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Abstract

Typical positive electrode materials for lithidion batteries have ordered structures,
containing well defined lithium percolation networks through the entire structure. Another
type of streture which has until recently received little attention is the disordereesadtk
structure. These materials have in the past exhibited poor capacity and cycling
performance due to the lack of structspanning lithium networks. Recent theoretical
works have modelled the available lithium content in favourable sites for lithium
percolation in various disordered structures.

This work compared the recent model to experimental results obtained from structural
and electrochemical studies onikiTiz2xFe-3902 (0.000x 0©0.28) with various degrees
of disorder, synthesised using solid state synthesis methods. &lisrlyarge cycling
studies of coin cells were used to confirm the model as well as to explore various cycling
conditions and electrochemical mechanisms resplenfor trends in performancex-ray
diffraction was used to characterize structural parameters and the degree of disorder at
various temperatures and compositions. Fe and-@dgex-ray absorption spectroscopy
(XAS) of pristine materials and oxygenddge XAS of cycled electrodes were used to
analyze structural trends and electrochemical processes such as oxygen charge

compensation.
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Chapter 1: Introduction

1.1 Motivation for the Study of Lithium lon Battery Positive Electrode Materids

Lithium ion batteries are currently used in many electronic applications as rechargeable
energy storage deviceslypically in the past they have been implemented in portable
electronics due to their high energy density, low cost and lifetif@atteres used in
portable electronic applications such as cell phones, laptop computers, tablets,
smartwatchesetc. require a lifetime on the order of hundreds of cycles before other
componentseach their end of life or become obsole@ther more recent apphtions of
lithium ion energy storage include use in electric vehicles (EV) including range extended
EVs which pair asmall, traditional combustion engimgth the electric system, as well as
residential, commercial and grid level energy storaljeese pplications however require
lifetimes on the order of thousands or tens of thousands of cycles to compare with existing
technologies.

Electric vehicles have seen a surge ofliest from the press and public in recent years
with thecontrast in increasingasoline prices and decreasprgce of large scale dithium
ion batteries creating more economically and environmentally efficamtsumepptions
over conventional internal combustion engine (ICE) vehidies comparisorthe average
commutervehicle(classified asveighingless thart.5 tonnekin Nova Scotiavas driven
16,802 km in 20092 The average cost gh®linein Nova Scotia in 2014 wakl.183 per
litre.® Assuming a fuel efficiency of a standard rside passenger car to be equivalent to
a 2015 Ford Fusion(5.6 L/100 km combined highway and cityhe averageannualfuel
cost of a gasoline powered car in Nova Scotia would be $114 F4lfle 1 compargsrices

and specifications dhigh and low end EVsurrently on the market and their operating



costs per year These estimates do not include maintenance costs, however EV annual
maintenance costs have been reported up to 35% lesghtanf conventional ICE

vehicles due to less complex components than required in at’ICE.

Table 11: Examples of EVs on the current automotive mafkeét

Capacity Range Cost Battery Cost Electricity  Cost/

Vehicle(2015) (kwWh) (km) (USD) (USD) cost/yr.* yr.

Tesla Model S 85 435 $87500 $25000 $491 $3616
BMW i3 18.8 190 $42400 $13725 $249 $1964
Chevrolet Spark EV 23 122 $29170 $15000 $472 $2347
Ford Focus EV 23 132 $25995 $15000 $437 $2312

*Electricity costs = $0.14947 per kWh in Nova Sco

Non-EV versions of the Focus and Spark are comparable to the EV price minus the
battery cost Therefore due to the battery cost of most EVs accounting for approximately
half the cost of the vehicld, is fair to combine théattery cost in thannual operating
estimate, which accountddr 80-92% of the total yearly cost, where the rest was due to
electricity costs In comparison to the fuel cost per year in a gasoline vehicle, EVs are
much more expensive to drivén order for EVs to become a viable option for consumer
transportation the cost Gthium iontechnology must decrease by at leafstctor of twa
All of the batteries listed above claim a round trip efficiency greater than 90%, and energy
costs contribute to-20% of operating costs, therefore improving efficiency would not lead
to asubstantiatost improvement

One way taeducethe cost would be to increabatterylifetime. A warrantied lifetime
of 8 years(or in most cases 160,000 km, whichever occurs firgty seem impressive,
however when compared to the large capacity and ratigese systemare not expected
to withstand a large number of cycledsing the assumptions above, the average Nova

Scotia driver would drive 134416 km in 8 yeafherefore lhe Telsa Model S is warrantied



for an equivalent of 302 cycles overyBars of driving The Chevrolet Spark EV is
warrantied for an equivalent of 1101 cycléhese lifetimes are still on the order of most
portable electronics and would need tadbebledin order to lower operating costs to that
of gasoline vehiclesimprovingrate performancgemperature and chgg management,
and internal chemistry are a few ways of improving the lifetidweother way ofeducing
the cost of operating an EV is to decrease the cost of the baslfy By using cost
effective materials and synthesis methods the cost bfhiaum ion battery can be
substantially decreasedJsing highenergy densitynaterials may alsocrease capacity
and/orreduce the weight of a battery, increasing the range and in turnrrgthue lifetime
cost by reducing the number of cycles required tlyloout its lifetime. Materials
containing Fe, Ti, Mn and Ni are of interest due to their low cost, and was the motivation
for studying the LiFe@ Li>TiO3 solid solution in this work. If materials similar to the
ones presented in this thesis are founde@ommercially viable for applications such as
EVs and grid storage, the energy storage portion of the cost of use could be significantly
reduced.

The typical materials cost of a standard 18650 cylindtittalim ion cell is shown in
Table2. For thepurpose of this thesis, a cell refers to an individilhium ion device,
whereas a battery refers to a collection of cells connected and managed in a larger scale

The positive electrode material accountsdeer 296 of the materials cost



Table1.2: Cost per component of a commercial 18650 ce20ih0*?

Cell Component Cost (USD)
Positive Electrode Material (NMC) $0.258
Aluminum Foil $0.028
Separator $0.209
Electrolyte $0.219
Negative Electrode Material $0.028
Copper Foll $0.044
Binder $0.029
Conductive Carbon $0.003
Processing $0.139
Packaging $0.054
Total $1.011

It must also be noted that these prices do not include the costarfagement systenin
large applications such as EVs multiple cells are connected and temperature and charge
regulated in order to monitor, improve, and optimize performance.

All components of lithium ion cells contribute to theost, capacity, energyedsity,
lifetime and safetyThough significant work has been done on all components, electrode
materials have profoundimpact on every aspect of cell improvemesptecifically positive
electrodes due to the high cost impact

Since sitive electrode matials account for a large portion of the cost aftaium
ion battery and are a large contributor to the lifetime, energy density and capasity
crucial to investigate new, cost effective positive electrode materials to implenmentin

generationdrge scaldithium ion technology



1.2 Lithium lon Batteries

1.2.1Battery Components

The inner componentsof a lithium ion cell can be separated into four major
components: positive and negative electrodes, separator, and elecffblgtpositive and
negative electrode materials are typically coated double sided on aluminum and copper foll
current collectors, respectivelyThe separator is then rolled between the electrodes in a
Ajelly roll 0 c onFgurelll rThetelearalyte islees injectedintothei n
cell and wets the separator

The positive electrode is a mixture of active material, typically a lithium transition
metal(TM) oxide such as LiCog{LCO), a binding agent such pslyvinylidene difluoride
(PVDF), and a carbononductor such as carbon sw&r The negative electrode is a
mixtureof active material (typically graphite) and bindértypical separator is made from
a porougolyolefin thin film which allows ion transport in the electrolyte between electrodes
Electrolytes are composed of a lithium salt such as lithium hexaflourophosphate) (LIPF
typically dissolved in an organic carbonate mixture such as ethylene carbonatei¢eq)

with diethylene carbonate (DEC)



“Jelly roll”

Separator
Negative electrode

Positive electrode

Figurel.1: The tyical fijelly rolld configuration of a commercial cylindricéthium ion
cell

Figure 1.2 demonstratéise basic operation oflahium ion cell: Upon charge, when
a current is applied frottenegative tahepositive electrodén an external circuit, lithium
ions are extracteftleintercalatejrom the positive electrode structuaed insertedhto the
negative electrode structufiatercalate) A lithiatednegative electrode matertzs higher
chemical potentiathan a positive electrode material, thus the energy supplied to charge
the cell isfistored in the negative electrodéNhen a load is connected to a charged cell,
the reversgorocess occurspontaneousjyand electrons flow through the circuit from
negative to positive electrodesing stored energy to perform work in the circuithe
positive electrode showin Figurel.2is Li1xCoQ;, an orderedayered material, and the
negdive electrode is graphite (I@s). At a completely discharged state= 0, and at a
charged state = 0.7, meaning during charge "Lions move from positive to negative

electiode (left to right in figurg and the reverse on dischargs described above
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Figure 1.2: A simplified model of electrode interaction during charge and discharge of a
Lithium ion cell. The separator and electrolyte are not included for simplicity

The performance and lifetimef a cell depend on the materials chosen for each
component For the purpose of this thesis, and for reasons itbestcin the previous

section only positive electrode materials will be discussed in detail

1.2.2Positive Electrode Materials
Many different structures and chemistries have been fouredéosiblyintercalatéde-
intercalatdithium ions In order fa a structure tdacilitate these changésmust satisfy
at minimumtwo structuralrequirements:
1. The structure must facilitate reversib
intercalate and dmtercalate

2. The networks must span the entire structure



Many structuresulfill these requirementsjost of such structures avederedlayered
and spinel structuresrigure 1.3 illustratesvo orderedlayered structures, rhombohedral
Rom and monoclinic C2/m as well as cubic spindba. In layered structuresuch as
LiCoO2 (Rom), oxygen, lithium and transition metals arrange into separate layars-
dimensional networks are formed in the lithium layer allowing reversiitihum
percolationbetweenayers ofCoCG. In monoclinic C2/m such asAMnOs it is useful to
write the formula in terms of the layer populatiores, Li[Li 0.33Mno.6702. Transition
metals (TM)in the TM layer order into a hexagonal sujstice surrounding Li sitesln
the spinel structursuch as LiMaOs shown in Figure 1.3, i t hi um At unnel 0 n
formed.

LiICoO: is still currently used in mangommercialapplicationsdue to itsstable
capacity of up td90 mAh/g and lifetime of sever#tiousanctycles'®* Significant work
has been done on layered TM oxides in order to reduce the amount of Co present due to its
cost and toxicity. Replacing Co with  Mn and Niin materials such as
Li(Ni0.33VINg.33C00.33 02 (NMC) has shownimprovements incapacity cycle life, and
safety over traditional LC@nd is gaining popularity in commercieglls® 22 Work by
Brownet al.and McCalleet al.that useadombinatorial methods characterised single phase
regions in the LiNi-Mn-Co-O systemand allowed for specific regions of interest to be

targeted for study?1®



Figure 1.3: Bulk structure (upper) anie geometry (lover) of common layered a)df
and b) C2/m and spinel ciBm space groups. Red atoms are oxygen, green lithium and
coloured atoms in oxygen polyhedral are transition metals.

Some works in layered materials have focussed on lithiam materialssuch as
Li[Li 0.Mno.seNio.16C00.glO2 in order to increasehe amount of available lithium,
increasing thecapacityand energy density of the materi&l. In lithium rich materials,
excess lithium is cdained inthe TM layer

Another type of layered structure that has not seen much interest until recently is the
disorderectubicrocksalt structureEmom. This structure will be discussed in detail in the

following section.

1.3Disordered Electrode Materials

Thedisordered rocksa(Fmom) structure is a layerestructure of the fornii+xM -

»O2 in which lithium and TM share the same site and are randomly distributed in the metal



layerin octahedral sitess shown in Figure 1.4 hese materials such B4.iFeQ; (shown

in Figure 1.4)have not received very much attention due to their poor electrochemical
performanceé®2® When cations and lithium are not ordered in the structure their ability to
satisfy the two conditions mentioned in the previous section becomes lifadeshtial
percolation networks are no longer simple slabs or linear gathstherthey arecomplex
winding networks thamayterminatein the bulk before reaching the surfacén Figure

1.43 multiple lithium atoms are trapped in the structhyaron rich regionsand have no
path to the surfagavhile some regions have more lithium population and form a large
network Figure 1b shows a closer view of a section with lithium deficient (left) and rich
(right) regions As this pattern is expanded & bulk level, very fewuninterrupted

percolatiomnetworks are left

Figure 1.4: Disordered rocks&linom. TM and Li atoms occupy theationsites, randomly
distributed through the structuréDxygen atoms are red, lithium green, and TM brown
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Lee et al. and Urbanet al. recently have describettie building blocks ofithium

percol ation net wor k sTMichannélsg’y®e The use ahtagwond i a | s

channelmisrepresents the geometry of these building blosé&ghs thesis will use the
term nTM sites insteadThis notation refers tdetrahedralsites with oxygen at each
vertice, where each face neighbours a Li or TM octahedral.siiehe number of TM
surroundingthe et r ahedr al s i t eForiesanple, ap shewvs m riguesd
1.5, orderedayered Rom contains both-TM and 3TM sites, where lithium diffusion
through tetrahedra can occur HTM sites, giving way to the 2D slab networks mentioned
earlier. DisorderedFmom, however, does not have such clearly defidestribution and
arrangement osites due to the random distribution of lithium and TNrhis leads to a
statistical distributiorof 0, 1, 2, 3 and-4 M sites dependingn the lithium contentThese
sites are sbhwn in Figure 1.5bTherefore athelithium contents increased, the probability

of finding large, structure spanning networks increases.

11



Figure 1.5: a) TM and 3TM sites present in ordereddf and their bulki s | a b 0o
arrangement b)-iM sites n = 0.4 present in disorderdémom and an example of bulk

arrangementGreen atoms represent lithium, red oxygen, and blue/brown represent
transition metals.

The probability of finding each-mM sitecan be calculated using the stoichiometry of
Li1+xM1xO2 with 0.000x O 0 . TBe3probability of eaclsitetype f§ ) is shown in

Figure 1.6 andvascalculated using

~ — h
" q
(1.1)
‘ P W p O
R
L q q
(1.2)
‘ P ©® p w
R
" q q
(1.3)
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(1.4)

(15)

Probability

n-TM site

Figure 1.6: The probability distriltion of nTM sites with increasing lithium content. As
lithium is increased frorx = O the normal distribution aroundT2/ becomes weighted

towards 0 and-TM.

With increasing lithium content the distribution centered aboUiiV2sites shifts

towards 6TM and :TM sites.

Lithium diffusion occurs through oxygen tetrahedra from one lithium site to another,
as showmboveby the curved arrows in Figure 1.5In this caselithium diffusion can

occur, if energetically favourable, in 0, 1 and @ sites. However,Leeet al.also showed

13



using density functional theorem (DFihat due to smaller layer spacing in disordered
materials, only @rM sites allow for lithium diffusior?” Considering Figures 1.4 and 1.6

it becomes clear why stoichiometric disordered LiM@aterials perform poorly: When
expanded to a bulk systerhupdredsof nanometers)the likelihood of a percolating
network of lithium to span to the surface of the struetiarextremely unlikelgince only

7% atx = 0.00 to 20% at = 0.33 of all sites are-UM. Therefore a method afetermining

the critical lithium content in order to form percolating networks, and determining how
much lithium is available in those netwsr is needed.

Two methods of finding the probability of
method, using statistics and nearest neighbour geometry, and Monte Carlo methods.
Considering the first approach, edithium ion is located in an octeldral site, surrounded
by 8 nTM oxygen tetrahedraEach surrounding tetrahedra is at maximuif\g, as they
all contain the central lithium.The octahedralithium canthereforebe part of between

zeroandeightO-TM networks. Therefore the probability of lithium being in at least one

0-TM site () can be found using a choose summation sifes (n = 1..8)
. (T . .
n ¢ N P N h

(16)

wherern is as describedh Equation 1. Expanding to the next nearest neighbour, the

probability that any the (minimum) twe DM sites connect to a third)( is then
. (/. . X s .
n ¢ N P N o " p N 8
1.7)
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This calculatiormethod continues to become more intenswil increasing cluster size.
In order to calculate on a large scale Monte Carlo simulations are necessatry.
Leeet al.recently performed Monte Carlo simulations with increasing lithium content,

as well as increasindisorder, orcation mixing, wheralisorderis defined as the ratio of
TM in the lithium layer to the total TM population, ee— .2’ This was performed using

computational percolation methods developed by Newman andé®Ziff.the method, O
TM sites weredistributed randomly throughout faound lattice based on the lithium
population probability as well dayer mixing probability. Eachtime a GTM site was
placed, the algorithm checked adjacsités. Each time an adjacentTM sitewas found
the algorithm labels botsitesa s part of the same network, o
of the cluster ashk firstsite. If one cluster connected with another tasgerof the two
was used to definthe newclusterand the root of the larger cluster then dediai sites in
the new cluster If two sites in the sameluster wergoined by an intermediatsite, the
difference in displacement from the intermediate and two josites to the root site was
determined, and within the lattice boundary veagial toone lattice spacing.When a
boundarysite wasplaced the algorithm cheelthe coresponding oppsite boundary for
a 0TM siteas well. If the opposite boundary was al®/ siteand also in the same cluster
as the placed boundary, Acluster wrappingo
difference ofgreater than one spacing aall sites in the cluster become astructure
spanningpercolating network A simplified diagram of a @limensional square grid is
shownin Figure 1.7.

The periodic wrapping probability is the probability this wrapping occurs in a certain

sized bound region at specifithium and disorder levels. The periodic wrapping
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probability wasfound by Leeet al.to converge for layeredtructurs around a 16x16x16
lattice (4096 sitesshowing little improvement using a 32x32x32 lattice (32768 sites) and
computing in significatly less time?” The ratio of accessible lithium was then found by
the ratio of lithium in wrapped pathways (all rRemapping pathways are trapped) to the

total lithium content.
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Figure 1.7: A simplified diagram of thete placement algorithmin a) three roosites R1,

R2, and R3 existWhensite P is placed, the cluster with root R2 becomes part of cluster
Rl. I n b), when P is pl aced Acluster Wr aprg
displacement from joined networks and P to R1 is greater than one lattice unit.

The purpose behind this type of algorithm and the use of cluster wrapping is that if a
sufficiently sized bound region is found fow roagnsistently at a specified lithium
content then when expanded to bulk scaleTM sites will exist though the entire
structure. The results from Leet al. are shown in d@heat map in Figure 18. The
accessible lithiuntontentis shown from red (zero accessible lithiumptoe @.5lithium
per formula unit). The black line in Figure 8A is x., the critical lithium concentration for

O-TM percolation. This map only cosiders @I'M percolation, whereasdisorderlevels
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decrease, layer spacing will increase un{iiM and possibly ZT'M sites are favourable,

but that is out of the scope of this tises
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Figure 18: Results of Monte Carlo simulations by Lee al. showing A) the periodic
wrapping probability and B) Accessible lithium content TN percolating networks.
FromLee, J., Urban, A, Li, X., Su, D., Hautier, G., CederSGencg2014),343 519
522 Reprinted with permission from AAAS.

Figure 1.8 demonstrates that regardlessisdrder sufficient lithium, abovex & 0.20
in Lig+M@wxO2 (note x is defined differentlyin Figure 1.8) is required in order for
approximately one lithium per formula unit to be accessille.a disordered rocksalt
structue disorderis 100%. The available lithiunvs.x data from the 100% mixing line in

Figure 1.8B is shown by a black line Figure 1.9.
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Figure 1.9: Available lithium content with increasixdue to OTM networks (black line),
M**6*and N*4* redox, N*#*redox, and R"*>* redox. For the latter two choices increasing
lithium content decreases theoretical capacity once the redox&hdides intersect. O
TM data digitized from Urbaet al.?®

Increasing lithiumcontentincreases theumber ofO-TM sites available however
typical TM choices in electrode materials such as Co, Mn, Ni and Fe limit the theoretical
amount of useful lithium due to their redox capabilitiés.x increases, the average charge
of Li1+xM1-xO2 mud remain zero. It is then useful to write the formula as4HM -xyN@-
»(1-y)O02, where y is determined by charge balancing the chemical formula depending on
cations M and NWhen M has a chargef 4" and Na charge o8, the formula becomes
Li 1+xM2xN(1-3x02 where 00x 00.33. Depending on the possible oxidation states of M
and N the theoretical capacity can be very low at higi iree examples are shown in
Figure 1.9. It should be noted that redox limited materials have been ftuodercome

limited capacity by exhibiting anion redox, such as in the caseMhids.3°
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In the work by Leeet al, layered Lii.211M00.461Cr0.3802 was found to disordeduring
charge/discharge cyclinglhe redox capabilities of Mo and Cr are that of the red line in
Figure 1.9 therefore all availableTM lithium should have been accessiblée predicted
capacity of the grcolation model agreed very well with experimental reshtisever only
thex = 0.211 composition was report&?®

Since these recent models have come to light, there has beemtastiin disordered
materials Twu et al.investigatedlisordered.ixNiz 1 4 $ba02, finding increasing Itium
increased capacity as well as capacity retention over many éycl¥sbuuchiet al.
investigated materials of thi®rm xLisNbOs-(1-x)MO andxLisNbOs-(1-x)LiMO2 with
inactive Ni#* which achievedhigh capacity fromreversibleoxygen redox (&/0Y) charge
compensation up to 300 mAh &

Past work on disordered materials, specificallythe form Li+x)TioxFg1-3xO2 have
found low reversible capacity and varying electrochemical performance with variations in
lithium content, offemg no explanation for the observed capacit€s. Materials
containing Ti and Fe are of great interest due to their low cost, safety, and availability.
They are also of interest to this work for theiportedability to form a disordered structure
along the compositional line &ixTizFeuayO2to at leask = 0.22°

Due to the necessity of high lithium contamtdisordered psitive electrode materials
more work in understanding charge compensation processes such as oxide redox is
necessary, as well as mulédox transition metals such as #8". Additionally, to date
no work has shown experimental evidence of disorderedenmls following the

percolation theory model Lest al. predicted.
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1.4This Thesis

The primary goal of this thesis is validatetheoretical models by Lest al.and aid in
the understanding and design of disordered positive electrode mat&éh&svork aimed
to experimentally suppoit e e 6s model s on highly disorder
Li (145 Ti2xFer-3x02 solid solution line from GO x O 0.33 and observing how increasing
lithium and decreasing redox capacity affected the performafribe material Structural
and electrochemical characterisation the material puagkine andexsituat multiple states
of charge (SOC) was used to answer the following questions:
1. Can the degree of disordee preciselycharacterised and controlled?
2. Do models by Leeet al. predict experimental performance of disordered
materials?
3. What are the electrochemical mechanisms present in disordered materials and
how do they limit performanée
4. How can charge compensatioia oxygen redox aid in optimizing cagity and
material desigh
Chapter 2 of this thesis describes the experimental methods used in this research.
Chapter 3 describes the results of structural and chemical characterisation of the
synthesised materialsChapter 4 will discuss the electrocheali results andompare
Leeds model GChaptedhands Will sldresqudstionusing different charge
discharge protocols andxsitu x-ray Absorption studies Chapter 6 will discuss
conclusions and propose future worRy answeringhe abee questions, this workvill
aid in the future development of disordered material theory and design of novel, high

capacity positive electrode materials.
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Chapter 2: Experimental

2.1 Experimental Design

The solid solutior{2x) Li>TiOss (1-3x) LiFeO, (0.000x 00.33)was chosen due to its
ability to exhibit high levels of cation disordatrdifferent values of as well as itexpected
Fe**'**redox reactionsluring charge and dischargé?® In this document the simplified
notation Li+xTi2xFeu-3xO2will be used.

Seven compositionsere chosen along the solid solution ranging fsom0.00 tox =
0.30. According to redox capacity,»at 0.33, LeTiOs should have zero capacity due to
electrocemically inactive Ti. If the moddly Leeet al.is correct, LiFeQ should exhibit
near zero capacity as well, as nd M sites should form spanning networks. Therefore to
form an understanding of howTM and redox affect disordered materials, choices of
were spaced between endpoints:0.00, 0.05, 0.10, 0.15, 0.2023, 0.30.

Synthesis conditions were varied in order to investigate the effect of temperature on
structure as well as performance. Elemental analysis was performed in order to
determine the exact compositionsing inductively coupled plasma optical isgion
spectroscopy (ICIDES). ICROES results were used in the refinement of poweery
diffraction (XRD) data, used to structurally characterize samples. XRD refinements were
used to determine sample phases, lattice parameterddiaodier ¢ation mking).
Scanning electron microscopy (SEM) was used to determine particle size and morphology.
x-ray absorption spectroscopy (XAS) techniques probed local electronic and atomic
structure to determine TM and oxygen valence states as well as TM migrating du

charge. Finally, test coin cells were made and electrochemical characterisation was
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performed using charge/discharge cycling in order to compare performance to theoretical
models
The following sections outline each of the techniques mentioned abaletail, as

well as the procedures used in this work for each technique.

2.2 Materials Synthesis

Chosencompositions were synthesised by mixiagpropriate ratios ofithium
carbonate (l2COs) (Chemetd, 99%%), iron (iii) oxide (FeQs) (SigmaAldrich, O 9)9 %
andtitanium dioxide (TiQ) (Fi s h e r), Po@derp@&rsors were made by mixing the
measured amounts by hand in a mortar and pestle for 5 minutes with 5% and 10% excess
lithium (over the target composition) to account for lithilbesduring keating. 5 g of
each lithium excess composition was synthesized (7 composki@nsxcess contents)
exceptx = 0.15, where 20 g of the 10% excess Li sample was synthesized for temperature
dependence experiments.

Precursors with 5% excess Li were hedte@0 hr at 700C while 10% excess samples
were heated at 80G. Heating was performed in a Vulcan 550 Benchtop Muffle Furnace
(NeyTech) with both heating and cool down sa#é 10°C/min 3 g of each sampl€.5
for x = 0.30)was heated in an aluminarca mi c¢ . Ridue &.1acshows the precursor
materials and 2.1b shows the heated materials at each tempePatmarsors ranged from
brick red (x = 0.00) to gery light redatx = 0.3Q After heating, the 800°C series gradually
transitioned from dd&r brown (x = 0.00) to light brown (x = 0.30) and the 700°C series
started as a dark rd@rown and transitioned to a light brown, except for xhe 0.20

composition, which was a light yellolarown. The transition of the samples to lighter
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colour with inceasing lithium content is an indicator of thend gapof the samples. A

material with darger bandgap will absorb less wavelengihight and therefore reflect

more colours, so lighter samples should be less conductive.iThis | e orayt h umb ¢
explan why larger amounts of carbon conductor was needed in order for cells to perform

well in Section 4.1.

Figure 2.1: Powder precursors (top) and heated samples (below) heatetCafil&dPand
700°C (right). Samples increasexrirom left (x =0.00) to right (x = 0.30).

Samples were then weighed and compandtth the expectedmass of the target
composition(assuming all 8.0% excess lithium was lost during heatinghese results
are shown in Table 2.JAlmost all samples were within 2% of the expected mass, however
the 800°Cx = 0.30composition had 5.4%xeess mass over the target. This may have been
due to poor weighing technique (loss of sample), as the 700°C sample was within 2.7% of

target mass, or the= 0.30 samples may have contained multiple phasegcess LCOs
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after heating The characteraion of phases and exact compositions are explained in the
following sections.

In addition to the two series above, the 0.15 composition was heated to 600
700°C , 750C, 800C, 900C, and 1008C in a separate experiment, under the same

conditions dove. These masses were not recorded.

Table 2.1: Mass analysis for 700°C and 800°C series

X (700°C) Precursor (g) Heated (g) Expected (g) Difference (g) % Difference

0.00 3.00 2.39 2.40 -0.01 -0.42%
0.05 3.04 2.45 2.39 0.06 2.45%
0.10 2.98 2.34 2.30 0.04 1.71%
0.15 2.99 2.34 2.26 0.08 3.42%
0.20 3.04 2.28 2.25 0.03 1.32%
0.23 3.02 2.25 2.21 0.04 1.78%
0.30 3.04 2.20 2.14 0.06 2.73%
X (800°C)

0.00 3.02 2.44 2.41 0.03 1.23%
0.05 3.02 2.40 2.37 0.03 1.25%
0.10 3.00 2.36 2.31 0.05 2.12%
0.15 3.01 2.33 2.28 0.05 2.15%
0.20 3.00 2.26 2.22 0.04 1.77%
0.23 3.02 2.23 2.21 0.02 0.90%
0.30 2.49 1.86 1.76 0.10 5.38%

2.3Elemental Analysis

2.3.1 ICR-OES
Elemental analysis is a technique widely used to determine trace elements as well as
accurately determine overall compositions of materidlse technique used in this work

is inductively coupled plasma optical emission spectroscopy-QEB).
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An inductvely coupled plasma (ICP) is created by a copper radio frequency (RF) coil.
Between 7001500 W is supplied to the RF coil at a frequency@MHz 32 This creates
electromagnetic fields of the same frequency at the tip of the plkmsola The plasma
chamber maintains a continuous argon flow. A spamk a Tesla coils used to ionize
argon atoms and create electrons, bothloth accelerate in the high frequency fields and
collide with other argon atoms imaonizingchain reagon, creating a high temperature
plasma The Atear o shaped plasma is formed by
chamber.

Samples tested using IGPES are aqueous (powders dissolved in acid in this work)
and introduced into the apparatus first inteedulizer which creates a fine mist. The mist
is carried into the ICP which then evaporates the solvent. The sample then vapourizes into
gaseous molecules, and finally atomizes (decomposes into individual atoms). This process
generally happenis the first centimeter of the ICP, at temperatures of 7000 to 10000 K.
The sampleatomsare thenionized between 13 cm into the plasma at temperatures of
60007000 Kandexciting electrors. Energized atoms emit photons at a spe@fiergy
given by

h

(2.1)
whereO and'O are the excited and relaxed energy levels, respecti@ly, is the
energy of the emitted photoifdis Plarck 6 s ¢ ccimsshe speed pof lighand_ is the
photonwavelength Each element will therefore emit a unique spectra of wavelengths.
Theemitted light isseparatechto its spectrunand direted by an optical systemcluding

a prism, mirrors, and diffraction gratingsito an array ofmany (sometimeblundreds of
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thousand) of siliconphotodetecta Someapproaches, such as the one used in this study,
apply monochromators to select very specific wavelength regions allowing for the use of
less complex photodetectors (22528 in this stdtly) These photodetectors charge as
photons of the desired wavelength hit the surface. The intensity of the photons at each
detector corresponds to the concentration of the particular excitation, and therefore the
element. The optics adjust for each eletmrch thathe array detects a narrow region

around a characteristic wavelength with high accuracy.

2.3.2 Experimental Preparation

ICP-OES analysis uses high precision standards of known concentration in order to
create a calibration curve to determicempositions of measured samples. Standards
should Abracketo the concentration range
range of standards.

The apparatus used in this study was a Perkin Elmer Optima 800MHESP
Spectrometer. The detectiomit of lithium was 0.1ug/L, or parts per billion (ppb).
Limits for Ti and Fe were approximately®2ppb. The detector was known to saturate at
lithium concentrations of over 2 ppnDue to the varying mass ratios of Fe and Ti to Li,
careful @nsideration was taken to design a concentration windawichmeasurements
were performed

A 0O ppm Ablanko was used, as wel | as two
ppm Ti, Fe, Mn, Ni, Co, another containing 1 ppm Li and 2 ppm Ti, Fe, NiQdnOnly
Li, Fe and Ti were used in this stu@tandards were prepared by accurately pipetting 1000

ppm singleelement standard&SigmaAldrich) and diluting with 2% HN@ The 2%
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HNOz used for sample preparation was prepared wngnized water (18.R1q cm). In

order to stay approximately in the 0.2 ppm bracketed regior10 mg of each sample
wasadded tad2 mL aquaregia and left overnighb dissolve fully Approximately 10uL

(some samples contained air bubbles) was then pipetted and avithhedl2 mL of 2%

HNOs. Samples containing air bubbles had an additionail-&dded The target sample
concentrations were designed such that measurement errors (such as those caused by air
bubbles) were not likely to cause sample concentrations ¢aiiggde of the measurement
concentration window.Only one measurement (Fe in the 80k = 0.00 sample) was

slightly outside the calibration window (2.282 ppm2 ppm).

Measurements took place in the Department of Dentistry at Dalhousie. Measurements
were taken in axial geometnywhere the optical path was in line with the plasma axis. This
geometryallowedfor optimal resolutionlf samples saturated the detector, radial geometry
(perpendicular to the plasmapuld have been used to decrease theasidiowever the
detector never appeared to satura calibration curves were linear, with arf Ralue of
0.9994111.00000. The R value indicates the goodness of fltable 2.2 shows the
composition per formula uniesults from the 70@ and 800C composition serieas well
as the 60000 C temperature series.

Figure 2.2 shows how the data in Table 2.2 compares to target compositions. All
samples exceptfor= 0. 30 compositions were within th
the target compositits.

The 700C series (synthesized with 5% excess Li) was slightly more Li deficient than
the 800C (synthesized with 10% excess Li) series for all samples, though both series were

slightly below target values for each composition. This may have be doegtheating
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times. As temperature was increased, lithium loss also increased, as expected.’Che 600
sample was not included in Figure 2.2 because it was found to bepmasi (see Chapter

3).

Table 2.2: ICPOES results Normalized composition performula unitto a total of
population of 2.00@all compositionsaccurate within 2%)

700°C Li Ti Fe
0.00 0.9% 0.04 1.01
0.05 1.0 0.108 0.860
0.10 1.084 0.209 0.707
0.15 1.127 0.313 0.560
0.20 1.174 0.43% 0.32
0.23 1.207 0.481 0.312
0.30 1.263 0.636 0.101

800°C Li Ti Fe
0.00 0.998 0.04 0.998
0.05 1.0 0.107 0.851
0.10 1.097 0.207 0.696
0.15 112 0.313 0.555
0.20 1.187 0.414 0.399
0.23 1.209 0.485 0.306
0.30 1.280 0.621 0.099

Temperature Li (target 1.15) Ti Fe
600°C 1.146 0.308 0.546
700°C 1.128 0.311 0.561
750°C 1.13 0.313 0.5%
800°C 1.130 0.299 0571
900°C 1.119 0.313 0.568
1000°C 1.121 0.318 0.561
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Figure 2.2: Elemental analysis results per formula unit fofCQihd 800C serieqleft)

plotted versus measured lithium content to demonstrate proximity to target compositions
(black lines)and temperature series (righf)il compositions except = 0.30 were within

the measurement uncertainty.

2.4 Scanning Electron Microscopy (SEM)

Scanning electron microscopy was used in thawkwto characterize the size and
morphology of sample particlesSSEM was used due to its ease of use, direct imaging
capability and nanometer resolution making it optimal for analyzing small particles.

An SEM bombards a sample with an electron beam¢aylyi created by a&old field
emission or thermionic emission. In this work both techniguere used. Thermionic
emission occurs whenheeatedilament(CeBs in this casegxcitesCe outer sheklectrons
creatingfree surface electroris. Cold field electron emission uses a room temperature
tungsten single crystal sharpened to a tip diameter-aDDGmM ¢ A strong electric field
caused by an extraction anode lowers the work function such that tunnelling ¥ccurs.

These electrons are accelerated away from the filamensbparatenode, and focused
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into a beam. The electron beam is then raster scanned across the surface of a sample.
Electronsundergo elastic and inelastic scattering upon interacting with sample surface
atoms. This work used a back scattered electron (BSE) detector. BS&zmused by
elastic scattering off the sample. The intensity of a BSE signal corresponds to the mean
atomc number (Z) of the area the beam interacts with, so higher Z corresponds to a brighter
signal. A BSE detector is typically a Si wafer comprised of many sectors which
communicate with software to turn the BSE signal into an image.

In this work, aHitach S-4700 SEM(cold field emission)was used at the Dalhousie
Engineering campus, as well as arhouse Nano Science InstrumeRisenom Pro Desktop
SEM (thermionic emission) The Hitachi was used due to its high resolution andtéinable
controls for nao-sized particles. Powder samples were mounted on dsig@d carbon tape,
then on an aluminum SEpIn stub mount. Images were then taken at different magnifications

for use in qualitative analysis.

2.5 X-Ray Diffraction (XRD)

X-rays are a powerful tool in electronic, local atomic, and bulk scale characterization,
due to the wavelength rangéx-rays being on the same order of magnitude as the atomic
scale. An x-ray can interact with a substance by either scattering or absorbing.

X-rays that exhibit elastic scattering in a material can be ussdstdocrystallographic
information on the sample indlinglattice parameters, atomic structure andering, and
phases present (inelastic scattering results in different diffractedleveyihs, causing
interference and contributes to the backgrodfdyhis technique iscalled X-Ray

Diffraction.
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2.5.1 XRay Diffraction in Crystallography
In crystallography, a structure is definedebgepeating unit cell witlattice parameters
ofoftowhich define the lengths ahecell, and angles fi fi , as shown in Figure 2a3 A
Bravais lattice is a structuvehichsparsan infinite set opointsbytranslationabperations
Every position in a Bravais lattice is defined by a unique lattice vector
1 &4 &4 edh

(2.2)
where¢ , ¢ , ¢ are integer coeffidents and + b i are primitive vectors. The
reciprocal lattice is described bgciprocal vects

pod W o

(2.3)

whereh, k, lare integer coefficients, also known as Miller indices, nil} At are

reciprocalprimitive vectors that are orthogonal to two lattice vectm:s,

R R

(2.4)

yielding the condition

(2.5)

Miller indices thiCiridescribe crystallographic planeased on where they intersect the

crystal axes Identical ththiplanes have spacingsa determined bythhdas well aghe
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lattice parametersuiy| hf hand’ . A plane which intercepts the poirdts: fos= h = |
whereohbh) are fractional atomic coordinates is denot&xr o6 0 0 and
repeats every spacimgq. A plane that never crosses an axis is salthiee an intercept at
infinity. For examplejn an Rom structurethe plane parallel to tha and b axis and

intercepts the-axiswith ad spacing otc/3 is the (003) plane.

0,1,0)

T~

Figure 2.3: a) Lattice parameteiRihand i i define the unit cell lengths and angles
respectively. The unit cell repeats throughout the structure. b) Atomic positions described
by fractional atomic coordinates

When arx-ray penetrates a matal, they can elastically scatter off atoms at the angle
of incidenceoff identical "Q'Q planeswith plane spacin@ . In order for measured
diffraction to occur, these twe-rays must interfere constructivelyB r a glayadsfines
the criteria required fathis constructive interferencaVhen twox-rays scatter dfatoms
in a material, one may travel further than the other, resulting in a path tffgtence0,

shown in Figure 2.4. By inspection of Figure 2.4, in order for constructive interference to
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occur,0 _ & wheren is an integer ané-is the wavelength of the incomingrays.
Therefore, writind- in terms of Q andd, the Bragg equatiois obtained

¢ _ ¢Q OE+h

The scattering vectoa, is the difference between tbdfracted

beams.The path differenck introduces a phase shifbetween the diffractextrays. The
superpositiorof the two wavescattering offtwo atomsas shown in Figure 2.dan be
written
O [ MO p Q h
(2.7)
where D is the resulting superposition of the two wavasj] Mo arethex-rays 6

wavefunctiors. With respect to Figure 2.4, the phase shift can be written

(2.8)
wheres may also be written as the difference between the two &tomBr avai s | at
vectors, which is itself a Bravais vectdRs. Equation 2.7 shows that in order for
constructive interference to occur, the following conditiomst apply:
ADV AQ{, ¢ t8
(2.9)
Thecondition in Equation 2.5hows in order for Equation 2.9 to be true, 1, which
means A must be perpendicular to afffQx plane in order for diffraction to occur.
Therefore in order for everyQQi plane to be detected in an XRD experiment, a sample

needs to be exposealthe incident beam at every orientation over a broad range of angles.
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Figure 2.4: Diagram of the Bragg condition: Two incideriay beams scattering off
identical " planes at an angle offfrom the incident beamThe two diffracted beams
are in phase if the conditions in (2.4) are met. The scattering vectoust also be
perpendicular to the QO planes in order for coherent scattering to occur.

XRD patterns contain peaks which occur at angles that correspond to"@&xh
plane, and may be used to extract lattice parameters and information about atomic structure
and ordering. The following sectioadiscuss XRD methodssed in this work as well as

the fitting of XRD patterns.

2.5.2 XRay Diffractometers

In this work, two XRD techniques were used. The majority of samples were analyzed
using a Seimens 5000 BraggBrentano Diffractometer. Select spies were also
measured at the Canadian Macromolecular Crystallography Facility at the Canadian Light
Source Sychrotron in Saskatoon, SK. Th&@O0 was used due to its ease of use and

access, while CMCF was used due to its high flux, precision and iggrgignal to noise
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ratio. Figure 2.5 demonstrates the difference in signal to noise in a sample of. LiFetl®
methods rely on different-ray generation and experimental geometries.

10 20 30

T ¥ T L] T L
—— D5000 (0.05 deg/step, t=3s)
—— CLS (30s x 3 scans)

log(Intensity)

'duh-l “kll,.,‘il_ Imdvim “  I\.Il| wu‘\_.‘,“ I

10 ‘ 2|0 ' 3'0 | 4'0 | 5'0 ’ e'o ' 7'0 | 8l0
Scattering Angle (2 theta)

Figure 2.5: An example of XRD data collected on ahanse B5000 diffractometer (red
line, lowerx axis) and at CMCF (blue, uppeaxis) demonstrating the difference in signal
to noise. For the purpose of comparison, the intensities were stadadthmicallyto the
same order of magnitudéNote peakswere not expected to align due to the difference in
wavelength of the xays in the experiments (1.542vs.0.6889 A)

The D5000 producex-rays using a coppex-ray tube. Aheatedcathodeexpels
electrons by thermionic emission, bombarding a Cu tangede at a current of 30 mA and
40 kV bias, exciting core 1s electronallowed electronenergy level transitions from 2p
to 1s and 3p to 1s fill the electron hglemitting CukU (&= = 1. GuKB@Ba jF anc
1.3922 A)radiation, respectivel§? Thex-rays then leave the tube through a window and
travel through divergent slits which control the width (divergence) of the beam at the

sample. The x-rays then interact with the sample. Elastically scattereays then pass
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through an antscatter slit, receiving slit, and a monochromator to remow&and
fluorescencex-rays before reaching a scintillator detectofrhis geometry is shown in

Figure2.6.

6=165° 0=65° Detector

X-ray tube Receiving slit
. . Monochromator
Anti-scatter slit

Divergence slit

Sample

Figure 2.6: A schematic of the-BD00 BraggBrentano goniometer and basic optical path.
The D5000 has a range oA0 20 1QC°.

Samples measured on theSD00 were packed level into a well in a stainless steel
sample holder and mounted into the sample stage. Patterns were collected between
scattering angles 1:085° for 3 secondsvith a 0.03 step size.

A synchrotron generatesrays in a very different way from axtray tube. A linear
accelerator (linac) accelerates el ectrons
which accelerates the beam up to @&v*° The beam is then introduced to the storage
ring, which consists afultiple straight sectionsseparated by two bending magnets and
periodic magneti c f o eWNhenselectrans passithroggh a taigeo N d «
magnetic fieldin a bending magneair insertion devicea force is applied, changing the
trajectory of the electron and emitting synchrotron radiation, which covers an energy range

from infrared to hard-rays (6 meVto 100 ke\}.*° This radiation is fine tuned in advanced
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optical systems to select precise wavelengths and can be used for a variety of applications,
such as XRD and XAS in this work.

The experimental setup used at CMCF involagdtating sample stage in which a 0.5
mm diametepolyimide capillary containing a powder sample was mounted. The sample
stage was aligned with the beam andetector 4096x4096Rayonix MX300 CCDx-ray
detectoy with 9 chargecoupled device sections in a 3x3 grid. The detector was set at a
distance of 150 mm in line with the sample, and abeamenefgy 18 keV was sel
= 0.6889A), vielding a scan range of approximately- 35°. Data collection was
appoximately 30 seconds per scan, ardl Scans weréaken and summed per sample, at
180° of capillary rotation per scarf.his geometryusedis called Debyescherrer, which
makes use of-8imensional scattering ofrays in DebyeSherrercones® A simplified
example is shown in Figure 2.7, and the experimental setup is shown in Figure 2.8.

In order to calibrate collected data, a sample pattern of waB collected and used as
a calibration standard in the software GSASIIAn empty kaptoncapillary was also
measured and used for background subtractieDin#nsional images obtained from the
detector were integratagsing the GSASII software in order to obtain patterns to use in

fitting and analysis.
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Diffracted Beam

Incident Beam

Sample

—_—

Intensity

Debye rings

Figure 2.7: Deby&cherrer geometrpr powder XRD.X-r ay s
the incidence beam. The detector createsian2nsional image based on the intensity of

incomingx-rays. The signal is integrated and transformed into a standard XRD pattern.

scatter

at

Three peak®n the rightare due toscattering fromh k ) planes with scattering vector
i ¢ 0 nge @, O3 have Debye rings and corresponding peaks in the diffraction pattern.

¢ ey

Figure 2.8: The experimentabnfiguration at CMCF.The beam comes from the labelled
aperture on the left, interacts with the sample and the diffrxetags reach the detector

on the right. The beam stop protects the detector from prolonged exposure to the high
intensity of the transmitted bearA.camean allows for user observation when the beamline

is in operation.
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2.53 Calculation of X-Ray Diffraction Data

XRD paterns, if treated correctly, may lead to a very clear understanding of a sample.
Information of impurities, multiple phases, and many structural parameters may be
interpreted through calculations and proper fitting techniques. A common method of XRD
patten calculation is the Rietveld method, which is implemented in this t#otk.order
to calculate diffraction data, the space group (which describes translational symmetry
information), lattice parametersf6fch fi fi ), atom positions and theray wavelength
must be known. Other parameters, such as preferred partietgation andyrain size,
stress/strain, atomic thermal effectsc. may be used in calculations and refinement in
order to better fit experimental data.

The intensity of which ar-rayis scattereaff an atomdepends othe atomposition
in the latticeits "' plane,and which element it scatters offhe intensityof a specific
peakis dependent on many factors, and is given by

oc— O ¢—0 ¢—'0 "B "Bk 'O w "M h
(2.10

where'O is the incident beam intensity, ¢— is the pdarization factor,0 ¢— is the
Lorentz correctiomO"( is the geometric structure factér, "y is the multiplicity
of the "QQxx plane, andD & "M is the Debyewaller factor*®

The polarization factor describes the polarization ofxtiiays at each angle, and is

given by

(2.11)
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where— is themonochromator angle, assuming the slits, sample, and monochromator
occupy the same plane (as shown in Figure 2.Bhe Lorentz correction considers the
effect of the &imensional Debysher r er cones (Figure 2.7)
capture arfaction of the signal at lower and higher angl&his correction is proportional
toOE 1¢c—8

The geometricstructure factorf, of astructureis a summation of the individual

scattering signals of each atom in a particuld@@Qx plane, given by

O "QQ4™ h

(2.12)
wherermiseachat omés posi t i,andQis the atomie scatteringtfactofe | |
atomm, which can be found for each element in reference databases for use in data
analysis®®3%44 Equation (211) can be reduced in terms®ofit [E Fhandafor matoms

in identical "Q'Qx planes

¢

peXools| "Q'Q

(2.12)
where¢ [ R are now fractional atomic coordinates of atom The multiplicity
factor is an integer representing the multiplicity of a spec€¥x set of planes that result
in a specific peak. The DebyWaller factor describes the thermal vibrational effects of

atoms which attenuates scattering. This is glwen

O Q ~  h

(2.13)
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where6 (' 6 ando is the root mean squagésplacemenodf an atom perpendicular to

the "QOx plane?® Typical DebyeWaller values may be found in literatufe.

2.5.4Fitting of X -Ray Diffraction Patterns

In this work, refinerent was done using the software Rietica,falidwed asystematic
procedur€’ Initially each pattermwas fitted using the &nm space group with Li and TM
atoms distributed equally between sites to simulate a disordered ro¢ksaih
configuration. Initial lattice parameteasd atomic positionwere found using examples
from the Crystallography OpebDatabaseand Reference 4&spectivelyand were set to
populate layersiccording to ICROES results in section 2%34° The correctwavelength
(Cu-KUfor D-50000r 0.688A for CMCF experimentswas used. Lattice parameters and
intensity were refined before other parameters. Cation and lithium mixing was then
allowed Fe and Tiwere constrained to mix between layers proportiongddjulatiors
determinedby ICR-OES resultsNext, sample displacement, peak shape, and the oxygen
site position were refined. Samples in which mmR(003) peak was visible were also
fitted using theFmom space group, assuming 100% disorder, so no mixing was allowed
and Li, Ti, Fe occupiethe same sitaccording to ICP resultdn all cases samples without
a (003) peak converged using less refinement stefs amast casegielded a lower Bragg
R-factor using the=mom space group. Themom fitted results were used in the reported
fitting parameters.

The amount of cation disorder was determined by the amount of TM population in the
lithium layer compared to that of the TM layer. The lithium layes Vadelled as the layer

with the higher lithium population after mixing. Another method of comparing the amount
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of disorder may be found using the lattice parameters. A perfectlydobgegpacked (ccp)
structure can also be defined byrRom spacegroupwith a hexagonal unit celin which

the clattice and dattice parameters follow the constraint

@
— PPOOCO

Q
€=

(2.14)
The structure of materials like LixTi2xFeu-3xO2 can be described usirdifferent unit
cells such as cubic, monoclinic, hgeaal or rhombohedral, shown inigure 2.9. The
amount of deviatioof ¢/3a from 1.6333 can therefore be used as a qualitative measure of

the amount of disordéf.

~
(¥ " Layer stacking direction

o Oxygen
Q@ ™

o Q ) O Lithium ‘.’.

Hexagonal Rhombohedral Monoclinic vs. ]
unit cell vs. Hexagonal Hexagonal Cubic vs. Rhombohedral

Figure 2.9: Comparisonsof hexagonal, rhombohedral, monoclinic and cubic unit cell
descriptions using the same set of atoms

Another qualitative method atlentifying ordering insamples ighe presenceof a
hexagona(003) peak.The structure of materials like LiCe@ normally described in the

hexagonal setting of thed’ space groupCertain peaks characteristic of aorRspace
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group ¢s.Fm3m) can be used to identify if ordering ikitey place. The most prominent
of these is the (003) peaktonsidering the structure factor in Equation 2.12, Figutél®.
illustrates the (110) projection @ hexagonal settingrom space grougFigure 210a
demonstrates a (110) projection in the weit). Considering the TM atoms (blua)d Li
atoms (greenin the (003) planefor an ordered structu&igure 210b, left), the structure

factar can be calculatedsing the eaxis coordinates:

|
|
5¢

O nno QQ Q p p p 0Q

O nmno yoXo! M p 7 p T p T oQ 8

(2.14)
When the structure fully disorde(Bigure 210b, right), half of the TM atoms are in
the original (003) planes (solid lines) and half in thgQ03) planes (dotted lines). The

structure factors for the (003) pesadre then

O ntmo Q p p p p "Q ¢ ¢ T1h
O nmnmo Q p p p p Q¢ ¢ T8
(2.15)

Therefore as the structure disorddise mixing between the twdgos Spacingscauses

structure factor$o decreasemeaning the peak intahsscales inversely withthe degree

of disorder. To illustrate this relationships e f f ect on ,aalcdlatibnEofact i o
LiFeO, were made iman Rom space group using 0, 20, 40, 60, 80 and 100% cation
disordering andare shown in Figure 21. When preferential ordering of lithium in the

transition metal layer occurs such as in the C2/m space group, the relative magnitude of
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the (003) peak willbe slightly smaller than that of anoR space group due to the

cancellations betweedoos spacings shown above. Thus the only quantitative way to

characterize disorder is to refine the TM population in each layer and the ratio defines the

degree of disater. This is also why disorder and cation mixingvhdbeen used

interchangeably in the literature.

a

(110)

b Ordered Disordered
1
(] (]
O 2 @
° o ° o +
o z o
3
doas (+] [+
) 2 o
o 3 O
® o .o o
o/ g 4
(4] [+
—0—0— 0

Figure 210: A (110) projection (a) of an ordered (left b) and disordered (rightdm R
space group. Fractionalaxis coordinates are used in the stowe factor calculation for
the (003) planes (horizontal lines) with spacdagz. TM atoms are blue, Li green, and

oxygen red.
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Figure 211: Example powder XR calculations of LiFe®@ with different degrees of
disorderillustrating the dependenad peak height on disorder f@lanes with a @xis
component (highlighted peaks).

2.6 X-Ray Absorption Spectroscopy (XAS)

X-rays may also be absorbed by core level electrons in atoms. The spéaitnad by
varying energy around these defined energy levels yields information on electronic
structure, atomic coordination, and local atomic structure. In this wer&y>Xabsorption
near edge structure (XANES) and extendech)Xabsorption fine struate (EXAFS) were
used in order to qualitatively characterize valence states of TMs and oxygen, as well as to
discuss structural and electrochemical mechanisms occurring during chargingxat the

0.19 material (Ld.19Ti0.41F€0.4002).

45



When tuned to energs close to a core electron binding energyaXradiation can be
absorbed by the electron. Each element has a unique el®grgyhich defines the
elemental absorption edge position. The relative position and shape of the absorption
i e d g e 0 Ecacanbeucantpared to theoretical calculations, standard reference spectra
or other published works. The intensity of transmittechys through a material is given

by the BeerLambert law

(2.16)
wherelg is the incident intensity of th&-ray beamt is the thickness of the sample, and
U(E) is the absorption coefficient. In a XAS experimenty(E) is found by measuring
andlt before and after the sample, respectively over a broad range of energies, typically
100 eV belowky of the element to 300 400 eV above. Assuming a uniform thickness,
the absorption coefficient can be normalized and used for electronic and structural
modelling.

The XANES region, from ~10 eV beloks to ~30 eV above contains information on
the valence state of the element (higher valence corresponds to a higher edge energy) and
can give insight to site structure, bond lengths and strengths around thetatoBvery
element has multiple absorptiodges due to different binding energies of core electrons,
and each absorption edge contains characteristic features from specific core electron
excitation levels which can be used to characterize local environments. An example Fe K
edge spectra is shown Figure 2.11 with the XANES region labelled and expanded.

The EXAFS region, 30 eV aboM& occurs due to excited core electrons excited

significantly above their binding energy becoming gdest photeelectrons in the
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sample. The difference in energgm the binding energy becomes kinetic energy and the
photoelectron scatters off neighbouring atoms. The constructive and destructive
interference of these phe®ectrons is dependent on local atomic structure: the frequency
depends on proximity to leér atoms antheintensity depends on the number and type of
atom scattering occurs off of. The EXAFS equation is described by the sum of all
scattering pdts in the sample and is written’Q, the difference between the signal and

the background absorph, given by

. o0YoQ .. . . .
o) ———— OEqy « 0 0Q Q h
(0.
Y 'Y ¥YYh
and
- 4 O O .
o C
J

(2.17)
wherel is the degeneracy of the scattering paths the passive electron reduction factor
(scattering atom sp#ic), "0 'Q is the effective scattering amplitud¥, is the scattering
path lengthYYis the change in haffath lengths 'Q is the phase shiff, is the mean
squared displacement (from structural or thermal disordeg),is the mean free path and
G is the electron mass. 0 FO» h_handY can be calculated from the crystal model,
and"YRO Y'Yand, can be refined in calculated models. The phase shift typicallyesreat
difficulty in fitting and characterizing path length, as it has significant magnitude, often

creating a shift irR on the order of 0.8..
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Data processing was done using the Athena software patkdgeg the software,
the obtained spectrumas normalized to the experimental backgrobefbre and after the

edge feature. The-Kdge was determined by comparison to a metal standardtartuard

K-edge was determined by the local maxima-airound the Kedge feature and an energy

shift to the theoretical edge position was appli€de powder sample spectra were shifted

by the same energy and theekge found using the same method. Oscillations in the

EXAFS region wer é&sphbaceo almg | a¢ lkebtuéswhicipa & r an
fiHanning amplification window(square cosine functiomyas applied tptypicallyk = 1

to k = 8, using the expression f&rin equatior2.17>* Once ink-spacea k-weighting of 2

was used anthe software perforeda Fourier transform on theeightedk-space spectra

(shown in Figure 2.1)2with respect toY, yielding details about local atomic structure

(typically two to four atomic fAshel I 0 awa

The EXAFS region and Rpace transform of an & edge are shown in Figure 2.11.
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Figure 212: Fe K-edge XAS with XANES and EXAFS regions (leftyeightedk-space
(upper right)and a Fourier transform of normalized EXAFS data representing the local
atomic stucture around Fe sitégght).

Due to the complexity of XAS calculations, a large portion of literature using XANES
uses qualitative approaches, comparing obtained data tekmeslin standards, similar
structures and comparing trends to theoretical predictions. MNMuylelf XANES and
EXAFS using calculations and refinement was not completed in this work, however
significant trends and conclusions were made fcomparisons of literature and theory to
theexperimental data.

Pristine powder Fe and Ti-Edges were measd at the Canadian Light Source at the
SXRMB beam linex = 0.00,x = 0.09,x = 0.19 and = 0.28 800C samples were pressed
onto carbon tape and mounted in a vacuum chamber. Fluorescence yield (FY) detection
was used, in which a detector measures thebeumwf fluorescence Xays from electrons

dropping to fill core holes caused by absorption excitatibns.
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Ex-situO K-edge and Fe and Tiédge studies were also done at the REIXS beamline.
The 800C x= 0.19 material was used in the construction of coin cells similar to the process
described in Section 2.7.2. These cells wéaged for 10, 20, 30, 40, 50 and 60 hours.
Cells were then disassembled in an argon glovebox and electrodes were rinsed in DEC and
left to dry. Electrodes were then transferred onto carbon tape and transferred to the vacuum
chamber on the beamline withinimal air exposure. Measurements, coin cell disassembly
and sample mounting were performed by CLS staff scientists. Two cells were noticeably
shorted during disassembly and were not able to be measured. Measurements were then
taken in FY and total ettron yield (TEY) mode, where the current flow to ground required
to neutralize the sample duedlb ejected photoelectrons (predominantly Auger electrons)
wasmeasured® FY and TEY spectra data wetteen used to characterize electrochemical

processes during chargethe bulk and at the surface, respectively

2.7 Electrochemical Testing

2.7.1Electrode preparation

Electrochemical testing of positive electrode materials in this work was performed on
2325type coin cells, which have28 mm diameter and 2.5 mm height. ThaLiTixxFeu-
3Oz active electrode materials were fabricated as de=ttin section 2.1. Markst al.
outlined electrode fabrication parameters that optimize laboratory scale electrode
preparation, and were used as a guideline, however some parameters were refined, such as
the carbon and binder to active material ratiasdal on electrode performarn€e.lt was
found that ratie of (active material):(carbon black):(binder) 80:10:10 and35:10:5

provided aceptableperformanceafter repeated experiments, whisfas consistent with
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other studies done on similar materi&isThough a higheratio of carbon and bindeo
active materiahas been shown to lower coulombic efficiency (CE), this work was of
primarily academic interest and focussed on maximizing first charge capacity in order to
characterize theapacity in disordered materials, and not long term perforntince.

Each material wakandground with amortar and pestle until the powdeyached a
smooth, even consistendy.measured amount dfi 1+x)Ti2xFen-3x02 active material was
used for eackample. Supe® carbon black (Timcal) and polyvinylidene fluoride (PVDF)
(Kynar 301FEIf-Atochemn) as a binder were added to the acthagerial in predetermined
mass ratios. The temperature series was mixed using an 80:10:10 ratio. After trials of
various ratios the 70C and 800C series were mixed witaratio of 85:10:5. The total
mass of each mixture was 2 g. ~1.8 g-ohdthyl2-pyrrolidone (NMP) (Sigm&Aldrich,
99.5% anhydrous) was then added to each sample in a polycarbonate container with two
alumina milling beads. T h-motidgh planetary mixer wa s
(KK-250 S Mazerustar, Kurapdor 300 s. If the desed consistency was not achieved,
excess NMP was added and the sample was mixed for an additional 100 s. Due to the
gradual difference in morphology and surface area, the amount of NMP varied significantly
between samples.

The slurriesvere then eactistributedontwo approximatelyp cm wide by 15 cm long
strips of 21 um aluminum foilnear the top of the strip. A 0.006 in (I5&) notch bar was
then used to spread the slurry evenly down the aluminum strip. The slurries were
immediately transferredtan oven to evaporate NMP at 2€@®vernight. A rolling press

was then used to smooth atmmpresshe electrodes at approximately 1000 atm.
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2.7.2 Coin cell Fabrication

Electrode prepared by methods outlined above were punched into 1.2dises and
weighed using a microbalance. Accounting for the mass of aluminum foil and the ratio of
additives in the slurries, the active material masses were typicall@ g per disc. Using
both the 6TM accessible lithium predicted by Leéal.and the theotecal redox capacity
of each composition, the theoretical capacity for each electrode was calculated. The
predicted masses and capacities (in mA/g) were then used to determine the current at which
the cells would be cycle in order to ensure approximatelysistent gravimetric specific
currents were used.

2325type coin cels werethen assembled using tipeeparedelectrodesn an argon
filled glovebox (Innovative TechnologiesFigure 2.1 demonstrates the cell components
and order of cell constructiolhe positive electrode disc was placed in the stainless steel
Acano and We20lHLerdps ofiart ehectralyte mixture of 1 M LIPEBASF,
99.9%) in 1:2 EC:DEC(BASF, 99.99%, < 20 pm watej. A polypropyleneblown
microfiber (BMF) separator(3M) was placed on the electrode and wetted with
approximately 10 drops of electrolyte. Qelgard2320 thin film polypropylene separator
(Celgard LLC) was placed on the BMF followed by one dsbplectrolyte. A 1.29 c/)
150um thick lithium metal foil (Chemetall, >99.99%) was used as the negative electrode.
A stainless steel spacer and spring were then carefully centered as not to make contact with
the can and short the cell. The cell wasntlpneumatically pressed and the can edges
crimped into a polypropylene gasket placed around the cap, creating an airtight seal without
causing a short. Thin stainless steel tabs were then cut and spot welded on both terminals

for electrical connectionssed in charge discharge cycling.
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Figure 213: Components of a 232§pe coin cell used in electrochemical testing

2.7.3 Electrochemical Measurements

Electrochemical measurements were used to test multiple performance factors and
characterize reactions at different SOCs. Cells were charge/discharge cycled using an in
house charging system-@&ne Moli Energy Limited Canada) in temperature controlled
boxes, typically at 4G 0.1°C, unless otherwise stateells were cycled at a constant
current equal to the full theoretical capacity of the cell avédrours, denoted as 1§/
between an upper and lower potential limit. This type of cycling is known\eangatatic
chargedischarge cycling.Most cells were cycled between 2.2.5 V at a rate of @0,
unless otherwise stated.

Voltage (V) was recorded by the charging system at regular intervals. This data was
used to determine the capadjty) by multiplying the charge and discharge times by the
current used and compare with the predicted model. Data was also uaedlype
performance over many charges and characterize electrochemical pratedsesent

voltages and SOCs. Voltage curvesv@d/q) and differential capacity plots (dV/de q)
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gave insight to electrochemical reactions and as performance indicators, depending on the

reversibility and long term stability of certain reactions.
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Chapter 3: Structural Analysis

For the purpose of consistency, this work will refer to peaks and lattice parameters by
the equivalent in thRom space group. Calculated lattice parameters fitted using the cubic

Fmom space group were converted so they could be compared with orderedsampl
3.1 Temperature Effect on Disorder

During synthesis trials it was observed that samples heated at lower temperatures
yielded various degrees of ordering, with the appearance of a (003) peak at
approximately)c— p Yabk well as othesmallerRom peaks Figure 3.2 shows the XRD
patterns for the full temperature seriehe target composition of LisTio.30Fe.5502 was
synthesized as outlined in Section 2.2 and obtained compositions were determined by ICP
OES in Section 2.3. Lithium loss during hegtiwas observed to increase with
temperature, yielding values »f= 0.15 at 600°Cx = 0.13 at 700°C, 750°C, and 800°C
andx = 0.12 at 900°C and 1000°C.

The 600°C sample was clearly mysthase, while all other samples appeared to be
single phase. Figar3.1 identifies multiple phases found in the 600°C sample. Phase
identification was performed using the program Match! and the- PB#&abase’*® Due
to peak overlap of the ¢&n and cubicTiO2 phases it was difficult to determine the
approximate ratios of precursor left, however due to the visible amount,GO4.i
remaining it was assumed some amount of,TwWas present. This sample was not
considered for use in further studies.

The twolower temperaturé700°C and 750°C) samples contairk&am (003) peaks at

approximately 18.5°, indicating some degree of ordering, as discussed using the geometric
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structure factor in Section 2.5.4As temperature was increased further, the remaining

samples appeared 100% disordered as the (003) peak was no longer visible.

T » I L T 5 T . I L T ¥ T

> ¥ ® Target structure
g 1 * Tetragonal LiFeO,
% 0 |j,CO,

- % TiO,

Scattering Angle (2 6)

Figure 3.1: Multiple phase identification of the= 0. 15 600AC sampl e.
st r uct umanoor Rema,showever sperlattice ordering in TM layers was also
observed during ordering, so C2/m sufatice peakswere included. Other phases
included tetragonal LiFeTiO.and residual LCGOs indicating incomplete synthesis.

Fitting of each pattern was then performed using the method outlined in Section 2.5.3.
Each pattern was first fitted using amrR space group with mixing allowed between
layers. The samples witho (003) peak were then fitted with a cubic rock&atom
structure for comparison. The results of these fittings are shown in Tabld-igihg
parameters were plotted and are shown in Figure 3.3 for a visual comparison. The samples
that appeared captetely disordered (800, 900, 1000) did not converge well usingdhe R
space group, due to attempting to fit zero intensity peaks with many varying parameters.
Obtained Bm fits for these sample@ed dots in Figure 3.3) did not follow expected

downwards trends for the andc lattice, and followed a scattered trendciBa. When
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these samples were fitted using cubimom, the trends irma andc were more acceptable

and were clearly distinguishabfi®m the more ordered, lower temperature samples. Due

to the geometry in a cubic space gratiBa and amount of cation disorde@asconstrained

at 1.6333 and 1.00, respectively. Additionally, the Bragfad¢®or, a measure of goodness

of calculated to gxerimental peak fittingwas lower for two of the threémom fits. The

high degree of disorder in theoR fits correlated well with the assumption of complete
disorder, so it was assumed the 800, 900 and 1000°C samples were, in fact, cubic and 100%

disorcered, while the 700 and 750°C samples had 51% and 55% disorder, respectively.

N [ 10009C | i
2
L | 9000C | .
J 800°C |
A b
(o]
o | 7s00c A
I R

10 20 30 40 50 60 70 80
Scattering Angle (2 0)

Figure 3.2: Diffraction patterns of single phase samples with some degree of visible
ordering (blue) and disordered high temperature samples (red).
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Figure 3.4 shows the experimental and calculated patterns for theotw@aRd three
Fmom fits. Peak splitting inFigure 3.4 was due to @ and CuK [ radiation. The
ratio used in calcul &tU ons was fixed at 2:
The findings of this section demonstrate how synthesis temperature may be used to vary
the amount of disorder. However, due to lithium loss ghdr temperatures, either excess
LioCGQs is needed or shorter synthesis times are required. The effect of lithiumvdsss
apparent in electrochemical testing. The electrochemical performance ofrtheseals
is summarized in Chapter 4 and was usedetenthine the synthesis temperature of the
700°C and 800°C series. Since 700°C yielded some degree of disorder and complete
disorder was obtained at 800°C with little lithium loss, these temperatures were chosen in
order to compare the effect of the twonfgeratures across the solid solution as well the

effect an electrochemical performance.

Table 3.1: XRD fitting parameters for different synthesis temperatures Reimgand
Fmom space groups.

Temperature a(A) c(A) Disorder c/3a BraggR

°C) +0.001 A +0.001 A (+1 %) +0.0001 factor
Rom Fitting

700 2.9384 14.4075 0.51 1.6344 4.96

750 2.9337 14.3914 0.55 1.6352 4.22

800 2.9325 14.3849 0.96 1.6351 4.89

900 2.9352 14.3696 0.89 1.6319 5.74

1000 2.9335 14.3796 0.85 1.6340 3.69
Fmom Fitting

800 2.9334 14.3735 1.00 1.6333 3.59

900 2.9346 14.3791 1.00 1.6333 4.80

1000 2.9323 14.3680 1.00 1.6333 4.20
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Figure 3.3: Fitting parameters for samples synthesized at various temperatures. Red circles
indicate samples fitted withd® and red circles indicate samples fitted assuming a cubic
Fmom space group with 100%isorder
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3.2700°C and 800°C Structural Analysis

3.2.1Full Series Analysis

Samples synthesized as described in Section 2.2 at 700°C and 800°C were
characterized on the Seimens$D00 at in the Dahn Lab at Dalhousie, while four samples
were characterized at the Canadian Light Source in order to obtain high reguédutesns.
As observed in Section 3.1, fitting using tRem space group on ordered samples was
difficult due to the high noiseo-signal ratio. Th€003) peak can be very small due to the
cancellation ofdoos spacingshown in Section 2.5.3, and difficult to fit with a lab source
XRD. OtherRom peaks are much smaller in magnitude than (003) and are difficult to
refine at high degrees of disorder.

The results of th00°C and 800°C series are summarized in Figure As®xpected
from the temperature study results the 700°C series exhibited ord¢tmgerx than the
800°C series. However, slight ordering in the 800°C series appearea m@E3 sample,
where in the temperature study #@0°Cx = 0.13 sample wafound to be disordered.
The 700°Cx = 0.13 sample appeared very similar to the sample synthesized in the
temperature study. Due to the slight variation in thexw0.13, 800Cs a mp |l es, a dAcr
t e mp e rwhithialowadldisorderat this composibn may exist around 800°CAs Li
and Ti replaced Fe with increasing x, the (003) peak became more visible indicating an
increase in ordering. Disorder in the solid solution watherefore dependent on

compositionas well as temperature.
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Figure 3.5:D-5000 diffraction patterns for the a) 7@ and b) 800C series. Peaks
corresponding to C2/m space group are indexed with hollow diamonds, and peaks
corresponding to both C2/m and &m are shown with solid diamonds.

In addition to the appearance of the¥pand othelRom peals with ordering, peaks at
2 d =to23Dafipeared, indicating supattice ordering in the TM layer. Thepeaks
can be indexed using the monoclinic C2/m space group, briefly discussed in Section 1.2.2,
where lithium atoms in the TNayer preferentially populate sites in the middle of TM
octahedral sites in a hexagonal arrangement. Refinement was attempted using a C/2m
space group, however would not converge for many samples. By excluding angles
containing supelattice peaks, refiement using thBom space group was performetihe
transition from disordereBmom (U-LiFeQ,) to ordered C2/m (kiTiO3) was expected with

increasing Li content as each end of the solid solution line occupies the respective structure.
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Fitting was agairperformed following the routine outlined in Section 2.5Again,
samples with no visibl®om peaks converged in fewer steps and generally yielded lower
Bragg Rfactors when fitted witfrmom. Therefore botk = 0 samples as well as= 0.04
andx = 0.09at 800°C were determined to be 100% disordered. Results of for all samples
fitted with both space groups are shown in Table 3.2. The final fRted (hexagonal
setting) patterns for the 800°C series are shown in Figure 3.6Fawmin in Figure 3.7.
Figure 3.8 provides a visual comparison of fitted lattice and disorder parameters fitted with

Rom (dark symbols) an&mom (light symbols) listed in Table 3.2.

Table 3.2: Refinement parameters for the°@0&hd800°C composition series

Temp SR X a0 A 0000 A x0000n Disorder  agSR
800C 0.00  2.99 14400  1.6333 1 2.95
Fmom | 0.04 2938 14396 1.6333 1 4.31

0.09  2.9% 143%  1.6333 1 4.65

0.00  2.93 1438  1.6341 0.8 (1) 5.74

0.04 2937 14400 1.6341 0.85(1) 5.51

009  2.9% 14391 1.6345 0.84909) 4.76

Rom | 013 2933 14383 1.6345 0.7639) 4.20

019 2930 1438 1.6351 0.6057) 4.09

021 2929 1436 1.6346 0.55(6) 6.02

028 2.9 14367 1.6386 0.2343) 7.04

700°C | Fmom | 000  2.940 14.405  1.6333 1 4.59
0.00 2940 144G 1.6331 0.8339) 3.68

0.03  2.9% 1448  1.6342 0.7488) 6.41

0.08 2939 14404 1.6336 0.6848) 5.08

Rom | 0.13 2938 1446 1.6343 0.5397) 4.66

017 292 143®  1.6349 0.4375) 5.94

021 292 14397 1.6371 0.3154) 4.54

026 2926 1448 1.6407 0.2944) 4.25
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Figure 3.6: Diffraction
pattern fitting for 800C

Rom samples Difficulty

fitting the (003) peak

arose due to low signal to
noise ratios. Data is
shown in black crosses,
fitting in red and the
difference in blue.

Figure 3.7 Diffraction
pattern fitting for
disordered 80TC Fmom
samples. Data is shown in
black crosses, fitting in red
and the difference in bé.
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Figure 3.8: Visual representation of refinement paramaderfattice, b)c/3a, c)c lattice,
and d)disorder(TMu/TMtm) shown in Table 3.2 for thBOO’C (red) and 70TC (blue)
series. The full series fitted witiRom is shown in dark symbols and disordered samples
also fitted withFmom are shown in light colours.

Table 3.2 showsmaom fitting yielded much better fitg = 0.00,x = 0.04 andk = 0.09

800°C samples, however thee= 0.00 700C sample had higher Rfactor. The observed

fitting parameters trends in Figure 3M@re more acceptable when tlivenom fits (light

symbols)wereused, though the 70 sample did not experience a significant change in

or ¢ between the different fitting methodg§.he Fmom fits were accepted ovdtom for

these samples and are considered in the following discussion.
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Theseries synthesized at 8@showed a steadily decreasing trend amdc in Figure
3.8a and 3.8c, as well degree of disorddrwhenx > 0.09), ndicating smalletetrahedral
site size with higher Li and Ti content and lower Fe content. As the Li content increased,
the structure started to deviate from near cubic (small increaégaim Figure 3.8b) with
the observed increase in ordering, asested of an orderedyered structure. The 70D
series had less of a change in ¢Hattice except for one outlier at= 0.18 This outlier
was the sample in Section 2.3.2 which did not fit the trend in colouyétiiw instead of
brown). Asimilar trend in thea lattice and also followed a similar but more pronounced
increasing trend irc/3a which correlatedwith the higher degree of orderlLattice
parameters should increase with ordering as seen in the previous temperature study,
howeverasx increased in the series, ordering increased and lattice parameters decreased.
This trend is instead due to the smaller layer spacinginQi compared to that of LiFeO
affecting lattice parameters to a larger degree than the effect from ordarmear linear
decreasing trend ithe degree of disorderas observed once cation orieystartecatx =
0.03, compared ®= 0.13 at 800C, in whichthe structure maintained disorder at higher
values of x. Thea andc lattice parameters were larger fall values ofx at 700°C,
consistent with the higher degree of ordering. Treads between the two temperature
resultssupport those in the previous temperature study, indicegmpgerature may be used

as a tool for controlling the amount disorderbetween layers.

3.2.2Synchrotron XRD
As seen in Figure3.6 and 3.7, the (003) peak, which is the most promiRent peak,

is difficult to fit until x = 0.28 due to its magnitude compared to that of the background. In

66



order to reduce the signal to noise ratio of snfdim peaks, synchrotron XRD

measurements wetaken on samples= 0.00,x=0.09x= 0.19,andx= 0.28. An example

of the obtained Defe-Sherrer ring patterns for= 0.00 is shown in Figure 39 Once

integrated and the kapton background was removedher difficulty arose from

background fitting. Short range, amorphotige behaviourcontributed to very broad

(003), (006), (009) ah (00 12) peak# the background, as shown in Figurel3.9The

broad (003) peak was slightly observed in thBADO patterns but was easily fitted with a

polynomial background since the magnitudes of noise and broad peaks were on the same

order of magnitde. The synchrotron XRD background was therefore manually fitted for

ease of analysis. Another feature that was not visible %@ data was slight residual

LioCG;s, as seen in Figure 29 The magnitude of these peaks was negligible compared to

the sample signal and only visible when viewed on a logarithmic scale or zoomed in to

view only the background. Fitting of these foattprns is shown in Figure 3.10 and fitting

parameters shown in Table 3.3.

Table 3.3: Fitting parameters of synchrotron XRidterns

a c A c/3a .

X i0.0(é%.A i0.0(O%.A +00001  Mixing R-Factor
0.00 203725 1439224  1.6333 1 356
0.09 203987 1440506  1.6333 1 417
0.19 293490  14.38660  1.6340  0.6147) 7.04
0.28 292980  14.41100  1.6400  0.12§1) 3.89
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Figure 3.9: a) Example of a Deb$herrer ring image obtained far= 0.00. The image
contrast and brightness were modified to enhance background features. b) Integrated XRD
pattern with kaptorbackground removed (red) and a blow up of the broad background
peaks (blue) with small kCOs peaks (black diamonds) demonstrating the resolution of
this technique. The peak clipping in the blue pattern was set to less than 5000 counts.
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Figure 3.10: Synchrotron XRD fitting of 800 x = 0.00, 0.09, 0.21, 0.28&mples. Peak
fitting was more successful in disordered samples, however manual background fitting may
have caused biased or unreliable fits. Note differences in vertical scaling for ease of
comparison.

The fitting results in Table 3.8nd Figure 3.1%how that synchrotron data refinement
did not have a profound effect on the amount/8& or the degree of disordeompared
to the BD5000 data, howevehec lattice parametedid not follow the same tresd All but
thex=0.00 sample followed a decreasing trend iretfatice. Thec lattice did not follow

any trend and did not agree with-9D00 parameters. One possible reason for the
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disagreement between detection methods include manual backgravection. If the
background arountfitted peaks was adjusted, parameters changed significantly. A better
understanding of theamplebackground could be used to simulate a background function
based on théroad c-axis orderingpeaks Other possibilitiesfor lattice parameter
disagreementould involve issues with calibration and background correction. The
beamline was experiencing beam drift during tfuration of these experiment3his
caused maasymmetry (which can be seen slightly in Figure 3waich varied between
samples, as well amconsistency indetection time, creating difficulty in the kapton
capillary background correctiolhe inconsistent collection tineasthe reason for large

variance inthe scale of patterns in Figure 3.6 and 3.7
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Figure 3.11: Accepted fitting parameters from th&@O vs. fitted synchrotron data.
Trends inc anda were not consistent with 8000 data, however consistent trends were
observed:/3a and the amount of disorder.

70



Though the results for synchrotromeasured latticparameters were not in agreement
with D-5000, results fothe degree of disordand lattice parameter ratios followed very
similar trends verifying the degree of disorder in the samplésy future work should
include structureelated background cortons if synchrotron XRD is to be of use for
accurate characterizationSome recent works observing simimorphous background
behaviour did not report XRD fitting due to issues with characterizing the background, and
instead only included calculateeference patterr$:°° Other works do not fit low angle
regions due to the absence of the (0@3kpor do not require accurate background fitting
due to lab sourced detection methods. With the recent interest in disordered materials, a
method of characterizing this background would be of use in order to accurately model and
refine materials with soendegree of order present, as in this caday future work
involving very fine refinement such as-situ XRD experiments will require these methods
in order to characterize behaviour of small (003) peaks suchxas0ril3 which, as shown
in Figure 1.9, should yield the highest capacity based on Monte Carlo simulations and
available redox/’

XRD measurement and refinement was a useful tool in strucaumalysis and
successfully characterized the degree of disorder in all samples as well as provided
information on the trends of lattice parameters at different compositions and degrees of
disorder. The previous results and structural characterizatiorbevilised to aid in the

discussion of the electrochemical performance and mechanisms in Chapters 4 and 5.
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Chapter 4: Electrochemical Performance

Dueto the many comparisons made in this work to other systems, the lack of work in
disordered materials drmultiple proposed mechanisms between previous works on both
this system and related systems, the electrochemical analysis discussed in this chapter is

primarily speculation and requires future work to confirm the proposed mechanisms.
4.1 Temperature fries

4.1.1 FirstCycle Capacity

Coin cells in the tempature seriegtarget composition of LiisTio soFen s502) were
cycled ata rate ofC/40 at 40C. The expected capacity for the IdBtermined
compositiors was approximatelyl71 mAh/g (assumingx = 0.13). The capacity at this
composition is at the intersection of the availablEN) and redox capacities, so 8iTM
lithium may deintercalatevia Fe€€*/4* oxidation. Two oin cells were cycled at each
temperature to verify reproducibility. Though this study was primarily focussed on
determining the first charge capacity of these materials, the cells were cgolatliously
for many cycles in order to characterize revdesitends and electrochemical mechanisms,
as well as to compare with similar studies for consisteridye temperature study cells
were intended as trials for designing the solid solution seseghe upper and lower
voltage cut offs were set to 4.8 Vdid.5 V respectively in order to determine voltage
ranges for future studiesthe first chargalischarge for eachynthesigempeature made
with an 80:10:10 active material to carbon and PVDF ratio electsogleown in Figure
4.1a. The 700C cells wereable to reactalmost 156 mAh/g In an attempt to increase
capacityin the 4.2V plateay 85:10:5 and 92:4:4 ratios were also tested and are shown in

Figure 4.1b.
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The initial results showedlramatically decreasingcapacity with an increase
synthesigemperatureThe degree of lithium loss was not nhugreater at higremperature
(x =0.12 at 908 1000°C andc = 0.13 at 700°C, 800°Chowever the lattice parameters
did also decrease at higher temperatures. A combinatighiafm loss, lattice shnkage,
as well as a nooptimal carbon and binder mixturenay explain thedifference in
performancebetween the different synthesis temperatuf@gure 4.1 also demonstrates
that these materials are not of interest for commercial applications dueddiastgresis

and poor reversible capacity. However, the first charge capacity may still be compared

with the expected theoret?ical capacity to
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Figure 4.1: Temperature series voltage curves a) for each synthesis temperature tested
between 1.5 4.8 V and b) different active material to carbon and PVDF binder ratios for
80C°C x = 0.13 materials.

A large hysteresis in excess of 1 V, and two smaller plateaus were abseneg
discharge. This behaviour has been noted before in the literature-dantening
materials, and is consistent with other studies inLilyexTi2«Fe1-3x02 solid solution as
well as other layered, Fe containing chemisttes:%1-%?A large platealetweerd.05 V
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to 43 V was consistent with past studies on simil@TiO3 - LiFeO, solid solution
materials, characterized as*F& oxidation?*?> Above 4.5 V another plateapgears and
could be due to electrolyte decomposition or oxygen rel@aaeled with Fe reduction)
from the electrode material, which has been charactebyeMcCallaet al. at these
voltages inLisSbFeQ layered materialsvith very similar electrochemitdehaviour®
McCallaet al.alsoproposedhat a 3% charge compensation mechanism also occurs in
the 4.2 V plateau and the small discharfgature at approximately 4.0 V to 3.7 V
correspondso the reduction of oxygen specias well as F&.%%%* These processegere

later exploredn Section 4.3ising similar cycling protocols to McCakd al.anddiscussed
further andin Chapter 5 where XAS was used to characterize the electrochemical
contribution of oxygen The 2.8 Vi 3.0 V plateau corresponds to*F&' reduction and

has been proposed by McCadiaal. to also contain capacity due to oxygen reacting with
lithium.®® Thesmallfeatureat 1.7 V has been shown to correspond to further reduction of
Fe**'2* which may cause irreversible structural changes to the mateftaFrom these
results it was determined that an optimal range for full composition series cycling would
be 2.2 Vi 4.5V in order to avoid or mimize electrolyte decomposition, oxygen release,
as well as low voltage reduction of*Feausing changes to the disordered materials.

The 700C cellsdemonstrated the highest capacéile to reactalmost 160 mAh/g
howeveronly after thehigh voltageoxygen release plateauln an attempt to increase
capacity at the ~4 V plateax= 0.15 800C cells werecycled with different carbon and
binder ratios. The results in Figure 4.1b show that the 80:10:10 and 92:4:4 ratios

demonstrated poor performanaehile the 85:10:5 cells reached 175.6 mAh/g, slightly
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above the expected capacity of 170 mAh/g. This natib a large amount of carbavas

consistent with that used in other studiessimilar Fe and Ti containing materigtg> 6364

4.1.2 Cycling Performance

Cells werecontinuouslycycled forup to 25cycles. The capacitys number of cycles
is shown in Figure 4.2. Dark symbols show charge capacity and light symbols indicate
discharge capacityln all cases during #hfirst charge significant irreversible capacity of
approximately 40%b0% was observed. After the first charge, discharge capacity was
observed to be higher than charge capaditter the first 5.5 cycles the 800 cell was
changed taycle at a fasterate of C/30andthe 900°Cand 1@0°C cells had the upper
voltage cut off increased to 5 V.The higher current lowerethe ratio of discharge to
charge capacity without affecting the charge capacitjhe higher voltage increased
capacity but did not sigficantly change the discharge to charge capaattg. The 800C
and900°C voltage curve foall cycles areshown in Figure 48and 4.3b, respectively. The

first cycle, first cycle at the higher currémit off, and last cyclarehighlighted.
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Figure 4.2: Cycle capacities for temperature series cells.
correspond to charge and discharge capacities, respectively. The changes at eysie 6.5
due to a C/40 to C/30 rate change int@&C and800°C cellsand an upper cuffancrease

to 5V in the 900C and 100€C cells.

Dark and light symbols

The initial irreversible capacity wabkely due to irreversible TM migration in the

disordered structure once lithium-ogercalates. Sincethium migration only occurs

between r M

sites, |

arge portions

of the struct

0-TM sites empty of lithium. Either structural changes or some TM migration into these

sites must then occur.

blocked when lithium réntercalates.

discussions.

This mechanism will
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Figure 4.3: a) 80T cell cycled to4.8 V at C/40 and C/30 b) 900°C cell cycled to 4.8 V
and 5 V. Points A to B and C Bbdemonstrate the decreasing ¥ redox plateaus, while

the F&*®* region increased from E to F. The high voltage range around G did not
experience a significant capacity change.

Though capacity remained relatively constant while cyclitigge 800C cell
experienced electrochemiadifferencesbetween cycles, shown in Figure 4.3a. As cycle
number increased, the amount of'#& redox decreased while #&* increased. The
Fe**'* plateau also shiédto a higher voltageThe difference in discharge capacity due to
the current change can be seen in the midldlekhighlighted regiorat the F&* plateau.

At the higher currentjuringdischarge, less E&3* occursThis may e due to the complex
O-TM lithium pathways present in disordered materaid structural changes mentioned
above At high rates lithium may not be able to reversibly intercdiate e eto the 0
TM networks or TM migration cannot occur at a fast enougie, causing changes closer
to the surface allowing for E#" in these regions

The upper cut off in the 90C cell shown in Figure 4.3b did not immediately effect

the Fé** reduction plateau, further supporting the effect of current Giv0ithium
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intercalation. However, the #&"* redox plateaus betweeniAB and Ci D decreased

over few cycles.Therefore in order to characterize electrochemical performance of these
disordered materials, by maximizing capacity due F@**"** without causing negative
effects, low currents and carefully selected voltage ranges were chosen for the solid
solution composition series.

Another factor that was not explored was raising the ambient cycling temperature. By
raising the temperature of the cell TM mobility could be increased and percolation energy
barriers would be slightly lowered. Higher cycling temperatures would theliatoezase
the rate capability and likely the reversible capacity of disordered materials. Future studies

should include reversible capacity and rate dependence on cycling temperature.

4.2 700C and 800°C Series

Cells in the 700C and 800°C compositiaseries were cycled dD°Cat a rate oC/60
between 2.2 V and 4.5 V in order to reduce oxygen release aiftf Feluction as well as
allow O-TM intercalation, as discussed in Section2.IThe first chargelischarge of each
cell is shown in Figwr 44. Though Figure 4.1b showeah 85:10:5 electrode mixture
demonstrated the best performance forxtked.13 800°C sample, the 700°C samples did
not perform as expected, each cell demonstrating lower capacities than the respective
compositions in the 80C series. However, the 800°C series was of primary interest due
to the higker degree of disorder ieach material

The extremely low capacities of tlke= 0.00 samples was accurately predicted by Lee
etaldbs percol ati on t he oabiityov®TMIkhanndlaibeingtalbe ta h e

form a percolating networK. The observed trend of increasing capacity, until some limit
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is reated, then decreasirmgpacitywaga | so pr edi ct e dwascbhndbinedL e e 6 s
with the available Fe redox available. However, the intersection of the two models should
limit capacity atx = 0.13. Figure 4.5 shows the 8@0series plotted with the theoretical
capacity curveslue to TM lithium and Fé#*redox, respectively.

0 50 100 150 200 250

. R 800 °C
{—— x=0.00
4l | —— x=0.04
— x=0.09
| — x=0.13
3F 1—— x=0.19
S | —— x=0.21
S 5l , , , . —— x=0.28
2 . . | | .
° | 700 °C
o #/W  x=0.00
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3t 11— x=0.18
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/ ——— x=0.27
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Figure 4.4: First charge performance of the 800°C (upper) and 700°C (lower) composition
series. The«= 0.04 cells in the 70C series both failetbr unknown reasonand were
not reported in restd.
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Figure 4.5: First charggsolid red circlespnd dischargéhollow circles) capacitiesf the
80C°C seriesompared to the-IM available Li model by Leet al.(black line) and F&/4*
theoretical capacity (green dashed liffe).

In the lithiumlimited region fromx = 0.00 tox = 0.13 the series performed very closely
to the predicted model. Abowe= 0.13, thex = 0.19 andk = 0.21 cells performed much
above the theoretical redox capac#geming to follow a trend weighted between the two
models. The=0.28 cell performed slightly above the expected capathg.three redox
limited cells exhibited 37%, 48% and 27% higher capacity than expected, respectively. An
oxygen redox charge cgransation mechanism was predicted to be#use of the excess
capacity, though as shown in work by McCatfaal. on layered LiFeSbQ materials
oxygen redox is presumed to take place during the 4.1 V plateau also associatetf{fith Fe
oxidation®® This creates difficulty in characterizingg® charge compensation from the
electrochemistry during charge. Interestingl¥igure 44 the3.8 Vplateau corresponding
to oxygen reduction iMc Ca | | aié gresemtairr two lithium limited cells and tRe

0.28 cell butnot the two high capacity cells, meaning any oxygen charge compensation
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may not have been reversible in these compositi&gxsess capacity may have also been
caused byrreversibleelectrolytedecompositiorreactions at high voltagguring the first

charge however the observed discharge capacities were slightly below and above the
theoretical capacity in the= 0.19 andk = 0.21 materials, respectivelyAdditionally, no
compositions in the OM lithium limited region exhibited significant excess capacity, so
electrolyte decomposition was not assumed to have a significant impact on the excess
capacity. Considering the impact of irreversible structural mechanisms and good
ageement with theoretical capacity in thd M limited region, the participation of oxygen

in the observed capacity was likely, however further testing using XAS was needed and
discussed in Chapter 5.2.he 700C x = 0.18 cell yielded a slightly higher cagty than
expected, though only 27% over the expected capacity. These results may show that a
large degree of &' charge compensatianaybe detrimental to the subsequent reduction

of oxygen. A plot of dg/dVvs.V is shown in Figure 4.6 for the firand second charge
discharge of the redox limitexl= 0.19, the theoretical maximum= 0.13, and O'M

limited x = 0.09 samples.Figure 4.6 also demonstrates the large irreversible capacity
between the first and second cycles in the 4.2 V plateau. .Bhé Beak associated with

OY? reduction plateau is seen in the 0.09 andk = 0.13 dg/dV cells, however the=

0.19 cell did not seem to undergo oxygen reduction, meaning if oxygen compensation
exists during charge, it was not reversible during discharge. In order to characterize the
charge compensation mechanismwsitu O K-edge XAS was needed. This process i

described in detail in Chapter 5.
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Figure 4.6: dg/dV plots for= 0.09,x=0.13 (blue) and = 0.19 (red) first chargdischarge

of the 800C series. The inset in the left plot shows a blown up region around the proposed
O reduction plateatnithe voltage curvesThe right plot shows a blown up view of the
result of the capacity difference in the*#& charge region between the first and second
cycles.

Cell performance over many cycles is shown in Figure Affer 3 cycles the redox
limited cells (abovex = 0.13) were beginning to demonstrate a large discharge to charge
capacity ratio and were losing capacity at a much faster rate. The rate was then changed
to C/80, which slowed the capacity los3he difference in thefirst chargedischarge
voltage curveplateaus in Figure 4.5 as well as the dg/dV peaks in Figure 4.6 suggest the
Fe**'**redox pair wa responsible for the large irreversible capadtigures4.8a and 4.8
show dg/dWs.V of the first 10 cycles fox = 0.13 (exhibiting possible reversiklredox)
andx = 0.19 (no observed*® reduction). The 3.8 V discharge peak in the inset in Figure
4.8a decreases during continuous cycling until it disappears after 10 cAdtiesthe first
cycle the F&'** peak shifts to a lower potential. Aftéhne first cyclethe charge and
discharge F&**redox peakshift to higher potentials with increasing cycle number. The
reduced capacity loss in the first few cycles ofxhe0.13 cell compared to the= 0.19
cell seen in Figure 4.7 may have beensel by the reversible?® mechanismhowever

it was unclear why the charge compensation in redox limited cells was not reversible.
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shown on the left, and redox limited samples on the right. After 3 cycles the redox limited

samples were slowed to a rate of C/80.

Another observed trend in the irreversible capacity during teedycle is shown in

Figure 4.9, and was independent of the presence of a 3.8 V plateavindhsased, the

fractional reversible capacity also increased almost linearly in both series. One likely

explanation for this trendould have beedue to the increase inTM sitescompared to

higher ”TM sites It was determined earlier that the cause of large irreversible capacity

wa s

k el

y

due t o

T M-TMnregijonsaonde d.indéntercatates,

blocking some channels for -metercalation.

Once the first chargischarge

nempt

rearrangement is completed, migration would likely be minimal. When lithium content is

increased there is a high&raction of O-TM sites, leading to more structure spanning

networks. Therefore when TM migratioecursin a material with more lithiupthere is

a lower probability of a network section being blocked.
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Figure 4.8: dg/dV for the first 10 cyclesa@fx = 0.13 and) x = 0.19. The first two cycles
are shown in a) blue and b) green, while th& dgle is shown in a) red and b) orange.
The inset is a blown up region around the 3.@i&¢hargeoxygen reduction peakand the

right plot shows the 4.2 V E&* and G charge region

The electrochemical performance ofukyTizxFeu-3xO2 within the GTM lithium

limited region was successfully shown to approximately follow the model based on

percolation theory by Leet al. Though someompositions in this region exhibited a

plateau associated with oxygen redox charge compensation, the capacity dili®to O

lithium de-intercalation matched the theoretical model very well. In order to understand

the charge compensation mechanisms extbitethe both lithium and redox limited

regions, further studies were done usingxke0.13 800C material due to the seemingly

reversible oxygen redox.
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Figure 4.9: a) The observed reversible capacity trend. As the Li:TM ratio increased, more
O0-TM networks were available. b) A useful visualization of the amount of networks in two
compositions.More networks and less TM sites existxascreases, mitigating the effect

of blocked networks by TM migrationAtoms in b) areoxygen (red), lithium (red)yon,
(brown) andtitanium (Ti). Octahedral polyhedsurround TM sites aid in visualizing Li
networks.
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4.3 Understanding Charge Mechanisms

Understanding the contributions of tpeoposedelectrochemical mechanisms is of
importance due to the excess capacity which can be gairiexk =10.21 material yielded
a first charge capacity of 234 mAh/g. If the present structural and electrochemical
mechanisms responsible for the poor reversible capacity of only 139 mAh/g and
subsequerntapacity loss over many cycles can be understestyning similar disordered
materials utilizing inexpensive and abundant elements may be feasible.

By following a protocol similar to McCallat al, x = 0.13 800°C cells were cycled
over different voltage ranges. Cells were cycledto 4.1V, 4.2V, 44d\.6 V. The cell
at 4.2 V was then cycled to 4.3 V after the first cycle. The results are shown in Figure 4.10
along with the proposed Acharge mechanism
McCal |l ads wor k.

The cell charged to 4.1 V had very little capacity, however exhibited a very small 3.8
V plateau, as well as a 2.7 V Fe reduction plateau. The 4.2 V cell had a very low reversible
capacity. The voltage regioup to 4.2 V therefore contained large portion of the
irreversible processes present. When the cell was then charged back to 4.2 V it exhibited
higher capacity than the previous discharge from 4.2 V. When then charged to 4.3 V,
almost all of the excess capaditgtween 4.2 4.3 Vwas reversible. This agrees with the
theory previously proposed, in which after the firstintercalation of 6TM sites, TM
atoms find a sort of HAequi |-Thoregionsamd doanbtt er m
cause as significant irreversible chantggethe networksThe 4.2i 4.3 V region contained
a significant amount of reversible® due to the larger 3.8 V plateau during discharge as

well as Fé"#*. The 4.4 V cell did not yield any more oxygen reduction than the 4.3 V
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charge, so reversiblixygen charge compensation is not likely above somewhere between
4.3and 4.4V. The 4.4V cell also contained more reversible Fe redox. The 4.6 V cell had
less reversible oxygen compensation and a higher reversible Fe redox than all other cells.
The 4.6V cell also contained a small #&* plateau at 2.3 V, which seemed to occur only
when charged above 4.4 V. This may have been due to an oxygen release process and
slight reduction of Fe during the high voltage range of the charge. This was als®dbserv

in the 700C and 800°C series in the high capacity cells, so itlmaag beem consequence

of an excess of oxygen compensation.
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Figure 4.10Speculated mechanismsxre 0.13 cells cycled to different voltage affs.
The noise after the firghage of the red cell was due to a power trip causing a fault in one
of the charger controllers.

These resultsuggesthat in the first portion of the charge up to 4.2 V theesvery
little capacity due taeversible electrochemical processéfier 4.2 V a large portio of
the capacity is reversiblePartial reversiblexygen redoxwvasmost likely present from
4.1 to 4.3 V, however irreversiblixygen compensatiovia redox or releasenay occur
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above 4.3 V as well. Reversible*f&" wasalso observed at higher potentials above 4.2

V. Unfortunately this means lowering the voltage-cfis wouldincrease the irreversible
capacity for this materialnd cycling above 4.5 V is necessary to increadé*Feapacity,

yet causesxygen releasalong with other detrimental chaggy In the following chapter

the TM contributions to capacity and the oxygen charge compensation mechanism is
shownusingexsitu and pristine material XASThese features are discussedrder to
support the previousigtussions orelectrochemical contributions at different states of

charge.
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Chapter 5: Pristine and Charge Mechanism Xxray Absorption

Studies

5.1 Pristine Material XAS

Section 2.6 outlined the experimental procedure at the SXRMB beamat lihe CIS
synchrotron. The obtaineld-edge data was normalized and processed for qualitative
analysisusing the Athena software packagdeFluorescence detection is typically able to
measure absorptioon the order of I 2 um from the surface of a particla the hard X
ray region and 100 200 nm in the soft Xay regior’>®® Figure 5.1 shows SEM images
of x=0.00,x = 0.09 and 0.28 samples. The particle size in each sample ranges between
~300 nm to severghm at higher x. Fluorescence detection was theze$afficient to

characterizénto the bulk sample, not just the surface.

x=0.00

x=0.28

Figure 5.1: SEM images of pristine samples usingHitechi S4700 SEM.
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The XANESregions of the Fe and Ti-Edges are shown the left panels oFigures
5.1a and lrespectively and the Rspace transformeBXAFS can be seen in the right
panels. The K-edge positioaand featuregh Fe and Ti wee due to core lsansitionsto
the unoccupied 4p states in the conduction band, ne&etia energy,and aresensitive
to oxidation state chang&® The XANES region for both TMs showed no shift in edge
energy with a change in composition, and were consistent with( @21 eV) and T
(4976 eV) reference positions found iretiature®’®® As x increasedherewasa slight
shift to higher energy in the edgeak which isassociated witlis to continuum states
above the ionization energsuggestingstrongeror shorterbond lengths with increasing
x.558% This correlatd to XRD fitting discussed in Section in which lattice parameters
decreased wht increasing x. The sinatities in the Fe Kedgesand preedgesbetween
samples indicated there was very little, if any local atomic and electronic structure
differences between sample®?reedge features are due to formally forbidden 1s to
unoccupied 3d state transitions through a quadrupole mechanism when 4p/3d mixing
occus, which is typical in high oxidation state transition metals the Ti edge, the pre
edge peak | abelled A10 in Figured®eto2b t he
octahedral distortion of Ti sites, as well as shorter metal to oxygen botidi'§ The
shoulder on thesing edge ofthe Tiedggasd ue t o t he fAshakedowno ¢
1s4p transition causes a relaxation to an excited state and a subsequent charge transfer
through a TMO bond®®"! As the latticeshrinks wherx increasd, this shoulder decreade
in intensity,alsoconsistent with shorter, stronger T®Ibonds.

EXAFS transformed into RBpacecan be interpreted asmewhat of a superposition of

the radial distribution of atoms in a structure arourspecificelement site. Figure 5.3
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demonstrates thR-spacetransformed EXAFSor the x = 0.00 Fesample The insein

Figure 5.3describes distances to certain atoms (in three dimensions) and indicates their
position in the Rspace plot. Intensity imfluenced by the atomic number, Z (higher Z =
more intensity), of the atoms in each radi
the shelf! Typically in normal experimental conditiotise first two to four shells can be
accuratey modelledin EXAFS data. The first peak is due to the first-VMshell around

the TM site. The second shell is due to metaétal (M-M) distancegFe, Ti and Li) After

these shells multiple scattering may occur, in which photoelestscatter off multiple

atoms. This change$e effect ofthe interferencewith other photoelectron waves and

causes difficulty fitting and characterizing da&fa?

In a disordered structure the-M bond peaks aboth TM edges should exhibit the
same behaviosince he distribution of metals around both Ti and Fe should be random
Therefore thdocal Li and TM distributionshould be identical once averaged over every
site. In Figure 5.2 g x increased, the average Z in each shell decreased and elsich M
peak decreaskproportionally in both Ti and Fe-Bpace. Peaks also shifted to lower R,
again corresponding to a shift to smaller lattice parameters with higher x. These findings

support the trends found in thedD00 XRD data refinement
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Figure 52: a) Fe and) Ti K-edge XAS results. Left panels indicate XANES regiang
right panels contain 8pace data. Peak 1 in b) shows the drift in the Fepigee and the
shakedown shoulder is labelled at 2.
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