li * hopping between sites. This is then
followed by a region of increase by & 0.03 MHz as the field fluctuation rate begins to
rapidly drop off. For ionic diffusion in several electrode and electrolyte materials studied
using u*-SR, however, & gradually decreases over the entire temperature ramp. This
increase could arise from the fact that the muons are most likely distributed across two
stopping sites close to both O% and F anions, with the F - anion playing a role in the
deviation from commonly observed trends. It could also be explained by small structural
rearrangements e.g. oxygen or fluorine di splacements near the muon stopping sites.
However, similar trends have also been observed in 1 *-SR carried out by Vidal Laveda et
al. for cathode materials LiFe ¢sMnpsPQ and LiFey 2sMno 7sPQ;, where 3 increases by 0.2

to 0.3 MHz towards higher temperatures. &

The p*-SR data collected clearly show behaviour that is characteristic to thermally
activated Li* diffusion within cathode frameworks. Therefore, it is evident that the
presence of F within the s tructure does not preclude the measurement of local -scale Li*

diffusion using the p *-SR technique.

76



N
o

18 —
X 16 100 K -
= L o
T 14 — —
< i . i
E 12—
>
@ i
< 10~
e L
% 8
o) i
o
= 6
S i
A 4 | © 0Gauss

- o 10 Gauss
oL | & 20 Gauss
i 1 | | 1

00 4

22 T T T | T | T T T

20 —
18 300 K ]
>16 —
5 L i
E 14— —
& 12| i : ‘

B I
S 10 :
B i % 3
© 8+ T
Q
> 6_ ohs 4 lj MT 1]
O B %E%ﬂ)t %l T 3
o i o 0 Gauss : N ;
0 4+ o 10 Gauss % i
B A~ 20 Gauss 9 ;L )
2_ -~ B
07 1 1 | 1 | 1 | 1 | | ]
0 4 6 8 10 12 14
Time (us)

Figure 3.6 Raw u*-SRdata obtained for tavorite phase LiFeSO 4F at 100 K (upper plot) and 300 K

(lower plot) at zero field (black circles) and applied longitudinal fields of 10 G (blue squares)

and 20 G (orange triangles) alongside the fit to the data using a dynamic Kubo -Toyabe function

(solid lines).
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Figure 3.7 Temperature dependence of the field fluctuation rate  (3) and the field distribution
width at the muon stopping site ( & for u*-SR data obtained for tavorite phase LiFeSQF between
100 6400 K at ZF and LFs of 10, 20 G, fit using an exponentially relaxing Kubo -Toyabe function.

The activation energy, E, for thermally activated Li *hopping can be calculated from an
Arrhenius plot over the identified thermally activated  region, considering the Arrhenius

equation:

o .., (3.2)

where 3 is the field fluctuation rate calculated at temperature T, Ky is the Boltzmann
constant (1.3806488 x 1022 J K1) and A is a pre-exponential factor. Thus the activation
energy can be calculated from the gradient of the straight line fit on the In(  3) against
1/ T plot. The plot over the thermally activated region for the data obtained from U-SR
measurements on tavorite LiFe SQF is shown in Figure 3.8 and from this analysis of the
p*-SR data, an activation energy of 48 + 4 meV was estimated for tavorite phase LiFeSO4F.

This value is very close to the activation energies estimated for microwave synthesised
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LiFePQ by Ashton et al. and LiFe.x\Mn.PQ, by Vidal Laveda et al., which were calculated
to be in the range of 46 to 122 meV.17%18 These similarities are encouraging and indicate
that a successful u*-SR experiment was carried out, without any detrimental effects
caused by the presence of highly electronegative F - anions within the structure. However,
activation energy values of 0.99 eV have been obtained for tavorite phase LiFeSO4F from
EIS measurements, highlighting the large discrepancies often observed between p *-SR
measurements and bulk measurements.'!® This is thought to be because the muon is not
as sensitive to bulk phenomena that can cause extra impedances to ionic motion such as
grain boundaries and surface effects that contribute to the long -range lithium diffusion;
instead the muon probes the intra -grain diffusion of cations. It should also be noted that
due to the low decomposition temperature of the fluorosulphate materials, sintering
and/or hot pressing of pellets to improve particle -particle contact and reduce grain
boundaries is precluded which could act to further increase activation energies in

macroscopic methods such as EIS.
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Figure 3.8 Arrhenius plot of the field fluctuation rate over the thermally activated region
calculated from u *-SR measurements for tavorite phase LiFeSQF. The calculated activation

energy, Ea= 48 meV.

To determine the lithium diffusion coefficient, it is essential to have an understanding
of the pathways for ionic transport throughout the structure. Lithium ion transport is

calculated to occur in a 3D fashion throughout various lithium containing channels in the
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structure, but the main hopping paths can be understo od by looking at the specific
channels along [100] and [010], shown in Figure 3.9. Along the [100] channel there are

two distinct hops for the lithium ions, labelled as P1 (5.07 A) and P2 (3.91A) which
propagate along the channel to form a zig -zag transport pathway. The same is seen for
transport along the [010] direction where the unique hops are labelled as P3 (4.22 A) and
P4 (4.08 A). While these channels indicate 1D diffusion, by combining different pairs of

P1, P2, P3 and P4, a 3D network of ionic dif fusion becomes apparent. These pathways

have been calculated and described by Tripathi etal. and are summarised in Table 3.3.%7

Figure 3.9 Visualisation of the lithium diffusion pathway along the (a) [100] and (b) directions in
tavorite phase LiFeSQiF. Each pathways consists of two distinct hops, each with unique
activation energies, designated coloured arrows, which build -up the zig-zag hopping pattern

along the diffusion channel.

Table 3.3 Diffusion directions for lithium ion transport in tavorite LiFeSO 4F and the distinct hops

that describe the ionic diffusion. Adapted from Tripathi et al. 117

Diffusion direction Hops involved
[100] P1+P2
[010] P3 + P4
[001] P1 + P4
[101] P2 + P4
[011] P1 + P3
[111] P2 + P3

Equation 3.3 is applied to calculate the lithium diffusion coefficient, Dui, f r ®SR
where N represents the number of accessible Li sites in the i path, Z is the vacancy
fraction of the destination site, s is the jump distance and 3 is the field fluctuation rate

obtained from data fitting.
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(o} Uﬂw Ri (3.3)

It is calculated that the [111] pathway is the lowest energy migration path for ionic
diffusion, and indeed even argued that it is the only viable path for diffusion as explained

in Section 1.4.4. Therefore, only the [111] pathway will be considered for th e calculation
of the lithium diffusion coefficient in the microwave prepared LiFeSO  4F. As a microscopic
technigue where the muon probe is directly posi
is believed that the spin perturbation will be affected by the lowest energy pathway,
thus the choice of [111] pathway for diffusional analysis makes sense. If the [111]
direction is considered as two hops of lengths 3.91 A and 4.22 A, and the Arrhenius line
of best fit is extrapolated to gain 3 for 300 K, then the ro om temperature diffusion
coefficient can be estimated as 1.71x10 -° cm? s'. This matches well with the diffusion
coefficients predicted by atomistic modelling that are estimated to be within the range

of 109 to 108 cm? s*.1'7 The series of microwave synthesised LiFe.xMnPQ, (x = 0, 0.25,
0.5 and 0.75) materials were estimated to have room temperature diffusion coefficients

in the range 2.0x10-1°to 6.25x10%° cm? s which are comparable to that obtained for
LiFeSQF albeit lightly lower, highlighting the more favourable diffus ion kinetics
exhibited by LiFeSO,F.179.180

These results are furthermore comparable with diffusion coefficients estimated fromu  *-
SR experiments of LiCoQ (D.(300K) = 7x10%° cm? s1).181 As this research represents the
first experimental study into local Li * diffusion in LiFeSOsF, comparisons of obtained
diffusion c oefficients for this material across other microscopic studies is unavailable.
Bulk EIS (a.c.) and d.c. polarization methods have been used to measure conductivities
on LiFeSQF pellets by Recham et al. yielding electronic conductivities comparable to
those obtained for LiFePO, and an ionic conductivity of 4x 10® S cm?!at 147 °C, although
no room temperature conductivity values are presented. ' Thus, from these p*SR
experiments it is suggested that tavorite LiFeSO 4F presents a future cathode technology

with improved microscale ionic diffusion kinetics.
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3.3 Local Na* diffusion in Na :FePQyF measured using p*-SR

Analogous to intercalation -based LIB technologies, the intercalation and diffusion of Na *
cations throughout some crystalline structure is the basis of sodium ion battery
technology. As previously discussed in Chapter 1, although sodium ion battery energy
densities are lower than those obtain ed for analogous lithium ion batteries (due to the
larger size and mass of the Na* cation and the decreased working potentials of ca. 0.3 V),
sodium ion batteries present a promising complementary energy storage option where
they are suited to larger scale applications such as stationary storage (i.e. grid
applications) where size and weight are of less concern. As such, research into advanced
sodium ion battery electrodes is ongoing, where the inductive effect can be implemented

in designing cathodes that display polyanionic and fluorinated structures in an effort to

increase working potentials.

Parallel to the lithium ion case, various phosphate based polyanionic structures are the
most explored family of insertion hosts for advanced sodium ion batte ries owing to the
ease of synthesis/handling, high redox voltage, chemical/thermal stabilities and safe
operation. **° Various compositions have been investigated including NASICON é¢.g.
NagV2(PQy)s), olivine ( e.g. NaFePQ), pyrophosphate (e.g. NaFePR.0O;, NaissFer17P.0y),
mixed phosphate (e.g. NaFe;(PQi):P.0O;) and fluorophosphates (e.g. NasVPQF; s,
NaFePQF) which show deliverable specific capacities close to the theoretical specific
capacities and working voltages ranging from 2.8 to 4 Vvs. Na/Na* highlighting both good
electrochemical performances obtained and the flexibility of cathode composition,
allowing bespoke tailoring of properties to suit differing applications. 13819149% The
fluorophosphate Na.FePQF, which displays an average operating potential of 3 V vs.
Na/Na*, is interesting because it invokes the induction effect with further addition of the

F anion to enhance the working potential, as has been studied in LiFeSO 4F cathodes.*®’

Figure 3.10 shows the crystallographic structure of Na .FePQF, which consists of a
polyhedral framework of face -sharing FeQF., building blocks that form Fe ,O/F
bioctahedral units which are arranged in paral lel chains along the a -axis by connecting F
anions. These chains are bridged along the c-axis by the PO4 groups which form infinite
slabs of FePQF in the [101] plane, in between which the Na *ions reside.% This produces
ionic transport pathways along the [100] and the [001] directions, yielding 2D ionic
diffusion characteristics. Two unique interlayer sodium sites are apparent, Nal that lies
close to the middle of the layer and Na2 that is nestled close to the FePQiF sheets. During
cycling, only one Na equivalent is extracted/inserted from/into the structure with the

remaining Na* cations acting as pillars to stabilise the structure, resulting in observed

82



volume changes of only 3.7 %. NaFePQF can also be cycled vs. Li to yield LiNaFePOsF
upon the first cycle and then is able to operate as a lithium ion battery. Overall,
NaFePQF is a very interesting polyanionic material for sodium ion batteries, with one

of these reasons being the 2D pathways for Na-ion diffusion which could promote

favourable charge/discharge behaviour.

Figure 3.10 Visualisation of the crystallographic structure of PbcnNaFePQF showing (a) the
unit cell and the positions of the two uni que sodium sites and (b) expansion of the structure to
highlight the its layered nature allowing for Na * diffusion along the [100] and [001] directions.

Sodium ions are presented by blue spheres and (PQ)* and FeQF; units are represented by
purple and brown polyhedral respectively. Oxygen and fluorine ions are represented by red and

yellow spheres respectively.

The results presented in the previous section show that the microscopic lithium diffusion

in fluorine conta ining polyanionic cathode material LiFeSOsF can be measured using
u*-SR, with no preclusion of the lithium diffusion measurement occurring despite the
presence of highly electronegative F - anions which could bind too strongly to the muon
spin ensemble. Thus, similar diffusional studies should be able to be carried out on
NaFePQF in order to assess the microscopic diffusion kinetics of the Na * ions. Already
drawing many parallels with lithium ion battery research, the g *-SR technique has been
applied to study the diffusion properties of Na * cations in several compounds. For
example, cathode materials NaCoO,;, NaFePQ, NaMnOs;, NaV.O, and solid state

electrolyte candidate Na 1sLas s TeQs. 158:175183,199,200

3.3.1 Synthesis and structural characterisation of Na 2FePQuF
The NaFePQF powder was synthesised using a conventional solid state method as
described in Section 2.2.4. Figure 3.11 shows the PXRD pattern obtained for the

synthesised powder against a reference pattern for Pbcn Na:FePQF obtained from the
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ICSD (collection code 167044) 201 The formation of majority Na >FePQF phase is evidenced
from the sharp peaks in the measured data matching the Na -FePQF reference pattern
peaks. However, a small amount of impurity phase(s) is evid ent from a cluster of peaks
between 2qj values of approximately 30 to 40 °. One phase that could be attributed to
two of these impurity peaks is Fe 2Oz however, the synthesised powder showed no
response when a magnet was placed in close proximity with the p owder, where an
attraction/repulsion response would be expected for Fe .0s. If the impurity cannot
conduct Na* cations, then its contribution (if any) to the muon spin perturbation will be

decoupled upon application of longitudinal fields and so can be n egated.

— 1CSD Na,FePO,F
— Synthesised Na,FePO,F

Intensity (arb. units)

1 l 1 I 1 I 1 | 1 ] 1
10 20 30 40 50 60 70
CuKa26 (degrees)

Figure 3.11 PXRD data obtained for NaFePQF synthesised by a solid state method. The
reference pattern was obtained from the ICSD (collection code 167044). The presence of an

unidentified impurity phase is highlighted by asterisks.

Figure 3.12 shows the results obtained from a Rietveld refinement performed using a
Pbcn Nax:FePQF model fit to the PXRD data. The refinement was prepared for 1 9
variables, including scale factor, z ero point, sample displacement, 6 background
coefficients (fitted with a C hebyshev function), lattice parameters, atomic position and
site occupancy of Fe and P atoms, microstrain and size parameters. All other atomic
positions, displacements parameters and site fractions were not refined. The region

containing the majority of the small peaks between 30 to 40 ° attributed to impurity
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phases is highlighted. The fit obtained is shown to be a good fit despite these impurities,
with the difference function ¢ onsisting of mainly background signal from the measured
data. All of the major, most intense peaks can be indexed to the orthorhombic  Pbcn
space group. Table 3.4 details the calculated lattice parameters and goodness of fit
parameters Ry, and & obtained f rom the fit. The calculated lattice parameters and the
cell volume show good agreement with previously reported literature values including
both experimentally obtained values and those calculated using computational methods.
For example, a difference of < 1 % is calculated for the sample presented here and for

experimental and calculated parameters presented by Tripathi et al .1*°
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Figure 3.12 Rietveld refinement between (a) 10 to 70 degrees for the solid -state synthesised
tavorite Na .FePQF PXRD data using a model consisting ofPbcn Na,FePQF, with Ry = 3.97 % and
6® = 1.42. Impurities mainly in the region between 30 to 40 degrees are shown shaded in blue

and magnified for clarity in  (b).
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Table 3.4 Calculated lattice parameters , atomic parameters and goodness of fit parameters Rup

and &, for NaFePQF obtained from the Rietveld refinement using a model containing Phbcn

NaFePQF.
NaFePO;F Ruwp =3.97 % @ =1.42 V =859.1(8) A3
Y a=5.241(2) A b =13.881(4) A c=11.807(4) A
D eee U=90° b=90° n = 9024
Atom Site X y z Uiso (A Frac.
Nal 8d 0.2633 0.2446 0.3281 0.01 1.0
Na2 8d 0.2395 0.1249 0.0836 0.01 1.0
Fel 8d 0.229(3)  0.0067(9) 0.3301(7) 0.01 1.021(19)
P1 8d 0.1857(35) 0.3776(11) 0.875(14) 0.01 1.003(29)
o1 8d 0.2663 0.3882 -0.0396 0.01 1.0
02 8d 0.2846 0.2837 0.1330 0.01 1.0
03 8d -0.0905 0.3948 0.1027 0.01 1.0
04 8d 0.3398 0.4636 0.1515 0.01 1.0
F1 4c 0.0000 0.1238 0.2500 0.01 1.0
F2 4c 0.5000 0.1009 0.2500 0.01 1.0

3.3.2 Muon spin spectroscopy measurements on Na FePQuF

The p*-SR technique was used here in order to prove the microscopic diffusion of Na *
cations within the Na ,FePQF structure. Measurements were carried out using the EMU
instrument at the ISIS Pulsed Neutron and Muon Source, whereby a beam of spin polarised
positive muons was fired at the powder sample ( ca. 1 g in a titanium holder) where they
become implanted and stop at sites close to electronegative species, before decaying
with a mean lifetime of 2.2  ps. In the case of NaFePQF, muons are likely to be implanted
in interstitial sites close to F - or O* sites. This places the muons in excellent positions to

effectively 0s e édationstaeshodvininFigus3.18.g Na

During the experiment, measurements were taken in a temperature range of 200 to 600 K
with an interval of 20 K between subsequent temperatures. At each temperature,
measurements were taken at zero field and longitudinal fields of 10 and 20 G. Rawdata
obtained from measurements at 300 K is shown in Figure 3.14, where the time evolution
of the muon spin ensemble asymmetry is presented. An initial fast and field independent
relaxation is observed up to approximately 1.5 us, corresponding to the inte ractions
between the muon spin ensemble and the magnetic moments belonging to the 3d

electrons on Fe?*, After 1.5 ps, the relaxations are slower and show a dependence on the
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applied field strength. These relaxations are caused by interactions between the m uon
spin ensemble and the local nuclear magnetic moments e.g. 2Na %Fe, 3P and °F. It is
observed that the relaxation is slower at higher magnitudes of applied longitudinal fields,

corresponding to the greater extent of decoupling between muon spin ense mble and the

local nuclear magnetic moments.

Figure 3.13 Visualisation of some possible stopping sites for muons implanted into Na ;FePQF
powder. Muons (orange spheres) implanted close to electronegative sites such as O% (red

spheres)andF (yel |l ow spheres) are in d(hloesphpresydiffisiomons t o 0 ¢
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Figure 3.14 Raw p*-SRdata obtained for Na ;FePQF measured at 300 Kat zero field (black
circles) and applied longitudinal fields of 10 G (blue squares) and 20 G (orange triangles)

alongside the fit to the data using a dynamic Kubo -Toyabe function (solid lines).
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At each temperature, an equation comprising of a dynamic Kubo -Toyabe function
alongside an exponentially relaxing term to account for interactions with  3d magnetic
moments and a constant background component (presented earlier in equation 3.1) was
fit to the obtained raw data from the u  *-SR measurements using the WMDA program, in
order to extract values for the field fluctuation rate ( 3) which corresponds to the kinetics
of the Na* diffusion and the local field distribution width ( &9.
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Figure 3.15 Temperature dependence of the field fluctuation rate  (3) and the field distribution
width at the muon stopping site ( & for u*-SR data obtained for tavorite phase NaFePQF
between 200 6600 K at ZF and LFs of 10 and 20 G,fit using an exponentially relaxing

Kubo-Toyabe function.

The temperature dependence of the 3 and separameters, over the applied temperature
range are shown in Figure 3.15. The field fluctuation rate provides information on the

Na*" hopping rates and thus best describes the Na* diffusion. From the values obtained
from the data fitting it can be seen that the 3 values begin to steadily increase from

4 360 K to 540 K which is most likely precipitated by fast Na * diffusion throughout the
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structure. At temperatures higher than 540 K, the field fluctuation rates begin to
decrease again, indicating that the Na * diffusion has become too fast for the p*-SR
technique to detect. The temperature dependence of the local fi eld distribution width,
& shows a general trend of a steady decrease as the temperature is increased, with
reasonably steady values between 0.15 to 0.10 MHz over the thermally activated region
of 360 K to 540 K which is often observed in these types of exp eriments. To calculate the
activation energy, E, forionic diffusion, the region between 360 Kto 540 K was analysed.
The Arrhenius analysis is shown in Figure 3.16 where an activation energy of E, =102 meV
can be estimated from the gradient. In comparis on to other sodium containing materials
studied using p*-SR, the activation energy is smaller, but of similar magnitude to those
reported in the literature, for example, activation energies for thermally activated in

Na* diffusion NaisLa;sTeGs, NaMnOs and NaV-Os were estimated to be 163, 180 and
225 meV respectively while Na7CoQ was calculated to have a higher activation energy
of 478 meV.175:185199.200 |t |5 also evident that the activation energies calculated for Na *
diffusion are larger than those values commonly obtained for lithium containing cathode
materials e.g. Ea= 48 meV for LiFeSQF, indicating more sluggish diffusion kinetics for
Na" diffusion which is most likely attributed to the larger mass of the Na * ion
(22.9898 g molt) compared to Li* (6.941 g mol?).

0 T | T | T | T | T | T
Na,FePO,F u"SR
— Linear regression (F{2 =0.97)
-0.5+ —
=
T -F .
_
1.5+ —
1 | 1 | 1

_ I | L | L |
95 175 2 225 25 275 3
1000/T (K

Figure 3.16 Arrhenius plot of the field fluctuation rate over the thermally activated region
calculated from u *-SR measurements for NaFePQF. The calculated activation energy, E, is

calculated as 102 meV.
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Considering that Na* diffusion is expected to occur through channels along the [100] and
[001] directions within the Na FePQF structure, the diffusion coefficient can be
calculated from equation 3.3 as Dngio0; = @2 3 /8 and Dngoo1; = €23 /8 where a and ¢ are
the lattice parameters derived from Rietveld refinements, N [100) = 2, Sj100) = &2, N [00y) = 2,
Sooy) =c¢/2 and 3 is the field fluctuation rate obtained from the p *-SR fits. This models the
Na" ions hopping to interstitial sites along each channel. Therefore, the diffusion
coefficients can be estimated at 300 K as DNauoo=5.94x10cm?s? and
Dnapoj = 3.01x101°cm? st with a combined diffusion coefficient calculated as
Dna = 3.60x101°cm? st. Table 3.5 details the diffusion coefficients obtained at 300 K and
an elevated temperature of 400 K where diffusion occurs at faster rates. The values
presented here compare favourably with other values presented in the literature, for
example room temperature coefficients of 3.99x10 -*'cm? s? and 1.1x10'cm? st were
calculated for Na o.7CoQ and NaMnO, using -SR, placing NaFePQF as a good contender

for future cathode development.

Table 3.5 Calculated Dna values for Na;FePQF at 300 K and 400 K, showing individual [100] and
[001] diffusion coefficients and the combined diffusion coefficient obtained from the sum of the

two pathways according to equation 3.3.

Temp (K)  Dnajioo; (€M? s1)  Dnapoyy (cm?2 s?t)  Dna combined(cm 2 s?)
300 5.94x101 3.01x10%0 3.60x101°
400 1.10x100 5.59x1010 6.69x1010

3.4 Local Na* diffusion in maricite NaFePO 4 measured using p*-SR

The olivine phase of NaFePQ is the direct sodium analogue of olivine LiFePO 4, both
exhibiting 1D Li* and Na* diffusion along the [010] direction. However, olivine NaFePO 4 is
not the most thermodynamically stable configuration and thus synthesis via conventional
techniques is precluded. The thermodynamically stable phase is named the maricite
phase and its framework bears strong resemblance to that of the olivine phase but  with
the Fe?* and Na' cations essentially swapping crystallographic sites, most likely caused
by the larger ionic radius of Na * compared to Li*.2°2 Consequently, 1D chains of edge-
sharing FeQ octahedra are formed along the [010] direction with no cationic diffusion
channels (Figure 3.17) formed thus hindering Na* diffusion throughout the structure. As
aresult, maricite NaFePO 4 has been believed to be electrochemically inactive, but recent
reports have shown that this is not the case with amorphous samples and unexpectedly

with crystalline samples at elevated temperatures. 137.203205
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Figure 3.17 Structure of the maricite phase of NaFePO , where Fe?* and Na* essentially swap
crystallograp hic sites compared to the olivine phase, forming chains of FeO s (brown octahedra)
along the [010] direction and immobile Na * cations (blue spheres). Purple octahedra represent

PQ: groups.

In order to investigate whether any microscopic Na * diffusion occurs in maricite NaFePOyg,
U-SR measurements were carried out on a ca. 1 g powder sample synthesised by a
microwave-assisted solvothermal method from heterometallic alkoxide precursors as
detailed by J. Vidal Laveda. The sample used here has keen characterised using PXRD to
confirm its phase purity in the PhD thesis of J. Vidal Laveda. 2% The powder sample was
packed inside a titanium holder and placed in the EMU instrument (at ISIS Neutron and

Muon Source) for measurements.

Measurements were performed within a temperature range of 200 to 600K with an
interval of a 20 K between subsequent temperature set -points. At each temperature,
measurements were taken at zero field and applied longitudinal fields of 10 and 20 G to
decouple the interactions between the muon spin ensemble and the local nuclear
magnetic fields. Figure 3.18 pre sents the raw data collected at 300 K alongside fits to
the data calculated using the Keren function. The Keren function is an analytical
expression of the Abragram function and describes the time evolution of the decay
positron asymmetry, P ,(t) with respe ct to the field fluctuation rate, 3 and the local field
distribution width, aeand is comparable to the dynamic Kubo -Toyabe function. 2°” The
Keren function is shown in equation 3.4 where P ,(t), 3 and aeare as previously described,
U is the Larmor precession frequency in the appg
the temperature independent relaxation associated with the electronic moments (  e.g.

arising from 3d electrons on Fe?*).

006 A@Pouih MOABD_o (3.4)
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The time evolution of the decay positron asymmetry exhibits the same features as
previously presented in this chapter for LiFeSO s+ and NaFePQF: a fast, initial
temperature independent relaxation accounted for via the inter actions between the
muon spin ensemble and the electronic magnetic moments arising from 3d electrons on
Fe?*, and a slower more temperature dependent relaxation attributed to interactions
between the muon spin ensemble and local nuclear moments for, 2Na, ’Fe and 3P,
including interactions caused by diffusing ionic species. From fitting the Keren function
to the data, the 3 and e parameters could be extracted and their temperature

dependence is shown in Figure 3.19.
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Figure 3.18 Raw p*-SRdata obtained for maricite phase NaFePO4 measured at 300 K at zero
field (black circles) and applied longitudinal fields of 10 G (blue squares) and 20 G (orange

triangles) alongside the fit to the data using the K eren function (solid lines).

Unlike the field fluctuation rates presented earlier in this chapter (and those present in

the literature for similar measurements) there is a distinct lack of a thermally activated
region for maricite NaFePO4. The field fluctu ation rates remain consistently below
0.1 MHz across the entire temperature range, even at high temperatures of 600 K. This
strongly suggests that there is no occurrence of Na™* ionic diffusion throughout the
structure as it is highly unlikely that, should there be Na* diffusion, it is too fast for the
K-SR technique to detect. The local field distribution width,  aeshows a steady decreasing
trend from & 0.2 MHz to 0.1 MHz over the temperature range which could possibly be
attributed to immobile ions increas ingly rattling in voids as the temperature is increased.

From our observations on the p*-SR results collected for maricite NaFePO,, it can be
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strongly inferred that thermally activated Na * diffusion is precluded even at
temperatures up to 600 K, supporting the narrative of electrochemical activity induced
by the formation of amorphous FePO4 upon initial desodiation as suggested by Kim et al ,
and suggests that the parent NaFePQ, material is required to undergo some further

treatment e.g. ball milling or init ial desodiation to promote electrochemical activity. 37
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Figure 3.19 Temperature dependence of the field fluctuation rate  (3) and the field distribution
width at the muon stopping site ( & for u*-SR data obtained for maricite phase NaFePO4
between 200 8600 K at ZF and LFs of 10 and 20 G, fit using the Keren function.

3.5 Conclusions

In this chapter, muon spin spectroscopy has been utilised to investigate microscopic ionic
diffusion in polyanionic cathode materials tavorite phase LiFeSO 4F, NaFePQF and
maricite phase NaFePO.. The LiFeSQF, which was synthesised by a low temperature
microwave-assisted solvothermal method, exhibits an onset of Li* diffusion at & 200 K and
a low activation energy of 48 meV which suggests that the thermally activated Li *
diffusion process is facile even at temperatures below room temperature. A diffusion

coefficient of D | = 1.71x10° cm? s was calculated from the pu *-SR data which compares
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well with other cathode materials measured with p *-SR and with expected diffusion
coefficients, suggesting good intra -grain transport of Li * ions. The thermally activated

sodium diffusion in a sample of solid -state synthesised Na.FePQF was calculated, using
KU*-SR data, as 102meV with higher diffusion onset temperatures ( ca. 360 K) compared to
Li-containing cathodes and lower diffusion coefficients of 3.60x10 -1°cm? s (300 K) and
6.69x10° cm? s (400 K) were calculated for Na .FePQF highlighting the more sluggish
kinetics of the heavier Na * ion. The diffusion kinetics of Na >FePQF however, are
enhanced compared to other sodium containing cathodes studied by p *-SR, indicating

that it could be an attractive option for advanced sodium ion battery cathodes.

The fluorine containing nature of both LiFeSO sF and NaFePQF and their ability to be
studied using U*-SR to ascertain the microscopic ionic diffusion characteristics have also
proven that strong p *-F binding does not preclude the measurement of local diffusion for
the first time. The p *-SR technique allows for the microscale diffusion to be directly
probed, yielding valuable insight into the intrinsic, atomic scale diffusion, with results
indicating much more favourable kinetics compared to bulk scale methods, suggesting
that advanced engineering of cathodes could unlock increasingly facile and fast diffusion

of cations.

The u™-SR collected and analysed for the maricite phase of NaFePO, showed no evidence
of Na* diffusion even at elevated temperatures up to 600 K, which supports the general
evidence pertaining to the immobility of the Na * ions within the structure. This serves to
further verify that the application of the @ *-SR technique to study ionic diffusion yields

meaningful results.

Regarding future work, p*-SRmeasurements of local Li * diffusion in the triplite phase of
LiFeSQF should be undertaken to investigate any differences in microscopic cation
motion in both of these candid ate electrode materials. Considering the proposed disorder
between Li/Fe in the triplite structure, carrying out local  -scale structural analysis on
both phases using e.g. neutron total scattering and PDF analysis could reveal the true
nature of the Li/Fe ordering in these samples, would also help to provide a greater insight
into the differences and the structure -property relationships between the se two highly

interesting LiFeSQF polymorphs.

Furthermore, carrying out g *-SR measurements to study the Li* diffusion properties in the
lithium containing analogue of Na ;FePQF, Li;:FePQF would allow some interesting
comparisons between both the Na.FePQF studied here and LiFePQ, that has been studied

elsewhere.
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The work presented here is limited to the thermally activated microscopic ionic diffusion,
with u*-SR measurements carried out on pristine powder samples. Recent work in our
group with collaborators at ISIS has developed a cell that is suitable for in-situ muon
measurements where the electrochemic ally induced ionic diffusion can be studied.
Carrying on this work to investigate the in-situ behaviour of the local -scale Li* and Na*
diffusion in both LiFeSO4F and NaFePQF would also be a logical next step for taking
forward the work presented in this chapter.
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4 Microwave assisted sol-gel synthesis of layered
LiNixMnyCo1-x-yO2 cathodes

4.1 Introduction

The transition metal layered oxides present a promising option for lithium ion
battery cathodes which is clearly evidenced by the commercialisation and success of
materials such as LiCoQ and LiNiyz M3 Cous O, (NMG111). However, the ever -increasing
necessity of higher energy density batteries coupled with the problematic safety and
procurement is sues regarding cobalt has led researchers to consider new layered oxides

containing limited quantities of cobalt within the structure.

High nickel content NMCs present a highly attractive option due to the higher specific

capacities (potentially greater th an 200 mAh g?') unlocked by the increased nickel

content via the Ni?*/Ni3*/Ni*" redox-active couples that provide the majority of the

reversible capacity in these cathodes. 2% It is difficult to oxidise beyond Ca*¢* without

oxidising O%* and the Mn* present is electrochemically inactive thus the increased

capacities rely heavily on nickel content. 2%° The presence of Mr** and Co** within these

structures is still required to facilitate improved stabilities and cyclability, improved

rate capabilities and reduced degrees of Li/Ni site mixing. 2!° Thus the layered oxides with
compositions LiNixMn,Co.«yO, where x O 0. 5 ar e a focus. Compos
LiNipsMn2C 20, (NMG622) and LiNipsMn1Cm10O, (NMG811) have garnered much

attention for commercialisation in EVs due to the high energy densities afforded by their

increased nickel contents compared to NMC-111. For example, many reports of NMC-811

presented in the literature have been shown to achieve discharge capacities of
a200mAhgtwhi ch presents a great l6Dmihglodeligened byt over
NMG111] 211®14

Many synthetic routes to these layered oxides in the literature proceed through a co -
precipitation method, however a sol -gel route has been th e focus in the work presented
here due to several advantages over conventional methods including excellent mixing on
the atomic level facilitated by this process alongside lower synthesis temperatures,
shorter heating times and smaller particle sizes at th e nanometre level. -2 Furthermore,
the addition of a microwave -assisted heating step has been utilised here owing to the
advantages presented by microwave-assisted sintering includin g rapid and uniform heat
generation which could facilitate shorter reaction times and the production of nanometre

scale particles alongside more uniform particle distributions. 150155
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This chapter details work carried out on the microwave -assisted solgel synthesis of
NMG111, NMG622 and NMEG811, including structural, morphological and
electrochemical characterisation, alongside muon spin spectroscopy in order to
investigate the local Li * diffusion across both microwave -synthesised and commercial
samples. Work involving the optimisa tion of microwave -assisted synthesis conditions for
NMC811 is also presented within this chapter, focussing on the structural and
electrochemical optimisation i.e. minimising site mixing and achieving higher capacity

cycling and improved cycling stabiliti es of synthesised materials.

4.2 Results and Discussion

4.2.1 Synthesis and structural characterisation of LiNi  1/3Mny3Co13 O prepared
from a microwave assisted sol -gel process
The preparations of LiNisMnysCoysO: were carried out as described in section 2.2.5.
The reaction involved the dissolution of metal acetate precursors in deionised water
followed by the addition of a solution of citric acid under magnetic stirring. This led to
the formation of a complex with a homogenous distribution of metal cations on the
atomic | evel. The water wa sl56@aematrrerthetglatd r om t h
to form a viscous gel which was then dried and transferred to a conventional box furnace
to be heated at 450 °C for 14 hours to allow the carbon from the precursors to be burnt
and removed from the sample. The dried powder precursor was then subject to a final
heat treatment at 850 °C to form well crystallised NMC -111. This is shown in Schematic
4.1. This final heat treat ment was conducted using both a conventional furnace (12 hours,
designated 12C here) and a CEM Phoenix microwaveassisted furnace (1 or 3 hours,
designated 1MW and 3MW here)which uses microwave radiation (2.45 GHz) to quickly
heat up a liner made from susceptor material , which then allows for the transfer of heat
to the sample through conventional means. As higher temperatures are reached, the
reactants themselves can also couple to microwaves directly resulting in direct heating
of the reactants. 2'° Chapter 1 discusses microwave assisted heating mechanisms in nore

detail.

The PXRD patterns collected for the three synthesised samples is shown in Figure 4.1.
From the PXRD patterns for samples obtained from all of these reaction conditions, it can
be seen that a 1 hour reaction time is adequate in forming the corr ect phase, with no
impurity peaks observed for any of the samples. Rietveld refinements were carried out
on the data collected for NMC -111 samples and are shown here in Figure 4.2 The
refinements were carried out using the GSAS-Il program and using a starting model of
"Yoa LiNiysz Mnys Coys O, obtained from the ICSD (collection code 171750 which was fit to
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the collected data within the 2 qyrange of 10 ° to 60 °.168220 The refinement was prepared
for 15 variables, including scale factor, zero point, sample displacement, 6 background
coefficients (fitted with a C hebyshev function), lattice parameters, microstrain and size
parameters and Ni site occupancies. All other atomic positio ns, displacement parameters
and site fractions were not refined. As can be visually observed in the fitting plots, there
is a good agreement between the fitted model and the collected PXRD data for all three
samples indicating that materials with a high de gree of phase purity have been

synthesised.

All three samples show similar lattice parameters and calculated cell volumes (Table 4.1)
agree well with values for NMC-111 reported in the literature. 22! The sample syrthesised
by conventional methods has a calculated weighted profile R -factor value of Ry =2.3 %
which are lower than those obtained for the microwave 3h sample ( R = 4.4 %) and the
microwave 1 h sample (Ruwp = 3.9 %) which could be attributed to the highe r backgrounds
observed in the PXRD data collected for the microwave synthesised samples likely caused
by the smaller particle sizes produced evidenced by SEM and explained in the following
section. However, observation of the & values reveals smaller values for the microwave
synthesised samples of 1.07 and 1.20 for the 3MW and 1MW samples respectively, whereas
the sample produced using a conventional heating step reveals a value of & of 1.33.
Nevertheless, the fits obtained show a good visual agreement with the data. From
applying suitable constraints during the refinement process, the nickel contentinthe 3 a
(lithium layer) and 3 b (transition metal layer) sites can be estimated and the extent of
Li/Ni disorder evaluated. The co ntent of Mn 4+ and Co** were fixed at 0.3333 each, since
it has been confirmed by neutron powder diffraction that only Ni  2* migrates to the lithium
layers for similar compound LiNi 0.4sMnp4C 20O, and the refinement of Ni, Mn and Co
simultaneously from PXRD data presents problems due to the similar scattering
characteristics of the Ni, Mn and Co. 2?2 The similar ionic radii of Li * and Ni?* can result in
cation exchange between the two separate layers where the presence of Ni 2* in the
lithium layers can hinder lithium diffusion in the lattice and cause poor electrochemical
performances. Strong Ni-O bonds can also act to hold neighbouring MO, sheets together
during cycling and thus hindering the Li * mobility further. 223 Site mixing percentages of
1.95 %, 3.96 % and 10.08% were estimated for samples 12C, 3MW and 1MW espectively,
indicating that site disorder increases for the samples synthesised using shorter reaction
times facilitated by microwave -assisted heating. It should be noted that site -mixing
percentages were calculated from the percentage of Li that has been replaced by Ni in

the lithium layer (rather than the percentage of Ni that has migrated to the Li layer).
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Schematic 4.1 Reaction scheme utilised for the microwave-assisted sol-gel synthesis of

NMG111.
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Figure 4.1 PXRD patternsobtained from NMC-111 synthesised bya sol-gel method utilising both
conventional and microwave -assisted heating alongside a standard PXRD pattern for NMG111
obtained from the ICSD (collection code 171750).
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Figure 4.2 Rietveld refinements o n PXRD data obtained from three samples of NMG 111
synthesised by a solgel method using a conventional heating step for 8 hours and microwave -
assisted heating steps of 3 hours and 1 hour. A model consisting of "Yod phase LiNi;sMmyzCoysO;
was fit to th e collected PXRD data
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Table 4.1 Calculated lattice parameters and Ni site occupancies for three samples of NMC-111
synthesised by a sokgel method using a conventional heating step for 8 hours and microwave -
assisted (ijR) Hheauestndbhlpust eps of 3

Sample NMG111 12C NMCG111 3MW NMG111 1MW
Space group Yoa Yoa Yoa
a (A) 2.8607(3) 2.8610(8) 2.8649(4)
c (A) 14.244(1) 14.226(3) 14.2507(17)
V (A3 100.96(2) 100.85(5) 101.30(3)
Nil occupancy 0.3138(2) 0.2937(40) 0.2325(20)
Ni2 occupancy 0.0195(20) 0.0396(40) 0.1008(20)
Li/Ni mixing 1.95% 3.96 % 10.08 %
Ruwp 2.303 % 4.417 % 3.858 %
G 1.33 1.07 1.20

4.2.2 Scanning electron microscopy of LiNi 13Mny3Coy302 prepared using a
microwave assisted sol -gel synthesis
To ascertain any morphological changes brought about from the application of the
microwave assisted method, scanning electron microscopy (SEM) was used in order to
investigate the particle size, morphology a nd homogeneity of the prepared NMC-111
particles. Figure 4.3 shows images obtained for NMC-111 prepared using (a,b) a
conventional sol-gel method and a microwave assisted method comprising final heating
steps of (c-e) 3 hours and (f-h) 1 hour. Particle size distribution histograms for each

sample are shown in Figure 7.7 in the appendix.

For the NMC 111 prepared using a conventional heating step, particle sizes are observed
to range from s mal |180nm o targdr paditles exhilstin zy sizes ctoger a
to 700 nm, with an average patrticle size of 369 nm, highlighting the large degree of
heterogeneity in particle size distribution. Conversely, those samples prepared using the
microwave assisted method both show a greater degree of particle s ize uniformity and
smaller particle sizes obtained with the SEM images shown in Figure 4.3 (c -h) highlighting
that both microwave synthesised samples show approximate particle sizes in the range

of 100 6200nm, wi t h average part i &30e8mferibathenicrowaae-c ul at e«
synthesised samples. The results highlight the smaller particle sizes attained when a
microwave assisted heating step is introduced. This can most likely be attributed to the
shorter reaction times afforded which results in less t ime allowed for the particles to

increase in size.
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In the case of electrode materials for batteries, smaller particle sizes are often presented

as being advantageous due to the decreased dimensions allowing shorter pathlengths for
Li* ions to diffuse whic h may result in better rate performance. The increased surface
area produced from decreasing particle sizes also allows for a greater extent of
electrode -electrolyte interactions which can improve wetting in materials that are
unreactive when in contact wi th electrolyte, but in systems such as NMCs where surface
reactivity increases upon higher states of charge and parasitic electrode -electrolyte
reactions can cause degradation to the material. Wang et al . investigated the effect of
surface area on cycling stability of nanostructured NMC -111 and found that while high
surface areas exhibited initial high charge capacities, cycling stability was compromised
when compared with lower surface area samples. >4 Whether these parasitic reactions
occur and affect the cycling performance of the materials can be ascertained b vy
examining the cycling performances of the cathode materials.

Figure 4.3 SEM imagesf NMG111 prepared using (a,b) a conventional sol-gel method and

microwave-assisted solgel methods with a final heating step of (c-e) 3 hours and (f-h) 1 hour.
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4.2.3 Electrochemical performances of LiNi 13Mny3Co1302 prepared using a

microwave assisted sol -gel synthesis

Galvanostatic cycling with potential limitation (GCPL) was carried out on the
three NMG-111 cathode materials outlined above. Swagelok type cells containing pellets
of the cathode material mixed with conductive carbon black and PTFE (60:30:10 % wt.
ratio) and a Li metal counter electrode were fabricated and measurements were
performed on a BioLogic VSP potentiostat. A constant current of C/10 was applied and
the cells were cycled between 2.5 984.6 Vvs. Li/Li *. As the synthesised NMCG111 powders
were all pr epared in the discharged state ( i.e. containing lithium) the first step involved
the application of a positive current to charge the cell and remove lithium from the
cathode material. During the charge process, lithium is removed from LiNi 13Mmy3Coys Oz
to form delithiated Li 1.xNiysMm;sCoyz O, with an accompanying Ni?* to Ni4* oxidation
process and C3@*/Co** oxidation occurring at voltages greater than 4.5 V evidenced by
in-situ X-ray absorption spectroscopy.??® As this is a solid solution process rather than a
two phase one, a flat plateau i s not observed in the cycling profiles unlike that observed
for LiFePQu. Figures 4.4, 4.5 and 4.6 present the voltage -capacity profiles, voltage -
composition plots, cycling stability, coulombic efficiencies achieved and differential
capacity (dQ/dV) plots f or the three different samples of NMC -111 prepared by this

conventional and microwave -assisted solgel methodology.

For the NMG111 12C sample, prepared using a final conventional heating step at 850 °C,
Figure 4.4(a) shows that a large initial charge capa city of 200 mAh g* is obtained,
correspondi ng t o a 0.73iLinfrom thadtructure ascertainéd fronf thed
voltage composition plot shown in Figure 4.4(b). An initial discharge capacity of
164 mAh g is achieved which corresponds to the re -insertion of 0.6 Li* into the layered
structure. Therefor e, a first ¢ Yo dsicadculatedl anid o mb i ¢
shown in Figure 4.4(c). Such poor first cycle coulombic efficiencies are common in nickel
containing layered oxides when charged up to high voltages such as 4.6 V and can be
explained by the formation of a CEIl on patrticle surfaces, precipitated by the increased
reactivity of the cathode surface at high states of charge. 2?6 The CEI formed can act to
consume both the electrolyte and the active cathode material resulting in an overall loss

of capacity. If the CEIl is more insulating than the cathode, then re -insertion of Li * into
the cathode is furthermore hindered due to an increased charge transfer resistance and
this can also lead to lower discharge capacities achieved after this initial charge process.
Although a low coulombic efficiency is calculated for the 1 st cycle, this improves upon
subsequent cycles as shown in Figure 4.4(b) with efficiencies of between 96 899 %

achieved after the 3™ cycle. The delivered discharge capacity after 10 cycles was
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154 mAh g! with a discharge capacity retention of 94 % achieved, indicating stable

cycling over 10 cycles.

Inspection of the differential capacity plot for cycles 1, 2 and 10 (Figure 4.4(d)) reveals
an intense oxidation peak at 3.78 V which is part of a broader featu re between
3.6 to 4.2 V during the first charge, which is typical of the Ni  2*/4* redox process.*® A broad
reduction feature between 3.8 to 3.2 V is observed for the first cycle also. The intense
oxidation peak is observed to shift to slightly higher values of 3.9 V for the 2" and 10"
cycle although the intensity of the 2 " and 10" cycle oxidation peak is greatly reduced.
The reduction feature broadly stays in the same region for the 2 " cycle albeit with a
lower intensity, and shifts to slightly higher voltages for the 10 ™ cycle. Thus there is a
decrease in the polarization between the 2 " and 10" cycles indicating enhanced
reversibility. The oxidation feature observed only inthe 2 ™ cycl e aV codd
correspond to some degree of Co®**4* oxidation, although this is not observed during the

10" cycle.

The charge-discharge profiles for the NMC-111 3MW sample is shown in Figure 4.5(a).
Similar to the previous material, a large initia | charge capacity of 260 mAh g is obtained
with the subsequent discharge capacity reducing to 156 mAh g?! which is a larger drop
than what is observed for the previous NMC-111 12C sample. From the voltage-
composition plot shown in Figure 4.5(b) it can be seen that 0.95 Li* are extracted in the
first cycle and 0.55 Li * re-inserted during the first discharge process corresponding to a
large amount of irreversible Li * extraction. The open circuit voltage (V o) observed for
NMC111 3MW is 1.59V (shown for clarity in Figure 7.8(a) in the appendix) compared to
3.05 V observed for the NMG111 12C sample and therefore, some extra capacity could
arise from the additional 1.46 V afforded to the NMC-111 3MW sample. The lower open
circuit voltage observed could ari se from initial inadequate wetting of the electrode
which could improve over time during the first cycle. Cells were fabricated and
immediately cycled, leaving little time for the electrolyte to fully wet the electrode. It

was observed in later studies tha t the open circuit voltage of similar electrodes increased

t o val Wenben Eft {8 a period of time before cycling. However, whereas the
NMG111 12C cathode exhibits stable charge and discharge capacities across the 10
cycles, the NMC-111 3MW cathode shows capacities that gradually decrease upon
subsequent cycles, with the discharge capacity decreasing from 156 mAhg?! to
112 mAh g? of capacity delivered on the 10 ™ cycle, representing a discharge capacity
retention of 72 %. Furthermore, the charge and discharge capacities observed for the 9

and 10" cycle show very similar values and their voltage -capacity profiles have a large

104



degree of overlap, possibly suggesting that the capacities might begin to level off at this

point and little more decrease will be observed.

Similar to the trend observed for the NMC -111 12C sample, a poor first cycle coulombic
efficiency of only 60 % was calculated, increasing to between 84 889 % on continued
cycling as shown in Figure 4.5(c). These values are lower than t hose for the NMG-111 12C
sample, indicating that on each cycle the amount of lithium removed from the cathode

is higher than what is subsequently re -inserted upon discharge, which leads to the gradual
observed decrease in capacities upon cycling. Although there is an increased extent of
Li/Ni mixing fortheNMC-111 3 MW sampl e compared to 4%e 12C
compares well with other reported samples of similar composition. For example, samples

of LiNio.4sMnp 4sC 10, with cation mixing amounts of 6 % were found to have excellent
cycling performances. ??” The gradual decrease of capacity over 10 cycles could be
attributed to increased charge transfer resistance upon repeat cycling, enabled possibly

by a growing CEI layer.

The differential capacity plot showing data for the 1 st, 2" and 10" cycle (Figure 4.5(d))
shows an oxidation peak at 3.76 V assigned to the Ni#*#* oxidation, which shifts to higher
voltages of 3.87 V and 3.98 V upon increased cycling. A corresponding small shift in the
reduction feature to lower voltages is also observed fro m 3.70 V during the first discharge
to 3.68 V and 3.64 V for the 2" and 10" cycles respectively. This indicates an increase in
the polarization of the redox processes and suggests an increase in irreversibility occurs,
which could help to explain the gra dual capacity fading on repeated cycling. A noisy and
irreversible oxidation feature is also observed for this sample at a high voltage of 4.4 V
up to the cut -off potential at 4.6 V which could indicate Co 3*#* oxidation, a high voltage
phase transition such as O3 to O1, or could be evidence of the irreversible CEI formation
occuring during each cycle, perpetuated by continual exposure of new surface areas

during cycling.

The charge-discharge profiles, cycling stability plot and calculated coulombic efficie  ncies
for NMG 111 1MW are shown in Figures4.6(a) and (c). Similar to the results collected for
the two previous samples, a large initial charge capacity of 213 mAh g! was delivered,
followed by a much decreased discharge capacity of 130 mAh g corresponding to a first
charge coulombic efficiency of only 61 %. The capacities further decrease at a faster rate
than was observed for the NMC-111 3MW, with NMG111 1MW delivering a discharge
capacity of only 71 mAh g after 10 cycles, giving a discharge capaci ty retention of only
55 % which is a much poorer result than that obtained from the previous two samples of
NMG111.
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From the voltage -composition plot in Figure 4.6(b), it is observed that approximately
0.77 Li* are initially extracted during the first ch arge from a low open circuit voltage of
1.62V to 4.6 V vs. Li/Li * which is close to the behaviour of the first charge of the
conventional synthesis NMG111 presented previously. A further 0.47 Li * are subsequently
re-inserted into the structure upon the f irst discharge. This first cycle behaviour is not
vastly dissimilar to that shown by the conventionally heated NMC -111, however the
performance of the NMC-111 1MW drastically worsens upon continued cycling, evidenced
by the poor discharge capacity retentio n observed over the 10 cycles. The good initial
charge capacity coupled with severe capacity fading over only 10 cycles indicates that
the NMG 111 1MW suffers from poor stability which could arise from structural and/or
surface degradation that is brought on after the initial charging process. The large degree
of cation mixing (10.08 %) calculated for this sample no doubt has a detrimental effect
on the cycling performance, as large amounts of Ni 2*in the lithium layer leads to inferior
kinetics and poor cycling performances. 2?26 For example, layered oxide LiNiosMmnsO;
where Li/Ni site mixing was calculated as 10.85 % (close in value to the 10.08 %
calculated for our NMC-111 1MW sample), the discharge capacity was observed to rapidly
decrease from 160 mAh g* to 90 mAh g over approximately 20 cycles when charged to
4.4 V vs. Li/lLi * with compositions possessing smaller degrees of cation disorder showing

more stability in the discharge capacity under the same cycling conditions. 22°

Another contributing factor to the poor cycling performances exhibited by this sample
could arise from increased reactivity upon charging whi ch is further accelerated by the
high surface areas afforded by the decreased particle sizes. From the SEM analysis
presented previously, both the 3MW and the 1MW NMG111 samples exhibit similar
particle sizes and size homogeneity which could explain the g radual capacity fading
observed in these two samples compared to the sample synthesised using a conventional
heating step which showed excellent discharge capacity retention over 10 cycles. The
larger surface areas allow a greater extent of parasitic elect rode-electrolyte surface
interactions resulting in a greater loss of active material and the perpetual formation of
resistive CEIl layers upon cycling. Particle cracking which can be facilitated by structural
rearrangements upon cycling (e.g. the O3 to O1 phase change associated with high states
of charge) can also introduce new and exposed surface areas which are then susceptible

to further electrolyte reactions leading to further loss of active material on cycling.

The differential capacity plots for the 15, 2" and 10" cycles (Figure 4.6(d)) show similar
properties to the NMC-111 3MW sample. An initial oxidation peak at 3.8 V assigned to

Ni*4* oxidation is observed which is followed by shifting to higher voltages of 3.9 V and
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4.0 V during the 2" and 10" cycle with reduced intensities and broadening of the feature
occurring during cycling. The corresponding reduction features remain at approximately
the same voltage during the 13, 2" and 10" cycles but with decreasing intensity and
broadening observed. The shift of the oxidation peaks coupled with the static nature of
the reduction peaks relate to an increase in polarization of the cathode as before. An
irreversible feature between 4.4 V 84.5V is also observed which could also suggest the

perpetual formation of an insulating CEI layer as explained for the 3MW sample prior.
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Figure 4.4 Electrochemical data obtained for NMC -111 synthesisedvia a conventional sol-gel
method at 850 °C for 12 hours and cycled between 2.5 84.6 Vvs. Li/Li * at arate of C/10in a
Swagelok type cell. Including (a) charge-discharge profiles, (b) voltage-composition plot for
cycles 1 and 10, (c) charge and discharge capacity stability and coulombic efficiencies over 10

cycles and (d) differential capacity dQ/dV plots for cycles 1, 2 and 10.
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Figure 4.5 Electrochemical data obtained for NMC -111 synthesisedvia a microwave-assisted sot
gel method at 850 °C for 3 hours and cycled between 2.5 84.6 V vs. Li/Li * at a rate of C/10 in a
Swagelok type cell. Including (a) charge-discharge profiles, (b) voltage-composition plot for

cycles 1 and 10, (c) charge and discharge capacity stability and coulombic efficiencies over 10

cycles and (d) differential capacity dQ/dV plots for cycles 1, 2 and 10.
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Figure 4.6 Electrochemical data obtained for NMC -111 synthesisedvia a microwave-assisted sol-
gel method at 850 °C for 1 hour and cycled between 2.5 84.6 Vvs. Li/Li * at a rate of C/10 in a
Swagelok type cell. Including (a) charge-discharge profiles, (b) voltage-composition plot for

cycles 1 and 10, (c) charge and discharge capacity stability and coulombic efficiencies over 10

cycles and (d) differential capacity dQ/dV plots for cycles 1, 2 and 10.

4.2.4 Post-cycling structural and morphological analysis of LIN  i13Mny3Co1302
In order to investigate any changes to the structure of the NMC -111 samples brought on
by the charge and discharge processes, postcycling PXRD and SEM were performed on
the samples. The cycled cells were dissembled in an Ar -filled glovebo x and the NMG111
cathode pellets were collected and washed with THF in order to remove any remaining
electrolyte species, before being dried and stored in a glovebox. Each material analysed
was in the discharged state. PXRD data, shown in Figure 4.7, was collected for each
sample to ascertain whether any significant structural changes had occurred during

cycling. As can be seen, each sample has retained the rhombohedral "Yo& structure
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related to the layered oxides, indicating that no significant irreversible structural
transformations observable by PXRD have occurred over the 10 cycles and therefore a
good degree of structural stability was exhibited by the NMC -111 materials. There is no
evidence in the PXRD patterns collected of the O1 phase which w ould manifest itself with
notable additional and intense reflections at 2 q & 19.5 °, 42 °and 55 °. 220 An additional
peak at 2a) & 18 ° is observed and can be assigned to PTFE within the sample which
originates from the PTFE binder used when fabricating the cathode pellets. This is not
removed during the washing step and so remains in the cathode powder. Wh ile there are
no unexpected additional peaks in the NMC-111 12C and 3MW samples, a small peak at
2014 43 ° is observed in the data collected on the 1MW sample which could be attributed

to a small amount of NiO phase present. The formation of NiO is usually observed on the
surface of high nickel content LiNi xMn,Co.x.yO2 (x > 0.5) materials as a result of the high
reactivity of Ni 4* on the surface, suggesting that the NMC-111 1MW sample exhibits an
unusually high surface reactivity for a low nickel content m aterial, which, as previously

discussed, leads to poor electrochemical performances upon repeated cycling.

The retaining of the "Yo& structure is also confirmed by Rietveld refinements carried out
using the PXRD data alongside a model of phase'Yod . The refinement was prepared for
15 variables, including scale factor, zero point, sample displacement, 6 background
coefficients (fitted with a C hebyshev function), lattice parameters, microstrain and size
parameters and Ni site occupancies. All other atom ic positions, displacement parameters
and site fractions were not refined. Good fits to the data could be calculated for all three
samples as evidenced in Figure 4.8 and Table 4.2 which shows that good values of @
(1.15, 1.12 and 1.59 for NMC-111 12C, 3MW and 1MW respectively) were obtained for
each fit. From inspection of the lattice parameters calculated from the refinements and
comparison to those obtained for the pre -cycled material (Table 4.1), it is observed that
there is little change to the lattice parameters after undergoing 10 charge -discharge
cycles, except for the ¢ parameter in NMC-111 1IMWwhich increases from 14.25 A to
14.32 A (which is not within the standard errors) indicating an expansion of the layers
which could be associated with a delithiated end -product. This could occur when the
presence of surface layers (from deleterious electrode -electrolyte reactions for example)
increasesthe charge-transfer resistance and prevent Li * cations from re -intercalating into
the structure on discharge. The Li/Ni site mixing was also estimated from Rietveld
refinements using the same procedure from the pre -cycled samples. Site disorders of
3.34 % and 5.51% were obtained for NMG111 12C and3MW respectively, indicating an
increase in cation mixing upon cycling which could be explained by the movement of Ni  2*

into empty lithium sites during the initial, irreversible capacity loss where the lost Li *
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cannot reinsert into the structure. This proc ess could also happen during subsequent
charge cycles upon extraction of Li * and the production of empty Li * sites. A good fit
could not be obtained from refinements for the NMC -111 1MW sample using a model with
Li/Ni site mixing (when Ni site occupancies were refined, a negative value for Ni2 was
always calculated) , and the best fit was found for a model containing no anti  -site mixing

at all.

! I ' | ' I ' I
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Figure 4.7 PXRD patterns collected after cycling for the three NMC -111 materials. A peak
corresponding to PTFE (from the cathode mix) at 2 qja 18 ° is highlighted in a grey box and a
possible NiO impurity in the 1 h sample is labelled by (*).
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consisting of "Yo& phase LiNisMms Coys O, was fit to the collected PXRD data .

Table 4.2 Calculated lattice parameters and Ni site occupancies for three samples of cycled

NMG111.
Sample NMG111 12h PC NMG111 3h NMG111 1h I
Space group Yo Yoa Yod
a(A) 2.8615(6) 2.86094(24) 2.855(18)
c (A) 14.2890(23) 14.23355(84) 14.3199(73)
V (&) 101.324(37) 100.893(9) 101.123(122)
Nil occupancy 0.2999(10) 0.2782(10) n/a
Ni2 occupancy 0.0334(10) 0.0551(10) n/a
Li/Ni mixing 3.34% 5.51 % n/a
Rup 4.847 % 3.403 % 3.734 %
G 1.15 1.12 1.59
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The SEM analysis of the NM€111 materials after cycling is shown in Figure 4.9 (with size
distribution histograms shown in Figure 7. 9 in the appendix) and suggests very little
morphological changes are apparent. The NMG 111 12C sample showsnegligible change

in average particle size indicating that significant particle cracking has  not occurred. The

images obtained for NMC-111 3MW also do not highlight any significant change in particle
morphology or size distribution s with an average particle size
(which was reported for the pre -cycled samples also). It should be noted that the

presence of clusters of very small particles appearing in the SEM image obtained for NMC -

111 3MW most likely represent the presence of the carbon black that was mixed in with

the NMG 111 during pellet fabrication. The SEM imaging of NMC-111 1MW (Figure 4.9(b))

reveals that some morphological changes might have occurred during cycling . It is
observed that the particle size homogeneity post -cycling is different than that obtained

for the pre -cycled materials (Figure 4.3(f -h)) with some smaller particles amongst larger

particles, which could indicate some degree of particle cracking and breakage, although

this is hard to ascertain from these images alone. The average particle size for this sample

was calcul ated to be & avkrade pattiole siddalculatedfdrthe or st

pre-cycled sample.

Figure 4.9 SEM images obtained for NM€l11 (a) 12C, (b) 3MW and(c) 1MW samples after

cycling. Very small observed particles are most likely carbon black particles.
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4.2.5 Structural and Electrochemical characterisation of LiNio.sMno.1C00.1 02
and LiNioesMno2Cop 20, synthesised by a microwave -assisted sol-gel
method

A similar microwave-assisted solgel approach was adopted for the synthesis of NMC-811

and NMG622 where the reaction methodology used in this section is displayed in

Schematic 4.2.

. Gel
1.1 Li(CH;00)-H,0 1.Dissolve in DI H20
0.1 Mn(CH5C00),-4H,0 | «
0.1 CO(CH3COO)2'4H20
2 CeHgOy
Hexagonal LiNig gMn, 1C0o4 .10, 450°C 14 h
650-900 °C pA v

1-3 h

NMC-precursor

Schematic 4.2 Reaction schematic for the microwave -assisted solgel synthesis of
rhombohedral, layered oxide LiNi 0.sMny.1C.10,, where the final heating step was carried out in
a CEM Phoenix microwave furnace between 650°C 8900 ° C for with reaction times between 1 &
3 hours to yield NMC-811 product. Stoichiometries of starting materials are adapted to prepare
NMG622.

Similar to NMCG-811, the high nickel content layered oxide LiNi ¢6Mmnp2C.20, (NMG622) is
also of interest for hi gh energy density cathodes for use in e.g. electric vehicles. Although
containing a smaller proportion of nickel compared to NMC -811, NMG622 provides
enhanced stabilities with only a small loss in deliverable capacities. This section will
briefly cover some work carried out on the microwave -assisted soklgel synthesis of
NMCG811 and NMCG622 which were prepared in order to undertake muon -spin

spectroscopy measurements detailed in the following section. The NMC -811 and NMCG622
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was synthesised by a microwave-assisted solgel method as described previously, utilising

a final heating step at 850 °C for 2 hours.

To ascertain the phase purity of the sample and extract the lattice parameters, PXRD
combined with Rietveld analysis was performed where the obtained refinement plots and
calculated parameters are shown in Figure 4.10 and Table 4.3. The model used was based
on the structure of NMC-111 obtained from the ICSD (collection code 171750 where the
CIF file was modified to change the transition metal contenta ccordingly. The refinement
was prepared for 15 variables, including scale factor, zero point, sample displacement,

6 background coefficients (fitted with a C hebyshev function), lattice parameters,
microstrain and size parameters and Ni site occupancies. All other atomic positions,
displacement parameters and site fractions were not refined. The model assumed that
Li primarily resided on the 3 a sites, transition metals on the 3b sites and oxygen on the
6¢ sites. The site mixing between Li and Ni on the 3 a and 3b sites was allowed with
appropriate constraints such that the LiNi ¢sMn1C®10, and LiNigsMmn 2Ca202
stoichiometries were retained (i.e. the occupancies of the Nil and Ni2 sites totalled to
0.8 and 0.6 respectively for NMC-811 and NMC622). The refinement results show good
visual fits to the data was obtained with no obvious evidence pertaining to the presence
of impurity phases. The lattice parameters are also consistent with those reported in the
literature for NMC -811 and NMG622.71230 Additionally, low Ry, and ¢ values were gained

from the refinements further consolidating the good fits achieved.

The degree of cation ordering observed in the system can be estimated by analysing the
intensity ratio of the (003) and (104) peaks. As the 003 reflection is a supercell reflection
whose intensity is dependent on cation order and the 104 reflection is a subcell reflection
whose intensity should be independent of cation orde r, the ratio | (oo3) 104y Should be a
direct indicator of interlayer cation order, with values of | (go3)/l (104)< 1.2 indicating that
undesirable cation mixing is present in the sample. 211231 Importantly, however, it should
be noted that this method of characterising the anti  -site mixing is subjective, owing to
the fact that peak intensities at different scattering angles can be modified by
experimental parameters such as peak broadening, peak asymmetry, preferred
orientation etc. Nevertheless, while not a quantitative method, it can provide some
gualitative indication of any large differences in anti -site mixing between different
samples provided they are of similar composition and have been prepared (both
synthetically and for PXRD data collection) in a similar fashion. Results from Rietveld
refinements of PXRD and NPD data are able to yield more quantitative answers. From the
PXRD data for NMG811 and NMG622 the I o3/l (104 ratios were calculated as 1.23 and 1.82
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respectively, indicating a lower level of Li/Ni mixing is expected for the NMC  -622 sample
compared to the NMC-811 sample. From the Rietveld analysis the percentage of Li/Ni
mixing could be quantified as 7.32 % and 3.49 % for NMC811 and NMCG622 respectively.
Whereas the mixing in NMG622 is relatively low and suggests that small presence of Ni
on the 3a sites should not hinder the Li * diffusion during cycling, the mixing present in
NMG811 is much higher and could result in cycli ng issues. High degrees of Li/Ni mixing
are commonly observed in higher nickel content materials such as NMC-811 due to the
similar ionic radii of Ni 2* (0.76 A) and Li* (0.69 A) which makes the cationic mixing more
facile. 222 For example, high amounts of Li/Ni mixing of between 8.1 %- 22 % in NME811

have been reported in the literature. 231233

To investigate the resultant particle morphology from the short, mi  crowave-assisted
heating step, the samples were also examined using SEM. The analysis presented here
was conducted using an Inspect F50 SEM. Images obtained from this analysis are shown
in Figure 4.11 (with size distribution histograms shown in Figure 7. 10). Both samples
exhibit non -uniform size and shape distributions, with particle sizes approximately
ranging from 400 nmto 1.4 um for NMG811 and 200nm to 1 um for NMG622, with
average particle sizes of a 800-81h end AIMG6224 00 nm
respectively. This shows that, under identical reaction conditions, NMC -811 is generally
composed of larger particle sizes than NMC-622. These are also larger than the NMGC-111
particles obtained under similar synthesis conditions (Figure 4.3) suggesting that the
microwave-assisted solgel method used here produces larger particles for higher nickel
content compositions. Furthermore, the observed particle morphologies also show

heterogeneous behaviour with no obvious preferred shapes or facets e xhibited.
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Figure 4.10 Rietveld refinements on PXRD data obtained from (a) NMG811 and (b) NMG622
synthesised by a microwave-assisted sotgel method with a reaction time of 2 hours at 850 °C. A
model of "Yo& phase LiNbsMn1Ca10; or LiNigsMmp 2Can 20, was fit to the collected PXRD data

respectively.

Table 4.3 Calculated lattice parameter and Li/Ni mixing from Rietveld refinements and
calculated | ozl (104) ratios obtained for NMC-811 and NMG622 synthesised by a microwave-

assisted solgel method with a reaction time of 2 hours at 850 °C.

Sample NMG8 11 ijR285( NMG622 ijR2850
Space group Yoa Yo
a(h) 2.87784(44) 2.86831(6)
c (R) 14.22373(57) 14.21170(18)
V (A3) 102.018(22) 101.258(2)
Nil occupancy 0.7268(10) 0.5651(10)
Ni2 occupancy 0.0732(10) 0.0349(10)
Li/Ni mixing 7.32% 3.49 %
l o3yl (104) 1.23 1.82
Rup 2.664 % 2.301 %
G 1.57 1.45
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