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Abstract

Materials based on thaormalspinel structure have attracted significant interest due to the
wide number of elements that can be incorporated ahd interesting electrical properties
which they displayThis, as well as the open thrd@nensional framework that they contain,
has ledto the successful commercialisation of severdddsed spinel materials.g.LiMnpOs4

and LiTeO12in Lton batteries Materials based on the inverse spinel structure have also been
investigated. However, their continued development and optimisationldess restricted by

the lack of a complete understanding of howidns diffuse through such materials.

This thesis explores the synthesuctural and electricatharacterisatio as well as
the electrochemical properties of a series of novel inverse spinels with the forbpulilio-
KCV208 0 XK MO F 2 NIohdatie§ dpplikdtidns. [n £hapter 1, an introduction to
the theory that underpins battery materials is outlined. Chapter 2 details a comprehensive
review of the literature to date regarding spinel structures, as well as other camstructure
types of interest for Lion battery applications. Chapter 3 reports the experimental methods
utilised within this work, including synthesis and characterisation techniques. The synthesis
of LbaNiz2xCxV20s 6 11 x XK ™ (s0lidBtate and iric acid solgel routesis investigated in
Chapter 4. Iranalysis oicombined Xray and neutron powder diffraction refinements, the
materials adopt an inverse spinel structure with no evidence of cation ordering on octahedral
sites. Meanwhile, impedanceneasurements indicate that the total conductivity increases
with increasing Li/Cr content. The determined activation energies are found to be comparable
to those in normal spinels. In Chapter 5, thi¢on diffusion is determinedo be via a 16-8a-
16¢c pathway using variabletemperature neutron powder diffretion measurements.
Alongside this, muon spectroscopy is used as a complementary technique to probe the local
LHon diffusion kineticsThe electrochemical properties of the solid solution as potential
cathode and anode materials are investigated in Chapter 6 using galvanostatic cycling and in
situ cycling XANES. The cathodic performance is shown to be limited due to the irreversible
capacity loss caused lmxidation of CP*to CFf*. The anodiperformance, however, shows
promising capacity retention after 30 cyclésr samples excluding NFinally, he main

findings of this work, as well as potential future avenues, are summarised in Chapter 7.



Chapter 1: Introduction

1.1. Introduction

Lithiumrion batteries (LiBs) have beconmeevalent within society since they were first
commercialised by Sony in 1991 due to the gitowf consumer electronicsuch as laptops

and mobile phones. In recent years the demand for LiBsitaeasedsignificarly due tothe

shift away from fossil fuels towards greener alternatives such as wind and solar energy.
Emerging markets.g.electric vehicles are expected to rapidly dominate the market for LiB
technologies and as of 2019 make up 60 ¥het.iB marke(Figurel.1).[1], [2] This is despite

electric vehicles accounting for just 1 %@atomotive sales in 201®ew initiatives to tackle

climate changea dzOK |4 GKS !'vYQa GFNBSG G2 6S02YS Ol

new petrol anddiesel cars from 2030, will mean tgebalmarket for LiBscoR SEOSSR € u n

billion per year by @40]3]

Because of the wide variety of applications that LiBs are expected to fill, different LiB
technologies will be desd e.g.for long-range electric vehicle&iBswhichhave high energy
densitiesare required,whereas for mass transit applicatigriaster charging speeds may be
more desirable. These differing requirements mean a range of magendh varying
propertiesare necessaryAs suchthe properties of potentibLiB materials needs to be fully

understood at different lengttscalesf they are to be further optimised.
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Figurel.1l. Global market for LiB technologies between 2011 ta2[2]



1.2. Batteries

Batteries are devices containing one or more electrochemical cell that converts stored
chemical energy intelectricity. When connected to a circuit, electrochemicalls can utilise
redox reactions to generate electrical energy. Each cell is comprised of three main
components, the anode, cathode, and electrolyte. The two electrodes (anode and cathode),
have differing electrode potentials, defined as the oxidisingramtucing strength of the
electrode. The anode acts as a source of electrons (reducing agent) and the cathode as a sink
of electrons (oxidising agenf)uring discharge, ions move from the anode (the more negative
potential), through the electrolyte, to thecathode (the more positive potential)The
electrolyte separates the two electrodes and is elenicallyinsulating therefore, electrons
must flow through an external circyprovidingelectrical energy anthenrecombining at the
cathode to maintain charge neutrality. The overall cell potential or egieruit voltage (M)

is the difference between the electrode potentials of the anode) (and cathode (g
(Equation 1.}, with a higher voltage allowing the ltaty to generate greater power. An
example of the two half reactions for a Zialkaline battery are showm Equations 1.2 to

1.4.

W (Equation 1.)

Zns)+ 20Hag)A ZnQs)+ BOy) + 2€ E=128V (Equation 1.2

2MNOys)+ BOp + 26 A Mn2035)+ 20Haq E =0.15V (Equation 1.3

Overall: Zgy+ 2MnQs)= Zn@)+ MneOss) E =1.43V (Equation 1.4

Batteries are generally divided into two types, primary and secondary. In primary
batteries, the reaction thatonverts stored chemical energy into electrical energy during
discharge is irreversible. Examples of primary batteries includeafatine and zincarbon
batteries. Secondary, or rechargeable batteries can be charged by applying a large voltage,

enablng ions to move from the cathode to the anode. Examples of secondary batteries



include leadacid, nickelcadmium, nickemetal hydride, and lithiumion. Figure 1.2
summarises the main secondary batteries in terms of energy density per unit of volume and
mass[4] Alongside energy density, there are several other performance parameters that
batteries can be measured by, summarisedlablel.1. Ideally, a battery would ab be
inexpensive, environmentally friendly, and safe over repeated ughium is the most
electropositive element (3.04 ¥sa standard hydrogen electrode) and is the lightest metal.
This mean LIBs can typically operate at higher voltage8.(/ V), pwer and energy densities

than other secondary battery technologisach as lea@cid and nickebased[4]¢[6]
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Figurel.2. Comparison of the main secondary battery materials in terms of energy densities per unit
of volume and weigh[4]



Tablel.1. Summary of importanbattery characteristicand their definition

Performance Definition
Characteristic
Capacity The amount ofcurrent the battery/active material can store. It i

usually measured in mAh (capacity = current x time)

Specific capacity Capacity divided by mass (gravimetric) or volume of active mat
(mAh/g or mAh/l). The specificapacity is often less than th
theoretical as not all the active material may be accessible.

Energy density  The amount of energy a battery can store by weight (g) or volum
Units are typically given in Wh/kg or I.

Power density The amount of powe(power = current x volts) a battery can delive
per gram/litre (W/g, WII).

Opencircuit Electrodepotentialcathods - Electrode potentiaknods. The energy of ce

voltage can be related to the cell voltage Ipyc =-nFE, where n = number ¢
electrons,F = Faraday constant and E = charge of an electron.

Cycle life The maximum number of times the battery can be charged/dischar

Crate The rate which a battery igdisicharged relative to its maximur
capacity over a specific timeeg.1C = a discharge rate of one hour.

Coulombic The ratio between charge and discharge capacities. The discl

Efficiency (CE) capacity is often lower than the charge discharge due to irrevers

reactions between the electrodes and electrolyte during initial cycl

A key feature of many battery materials keetr ability to change their composition by
the process of (de)intercalation. Intercalation is the ability of a host structure to accept ions
or molecules without altering the basic structure. Materials in which (de)intercalation can
occur typically have ither open layers, tunnels, or a threBmensional framework. For
example, in commercial LIBs both the anode and cathode are often layered structures that

allow Liions to diffuse iFbetween the layers during charge/discharge.



1.3. The Spinel Structwe

The spinel structure, with the general formula-®& has attracted significant attention since

it was first reported in 193.[7], [8] This is due to the vast number of cations which can
combine to form the spinel structure h€ physical properties of spinel oxides are strongly
influenced by the arrangement of these cations. The spinel structure consists of a cubic close
packed array of ®anions, with 1/8 of the tetrahedral (Wyckoff site8r 8b) and 1/2 of the
octahedral (Wckoff site 1@ or 16c) sites occupied by A and B cations, respectivelyyckoff

site or position describes a collection of points within the crystal structure which can be
related by symmetry. They can be used to describe Atmnsare distributedand therefore

are alsoan important tool for describing how mobile cations flite through the unit cell
Typically, the general formula is written asi-{B]"*![BiA]°“Os, wherei is the degree of
inversion. Spinel oxides with an inversion equal to zero are referred ¥oasakspinels,

while a material withan inversiondegee equal to one is referred to ds yinvéPsdXlpinels.
Materials with a degree of inversion between zero and one are described as random or mixed
spinels[9] It should be noted for kgontaining ternary spinels, the distinction between normal
and inverse spirls are typically described by the distribution oidns, either in tetrahedral

sites (normal spinels) or octahedral sites (inverse spifie§

A and B cations areonnected in a threglimensional framework of edgeharing B®
octahedra, which share corners with A@trahedra. The threalimensional framework
structure, alongside the large number of empty sites (56 tetrahedral and 16 octahedral) offer
a wide array obptions for ions to migrate with eaqFigure 1.3)It is for this reason a great
deal of Licontaining spinels have been researched as potential electrode materials in LIBs
e.g. the anode material LTO12 ([Lil*'[Li3Ti3]°%Os), as well as the chbde materials

LuNiMnaOs ([LiT[Nio.sMn1.5]°%Os) and LiNiaVaOs ([VIE[LiNiPeOs).[11]c[13]



Figure 1.3a) Portion of the spinel crystal structure, showing the possiblen_tonduction pathway
through the tetrahedral face ofasites (orange) into intermediate t8ites (blue); b) Simplified crystal
structure, orientated in the {111} plane, showing all possible Li positions spihel structure, which
form ribbons of empty edge sharing octahedra connected to tetrahedra via face sharing

5, M By | N

Ni (16d) Li(8c) Mn (12d)

Ni (4b)

Figurel.4. Structureand Liion diffusion pathway(as shown by the blue dashed liria)the spinel
LbNiMnsOs. @) disordered structure and b) ordered structyit®]

Ternary spinel oxides such ag\iMnsOgs are commonly referred to as complex spinels
due to the occupancy of tetrahedral or octahedral sites by more than onercitdj The
distribution of cations in these sites can be disordered or ordered for instance, a 1:3 (Ni:Mn)

ordering is observed inaNiMnz0s at low temperatures (<7500.[15] This 1:3 ordering leads

6



to a splitting of the octahedral (Ibor 16€c) site into two distinct sites (Wyckoff siteb 4nd

12d), and results in a relatively lower symmety32 space group, compared to the high
symmetryFdom space group for disordered spinel oxidésglre 14).[16] Differencs in the

cation distributions have been explained by factors such as site preference of cations,
electrostatic repulsion between cations and anion polarisatioe. the degree of
ionic/covalent bonding between anion and catidd$§)], [14] The degree of ordering in these
structures can affect the 4ion conduction pathway and therefore influence electrochemical
properties such as how fast a battery can be charged/discharged. A greater understanding of
how Ltion conduction pathways differ in these materials can help design new electrode

materials with improved electrochemical characteristics.

1.3.1. CrystalField Theory

The coordination environment of transition metals in many battery materials can contribute
significantly to the observed electrochemical properties, as previously discussed. Crystal and
ligand field theories can often be used to predict whatla transition metal will occupy an
octahedral or tetrahedral coordinatiofl7] Crystal field theory is an electrostatic model
which predicts that if a transition metal ion is in a crystal feeigl octahedral, or tetrahedral,

then thed orbitals are not degenerat i.e.not of equal energy. The model treats ligandgy(

OH) as point charges which create an electric field around the metal centre. This assumes
there is an electrostatic attraction between the ligands and metal cation as well as a repulsive
interaction between thed orbitals and ligand electrons; covalent indetions between
ligands and metal cations are not accounteddarbitals that point towards the ligandsd{#

and 3ix*-y?) are destabilisethecause of the repulsive electron interactionghilstd orbitals
in-between (2ixy, 3Ixz and 8yz) are stabilisedzigurel.5 summarises the energy difference,

Noct andiet, between sets ofl orbitals for a metal cation in octahedral and tetrahedral fields,
respectively. The magnitude pbctis determined by the strength of the crystal field and is

governed by the nature of transition metal, ligands, and oxidation state.
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Figurel.5. Crystal field splitting diagrams for spherical, octahedral, and tetrahedral fields. Adapted
from [17].

For transition metal cations with a*do d’ electron configuration the complex may be
high-spin or lowspin. In a higkspin arrangement all d electrons are unpaired, while in low
spin arrangementsy electrons may pair if the pairing energy is lower than the crystal field
stabilisation energy betwen sets ofl orbitals (bgand &). For example, Cd(d’) and C8&*(d°)

can both be in either high or low spin configurations depending on the ligands.

Ligand field theory is an extension of crystal field theory which incorporates covalent and
electrostdic interactions between transition metal cations and ligands. The ligand field
stabilisation energies (LFSE) 6ftal d'° electrons in higkspin octahedral and tetrahedral
systems are presented iRigurel.6. This indicates that%l d® and d° cations have no LFSE
and therefore no preference between tetrahedral and octahedral environments, whéadi
d® cations e.g. CP* and Nf* respectively, have the largest preference for octahedral
environments. Both ligand and crystal field theories aféen used to rationalise the
distribution of metal cations in the spinel structure. For example, in k@4rMn*3 (d*) has a
higher LFSE in octahedral sites compared to tetrahedral sites, thusQuitgla normal spinel
([LiTe [Mn2]°¢Oy). In LiNiV@ Ni%*(d®) has a strong preference for octahedral sites, whiie V
(d° has no LFSE effect and therefore the site preference will be biased on other factors such
as ionic radius. As a result®*\bccupies tetrahedral sites in the inverse spinel structure
([VTE[LINIPQs).
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Figurel.6. Ligand field stabilisation energies (LR&E)umber of d electrons for highpin octahedral
and tetrahedral configurations. Adaptdm [17].

1.4. Corduction Mechanisms

How quickly Lions can diffuse through a material is extremely important for the kinetics and
charging rate of LIBs. There are two main mechanisms by which ions can diffuse through a
material, via either (i) cation vacancies (Schottldefects) or (ii) Interstitial sites (Frenkel
defects),Figurel.7.[18] In the caseof cation vacancies, mobile ions can diffuse through the

lattice via randomly hopping into empty sites. For interstitial defects, mobile ions can either

hop into empty interstitial site (sites ibetween the lattice of ions) or by knocking adjacent

ions into empty interstitial sites and subsequently occupying the now ghagtice site. lons

within the crystal structure are trapped in their lattice sites until they can absorb enough
thermal energy to become mobile. The conductivityz 2 F | YIF GSNAIFf Aa NBf
n, charge, e, and mobility, y, of carriers yuation 1.5.The mobility of carriers is governed

by the diffusion rate, Dand activation energy of hoppings.E

. € Q (Equation 1.5
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Figurel.7. 2D schematic of ionic conduction mechanisms in NaCl and AgCl showing a) Schottky defects
and b) Frenkel defects. Adaptéam [18].

There is a temperature dependence on conductivity because ions require enough
thermal energyto activate hopping andbecome mobile. The relationship between

conductivity and temperature is given by the Arrhenius equatBegu@tion 1.6
~ .

Where, is conductivity, is the preexponential factorFais the activation energys) is the

Boltzmann constant and T is the temperature in Kelvin.

The activation energy of loaginge hopping is governed by the energy associated with
the formation of defects (feand defect migration (8. Figurel.8 summarises the variations
of conductivity with temperature. At high temperatures, intrinsic ionic conduction dominates,
and the number of carriers and mobility increases with temperature. The next stage is
extrinsic ionic conduction, which arises due tpdnts or impurities in the material. In this
case, the number of carriers is constant, and the mobility increases with increasing
temperature. A third stage can sometimes occur, whereby at even lower temperatures

defects of opposite charge can associatddrm defect complexes that are then trapped.
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Intrinsic (E; +E,,)

In o Extrinsic (E,,)

Defect association (E,, + Eg..)

T—l

Figurel.8. Summary of the general variation in ionic conduction with temperature. Activation energy

for intrinsic conduction is governed by the formation of defects (Ef) and defect migration (Em).
Extrinsicconduction is governed by defect migration and defect association is governed by defect
formation and association of defects with opposite charge. Adapted fid@h

For a high ionic conductivity (>1& cm') a number of requirements must be met:

1. There should be a high number of mobile idmsn is large.

2. Thereshould be an equally high number of empty sites for mobile ions to hop into.

3. Neighbouring sites (empty and occupied) should have similar potential energies
with a low activation energy for hopping between sites. the hopping windows
between sites shdd be sufficiently large to enable easy migration and ions
around the defect should be able to relax. The hopping window cannot be too
large, or the ions will need to travel longer distances which requires more energy.

4. The crystal structure should have apen framework or channels which mobile

ions can diffuse through.

Requirements one and two are related to the term-cjlwhere c is the concentration of
mobile carriers and (t) is the number of vacant sites. Thes-exponential factorin the
Arrhenius equation is proportional to ¢€). lonic conductivity will be low if the concentration
of mobile carriers and vacancies are loe. ¢ and (%c) is small. However, the conductivity
will be higher when there is an equal amount of vacant sitesraabile ions.e.cf (1-c). The
number of cation vacancies and interstitials can be altered via aliovalent doping to form solid

solutions. For example, substitng for a higher valence catignwill charge balance by

11



creating cation vacancies or intergit anionswhilst, substitutingfor alower valence cation
will generateanion vacancies or interstitialations[18] In the following chapterthe most
common battery materials are reviewed, with a particular emphasis on conduction

mechanisms within these materials.
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Chapter 2: Literature Review

2.1. Lithium-ion Batteries (LiBs)

The first iteration of the moderriLiton battery was commercialised by Sony in 1991,
consisting of LiCoQs the cathode, coke (coal product) as the anode and a lithium salg)(LiPF
in an organic solverds the electrolytgFigure 2.1]1], [2] Thisfollowed nearly two decades

of fundamental research into LIBs. The slow development of LIB technologies wtigs pa
attributed to the reactivity of Li metal and the thermodynamic instability of the electrdi$je
The opencircuit voltage (Mc) is constrained by theslectrolyte window i.e. the energy
separation (B between the lowest unoccupied molecular orbital (LOMand the highest
occupied molecular orbital (HOMO) of the electrolyte. As showkignre 2.2an anode with

an electrochemical potentialu§) above the LUMO will reduce the electrolyte; likewise, a
cathode with an electrochemical potentialf below the HOMO will oxidise the electrolyte.
These reactions can decrease the amount ebhs available for (de)intercaland2], [4]
Aqueous electrolytes are not $able in these systems due to the small electrolyte window

of 1.5 Vwhich wouldlimit the achievableenergy density and voltage.

In the 1970s, Whittingham demonstrated a rechargeable LIB with the layered
intercalation compound Ti&s the cathode, Li mekas the anode and lithium perchlorate in
dioxolane as the electrolytgs] However, these systems were not viableths voltage was
limited to 2.2 VsLIi/Li*. Li metalcanreact with the organic electrolyte forming a secondary
electrode interface (SElnade up of several Etontaining salts This SEI layer would
continuously breakdown and reform during subsequent charge/discharge cycles, reducing
the overall capacity. keven Li metal growth (dendrite€jan also deposit on the SEI layer, and
over time cargrow across the separatoresulting inan internal shortircuit[2] In practice,
the formation of an SEI layer can be beneficial as it can act as a protective ,=iojgring
further breakdown of the electrolytd-lowever jf possiblean SEI layer would not be necessary
as its formation reduces the available capaaif the battery.ldeally, Li metal would be used
as the anode material as it allows for the widest chemical potential difference and therefore
the largest overall celloltage[6] However, due to the safety shortcongs of Li metal, lithium
alloys were proposed instedd] These alloys could only survive a limited number of cycles
due to large volume changes and thus intercalated conmas such as pyrolytic carbon(s)

were developed8]
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In 2019 the Nobel prize in chemistry was awarded to John B. Goodenough, M. Stanley
Whittingham, and Akira Yoshino forng development of the lithiumion battery.
2 KAGOUAY3IKEFYQa O2yiNROdziA2Y 61 & | g NRSR RdzS
AYGSNOFEFGSR OFGK2RS YFGSNRFET D22RSy2dz3KQA
cathode material, which incread the voltage of LIBs from 2.2 V3d7 V (Section 12); and
C2AKAY2Q4a F2NJ GKS  OdyiblyticichrBoyhs tRefanodedrSteatl &f MEuin [ L .
metal in 1985. This substantially increased the cycle life and safety of LIBs; thus, it was the

first commercially viable Ligoduced[9]

The subsequent sections aim to give an ovew the main contenders for the

anode, electrolyte, and cathode materials in LIBs, with an emphasishaséd spinels.
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Figure2.1. Schematic of a lithiuAon battery, comprising of a graphite (&) anode and a LiCoO
cathode, separated by an electrolyte (LifFa noraqueous organisolvent)[2]
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Figure2.2. Schematic showing the relative energy separa{ig of an electrolyte, compared to the
electrochemical potential of the anod@4d) and cathodel{c).[2]

2.2. Anode Materials

The ideal anode material for LIBs would have the following characteristics: little to no volume
change during cycling, goodechanical stability, reasonable electronic and ionic conductivity
(>10% S cm?b), high volumetric and gravimetric capacity, low cost, and a low electrochemical
potential vs.Li[10] As previously discussed&éction 2.}, Li metal cannot currently be used

in LIBs due to the inherent safety concerns, although it is commonly used asraniaf
material for the majority of fundamental research in the afé§ [11] Current anode
materials are significantly safer than metallic lithium, yet they sacrifice capacity and have a
larger electrochemical potentials. Li. The main contenders cdoe categorised into three
distinct groups: intercalation materiaésg.graphitic carbon and 4TsO12, alloying metale.g.

Sn and Si, and conversion materials, suc8@®6s.[12], [13]

2.2.1. Intercalation Anodes
Intercalationtype anode materials are the most commercially successful employed in
LIB9.12] Duringcharge in a full cell, lithiuAons are inserted into the hostrsicture with little
volume change and therefore the basic structure of the host material is maintained. Graphitic

carbon can accommodate-ions between graphene sheets, enabling oneohi per six
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membered ring of carbon aton{kixG).[14] It is typically the anode material of choice, owing

to its many advantageous prepties. For instance, good mechanical stabiligasonable
electrical and Lion conductivity, availability, low cost, low electrochemical potenmlLi
(0.2-0.3 V)and low volume change during cyclingpn(10 %)[15], [16] Little to no volume
change is required to maintain the SEI layer which would otherwise consume rviores Li
leading to greater irreversible capacity loss. Although graphite displays excellent mechanical
and electrochemical stabilityt is limited by its relatively low specific capaci87Q mAhg

1).[16], [17] Graphitic carbon also limits the choice of electrolyte, as someesatd such as
propylene carbonate (PC) can intercalate between the graphene sheets, further reducing
capacity[18] Another drawback of graphitic carbon is its limitede capability;.e. how fast

the battery can be charged, due to the tendency for plating Li metal on the anode surface at
higher charge rates. This can lead to SEI breakdown, resulting in capacity loss and safety
concerns due to the potential for the tiary to short circuit as Li metal continues to grow

across the separator during subsequent cy§ieq

LuTEO12(LTO) has beetleveloped as an anode materiaithin LIBs due to its greatly
improved safety characteristics over other candidateBO crystallises in the normal spinel
structure: a closgacked array of ®anions with tetrdnedral & sites fully occupied by-ons
and octahedral 16 sites also fully occupied, one sixth withidns, with the remaining five
sixths with Ti*. The LTO spinel structure has several empty tetrahe@abOd 48) and
octahedral (16) sites which enable lithium to be insertef@0], [21] During ithiation
(dischargevs. Li), a solid solution between the two end membéisls012 and Li7TsO12 is

formed in the bllowing reaction:
[Lilea L3 T3] 16d[Oa]32e + 3LT + 3€ A [Li]16dLii/aTi/3]16dOa)32e

The additional Lions cause a shift in lithium occupation from tetrahedralt8 16c
octahedral sites, due to the small interatomic distance between lithium sites @)f11]c
[23] Toaccommodate the additional lithiusons three outof five Ti atoms are reduced from
Ti*to Tf*and a phase change occurs from thgtor spinelLiTsO12 to the Lirich rocksalt
LrTsOw2 (Figure 2.3). Theorresponding volume change is negligible,cat 0.2¢ 0.3%,
compared to approximately 10 % for graphilee to the very similar lattice parameters
between endmembers[20] LTQalso displays a flat voltage plateau at 1.5 V and is capable of
fast (dis)charge rateS.he higher potential/s. Li meanghere is little to no SEI or dendrite
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formation oncharging[24] Whilst this enables an extremely large cycle life, it also means that
the overall cell voltage is lowgeat ca. 2.5 Vcompared the to 3.7 V obtained when using
graphitebased anodef?4], [25]The main disadvantages of LTO over other anode candidates
are its low electronic conductivity (<30S cm') and relatively low theoretical capacity (175
mAh g1).[21] To overcome its poor electronic conductivity, research has focused on
fabricating LiTEO12 nanoparticles and carbebased surfaceoatings[21], [26], [27]These
research efforts have enabled L'b@sed anodes with extremely fast charg rates, e.g. a
specific capacity of 158Ahg! was observed on charge at ar&le of 50C for 20 nm sized

LTO nanopartiels[26]

16d site  8a site

16d site  16c¢ site

(@) (b)

Figure2.3. Crystal strature of a)spinel LiTsO12and b)rocksalt LiTsO12. Li and Ti atoms on octahedral
16d sites are shown in green and Li atoms on tetrahedeaai®d octahedral 16sites are shown in
yellow][21]

Anodematerials based on the inverse spinel structure have also been demonstrated
with the general formula LIMVO(M = Ni, Cu, Mg andn)[28]¢[30] The inverse spinel
structure can be described as a close packed array?oénidns with Li and &t cations
distributed randomly over octahedral t8iteswith the tetrahedral & sites occupied by %
ions. For example, the compounds LiMgnVQ: (x = Oto 1) were investigated by Uyaned
al. as anode materials due to the potential of a two electroA”¥ redox process.
Compositions withx = 0 displayed an initial dischargéh(lation) capacity ota.581 mAhg?
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and an operating voltage aofa. 0.8 Vvs. Li. The subsequent charge (tlelation) was,
however, significantly lower ata. 200 mAhg?, suggesting a large irreversible reaction had

occurred[30] The proposed overall reaction mechanism can be described by:
[Vo*gp[LiM]16cOa + 2L1T + 26 A [Lilsb[LiVP*]16d[LiM]16cOa

The large irreversible capacity loss was attributed to vanadium being unable to be
oxidised back to ¥ during delithiation; instead, a orelectron process occurs in subsequent
cycleg30] For compounds containing Zn, the rocksphase (LZnV)O was observed
alongside [Lg[LiVP*]1ed[LiM]16cOs Using exsitu %ray powder diffraction, resulting in the

reaction mechanism:
[Li]tet[Li\IB+]oct[LiM]octo4 + XL|+ + Xe" A X(Lh,zn;),Vc)O

This reaction mechanism differs from LTO atiger normal spinels, with vanadium
cations shifting from tetrahedral to octahedral sites to enable Li diffusion through 8
tetrahedral sites to 16 octahedral sitesKigure 2.4)followed by a conversictike mechanism
(Section 2.2.3)The formation of tle rocksalt phase enabled significantly larger capacities with
increasingx, up to 1008mAh g? for x = 1. However, the formation of this phase was also
suggested to cause poor capacity retention (ca. 42 % after 30 cycbes figrdue to isolation
of active material from the conducting carbdB0] These materials were only measured for a
limited number of cycles with a slow charge/discharge rat8.606 (Q30] Their practical use
is also limited by the large irreversible capacity loss seen during the first cycle. Nevertheless,
they are promising anodes due to their lower operating voltageLi and slightly larger

capacity compared to LTO.
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Figure2.4. Reactbn mechanism of the inverse spinel LiZa¥@ode durindithiation.[30]

2.2.2. Alloying Metals
Si and Sn are examples ofetals which can form alloys with lithium and havelow
electrochemical potential, as well aextremely large volumetric and specific capaciti8s
has an operating voltage range of @.0.4 Ws.Li and a theoretical capacity ca.4200mAh
g?l. Meanwhile, Sn has an operating voltage®{0.4 V and a theoretical capacity of 96@&h
g1.[10], [12], [31]Theyact as anode materials via an alloying mechanism, where during
lithiation, they can react with tions to form various lithiunbased alloys such ag4Si7.[32]

This process cdoy described by:
M + xLf+ xe A LiM (M = metal)

Both Si and Sn suffer from huge volume changes during lithium insex#f0 and
255 %, respectively)which results in loss of contact between the electrode/electrolyte
interface[15], [25] Thiscan damage the SEI laydéeading to greater consumption of the
electrolyte and Lions. The huge volume change during cycling means these materials have
low coulombic efficiacies and poor cycling stability, thus severely limiting their commercial
application. For example, Si powder has an initial coulombic efficiency ofad§ % during
the first charge/discharge cycle, which continues to decrease during subsequeas]33]
To overcome thseissues, carbon composites with small additions of the alloying element
have been investigated to increase cyde.[|L3], [34], [35]Thesenanocomposite materials
can accommodate large volume changes during cycling, resulting in gcagicity retention

over time (up to 97 % after 1000 cydld4 3], [35], [36]As a result, Si/carbon nanocomposite
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materials are seen as thaext generation anode materials, offering improved specific

capacities (up to 50mAhg?) over their graphitic carbonounterparts[37]

2.2.3. Conversion Anodes
Many transition metal oxidesan react with Lions and are potential anode materials. The
mechanism differs from imtrcalationtype metal oxides such as LTO, where the basic
structure is maintained, and instead follows a convergigge mechanism which can be

described by the following process:
MxOy + 2yLT+ 2ye A yLbO +xM (M = metal)

During lithiation, the metal oxides are reduced to metallic clusters which are
surrounded in a kO matrix. During delithiation, the process is reversible, and the metallic
clusters react with kO to reform the corresponding metal oxifiél] Example®f conversion
type anodes include CuO, g, FeOs/FesOs and MrsOs, many d which are based on the
spinel structurg38]¢[41] Themain advantage of these materials over intercalattgpe are
their high theoretical capacitye(g.CuO = 674nAhg?, CaOs = 890mAhg?! and FeOs = 1007
mAhg?). However, a large hysteresis in the voltage during cycling is obserye@a0s has
an operating voltage of 1.1 V and 2.¥3/Li during lithiation/delithiation, respectively (Figure
2.5)[31], [40] The overpotentiakignificantly limits the capacity and thus the energy density,
alongside columbic efficiencycd. <70 %). This is due to a large irreversible capacity loss
observed during the first cycle, as not all theOLcan be oxidised on delithiati¢a0] Like
alloyingtype anodes, strategies such as lowering thetipke size (increasing surface area),
multiphase composites and thin films have been implemented to increase cycling
stability[13], [31], [41]However, these are yet to produce a high capacity anode with the

cycle life required for commercialisation.

22



Voltage(V)

T v T v T v T T T T
0 200 400 600 800 1000 1200

-
-

Capacity(mAh/g)

Figure2.5. Charge/discharge curves of {0a vs Li, demonstrating the large overpotential seen in
conversion anodes duringycling[40]

2.3. Electrolyte Materials

The choice of electrolyte used in LIBs greatly influences the operating voltage, power density,
cycle life and critically, the safety parameters in these systems. The safety aspects of LIBs are
frequently governed by the chemical stability (electrolyte window) of the electrolyte used,
especially since it is in close proximity with the electrodes. As such, advances in new cathode
and anode materials are often limited practically by their compatibility withrent
electrolyte materials. These compatibility issues have led to more attention being placed on
the choice of electrolyte, but it is imperative that cathode, anode, and electrolyte materials

be developed in tandem to overcome the challenges associatédLIBs.

Electrolyte materials are typically classed into three main groups: organic and
inorganic liquids, polymers, and inorganic so[#i2]c[44] Regardless of the type, several

criteria must be fulfilled for practical viability:

1) A large electrolyte window, and thus thermodynamically stability in contact with

the electrodes used
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2) Kinetic stabiity if the electrode potentials lie outside the thermodynamic stability
range

3) lonically conductive, i.e. an ion@nductivity, i 103 S cmtat 25°C

4) Hectronicallyinsulaing, i.e. an electronic conductivity, <10%°S cm' at 25°C

5) Chemical and mechanicalstability over an operating temperature range of
typically-20 °Cto 60°C

6) Preferably materials that are non-flammable, nortoxic, whilst also being

sustainable and relatively cheap to fabricate.

Meeting allof these conditions dmonstrates why the development of new electrolytes is

such a challenging task.

2.3.1. Organic and Polymer Electrolytes
Depending on the required properties, the organic electrolyte is typically comprised of the
lithium salt, LiP§ in acarbonatebased solvent mixture of ethylene carbonate (EC) and either
propylene carbonate (PC), dimethyl carbonate (DMC), ethyl methyl carbonate (EMC) and/or
diethyl carbonate (DB@42] The most common blend used in commercial LIBs is a 1:1 molar
mixture of EC and DMC. Lithium salts are highly soluble in the cyclic carbonate EC and more
importantly, EC enables the formation of teelid-electrolyte interfacelayer. DMC is a linear
carbonate used for its relatively low viscosity, which results in bett@rLdiffusion due to
the lower activation energj43], [45k[47] The combination of theselectrolyte solutions can
give ionic conductivities betweenB) mS cnt and is one of the main reasons they are still
widely used today. Despite this, carbondiased solvents and lithium salts have several
drawbacks; they are volatile and highly flammegblthe ionic conductivity can drop
significantly below15 °C limiting the operating temperature range; whilst the lithium salts

used are expensive aridxic[46]

The most common electrolyte solution of 1:1 EC and DMC (generation one) is
thermodynamically stable with current commercial cathode materials however, this is not the
case on the anode side. To enable the use of graphitic carbon as the anode, a pasSkhting

layer must form for the electrolyte to be stabl&dction 2.2.1 During this process,

F LILINREAYLFGSEE@ wmn 22 2F GKS ol dGSNEQa OF LI OA (¢
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impede Liion mobility. Nevertheless, the SEI layer provides kinetibilgtavia enlarging of

the electrolyte window thus, preventing further chemical reactions between the electrolyte
and electrodeg17], [48] The main drawback with carbonatbased electrolytes are their
relatively low operating voltage stability. Generation one based electrolytes are unstable
when charging above 4.5%.Li; generation two (1.2 M LiPk 3:7 EC/EMC) increased the
stability to 4.9 Vvs. Li however, this is still incompatible with many high voltage cathode
materials, with cells made using materials that operate at high potentials still suffering from
significantly limited cycle liféSection 2.44).[49], [50]

Over time, the lithium salt can also undergo chemical side reactidoRB.can decompose
to LiF and RfFwhich are involved in surface reactions on the anode, disrupting the SEI layer
The decorposition product, Pfcan react with water or carbonate solvents to releasePF
and HFHF cartheninteract with the cathode, leading to reductiein capacity, cycle lifas

well as additional safety conaes[45], [48], [51]

Polymer electrolytes can be treated as composite materials consisting of a polymer such
as polyethylene oxides (PEOs) and a lithium coirtgirsalt (LiP§f or inorganic solid
electrolyte. They have the advantages of being-tmst, less toxic and display good chemical
stability and mechanicgdroperties[43], [52]Unfortunately, they are poor {ion conductors
at room temperature and have yebtbe implemented intdLIBg53] Confusingly, systems
based on saalled lithium polymer batteries (LiPaje already a commercial reality. These
use polymergel electrolyte materials that can be described as hybrid systems which aim to
exploit the advantages of both solgblymer and organic carbonate electrolytes. Polyrget
electrolytes use a microporousambrane separator and are infused with liquid electrolytes
to form a gel Figure 2.6]3] Unliketheir solid polymer counterparts, they offer comparable
ionic conductivities to carbonatbased electrolytes, whilst also offering additional benefits
such as fleility, lightweight, and lower the chances Idakage54] The nature of these
hybrid systems means that they also exhibit many of the same disadvantages as organic
carborate-based electrolytes such as flammability, continued capacity loss and reduced
mechanical properties compared to solid polympt8], [53] LiPo batteries are used
extensively in portable devices however, ongoing incidents for example, the Samsung Note 7
recall, reignite the debate around the safety of these systems and highlight the growing need

for new, safer electrolyte materia]42], [55]
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Figure2.6. Schematic of a commerciakibh polymer battery that is used within portable devices.
Adaptedfrom [3].

2.3.2. Inorganic Solid Electrolytes
Inorganic solid electrolytes can potentially solve many ofgh@blems previously discussed
concerning liquid electrolytes. The use of a solid electrolyte with a wide electrochemical
stability window would enable Li metal and high voltage cathode materials (> 4.5 V) to be
used, thus improving many performance chagadtics for instance operating temperature
range, cycle life, power output, energy density, and capacity. A wide electrochemical stability
window would also eliminate the need for an SEI layer (assuming Li metal dendrites do not
form).[56] In addition, solid electrolytes present other advantages in terms of overall design
and safety of LIBs when compared to their liquid and polygedrcounterparts; they would
remove the need for a separatatherefore simplifying cell design, whilst likewise creating a

battery that is durable, leakage free and ntlammable[4], [54]

The main ceramic materials under focus are LISHE&3Ed, NASICObased, perovskites,
and garnettype Liion conductors. Ceramigased electrolytes meet many of the criteria
outlined inSection 2.3However, the general ongoing challenges include, relatively loonLi
conduction, electrode/electrolyte interfacial retasce, volume changes during cycling, and
difficult synthesis conditions (particularly for sulphur and habdataining electrolytes, as
they arereactive under ambient conditions). Reported room temperaturshiconductivity
ranges for many common cearac electrolyte structural families are presented in Figure

2.7[54], [57K[62]
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Figure2.7. Total ionic conductivity for many of the most wkilown structures under investigation as
potential solid electrolyte material®b9]

2.3.2.1 LISICONSs
The Lithium Supelonic Conductor (LISICON) family were first describetidnyg for the
compound LixZnGeOies, and later by Brucet al. for the solution solid ki2Zn«GeQ.[63],
[64] LISION compoundsadopt a three-dimensional (3D) framework structusgmilar to -
LePQ, with all cations located in tetrahedraltes (Figur®.8).[65] Mobile Lrions can diffge
between LiQ tetrahedra andoctahedral interstitial sites. 14ZnGeOss exhibits a high kibn
conduction of 0.125 S chat 300 °C however, the-ldn conductvity isonly 1 x 10’ S cm' at
room temperature[57], [59], [63]Phosphorus\ y-LEPQican be substituted by Si, Ge or V to
create the solid solution 3:kY1%04, (x= Si, Ge and Y =V, P)e excess Li, required to charge
balance, occupynterstitial octahedral sites anthcreags the Lion conductivityin these
systemsthe highest of which is seen for the compound,sGe eVo.40s (4 x 1 S cmtat 25
°C)[66] Besides their relatively low condtivity, LISICON materials are reactive with lithium

metal and CgQ limiting their usage in LIBS8]
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Figure2.8. Crystal structure of the Lithium Super lonic Conductor (LISICQKNG&O;6. Li atoms at
shown in red, with Zn£and GeQtetrahedra in blue and yellow, respectiydb5], [67]

Replacing oxygen for sulphur in LISI&@ked materials has led to the biggest increase in
Lron conduction. The thilISICON family of materials can achieve conductivities comparable
or even higher than current organimsed electrolytes (e.g.16GeBSy2, 1.2 x 1 S cmt and
Li.2sGey 25P0.75%, 2.2 x 16 S cm' at roomtemperature)[68]¢[70] Although, Ge is expensive
and can be reducedtdow voltages (between 1.7 and 1.6 [VL] Attempts to substitute Ge
for Sn or Si can give conductivities as high as £81n.[61], [69], [72]The main drawbacks
to thio-LISICON materials are: They are unstable in air (decomposiogn toxic HS), they
can cecompose at cell voltages above 4 V gldereactiorswith the cathode), and many can
react with lithium metal to form a mixedonductive SEI layer which continues to grow during

cycling, leading to a potential short circ{#6], [59], [62]
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2.3.2.2. NASICONSs
The Sodium Super lonic Conductor (NASICON) term was first given to the solid solution
Naw+ZRSikP 112 by Honget al.in 1976[73] Theend-member, NazZiP;O12 consists of corner
sharing P@tetrahedra and Zr@octahedra. There are two interstitial sites, with Na ions fully
occupying one, and the other remaining empty. Replacementoby St* and Nd causes
excess sodium to partially fill empty interstitial sites, shortening thehdaping distance and
enabing a 3D conduction pathway. The lithium analogu®k(PQ)s (where M = Zr, Ti, Ge
and Hf) likewise adopts a NASICicaework, Figur.9.[67], [74]However these materials
display low total (bulkad grain boundary) conductivitgd.107 S cmt at 25°Q due to high
grain boundary resistance and difficult sinterimgnditions[57], [74], [75] Creating Li
interstitials via substituting Tiions for lower valance cations e.g3%las a pronounced effect
on ionic conductivy, with Li 3Ak.3Ti.2(PQ)s exhibiting the highest conductivity of 3 x1&
cntt at 25 °C for these materialg6] Unlike sulphwbased electrolytes, NASIC@kised
materials are also typadly stable in air and water. Nevertheless, they cannot be used with

lithium metal due to the reduction of Fito T* during cyclind77], [78]

Figure2.9. Crystal structure of the Sodium Super lonic Conductor (NASICONR QiM(where M =
Zr, Ti, Ge anHif)[67], [74]
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2.3.2.3. Perovskites
Materials based on the perovskite structure (ABkave been widely investigated in the selid
state community and are used extensively in applications such as capapitzrselectrics,
solar cells and oxygetonductors in solid oxide fuel cells. Thesife deficient perovskite,
Lib.sda s51TiQ.04 currently exhibits the highest bulk-ldn conductivity for perovskitdased
materials (1 x 1S cm' at room tempeature)[79] The structure consists of Li and La on the
A-site in a 12fold coordination and cornesharing Ti®@in the Bsite (Figure2.10).[67] The
high bulk Lion conduction makes {containing titanate perovskites a promising class of
materials for use as a solid electrolyte in LIBs. Despite this, these materials have several
disadvantages such as low totalidm conduction (7 x 1S cm') due to grain boundary
resistance. They also require high sintering temperatures (>TZ)0 which can lead to
difficulties in controlling the lithium and oxygen contdB0] Ticontaining perovskites also

cannot be used with Li metal for the same reason asa$ed NASICON structui@d], [82]

Figure2.10. Crystal structure of the -Aite deficient perovskite, (La/mi).[67]
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2.3.2.4. I-stuffed Garnets
Listuffed garnets have been under extensive research since their discovery in 2003, owing to
their high Liilon conductivity between10®to 10° S cm' at room temperature) and stability
with Limetal[83] The ideal garnet with a general formulagBfG012, can host a range of
elements with Asite ions typically being group two alkali earth or rare earth elemeat. (
Ca, Mg, Y or La), in an eightd coodination; Bsites are typically +3 transition metal ions
(e.g.Al, Fe, Ga, Ge, Mn, Ni or V), in afel@ coordination, and Gite ions are either Si, Ge or
Al in a fourfold coordination[67], [84], [85]Lithiumbased garnets can also incorporate many
different elements onto A, B and C sites. Figure Bighlights the compositional variation in
Libased garnet with cation substitution. In-dtuffed garnets excess lithium can occupy
mobile octahedral sites (Figure 2.12) which contribute to the high ionic conductivity ceeen,
10“to 103 S cmt at 25 T[85]

YSAISOIZ (ASBSOIZ)

| (doc)s(oct),(tetra),0,, (AsB,C;0y)) |

SAP' =» 2M¢'+3Li"
3y» => 3Ln™

| LisLng*M,#0,, (M* = Te, W); (Ln*'=Y, La, Nd) |

3Ln* = 3La*
2M¢t =>» 2M5*+2Lit

| LisLa;M,5*O,, (M5 = Ta, Nb, B, Sb) |

3La* = 2La*+M"™*+Li*
2M5' =»2M4+2Li"

LigM'2*La,M, 5* O,,(M"*= Ba, Ca, Sr) |

| Li;La,M,*0,, (M* = Zr, HF, Sn) |

Figure2.11. Evolution of Lstuffed garnets with cationisubstitution[84]
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(b)

Figure2.12. Qystal structure of a) an ideal garnet structureB:012(A = rare earth element, B = Te
and X = Li) consisting of ABQ and XQunitsand b) a L-stuffed garnettype structure, lsLaM>0x2,
(M =Ta, Nb, Bi or Sb) consisting of,Li@, La@ and MQ units[67]

Liz phaseswere first reported in 2007 by Murugaet al. by substituting Z¥* for M>* ions
in LsLaM2012 (M = Ta, Nb) to gived&Zr012 (LLZOJ86] Initial fabrication of these materials
reported a cubic kstuffed garnet structure and the highest conductivity in the garnet family
of 7.74 x 18 S cmt at 25 °C, up to this poij86] Cubic LLZO was synthesised at 1230 °C for
36 h, withtemperatures below this producing tetragonal LLZO. The tetragonal phase exhibits
a bulk ionic conductivity two orders of magnitude lower than its cubic counterpart (1.63 x
106 S cmt at 27 °C)[87] The lower Lion conductivity was attributed to numersureasons
for instance, lower densities and the differenbetween the occupancy of -ions within
tetragonal and cubic LLZO. Thmaain strategies have been adopted to stabilise the highly

conductivity cubic LLZO phase: 1) partially replacingiti 3+ metal ions to form the general
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formula, Li.sMxLaZrO12 (M = Al, Fe or Ga2) substituting Z¥ for 5+ metal ions to form the
general formula, kkLaZr«MxO12 (M = Ta or Nband 3) substitution of ZAfor 2+ cations to
form the generaformula LixlazxMxZr012 (M = Ba, Ca or S§4], [88k[93] To date, the
highest room temperature ion conductivities have resulted because of these strategies, for
example lss aZn 4Ta 6012 (1.0 X 16 S cmtb), and LdsdaZrGa.15012 (1.3 x 16 S cm').[89],

[92], [94]

Despite the high ionic caluction seen, Lstuffed garnets face numerous challenges to
overcome before they can be used as solid electrolytes in LIBs. They can undergo proton
exchange (HsO'/Li*) and C®@ absorption when handled under ambient atmospheres,
substantially reducing levels ofibn conductivity[67], [84], [95]CQ absorption can also lead
to LiC@formation on the surface of pellets which greatly increasésrfacial resistance with
electrode materials during charge/discharge. While they are not reduced.ibgetal,
dendrites can form leading to safety concerns and limited cycle life. Finally, like nizasedi
ceramics, they require sintering at high tempaures (>1000C) for up to 36 hours which can

lead to difficulty in controlling lithium content and unwanted secondary ph§36k.
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2.3.2.4. The Complex SpinelNiGeOs
Numerous spinel structured materials have been considered for both the cathode and anode
(e.g.LiNb.sMnosOs and LiTsO12). Many of these spinedtructured electrodes exhibit little to
no volume change during cycling. This gives the possibility-spiakl solidstate batteries
with excellent latticematchingif a solid electrolyte material with the spinel crystal struetur

could be develogd.

Some such materials have indeed been investigated such as the complex spinel,
LbNiGeGs.[97], [98] Complex spinel structures have the general formula A@. These
phases allow tetrahedral and/or octahedral sites to be occupied by more than one cation.
Octahedral sites exhibit a 1:3 cationdering, which causes a splitting of the octahedral site
in normal spinels into two separate octahedral sites (Secti8n Complex spinel phases may
also have cation mixing between octahedral and tetrahedral sites, to give the general formula
(Lb-vMv)® (AYM 1.y)°1o a %6¥05.[99] Several lithiurrbased complex spinels have previously
been reported with the general formulahia 0 ¢ KSNBE a ' a3dz [/ 23 bAXZ
Ge or Mn). Examples of normal and partially inverse complex spinelsAli&&0s and
LbZnGeCs, respectively. bNiGeOs was previously reported with moderate -ioin
conductivity ofca.107 S cmt at 60°C, and rucially is not redox active up to 5[%9] At room
temperature, the crystal structure fdrbNiGeOg consists of lithium in tetrahedraldSsites,
nickel and germanium onbdand 121 octahedral sites, vt oxygen split over 8and 24 sites
(Figure 2.13)99] ReevesMcLarenet al. used variabléemperature timeof-flight neutron
powder diffraction (ToRD) to investigate the conduction pathway aiNi{5eQs, finding the
addition of a second Li site (d®ctahedral site) at high temperatur¢87] The conduction
pathway was proposed to be a 3[@-82d-8c hopping mechanism (Figure 2.18)] Further
computational work by Nakayamet al. confirmed the activation energy for this hopping
pathway was lower than others proposed and therefore more liked@] On the other hand,
LbZnGeOs exhibits extremely low Hon conduction. This is because zinc isZhGeOs
partially occupies @tetrahedral siteq[Li/ZnJeBLi]°?“[Ges]°°4Og) that block the 8-12d-8c
pathway for Lion to migrate through, thus a more complex mechanism is required that limits

LHon conduction[97], [99]

If the Ltion conductivity of theseomplex spinel phases could be improved, then they

may be utilised as solid electrolytes in LIBs or in composite materials with a fagter Li
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conducting electrolyte. This would help minimise interfacial resistance between the

electrode/electrolyte, whib many materials currently suffer froftt01]

Figure2.13. Crystal structure and 3D migration network in the complex spiidiX:Os (X = Gg[100]

Figure2.14. 8c-12d-8c conduction pathway in the complex spinebNiGeCs.[97]
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2.4. Cathode Materials

Since the commercialisation of LIBs in 1991, the development and understanding of cathode
materials have arguable seen the most improvement, compared to their anode and
electrolyte counterparts. This is partly due to the cathode oftembehe limiting component

of full cells in terms of capacity, energy density aydle life[45] The main contenders are
often drawn from a small number of structural families that includlielayered transition
metal oxides, 2) kich metal oxides, 3) OliviAlgpe and4) spinelbased structures. These
materials all consist of a host framework, which enablei®nis to shuttle irRbetween the
framework during charge/discharge. Research into stdtthe-art materials have focused of

improving operating voltage, capacityycle life and safety aspects.

2.4.1. Layered Transition Metal Oxides
The layered transition metal oxide famiyMQ (M = Co, Ni, Mnjvas first proposed by
Goodenoughet al. in 1989[102] This new family of materials resulted in LIBs with higher
voltages (3.7 V) and energy densities (130 W h/kg) than previcaly seer{4] The structue
is comprised of a cubic clogacked anion array, @), with cations (Li and M) occupying
octahedral sites in ordered alternating lay¢i€3] During cyclinglrions can diffuse via a
two-dimensional conduction pathway, in which they can hop into adjacent octahedral sites
through empty tetrahedral sites (Figure 2.15).xCioQ hasa theoretical capacity of 27®Ah
g?! however, its specific capacity is only fhafl this atca. 140 mAh ¢ in practice[2], [104]
Attempting to extract more kA 2y 4> 06S&2yR E x nop=z fSIRa G
rhombohedral to monoclinic crystal structure. Over timestbtructural change can result in
cracking and other defects of the electrode matefi#)5] Besides capacity loss over time,
delithiation greater than x = 0.5 can cause oxygen gas evolution, whictheanmeact with
the organic electrolytegenerating heat and leading to thermal runaway in extreme cé&es.
The use of cobalt means these materials are often toxic aperesive to produce due to
O2o0lfQa dzyadlofS IyR fAYAGSR &adzllllf ed ¢KSaS
due to the rapid growh of electric vehicle§106] Attempts to transition to the lower cost and
more environmentally compatible LiNi@ere unsuccessful due to mixing between Li and Ni
layers during synthesis and cycli2®], [104], [107]This interlayermixing blocks Lion

diffusion, thereby limiting capacity, and cycling performance. Lildi€b suffers from low
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thermal stability and ordered layered structure can be difficult ynthesisg108] The
manganese analogue, LiMpQnhas greatly improved thermal stability although, it also has
several drawbacks such as being difficult to synthesise in its layered form, converting to the

spinel LiMaOs on charge ad interlayer mixing between Mn and Li lay§t94], [109]

Figure2.15. Two-dimensional Lion conduction pathwayshown by the yellow arrows) the layered
transition metal oxides LIMM = Co, Ni, or Mn).4ion (purple) can diffuse through the lithium layers
via hopping into adjacent octahedral s[tE03]

Layered transition metal oxides have been studied extensively, with researchers
endeavouring to combine the various strengths of Ni, Co, and Mn whilst minimising the
drawbacks (Figure 2.16)04] Doping with Mn has been shown to improve thermal stability,
higher Ni content increases discharge capalegwever, it also leads to larger volume changes
and cracking, reducing cycle Iftel0] Despite the increase in cost, Co stabilises the ordered
layered structure, preventing intermixing of cations within individual layers as well as
improving rate performancg25], [111], [112]These efforts have led to compounds such as
Li[Nk3Ca/sMn13]O2, commonly referred to as NMCL1 or NME333, which show improved
thermal stability and specific capacity (up to 170 mAH) gover their LIMQ
counterparts[104], [113]More current research has focussed on reducing the reliance of Co
in NMC, while increasing Ni content due to the higher discharge capacities seen (> 200 mAh
glinNMG811)[114]Other strategies include doping with small amosioit non-redox active

cations such as Al in an effotb minimise interlayer mixing and increase structural
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stability.[111] For example, Li[NssCa.15Ab.0502 (NCA) has a dibarge capacity of 199 mAh

g!and has been successfully commercialifEi#]
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Figure2.16. Summary of the effects of dopants in the layered transition metal oxide, NMC. The
numbers in brackets indicate the Ni, Mn andf@etionalcontent, showing that Mn governs thermal
stability, Ni discharge capacity and Co capaeitgntion.[104]

2.4.2. Lirich Cathode Materials

Lirich oxides are seen as some of the next generation cathode materials due to their large
specific capacity, in excess of 25@&h g, with average discharge voltagesazf. 3.5 Vvs.
Li/Li*.[104], [115], [116]trich oxides have the generaliM1.xO> (M = transition metal) with

a Li/M ratio greater than we. They are typically classified into two groups: layeredchi
oxides €.g. LbMnQO; and LiRuQ) and disordered kich oxides €.g. LuMn2Os and
LbVOF)[117]¢[120] Layered Lrich oxides adopt a similar structure to LiM@M = Mn, Ni or

Co), where additional iions partially occupy the transition metal layer. In contrast, all cations

are randomly distributed in disorderedHlich oxides, Figure 2.1116]
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Figure2.17. Structure of L-rich oxides a) ordered b) disoramt[116]

Layered Lrich oxides tend to display greater cycling stability and higher discharge
voltages, whereas disorderedich oxides tend to show highepecific capacitiefl16] The
larger observed capacity seen in these materials, compared to their layered transition metal
counterparts, is due to their ability to undergo anionic?(@,%), as well as cationic redox
reactions. These redox processes are typically observed in charge/discharge voltage profiles
by a smooth slope below 4.5 V, followed by a voltage plateau between 4.6 ¥ during the
initial charge. On discharge, a single slope is typically seen from 4.6 to 3 V, Figyfe2]18.
CKAAa KAIKEAIKGQA 2yS 27F UK Sichxdthdde matdrigls dyigi OK I f
to voltage fag@ over subsequent cycles, reducing energy density. Additional drawbacks
include capacity fade and low initial coulombic efficiency due to irreversible structural

changes and severex@ss, which currently limits their commercialisatifi.6]
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Figure 218. Charge/discharge voltage profile of the layerediith oxide LiNio2Mno ¢, highlighting
the challenge of voltage fade intich cathodematerials[121]

2.4.3. Olivinetype Cathode Materials
Olivinetype materialsi K S 2 NB G A O f mAD 1), it detretal férmuia i PQM
= Fe, Mn, Co and Ni) are promising cathodes due to their potential use in applications
requiring highpower density and thermal stability e.g. electric vehidEa2]¢[124] The
olivine-type structure consists of a distorted hexagonal clpaeked framework in which™Li
and MP*ions occupy octahedral sites, witf*Bh tetrahedral sites, Figure 2.J925] Li* ions
can only travel though onedimensional (1D) tunnels, which together with the lack of a
continuous network of M@octahedra, results in low electronic and ionic conductijii®4],
[126], [127]This is one of the major drawbacks of this class of materials. Of the different
olivinetype materials LiCoR@nd LiNiP@are considered high voltage cathodes, oparg
at 4.8 V and 5.1 V respectively. LiMnR@d LiFePfoperate at lower potentials of 4.1 V and
3.4 V, respectivelfl24] The higher voltage of Co and-Niivine materials enables larger
energy densities, though these are currently incompatible with current organic electrolytes,
limiting cyclelife and practical used.24], [128]Likewise, LiMnP£has a higher theoretical
energy density tha LiFeP@but suffers from lower electronic conductivity (reducing rate
performance) and capacity fade over time due to structural changes caused by the presence
of Mn®* and associated JakFeller distortions, which limit {ion diffusion at the

LIMNPQ/MnPQ interface[128]
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LiFeP®has received the most attention due to ltsv toxicity, low costinclusion ofhigh
abundancematerials and excellenthermal stability[126], [129]Despite the lower energy
density compared to other oline-type materials, LiFeRMas the highest electronic and ionic
conductivity and is the easiest to prepare. Since its conception, researchers have focused on
improving its electrochemical properties via carbon coating, reduction of particle size and
partial cation or anion substitutiofi26], [130f[134] LiFeP® has been successfully

commercialised in applications that require long cycle life at moderate vol{dg<s.

Charge

Figure 219. Structure of Olivingype LIMPQ(M = Fe, Co or Ni) during charge and discharge, showing
Lkion in green, M@octahedra in blue and R@etrahedra in purplgl123]
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2.4.4. Licontaining Normal Spinels
LiMnOs wass first reported as a potential cathode material in 1984, with a theoretical capacity
of ca. 148 mAh gt.[135] It benefits from many of the same safety, cost, and environmental
factors as LiFeRQwhilst operating at a slightly higher voltage of 3.9 V vs*l[iB6], [137]
LiMnOs adopts a cubic spinel structure (SectioB)1which enables ions to follow a three
dimensional conduction pathway through empty cl6ctahedral sites, adjacent to their
typical & sites, before migrating on to the next tetrahedral site forming arl8c-8a route
(Figure 2.20). LiM®s was successfully commercialised in the fgenheration electric
vehiclese.g. Nissan Leaf. Nevertheless, Li®a suffers from significant cap#ty loss over
time at elevated temperatures due to 1) disproportionation of ¥tto Mn?*and Mrf*and 2)
JahnTeller distortion of MA*ions. The Jahiteller distortions can cause a phase transition
from cubic to orthorhombic; while Mt can react with tle electrolyte and SEI layer in side
reactions that consume {ions, thus reducing capacif$36]c[138] Partial substitution of Mn
with other transition metal ions to form LiMaMxOs (M = Ni, Fe, Cr, Cu and Co), Table
can limit the disproportionation reaction and improve cycle life, whilst also inorgabe
operatingvoltagefrom 3.9 V taca.5.0 V depending on the transition metal usd®9]c[144]
This offers an alternative route towards superioneegy densities relative to pure

LiMneO4.[142], [145]

Figure 220. Lrion conduction pathwayn normal disordered spiis[30]
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Table2.1. Electrochemical data for potential high voltagginetbasedcathode materiés [145]¢[147]

Cathode Material ~ Structure  Redox couple and Discharc Theoretical Capacity

Type voltagevs.Li/Li* (mAh @)
LiNb.sMn1.504 Normal NiZH3+4+ 4.7V 147
Spinel
LICkMn2xOs (x =0.5 Normal Cr*4* 4.8V 151
to 1) Spinel Mn3*4+3.9 V
LiCaMn2xOs (X = Normal Co*4, 5.0V 145
0.5t0 1) Spinel Mn3*4+3.9 vV
LiFe.sMn1.504 Normal Fe*4 51V 148
Spinel Mn3*4+3.9 vV
LiC4.sMn1.504 Normal Cw*3, 49V 145
Spinel
LINiVQ Inverse Ni2*3+ 4.8 V 148
Spinel

Thesedoped LiMnOs materials have the general formulaMMnOs (M = Cr or Codr
LbMMn30g (M = Cr, Cu, Cé&e, or Nij145] Several of these materials exhibit cationic ordering
on the octahedral site®.g.3:1 order of LANiIMnzCs. Sigalaet al.reported Cr substitution for
Mn in the formula LiChMn3*,Mn**O4 (x = 0 to 1) gave rise to two voltage plateaus, one at
3.9 V due to M#’#* and another at 4.8 V due to Tf*. Crsubstitution wasobserved to
improved cyclability up tox= 0.5 compared to LiM4.[139] This improvement is likely due
to the replacement of M# ions, limiting disproportionation and Jafireller distortions.
Abovex = 0.5 Sigalat al.noticed a detrimental effect of @ubstitution, which was explained
by structural defets during cycling. These structural defects can lead to partial occupancy of
Lithium tetrahedral sites by €rions that block the &16¢-8a conduction pathway140]
Substitution of Mn by Cu, Co and Fe with the formula€uMmnOs, LbCoMnOs, and
LbFeMnsOg also leads to the observation of two voltage plateaus at 3.9 V and 4.9 V for Fe
and Cu and 5.1 V for @b41]¢[145] As previously mentioned, Mhions can have a
detrimental effect on cyclability and thus the 3.9 V plateau shdaddavoided. On cycling,
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LiCoMnQ@ and LiNiMn:Og both exhibit a single (dis)charge plateau at 5.0 V and 4.7 V
respectively, with Mn ions all ideally being in the 4+ oxidation stat&al reports show that
LiCoMnQ@ and LiNiMnzOs exhibit dischargecapacities ofca. 95 mAh g, with theoretical
capacities of 145 and 14mAh g! respectively145] Despite the slightly lower voltage,
LbNiMn3Og have received a greater deal of attention because nickel is cheaper and more

environmentally friendly than cobalt, as previously discussed.

The disordered~dom phase of LiNiMnsOsis considered to have improved long term
cyclability over the orderedP432 phase. This has been attributed to greater electronic
conductivity and chargé&ransfer kinetics of the disordered phafE36], [138] However,
preparation of phaseure LiNiMn:Og can be dificult due to the formation of rocksalt
impurity phases, such as NiO andMn0s.[147], [148] The ordered phase is typically
synthesised at 708C, while the disordered phase is typically prepared by sintering at®00
The elevated temperatures required can result in oxygen loss and the reduction“tdvin
Mn3*[138], [148]In this insance, the formation of an iMnOz. phase with a small amount
of Mn®* has been shown to improve rate performance due to increased electronic
conductivity[138] Small amounts of substitution of Ni and/or Mn by"Nbns for hstance, Fe
and Cr, have been shown to be beneficial to long term cycling (Figurel 2421 Fuch dopants
can reduce oxygen vacancies and rocksalt impurities, whilst also generating small amounts of

Mn3*to charge balang, increasing chargegansfer kinetic§150]

Other significant problems with lithiunmanganate spinels are the dissolution of Mn at
high voltages and the breakdown of the organmogrolytes. Both doping and surface coating,
e.g.with AbQOs, have been demonstrated to be beneficial and limit these concrs], [152]
However, these strategies do not eliminate the drawbacks of high voltage cathodes with
current electrolytes completely; more robust liquid electrolytes and/or solid electrolytes need

to be developé to make high voltage cathodes commercially viable.
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Dopants replacingLi ® . ® P Types: Na, V, Ti, etc.

° Effects: Improving the
charge transfer capability;
reducing transition metal
dissolution

Types: Co, Cr, Fe, etc.

Effects: Enhancing the electronic «
conductivity; improving the thermal
and structural stabilities; s @D b |

— -

O substitution by dopants
Types: F, S, Cl, etc.

Effects: Improving structural
stability; reducing transition
metal dissolution

Figure2.21. Summary of doping strategies for the high voltage cathoghilMinsOs.[149]

2.4.5. Licontaining Inverse Spinels
Cathode materials based on the inverse spisglicture have received less attention than
their normal spinetounterparts. The three main materials investigated are LIMR/iCoV®
and LiNiV@ operating at 3.8 V, 4.2 V and 4.8v¥. Li/Li", respectively153], [154] These
vanadatebased inverse spinels have theoretical capacitiesaof48 mA g however, their
observed capacitis significantly lower at between 40 to 50 mAHR.[4.55] LiMnVQ displays
the highest observed capacity eéa.90 mAh ¢, though the phase can only be formed at high
pressures (5.%5Pa), instead forming an olivine structure at ambient pressiirg4], [156]
Another drawback is the significant and irreversible capacity loss over time. Explanations for
this have been limited, with low electronic conductivity and cation mixing over octahedral
and tetrahedral sites during charge/discharge cycles suggested tadjer factors[156]¢
[158]

In an effot to improve cycling performance, several doping strategies have been carried
out, which includes: 1) mixed solid solutions between LiN&f@d LiCoVQ(LiNixCaVQy, X =
0 to 1), 2) partial substitution of Cbfor Cr, Cu and Fe (Li&Mo1VQy), and 3)Partial
substitution of LiNiV® and LiCoV@O by Mn to form the general formula Li(Ni/Go)
xMnVQOL[159]¢[161] The first strategy had littleféect on the overall cycling performance.

However, strategies twand three have been shown to improve electronic conductivity and
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overall cycling performance, increasing initiddistharge capadiés and improving
cyclability[160], [161] Following on from these strategies, several groups have tried co
doping of LiNiV@with Mn and Co to produce the composition LidLa/;sMn13VQOL[156],
[162] Unlike the parent phase LiNi¥®nly Mn and Co in LiNiCasMn13VQrappeasto be
redox active, operating at between 3t6 4.2 V for M&*4* and between 4.3 to 4.6 V for
Ca*3*, Kitajouet al.reported that the initial capacity of LiNiCasMnysVQican be increased
further by the introduction of transition metal vacancies to give the general formula
Li(Ni3CasMn13)1xV1xOs (X = 0.1 and 0.7)L56] This material has the highest observed
discharge capacity in an inverse spinel, at 120 mAdnghe first cycle, decreasirig ca.100
mAnh gt after 20 cycles. Despite the relatively high voltage invegseels can operate at, the
dramatic capacity fade over the limited number of charge/discharge cycles (20 to 30 cycles)

investigated is a significant hindrance to their praaiiase.

Unlike normal spinels such as Lid@a, Liion diffusion in inverse spinels is unexpected as
there are no obvious tunnels through whichidams candiffuse. This is due to the random
distribution of octahedral sites by both Li and transition alatations. For example, once Li
ions hop into adjacent empty tetrahedral sites, their diffusion may be blocked by the presence
of the transition metal cations in octahedral sites. Nevertheless, the limited reversible
charge/discharge capacities suggest thtion conduction pathway in inverse spinels is not
completely blocked by the shared occupancy of octahedral sites.Radieised neutron and
X-ray total scattering to investigate the local ordering in a number of inverse sgir&3$it
was suggested that inverse spinels such as LiNil@pted an ordered structure (space group
P422) up to 8 A, in which'land N#*cations order alternatively inaand 4 octahedral sites,
Figure 2.22[163] However, these octahedral sites are not fully ordered, wah25 % cation
site mixing observed in the local structure. In contrast, no ionic conduction is reported in the
long range ordered inverse spinel LiZnNB@422), in which Z#t cations occupy tetrahedral

4c sites, with Liand NB* cations fully ordered oveda and 4 octahedral site$164]
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Figure2.22. Short range ordered (R22) structure of LiMVQ. Li@ and MQ octahedra are shown in
green and blue, respectively, with Yt@trahedra inorange[163]

{ SOSNIf 20KSNJ AYDBSNRS aLAySta KIFIFS LINSODA 2 dz
formula LiM3V,0s (M = Cr or Ga). Blasse reported asCk¥Os phase crystallising in an
inverse spinektructure, [Li.sCh.s|°“[V]*®'O4,[165] suggesting a 1:3 ordering on octahedral
sites was evident from-ky diffraction patterns. At a similar time, Joubert and Durif reported
the same Cr\bOg phase to be a disordered inverse spinel (space giedpn).[166] The
aforementioned study by Pags al. indicated that there is a correlation between the ionic
radii and cation charge difference on the presence of ordering on octahedral sites. For
instance, an inverse spinel with a larger charge and ionic radius difference is likely to possess
long range ordring, as is the case for LiZnN{Gharge and ionic radius difference = 4 and
0.12L_respectively)163], [164]Considering this, 3Cr\s0s, where the charge and ionic radius
difference are 2 and 0.14, respectively, may exhibit sherange ordered or longange
ordering depending on the synthetic conditions. &ectrochemicatiata have been reported
for this inverse spinel materiallhe cation ordering and thus-ion conduction pathway in

these materials arékely to becomplex.

It is clear that there is a neeib investigate a range of inverse spinel composs to
better understandhow Lrions diffuse through these complex materialandto expand the

understanding of theielectrochemicaproperties

47



2.5. Aims

As seen throughout this literature review, materials with the spinel structure have great
potential to be used in LiBs. Several of these, such as,OlMand LiTisO12, are already
available for commercial use. Investigations into materials with the inverse spinel structure
have also shown promise as both high voltage cathodes and high capacity anodes
Nevertheless, the continued development of such materials has been restricted by the lack
of a complete understanding of the structural anddn diffusion properties. The overall aim

of this thesis is to evaluate the crystal structuresphidiffusian kinetics and electrochemical
properties within novel inverse spinel structures. As a result, this work will enable future
researchers to develop new strategies and materials with greatly improved electrochemical

properties, thus leading to their commeatisation within future LiB technologies.

The aims of Chapter 4 were to revisit the inverse spinetCi\tOs and fully
characterise its crystal structure through the use of combinedyXand neutron refinements.
The synthesis of a novel solid solution betweeaNkV>0s and LiCr\iOs was also
investigated. Subsequently, the effect of altering the Li and tramsiinetal ratio on the
electrical properties were investigated through impedance spectroscopy in the compositions
LesNiz2xChV20s 0 NXXK M 0 @

In Chapter 5 the average-ibn diffusion mechanisms within the inverse spinels,
LeCr\iOs and LisNiCpsV20s, were investigated through variabtemperature neutron
powder diffraction Rietveld refinements. Alongside this, the locabrikinetics were

investigated using muon spectroscopy.

Finally, the aims of Chapter 6 were to evaluate the electrochemiagguties of
LbsxNi22xCrV20g, X = 0, 0.25, 0.5, 0.75 and 1 as potential cathode and anode materials for
LiBs. This was attempted through the usegafvanostatic cycling and-gitu cycling ay
absorption near edge structure (XANER)is is of interst because the substitution ofi**for
Ce* and L may influence cycle lifeas well as improving the capacity of inverse spinels by

increasing the number of charge carriers available.
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Chapter 3: Experimentalheory and Methodology

3.1. Synthesis Methods
3.1.1. Solid State Synthesis

Solidstate synthesis is thprocess whereby powder precursors are mixed and subsequently
heated at high temperatures (> 800 °C) over many hours to produce an end product. Solid
state methods are typically easy to replicate and can be used to produce large batches of
material. For ths reason, it is the most commonly used synthesis mefooéhorganic oxide
materials Nevertheless, it has several disadvantages. For instance, it is an inherently slow and
high energy process due to the slawterdiffusion of different ions in solidéntimate mixing

of precursors before and between heating steps can promote reaction by increasing the
homogeneity of particles at the micron scale. However, tkaction mixturesare still
generallyinhomogeneous on the atomic scale. The two stages of thid-state method are
nucleation and growth. In the nucleation stage, counterions must diffuse through and arrange
at the interfaces of precursors to form small crystals (nucleation sites) of the new phase.
Nucleation is facilitated if it is heterogeneadus.,nucleation is easier at the interface between
precursors and products as well as if the product and precursors have similar structures
(lattice matching). For growth of subsequent crystals, they must reach a critical sitéch

there is a balancediween the free energy of formation of the product and the surface energy

of the crystalnucleus[1] Further growth of the producbecomesincreasingly more difficult

as the patHengthfor counter diffusion of ions tthe reactioninterface increases. Because of
this, reactions often require multiplsteps ofmixing and heating to form a single phase

product.

3.1.2 SoftthemicalSyntheticRoutes
There are various different synthesis methods which employ soft or ehemistry
processes, such as alkoxide and citric acidggbmethodd1], [2] The reactants used during
these processes are typically in the liquid phase and therafaxavell on the atomic scale.
This is a significant advantage over sglidte synthes and often results in lower
temperatures being required during the final heating process. Products produced using wet
chemistry methods have a high chemical homogeneity and typically smaller particithaize

if synthesisedria a solid-state route. Materials can also be fabricated indifferent particle
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morphologiese.g.,nanowires|2], [3] These qualities often lead to improved electrochemical
properties and lower energy cost associated wiiinthesig4] Disadvantagesof wet
chemistry methods are that they can be more comp@ex are difficult to use on larger scales

due to reagents often being expensive and/or requiring special handling.

Solgel synthesis methods differ depending on the solvents, cation species, and the
chelating and/or polymerisation agents used. Howeveg Htages of sefjel methods are
similar, with the first stage being to produce a homogenous solution. Traditionaesol
methods use metabrganic liquid reagents such as titanium isopropoxide, 'Pipas a Ti
sourcef2] Thealkoxides are mixed in the desired ratios with water and either an acid or base
to speed up hydrolysis. Alcohol is also added to promote mixing between the alkoxides and
water. Hydrolysis occurs by first replacement of-@iR group byOH e.g., replacement of a
OPr group in M(®r) to form M(OPrsOH. Two M(®rsOH groups can then react in a
condensation polymerisation reaction. The resulting gel is heated to decompose the organic
species forming an oxide product. In this thesig titric acid segel method was utilised.

This method differs slightly to conventional g@l synthesis by first dissolving metal salts,
typically nitrates, in water before slowly adding citric acid under heating. The citric acid is a
chelating agent wltih acts as a ligand to binddcationic species. As the water is evaporated,

a gel and finally foam is produced which again can be heated to produce an oxide product.
The complexity of these reactions can be increased with the addition of aids, suciolasis|

to facilitate polymerisation or nitric acid to control pH and avoid precipitation of insoluble
precursors. The citric acid method was particularly useful in this work as it can react with

insoluble ¥Gs in water to form a vanadiurcitric acidcomplex[5]

61



3.2. Xray Powder Diffraction

The following section was written with the aid of theferenced1], [6].

X-ray powder diffraction (XRD) @ne of thefundamental teciiques for materials
characterisation. A diffraction pattern contains a wealth of information on the crystal
structure of the material studied and can often be used as a fingerprint to help identify
different phases present within a samplerays are parof the electromagnetic spectrum
with wavelengttsin the magnitude ofl A, which is comparable to the interatomic spacirig
manytypical solid state material§-hey can be treated as electromagnetic waves or as high

energy particles which can be descridedEquations 3.1 and 3.2.
' - andO Q (Equation 3.1 and 3)2

WhereAis frequency (3), <is wavelength (m), c is the speed of light in a vacuum{nisis
energyanchist £  yO1 Qa O2yaidlyd o6Waood

Laboratory Xays are generated by accelerating a beam of electrons produced from a
filament to impact a metal target made froeng. Cu. Below a certain energy, continuous
(white) radiation is produced through the deceleration of electrons within the nterget.
However, above a critical energy, the incident electrons have sufficient kinetic energy to
ionise some core (1s) electrons, which results in transfer of outer shell electrons, from higher
energy 2p or 3p orbitals, to replenish the vacated corellsfgis is accompanied by the
emission of characteristic radiationan Xray photon of a fixed energy determined by the

specific metal species and electronic transition.

There are a number of wayhat X-rays can interact with matter. These include
absoption, and scattering, which may be inelastic elastic. For diffraction experiments
elastic scattering is required, where no energy is lost during the scattering process and the
scattered NI @ & | NB O2KSNBy (i 06 Wiays. Qs éas e wesaibed K K S
using repeating arrays of atoms, often referredas lattice planes. The scattering ofays
08 G(GKSasS f1aG0AO0S LI IIghGrk= M wie@diOthahditt&ton 6 & . NJ
order, <is the wavelengthd is theinterplanar spacingnd is the angle of the scattered- X
ray), which treats these planes as setransparent mirrors running through the crystal
structure. Figure 3B K2 ga GKS RSNAGIGA2Y 2F . N»F3I3FQa €I
satisfied when theliffracted Xraysare ilLJK &S | YR AYGSNFSNE O2y a i N
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be used to predict the direction of the diffractear&ys from the lattice planes which describe

the crystal structure. The angle anra§ is diffracted byis determined by thenteratomic
distances (espacing, d) between repeating lattice planes; this anglecan be measured
using a detector and gives a characteristic pattern obtained for a given material. For example,
in a cubic system the interatomic distance is related touh# cell dimensions (a =b =c) and

the Miller indices (orientationhikl) of a given lattice plane dyquation 3.3.

- — (Equation 3.3

AV

Figure 31.5 SNR @ (G A 2 Yy (r&F2dsinNi@rad Qi the diffiaction ordee.gm 2 NJ HY < A&
wavelength (related to the distandgetween pointx, y and 2) , d is theinterplanar spacin@nd is
the angle of the scattered-bay).

Ly LINRYOA LI} S ».g..EtlatBrd3Baforctibic &ystémg Ran be used to
calculate all possible-gpacing values and every lattice plane should give rise to a diffraction
peak. However, certain reflections from sets of lattice planes may havargertsity due to
systematic absences, which are a result of extreme destructive interference. Systematic
absences are observed when one set of atoms diffracay® exactly out of phase with

another set of the same atonand is dependent on the type of 8rais lattice

Characteristic radiation results in photons with specific wavelengtgswith a Cu
metal target, the transition from a 2p shell to a 1s shell results in the emissiomayfsXvith
an averagewavelengthof 1.5418A and is called’K Sometransitions are more probable than
others and therefore arenore intense e.g.,'Kradiation isca.five times as intense as K3p

to 1s). For most diffraction experimenesmonochromatic beam gesired to avoid additional
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complexity in the diffractiopattern. For Xrays generated by a Cu target this is accomplished

using a Ni filter. The energy required to ionise the 1s core shell of Ni lies between the
wavelengths (and hence energies, basedEgiation 3.2pfthe K YR Yh f Ay Sad ¢
the K $90n lines are preferentially absorbed by the Ni filter alongside most of the
O2yUAydz2dza NI RAIFIGA2Y ® { dzOK WTAfandNE GAZ2Yy SaNBad
the ratio between the two is increased from 5:1 to around 200:1 or even gredé&grending

on the thickness of Ni foil used. Ni filtration cannot separate lines with very similar
wavelengths, such a1y R2. livthis casea primary beam monochromator would be the

most suitable method for generating monochromaticiNJI RAF G A2y X GAGK NBY2(
andkk NJ RAFGA2Yy @

A typical schematic diagram of a laboratory reflection (Bfaggntano) Xay
diffraction setup is showmiFigure 3.2. Aa fundamental level, the setup includes a source
(Xray tube), sample and detector, though modern diffractometers also include several means
of managing the beam pathway using slits, filters and/or monochromators. Examples of
focusingW 2 ALdk&eSoller slits, divergence slits and diffracted beam slits. These are used to
suppress the divergence of therXy beam, both from the source and sample. This can help
reduce instrumental errors such as flat plate specimen error which occurs wreeffiath
sample deviates slightly from the diffraction circle, resulting in a systematic shiftaf the
diffraction pattern.They are also used to control the beam path such as to reduce axial

divergence, improving the shape of the observed Bragg peaks.

Monochromators ara@levices that diffract the Xay beam withsingle crystalto select
for specific desired wavelengths, or tperate similarly to filters by removing unwanted
wavelengths of Xaysa dzOK & Yi | y.FOther Kakialichs dfldificiomeiefs2 y
include transmission geometry where the incidentays pass through a very thin sample.

However, the fundamental setup is similar to Brd&gygntano geometry.
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Figure3.2. Schematic of 8raggBrentano geometryliffractometersetup.

There are numerous factors which can affect the peak position, intensity, and shape
of a diffraction pattern. Peak positions depend on the crystal structure and lattice planes as
well as instrumental contributions such as sample height displacement. Tiebtdions to
peak intensity can be classified into instrumental, phase chemistry, and specimen factors.
Instrumental contributions include the intensity of generatedays, the distance between
the sample and detector as well as the energy or wavelemjtgenerated Xays. Phase
chemistry factors include the unit cell volume, reflection multiplicity and structure f4Ety
of diffracting lattice kkl) planes for a given phase. Multiplicity is the result of peak overlap
due to crystal symmetry of avgn phasee.g.,in a cubic systerhO0has a multiplicity of six

resulting from the presence of ssymmetrically equivalent reflections.

The structure factor is a function of the scattering factpiof atoms and their relative
positions. TheX-ray scdtering factor of an atom is proportional to the number of electrons,
i.e. denser atoms scatter-bdys with greater intensity. The effect of scattering factors also
leads to intensity decreasing at higher angles. This is becauseays scattered by ant@m
are the summation of the scattering by each electron in the atom. As a result, scattering at
2 angles greater than zero in relation to the incidentays will have some small degree of
phase difference between the-pays scattered by different eleans and therefore partial
destructive interference will occuFEinally, specimen factors include the absorption @ays

by the sample, and the volume fraction of a particular phase in a specimen.
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The peak shapes of a diffraction pattern are typicallycdbegd using one of three
functions, Gaussian, Lorentzian or PseMtogt (a combination of Gaussian and Lorentzian
functions). Peak shapes may also be asymmetric. Similarly to peak position and intensity, peak
shape is affected by both instrumental (tyglly Gaussian) and sample factors (typically
Lorentzian). Instrumental contributions include divergence @YX beame.g., due to flat
plate specimen error or misalignment of the diffractometer, and the finite width of the beam
i.e.,the beam is not a perfectly sharp spot or line. These contributions are generally constant
for a given diffractometer, and as such they can be accounted for using a standard which has
negligible or known sample contributions to peak shape. Sample cotbiis arise from
factors such as sample transparency, crystallite size, and microstrain (lattice distortions).
Sample transparency occurs in samples with low absorption coefficiemts organic

materials.

In this work, a Bruker D2 Phaser diffractonreted t ! b | f @ G BQIdf YHh Tt SNIT
1.5418 A) diffractometer in BraggBrentano geometry was used for initial phase
characterisation andollection of diffraction data ahigh temperature, respectively. A STOE
STADI Hitted with a linear PSD detect@nd primary beam monochromator to give a highly
purea 2 Yoeamk& [ n dwaswseth trinsmission geometrp collect datdfor lattice

parameterrefinements (Section 3.4).

3.3.Neutron Powder Diffraction
Neutron powder diffraction (ND) is often used as a complimentary technique to XRD. It is
particularly useful when studying crystal structures containing light atoms, which are poor
scatterers of Xays, such as Li and O, as well as atoms which have arsimaihber of
electronse.g. adjacent dblock atoms, and therefore can be difficult to distinguish using X
rays alone. This is because neutrons are scattered by the nucleus of atoms and the coherent
neutron scattering lengthh) of atoms does not vary propionally with atomic number
(Figure 3.3).The effective area of a nucleus which can scatter a neutron is known as the
scattering crossection { = 4 b? where b is a measure of the strength between the
interactions of the nucleus and neutrdf¥] The scattering of neutrons can be described by
NF}F33Qa [l ¢ FYyR (GKS RB4).. NIt AS Sldz GAz2y 691d
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} - — (Equation 3.4)

Wherel is the wavelengthOA & t f I y O (aQsithe Oetitypd rdss@is the total time

of flight, U is the frequency and is the total slight path from moderator to sample detector.
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Figure 33. Variation of the coherent scattering length of neutrons with atoméaight[8]

Neutrons are produced in large quantities using two different types of sources, reactor
or spallation. Examples of facilities with reactor and spallation cesuare theHighFlux
reactor at thelLL, Grenoble, France and the ISIS Neutron and Muon Facility, Rutherford
Appleton Laboratory, Ukespectively At reactor sources, neutrons are produced by nuclear
fission using uranium fuel rods. The resulting neutrare of varying wavelength which are
then monochromated to producea beam of neutrons of constant wavelength for
experiments. Constant wavelength neutrons are a directly analogous to XRD, as discussed in
Section 3.2. Orthe other hand, spallation sourcesrquiuce neutrons using a particle
accelerator to accelerate protons, which then bombard a metal tamgttungsten. This
process causes an ejection of neutrons of differing velocities. Experiments at spallation
sources make use of the time taken (t) taoh a fixed detector over a defined path length
(), known astmef-Ft AIKGD ! aAy3a . NIF3IIQa fF¢ | yR 9l dz ¢
the d-spacing via Equation 3.5.
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0 — 0O0EIQ (Equation 3.5)

The total scattering lengths for the elements studie@. the summation of the
coherent scattering lengths of different isotopes of the same atom,-a:@0 fm, 10.30 fm,
3.60 fm,-0.38 fm and 5.80 for Li, Ni, Cr, V and&3pectivel\{9] The large variation in total
scattering length of different tams can mean it is easier to distinguish between them.
Generally, a larger magnitude means the atom is a better scatterer of neutrons. A positive
scattering length indicates the interaction between the nucleus and scattered neutron is a
repulsive interadbn, with the oppositebeingtrue for negative scattering lengtjg] The
neutron powder diffraction data used in thtkesis was collected using the Polaris instrument
at the ISIS Neutron and Muon Facility. Polaris collects data on five detector banks that are
able to measure @pacings between 0.2 and 40 Data collected on detector banks 5, 4 and
3 (the backscatterindd0° and low angle detector banks) were used for Rietveld refinements,
as these offered the highest resolution. For room temperature datasets, vanadium cans were

used due to the small scattering length of vanadium.

3.4. The Rietveld Method

The Rietveld miaod is a computational technique that utilises a least squares approach to fit
and refine modelled crystal structures to measured diffraction patterns. Over the course of
the refinement, sample and instrumental parametgzgy.lattice parameters and peahape
terms are iteratively refined until the calculated diffraction pattern more closely resembles
the experimentallyderived datase{l10], [11] The quality of the resulting fit is acceptable if
the weighted profile,Ryp and goodnes®f-fit, .2, are small alongside a sensible refined
structural modek.g.the interatomic distances are appropriate. The statistical measiRgs,

Rexpand.?, are defined in Equations 3.6, 3.7 and 3.8:

Y R (Equation 3.6
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(Equation 3.

— (Equation 3.8

Where Ryp and Rexp are the weighted and expected profilef&tor for the full diffraction
pattern, respectivelyyo. andyare the observed and calculated intensities at each pioint
is the weighting factorN is the number of data points and finallyjs the numberof least

squares variables.

Parameters may be related to the crystal structure of the phase(s) present within a
sample or to instrumental effects on peak shape and positand are typically refined or
kept at fixed values. Fixed parameters includerunstental factors such as the wavelength
used. For the refinements in this thesis, the data was imported alongside an appropriate

starting model, and parameters were then usually refined in the following order:

1) Background and scale factors. Theckground function, as the name suggests, models
the background in the observed diffraction pattern, excluding the Bragg peaks. The scale
factors can be separated into an overall histogram scale factor, or individual phase

fraction scale factors in a mitbhase refinement.

2) Lattice parameters and diffractometer constants. Both the lattice parameters and
diffractometer constants define the position of Bragg peaks. For accurate lattice
parameter calculations, data collected using a standard samplg $i powder) is
required to determine the diffractometer constants. The diffractometer constants
account for contributions such as sample height displacement. Fordirfigght neutron
diffraction data the diffractometer constants refined are DIFC and DIF&hwilate the

time-of-flight of a Bragg reflection to itsspacing.
3) Peak shape parameterd),(V, W, X and Y). The peak shapes were modelled using a

PseudeVoigt function, which uses a combination of Gaussian (tddrm¢ and W) and

Lorentzian (termgandY) functions to describe the peak shape.
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4) Atomic positionsX, y, 2. The atomic positions describe where an atom sits within the
crystal structure The atomic positions of an atom may be refined if it is not on a special
position. Special positi@nare occupied by atoms placed on a point symmetry element

and depend on the space group of the material studied.

5) Thermal displacement parameter@), L?) and fractional occupanciesthe thermal
displacement parameters are usually refined in order of scattering length magniwide
fFNBSN) aOFGGSNAY3 fSyaidka | NB NBFAYSR TFANE
displacement off a crystallographic site and can be describ#tereas isotropic or
anisotropic, with a common starting value of 0.005 Fractional occupancies are also
usually refined in order of scattering length magnitude. Fractional occupancies and
thermal displacement parameters should typically be refinedepehdently of each

other due to the correlated effect they have on Bragg peak intensities.

3.4.1. Difference Fourier Maps
Difference Fourier maps can be used during a refinement to locate atoms that may be missing
from, or poorly described by a structlr model and are analogous to contour maps.
Difference Fourier maps can be obtained by subtracting the observed structure factors from
the calculated structuréactors[1] Forexample, difference Fourier maps generated during a
refinement using XRD data may show regions of positive electron density, associated with a
missng atom; or may show regions of negative electron density associated with a poorly
placed atom. For Fourier maps generated using ND data, negative density may also be
observed as a result of missing atoms with a negative scattering lengthi. This faicis
particularly useful in identifying interstitial sites along thedn diffusion pathway of a given
material using variabkemperature neutron diffraction data. At higher temperaturesjdris
may have sufficient thermal energy to become mobile aagd bff their ideal crystallographic
site(s) into interstitial conduction sites. During a Rietveld refinement using the resulting
collected data, difference Fourier maps can be generated once a base model has been
determined. Any new Li sites due to therryabctivated hopping may then appear in

generated Fourier maps as negative contours. This technique has previously been used to
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investigate the Lion conduction pathway(s) of several battery materials, suchsag@i>and

LuNiGe0s.[12], [13]

3.5. Differential Scanning Calorimetry (DSC)

DSC is an analgal technique used texaminethe different thermal events that may occur
within a sample on heating and/or cooliegy.melting or decomposition. In DSC experiments,
the sample and an inert reference are maintainedtas same temperature. Subsequently,
the amount of energy required to maintain the sample temperature compared to the
reference is recorded. For endothermic events, extra heat will be input to the sample to
increase the temperature at the same rate as the refee. For exothermic events, the
reverse will occuri.e. the sample will require less heat to maintain the temperature
compared to the reference. In this work, DSC was used to measure the thermal stability of
synthesised materials up to 900 °Bowder sanples were analysed using SDT Q600
Simultaneous DSTGAINn air over theemperature range o020 to 900 °Qusing a heating rate

of 10 °C min.

3.6. Impedance Spectroscopy

Impedance spectroscopy is a commonly used technique to measure the resistabnigen
conductors]14] It is especially useful for distinguishing different electrical componergs

bulk, grain boundaries and surface effects (assuming these components can be
separated)15] Impedance measurements are carried out by applying a small alternating
current (ac) voltage over a wide frequency range (typicali§t@@(® Hz), the phase shift and
magnitude of the resulting current (at each frequency) can then be recorded. The gihiéise

is related to the reactive component (capacitance and/or inductive components) and the
magnitude to the resistive componefit6] The data is most commonly expressed through
O2YLX SE AYLISRIYyOS o0%fF0 L2045 6A0GK 020K NBI
complex formalism for impedance is given in Equation 3.9, however three fatraalisms

can be used to represent the same data, the admittance (Y*), electric modulus (M*) and
LIS NI A (i (i [A6PThésé compiex forthalisms can by interrelated through Equations 3.10
to 3.12:
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BrE T %O cd WS ad MK IA @6 XEgdition 3.9

Y*=(Z9T ., Q b | ¢ (Equation 3.1D
M*=j.G%F I aQ b at (Equation 3.1}
s F (MF)1=Y*G Q) ¢ Q b & gEquation 3.1

Where j 1 p, G =%, K bis thespermittivity of free space, 8.854 x ¥Fcmt, A and | are
the area and separation between the electrodes, respectively). A & G KS | y 3 dzf | NJ
OH TUOO

The four complex formalisms may be plotted either as complex plane plots (imaginary
vs.real components) or as spectroscopic plots (imaginamgar componentws.frequency).
The plotting of multiple formalisms can be useful in distinguishing the different electrical
components of a system.g.bulk and grain boundary, as they emphasis different regions of

the material under study.

The diffeent electrical components or regions of a material will be ideally represented
in impedance data by distinct semicircles, which can be modelled by a resistor (R) and
capacitor (C) in parallel. Each component can be characterised by its relaxation time or t
constant,_, which is the product of the separate RC elements (I). Différing RC elements
are able to be separated over a measured frequency rangedfv/ I M Zmaxis 0& NB
frequency of maximum loss (relaxatiomaxima)[15], [16] An example of a complex
impedance plot with two semicircless® and RG) is shown in Figure 3.4. Resistance values
canbeextrat SR FTNRBY (GKS KAIK AYyGSNOSLIWia 2y (KS NE
will be Rotas @and is equal to RR. Capacitance values can be calculated by using the frequency

at the maximum of each semicircle with Equation 3.13.

C=—— (Equation 3.13
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Figure 34. Ideal impedance complex plane plot for a material containing two different components.

The capacitance values can then be used to distinguish the different regions of the
sample. This can bealculated usindgequation 3.14, assuming the different regions of the
sample vary in thicknegd but have the same permittivit) (Q0 ' YR G KSNB T2 NB
values for each region differ only in I, Figure 3.5. The capacitance values for different region

of a sampg are summarised in Table J115], [16]

I ToesQ & (Equation 3.1%

Figure 35. Brickwork model fodifferent regions in a ceramic saieg15]
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Table 31. Summary of capacitance values and their possitikrpretations[15]

Capacitance (Fclp Phenomenon or Region

1012 Bulk

1o Minor, second phase
10*to 108 Grain boundary
10%%to 10° Bulk ferroelectric
10°to 107 Surface layer
10%to 10° Sampleelectrode interface

10% Electrochemical reactions

When using impedance spectroscopy to measur®n conductors, Pellets of the
sample are typically pressed, sintered at high temperatures and subsequently coated on
opposite sides witltonductivemetal electrodesoften gold. Gold electrodes are blocking in
LHon conductors, meaning the-ldns areunable to pass through the gold electrode layer. As
a results, Lions will form a layeat the electrodesample interface when a current is applied.
CKA& A& aKz2gy Ay O2YLX SE AYLISRIyOS LX20Ga oe
However, commaly the electrode interface is not ideal and may only be partially blocking.
These cases are often observed within complex impedance plots by an inclined low frequency

spike and is associated with iom@icnduction[16]

In practice, the observed semicircles in complex impedance plots may also be non
ideal and instead appear as depressed or partially resolved semicircles. Thdeabn
behaviour may be due to the presence of multiple relaxations with the égjlsuccessie Li
ion hops are dependent on previous hops and tmay have differing relaxation times.
Partially resolved semicircles occur when the time constants of different regions are similar
and is due to the small differences in capacitance values betweenn®gig. in poorly
sintered sampleql], [16] Nevertheless impedance spectroscopy can be a powerful
technique for measuring the resistance ofidn corductors over a wide temperature range

and thus, can be used to extract the conductivity and activation energyiaf diffusion.
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3.7. Muon Spectroscopy

Muon spectroscopy is a commonly used technique to study magnetic propertesterials

and more recently ionic diffusion of catioresq.LFons) in battery materials. This is due to its
sensitivity to local internal fields such as electronic and nuclear monj&iig[20] How
quickly Lions can diffuse through a material is extremely important for the kinetics and
(dis)charge rates of LIBsnic diffusion properties are defined by thefdgion rate,D.;, and
activation energy, & associated with diffusion (Sectiodl.Impedance spectroscopy is a
widely used technique to measure bulk and grain boundary conductivity in electroceramics,
as discussed above. However, the measured ionicucindty can vary greatly depending on
processing conditions such as sintering temperature and time, density of pellets as well as the
electrodes or pressing techniques employed. Separation of bulk and grain boundary
components can be difficult unless theegarameters are fully controlled and understofai.]
Solidstate NMR is another technique used to measure bulkcianotion within battery
materials and is a direct probe of the ions under investigatid@j Nevertheless, the presence

of paramagnetic ions in amy battery materials adds additional complexity in the
interpretation of ionic diffusion rates due to broadening of the peaks this information is
derived from. The changes in ionic diffusion at different length scales (bulk and grains) means

a variety oftechniques should be used to better understand LIB matej2dl.

Muons are fundamental particles that can be colesed as heavy unstable electrons
(W) or light unstable protons (), with a lifetime of 2.197 pugl7] For ionic diffusion studies,
positive muons are used, as when they are implardac?00 pum into an oxygenontaining
sample they resie approximately &, 1.2 A away from ®sites, forming stable 1t O? bonds.
This enables the implanted muons to be sensitive to nuclear magnetic fields of the ions being
investigatede.g. Lrions[18] The large quantities of muons required for these experiments
are produced at largscale beamline facilities such as ISIS Neutron and Muon Facility,
Rutherford Appleton Laboratory, UK. They can beeggated when higkenergy protons are
I OOSt SN GSR Ayd2 I Ol NBhlysubsdqueRl$decay in®pRsite@A y 3
muons (if) and muonry” S dzii N3).\(8 Ehe gemerated muons are 100 % spin polarised
their spins all face the same direction. Before tlmeions decaytheir spin can precess
depending on the different magnetic fields it experiences, for instance by an externaldapplie

field, the inherent nuclear spin of an element or by the spin of an unpaired electron. The
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diffusion of Liions leads the muon to undergo a spin flip due to the inherent nuclear magnetic
moment of lithium. When the muon decays, positrons are producedaaadnost likely to be
emitted in the direction of the muon spin at thtame of its decay (Figure 3.6). By recording
the positrons emitted at opposite sides of the sample, the asymmétrg,hof positrons can

then be followed as a function of time (Equati3.15).

00 (Equation 3.1%

Where Norward and Nackward@re the number of positrons detected by forward and backward

RSGSOG2NE YR h A& | O2yaillyid 6KAOK | O02dzyi
forward and backward detectofd.8], [22]

e* e w7

et~ B
Emitted hed
positrons /
Sample

Figure 36. Schematic of a typicatuon spectroscopy experimentsétup F and B are the forward and
backvard detectors, with LF and TF indicating the directiotoagitudinal and transverse fieldd 8]
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3.7.1. Experimental Setup and D&taalysis
For a typical muon spectroscopy experiment of battery materials, astiaked Ti sample
holder (Figure 3.7 used due to its small local magnetic field, allowing ingress of muons into
the specimen and a negligible background signal. Idezdly2 g ofpowder sample, with a
thickness ota.1 mm, is required for the highest count rates and smallest background signal.
Measurements are then collected under zero applied field (ZF) and a small number of
longitudinal fields (LFE.g.5 and 10 Gauss, over amperature range of 100 to 500 K. The
temperature range is chosen based on the region where the muons are most likely to be
affected by L-ion diffusion. Collection of data in multiple longitudinal fields enables the
decoupling of interactions between thanplanted muons and any local magnetic field
distributionse.g.,from nuclear magnetic moments. This is because if the external applied LF
is greater than the internal nuclear field contributions, the spin of the implanted muons will
be held in their origial direction and the muon spin relaxation will teeluced[17] This affect
is particularly useful when analysing magdsi containing paramagnetic ions, since tireak

applied LF used decouples nuclear contributions but not the strong electronic contributions.

Pressed sample
pellet covered
by a 50 um thin
Kapton window

Figure 37. Example of a typically sample holder for muon spectroscopy experiments and schematic
of implanted muonsesiding near oxygen sites in theidm conductor, LNiGeOs. Adapted fron{13],
[17]
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The rawasymmetry data (Figure 3.8) resulting from the differing interactions that
cause the muon spin to depolarise can be descriligdg a model incorporating tHeynamic

Kubo Toyabe (DKT) function, such as in Equation 3.16.

60 060 Yh Ao Q o) (Equation 3.16)

The DKT function contains the terqisrand Hr which represent the field distribution
experienced by the muon, the fluctuation rate due to mobile species eigngj and the
applied LF field, respectively. Thelltiplying factor accounts for paramagnetic species, which
causes the muon to depolarise exponentially with a relaxation rateAn additional
background term, Ag is also added to account for muons that stop within the sample holder.
nandAcan be calclated for each temperature point measured, by simultaneously fitting the

raw asymmetry data collected in zero and multifdagitudinal fields.

25

10 Gauss
|- 5 Gauss

Decay positron asymmetry / %

0 : , :
0 5 10

Time / us

Figure 38. Example ofaw muon spectroscopy data for.NiGOs, collected at 300 K in a zero field
(black,squares), and applied longitudinal fields of 5&il(circles) and 10 Glue, triangles)[23]
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The activation energy of-on diffusion, k& can be derived from the Arrhenius plot of
Aover the thermally activated regiare. the temperature range for the onset of rapidibn
diffusion.Acan also be used, alongside structural information, to calculate tfanldiffusion

rate coefficient Dvj) usingEquation 3.1724]

ro H g o (Equation 3.17)

Where N; is the number of available sites in tlwnduction pathwayZ. sis the vacancy
fraction of destination sitesS is the hopping distance betweereighbouring sites. Finally,
is the fluctuation rate, assumed to be a direct measure of théohi hopping rate in the
material[18] The calculationof these parameters using muon spectroscopy can give
meaningful insights into the local-ion diffusion properties and mechanisms, particularly in

the case of paramagnetiwontaining battery materials.

3.8. Electroclemical Cells and Battery Cycling

Galvanostatic cycling experiments are widely used to investigate materials for potential
battery applications. In these experiments, batteries are first assembled and connected to a
potentiostat, and a positive or negativeurrent applied until the voltage reaches a defined
limit. This is also knowasgalvanostatic cycling with a potential limit (GCPL). The main aims
of these experiments are typically to ihvestigate the amounof energy (specific capacity)

the battery can store during charge/discharge cycles (Sect@n 2). investigate the specific
capacity over a defined number of cycles (cycle life) and 3) investlyatate capabilities of

the battery i.e. the specific capay of the battery under increasing higher applied currents.

For this thesis, Swagelok type cells were used as shokigume 3.9. Electrodes were first
preparedvia mixing of the materials under study with conducting carbon (to increase the
electronicconductivity) and a bindee.g. polyvinylidene fluoride (PVDF). The mixture was
then pressed into 10 mm diameter pellets and assembled, together avgbparator, liquid
electrolyte and a Li metal disk, into cells within arfiled glovebox. The cells weeassembled

under Ar to avoid the Li metal oxidising in air and to prevent the electrolyte absorbing water,
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which can affect the cell performance. These cells are referred to asdifdue to the use

of Li metal ashe counterelectrode. The voltagénhits were decided based on those used for
similar materials previouslinvestigated25], [26] The current appéd was determined by
multiplying the theoretical capacity by the mass of activaterial and Gate. If the material

is being tested as a cathode, a positive current is applied first, and the voltage will increase
until the upper voltage limit (charginghfterwards, a negative current is applied, and the

voltage will decrease until the lower limit (discharging). This process is reversed if the material

ﬁ —— Plunger

S — Current collector
=3 —— Limetal

—3 —— Separator and electrolyte
@ —— Cathode/anode pellet

is tested as an anode.

Figure3.9. Schematic of a Swagelok cell used for Galvanostatic cyolpeyiments.

3.9. Xray Absorption Spectroscopy (XANES)

The following section was written with the aid of theferenced1], [27].

X-ray absorption spectroscopgXAS)is a technique used tonvestigate the local
coordination and oxidation state of different elements in a material (e.g. the changing
oxidation state of a element in @attery material during charge/discharge processes). The
technigue works by measuring the absorption efeXs d specific energies, depending on the
element under investigationin XAS, Xays of specific energies are fired at a sample and a
certain amount of these -Xays will have sufficient energy to ionise a core electmg.@n
electron from theKshell or 1s orbital) into the continuuire.where the electron is no longer
bound to the atom. The energy at which this process occurs is called the adsorption edge.

Subsequently, an electron from a higher energy orbital can relax to fill the vacaninbad,
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resulting in the emission of characteristic (fluorescence) radiation. This procasaldgous

to the generation of laboratory-¥ays, describeth Section 3.2.

For XAS experiments a broad continuous spectrum of high enet@ys>are required
and are typically only available at synchrotron facilities such as the Diamond Light Source
synchrotron facility (Harwell Science & Innovation Campus, Oxfordshire, UK). During the
experiment, the Xay absorption coefficient) of a specific element cdoe followed as a
function of Xray energyyu is the probability that an-Kay will be absorbed by a samplehe
experimental setup can make use of transmission and/or fluorescence sample geometries. In
a transmission geometry, the incidentrys first gahrough an ionisation chamber detector
to measure the incident beam intensitlg)( before passing through the sample and entering
another ionisation chamber detector to measure the intensity of the transmitteeys ().
i can then be calculated from ¢hthickness of the measured sampltd,(lo and I using

Equation 3.18.
An a e— (Equation 3.18

K can alsde determined in fluorescence sample geometiyigure 3.1Q)becausehe
intensity of the fluorescence-bays () produced can be assumed to be proportional to the

absorption throughEquation 3.19.

An® — (Equation 3.19
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-

Solar slits

lonization chamber

Figure3.10. Schematic of a fluorescence sample geometry for XAS experif2ats

Figure 3.11 highlighthe different regions in a XAS spectrum fog@r Each element
will have a specific set of absorption edges, with their shape and energy position dependent
on oxidation state and coordination environment of the scattering atom. Typically, the
absorption edge energy will increase with increasing oxidgastate due to the higher
effective binding energy experienced by the core electrons. The XAS spectrum is
conventionally divided into two regions: therXy absorption near edge structure (XANES)
and the extended Xay absorption fine structure (EXAFS)e ®ANES region usually ranges
from-50 to +200 eV away from the absorption edge and can give information on the oxidation
state and local atomic coordination. The EXAFS region can extend 1000 eV or more away from
the absorption edge and contains information the types and number of neighbouring

atoms in relation to the absorbing atom.

The XANES features of interest for a given sample can be compared to a set of
standard reference materials with known oxidation states and coordination, thus these
properties can then be determined in the sample under investigation. Certain species may
have features at energies below their edge, which are commonly referred to asdge
peaks. These predge features are the result of transitions between the core shelisodiner
unoccupied shells. For example, transition metakdge spectra often display pedge

features due to core shell to valence shells transitions such as hybridised 3d orbitals.
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In this thesis, XANES data were collected in fluorescence geometsyritiresised
materials and standard reference sampésoom temperatureon the B18 beamline at the

Diamond Light Source (Chapter 6).
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Figure3.11. Example of an-¥ay absorption spectrum of the Creklge for GOs (CPY).
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Chapter 4: Synthesis and Characterisation of the.Ni.2xCxV20s Solid
solution

4.1. Introduction

The composition l€rOs g & FANEG NBLER2NISR Ay (GKS mMdopcnQa
and Durif[1], [2] The structure was described as an inverse spinel with Li and Cr occupying
octahedral sites and V occupying tetrahedral sites. However, their conclusions differed on
whether 3:1 ordering was observed between Li and Cr on the octahedral sites. Blasse noted
the presence of superstructure reflections in theray diffraction patterns, suggesting
LeCr\bOs forms an ordered inverse spinel structure; whereas Joubert and Durif did not
observe any reflections indicative of ordering, instead reporting a disordeubit inverse

spinel in the space groufcom (a = 8.19 A)2] Blasse suggested these differences may be due

to a difference in reaction kinetidd] A later study by Toubouwdt al failed to synthesise
LeCr\tOs from LeVQ: and CsOs using the same reaction tenepature as the previous studies

(550 °C]J3] To date, these limited experiments are the only reports on the synthesis and
characterisation of kCr\tOs. As such, the structural and electrochemical properties of

LBCr\bOg have not yet been fully investigated.

As discussenh Section 2.4.5 dhe literature review, several inverse spinel structures
with the chemical formula, [LITNA[V]*'Os (TM = 2+ transition meta.g.Ni, Co, Mn), have
previously been investigated as electrode materials for LiB applicdddgi$] LiINiVQ has
received significant attention because it was one of the first high vol{ddge Vvs. Li"/Li)
cathode materials reportefi/] Despite this, there is limited information available oAdui
diffusion behaviour within inverse spindBj¢[11] Theionic and electronic conductivity of a
material can greatly influence its electrochemical properties in LiBs, for instance how quickly
the battery can be charged. Lower electronic conductivity can also mean greater amounts of
conaductive carbon is required to have sufficient electrical conductivity when producing

electrodes, thus reducing the overall energy density (Wh/kg).

In this chapter, attempts are made to synthesis¢Ct\6Os via the same soliestate
method reported by Blase as well as via a citric acid-gel route[1], [12] Thecompositions
LbsNizxCsV20s 6 1 x XX MO ¢ SNBE | fvia Zhe safe/ sblelS rauted Bdem

temperature combined neutron and-bay powder diffraction refinements were used to fully
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characterise their crystal structureg¥arying the Li:TM ratio has been shown to dramatically
affect electrochemical properties such agpeacity, operating voltage and-ibin conduction of
electrode materialsd.g.Lkrich transition metal oxide cathode materiatge Section 2.4.2).
Therefore, impedance spectroscopy measurements were utilised to investigate the effect of

varying the Li:TMatio on the conductivity of these materials.
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4.2. Experimental

4.2.1. Synthesis and thermal analysis
The compositions £iNi-2xCr\V20s (x = 0, 0.25, 0.50.75 0.8, 0.85, 0.9, 0.98nd 1) were
prepared using citric acidsolgel method. Appropriate amounts of the starting materials
lithium nitrate LINQ, Alfa Aesar, 99 %, dried at 180 °C for 12 h), chromium nitrate
nonahydrate Cr(NQ):.9HO, Alfa Aesar, 99.99 %), nickel acetate tetrahydrate
(Ni(OCOCHL-4H0, SigmaAldrich, 99 %) and vanadium(V) oxidé@s, SigmaAldrich, 99.6
%, dried at 180 °C for 12 h) were dissolved in deionised water with constant magnetic stirring
at 80°C, forming a brown suspensiom Aqueoussolution of citric &id, with al:2ratio of
metal ions to citric acidwas slowly added to the suspension, which changed colour from
brown to a clear blue solution. This was then stirred at 120 °C until the formation of a dried
precursor, which waghen ground in an agate mortar, placed smaan alumina crucible, and
calcined in air at 500 °C for 12 h. Finally, the powder wagaend, and calcined for a second
time in air at 500 °C for 12 All heating steps described used heating and coolingsrait®

°Cmin™.

Attempts were also madeotsynthesis the compositionsOr\tOs (x = 1) via soliestate
routes. Stoichiometric amounts of the starting materiat€Cl (Acros Organics, 99 %rjied
at 180 °C for 12)h CpOs (Sigma Aldrich, 99 %ried at900 °C for 12 h and ¥Os (Sigma
Aldrich,99.6 %dried at 180 °C for 12)lwere ground together with acetone using a mortar
and pestle. The mixture was alried, placed into an alumina crucible and calcined at 850
for 24 h at5 °Cmin’. This process was repeated until the product was observed to remain

unchanged via XRD analysis.

Differential scanning calorimetry (DSC) was used to analyse the thermal behaviour of
the compositionsx=0, 0.25, 0.5, 0.75 and Rowder samples were anabd using &DT Q600
Simultaneous DSTGAIN air over theemperature range o0 to 900 °Qusing a heating rate
of 10 °C min.
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4.2.2. Xray and Neutron Diffraction
All samples weraitially characterised by -Xay powderdiffraction using a Bruker D2 Phaser
diffractometer usingNifiltered / dz ¥ 1.5418 A) radiation and a Lynxeye detector. The
ICDD PDE+ database, 220 edition, and Sleve+ software was used for phase analysis. For
lattice parameter refinementgjata were collectedusing { ¢h9 { ¢! 5L t d6éa2z2 Ybh
A) powder diffractometer with a linear position sensitive detecfor¢ h 9 Q °Wgoflwre
was used tacalibratethe datausinga Si NIST 640e line position standard reference material,

added as an iiernal calibrant.

High temperature XRD data were collected on precursor powder (dried at 120 °C) for
the compositions kCr\40s, LENiV20s and LisNiCpsVo0sdza A Y3 |t | BPoivadeil A OI f
X-ray diffractometerwith/ dz Yh o6< T ™ OPatimans Were hddfetRi 2500k 2 V
550 °C in increments of 25 °C. The furnace was heated at 60 “Cwitim 22 minute dwells

at each temperature for data collection.

Room temperature timef-flight (ToF) neutron powder diffraction data (far= 0,
0.25, 05, 0.75 and 1) were collected on the Polaris powder diffractometer through express
access at the ISIS Neutron and Muon FaciRititherford Appleton Laboratofyl.3] Vanadium
cans were filled witlca. 2 g of powdered sample and diffraction data wanlected forca.
200pAh. For 1sCr\tCs, room temperature data was collected in a silica glass tube as part of
variabletemperature ToF experiments (Chapter 5). The EXPGUI interface for GSAS was used
for Rietveld refinements usingrdy diffraction dataand neutron diffraction data collected

using the backscattering detector bank (bank1)], [15]

4.2.3. Impedance Spectroscopy
Forimpedance spectroscopy, the reacted powders were pressed into pellets atdstng a
cold uniaxial press to yield pellets of approximately 2 to 3 mm thickness and 10 mm diameter.
The pellets were sintered in at 650 °Gor x= 0, 0.25, 0.5, 0.7&nd 550 °Gor x= 1 for 12
h. They were then polishednd sputter coated with gold before impedance measurements
Density measurements wemllected by hand, measuring the mass and thickness of pellets
after sintering. Theoretical densities were calculated from lattice parameters obtained during

Rietveld réinement andEquation 4.1.
YDE T O WO | ——— (Equation 4.}
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where Zis the number of atoms per unit celM; is molecular weight (g/mol),2dcn?) is the

unit cellvolume,andNaA & ! @2 3 RNR2®A ydzYo SN oY2f

The impedance of each sample was measured using a Solartron 1260 impedance
analyser in the frequency range of®18z to 0.01 Hz with aapplied AC signal of 100 mV. All
measurements were corrected using a geometric factwed/thickness of the pellet)The
correcteddata wasthen analysed within the Zview softwar&otal resistancewererecorded
asthe value where the semicircle intercepts thexis. Bulk resistances were calculated by
fitting the semicircles and calcuiag the resistance at thg-axisinterceptusing the fit circle
function within Zview Measurementsvere taken during cooling from 25Cto 75°Cunder
dry air to avoid moisture, which could conceivably affect the impedance results through the

advent ofproton conduction[8]

4.3. Results and Discussion

4.3.1. Synthesis ofbiNi2CsV20s0 1 XK E XX MO
X-ray powder diffraction paerns, Figure 4.1, show the results of initial attempts to synthesise
LeCr\bOg following the same solidtate routes reported by Blass$&] After two days reacting
at 550 °C the diffraction patterns showed peaks matching to the inverse spi@elts (PDF
card number 08016-0735), in the Fdom space groug2] Significant additional peaks
corresponding to LIV LEVO and CsOsz were also observed. The powder was repeatedly
heated at 550 °C for 24 h intervals with intermittent regrinding and XRD measurements.
However, the XRD patterns after heating showely little change in the intensity of the
Bragg peaks attributed to secondary phases. Even after 7 days of reaction, only a small
decrease in intensity was observed for the additional peaks. This suggests the reaction of the
intermediate phases to formidCr\tOg proceeds very slowly at 550 °C, likely due to slow
reaction kinetics of oxides such as@y which are refractory and therefore result in slow
diffusion, as well as the low temperature used for the ssliate reaction. Scope for
increasing the @action temperature was limited by the presence of LiM&hich reportedly
melts at 616 °C16] Attempts to increase the reactiol®@mperature above 600 °C resulted in

the samples melting and sticking to the reaction vessel. As a single phase material had not
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been produced after significant reaction time, an alternativegall citric acid method was

adopted, following a previousleported synthesis route for end membepNibV20g.[12]

*=LiVO,
A=LiVO,
0=Cr,0,

=
3
S
2 211 *‘ *l i
A *
= 7 days
7)) A A o
C wh t:j i 0 * A%k|A / 0“\ h ﬁ
w |
e
£

MH MUUL IWWFM| | |w:j|”‘y'“
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20 (degrees)

Figure 41. XRD patterns after the attemptedlsd-state syntheis of LICr\4Os at 550 °C for 2 and 7
days.Peaks attributed to the t€r\tOsinverse spinel phase are highlighted using red tickmarks.

XRD patterns after attempts to synthesise the solid solutipaNi-2xCkV-0s, X = 0 to
1, via solgel routes are shown iRigures 4.2 and 4.3. Aftéd h at 500G sharp Bragg peaks
correspading to a disordered Hlom) inverse spinel structure were observed for all
compositions up to x = 0.9. For compositions betw&en0.9 and 1, small additional peaks
matching to VO, were observed. Ag increases, the relative intensity of the (111) and
related reflections also increases. This is due to the changes in composition leading to an
altering of the (k1) structure factor. Assuming the structure factor for the (111) reflection
can be approximd for Xray scattering byequation4.2, then forx=0 fa = V,fg = Li and¢
= TM) the magnitude ofilz will be small. Agincreases, thefg +fc) term decreases and thus
the magnitude of k1 will increaseThis has previously been explained in tumtext of the

differences observed betweenrdy diffraction patterns of normal and inverspinels[11]
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O et1 TQ "Q (Equatior4.2)

<

Blassenoted supercell reflections due to Li/Cr ordering when synthesisgigy\%0s
via solidstate routes however, there was no evidence of any additional reflections in the
compositions synthesised in thigork[1] Pageet al. suggestedlong duration (>300 h)
annealing at low temperatures (50Cor lower) can increase the degree of ordering between
Li/TM sites (TM = transition metals), as this allows sufficient time and energy for the system
to reach an orderedtate.[11] Because of this, a sample & 1 was annealed for 312 h at
500 °G after which the small impurity peaks associated witfVQy were not present,
suggesting after enoughntie the reaction can proceed to completion. Nevertheless, there
was still no evidence for any long range ordering observed in diffraction data after this long

duration annealing step.

High temperature XRD data flosNi2V20g (x= 0),Lb sNiCb.5V20s (x= 0.5) andizCr\tOs
(x = 1) precursors were collected to investigate the mechanism of phase formation during
calcination, as shown inable 4.1. and Figures 4.4. to 4.9. Tmgal formation temperature
for the inverse spinel phase was found to increagh x. For example, fox= 0, broad peaks
associated with the target phasébNi2V2Os, appear at 300°C As the temperature is
increased, these peaks become narrower and increase in intensity, likely associated with
increasing crystallite size. Forthax = 0.5 and 1, peaks associated with the inverse spinel
phaseappear at 328Cand 375°C respectively. Peaks associated wigv} can also be seen
at 325°Cand 375°C These peaks then decrease in intensity and do not appear aftetG00
for x = 0.5, suggesting thatsMQ; is an intermediate phase which can react to form a single
phase spinel in samples containing both Ni and Cr. Howeverlifor\tOs, the peaks
corresponding to lsMVQ increase in intensity with increasing temperature. This suggests that
LeVQr may be more stable or &@ontaining samples are less reactive, and significantly more
energy is required for it to fully react and form a single phase, asisdbe sample annealed
for 312 h.
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Figure 4.2XRD patterns of the compositions:MNi>-2Cr\V-0s (x = 0, 0.25 0.5 0.75 and 1) synthesised
using a citric acid sol gel method at 500 °C2fbh.
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Figure 4.3XRD patterns of the compositions.ili.Cr\V-0Os (x = 0.8, 085 09 and 0.95) synthesised
using a citric acid sol gel method at 500 °C2#bh.
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Table 4.1 Summary ophase formation fox = 0, 0.5 and 1 usintgigh temperaturg(300°Cto 550°Q

XRDdata of precursor powders before heat treatment

Phase formation

Composition
(Lb-xNiz-2xCkV205)
0 Broad peaks associated with a spinel phase observed between 3@&50C
°C.
0.5 Broad peaks associated with spinel and¥ Qi phases observed between
325 °CG 500 °C. At 300 °C the sample is amorphous and above 500 °
single phase spinel is observed.
1 Broad peaks associated with spinel an¥@Qi phases observed between

375 °G 550 °C. Below 375 °C the sample is amorphous.

400°C g I *
mewm ;ﬁ I T kg 37 7 *
o \W ‘\ ‘“"“‘WL ‘Wwv.'w} wﬁ\w\»/ % S8 ]\l*

A K
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m ; “N WMWWW
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i;

o T !
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—
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Figure 4.4High temperaturgd HT)XRD data for #Ni;\V>Os precursor powder between 300400 °C. *

indicates additional peaks associated with theQAkrucible and index@ peaks are associated with

LbNi2V20s.
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Figure 4.7 HFXRD data fotbsCi.sNiVLOs precursor powderbetween 425- 550 °C. * indicates
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Figure 4.9HT-XRD data fotsCV.Os precursor powdebetween 425-550 °C. * indicateadditional
peaks associated witthe AbO; crucible,n = peaks associated withsV¥, and indexed peaks are

associated with kCNV>Cs.

Figure 4.10 showBSC heating curves for the compositidnisNi-2xCkV20s (X = 0
0.25, 0.5 0.75 and 1korx =1, a sharp endothermic peak is observeccat690 °C, with an
onset temperature of 650 °C. The sharp endothermic peak is likely indicative of the sample
melting[17] Forx = 0.75and 0.5 the DSC curves can be interpretedcasitaininga broad
endothermic feature between 550 °C and 700 °C. These may be indioatike samples
undergoing partial melting due to éhsimilar compositions ta = 1. Alternatively,a broad
exothermic feature between 700 to 75Ccan beobservedn the DSC curves g 0.75 This
could be indicative of the sample undergomgradual second order transition such as cation
ordering A similar phenomenon has previously been observed in the DSC for the spinel
composition MgFg04 and confirmed by Rietveldefinements[18] To confirm this, future
work could investigate any structural changes that may occur with temperature using
complementary techniques e.dpSC and XRBor compositionx = 0.25 and 0 there is no
indication of decomposition or melting tie spinel phase up to 90C. These samples display

a gradually decreasing slope, suggesting the materials are absorbing heat. XRD data (Figure
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4.11) cokected after calcination a50°C for 6 h showetsCr\tOshad decomposed into the
oxides L3VQy, LiVQand Cs0s. Consequently, it is clear that tiphase is less thermally stable
than its Nicontaining counterparts. Pellets for impedance measurementewabsequently
sintered at 550Cfor x= 1 and 650Cfor x= 0, 0.25, 0.5, and 0.75. No changes were observed
within XRD patterns collected after sinteririgdure 4.12).
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Figure 4.10DSC heating curvédsr Li+Nb-2CrV-0s (X = 0, 0.25, 0.5, 0.75 and 1f)m 25 °C to 900
°C
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Figure 4.11XRD data fogC\V-Os calcined at 650Cfor 6 h. n indicatespeaks associated withsVQ,

* = peaks associated with LiY&and o = peaks associated with@Qx:
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Figure 4.12XRD data for LiNb.oxCrV-0s after sintering at 650 °G € 0, 0.25, 0.5 and 0.75) and 53D
for12 hk=1).
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4.3.2. Lattice Parameter Variations ig+Ni>-2xCkV-Og
Lattice parameters for all synthesised compositions in the solid solutieiNikbxCrkV2Os
were calculated from XRD data using an internal Si standard. Room temperature neutron
diffraction data were also collected for the compositiotrs 0, 0.25, 0.5, 0.75 and heated
for 24 h). The initial structural model assumed a fully inverse spinathmivas previously
reported for LiNiVQ.[11] The model placed appropriate amounts of Li, Ni and Cr on
octahedral 1@ sites, V on tetrahedral 8sites and oxygen on 8&2sites. Initial istropic
thermal displacement parametersjso, were fixed to the default value of 0.008. For the
initial stages of the refinement, the XRD data was imported first, refining the background and
phase fraction using a shifted Chebyschev function with twelve terms. This was followed by
lattice parameters and zero point correction (to accountdny specimen displacement error
or misalignment of the detector). The peak profile parameters were then refined until
convergence. The (111) peak in the XRD data was excluded from the refinement due to peak
asymmetry at low angles (<18 ) caused by axialivergence. This resulted in an improved
fit as the peak shape can be described using one model for both lower and higher angles.
Subsequent calculated lattice parameters are plotted as a function of composition in Figure
4.13. The lattice parameters fboth end members bNi2V>0s (a=8.2204(1) A) and 4Gr\40s
(500°C,312 h) &= 8.1992(1) A) were in good agreement with previous repdits2], [11],
[19] For single phase compositions, the lattice parameters were found to decrease slightly
with increasingk and follow a linearelationship. This is likely due to the differences in the
ionic radius of Ni(0.694), LT (0.76A) and Cr3(0.615A). Theslig i RS GAI GA2Y FTNRY
law (which states théattice parametesof a solid solution is the weighted average of the two
end member} at higher values of from the linear fit may be due to small discrepancies in
composition. Further evidence for thisabserved forx = 1 samples heat treated for 24 h and
312 h; data for the 24 h sample showed the presence of a small amousY@kLand as such
the spinel composition is likely e$toichiometric and the lattice parameter slightly higher
than anticipatel from the linear fit. However, the sample heated for 312 h, and where no
dA4SO2YyRIFNER LIKIFaS gl a 20aSNWWSR: FTAGa 6Stt oAGK
the close relationship to the linear fit {R 0.999) indicates a solid solution can efistthe

whole compositional range, allowing for appropriate reaction times.
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Figure 4.13Lattice parameter, ajs. xin Lb-Ni2xCkV2Os inverse spinels, calculated errors are smaller
than displayed pointsFor x = 1, the annealed (312 h) sample is shown with an open square. Linear fit
was calculated using compositions that appeared single phias€RD analysis.

4.3.3.Combined Xay and Neutron Refinements
For the compositions x =0, 0.25, 0.5, 0.75 and 1 (24 h) the refinement was continued with the
addition of neutron diffraction (ND) data. The lattice parameters were fixed to that calculated
from XRD data and the background and edattors for ND data refined. DIFC, DIFA and the
peak profile parameters where than refined until convergence. Atomic positions for oxygen
were refined first, followed byiso values in order of decreasing scattering length magnitude.
Uisos for the sngle crystallographic site occupied by a disordered mix of Li, Ni anci@r
constrained together. For x = 0.75, all attempts to refihgs for the 1@ site using combined
neutron and Xay datasets led to negative value8.0047582), therefore thissite was refined
and fixed to values obtained from XRD data only. The process was repeated until
convergence, and a good fit for all datasathieved Convergence is defined by a relatively
flat difference (observed calculated diffraction pattern) prdé, alongside a minimal change
in structural parameters and the statisticaheasuresRyp and .2. The fits, structural
parameters and bond lengths for compositiots 0, 0.25, 0.5, 0.75 and 1 are summarised in
Tables 4.2 to 4.6 and Figures 4.14 to34Tre refinement yields a structure which is in good

agreement with that expected of an inverse spinel, with Li, Ni and Cr oact&hedral sites,
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V on & tetrahedral sites and oxygen on &gitesfor all studied compositiond he goodness

of-fit parameters for Xay datasets are slightly poorer at low angles due to the mismatch in
intensity between the calculated and observed diffraction patterns. This can be observed for
both the sample and the internal Si standard and mlyibbecause low angle peaks are more

asymmetric, leading to variations in the peak shape caused by axial divergence.

Previously for kNiV20Og, some cation site mixing has been reported between Ni
octahedral and V tetrahedral sites of up 8 %[19] However, in the present combined
refinements there was no observation of mixingtlveen Ni/V sites. Initial efforts placed 8 %
of Ni/V atoms on tetrahedrall8and octahedral 16sites, respectively, resulting in a greatly
increased.? (6.337) compared to the ideal inverse spinel structure. Attempts to refine the
fractional occupanciegconstraining the total occupancy to one on each site) resulted in

negative occupancies of Ni in tetrahedrél Stes.

A small decrease in the Li/F® bond lengths with increasing Cr content was
observed, likely due to the replacement of tw*ND.69A) cations with one £{0.76A) and
Ce*(0.615A). Alongside this, a linear increase in the oxygesvalues and a decrease in the
oxygen fractionatoordinates were also observed with increasing x. This may be because
there is a larger ionic radius difference between atoms on the die asx increases,
therefore resulting in a slight distortion of the oxygen atom positions on average. Refined 16
site Uisosfor LeCr\sOs were significantly higher than those refined for all other compositions.
This could be indicative of greater distortion on thecHite due to the larger ionic radius
difference and/or the poorer total scattering contribution from both neutrons ar@ys For
example, the effective neutron scattering length for atoms occupying tlsit® in LiCr\tOs
is-0.53 fm, compared to 4.2 frfior LpNizV2Os.

Table 4.2 Refinedstructure parameters and calculated bond lengtliem combined neutron and-X
ray rdfinementsfor LbNi;V>Ogsat 25 °C.

LNiV20g, 25 °GFdom a = 8.204(1) A Total Ry = 247%, .2=2.323

Atom Site X y z Occ. Us(A®)  BondLength  (A)
\ 8b 0.375 0.375 0.375 1 0.00474(49) V-0 x4 1.7362(4)
Li  16c 0 0 0 0.5 0.008615) (Li/NifOx6 2.0806(3)
Ni 16c 0 0 0 0.5 0.0@61(5)

O 3% 0.253(1) 0.253(1) 0.2531(1) 1 0.007734)
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Table 4.3Refinedstructure parameters and calculated bond lengtliem combined neutron and-X
ray refinementdor Lp.2sNip sCho.25V20gat 25 °C.

Lb.2Nir sClb.26V20s, 25 °C, Fdm a = 8.2152(1) A, TotalR= 2.59%,2 = 2.594

Atom Site X y z Occ. Uiso (R?) Bond (A
Length

V. 8 0375 0.375 0.375 1 0.00515(50) V-Ox4 1.7360(5)

Li  16c 0 0 0 0.5625 0.00292(6) (Li/Ni/CryO 2.0787(3)
X 6

Ni  16¢c 0 0 0 0.3750 0.00292(6)

Cr 16¢c 0 0 0 0.0625 0.00292(6)

O 32 0.2530(1) 0.2530(1) 0.2530(1) 1  0.00826(4)

Table 4.4Refinedstructure parameters and calculated bond lengtliem combined neutron and-X
ray refinementdor LbsNiCpsV-Ogat 25 °C.

LisNiCp.2V20s, 25 °G Fdom a = 8.2L04(1) A Total Rp = 276%, .2=2.729

Atom Site X y z Occ. Us(A)  BondLength (A
\ 8b 0.375 0.375 0.375 1 0.00574(50) V-0 x4 1.7365(6)
Li  16c 0 0 0 0.625 0.0009(9) (Li/Ni/CryOx 2.0766(4)
6
Ni 16c 0 0 0 0.250 0.0009(9)
Cr 16c 0 0 0 0.125 0.0009(9)

O 32 0.2329(1) 0.2229(1) 0.2329(1) 1 0.0028(5)
Table 4.5Refinedstructure parameters and calculated bond lengtliem combined neutron and-X

ray refinementdor Lb.7sNiosCh.75v20sat 25 °ClUsovalues for the 16c¢ site were refined usingay
data only.

Li.7sNio.sClo75V20s, 25 °CFdom a = 8.2014(1) A Total R, =3.434 .2=3.385

Atom Site X y z Occ. Us(R?) BondLength  (A)
V 8b 0.375 0.375 0.375 1 0.0067(6) V-O x4 1.7375(7)
Li  16c 0 0 0 0.6875 0.0287(7) (Li/Ni/Cr)Ox 2.0739(4)
6
Ni  16c 0 0 0 01250 0.0@87(7)
cr 16 0 0 0  0.1875 0.0@87(7)

O 32 02%7(1) 02371 02371) 1  0.010425)

Table 4.6 Refinedstructure parameters and calculated bond lengtlisem combined neutron and-X
ray refinementdor LECr\tOgat 25 °C.

LkCr\t0s, 25 °GFdom a = 8.2A1(1) A Total Ry =3.84%4 .2=2.377
98.5(1) % kCr\iCs, 1.5(1) % VO

Atom Site X y z Occ. Us(A?) Bond Length (A

V 8 0375 0375 0375 1 0.0M56) V-Ox4  1.7395(12)
Li 16c O 0 0 075 0.032910) (LICr)Ox6 2.0713(7)
Cr 1l6c 0 0 0 0.25 0.032910)

O 3% 0.2951) 0.2551) 0.2551) 1 0.011366)
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Figure 4.140bserved, calculated and difference profiles of combingdyXand Neutron diffraction
data for LiNibV-Os at 25 °CObserved data are shown in black crosses, calculated in red, difference in
blue andcalculatedreflection positionsas blackspinel phase) and blue (Si standaidkmarks
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Figure 4.150bserved, calculated and difference profiles of combingdyXand Neutron diffraction
data forLbsNiCesVoOsat 25 °CObserved data are shown in black crosses, calculated in red, difference
in blue andcalculatedreflection positionsas blackspinelphase) and blue (Si standatkmarks

105



Li, ,NiCr,V,0, 25°C
Neutron

= R,, =244 %
=
=}
_e' L
8
ey
'@
- ;
QL ]
g |

T I T | i 7

-, \_,,__‘V ~ M ,_\4_41\-»-» -—}lf\m/\wmw
04 06 08 10 12 14 16 18 20 22 24 26
d-spacing (A)
Li, NiCr,V,0, 25°C
X-ray

. R,,=7.01%
_ﬂ =
e
35
&
&
=t
'@
£ L
D
£

10 15 20 25 30 35 40 45
20 (degrees)

Figure 4.16 Observed, calculated and difference profiles of combingdyXand Neutron diffraction
data for Lb.7eNio.sCh.7sV20g at 25 °C.Observed data are shown in black crosses, calculated in red,
difference in blue anctalculatedreflection positionsas black(spinel phase) and blue (Si standard)
tickmarks
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Figure 4.170bserved, calculated and difference profiles of combinedyxXand Neutron diffraction
data for Lb.7sNio.sCh.7sV20g at 25 °C.Observel data are shown in black crosses, calculated in red,
difference in blue andalculatedreflection positionsas black(spinel phase) and blue (Si standard)
tickmarks
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Figure 4.180bserved, calculated and difference profiles of combinedyXand Neutron diffraction
data forL&Cr\iQOsat 25 °CObserved data are shown in black crosses, calculated in red, difference in
blue andcalculatedreflection positionsas blackspinel phaseand blue (Si standardickmarks
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4.3.4. Impedance Spectroscopy
LYLSRIYyOS O2YLIX SE LXIyS Lfz20a | yR BIBOGNRAOD
2CkV208 (x= 0, 0.25, 0.5, 0.75 and 99lid solution a75 °C 125°C and 25CF° Care presented
in Figures 4.19 to 4.23/easured densities are summarised in Table 4.7. Composiiorts
0.25 and 0.5 all had the same density of 76 % after sintering at®®0 12 h. Fox= 0.75, a
slightly higher density of 84 % was achieved adtatering under the same conditions as the
previous compositionsx = 1 had the lowest measured density at 59 % due to the lower
sintering temperature used to avoid decomposition and/or melting, as previously discussed.
Complex impedance plots far= 0 and 0.75 both displayed a single, broad semicircle at low
temperature (75°Q which shifted to higher frequencies with increasing temperature, and
eventually out of the frequency window measured: 0.25, 0.5 and 1 all showed two partially
resolved semicales at high and intermediate frequencies, suggesting two resistive
components can be seen within the complex impedance plots. Every measured composition
displayed a low frequency spike, which was better resolved with increasing temperature. This
low frequency spike is indicative of complete or partial blocking at the gold electrode$ by Li
ions[20]

/I 2Y0 AYSR &aLJS Ol NP a O2=LOxisplay dingldibioaddaksiadrhaic F 2 N
YFEAYF R2 y2i 20SNIl LD LRSIffte Ay | YFGSNRI ¢
theO2 YLR Yy Sy ida ¢AGK GKS f26Sad OFLI OAlGlIYyOS I yR
the highest resistancfl1], [22]¢ KSNEF2NBE> AT (GKS a¢ LISFH] 20@S
possible to identify the component with the smallest capacitance, usually associated with the
bulk[22]¢ KS aAy3fS ONRIFIR LISI]1 Ay ®%E L) 20Gda),AYyRAOL
_, of the different elements present are similar. These results suggest the sample is electrically
inhomogeneous and the broad (> 1.5 decades) nature may be due to multiple resistive
components which cannot be resolvgell], [23]Further workcould investigate the effect of
sintering temperature to better resolve the different components or attempt to model the
different components with an equivalent circuit analysis. or n ®T1 p X aAy3ItS oNP
peaks can also be seen, however, ik n GKSNB Aa | o06SGGSNI 20SN
FYR aé¢ LISI1as AYRAOGAGS 2F 3IANBI 2§ Simiarftc® OG NR O
' nX GKS ONRIR ylFGdaNBE 2F GKS %¢é LISIFlbeYl & &c
resolved.x = 0.25, 0.5 and 1 display a single broad peakNJ a¢ | yR (G662 ONRIF R
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which correspond to those seen in the complex plane impedance plots. The high frequency
Y%e LISIF] 2OSNIlF LA ¢6AGK GKS aé¢ LISH1=X adzZaA3SaidAy

response phenomenon.

Spectroscopicplotso / Q F2NJ I ff O2YLlRaArAdArazya O2YLX S
complex plane impedance plots. Bor 0 and 0.75, a plateau at high frequencies can be seen,
corresponding to a capacitance of. 1022 Fcmt F2 NJ G0 KS aé¢ LISI |1 Yl EAY
temperatures, dow frequency dispersion approaching capacitance values betwegarid)
10° F cmtis also observed for all compositions. Capacitances &fddn be interpreted as a
bulk response phenomenon, while a capacitance between th010° F cm! is typically
associated as a samp#tectrode interface response due to the partial blocking effect of Li
ion at the goldelectrodes|20], [22], [25]It should be noted, at high frequencies foe= 0 a
capacitance ota. 10" F cm! is observedThis is likely to béinked to the higher porosity
instead of a sample effecas this would mean the sample has a permittivity value close to
that of a vacuum (based on the equatighC(I/A¥.1). Forx=0.25, 0.5 and 1, two plateaus
are observed at high and intermediate frequencies, coinciding with the two semicircles seen
within complex plane impedance plots. These plateaus have a capacitanael6f? F cmt
for the first semicircle (high frequeies) andca. 10 F cm! for the second semicircle
(intermediate frequencies). The second plateau can also be observed foand 0.75 at 125
°Cand 250°C respectively. A capacitance of @ cm' is associated with a grain boundary
response minor secondary phase. However, since the XRD aftetering (Figure 4.12)
revealedno impurity phases it is likely the responses seen here are due to grain boundary

responses.

Table 4.7.Summary of sintering conditions and calculated densitielsb@Ni-xCrV20s (X = 0, 0.25,
0.5,0.75and 1)

Composition (LidNiz-2xCkV20s) Density, Theoretical Density Density,

and Sintering Conditions g/lcm?® g/lcm? %
0 (650 °C, 12 h) 3.270 4.319 76
0.25 (650 °C, 12 h) 3.140 4.153 76
0.5 (650 °C, 12 h) 3.040 3.984 76
0.75 (650 °C, 12 h) 3.217 3.816 84

1 (550 °C, 12 h) 2.160 3.644 59
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Arrhenius plots of total and bulk conductivity versus 1000/T for the solid solution
Lb+Ni-2xCrV20g are shown inFigures 4.24 and 4.2%-orx = 0, 0.25, 0.5, 0.75 and 1, total
conductivities were calculated to be 1.02 x#109.56 x 16, 2.29 x 16, 1.78 x 1§ and 9.14 x
108 S cm' at 75°C respectively. Bulk conductivities of 2.04 x816.15 x 16, 1.68 x 10 S
cnt at 75 °C were determined for= 0.25, 0.5 and 1, respectively. Activation energies for
total conduction ranges between 0.50 eV and 0.56 eV, whilst activation energies for the bulk
range from 0.49 eV to 0.53 eVhesmalldifference in calculatedctivation energies is likely
insignificant considering the poor density of the sintered pellets arel risulting poor
resolution of the different componentwithin complex plane impedance plotSorx = 0.25,

0.5 and 1, the bulk conductivity values wearalculated from impedance plots by fitting the
FANBG aSYAOANDE Scalti?F snk) Ivitn a paxdBe) RIESCYCOith USing thé fit Q

circle function in the Zvievgoftware package. The resistance was then taken from the
intercept with the xr EA &4 0%Q0o®d ¢24G+f | yR odz {1 | OGAGI
compositions, and the subtle differences observed are likely due to factors such as differences

in density orcharge carriers. The similar activation energies seen indicates a similar barrier

for diffusion between the different compositions, which is expected as they have the same
inverse spinel structure confirmed via combineday/neutron Rietveld refinementsThis

suggests the conduction mechanism is likely the same in all compositions and the slightly
higher conductivity observed with increasiggould potentially be due to the increase in

charge carriers (Lions).

The conductivities reprted in Figures 442 and 4.25 are comparable to those
previously reported for the inverse spinelgNiiV>0s (ca. 1# S cmt at 25 °C) and 1C@V-0s
(ca. 10’ S cm' at 80 °CJ10], [26] Interestingly, they also have similar activation energies to
several normal and complex spinel structures such A%Qi2 (0.53 eV), LiM#Ds (0.52 eV)
and LiNiGeOg (0.46 to 0.55 eV[R7]¢[31] This idn cortrast to the partially inverse complex
spinel LbZnGeOs which is a poor kibn conductor and has an activation energy 2.14 eV
measured between 562 °C to 838 °C. 1AnGe0s, Zn and Li share tetrahedral sitdserefore
the conduction pathway is sigrifintly blocked by ZAmetal ionsand as such only-idns in
octahedral sites are involved in the conductipathway[30], [32] Theresults shown herein
suggest the conduction pathway in inverse spinels are not significantly impacted by the

shared occupancy of octahedral sites byobs and transition metal ions.
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4.4, Conclusions

In this Chapter, initial attempts to synthesise the previously reported inverse spytahAOs

via solidstate routes did not succeed in producing a single phase material. Instead, a phase
mixture of LiCr\bOs, LEVQ, LiVQand CsOsz were found after 7 days total at 550 °C. DSC and
XRD data revealed the synthesis temperature was limited by thendeasition and/or
melting of L4Cr\t0s at ca. 650 °C into lVQ, LiVQ and CsOs. As a consequence, the
synthesis method was altered to a citric acid-gel route which enabled the synthesis of a
novel solid solution between the two end membersNiiV-0Os and LiCr\bOs. Single phase
materials were synthesisedfter 24 h at 500°Cusing a citric acid sajel method for all
compositions up to kiNi22xCrV20s X = 1 Forx = 1, small impurity peaks corresponding to
LeVO: (1.5 wt %) were visible within XRD patterns after 24 h. However, annealing a portion
of the x = 1 sample for 312at 500°Cresulted in a single phase material by XRD analysis. For
all single phase compositions, the calculated lattice parameters were found to follow a linear

relationship, decreasing with increasirgnd suggests a full solid solution exist.

Subsequaetly, roomtemperature combined Xay and neutron powder diffraction
Rietveld refinements were conducted foe 0, 0.25, 0.5, 0.75 and 1. The refinements yielded
an inverse spinel structure, with Li, Ni and/or Cr randomly distributed over octahedtal 16
sites. There was no evidence of any long range ordering or cation mixing between octahedral

and tetrahedral sites contrary to previous repobig Blass¢1]

Impedance spectroscopy measurements were used to investigate how the
conductivity changed with varying land transition metal content. Total and bulk
conductivities was found to increase slightly with increasingctivation energies for total
conductivity were between 0.50 eV to 0.56 eV. The similar activation eneilgggsihdicates
these materials have the same conduction pathway. The calculated activation energies are
also comparable to normal spinels whereidris are able to travel freely through empty
interstitial sites within the spinel framework. This sugge& thndom distribution of Li and

Cr and/or Ni on 16c octahedral sites does not significantly impact the diffusion pathway.

Regarding future work, the broad endothermic peak between 70@nd 750°C
observed within DSC data of = 0.75 requiresfurther investigation. This could be
accomplished through the use of high temperature XRD to study any structural changes which

may occur in this composition. DSC data should also be collected beyondCYo0
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compositions containing both Ni and Cr, tcaexne the effect that altering the transition

metal may have on the melting point of these inverse spinels.
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Chapter 5: Diffusion Mechanisms in-hased Inverse Spinels

5.1. Introduction

As previously seen throughout this work, numerous materials based on the spinel structure
have been investigated as potential battery materials for LiBs. This is due to the wide variety
of possible elements which can combine to form the spinel structuseyal as the number

of empty interstitial sites enabling potential threBmensional conduction pathways for- Li
ions to travel through the crystal structure. How cations are distributed within the spinel
structure has been shown to affect the activatiomeegy for Lion diffusion, and potentially

the route along which lions carmmigrate through the structure, which in turn influences key
electrochemical properties such as rate capabllitly.[2] Therdore, a greater understanding

of the Liion diffusion mechanisms in spinel materials is crucial if these materials are to be
fully optimised. An improved understanding of existing battery materials would also help

facilitate the design of new materials.

The lithium migration and high temperature (> 700 crystal structure of the Li
containing spinels 4012 and LiMGe:Os (M = Ni or Zn) have previously been investigated
utilising variableeemperature neutron powder diffractiordata[1], [3] In LuTEO12, it was
revealed thatat high temperatures tibns occupy split 3tetrahedral sites around the 16
octahedral positions, suggesting that aa-82e-32e-8a diffusion pathway plays a key role in
Lrion migration. However, for iNiGeQs, Ltions diffuse from 8 tetrahedral sitesthrough
vacant 12| octahedral sites in and812d-8c conduction pathway. In contrast, in the partially
inverse complex spinel.ZinGeQCs, the conduction pathway is significantly longer due to the
presence of both Li and Zn ont@trahedral sites. As a result, the remaining Li, which occupy
4b octahedral sites, diffusgaa longer and more tortuousbd24e-4a-24e-4b mechanism; the

activation energy for ionic hopping is significantly larger as a result.

The results for kZNGeOs would imply Liions which randomly occupy sites alongside
other atomse.g.Zn are blocked from taking part in the conduction pathway. Despite this,
some fully inversespinels, LIMV®(M = Ni, Mn and/or Co), where Li and M cations are
randomly distribued over octahedral sites, display limited charge/discharge capagffies.

[6] The impedance results in Chapter 4 also suggest the inverse spinghiz biCrV20s0 1 XK
XX M0 I | NBncohduet@siaind hpve similar activation energies féomihopping to
their normal spinel counterparts such asTiEO:2. As previoushydiscussed, this has been
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suggested as evidence for local ordering betweenahd transition metal cationf(]
Nevertheless, studies on the crystal structures andbhimigration pathways in these

materials have not yet been reported-agepth.

In this chapter, the crystal structures bg«Niz2CkV20s, Where x = 0.5 and 1, were
investigated as a function of temperature using variaeleperature neutron powder
diffraction with a view on identifying active-ion conduction pathway(sYhese two samples
were chosen because of their novel composition andhanic conductivitymeaning they
were the most promising samples fadentifying mobile Lrions at high temperatures
Structural information obtained from neutron diffraction refinements is thesed alongside
data obtained from muon spectroscopy to study the locabihidiffusion kinetics ok= 0, 0.5
and 1.These samples were chosenunderstand how the Lion diffuson kinetics varied over
a largexrange. Muon spectroscopySection 3.7) is used to complememipedance data due
to its ability to probe local tion diffusion withoutthe inclusion of additional contributions

such as electronic or grain boundary contity.
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5.2. Experimental

LHon diffusion mechanisms in theaLNix2xCrkV20g (X = 0, 0.5 and, 1) inverse spinel series
were investigated using neutron diffraction and/or muon spectroscopy techniques. All
studied compositions were synthesisatli500°Cfor 24 h via the same citric acid syl route

reportedin Chapter 4.

5.2.1. VariableTemperature Neutron Powder Diffraction
Variabletemperature timeof-fight (Tof neutron powder diffraction (ND) data were
collected on the Polaris powder diffractometer at the ISIS Neutron and Muon Facility,
RutherfordAppleton Laboratory8] In order to minimise the possibility for reactions between
sample and container, in place of \atium cans silica glass tubes were used to hold powder
samples ofca. 2 g & = 0.5 and, 1) andnounted within an evacuated higiemperature
furnace. For the duration of the experiment, compressed air was passed over the samples to
avoid a reducing atmosphe and potential decomposition of the inverse spinel phase. Data
were collected on cooling fara.250tAh between 250 to 500Candca.500pAh at 550 and
600 °C for LeCrvOs (x = 1) and LisNiCpsV-0s (x = 0.5), respectively. The maximum
temperature was selected to avoid decomposition of the inverse spinel structure, established
in Chapter 4 to bea.650 °C for kCr\,Os. Data were then corrected to subtract background

contributions from the silica glassbe and for sample absorption.

The EXPGUI interface for GSAS was used for Rietveld refinements using data collected
via the backscattering, 9@nd low angle detector banks (banks 5, 4 and93)]10] Multi-
histogram refinements were used to obtain more reliable statistics and easier identification

of intermediate Li sites. Fourier difference maps were generated and analysed in GSAS, with

iKS Ch- WCNBES hoea2S0da F2NJ / NE a elthef PAEMNI LIKE Q

difference maps in three dimensioifiEl]

125



5.2.2. MuonSpectroscopy
Muon spectroscopy> {)weasurements were performed using the EMU instrument at the
ISIS Neutron and Muon Facili}2] Due to the ongoing Covid9 pandemic, all saples
investigated were measured remotely, with -site sample mounting and data collection

performed by the instrument scientist Dr Peter Baker.

Approximately 2 g at= 0, 0.5 and, 1 were packed into separate Ti sample holders to
form diskshaped samies ofca.30 mmdiameter and 1.5 mm thickness. The samples were
then implanted with 3.2 MeV spipolarised positivehcharged muons, whose decay into
positrons was detected by 96 scintillator segments arranged in two circular arrays. Data were
collected wsing a closed cycle refrigerator from 1@0600 K in threedifferent applied
longitudinal magnetic fields (0, 5, 10 G). Initial symmetry calibrations were conducted using a
20 G transverse magnetic field at 300 K. Data analysis was conducted using thd Mant

program[13]

5.3. Results and Discussion

5.3.1. Variabldemperature Neutron Diffraction RietveRefinements
For easier identification of intermediate sites in theidn conduction pathway the highest
temperature datasets were refined firs6@0 °C fox =0.5and 550 °C fox = 1). Heating at
these high temperatures encourages thermal activatioiebns, with Li therefore likely to
spend longer on average in interstitial sites within the migration pathway. The initial Rietveld
refinement used the same strategy as room temperature combinadyXand neutron
refinements (Chapter 4). Thmodel placedLi, Cr and/or Ni on octahedral d8ites, V on
tetrahedral & sites and oxygen on 8xites. Occupancies were adjusted depending on the
chemical formula and initiasatropic thermal displacement parameterbso, were fixed to

the default value of 0.0082.

For both compositions, the background and scale factors were refined first, using a
shifted Chebyschev function with eight, ten and twelve terms for banks five, four and three,
respectively. This was followed by lattice parameters and DIFC fos largde and four. DIFC
was kept fixed for the backscattering bank due to the high degree of correlation between DIFC

and lattice parameters. The peak profile parameters and DIFA were then refined until

126



convergence. Atomic positions for oxygen were refifiest, followed byUsso values in order
of decreasing scattering length magnituddiscs for atoms occupying the IGsite were

constrained together to share the same value.

During the refinement of kCr\sOg, the Uisesfor the 1& Li/Cr site were initiayl refined
without any damping. This resulted in a large, value of 0.166(502, suggesting the site
requires less scattering in the model at this site. This may be due to lithium motion and/or
migration, as well as the small total scattering contribatipom the 1€ site, as previously
discussed irChapter 4 {0.525 fmvs. 1.84 fm for LisNiCpsV-0s). Therefore, a damping
parameter was added during the initial stages of the refinement. Anisotropic thermal
displacement parameterdJjs, might havebeen more appropriate to account for the large
thermal motion seen at these temperatures. However, when attempted this led to either an
unstable refinement or elongated thermal ellipsoids spread over multiple crystallographic
sites. This effect was not obwved in LisNiCp.sV-0Os, which may suggest there is more
distortion on the 1@ sites inx= 1 thanx= 0.5. The thermal ellipsoids for the@i\sOg crystal
structure refined usingJjs for the 16 sites are displayeth Figure 5.1. This highlights the
model attempting to attribute additional scattering between cl&nd & sites by using
elongated thermal ellipsoids, which might otherwise be attributed to separate sites. Hence,
the use of smalisotropic Us;sassisted in the identification of distinct intermediate Li sites in

the conduction pathway.

Attempts to refine theUiso for the V site resulted in either negative value8.Q0180
A2) or values with a larger error than the refined value for both comparsiti This is again
most likely due to the small scattering length of-¥.38 fm) when using ND dat@herefore,
for V theUso was kept fixed at 0.0082. The refinements at this point gave good visual fits,
Figure 5.2 and 5.3, and statistical measures &l three detector banks, maintaining an
inverse spinel structure (Table 5.1 and 5.2). Refldedralues were reasonable, though now
considerably larger than room temperature refinements, due to increased thermal vibrations

of atoms at high temperature

127










































































































































































































































