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ABSTRACT

INVESTIGATION OF THE THERMOELECTRIC MATERIAL ADDED
INNOVATIVE COMPOSITE LITHIUM -ION BATTERY CATHODE
MATERIALS

SELEN GUNAYDIN

Doctoral Thesis, Department of Energy Systems Engineering
Supervisors: Prof. Dr. OsmanMurat OZKENDIR
Prof. Dr. Hidetoshi MIYAZAKI
September2023,212pages

The investigation of higiperformance cathode materials that use thermoelectric
material to make temperature fluctuations advantageous is the focus of this thesis. The
ability of thermoelectric mataais to remove waste heat that degrades performance and
to supplymorefreeelectrongo boostcurrentdensityaretestedor this purposeby doping
them into cathode materials. The solution has been to make the heating issue, which is
one of the mossignificant issues with lithiuaon batteries and occurs during chemical
reactions, into an advantage. For this reason, several substitution procedures were used
examine the electrical and crystal structural characteristics of the Lik&@rial,which
is known to have poor cathode properties. In order to use kiRdfatterystructuresto
moreclearly showhow performancevaluesrespondo the effect oftemperature, and to
better understand how thermal effects on the material can leaBtudies hag
demonstrated that the thermoelectric G@.gnaterial addition, which hagualities over
400 K, have a favorable impact on the cathode material. Particularlyttzrneelectric
materials'working temperaturesthe dopedthermoelectricmaterialdisplayed superior
ionic conductivity values. The results show that suitable amounthenmoelectric
materials can be added to the cathode materials to increase perfoduangeactive
charging or discharging and lower the heat emitted during theatéoroperations.

Keywords: Li-ion Batteries, ThermoelectricMaterials, SynchrotronSystems XAFS,
InverseEXAFS Analysis
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INTRODUCTION

Environmental problems causedby the rapid consumptionof underground
resources, such as fossil fuels, have incretisednterest in renewable energy systems
(Najafi and Woodbury,2013:91,15%60). Renewable energy sources are very popular
due to their environmentalfriendliness and low operating costs. However, high
installation costs are considered to be an obstacleetause of the renewable energy
system.

Conventionalfuel sourcesare decreasingrapidly while the energy demand
increasesday by day. Alternative and renewableenergy sources,known for their
compatibility with the environment, cannot meet this increademgand due to the fact
thattheycannot providestableenergyefficiencydueto seasonathangesThereforethe
needfor energyhas ledo thedevelopmenbf othersystemsandnewresearchRecently,
insteadof renewable energyources, energstoragesystemgshatkeepenergyin standby
and put it into use in case of need have been used. Extremely high energy efficiency has
been achievedby integrating these storage systemswith wind, solar and similar
renewablesnergy sources.

Lithium ion batteries, om of the most popular energy storage systems today, are
the sources where energy generated as a result of chemical reactions in cells is directly
convertednto electricalenergy(M.E.U.,2021,Pagé). Lithium-ion batterieccanbeused
in almost allelectronic devices due to their long shelf life, quick charge capability, high
energyefficiency,wide operatingemperatureange closedcell and maintenanekee.

The aim of our study is to probe high performance cathode materials in which
temperatureltanges turn into an advantage with the addition of thermoelectric material.
For this purpose, thermoelectric materials will be doped into cathode materials in order
to remove waste heat that causes performance degradation and to provide benefits. By
reducngthewasteheatthethermoelectrienaterialwill affecttheperformanceositively
and increase the voltage values by gaining free electrons to the environment. The study
is based on transforming the heating problem, which is one of the most important
problems in lithiumion batteries and which occurs during chemical activities, from
disadvantage to advantage. The difference of our study from similar studies in the
literature is that the outside of the battery cathodesand anodesare coveredwith

thermoelectriamaterialin the useof thermoelectrianaterialswith lithium ion batteries



sofar. As differentfrom theseapplications irtheliterature thermoelectrianaterialswill

be doped into the cathodeaterial. In our thesis, thermoelectric material contribution in
battery cathodes has been proposed and the importance of thermoelectric materials can
be explained as follows. Thermoelectric materials, which are also used in renewable
energy sources,are the main material of systemsthat provide energy recovery by
converting unwanted waste heat into electricity in many systems and do not require high
costs (Khattab and ElI Shenawy,2006:4126). CrFeO4 material, which is stated in
researchesto have high thermoelectric properties, draws attention among oxide
thermoelectrics (Assadi et al.,2026665674). Mainly, CrFg04 has been added to the
oxide cathode materials as a thermoelectricmaterial. The superior thermoelectric
properties of the SrTi©materialat high temperatures have been mentioned in many
studies. Therefore, SrTidnaterial was also added to a cathode material to compare its
influence with the increasingtemperatureversus CrFeOs (Okuda et al.,2001:113
104;Yinet al.,2017:146,35874).



CHAPTER 1
LITERETURE OF REVIEW
1.1.The Needfor Energy Storage

It is estimatedhatthedemandor electricityin theworld will increaseby 50%in
thelasttwentyyears.(Pazherietal.,2016:51566161).Greenhousgasemission{GHG)
havebeen increasing for the last 45 years, as well as world energy consumption. GHG
(such as CHNO, CO) and their detrimental effects on our planet have increased the
importance of clean and renewable energy sources. Renewable energy sources such as
solarcells, wave energy, wind power generators, and almost all other environmentally
friendly energysourcesarenaturallyaffectedoy changingenvironmentatonditions For
thisreasontheenergyobtainedrom renewablesnergysourcess insufficientto meetthe
stable and strong energy demand required for commercial applications. Since
rechargeable (secondary) batteries, on the other hand, can convert chemical energy
directly into electricity and store it with high energy density, interest has shifted to
secondary battery technologies in recent years. As the world promotes renewable energy
sources due to their indispensible advantages,battery technologies support the
development of energy storage systems for electric trucks, cars, planes, drones, the grid
andelectronicapplications.

Owing to the demandsfor advancedenergy storage devices, interest in
commercial Liion batteries has increased rapidly. Due to the increasing demand for
electric vehicles, electric aircraft, unmanned aerial vehicles, gedygrstorage, mobile
applications, and other portable electronic applications, the requirement for low battery
toxicity, low cost, high battery performance, and advanced energy storage performance
hasincreased enormous(yurcheniuk et al.,2018;Glasetal.,2020:106612).

1.2.Historical Developmentof Batteries

In the village of Khu jut Rabu in Baghdad, Iraqg, a ceramic bowl battery (Persian
Battery) was unearthed during a railway construction in 1936, thought to date back to
about 2000 years (the Persiampire). It is estimated that about 2 volts of electricity are
producedn thisbatterywhichis saidto betheoldest'ceramicbowl battery"in theworld.



It is thoughtthatmetallicplatingis usednsteadf batteryelectrodesandvinegaror wine

is used forthe electrolytesolution(Figurel.1).
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Figure 1.1.a. ThePersian batterl. Partof the Persiarbattery

Reference:Scrosati2011:16231630

In 1780,Galvanin'shatteryresearchbeganwith anexperimentalledfroglegs.In
this experiment, Galvani discovered the working principle of the battery when lilesgaw
the leg of the frog, which he placedbetweentwo metalschargedwith statielectricity,
moved. According to this observation, it was seen that the musclesearalissystem
werethesources otlectricity.

Alessandro Volta is artalian physicist and chemist who gave his name to
batteries (Volta batteries), which in 1800 formed the basis of modern chemical batteries
(Figure 1.2). Volta batteries contain zinctla¢ negative-j electrode and copper at the
positive(+) electrodeanddilutedsulfuric acidor salinesolutionis usedastheelectrolyte
solution.Copperatomsin theelectrolytdiquid hardlydissolvedputzincatomsdissolved
in acid. When the twelectrodes are connected with the help of a conducting wire and
the potential difference is created, it is seen that the fragmented zinc atoms flow towards

the copper plate.



Figure 1.2. a.TheVolta batteryb. Parts otthe Volta battery

Reference:Cecchini,1992:3@87

Then, French physicist Gaston Plante invented thedemblbattery, which is a
rechargeablébattery. Rechargeabldatterieshave been developedto increasetheir
commercialuse and to be usedin automobiles(Plant,1859:402).French engineer
Georges Leclanche invented the "Leclanche cell" in 1866, the source of today's dry cells
(zinc-carbon batteries). In the battery, zinc rod is used as the negative electrode and
manganese dioxide as the positive electrode. Anumorchloride, which is used as an
electrolytein the battery, has been found dangerousto use becauseof its toxicity
(Leclanche,1866:5%6).

In order to preventthe risk of spilling the electrolyte solution (ammonium
chloride)in thebatteryinventedby LeclancheGermandoctorCarl Gassnemventedthe
dry battery by developingthe Leclanchecell in 1888. In 1899, Swedish engineer
Waldemar Jungner laid the foundations for today's battery technology by inventing the
electricstoragebattery(Scrosati, 20111623 1630).

Immediately after the discovery of lithium in 1817, the first relevant study was
carried out by Berzelius, and its electrochemical properties were found approximately a
centurylater (Lewis andKeyes1913:3406344).



Lithium beganto beused fombatteriesn the 1950sdueto its low redox potential,
high specific capacity, and low density (-3.04 V, 3860 mAh ¢' ! 0.534 g cm' 3
respectively). Towards the end of the 1960s, studies on portable energy storage systems
beganWith theincreasinglemandor portableandstorableesnergy researchhasfocused
on longlife batterieswith high energy per unit mass/volume. In this sense,the
performance of lithium in both primary and secondary batteries (rechargeable batteries)
has cause it to replace zindased batteries. A study has shown that the energy density
of lithium-based batteries is almost five times higher (250 WH.kigan that of zinc
basedatterieqPhippsetal.1986:1073L077).However lithium technologywhich later
achieved success in primary batteries as well as secondary batteries, faced an important
problem in the cathode electrode. This problem experienced in secondary batteries has
ledthestudiesto focuson cathodematerialsIn orderfor thelithium ion to providealong
life cycle, the reversibility problem in the cathode had to be solved. Interlayer electrodes
related to rechargeablebatterieshave been defined in researchconductedin 1978
(Whittingham,1978:41). Thanks to the reversibility feature ihirmediate electrodes
give to the crystalandelectronicstructuresthe positivechargebalanceof lithium ionsis
ensuredand thecollapseof thecrystal latticess prevented.

Due to the high energy density of lithium batteries, their commercidiasalso
increased.In the late 1970s, the firstommercial rechargeable lithium battery was
produced by Exxon (USA) and Moli (Canada) companies usingahi® MoS cathode
materials. However, these batteries were at risk of fire due to the liquid efectiekd
(Imanishiet al.,1992:333, 338;Knutt al.,1983371-374).

Sincelithium, usedasan anodenetalin lithium metalbatterieLMBS) is highly
active, it easily interacts with the electrolyte and causes a formation called a dendrite,
which passivatesheelectrodesurface(Zhangetal., 2017) Dendritedn lithium batteries
areformedby theaccumulatiorof lithium ionsontheanodesurfaceafterpassinghrough
the electrolyte so that they will not return to the cathode. Dendrites, afedormed as
a result of the storage of lithium ions on the electrode surface, reduce the charge cycle
performanceof the battery and causea decreasein its capacity. Throughoutthe
electrochemical charge/discharge of the battery, the thickness ofrithetel@xtensions,
like this branchon the anode,increasesver time and createsslits in the electrode.



Undesiredand uncontrollabledendritesin the batterycanevencausefire asa resultof
shortcircuits andeven explosionas aresult ofoverheatingdDing et al.,20201908007)

The materials in the lithium battery structure can easily react when contacted at
hightemperaturesThesereactiongncreasdheinternalpressuref thebatteryandcause
a decrease in the power of thél ead the capacity of the battery. In the battery, there is
astructurecalledthesolid electrolyteinterface(SEI), whichis in athin layerbetweerthe
anode electrode and the electrolyte. Chemical processes build another layer on SEI with
time. This layerreduceghe capacityof the batteryasit preventghe transitiorof lithium
ions in the electrolyte (Peled et al.,198B72204). Various studies have been carried
out to minimize the formation of the layer, which reduces battery performance/8n 19
Armand et al. used polyethylene oxilithium salts (PEO:LI) as electrolytes (Armand et
al.,1978). Solid-state batteries are more advantageougshan batteries using liquid
electrolytes, as they have a higher theoretical energy density and eliminaitk tbe
combustion. However, solid-state lithium-ion batteries using polymers (such as
Bl ue candB$ H e b uskoaldbé&Ledathightemperaturebecausef thelow ionic
conductivity of PEO and polymers at room temperature. In commercial battegks,
ionic conductivitywasachievedwith theuseof liquid electrolyte but dendriteformation
on the lithium metal surface could not be removed (Armand,1983:34p Liquid
electrolytes have not been used in commercial batteries for a long time dafet{o s
issues.Rechargeabldithium-ion batteries(secondarybatteries)were discoveredby
recognizing the intercalation of lithium with different materials (Murphy and
Carides,1979:34351). In rechargeabldithium ion batteries,lithium ions oscillate
between the anode/cathode interfaces, and the negative electrode acts as a lithium ion
acceptomwhile the positiveelectrodeactsasalithium ion emitterduringcharging.During
the discharge, an electrochemical process takes place in the opjiesiteon of the
charging mechanism,and so the cycle of the battery is completed (Lazzari and
Scrosati,1980:7%374).

In 1980, Goodenough developed an oxide cathode material WMIDL(M:
Cr¥/4*, Fe*'** Cca** and NP4 redox couples. Goodenougeported that the cell
voltage increasedip to 4 V by using the layeredLiCoO, material as the cathode
(Goodenough et al.,1980:333.3). The basis of lithium ion batteries was formed$ing

LiCoO. material in the oxide positive electrodeand graphitein the negative



electrode (Yoshino,1987). This development led to the improvement of layeicksl
compositions,which are used in automobile batteriestoday. Despite such a great
development in battery technologies, the University of Qkfevhere Goodenough is
located wasnotinterestedn the patentof the study.Foralongtime (aboutl0years)no
patentcouldbe obtainedor the productionof LiCoO> cathodematerialasarechargeable
lithium-ion battery. In 1991, Sony Corporatipnoduced and commercialized the first
rechargeabléthium-ion batterieausingLiCoO: asthe cathodeandgraphiteastheanode
(Nagaura and Tazawa 1990). While lithiiom battery technology is advancing rapidly,

the limitations on the use of cobalt duatiohigh toxicity have increased the number of
studies on nickel. It has been observed that the nickel presence in the layered oxide
cathodecompositionplays a major role in performing the necessarychemical and
structural cycles and increasing the cayafii et al.,2020:2634). Great success was
achieved for the first time in lithium batteries by using cobalt as the oxide cathodic
material. Although quite different cathode materials have been developed over the years
in lithium-ion batteries, no mateli has yet taken the place of LiCop@s a cathode

material.

1.3.The Lithium -lon Batteries as SecondaryBatteries

Mainly, batteries are divided into two schtegories: primary and secondary
batteries.Primary batteriescannot be recharged,while secondarybatteriescan be
rechargable many times thanks to their ability to store and discharge electricity by
convertingchemical energy into electrical energy.

Li-ion batteriesareutilizedin electricvehicles mobileapplicationsandelectronic
devicesdueto theirmanyadvantagesomparedvith othercommerciabatteriesAmong
battery Technologies, tion batteries have higher energy per unit weight and volume
(energy density and specific energy) as a secondary battery (Tarascon et al.72011
179).That exlains whyli-ion batteries most received attention.



1.3.1.Principles of Lithium -lon Batteries

Lithium-ion batteries consist of three parts: the cathode (positive electrode), the
anode (negative electrode), and the electrolyte. The cathode section is generally
composeaf alithium oxidelayerandtheanodesectionis composef agraphitelayer.

In lithium-ion batteries,lithium ions move betweenthe cathodeand anodelayers,
allowing the battery to be charged and discharged. Briefly ttaripecircuit works as
follows: in thebatterycircuit, thecathodematerialis in a structurewherecontactwith the

anode is interrupted by the electrolyte material. Therefore, the electrolyte consists of
materials that behave as electronic insulabutsas ionic conductors. If the battery is
contacted with a conductive material between the anode and the cathode, a potential
differenceoccursbetweerthetwo electrodesThepotentialdifferencecausesheweakly
boundlithium atomsin thecathodamateral to separatérom their structuresaandturninto

Li* ions,while allowingtheelectrongeleaseafterseparatiorio movetowardstheanode

over the conductive wire as free electrons. This movement of electrons creates the
external circuit current angrovides the movement of Li ions towards the anode through
theporouselectrolyte.This processs calledii ¢ h a r I thecaséof applyingareverse
potential the processs reversedwhichis calledfi d i s ¢ h andtlte genegatnamefor

electronandionic mobilityisfii nt er cal ati ono.
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Figure 1.3.Intercalation mechanisin abattery

Reference:Schipper,2016:1095121



Thereactionghattakeplaceduringthe operationof thelithium-ion batteryareas
shownin equationg1) and(2).

Cathodeeaction;

LiIMO2a A LiixMO2 + xLi* + xe& (1)
Anodereaction;

C + xLi* + xea A ClLix 2

1.3.2.Electrode Materials for Lithium -ion Batteries

Lithium-ion batteries consist of an anode, cathode, and an electrolyte, where the
charge/discharge process takes place due to the movement of lithium ions from the
cathodeo theanodeandvice versa(Taberna et al.,2006:56773).

1.3.2.1.Cathodes

Layered oxides:LiMO 2 (M: Ni, Co, Fe,Mn)

While sulfide was used as the cathode materiabmmercial cells in the 1970s,
LiCoOz (LCO) material, which indicates higher performance values due to its cathode
propertiesn the 1980sandis still usedasthecathodenaterialin commercialithium-ion
batteriesstartedo beusedby Sonyin 1991(VanLaarandljdo,1971:590595;Mizushima
et al.,1980:783789) The performancecharacteristicsexpectedfrom a battery are
observedtthehighestevelin LCO materialwhichis thepopularmemberof theLiMO »

(M: Ni, Co,Fe,Mn) group.Thehighestperformanceralueshavebeenrecordedor LCO,

which is expensive and has toxic effects. Therefore, the properties of LCO as a cathode
material have inspired much research into alternative cathodes that are equal to or better

in performance. LiMQ@structure is formed by the binding of Li atoms to Mi@and in

spinel structure. In order to obtain highrformance cathode materials in lithiiom

batteries, transition metals (N, Fe, Mn, etc.) are substituted for the metal coordinations
indicaMed ®BHhefispinel structure I s expecte

intercalationprocessed.ithium cobaltoxideis themostusedcathodematerialin electric
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vehicles (EVs). The reversible capacity and the capacity maintenanceadif ax@600

800 mAhg! and >90% in 50 cycles, respectively. Despite the high energy efficiency of
cobalt,whichis reportedn manypapersinterestin LCO cathodedecayedlueto its being
veryexpensivandnotbeingenvironmentallyfriendly with its toxic nature.This situation

has led to the development of other cathode materials (L{MOMnN, Fe, Ni)), which
consist of transitionmetal oxides such as NiO, MnO,, FeQs, etc. (Schmuch et
al.,2018:267278). Among the cathode materials, thoughuhixic nature of LiNiQis
appealing it has disadvantages such as |dlhemal stability, and an instable crystal
structure (Rougier et al,.1996:116&75). The most important problem with cathode
materials consisting of Ni is the different oxidationgheir structure, which cause the
material to undergo a structural and electronic transition in its active state, thus reducing
its performance. For example, it was observed th&YNI?* and Ni*/Ni®* oxide pairs
were formed after the redox reactions,ileht should be Ni in the Li(Mn/Ni)Oz
structure. In the presence of these metal oxide couples (layered Li(MpAth)yCture),
Mn3* turns into Mit* in some regions, which causes a low current density, but high
capacity (Rossen et al.,1992:3318). LiMnO», another popular cathode material, is an
economical and environmentally friendly compound (Armstrong and Bruce,1996:499
500).Althoughthetheoreticakapacityof thiscompounds 285mAhg?, it is notpreferred
because it is synthesized at a higimperature and has an unstable electrochemical
structure. The reason for the capacity reduction in LiisQeported to be due to the
high mobility of Mn?* (Paterson et al.,2004).

1.3.2.2.Anodes

Various materials, such as alloys (Sn), composites (Si), meigland oxides,
can be substituted for the graphite material used as the anode main material in lithium
ion batteries (Tamura et al.,2003). Alloys of metals such as Cu and Fe with Sn and the
material SnO have been used as anode materials in battetiesne of them showed
good life cycles (Winter and Besenhard,1999%8). Various transition metal oxides,
CoO and CgD4, have high capacities as well as good cycle life (Poizot et al.,2002).
Moreover, Ca0s, CoO, NiO, FeO etc. have also attracted gréahtaon not only as
cathodematerials but also amnode materials (Sekai et al.,1993:-2411).

11



1.3.2.3.Electrolyte

The components that make up the electrolyte, such as solvent, salt, or additives,
are important for the safety features of defl. Components in the electrolyte (solvent,
salt, and additives) provide the formation of the solid electrolyte interphase (SEI) layer
by reductionreactionsandcausepassivatioronthenegativeelectrodesurfacgHeiskanen
et al.,2019:2322333). In coventional batteriesliquid electrolyte is a solution of
powder material that is prepared by soaking in the separator. Despite the very wide use
of liquid electrolytesin commercial batteries,they have important disadvantages,
including low capacity ana fire risk. Thus, in recent years, solid electrolytes have
becomemoredesirablan industrialandscientificsectorsdueto theirlong-life cycleand
lack of fire risk. However,problemsan SElhavebecomehemaintopic of studieselated
to solidelectrolyteresearchTheaccumulatiorof SElatthenegativeelectrodecauseshe
cell impedance to increase. The thickening of the SEI layer over time with aging plays a
role in the change in the thermal stability of the cell. With the production ofitStas
been possible to make lithivian batteries portable by giving them the ability to be
charged and discharged. In addition, the SEI layer provides passivation on the electrode
surface, enabling stabilization of the electrolyte and a longer life cycle (Fong et
al.,1990:2009). A stable SEI is essential for lithilon batteries. For this, the SEI must
be conductive in the conduction of the lithium ions to the anode, and at the same time, it
must exhibit insulating behavior in order to prevent teduction of the electrolyte
material (Xu,2004:43034418). The electrolytescan be classified into nonaqueous,
aqueous, ionic liquids, polymer, and hybrid electrolytes febdsed batteries (Li et
al.,2016:1842). Electrolytesshould be as eccfriendly as possible.While choosing
electrolytedor batterystudiesglectrolytesshouldbegoodelectroniansulatorsandionic

conductors.

1.4. Thermoelectric Materials

Thermoelectric(TE) materials have the potential to convert waste heat to
electricity inindustrial processe¥@bir et al.,2015:34851). Thermoelectric materials
are also used in renewable energy sources and are the main material of systems that do

notrequirehigh costsby recyclingwasteheatinto electricityin manysystemsproviding
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energy recovery (Khattab et al.,2006:407426). In order to make the best use of
thermoelectric materials, it is desired that tA (alue shown in equation (3) is high.
Thermoelectric material performance is determined byZthalue.High Z values are
possiblewith a high Seebeckoefficient,low resistivity,anda high thermalconductivity
coefficient (Martin et al.2010121-101). As a result, in order for th&value to be at
desired levels in a thermoelectric material, it is prefiéthat the thermal resistance be

smalland theheat transfer coefficient large.

Z=(SX)lo (3)

It is defined asS (Seebeck coefficienOV/K), 0 (electrical conductivity S/m),o
(thermal conductivity W/mK) in theZ value equation. With thg value atthe desired
levels, the thermalelectrical performanceof the thermoelectricmaterial will also
increase. In a thermoelectric module, efficiency is obtained whenth&emiconductor
junctionsareconnected electrically in seriasd thermallyn parallel

The efficiency of thermoelectric materials is defined byZfevalue. The high
electrical power and output voltage of a-pfpe semiconductor thermoelectric material
with high ZT value (Figure of Merit/FoM) provide great benefits in commercial use
(Kim,2013:14581463). Therefore, the research of thermoelectric materials with a high
ZT valuehasgreatimportancen smartandinnovativestudies Obtaininghigh efficiency
from thermoelectric materials is possible with a h#gh(FoM) value, a suitabl&attice
structureandworking atnanoscalewhich givesthematerialhigh electricalconductivity.
(Martin et al., 2010: 12101). When th& value equation is multiplied by (absolute
temperaturek), the Figure of Mer#ZT equation shown in equation (4h which the

efficiencyof thethermoelectrianaterial is determineds,
ZT=(aT) / o 4
In this equation; higts (OV/K), T (K) and & (S/m) are possible with love
(W/mK). The BpTes (bismuth tellurium) material, which is widely used in the industrial

sectorandhas0.5-0.8 ZT rangevaluesaroundroomtemperatureshowshigh efficiency
comparedo otherthermoelectrianaterials.(Okudaet al.,2001:113104). It is seenthat
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the average value AT, which defines the efficiency ithermoelectric materials, is
approximately 1 (one) or below 1. Among the oxide thermoelectric materials;arFe
(DN 7 @& 0/ / With ahigh Seebeckoefficient,around673K drawsthe attention(Assadi

et al.,2020:5666674) of the researchers. In the stpdgsented here, Cri&&, has been
addedo thesampledo probethe effectof thermoelectrienaterialsn the batterycathode
againstthe heat released during intercalation. Besides, Srir&terial, which was
reportedwith ahigh Seebeckoefficient,hasbeenaddedo acathodematerialto compare

the effect of different thermoelectric materials in the same cathode for the increasing
temperatureonditions(Yin et al.,2017:35&74).

1.5. The Hall Effect

TheHall effectwasdiscoveredy Edwin Hall in 1879(Chien,C.,2013).Whena
current is passed over a conductor in a magnetic field, the occurrence of a hall voltage

alongtheconductor is called the hall effect.

Hall effect is a method used to measure carrier density or magnetic field. Hall
effect occurswhen a current passes through a conductive wire. The ebargeng
particles that make up the current are usually electrons. Charges are subjected to the
Lorentz force while moving in a magnetic field that is not parallel to the directighiai
they ae moving. If there is no magnetic field, the charges move in a straigM/hiee. a
magnetic field is applied parallel to this direction of the charges, the directiba of
charges will be skewed and the moving charges will accumulate on one face of the
material.Therefore pntheothersideof thematerial it will remainequallybutoppositely

chargeddueto theabsenc®f currentcarryingcharges.

As a result, the charge density will be distributed asymmetrically across the hall
element (hall sensorThe direction of this charge distribution will be perpendicular to
both the direction of motion of the charge carrier and the direction of the magnetic field.
Suchachargedistributionin theHall elementwill createanelectricfield andthis electric
field will prevent more electronsfrom migrating. Therefore,a constantpotential

differencewill occur ascurrentflows through théhall element.
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The hall effect separategositive and negative chargesmoving in opposite
directions.Particularly in ptype semiconductors, current should be considered as the

movemenbf positive"electron holestather tharmovingnegativeelectrons.

The hall effect showed the first proof that, in metals, the current is created by
electrons, not protong he hall coefficient is defined as the ratio of the induced electric
field to the productof the currentdensityandthe magnetidield. Thehall coefficientis a
characteristic property of the material from which the conductor is made. The state
coeffident value depends on the type, number and characteristics of the charge carriers

that contribute to the current. The hall voltage for metal and the hall coefficient are as

follows.
_obQ
VH= — ) (5)
Ry= Ey/(jxB) (6)

In the equation gives the current density of the carrier electronie current along the
length of the plateB gives the magnetic flux densitgt,the thickness of the plate the
charge of the electron, andthe charge carriedensity of the carrier electrons. This

equationin Slunits is adollows.

Ru= Ey/(jxB)= Vu/(1B/d)= 1/(ne) (7)
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CHAPTER 2
MATERIALS AND METHODS
2.1. SynthesisMethods of Cathode Materials
2.1.1.Solid-state ReactionMethod

By mixing the startingmaterials in stoichiometric ratios without the use of a
solvent, the solietate reaction technique is frequently used to synthesize crystalline
solids. Agate mortar is used for the preparation of materials in small ratios. Optionally,
pure water or ethamoas volatile liquids, can be added to the material used for simple
mixing. The ball milling methodis preferredfor mixing larger proportionsin the
preparation of materials. In this method, particles are abraded due to the rotation of the
ball mill arownd itself over hours, and their size is reduced after mechanical mixing. In
addition, homogeneity of prepared materials can be provided by the rotation of the ball
milling cylinder. The temperature range varies during the heating process, which is the
final step in the soliestate reaction method, depending on the reaction of the materials.
After the heating process, materials can be prepared as pellets to increase the connection

betweerparticles.

2.1.2.Solgel method

Solgel consists of sol (a stalbdeispension of colloidal solids) and gel (porous,
threedimensional, higkdensity liquidsolid dispersion), which does not always have to
form. In solgel, the synthesisof solid materialsis carried out by hydrolysis and
condensatiorof the pre-initiator in a solvent (ethanol, pure water, etc.) or by wet
chemistry reactions (Znaidi, 2010,1830; Brinker, Scherer, 1989. Later, the
agglomerategolymerclusterantertwineto form thefinal bondstructurg(Kloskowskiet
al.,2010:172186). As the extent of thpolymerization increases, the entire solution
becomes solid. The basic steps of thegagdlmethod are hydrolysis of the gratiator,
condensation, gelation, aging, drying, and a tieghperature process. When applyihg
solgel method, the general emical reactions in the process are of great imporéance
theyallow controlin the procesdrom the startingmaterialto the formationof the final
stablephasdLi etal.,2004,2852). It hasbeenobservedhatthestepsn themethodhave
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a significant impact on the final product. It was previously reported in the literature that
the results that were prepared by-gel methods were almost the same experimental
layoutsbut with differentconditions.So, it needdo improvethe processaccordingo the
featuresof the materialspreparedafterdetailedanalysisfor eachstepof themethod.The

solgel method has increased use in both scientific studies and industrial processes
(Pierre,1998).

2.2.Characterization Methods of Cathode Materials

The following techniques are used in the analysis of electronic, crystalline, and

electrochemical properties.

2.2.1.ElectrochemicallmpedanceSpectroscopy(EIS)

Electrochemicaimpedancespectroscopis ameasuremennethodusedin many
applcation areas, such as biology, material science, sensors, and semiconductor studies.
With this method, information about the resistance of the material or the coating on its
surfaceagainst ion transfer is obtained.

O h madasv defines the relationshipsbetweenresistance,voltage, and current.
According t o Oh ippassihgabetweenttvtoegointswom a conductor is
directly proportional to the potential between these two points, and this ratio gives the
resistancgR). The electrochemicaystems described here have direct current (DC).

Accordingto O h m&aw, the mathematicaéxpressiorof this situation isasfollows:

R=— (8)

If the applied potential oscillates with a sinusoidal wave and proportionality
appearssacomplexvalue thecurrentwill becomealternativecurrent(AC). In thiscase,

resistancé€R) is definedas impedancé€Z) and showrmmathematically by:

L

Z_>”/_ 8W_)78W_Zeie o
W=y=y v 8w % ©)
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Here, w is the angular freqencyo is the voltagelo is the currentf is the
frequencyandeis thephasedifferencebetween the&oltageand thecurrent.

Before modern EIS applications, Lissajous graph analysis and impedance
measurement methods were used. According to these graphs, an oval result is obtained
by plotting the appliedsinusoidakignalV(t) on the x-axis andheresponseignall(t) on
they-axis (Figure2.4.a.).

The Nyquist curve is a representation of the frequatependent impedance
spectran electrochemicasystemsTheNyquistcurvegraphcontainscurvesshowingthe
real and imaginary coponents of the impedance data assigned to each frequency value.
Accordingto this graph,eachpointrepresentan impedance atfixed frequency.

As in equation(6) above Z () consistof realandimaginaryparts,andwhenthe
real part is written on the-axis and the imaginary part is written on thaxys (y-axis is
drawn negatively in the graph drawing), a Nyquist graph is obtained (Figure 2.4.b). The
right side of the graph shows the ldk@quency data while the left side shows the high
frequency d&. In the Nyquist char{Z|, the vector length shows the impedance, and the
anglebetween this vect@andthe xaxis gives th@haseangle.

a. Current ‘\
—Z"_q (0]
|asfsinex - o) ¥\
_zIM
Z,=2|
/ ‘ Potential =00 o ' =0
: j AV|sin(ax ) \5 * ‘/ >
L }\IH ax ‘ ............. ’
ZReal ZreaL
Figure24.Represent ations of i mpedance dat a

with impedancerector orcomplex impedance

Referencelnstruments,2007:80

Impedance usually depends on frequency. If the system exhibits ohmic behavior,
the phase difference is zero. When the phase difference isez€f), the impedance is

equalto theresistancandis independentf frequencyFor capacitanc€C) orinductance
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(L), the phase difference between voltage and curregat-8° and€=90°, respectively.

In norrideal systemavherethephaseangleis betweerd 5aid9 0 theequivalentircuit

is defined by more complex circuit elements, unlike the resistor, inductor, and capacitor
and their different combinations used directly in ideal systems. In the equivalent circuit
model that will represent an electrochemical system, circuit eksnseich as resistance

(R), WarburgimpedancéW), inductancéL), capacitancéC) andconstanphaseslement

(Qcre) aregenerally used, as shownTable 2.1 (Yuan et al.,2010).

Table 2.1. Representationf circuit elementausedin the equivalentcircuit model

EquivalentElements

Resistance Capacitance| Inductance| WarburgimpedancdW) | ConstanPhase
(R) © (L) Element(Qcpg)
Zr=R 1 Z,=Ed |0 =0w"?—jow1/? 1/QGw)*

o (Warburg coefficient) |(| =1 for ideal

Impedance

capacitor)

100

B
&

R,
B0 .eecea., .

-Z,,,, (Ohm)

0 50 100 150 200

100 100

e
&

S0F  Lasess,
» >

R, \ y / \/
ol— L L 1 0 L I 1

0 50 100 150 200 '] 50 100 150 200
z,_ (Ohm) Z_ (Ohm)

real

2, (Ohm)
2
Z,,, (Ohm)

Figure 2.5. a.Equivalent circuit moddb. Nyquist plot of circuit of a parallel RC,
circuit modelc. Nyquist plot of the circuit of a simplified Randles cell modeNyquist
plot of circuit of aRandles cell model
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Nyquist curves usually start dte highest frequency in the range in which they
are drawn and end at the lowest value. As a result of the interpretation of these curves,
the electrode/electrolyte interface of the electrode for which EIS analysis is performed
(by simulating a current cinit (AC) containing some special electrochemical circuit
elements such as resistance, capacitance, inductance, Warburg diffusion, and stationary
phase element) is drawn to check the accuracy of the experimental impedance data
obtainedrom the EIS (Choietal.,2020:113). Then,theexperimentabndpredicteddata
are compared with the method called complex nonlinear least squares fitting (CNLS)
(Macdonaldand Barsoukov, 2018).

The physical occurrences at the electrode/electrolyte interface that shape the
Nyquist curve are represented by each circuit component in the sketched current circuit.
Therefore, the model impedanceshould be as compatible as possible with the
experimental impedance data and the simplest circuit model (AC) should be employed
for simulaing theimpedancespectrunmshownin thecurveasa currentcircuit. Dueto the
physicalpropertieof thesystemundermeasuremensuchasinhomogeneityanddefects,
the charge separations in the system do not occur perfectly. The constant phase element
(CPE)is definedin this caseanda capacitoris usedin its stead Theimpedancef sucha

complexelement is given as:

1

Zcperepresents an ideal capacitor when n=1, an ideal resistance when ng@, and
Warburg element, a termelated to ion diffusion when n=0.5 (n is in the range ah@ 1
and takes constant values). The unit@fis a numerical value associated with the
capacitancewhich isS.$ (Haile et al.,1998:1574.595).

2.2.2.Synchrotron Light for Experimental Scienceand Applications

In our study, a significant part of our analyses were carried out with techniques

specificto synchrotron systems.
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2.2.2.1.Synchrotron radiation

Relativistic electrons rotating around magnetic field lines in a synchrotrompmaayce
synchrotron radiation. This equipment allows for the acceleration of electrons to nearly
light-speedlevels. They then periodically alter their directions and emit dozensof

individual x-ray beamseach pointedh thegeneral directiomf theaccelerator.

Figure 2.6. a.The synchrotron with the beamlines braibct\ synchrotron facility
(EuropearSynchrotrorRadiationFacility, France)

Referencewww.esrf.fr

The techniqueof producing synchrotronradiaion at small wavelengthsby
charged particles accelerated in circular accelerators has only half a century of history
(Robinson,2015:8). Synchrotrorradiationwasobservedy HerbertPollact,a physicist
at General Electric (GE) in New York State, Uislate 1946, and it has been used since
the mid1960s. Xrays were discovered in 1895 before synchrotron radiation was used,
but compared to the synchrotronyrays were in many ways insufficient. The first
synchrotron radiation sources were fewergy ebctron accelerators of several hundred
MeV, also found in particle and nuclear physics. Mark Oliphant invented the proton
synchrotron,and Edwin McMillan invented the first electron synchrotron. First
generation synchrotron laboratories were first usguhlygics researchers to prodinigh
levels of energy used to determine the fundamental properties of materitieaidre,
were originally built as particle accelerators. It was later realized thageherated
synchrotrorradiationhadawide spectrun of electromagneticadiationincluding xrays.
Immediately after this important development, synchrotron radiaggan to be used as
a pioneering technique for the full investigation of the fundamstriattureof materials.

The constructionof laboratoriesvhereresearchs carriedout on
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the production of this unique light and the development of its techniques continues
unabated and has been widely used in many parts of the world for about 60 years. The
most important componentof a synchrotronis the storagering, which allows the
synchrotrorto emitin anarrowconetangentiato theorbit of themovingelectronsSince
the energy of the electrons will increase in such a case, the spectrum of the emitted
radiation will be shifted to shorter wavelengths.Third-generationstoragerings are
designedfrom magnetsin special magnetic structuresknown as "undulators and
wigglers".Thesespecialmagnetstructuregeneratespeciallyshapednagnetidields that
force electras to oscillate in a linear or spiral orbit to produce circularly polarized light.
Electrons passing through the magnets along the circular orbit act as a radiation source.
Thereforetheyhaveallight thatis almostas intensasthe brightnessf alaser.

To summarize, these features that give the synchrotron beam its uniqueitsss are
high polarization, high brightness, and wide energy spectrum (Lombi and 208@i}
35). In addition, high coherence and high current are among the other féladtineske
thebeandistinctive.ln thestudiesit is seerthatthebestqualityexperimentddeamsource
is obtained from synchrotrons (Arfelli,2000-25b).

TheSynchrotrorRadiationSourcgSRS,2 GeV)in theUK is thefirst specialized
X-ray sourceusing electron energyt is followed by the National Synchrotron Light
Source (NLSL) in Brookhaven, USA, and the Photon Factory in Tsubuka, Japan. The
EuropeanRadiation Synchrotron Facility (ESRF at Grenoble/Francef GeV), the
Advanced Photon Source (8FRat Argonne/USA, 7 GeV), the acronym of Super Photon
Ring (SPring8 at NishiHarima/Japan, 8 GeV), the Cornell High Energy Synchrotron
Source (CHESS at Cornell University/UK, the beam energy is greater than 5 GeV), the
DeutscheglektronenSynchrotron("GermanElectronSynchrotron'(DESY at Hamburg
andZeuthen/Germany;.4GeV)) andPETRA(HamburgandZeuthen/Germany GeV)
arethew o r Ibigggsssynchrotrorradiationfacilities. The SPring8 is thelargestfourth-
generation synchrotron radiatidacility in the world. The synchrotron is a system that
uses an extraordinary-ray beam, which is widely used in the world and has many
applications in xray diffraction, crystallography, micrgpectroscopy, materials science,
and many more. Todate, mdrehan 50 A3rd generationo faci

15,000specialist researchers worldwid#tp://www.lightsources.oigy
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In this study, the electronic and crystal structure dat wellected (measured)

usingthesynchrotrorbased XAFSechniquefor analyses othe studiednaterials'.

2.2.3.X-ray Absorption Fine Structure Spectroscopy(XAFS)

X-ray absorption fine structure spectroscopy (XAFS) is a very useful special
analysis techniquthat provides information about the electronic, chemical, and crystal
structurepropertiesof thestudiedmaterialsWith the XAFS techniquetheoxidationstate
of atoms coordinationrchemistrynumberandtype,andthedistance®f theatomsaround
theselectecelementcanbedeterminedXAFS is usedin manydisciplinesfor therelated
studies of; materials science,nanotechnologythe environment, medicine, biology,
chemistry, and more. It is divided into two main partgayx absorption neagdge
spectoscopy (XANES) and extendedx-ray absorptionfine structure spectroscopy
(EXAFS). While the coordination chemistry and oxidation state of the atom are studied
with the XANES technique, the distance of the atom to the neighboring atoms, the
coordination number, and types can be determinedwith the EXAFS technique
(Newville,2014:3374).
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Figure 2.7.Fe K-edgeXAFS spectraof LiFeS material
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2.2.3.1.X-ray Absorption Near Edge Spectroscopy(XANES)

The technique's counterpart, referred tocaiay absorption spectroscopy, is the
XANES region (XAS). The XANES region, (also known as redge xray absorption
fine structure spectroscopy(NEXAFS) in the XAFS spectrum, which contains
information on electronic structure interactions, extends from the energy where
absorption begins in theray absorption spectrum of matter up te&DeV above the
main absorption peak. The main phenomenon that reveals the XANES spectrum is the
process by which an-pay photon is absorbed by the target atoms' immhterial, and
theirtransitionto thevalencdevel asthefinal state Jeavinga holewaitingto beoccupied
by thehigherlevel electronsin this approachthefinal stateis definedby anunoccupied
coreholeattheatomiclevelandanexcitedelectronlocatedataconvenienvalencdevel.
In the absorption process, theay excites an electron up to the first empty level above
the Fermi level, and its data provides fruitful tools for analyzing the electronic structure

andchemical state with overatholecularinteractions.

2.2.3.2. Extended X-ray Absorption Fine Structure Spectroscopy(EXAFS)

In the analysisof XAFS data, comparisonscan be made using theoretical
calculations, and the accuracy of the results can be tested. In this regard, using some
utilities is important for high quality data work. Beyond the XANES part, the EXAFS
part contains the spectra with fluctuations coming from the scattering process. The
EXAFS part of the spectrum contains details about the localization of atoms and how
phobelectrons scatter as they move between nearby atoms. When an atom emits an
electron, the electron's high kinetic energy decays when the electron passes through the
crystal's interstitial potential. However, the primary energy loss takes place when the
phaoelectrons approach an atom. The atom's esltell electrons give the approaching
photoelectroranimpulseasaresultof the Coulombicreaction forcing the photoelectron
to divert from its direction.

In our experiments, many programs (including IFEFRIAd Demeter) were
employedor the XAFS analysesn orderto handleexperimentaKAFS dataandvalidate
it using theoretical calculations. In the IFEFFIT program pack, in the first step of XAFS

dataanalysis,theoreticalcalculationsand experimentakalculationsare evaluated
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together (Newville,2001:32324). As with all EXAFS analysis programs, IFEFFIT can
determine the interatomic distances, coordination numbers, and atom types of
neighboring atoms. IFEFFIT is an analysis packatgdined as a library of XAFS
algorithms consisting of programs that compare theoretical calculations with
experimental XAFS data. Although these standard theoretical calculations are more
useful and reliable than experimental data, they require Sp®eal considerations.
Studies show that FEFF calculations are sufficient to make effective use of
experimentallyobtainedXAFS data(RavelandNewville,2005:5375419).TheIFEFFIT
analysis package includes user interface applications (Graphical Usdada@UI,
(Zabinsk et al.,1995:2995), ARTEMIS (EXAFS analysis using theoretical standards
calculated with the FEFF program), HEPHAESTUS (Atomic Absorption Data Tables),
which is a collection of synchrotronbeamline utilities, and ATHENA (XAS data
processing)which arealsosupportedZabinskyetal.,1995:2995)IFEFFIT, DEMETER,
ARTEMIS, and HEPHAESTUS are available to researchers free of charge on the web.
ARTEMIS is a piece of software in which one or more scattering paths are calculated by
sumning with FEFF. In the IFEFFIT pack, there is also the ATOMS program, which
creates the FEFF input file containing the crystal structure information of the studied
material. The crystallographic information data files (cif) can be read and converted to a
formatsuitablefor FEFFthanksto thisinterface By runningFEFFin theprogram(FEFF

run), ARTEMIS displays a brief summaryof the calculatedscatteringpaths. The
degeneration (repeated scattering paths), path distance, atom types in the crystal, and
scattering type of the path (multiple or single scattering) are determined by FEFF.
ATHENA provides the conversion of raw data to spectra in the preparation of EXAFS
data and is used to process data during the preparation of data analysis on the beamline

by Fourier transformandplotting.

2.2.3.3.Pre-Analysis of the Data

In thestudiesfor thecurrentwork, XAFS dataanalysesvereperformedusingthe
DEMETER program. The theoreticaland experimentalcalculationswere evaluated
together in the DEMETER analygislewville,2001:322324). In EXAFS analysis, the

distancebetweenneighboringatoms, coordinationnumbers,and atom types can be
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determineddy usingthe ARTEMIS programincludedin the DEMETER (alsoin
IFEFFIT) package. Therder ofuseof theprograms is as follows:

1. The ATHENA is usedfor the analysisandprocessingf the measuredKAFS data.lt
allowsfor theextractionof EXAFS datafrom XAFS spectra.

2. The ARTEMIS programanalyze€E XAFS dataextractedvith the ATHENA program
from the XAFS spectrum.

3. TheHEPHAESTUS s a supportapplicationthatcontainanformationaboutelements.

2.2.3.3.1ATHENA Program Analysis

ATHENA is usedfor the analysisand processingpf measuredXAFS dataand
allowsthe extraction oEXAFS datafrom theXAFS spectra.

ATHENA

XAS DaTa
PrRoOcEesSING

Figure 2.8.Logo of the ATHENA program

Referencebruceravel.github.io/demeter
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ATHENA provides the conversion of raw data to spectra in the preparation of

EXAFS data. It is used to process data in the beamline during the prepafadata

analysisby performing &ourier transformand plotting.
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Figure 2.9.Screerview of ATHENA program

2.2.3.3.1.1SomeFunction Buttons of the ATHENA Program

- Calibrate data: Rawdatafrom synchrotrorlaboratoriess recordedy passinghrough

a certaindevice array. In this case, energy shifts may occur due to both the devices and
the monochromator (the crystal for adjusting the energy range of the incommayy. x
Generallyjn orderto avoidthissituation,acalibrationprocesss appliedusingpuremetal

or powder samplebefore measurementf such a processs insufficient, then the

"calibratedata” tab provides theequired energy calibration.
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Figure 2.10.Main window fromATHENA program

For the calibration, the bindingnergy value of electrons of interest is taken as a
reference from the literature or calculated using the HEPHAESTUS program. And this

point is determinedas Eo (binding energy) after determiningthe point where the

horizontalrise starts.
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Figure 2.11.Calibratingdata ofATHENA program
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- Deglitch and truncate data: A healthyXAFS datasetdoesnot havesudderandsharp

peak structures. These types of structures, especially those seen in the tail part of the
XAFS (EXAFS), are lost wherhe xrays coincide with cracks and fractures, if any, on

the monochromator during the angle movement of the monochromator to adjust the
energy. These losses appear as instantaneous, sharp peaks in the absorption data. Since
these peaks do not carry anyestific data, they should be removed from the scientific

data. For this extraction method, the ATHENA program has given us access to the

"deglitchand truncate data" option.

28 Athens[Pot 1]

Fil: Gioup Enerqy Mark Plot Freere Merge Monitor Hdp 5] %| 2paga % ?
* athena §_2 Savz | (AU I . .
LiFeS2: CUAIS2 in energy
Ceglitch and sruncate deta
-0 T
Degiitch 3sing e pont
Potas
®pn Cuo Choose 2 paint Tiemove pont Repl=t o7k E
L]
Degiitch many peinis .
- 0
Margin | 0.0357438| Emin: | 150020 Emax: 870 L3 .
.
Replnt margins Remnv=pric .
" .
oA .
Truncats cats .
.

Drop points

Cecore @after T8 r k R q k| W 05
=5
3 K 3 q b3
Repoot Truncete det Truncaks mocked osing £ wrights
Ci 0" @ 03 Owm L6
Pint in #nzmgy b
Al
[ bl
D
[pe: )
[Aho ed @ Normlized -l -
Operivazive [ Darivative
[znd derivatvz [ and derivaive
09 I I |
Ducur el seuivn degileliing anz Luncating 7000 200 T40D FEID 7E00
Retur o msie windlows Erin[20 | ma (o0 Energy - eV)

Fluzked peint a: 7728223 from LiFZS2 CullS2 014,16, 0722269

Figure 2.12.Deglitchingdataof ATHENA program

- Smooth data: The data yields aoisy result in the case of unfavorable circumstances
(shakingold devicesJack of sensitivity,low signalvoltagefrom thesamplegtc.)during

data collection. Using the "smooth data" tab is the fastest and safest technique to remove
this noise Preventing the smooth coefficient from erasing the data is the main thing to

takeinto account in this situation.
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Figure 2.13.Smoothingnoisydataasafunction of the ATHENA program

Differenttypesof datacanbeobtained byrocessinghe dataasfollows:

- Current group: The address of the file opened with the registered name in the-XAFS
XAS measurement of the examined samples is presented in this tab. Furthermore, the
energylevel'sinformationon theelementandabsorptioredgeis automaticallyprovided.
Here,element anédgetab accuracyeed to behecked.

- Normalization and background removal parameters:Here, the electron absorption
energy (binding energy) levels of interested atoms are aligned. The energy level should
be the absorption energy of the corresponding electron of the target atom. The data must
be normalized to make it more clear and comparable to other data (at the same energy
level). Normalization is performed by taking into account the peak level at winch t
absorption starts, known as the "edge jump,” and the first sharp decay after it. In XAFS
data,normalizatiorntakesplaceatthe m line, wherethetail partis usedasa reference.

- Rbkg: The noise in the data might be processed along with the datasabeing
processed. In particular, the radial distribution of the scattering data obtained by the
Fourier transform takes into account the scattering produced by single and multiple
scatterings. The most reliable analysis method is to eliminate as meeypsaks as
possible caused by virtual signals that do not originate directly from the atom. For this
purposepackgroundgubtractionRbkg)is usedto separatéhedatasignalsfrom thenoise

signalsthat havebeen mixed with them.
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- k-weight: In studying scattering processes in energy space, the k value is helpful. The
termk? is ideally used since it breaks down atomic sizes into their multipliers. The term

k3 can be employed when the atoms are close to one another. The numbedsietutere

the kspace that correspond to the values in the energy space are calculated aniohwritten
the fispline range in EO tab. This tab is
measurements.

- Spline range ink (Spline range in E): The data rangae need to deal with for the
EXAFS investigation is changed in this part. Thealue's range of 0 to 10 is pretty
suitableandperfect.lt is concentratedn arangewherealargervalueselectionwill result

in noisedominance. Thisabis especiallyusdul for preparatiorbeforeXAFS analyses.

- Forward Fourier Transform parameters: In thissectiontheminimumandmaximum

range values to be taken for EXAFS analysis are specified. The scattering data emerges
when the photoelectrons radiated towardsatioens are repulsed by the electrons in the
outer orbit of the atom. This coulombic repulsion applied to the photoelectrons scatters
thephotoelectronaway. Thewavevectorpossesselly the photoelectronmteractswith

its tail during this scattering. the scattered and incident parts of the interacting wave
interact in the same phase, a "constructive" (positive) oscillation occurs; if they interact
out of phase, a "destructive" (negative) oscillation occurs. Thanks to this interaction,
locationand speies information about atoms are obtained.

Due to the fact that interactions with small atoms (the light atom) produce weak
scatteringamplitudeswvhile interactionswith largeatoms(theheavyatom)producestrong
scatteringamplitudegfor example hitting atruck or abicycle,i.e.,momentuntransfer).

In order to generate a processing range, the XANES section of the parameters must be
excluded.

- Backward Fourier transform parameters: We transfer the scattering amplitude data
from the energy space to thadial space with the Fourier transform. Therefore, the
scatteringamplitude energy value equals the position of atoms imeal spacelt

describeghe transitiorfrom backwardcenergyto realspace, as expresskeedre.

31



& Athena [XAS data processing]
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Because the

the closer it is to the absorbing atom from which ghetoelectron is emitted, because

k=1/ . The larger thé value, the closer it is to the central atdre (Uk). As a result, as

ecxapt rt eesr s inogn duast easd sakvdlue,j

u

n

thek values increase (to the right) on the graph, the central atom is approached. In this

casethemassandtypeof atomsarerelatedto the peakintensities Multiplying thevalues

by the forces ok allows heavy and light atoms to separate. This allows us to identify

which atom the signals are coming from while examining the structure of the signals. In

theFourier transformthe sameproceduras also applicable.
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Figure 2.15.Extracted EXAFS scattering data by the ATHENA gubgram of
DEMETER (crystal structur@nalysis)

The radial distribution data is a result of the scattering processes expebgnced
the photoelectron, which is emitted from the atom of interest. In the center, a figure is
presented with neighboring clusters of atoms on adimensional axis, on which the x
ray absorbeandphotoelectroremittingatomsattheorigin (0,0,0)sit. In thisfigure, each
peakmaynot represenjust onetype of atomicgroup.Becausetomscanbefoundatthe
same distance from the central atoms, but located at different positions and angles. In
suchacasesignalsfrom theseatomsmayoverlap,resultingin abroadandhigh-intensity
peak.Forthisreasongcareshouldbetakenin determininghetypeandlocationof atoms.

An effective technique for revealing atomic information within overlapped peaks is the

k-weightstudy.
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2.2.3.3.1.2Atomic Type and Location DetectionUsingthe fiko Force

Particularly in light atom doping or in composite material structures, the location
of atomsis averydifficult task.We candistinguishatomsignalsfrom overlappingsignals

andprecisely pinpoint atoms using theweight" technique.
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Figure 2.17.Determiningthe positionof atomswith thek-weightprocess
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First of all, by taking forces of ik o(k-weight) and looking at the shift in
symmetriegnormalized) atomsat differentpositionsfrom theorigin in thecrystalwhere
theyarelocatedcanbedetermined. Ithereis no different atomin the dataobtainedwith
normalization, its symmetries should inéact, and if there is only one type of atom, the

differentdata should bat thesameintensity.

2.2.3.3.2ARTEMIS Program Analysis

ARTEMIS is the program that analyzes EXAFS data extracted from the XAFS
spectrunmwith theATHENA programandsoftware jn whichone or morescatteringpaths
arecalculatedoy summingwith FEFF.Thesystemalsohasthe ATOMS programwhich
createsthe input file for the FEFF program, which includes the crystal structure
information of the material studied for calculation. Thanks to this interface,
crystallographic data files (cif) can be read and converted to a format suitable for FEFF.
By runningFEFFin the program(FEFFrun), ARTEMIS displaysabrief summaryof the
calculated scattering paths. With the help of FEFF, degener@éppated scattering
paths), path distance, atom types in the crystal, and the scattering type of the path
(multiple or single scatteringgredetermined.

dRTENISs E}%P@ Pdvd ANALY SIS

Figure 2.18.Logo of ARTEMIS program

Referencebruceravel.github.io/demeter
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2.2.3.3.2.1ARTEMIS program and stepsof analysis

The ARTEMIS program analyzes the XAFS data, which is processed with the
ATHENA programandextractedrom the scatteringdata,to determineatomicdistances
and identify atoms. The ATHENA study is required to be sameithe folder for the
ARTEMIS program. In the ARTEMIS study on the material, this displays as a master
file. The data collected using a "*.cif" file, including the crystal lattice parameters and
information, is compared, and the fitting method is apghbechuse the work to be done
is based on crystal information. The files generated by this fit method, which were
downloadedfrom literaturebasedwebsites,serve asinput files for the ARTEMIS,
ATOMS and FEFF programs, which run EXAFS calculations. Aftexcking the data,
the calculation for this prepared FEFF input file is started by clicking the FEFF tab. It
generates files with information regarding photoelectrons' scattering paths and other
information. These generated files are used to compare pearierental data obtained
with EXAFS analyses with theoretical calculations. When a great deal of harmony is
achieved in terms of shape and peak values, data on atomic distance and species can be

obtained.
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2.2.3.3.3HEPHAESTUS Program

HEPHAESTUSSs a utility programusedin absorptiorspectroscopgandprovides

informationabout elements.

ﬂephuestus

A souped-up periodlc
table for the X-ray
absorption spectroscoplst

Figure 2.24.Logo of HEPHAESTUSprogram

Referencebruceravel.github.io/demeter

Forall the element& the periodidablewithin this program:

- Informationon absorptiorspectroscopy

- Calculationof densityandabsorptiorenergyvaluesaccordingo generaformulas

- Determiningthe amountof gasrequiredto fill thelo andl:. gaschambergor an XAFS
laboratorymeasuremenunder the lorcChambergab).

- Informationon the element@ the periodictable'schemistryandphysicalproperties
- Detailsregardinghetransitionbetweerelectron level¢general)

- Eachelement's absorptioedgeenergyinformation

- Information about the energy of each element's fluorescence lines

includesdetails like thos@bove.
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Figure 2.25.Screernview of HEPHAESTUSprogram

Referencebruceravel.github.io/demeter

2.2.3.3.4Crystallographic Literature Web Sites

The analysis file obtained from ATHENA was opened in ARTEMIS, and the fit
was made with the CIF files obtained from the official crystallography liter§@@®-
MaterialsProject)pageqMaterialsProject,https://materialsproject.org/

The largest official crystal database, COD, which is accepted all over the World
and was created by the International UnodrCrystallography, is used. However, many
universities and laboratories can create and use separate databases within their own

structuresCertainof thoseincludethe AmericanMineralogistCrystal StructureDatabase

(http://rruff.geo.arizona.edu/AMS/amcsd.phghe Cambridge Crystallographic Data

Centre(https://www.ccdc.am.ac.uk/deposit/uploddNIST Researchibrary (Journalof
Researclof NIST | NIST) etc.
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Figure 2.26.Screernview of CrystallogphyOpen Database wegiage

Referencewww.crystallography.net
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Figure 2.27.A view of CIF file list on Crystallogphy OpebBatabase

Referencewww.crystallography.net
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Figure 2.28.Screerview of MaterialsProjectwebpage
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Figure 2.29.Listed CIF files on MaterialsProjectwebpage
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Figure 2.30.Atomic crystaldataandparameterérom the webpageof MaterialsProject

Referencewww.materialsproject.org

2.2.4.X-ray Diffraction ( XRD) Technique
Br aglgw s

British physicists W.H. Braggnd his son W.L.Bragg developed a correlation in
1913 that explains why-says reflected from crystal planes can be observed-fayx
incident at certain anglesand were awardedthe Nobel Prize in 1915. W.L.Bragg
considered that crystals consist of plelaplanes of atoms (Bragg& Bragg,1913:428
438). Incoming waves are reflected separately from each plane (Figure 31). Interference
patternsareproducedvhenlight is reflectedfrom numerousnirrorsplacedontop of one

anothertheincident angle is eqli#o the reflection angle).
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Figure 2.31.SchematicdemonstratiomfB r a g.gwd s

X-rays, which are in the same phasebefore and after reflection, undergo
constructivanterferenceandform bright spots Dueto thedifferencein distancebetween
neighboringerystalplanesiwo differentbeamsof light travelslightly differentdistances.

This difference in path can be shown by connecting the two beams with perpendicular
lines. The distance DE (dsia DE) is the same as EF (dgnDE), so the total path
differenceis DE+EF=2dsinl. Whered is the angleof incidenceandreflection,ads the x-

ray wavelength, andd?is the total diffraction angle. Constructive interference occurs
when the path difference is an integer multiple ofvila@elength. This is called Bragg's
Law of Diffraction. Bragg reflection occurs only under the condition of waveleragth n

2d. X-rays are used because it is not possible to achieve this condition with visible light
wavelengths. The diffracted beams (refil@as) can occur at certain angles defined by
Bragg'slaw, whichisnee=2 d s i n d .
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Figure 2.32.Material Science (MS) Beamline at SESAME Synchrotron Facility in
Jordan

Referencewww.sesame.org

MaterialSciencg MS) beamlinevasusedfor X-ray Diffraction (XRD) dataatthe
SESAMESynchrotron Facility in Jordan.

2.3.The Hall Effect in Semiconductors

Thesemiconductorareundertheinfluenceof aforceperpendiculato thecurrent
direction and to the magnetic field when the current carriers of the curesnting
semiconductorsare in the magneticfield. The voltage betweenthe edgesof the

semiconductorsccurs when they aig equilibrium.

In semiconductorsthe mobility of electronsand electron holes is different.
Therefore, the densities of their current carriers are more complex than the expression of

theHall coefficient. The coefficierfor their magnetidield is

2 2
—np? + pp

Ry = B (11)
e(npe + ppn)
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ge the electronmobility, n is the electronconcentratione the elementarycharge en the

hole mobility, p the holeconcentration.

Hall coefficientexpressiorior appliedlargemagnetidields;

Ryp= ——— (12)
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RESULTS AND DISCUSSION

3. CHARACTERIZATION AND PRODUCTION METHODS OF CATHODE
MATERIALS

3.1. Synthesisof CathodeMaterials
3.1.1.CathodePreparation

Two groups of materials were prepared with the purchased chemicals {Sigma
Aldrich). The sealed tube method was used to prepare sulfide materials, andgkle sol
methodwas used tprepareoxide materials.

The oxide materials, except the main cathode material, were mixed in
stoichiometric ratios before being synthesized by using thgeddkechnique and mixed
at 800 rpm for 24 hours atistheOmaifogdein@a t he
study and used in all of the materials in the series, 4 g of the main cathode material were
synthesized. The sample, which weighed 4 g, was mixed with a solution contaimihg 10
of nitric acidand50 ml of distilled waterto form a sokgel. After drying for 2 hoursatl50
A Cthegeltransformednto powder.The powderedsamplesveresinteringprocessefbr
24 hours at 850AC (5AC per min., ifomrease
the rest of the materialsin the series,boroncontainingmaterialswere treatedin two
annealing steps due to the | ow melt-ing po
containing samples, before the main annealing process, as told above, the samples were
anneal ed at 450 A B wdreoprepabetl in twd Qreupsmcathoele danc
thermoelectrienaterials.

Sincethe synthesiof sulfurcompoundss difficult andrequiresalong processa
new approach has been used for sulfur. The stoichiometrically prepared materials were
mechanicallymixedandreplacedn asealedube.Thesamplesverethenexposedo high
temperatures for short periods of time until the sulfur content in the samples began to

melt, in orderto avoid blow-ups dueto high pressureduring the annealingprocesses.
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After the pre-annealingorocesssamplesaresinteredin a sealedtubefor 40 minutesat
900A C .

. S

‘\

Figure 3.33.Preannealinga sulfidesamplein a sealedube

CrFe204 and SrTiO 3 materials showing thermoelectric properties in txéle
samples are doped in the cathode materials to obtain a composite at ratio0aM,
1:0.05M, andl1: 0.1 M. CrFe204 material knownfor its goodthermoelectrigroperties,
was doped into the cathode materials prepared by ddhiddg, andMn into LiFeO:
material and purd.iFeO2. At the same time, the contribution of the thermoelectric
properties to the cathode material was compared with the addit®rnr@d s, which is
also known for its thermoelectric capabilities, to a sample. The reas@ndidierent
material addition with thermoelectricpropertieswas to clarify the thermoelectric
addition's response to form a composite material against a heat threat. Becausthieone of
aims of the study was to investigate the difficulties of waste drahirreversibilitythat
occur during the intercalation process and damage battery performance. Itsompact
battery performance was evaluated by employing thermoelectric material to generate
currentfrom waste heat in this direction.

To compare the effés of material substitutions on two separate groups, both

oxideand sulfidematerials wer@repared.

3.1.1.1.0xide Samples

Materialswith semiconductopropertiesarekeydevicesn electronicengineering
applicationsThereforecarriertypesin suchmaterialsareimportantin termsof providing
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a more functionally suitable use in devices. In this way, when we consider the physical
propertief materialsasanoutputof electronicinteractionsandeffects,oneof themost
important parametetthat determines the appearance of the current in terms of electrons
and holes under an electric field is carrier mobility. The average speed of the carrier is
proportional to the applied area and has
is animportant parameter that plays an important role in determining the efficiency of
semiconductormaterials. High carrier mobility is related to high carrier density,
especiallyin irregularor polycrystallinematerialsBecauséow carriermobility is aresult

of higher carriers resistance to trapping them at intersections. Hall measurernbtato

the carrier mobility details for parent oxide (LiFg@nd oxide thermoelectrimaterial
(CrFe04) weremadeat300K (roomtemperaturepy theHall effectmeasuremerstystem
Twin-Hall8800model.The currentappliedduringthe measurememtas 20 mA and the
magnetic field was 7210 gauss. The carrier type of Lie®ematerial was determined

as ntype with a carrier density 66,06248 18° (/cm®) andcarriermobility defined as
1,6006 cni/Vs. The carrier type of Crz@; material wasdetermined as -type with
carrier density 0§2,936570 18 (/cm®) and carrier mobilitglefinedas 2,54210&n¥/Vs.

Also, by analyzing the electrochemical properties using electrachemical
impedancespectroscopy(EIS), the cathodic propertiesunder elevatedtemperature
circumstancewill be explored with thenclusion ofthe thermoelectrimaterial.

Composite cathode materials have been produced by synthesizing oxide cathode
compounds and incorporating oxide compounds with known thermoelectric properties
into thecathodamaterial Forthis purposeaserieshasednthegeneraformulasLiFeO2,
LiFelxAlxO2, LiFe1xMnxOz, LiFeix(AlyBy)xO2, LiFeix(AlyMny)xO2 and LiFe1-
x(AlyMnyBy)xO2 (x = 0.01; 0.05, 0.10y = 0.33, 0.5wasprepared.

3.1.1.2.Sulfide Samples

It is intendedto develop new, high-performancecomposite cathode sulfur
materials. To do this, materials were produced, and the XAFS spectroscopy method was
used to examinghe properties of their electronic structure. For the electronic structure

propertiesstudyof the sulfur cathodematerialstheywerealsopreparedaccordingo the
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formulas; LiIFe1xAlxS,, LiFe1xMnxS, LiFe1xBxSz, LiFeix (AlyBy) xS, LiFeix
(AlyMny)xS2 andLiFeix (Aly MnyBy)xS2 (x=0.01, 0.050.10:y=0.33, 0.5).

Thelist of oxide and sulfidenaterials prepared &s follows.

.LiFeO,

. LiIFeOz:SrTiOs

. LiFe.909VINo.0502

. LiFep.9dMno.1d02

. LiFe.90Al0.0102

. LiFen.90Al0.1d02

. LiFeo.95A1 0,002

. LiFeo.90(Al 0.50MNo.50)0.1002
. LiFeo.90(Al 0.5B0.5)0.102

10. LiFeo.9o(Al 0.33VIN0.3B0.33)0.1002
11.CrFeQOq4

12.LiFeS

13. LiFeo.93VINo.0s52
14.LiFeo.9dMno.10S2
15.LiFep.95Al0.0552

16. LiFeo.90Al 0.10
17.LiFeo.oo(Al0.08MNo.05)0.1652

© 00 N O o M W DN P

Thesolgelsamplepreparatiorproceduravasappliedto prepardgheoxidecathode
materials. Then, annealing was performed in the muffle furnaces for 24 hcantinel
laboratory (MEITAM)of theMersin University (Mersin, Turkiye).

Sulfide cathode materialgere prepared by the sealed tube technique. Two times
samples were heat treated in the closed tube, and in the first stage, a high temperature
(approxi mately 900 AC) was applanneaingtoor a
avoid the high pressureduring the annealingprocessesAfter cooling, the ground
materialsweresubjectedo heatireatment a®00A Gor 40 minutes.

For the XAFS and synchrotron XRD analyses, the prepared samples were sent to
SESAME (Synchrotrotight for Experimental Sciencend Applications in the Middle

East, Jordan)synchrotronlaboratoriesthe MS Beamline(Material Science),and the
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XAFS Beamline(X-ray AbsorptionFine StructureSpectroscopyfor electronicstructure

andcrystal structureneasurements.

Figure 3.34.SESAME (Synchrotro#ight for Experimental Science and Applications
in theMiddle East, Jordan)

Referencewww.sesame.org
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Figure 3.35.Material Sciencebeamline hutc{SESAME,Jordan)

Referencewww.sesame.org
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Figure 3.36.XAFS beamline hutctSESAME,Jordan)

Referencewww.sesame.org

3.2.XAFS Analyses

XAFS data from the X-ray absorptionfine structure spectroscopy(XAFS)
beamline ofthe SESAMEsynchrotron,located near Allan, Jordan,were collected.
Because XAFS data is very rich in both the electronic and crystal properties of the
materials studied, the study processed the XAFS data in &ps:she XANES part and
the EXAFS part.

3.2.1.X-ray Absorption Near Edge Spectroscopy(XANES) Analyses
Theanalysis results aggven in theorder ofthesamples:
3.2.1.1 LiFeO2 (Oxides' Primary Component)

Li ions are predicted to bind to the tetrahedral strugspmel) of FeQduringthe
intercalation process, forming LiFe®aterial. In this structure,?Oand Li* ions cause
iron atoms to have an ionic state ofFeHowever, in the studied XANES specéna,
absorptionpeakdominatedby the octahedraflegionratherthanthe tetrahedradtructure

wasobtained Figure3.37).Fromhere we cansaythatourstructurds generally
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shaped in an octahedral structure. Pure iron atoms have an electronic configuration of
[Ar]3 d°4s’4p° in thegroundstate(neutral).Sinceiron ionsarein the Fe** statein LiFeO;

material their electronicarrangemengvolvesinto an[Ar]3 d°4s’4p° arrangementt uses

the three donated, lost electrons to bond with neighboring oxygen atoms. In this case,
when the electronic arrangemerdf oxygen atomsis in the neutral(ground) state,
[Hel2sd 2 , the binding el ectr onpdevet tesufingmai n wi
new [He]%| (2 arrangement. The fil | @kvell Bunng | I n
thebond interaction, the outer electron shells come very close to each other, and if their
energywaluesarecloseto eachother theycanoverlapby pairing,triggeringtheformation

of new hybrid bands. During these interactions, the Pauli exclusion peirigipits
interactions. For short (@ =N1), this sit
With such a coupling, then the outer orbifa)l ¢f oxygen can interact with treeandd

levels of iron, but quantum selection rules prevent the interaction betweptetred of

iron and thep level of oxygen. The presence of hybrid bands, which indicate strong
binding, may appear below the main absorption edge around the energy values of th
levels that will form the hybrid bond. These weak absorption peaks are calledgae

peaks. The crystal structure analyses (detailed information is available in the later parts
of the thesis) revealed that the prepared sample was not pure;Lib@CQ1% cubic

LiFesOg (lithium ferrite) crystals which generallyappeain intercalationprocessesyere

formedin thestructurelt wasdeterminedhatthe FeK-edgeXAS absorptiorpeakof our

sample started to rise at 7110.52 eV, giving the main absormpéak of the §A 4p
transition at 7132.18 eV (Figure 3.37). The absorption peak from the onset of the
absorptiorto the peakof themainpeakappearso beinclined. Thisis dueto thefactthat

ls el ectrons dantdlevelss evanif theareteraptytabcerdirg) to the
guantumselectiorrules,andtheymaketransitionsdirectly to the4p level. In oursample,

two typical weak preedge region structures were detected below the main absorption
peak (BA 4p). The transition of 1s electrons to thgbrid bands of Fe®2p O atoms

was found to be the peak at an energy value of 7114.22 eV, whereas the transition of 1s
electrons to the hybrid bands of Fe2p O atoms was found to be the peak at an energy
valueof 7123 eV.
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Figure 3.37.Fe K-edgeXANES spectrunof LiFeO, material

3.2.1.2LiIFeO2:SITiOs

Absorptionspectracomparisonsakenfrom the Fe coordination®f the LFO:STO
materialaregivenin Figure3.38.Accordingto thisfigure, afterdopingSTOinto thepure
LFO material,it did nothaveanyeffectontheFe coordinationsaandcontinuedo existin
the material as separate islets. This can be seen from the XANES spectral comparison of
Fe coordinations. The high cohesion in the peak structures and the absencshift any
corresponding to any energy value show that the LFO structure maintains its structure
even in the presence of external factors (materials). However, the very slight shift in the
leading edge peak of the Feddge of the LFO:STO material's XANES spacwhich
structurallyexhibitsgreatagreementvith the pre-edgein the LFO structure suggestshat
O atoms ar®ccasionallyshared byreand STO.
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Figure 3.38.Comparison of the XANES spectra of the excitation of 1s electrons (K
edge)of Featomsin LFO:STOmaterialwith LFO FeK-edge

3.2.1.3.LiFeo.9sMno.0802 and LiFeo.9dMn0.1002

It canbeseenfrom the high coherencef the Fe K-edgepeakghatthe Mn doping
does not have any destructive effect on the Fe coordinations (B@®)e Therefore, it
has been observed that Mn atoms do not sit on Fe points in the crystal structure but do
not have a direct effect on Fe atoms since they are not near Fe. Because if the Mn atoms
were seated on the Fe points, it would affect their benttsthe neighboring O atoms,
so there would be a big change in the structures at thedges edge. It is clear that Fe
atomsarenotaffectedoy Mn atomsbutwill only weakendueto theMn effecton O atoms
in structuresadjacento Featoms.Theleadingedgepeakof s-p hybridizationdetectedn
Fe atoms decreasedn parallel with the increasein Mn contribution. This can be
interpreted as weakening the-Bebonds as a result of the bonds Mn atoms make with

the oxygenatomsaroundthem. The analysesof the crystal structureare explainedin
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detailin the sectioncontainingthe EXAFS analysesilt is seenthatthe Mn atomsin the

preparedsamples form a cubidMn 204 crystal.

—LiFeO2
—— LiFe. _Mn__O

0.95 0.05 " 2

LiFe. _Mn__ O

0.90 010 =2
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Figure 3.39.Comparison of F&-edge XANE&data in LFO, LiFe93VIng.0s02, and
LiFeo.90MINo.1002, materials

3.2.1.4 LiFe0.99Al0.0102, LiFe0.95A10.0802, LiFe0.90Al 0.1002, and LiFeo.90(Al 0.5B0.5)0.1002

Figure 3.40 compares theddped materials and the Fedadges of the materials
with various Al substitutionto Fe coordinationratios in the LiFeO, material. The
comparison showed that the weak-pdge structures were clearly preserved; however,
the LiFeQ main material had an effect on the tetrahedral and octahedral structures
producedaroundFeatoms.

Theoctahedratrystalsymmetryof the materialss demonstratetb dominatethe
LiFeO, structure, whilst Al additions support the tetrahedral structure. In this context,
while a shift towards the octahedral structure was observed in the 1% doeeima
was observed that the absorption curve resulting from tetrahedral symmetry, which
appeared as the main peak in the LifFsfucture, became wider in the other samples.
However, while this expansion is weaker in 10%daped material, it is 5%aier. The

spectraof the LiFep.oo(Al0.5Bo.5)0.102 materialis completelycompatiblewith the 5% Al -
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doped material s spectra. This indicates t
is present in the material as a distinctivgstal. Because if the B atoms in this material

hadacted on thé&epoints,achangdn theFespectravould havebeen observed.
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Figure 3.40.FeK-edge XANES spectrum of LFO material versusdaped LFO
series.

3.2.1.5LiFeo.90(Al0.5Mno.5)0.102 andLiFeg 9ol Al 0.33MIN0.33B0.39)0.1002

Comparing the effects of the additions to our Like@&se material's 5% Al, 5%
Al andMn, and3.3%Al, Mn, andB dopedmaterialsjt wasdiscoveredhattheadditions
had a favorable effect on tetrahedral structyfggure 3.41). While metal bonds in
LiFeO, base materials were less evident in 5% Al and 5% Al and Mn doped materials, it
was observed that they became evident again in 3.3% Al, Mn, and B materials. This is
understood by the presence of metal bonds betWweé&ie in the presence of B and their
weakening by the presence of Al, Mn, because metal bonds become evident again with

the control of oxygen structures by B atoms.
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Figure 3.41.Comparison of the Fe-4édge XANES spectrum of LF@aterial with the
Al, Al-Mn, and AFMn-B multi-doped LFO series

3.2.1.6.CrFe20a4

Figure3.42displaysthe absorptiospectrunderivedfrom the Cr atomsK-edges
in the CrFeOs material, and Figure 3.43 displays the sketched crystal structure. The
movemenbf the 1selectronof the Cr atomsnearthenucleuso the Cr atom'soutermost
and unoccupied 4p level is what creates the @die. While Cr has an electronic
configurationof [Ar] 3d7 4si 4p° in thegroundstate,t is in the Cr?* statein thematerial,
andits electronic configuration is [Ar]d@ 4s° 4p°. In this case, suitable levels where 1s
electroncanbe placedcanbe seenas3d, 4s and4p. However,dueto quantumselection
rul és NBp=0.LE%1,10d) =2, =3),selectrons cannot be placedsand
d orbitals. Thereforethe only suitablelevelis the 4p level. Sincethe excitedls electrons

passto thedp level by skippingthe s andd orbitals,the absorptiorspectrum isloping.
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Figure 3.42.Cr K-edge XANESspectrunof CrFeO4 material

The primary peak of the Cr-Kdge spectrum in Figure 3.45, which is associated
with two 1A 4p absorption transitions, appeared at energies of 6006.78 and 6010.3 eV.
Thesetwo peaksaredueto thetetrahedraindoctahedrastructuralsymmetryexistingin
the crystal structure (crystal field splitting). Tetrahedral structures are common
symmetriesn transitionmetalsanddirectly affecttheintensityof the pre-edgeregion.In
3d transition metalsvhere tetrahedral symmetry is dominant, the-guge region is
severe and sharp, while the yg@ge region is weaker and broader in structures where
octahedral symmetry is dominant. The Ge#ge belonging to our material, the peak at
6006.78 eV at the maiabsorption peak, indicates tetrahedral symmetry, while the peak
at 6010.3 eV belongs to Cr atoms with octahedral symmetry. Therefore, the weakness of
thetetrahedrabymmetryledto theweaknes®f theleadingedgeregion.Theleadingedge
peak, whichbelongs to the 97 3d transition and is located at 5992.98 eV, corresponds
to the transition to thelevels of the O atom mixed between tlekl8vels of the &
electronsin addition,theweakshoulderlike peakat 5999.87eV occursasaresultof the
intertwining of 4 and 4 levels found in transition metals. Therefore, the reason for this

peakis thetransitionto thedp levels mixedoetween thds levels ofthe Iselectrons.
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Figure 3.43.a. Triclinic CrFeO4 crystalstructureb. Polyhedralview of CrFeQOs
crystalstructure

3.2.1.7.LiFeS: (Sulfides' Primary Component)

In this structure S* andLi* ionsarelinked to theiron atoms which haveanionic
state of Fe**. Metal iron that possesses groundstate electronic configuration of
[Ar]3d%4s?4p° becomesthe Fe* statein the LiFeS material, where the electronic
configuration becomes the [Ad%C4p° arrangement. During the bonding mechanism,
iron donates three electrons to bond with neighboring sulfur atoms. During the bonding
interactions, if the outer electron shells (with the level energies close enough) come very
close to each other, they can overlap by pairing, triggering the formation of new hybrid
bands. However, in a mechanism of electronic transitions, the Pauli excpranciple
limits theinteractionsForshort( b N 1this situationis knownasthequantunmselection
rules.With sucha coupling,then,theouterorbital (p) of sulfur caninteractwith thesand
d levels of iron, but quantum selection rules prevent the interaction betwepetred
of iron and thep level of sulfur. The presence of hybrid bands, which indicate strong
binding, may appear below the main absorption edge around the energy values of th
levels that will form the hybrid bond. These weak absorption peaks are caledgae
peaks.

The Fe K-edgein the metalFe andthe LiFeS materialgivenin Figure3.44are

presenteccomparatively.The K-edgeof the transitionmetalsis a resultof the 1s core
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el ectronso tr ans.pglevalsmas thetfinal statesed and #leveleai pi e d
iron are also unoccupied and located below théedel, however, the Pauli exclusion
forbids transitions to these levels, as statieove. In both materials, it was observed that
theabsorptiorstartedto increaseat 7110.04eV andthe weakpeakstructureof themetal
Fe7124.42eV asaresultof 1sA 4stransitionwasobservedUnlike themetalFeK-edge

spectra, a predge region wasbserved at 7112 eV in response to tb& 3d transition,

which bears tracesf hybridizationwith neighboringatomsof the Fe atoms irLiFeS,.

The maximum of the primary absorption peaks for thefsormal transition in
metalFewasmeasuredo be7131.2%V, while themaximumof Featomsin LiFeS was
7140.62 eV. The reason for the difference is that the metal Fe is in the ground state,
whereasthe Fe atomsin LiFeS are in the Fe** state. Furthermore,the pre-edge
hybridizationindicatesa strongly coupledFe-S neighboringn theformationof thespinel

(FeS) ligandstructure Thestability of thespinelstructuress themostdesiredormation

in the cathode materials.

Normalized Absorption (arb.un.)

— LiF882
1s-->3d Fe_MetaI
| I T T T T T T T T T
7110 7120 7130 7140 7150 7160

Energy (eV)

Figure 3.44.XANES spectra of excitedsklectrons (Kedge) of Fe atoms inFeS
materialcompared to metal A€-edge
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3.2.1.8.LiFe0.99ViN0.0552, LiFe0.9dVIN0.16S2, and LiFeo.90(Al 0.03VIN 0.05)0.1652

The comparative Fed€dge absorption spectra in the graph in Figure 3.45 have a
very compatible structure. In tHgure, the ionic states of the materials that are in the
Fe** stateaccordingo the metalFestructureareclearlyseen Thespectrebeginto riseat
thephotonenergyalueof 7108.54eV. Featomsin the LFS materialspeakedat 7140.85
eV, while the medl Fe reached a maximum at 7130.96 eV. A weakepge region of
the 1sA 3d forbidden transition at 7114.94 eV is observed in Mn and Al doped LFS
materials. This situation arose as a result of the mixing op tleeels of the S atom
between the Fed3evels, just like in the oxides. The main peaks emphasize tetrahedral
crystal symmetries. In LFS materials with 10% Mn, 5% Al and 5% Mn contributions, it
was observed that the tetrahedral structure was slightly weaker than the octahedral

structuregpeaksappearing at 7148.56 eV).
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Figure 3.45.Fe K-edge XANES spectra comparison of LFS, metal Fe,dd#fno.10>,
LiFeo.o9MNo.0552, andLiFeo oo Al 0.0VIN0.05)0.1052
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3.2.1.9.LiFeo0.95Al0.053, LiFeo.90Al 0.16S2, and LiFeo.90(Al 0.0MN 0.05)0.1S2

Theabsorptiorspectratakenfrom the FeK-edgesf materialsn which Featoms
are replaced by Al atoms and given on the same figure for comparison, show that the
structure is quite similar to the Msubstituted materials. When compared to L#®,
absorption peak slope changed towards higher energy, indicating that the structure's
tetrahedral symmetries weaken and appear to support octahedral symmetries (Figure
3.46).Thepeakemergingat 7150.16eV in materialscontainingl0%Al, 5% Al, andMn
illustrates the superiority of the structure's octahedral symmetry. Furthermore, when Al
was added, the pradge structure on the iron spectra vanished, enhanciSgcAlpling

anddiminishing FeS hybridization.
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Figure 3.46.Fe K-edge XANES spectraomparison of LFS, metal Fe, Lif-@Alo.10>,
LiFeo.90(Al0.09VIN0.05)0.1S2, andLiFep.o5Al 0.055
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3.2.2.Extended X-ray Absorption Fine Structure Spectroscopy(EXAFS) Analyses

The procedure for analyzing EXAFS data is generally as followsaneobtain
all of the characteristics of our crystal structure when the Crystallograpic Informative
Framework (CIF) file, which is accessible in the literature and has been validated to be
compatiblewith ourcrystal,entirelyoverlapsForthis, wetakethesinglescatteringpaths
separately in the adjustments obtained with the CIF file and the adjustments made with
the ARTEMIS programanddeterminewhich atomsof the peakstructuresaareformedby
overlapping. In this way, the lattice distances of ther@mwatom in the center and

neighboringatoms on anedimensional axis arf®und.

3.2.2.1LiFe0O2

In the analysis of LiFe§) which is the main structure of our oxide materials,
scatteringlatafrom XAFS datameasuredh synchrotrorsystemsvastakenwith thehelp
of the ATHENA program and processedn the ARTEMIS program. The EXAFS
procedure is a data analysis that is a result of the scattering mechanisms of emitted
photoelectrons and can provide detailed information about the chemical environment of
the absorbeatom and reveal the role of Mn atoms in the crystal structure during the
substitution process. As far as we know, inverse EXAFS analysis (IEA), which will be
applied for the firsttime in this study,will be animportant method thatprovides
informationabout crystal structure from XAFS data. First of all, the ATHENA program
was used in the study, and the obtained radial dat&efgFAFS) were processed in the
ARTEMIS program. The inverse EXAFS procedure was handled in the steps given in
Figure 3.47 in thadiagram below. Standard EXAFS analysis uses an input file using
crystal data from crystal structure analysisand is basedon data fitting applied to
theoretical calculations (FEFF or otherwise). Unlike the standard EXAFS fitting
procedure, the inverse EXAHfitting procedure identifies crystal data by testing the
atomic position peak fitting until a fine match appears. Therefore, radial data should be
analyzed with theoretical calculations (using RDF cards or CIF cards) in the ARTEMIS
program, in which th@aths formed are processed on the basis of vertex fit using FEFF
cards. If the peak featuresshow a theoretically high disagreemenwith the FEFF
calculationgenerate@n theradialdata,theinputfiles shouldberepeatedor the Artemis
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analysis until a good match is obtained. To read the crystal data from the ARTEMIS
program’'s Atoms card, a very good match must be obtained. If a good match is not
obtainedafterseverainsertionprocedureshislikely indicatesanyothercrystalstrudure

in the sample,i.e., polycrystalline structure.In such a case,the abovementioned
assembly cycles must be processed until the second or third possible crystal structure is
obtainedn thesample.
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Inverse EXAFS Procedure
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Figure 3.47.Thechartof theinverseEXAFS procedure



The results obtained were verified with the help of XRD data. In this process,
presenting the scattering data comparatively will provide a clearer result. In a XAFS
process, photoelectrons are emitted from an &les@tom and subsequently scattered in
theabsorbeatom'schemicalsurroundingsvith thekinetic energyof neighboringatoms.

By analyzing the intermediate potentials and the intensity of the scattering that the
photoelectrorexperiencessit travelsbetweemearbyatoms,it is possibleto learn more
aboutthetypes ofneighboring atomswvolved in this process.

The comparisonof the photoelectronscattering intensity data of LiFeOy,
LiFeo.09VIno.0s02 and LiFe.9dVino.1d02> materials is given in Figur8.48. Accordingly,
thereis a structuralcompatibilityof the Mn dopingwith thescatteringlataof the LiFeO
material, with a shift to higk values. The concordance in the scattering data indicates

thatthe crystal structuresf these~eatoms arereserved.
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Figure 3.48.Comparison of scattering data of LiFgQiFep.9gVing.0s02, and
LiFeo.90MIno.1002, materials

TheFouriertransform(FT) of the scatteringdatawill provideinformation

indicating that a distinct crystal structureis createddespitethe shifts and symmetry
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evidentin the scatteringmechanismsThedistance®f atomsfrom theabsorbingatomin
real space in a uniaxial system are obtained using tHEXAFS study. In this study,
informationaboutthecrystalstructureandits parametersvill begiven,aswill theatomic
distancesdjacent to thabsorbeatom (Fe).

The researchwas done in the form of estimating the crystal structure
characteristics of the data obtained by XRD analysis using the IEA withpiatiitials.
The findings of the IEA analysis were compared with the synchrotron XRD data, as
shownin Figure3.49,andagooddegreeof agreemenivasnoted.Theverticallinesunder
the data in the figure give thel2alues of the crystal structuparameters obtained with
IEA. Studies and literature reviews have revealed that the results of the studies with

inversefitting arehighly compatible.
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Figure 3.49.XRD patterncomparisorwith thelattice parametersbtained bythe I[EA

In theseprocesseghefocusis ontheoverlapof thepeakpointsandshapesn the

comparisorof experimental data obtained with fit.
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Theresultsof theharmonizatiorstudiesaregivenin Figures3.52-3.53-3.54 3.55.
Accordingto theresultsof theanalysisjt was revealethat89% of the LFO wasformed
in the tetragonal LFO structure (Figure 3.50), while 11% was crystallized in the cubic
LiFesOg structure.

TheLFO crystalstructureparametersveredeterminediccordinglythetetragonal
structurewasshapedn fiP4/mmnd spacesymmetry(Figure3.51,andTable3.2),andthe
| attice parameters were: &=b=29® Fhelattice b=2.
par amet eP483do fs ptalcee B ysOpmrgstalrsihaped in B Eubic struaur
were determined as a=b=0ssBuctéres arg markednwithFi gur
A * ol the peaks of therystals in the basmaterial.

If the atomic distances are written in terms of the atomic species closest to the Fe
atomin theLFO; FeO= 1.966; ;FeLi =3.100; ;Fe Fe=4 . 8 O(Dablg 3.50).

Figure 3.50.a. Octahedral symmetrgf LiFeO, materialb. Cubicstructureview of
LiFeO, material
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Figure 3.51.Synchrotron XRD results confirm the crystal structure of Li&Mich
wasdeterminedvith high accuracyy inverseEXAFS (IEA) fitting
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Figure 3.52.Comparison of the LiFeglistribution function obtained from the
measureXAFS data andhe sunof thescattering pathproducedwith thecalculations
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Figure 3.53.Crystalstructureanalysisof LiFeO, materialwith EXAFS
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Figure 3.54.Representatioof the Fe atoms othe LFO crystalin the LiFeO, material
(crystalstructureanalysis with EXAFS)
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Table 3.2. Detectectrystalstructureparametersf LiFeO, material

Crystal || b |9 a b c Geometry SG %
LiFeO2 |90 | 90 | 90 | 2.746j 2.746j 4.480j Tetragonal | P4/mmm | 89
LiFesOs | 90 | 90 | 90 | 6.680j 6.680j 6.680j Cubic P4132 11

Table 3.3. Atomic distance®f the LiFeO, materialobtainedasaresultof EXAFS
analysesvith respect tdhe absorbing atom

Sample | Crystal| SourceAtom | Atomic Distances| R( j| Degeneracy
FeO 1.966 4
Fe-O 2.400 2
FeFe 2.780 4
FeLi 3.102 8
FeO 3.673 8
FeFe 3.932 4

LiFeO, | LiFeO, Fe FeQ 5952 4
FeO 3.932 4
FeO 4.396 8
FeO 4.606 8
FeO 4.746 16
FeO 4.746 16
FeFe 4.800 2
FeO 4.800 2
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Figure 3.55.Representation of the locations of Li atomshe LiFeQ crystal in the
LiFeO, material (crystabtructureanalysis wWithEXAFS)
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Figure 3.56.Atomic determinatiomprocesswith the k-weightprocedure
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Figure 3.57.Displayof detectecaitomicdistance®f LiFeO, material(RDF)

3.2.2.2LiIFe02SrTiO3

In this material, a composite structure was obtained by adding the STO material,
known for its thermoelectric properties, to the LFO base material, and it was aimed at
monitoring the change in the performance of the structure agemgerature. It was
observed that with the introduction of the doped STO material into the structure, it did
not cause any change in the crystal parameter of the main LFO material. The crystal
structure parameters determined as a result of EXAFS harmionizadies of the STO
materialin this structurearegivenin Table3.5.Accordingly,thespacegroupof the STO
crystal i s ldneroe r mai=nde.d7 2a'sj ;i b =4kEbFFOCP.By c=7.
analyzingthedata,it wasfoundthattheatomsin the LFO structureremainedn thesame
positionsasgivenin Table3.4.Accordingto theresultsof theEXAFS analysisijt is found
that the atom closest to the Sr atom is the O atom, and it is located at a distance of 2.360
i fromtheSratom.It hasbeendeterminedhatthe seconcatomclosesto the Sratomis
the Ti atom, which is | ocated at a distan:t

relatedresults argjiven inthefigures and tables below.
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Figure 3.58.Comparison othe LiFeQ:SrTiOsdistribution function obtained from the
measureXAFS data and theumof thescatteringpathsproduced wittthe calculations
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Figure 3.59.Peak calculations of scattering paths showing O locations in
LiFeOx:SrTiOs material(crystal structur@analysiswith EXAFS)
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Figure 3.60.Peak calculations of the scattering paths showing Ti locations in
LiFeO:SrTiOz material(crystalstructureanalysiswith EXAFS)
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Figure 3.61.Peak calculations of thexattering paths showing Sr locations in
LiFeO»:SrTiOsz material(crystalstructureanalysiswith EXAFS)
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Figure 3.62.Representation of the O atoms of the LFO crystal in the LifS¥DiOz
material(crystal structur@nalysis wWithEXAFS)
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Figure 3.63.Representation of the locations of Li atoms of the LFO crystal in the
LiFeOx:SrTiOsz material (crystatructure analysiwith EXAFS)
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Figure 3.64.Representation of the Fe atoms of the LFO crystal in the LiSeTO03
material(crystal structur@nalysis with EXAFS)
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Figure 3.65.Determination of the atomic types and locations atoms witk-theight
procedure
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Figure 3.66.Displayof detected atomidistance®f LiFeO,:SrTiOs material(RDF)

Table 3. 4. Atomic distance®f theLiFeO,:SrTiOs materialobtainedasa resultof
EXAFS analyses with respect to the absorbing atom.

Sample |Crystal | SourceAtom | Atomic Distances |R( j | Degeneracy
Fe-O 1.966 4
FeO 2.400 2
FeFe 2.780 4
FeLi 3.102 8
Fe-O 3.673 8
FeFe 3.932 4

LiFeO: | LiFeO, Fe FeO 3.932 4
Fe-O 3.932 4
FeO 4.396 8
Fe-O 4.606 8
Fe-O 4.746 16
Fe-O 4.746 16
FeFe 4.800 2
Fe-O 4.800 2
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Table 3.5. Determineccrystalstructureparametersf LiFeOp:SrTiOz material

Sample Crystal| SpaceGroup | LatticeConstants
a=4 . 72
b=4. 7 2
SITiOs 14/mem c=7. 71
U=9C

b=90°

=9

LiFeO.:SITiOs

Table 3.6.Atomic distances of theiFeO,:SrTiOs material obtained as a result of
EXAFS analyses with respect to the absorbing atom.

Sample| Crystal | SourceAtom| Atomic Distances| R( j | Degeneracy
Sr-O 2.360 4
Sr-O 2.528 4
Sr-O 2571 4
Sr-Ti 3.047 8
g Sr-Sr 3.338 4
A Sr-Sr 3.854 2
o) SITiOs Sr SrO 4.200 16
L Sr-O 4.519 8
3 Sr-Sr 4.720 4
Sr-O 4.720 4
Sr-O 4.888 16
Sr-O 4.888 16
Sr-O 4.931 16
Sr-O 4.931 16

3.2.2.3LiFeo.9Mno.0s02

This substance is created bybstituting 5% of the Fe atoms with Mn atoms.
Accordingly, EXAFS adjustmentsveremadein orderto observahechangean thecrystal
structure by replacing some Fe atoms with Mn atoms. The crystal lattice parameters of
the pure LFO mateni éalet aagomaR4mindé nsgpt a cye a |
symmetry; b=2.746 | ; c=4.480 j ; while U=b=0=9C°, it is the same for the
LiFeo.9sMno.0s02 material despite the Mn contribution, and the lattice parameters are
a=b=2.76§ ;it hasbeendeterminedhatit hasundergon@verysmallchangeasc=4.652
i (Table3.7).
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It was observed that the Lik®s crystal detected in the main LFO material
preserved its structure and remained stable except for a small parameter change. The
determinegarametersvere a=b=c=5.58Q .ThisindicateghatMn atomsdonotreplace
Featoms.ThelEA analysigevealedhat9% of Mn atomswereshapedn cubicgeometry
and crystall i zeHd3aos. tAcec osrpdaicneg | gyr,outphefi cr ys
determined to bea=b=c= 15, 481 | . This change in <c

0=1.957; FeFe=2.76§ ; -Lk=8.040; atamicdistances(Table3.8).
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LiFe0.95Mn0.0502 ——
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& 1
<
3
x i
|
9 6

Radial distance  (A)

Figure 3.67.Comparisorof the LiFep.egVino 0502 distributionfunctionobtainedfrom
the measured XAFS data atiet sum of the scattering paths produced with the
calculations
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Figure 3.68.Peakcalculationsof scatteringpathsshowingthelocationsof Featomsin
LiFeo.99MNo.0502 material(crystal structur@nalysiswith EXAFS)

LiFe0.95Mn0.0502 —— |-
[LFMO] Li0.1 ——

(A7)

IX(R)]

04 -
02 o -
D’ | \,-‘_- o A

0 1 2 3 4 5 G

Radial distance (A)

Figure 3.69.Peak calculations of scattering paths showing the locations of Li atoms in
LiFeo.9gVINo.0502 material(crystal structur@analysiswith EXAFS)
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Figure 3.70.Peak calculations of the scattering paths showing the locations of O atoms
in LiFeo.98Vino.0s02 material(crystal structur@nalysiswith EXAFS)

Table 3.7.Detecteccrystalstructureparametersf LiFep 9gVIng.0502 material

Crystal || b |g a b c Geometry SG %
LiFeO: 90 | 90 | 90 | 2.768; 2.768j 4.652; Tetragonal | P4/mmm | 82
LiFesOs | 90 | 90 | 90 | 5.580;j 5.580j 5.580;j Cubic P4132 9
LiMn204 |90 |90 |90 [15. 4§15. 4915 . 49 Cubic Fd-3m 9

Table 3.8.Atomic distances of LiFygMno.0s02 material obtained as a result of EXAFS
analysesvith respect to the absorbing atom.

Sample | Crystal| SourceAtom | Atomic Distances| R ( j | Degeneracy
FeO 1.957 4
FeO 2.326 2
N FeFe 2.768 4
2 Feli 3.040 8
c LiFeO, Fe FeO 3.616 8
= FeFe 3.915 4
& FeO 4.377 8
= FeO 4553 8
FeFe 4.652 2
FeLi 4.956 16
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IX(R)]

Radial distance (A)

Figure 3.71.Determination of the atomic types and distances witlk-lveight
procedure

The high coherenceinthe Mhoped sampl esdé radi al di st
indicatethatthe Mn additivesettlesnto the Featomcoordinationsn the LiFeO, material
and adapts to the structure without altering the LiFa@stal structure (Figure 3.72).
Only slight shifts in the peaks around 4
disturbances in Fe atom coordinations. Sincesehéisturbances do not indicate the

deterioration of Fe atomic coordinations, it can be said that Mn atoms sit at these
locations.
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Figure 3.72.Comparison of the atomic distribution functions of LikeO
LiFe0.908MNo.0502, LiFeo.9dViNg.1002 materials

3.2.2.4LiFeo.90Mno.1002

The EXAFS investigation findings for the sample Ldg®no.1d0- as the second
step of manganese substitution into the iron coordination in the LFO material are shown

in thefigures and tablekelow.

85



£ T T | I |

LiFe0.90Mn0.1002 ——
sum ——

>

(A3)

IX(R)|
>
/

0 | |
0 1 2 3 4 5 6

Radial distance (A)
Figure 3.73.Comparisorof the LiFep.odVino.1d02 distributionfunctionobtainedfrom

the measured XAFS data and the sum of the scattering paths produced with the
calculations
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Figure 3.74.Peak calculations of the scattering paths showing the locations ofr@ at
in LiFeo.odViNo.1d02 material (crystastructureanalysiswith EXAFS)
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Figure 3.75.Peak calculations of the scattering paths showing the locations of Fe atoms
in LiFeo.odVino.1002 material (crystastructureanalysiswith EXAFS)
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Figure 3.76.Peak calculations of the scattering paths showing the locations of Li atoms
in LiFeo.0oMno.1002 material (crystastructureanalysiswith EXAFS)
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Figure 3.77.Atomic distance andypedeterminatiorwith the k-weightprocedure

Table 3.9.Crystalstructureparametersf LiFep odVing. 1002 material

Geometry SG %

Crystal | b| g a b c
LiFeO- 90 | 90| 90 | 2.800;j 2.800j 4.810;j Tetragonal | P4/mmm| 82
LiFesOs 90| 90| 90 | 5.320;j 5.320j 5.320j Cubic P4132 | 9
LiMn 204 90| 90|90| 15. 4 15.41; 15. 4] Cubic Fd-3m 9

Table 3.10.Atomic distance®f the LiFeo.sdMno.1d02 materialobtainedasa resultof
EXAFS analyses with respect to the absorbing atom

Sample | Crystal | SourceAtom | Atomic Distances| R( j | Degeneracy
FeO 1.980 4
FeO 2.405 2
FeFe 2.800 4
@ FelLi 3.115 8
o FeO 3.691 8
% _ FeFe 3.960 4
S LiFeO, Fe FeO 3.960 4
& FeO 4.427 8
3 FeO 4.633 8
FeO 4.780 16
FeFe 4.810 2
FeO 4.810 2




It has been determinedhat the configuration®f Mn atoms in the material
LiFeo.00Mno.1d02 in thestructurearein the fiFd-3md spacegroupin cubicgeometryTable
9). This structure revealed that Mn atoms form a Li®kctrystal in the volume they are
in. While thesynchrotronXRD datais givenby comparingt with themainLFO material
in Figure3.78,showingtheLiMn 04 crystalformed,in Figure3.78.b. thecrystalsin the
structurearepresentedavith i* 0 andii+ 0imagesin theinverseEXAFS analysesit was
determinedhat the latticgparameters were a=b=4=5 . 4 1}09C°p= 108, o= 90"
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LiFs  Mn, O,

*LiFe O,

+ Cubic-LiMn, O,

LlFeu HnMnu IVO.'
* LiFe,O,
+ Cubic-LiMn, O,

+

TINES RPN S S, N ’- wﬂ.,u-ll ,,'wl\ u“LI i . ‘
mn.-w.mmj orve (,w] i Mu‘ o= «! s l»J»A‘]-;w «‘ o -«*],.H, o

) - ] LI 1 .J,,JMM.."

Normalized Intensity (arb. un.)
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Figure 3.78. aXRD patterns of the base LiFe@nd the LiFegdVing.100. materials
givenin comparisorb. XRD pattern otthe LiFeo.9gdVing 16002 material
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Figure 3.79.Displayof detected atomidistances oLEiFep odVing 1002 material(RDF)
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Figure 3.7%hows that 10% Mn substitution settles into the Fe atom positions in
LiFeO, materialandadaptgo thestructurewithoutaffectingthe LiFeO; crystalstructure.
The LiFeQ material's strong agreement with the RDF graph and the modest shift in the
peaks a#t and 5, as in the 5% Mioped material, clearly show that the Mn atoms settle
onthesesites.Atomic distancesleterminedrom the EXAFS analysisaregivenin Table
3.10.

3.2.2.5LiFeo.9%Al 0.0102

LiFeo.99Al0.01002 material was prepared by substitutirig Al atoms for Fe atoms
in LFO material. When the EXAFS analyses of this material are harmonized with the
theoretical scattering paths produced (see Figure 3.80) there is a great harmony in the
peak structure and symmetry in general terms. There is, howaewtight shift in the
peaks from the distance of 3 j. This shif
disruptthe LFO crystalstructure put becaus®f thesmallervolume,the Featomssettled
in the emptied places, causing them to behaveplifieition in the structure. As a result
of the analysis, it is determined that the crystal structure ofobéfk 0:02 material is
crystallized in tetragonal Pdmmoomestprayc el igkreo u
andthe latticeparameterarea=b=2.9 0 1 c=¢ . 9 0@= [ 396° £Tablell).
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Figure 3.80.Comparison of the LiFgdAlo.0102 distribution function obtained from
themeasurecKAFS data, andhe sunof thescattering pathproduced wittthe
calculations
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Figure 3.81.Peakcalculationsof scatteringpathsshowingthelocationsof O atomsin
LiFeo.09Al 0.0102 material(crystal structur@analysis withEXAFS)
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Figure 3.82.Peakcalculationsof scatteringpathsshowingthelocationsof Featomsin
LiFeo.09Al0.0102 material (crystabtructureanalysis wWithEXAFS)
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Figure 3.83.Peak calculations of scattering paths showing the locations of Li atoms in
LiFeo.99Al0.0102 material (crystastructureanalysis wWithEXAFS)
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Figure 3.84.Atomic locationdeterminatiorby the k-weightprocedure

Figure 3.85 Displayof detectedcatomicdistances oLEiFep oAl 0.0102 material(RDF)
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