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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. Osman Murat  OZKENDIR  

Prof. Dr. Hidetoshi MIYAZAKI  

September 2023, 212 pages 

 

The investigation of high-performance cathode materials that use thermoelectric 

material to make temperature fluctuations advantageous is the focus of this thesis. The 

ability of thermoelectric materials to remove waste heat that degrades performance and 

to supply more free electrons to boost current density are tested for this purpose by doping 

them into cathode materials. The solution has been to make the heating issue, which is 

one of the most significant issues with lithium-ion batteries and occurs during chemical 

reactions, into an advantage. For this reason, several substitution procedures were used to 

examine the electrical and crystal structural characteristics of the LiFeO2 material, which 

is known to have poor cathode properties. In order to use LiFeO2 in battery structures, to 

more clearly show how performance values respond to the effect of temperature, and to 

better understand how thermal effects on the material can lead to. Studies have 

demonstrated that the thermoelectric CrFe2O4 material addition, which has qualities over 

400 K, have a favorable impact on the cathode material. Particularly at the thermoelectric 

materials' working temperatures, the doped thermoelectric material displayed superior 

ionic conductivity values. The results show that suitable amounts of thermoelectric 

materials can be added to the cathode materials to increase performance during active 

charging or discharging and lower the heat emitted during the intercalation operations. 
 

Keywords: Li -ion Batteries, Thermoelectric Materials, Synchrotron Systems, XAFS, 

Inverse EXAFS Analysis 
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¥ZET 

 

TERMOELEKTRĶK KATKILI YENĶLĶK¢Ķ KOMPOZĶT LĶTYUM ĶYON 

BATARYA  KATOT  MALZEMELERĶNĶN ARAķTIRILMASI 

 

SELEN G¦NAYDIN 

 

Doktora Tezi, Enerji Sistemleri M¿hendisliĵi Ana Bilim Dalē 

Danēĸmanlar: Prof. Dr. Osman Murat ¥ZKENDĶR 

Prof. Dr. Hidetoshi MIYAZAKI  

Eyl¿l 2023, 212 sayfa 

 
 

Bu tez ­alēĸmasēnēn amacē, termoelektrik malzeme ilavesiyle sēcaklēk 

deĵiĸimlerinin avantaja dºn¿ĸt¿ĵ¿ y¿ksek performanslē katot malzemelerinin 

araĸtērēlmasēdēr. Bu ama­la, termoelektrik malzemeler, performans d¿ĸ¿ĸ¿ne neden olan 

atēk ēsēyē uzaklaĸtērma ve akēm yoĵunluĵunu artērmak i­in daha fazla serbest elektron 

saĵlama yeteneklerini test etmek i­in katot malzemelerine katkēlanmēĸtēr. Probleme 

yaklaĸēm, lityum iyon pillerdeki en ºnemli problemlerden biri olan ve kimyasal faaliyetler 

sērasēnda ortaya ­ēkan ēsēnma problemini dezavantajdan avantaja dºn¿ĸt¿rmek olmuĸtur. 

Bu ama­la zayēf katot ºzelliklerine sahip olduĵu bilinen LiFeO2 malzemesine ­eĸitli 

ikame iĸlemleri ile katodik ºzellikleri etkileyebilecek elektronik ve kristal yapē ºzellikleri 

incelenmiĸtir. LiFeO2'nin pil yapēlarēnda kullanēlmasē, performans deĵerlerinin sēcaklēĵēn 

etkisine verdiĵi tepkinin daha net gºr¿lebilmesi ve malzemede oluĸan termal etkilerin ne 

kadar ēsēl etki yaratabileceĵinin gºr¿lebilmesi i­in kompozit malzemeler (LiFeO2 + 

CrFe2O4) hazērlanmēĸtēr. Yapēlan araĸtērmalar, 400 K ¿zerinde en iyi  termoelektrik 

ºzelliklere sahip olan 0,1 ve 0,2 M CrFe2O4 malzeme katkēlarēnēn katot malzemesi 

¿zerinde zayēf da olsa olumlu bir etkiye sahip olduĵunu gºstermiĸtir. Katkēlanan 

termoelektrik malzemeleri, ºzellikle termoelektrik malzemelerin ­alēĸma sēcaklēklarē 

civarēnda daha iyi  iyonik iletkenlik sonu­larē gºstermiĸtir. Ķnterkalasyon iĸlemleri 

sērasēnda a­ēĵa ­ēkan ēsēyē azaltmak ve aktif ĸarj veya deĸarj sērasēnda performansē 

iyileĸtirmek i­in katot malzemelerine kabul edilebilir miktarlarda termoelektrik 

malzemeler eklenebileceĵi sonucuna varēlmēĸtēr. 
 

Anahtar Kelimeler: Li -iyon Pilleri, Termoelektrik Malzemeler, Sinkrotron Sistemleri, 

XAFS, Ters EXAFS Analizi 
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INTRODUCTION  

 

Environmental problems caused by the rapid consumption of underground 

resources, such as fossil fuels, have increased the interest in renewable energy systems 

(Najafi and Woodbury,2013:91,152-160). Renewable energy sources are very popular 

due to their environmental friendliness and low operating costs. However, high 

installation costs are considered to be an obstacle to the use of the renewable energy 

system. 

Conventional fuel sources are decreasing rapidly while the energy demand 

increases day by day. Alternative and renewable energy sources, known for their 

compatibility with the environment, cannot meet this increasing demand due to the fact 

that they can not provide stable energy efficiency due to seasonal changes. Therefore, the 

need for energy has led to the development of other systems and new research. Recently, 

instead of renewable energy sources, energy storage systems that keep energy in standby 

and put it into use in case of need have been used. Extremely high energy efficiency has 

been achieved by integrating these storage systems with wind, solar and similar 

renewable energy sources. 

Lithium ion batteries, one of the most popular energy storage systems today, are 

the sources where energy generated as a result of chemical reactions in cells is directly 

converted into electrical energy (M.E.U.,2021,Page 4). Lithium-ion batteries can be used 

in almost all electronic devices due to their long shelf life, quick charge capability, high 

energy efficiency, wide operating temperature range, closed cell and maintenance-free. 

The aim of our study is to probe high performance cathode materials in which 

temperature changes 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 

reducing the waste heat, the thermoelectric material will  affect the performance positively 

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 lithium-ion 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 cathodes and anodes are covered with 

thermoelectric material in the use of thermoelectric materials with lithium ion batteries 



2  

 

so far. As different from these applications in the literature, thermoelectric materials will  

be doped into the cathode material. 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 systems that provide energy recovery by 

converting unwanted waste heat into electricity in many systems and do not require high 

costs (Khattab and El Shenawy,2006:407-426). CrFe2O4 material, which is stated in 

researches to have high thermoelectric properties, draws attention among oxide 

thermoelectrics (Assadi et al.,2020:5666-5674). Mainly, CrFe2O4 has been added to the 

oxide cathode materials as a thermoelectric material. The superior thermoelectric 

properties of the SrTiO3 material at high temperatures have been mentioned in many 

studies. Therefore, SrTiO3 material was also added to a cathode material to compare its 

influence with the increasing temperature versus CrFe2O4 (Okuda et al.,2001:113- 

104;Yin et al.,2017:146,356-374). 
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CHAPTER 1 

LITERETURE  OF REVIEW  

1.1. The Need for  Energy Storage 

 

It is estimated that the demand for electricity in the world will  increase by 50% in 

the last twenty years. (Pazheri et al.,2016:5150-5161). Greenhouse gas emissions (GHG) 

have been increasing for the last 45 years, as well as world energy consumption. GHG 

(such as CH4-NO2, CO2) and their detrimental effects on our planet have increased the 

importance of clean and renewable energy sources. Renewable energy sources such as 

solar cells, wave energy, wind power generators, and almost all other environmentally 

friendly energy sources are naturally affected by changing environmental conditions. For 

this reason, the energy obtained from renewable energy sources is insufficient to meet the 

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, 

and electronic applications. 

Owing to the demands for advanced energy storage devices, interest in 

commercial Li-ion batteries has increased rapidly. Due to the increasing demand for 

electric vehicles, electric aircraft, unmanned aerial vehicles, grid energy storage, mobile 

applications, and other portable electronic applications, the requirement for low battery 

toxicity, low cost, high battery performance, and advanced energy storage performance 

has increased enormously (Turcheniuk et al.,2018;Glaser et al.,2020:100-512). 

 
1.2. Historical  Development of Batteries 

 

In the village of Khu jut Rabu in Baghdad, Iraq, a ceramic bowl battery (Persian 

Battery) was unearthed during a railway construction in 1936, thought to date back to 

about 2000 years (the Persian Empire). It is estimated that about 2 volts of electricity are 

produced in this battery, which is said to be the oldest "ceramic bowl battery" in the world. 
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It is thought that metallic plating is used instead of battery electrodes, and vinegar or wine 

is used for the electrolyte solution (Figure1.1). 

 

 

 

 
Figure 1.1. a. The Persian battery b. Part of the Persian battery 

 
Reference: Scrosati, 2011:1623-1630 

 
 

In 1780, Galvanin's battery research began with an experiment called frog legs. In 

this experiment, Galvani discovered the working principle of the battery when he saw that 

the leg of the frog, which he placed between two metals charged with static electricity, 

moved. According to this observation, it was seen that the muscles and nervous system 

were the sources of electricity. 

Alessandro Volta is an Italian 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 zinc at the negative (-) electrode and copper at the 

positive (+) electrode, and diluted sulfuric acid or saline solution is used as the electrolyte 

solution. Copper atoms in the electrolyte liquid hardly dissolved, but zinc atoms dissolved 

in acid. When the two electrodes 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. 
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Figure 1.2. a. The Volta battery b. Parts of the Volta battery 
 

Reference: Cecchini,1992:30-37 

 
 

Then, French physicist Gaston Plante invented the lead-acid battery, which is a 

rechargeable battery. Rechargeable batteries have been developed to increase their 

commercial use and to be used in automobiles (Plante,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. Ammonium chloride, which is used as an 

electrolyte in the battery, has been found dangerous to use because of its toxicity 

(Leclanche,1866:54-56). 

In order to prevent the risk of spilling the electrolyte solution (ammonium 

chloride) in the battery invented by Leclanche, German doctor Carl Gassner invented the 

dry battery by developing the Leclanche cell in 1888. In 1899, Swedish engineer 

Waldemar Jungner laid the foundations for today's battery technology by inventing the 

electric storage battery (Scrosati,2011:1623-1630). 

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 

century later (Lewis and Keyes,1913:340-344). 
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Lithium began to be used for batteries in the 1950s due to its low redox potential, 

high specific capacity, and low density (-3.04 V, 3860 mAh gī1, 0.534 g cmī3, 

respectively). Towards the end of the 1960s, studies on portable energy storage systems 

began. With the increasing demand for portable and storable energy, research has focused 

on long-life batteries with high energy per unit mass /volume. In this sense, the 

performance of lithium in both primary and secondary batteries (rechargeable batteries) 

has caused it to replace zinc-based batteries. A study has shown that the energy density 

of lithium-based batteries is almost five times higher (250 Wh.kg-1) than that of zinc- 

based batteries (Phipps et al.1986:1073-1077). However, lithium technology, which 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 

led the studies to focus on cathode materials. In order for the lithium ion to provide a long 

life cycle, the reversibility problem in the cathode had to be solved. Interlayer electrodes 

related to rechargeable batteries have been defined in research conducted in 1978 

(Whittingham,1978:41). Thanks to the reversibility feature that intermediate electrodes 

give to the crystal and electronic structures, the positive charge balance of lithium ions is 

ensured, and the collapse of the crystal lattices is prevented. 

Due to the high energy density of lithium batteries, their commercial use has also 

increased. In the late 1970s, the first commercial rechargeable lithium battery was 

produced by Exxon (USA) and Moli (Canada) companies using TiS2 and MoS2 cathode 

materials. However, these batteries were at risk of fire due to the liquid electrolyte used 

(Imanishi et al.,1992:333, 338;Knutz et al.,1983:371-374). 

Since lithium, used as an anode metal in lithium metal batteries (LMBs) is highly 

active, it easily interacts with the electrolyte and causes a formation called a dendrite, 

which passivates the electrode surface (Zhang et al., 2017). Dendrites in lithium batteries 

are formed by the accumulation of lithium ions on the anode surface after passing through 

the electrolyte so that they will not return to the cathode. Dendrites, which are formed as 

a result of the storage of lithium ions on the electrode surface, reduce the charge cycle 

performance of the battery and cause a decrease in its capacity. Throughout the 

electrochemical charge/discharge of the battery, the thickness of the dendrite extensions, 

like this branch on the anode, increases over time and creates slits in the electrode. 
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Undesired and uncontrollable dendrites in the battery can even cause fire as a result of 

short circuits and even explosions as a result of overheating (Ding et al.,2020:1908007). 

The materials in the lithium battery structure can easily react when contacted at 

high temperatures. These reactions increase the internal pressure of the battery and cause 

a decrease in the power of the cell and the capacity of the battery. In the battery, there is 

a structure called the solid electrolyte interface (SEI), which is in a thin layer between the 

anode electrode and the electrolyte. Chemical processes build another layer on SEI with 

time. This layer reduces the capacity of the battery as it prevents the transition of lithium 

ions in the electrolyte (Peled et al.,1995:2197-2204). Various studies have been carried 

out to minimize the formation of the layer, which reduces battery performance. In 1978, 

Armand et al. used polyethylene oxide-lithium salts (PEO:Li) as electrolytes (Armand et 

al.,1978). Solid-state batteries are more advantageous than batteries using liquid 

electrolytes, as they have a higher theoretical energy density and eliminate the risk of 

combustion. However, solid-state lithium-ion batteries using polymers (such as 

BluecarsÈ and BluebusesÈ) should be used at high temperatures because of the low ionic 

conductivity of PEO and polymers at room temperature. In commercial batteries, high 

ionic conductivity was achieved with the use of liquid electrolyte, but dendrite formation 

on the lithium metal surface could not be removed (Armand,1983:745-754). Liquid 

electrolytes have not been used in commercial batteries for a long time due to safety 

issues. Rechargeable lithium-ion batteries (secondary batteries) were discovered by 

recognizing the intercalation of lithium with different materials (Murphy and 

Carides,1979:349-351). In rechargeable lithium ion batteries, lithium ions oscillate 

between the anode/cathode interfaces, and the negative electrode acts as a lithium ion 

acceptor while the positive electrode acts as a lithium ion emitter during charging. During 

the discharge, an electrochemical process takes place in the opposite direction of the 

charging mechanism, and so the cycle of the battery is completed (Lazzari and 

Scrosati,1980:773-774). 

In 1980, Goodenough developed an oxide cathode material with LiMO2 (M : 

Cr3+/4+, Fe3+/4+, Co3+/4+ and Ni3+/4+) redox couples. Goodenough reported that the cell 

voltage increased up to 4 V by using the layered LiCoO2 material as the cathode 

(Goodenough et al.,1980:305-313). The basis of lithium ion batteries was formed by using 

LiCoO2 material in the oxide positive electrode and graphite in the negative 
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electrode (Yoshino,1987). This development led to the improvement of layered-oxide 

compositions, which are used in automobile batteries today. Despite such a great 

development in battery technologies, the University of Oxford, where Goodenough is 

located, was not interested in the patent of the study. For a long time (about 10 years), no 

patent could be obtained for the production of LiCoO2 cathode material as a rechargeable 

lithium-ion battery. In 1991, Sony Corporation produced and commercialized the first 

rechargeable lithium-ion batteries using LiCoO2 as the cathode and graphite as the anode 

(Nagaura and Tazawa 1990). While lithium-ion battery technology is advancing rapidly, 

the limitations on the use of cobalt due to its high toxicity have increased the number of 

studies on nickel. It has been observed that the nickel presence in the layered oxide 

cathode composition plays a major role in performing the necessary chemical and 

structural cycles and increasing the capacity (Li et al.,2020:26-34). 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 material has yet taken the place of LiCoO2 as a cathode 

material. 

 
1.3. The Lithium -Ion Batteries as Secondary Batteries 

 

Mainly, batteries are divided into two sub-categories: primary and secondary 

batteries. Primary batteries cannot be recharged, while secondary batteries can be 

rechargable many times thanks to their ability to store and discharge electricity by 

converting chemical energy into electrical energy. 

Li -ion batteries are utilized in electric vehicles, mobile applications, and electronic 

devices due to their many advantages compared with other commercial batteries. Among 

battery Technologies, Li-ion batteries have higher energy per unit weight and volume 

(energy density and specific energy) as a secondary battery (Tarascon et al., 2011:171- 

179). That explains why li -ion batteries most received attention. 
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1.3.1. Principles of Lithium -Ion Batteries 

 

Lithium-ion batteries consist of three parts: the cathode (positive electrode), the 

anode (negative electrode), and the electrolyte. The cathode section is generally 

composed of a lithium oxide layer and the anode section is composed of a graphite layer. 

In lithium-ion batteries, lithium ions move between the cathode and anode layers, 

allowing the battery to be charged and discharged. Briefly, a battery circuit works as 

follows: in the battery circuit, the cathode material is in a structure where contact with the 

anode is interrupted by the electrolyte material. Therefore, the electrolyte consists of 

materials that behave as electronic insulators but as ionic conductors. If the battery is 

contacted with a conductive material between the anode and the cathode, a potential 

difference occurs between the two electrodes. The potential difference causes the weakly 

bound lithium atoms in the cathode material to separate from their structures and turn into 

Li+ ions, while allowing the electrons released after separation to move towards the anode 

over the conductive wire as free electrons. This movement of electrons creates the 

external circuit current and provides the movement of Li ions towards the anode through 

the porous electrolyte. This process is called ñchargingò. In the case of applying a reverse 

potential, the process is reversed, which is called ñdischargingò and the general name for 

electron and ionic mobility is ñintercalationò. 

 

 
 

Figure 1.3. Intercalation mechanism in a battery 
 

Reference: Schipper,2016:1095-1121 
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The reactions that take place during the operation of the lithium-ion battery are as 

shown in equations (1) and (2). 

 

 
Cathode reaction; 

 
LiMO2 ă Ą Li 1-xMO2 + xLi+  + xe- (1) 

 

Anode reaction; 

C + xLi+ +   xe- ă Ą CLix (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 

cathode to the anode and vice versa (Taberna et al.,2006:567-573). 

1.3.2.1. Cathodes 

 

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

 
While sulfide was used as the cathode material in commercial cells in the 1970s, 

LiCoO2 (LCO) material, which indicates higher performance values due to its cathode 

properties in the 1980s and is still used as the cathode material in commercial lithium-ion 

batteries, started to be used by Sony in 1991 (Van Laar and ljdo,1971:590-595;Mizushima 

et al.,1980:783-789). The performance characteristics expected from a battery are 

observed at the highest level in LCO material, which is the popular member of the LiMO 2 

(M: Ni, Co, Fe, Mn) group. The highest performance values have been recorded for 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. LiMO2 structure is formed by the binding of Li atoms to MO2 ligand in 

spinel structure. In order to obtain high-performance cathode materials in lithium-ion 

batteries, transition metals (N, Fe, Mn, etc.) are substituted for the metal coordinations 

indicated by ñMò. The spinel structure is expected to have tetrahedral symmetry for 

intercalation processes. Lithium cobalt oxide is the most used cathode material in electric 
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vehicles (EVs). The reversible capacity and the capacity maintenance of cobalt are 600- 

800 mAhg-1 and >90% in 50 cycles, respectively. Despite the high energy efficiency of 

cobalt, which is reported in many papers, interest in LCO cathode decayed due to its being 

very expensive and not being environmentally friendly with its toxic nature. This situation 

has led to the development of other cathode materials (LiMO2 (M: Mn, Fe, Ni)), which 

consist of transition-metal oxides such as NiO, MnO2, Fe3O4, etc. (Schmuch et 

al.,2018:267-278). Among the cathode materials, though the untoxic nature of LiNiO2 is 

appealing it has disadvantages such as lower thermal stability, and an instable crystal 

structure (Rougier et al,.1996:1168-1175). The most important problem with cathode 

materials consisting of Ni is the different oxidations in their 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 that Ni3+/Ni2+ and Ni4+/Ni3+ oxide pairs 

were formed after the redox reactions, while it should be Ni+3 in the Li(Mn/Ni)O2 

structure. In the presence of these metal oxide couples (layered Li(Mn/Ni)O2 structure), 

Mn3+ turns into Mn4+ in some regions, which causes a low current density, but high 

capacity (Rossen et al.,1992:311-318). LiMnO2, another popular cathode material, is an 

economical and environmentally friendly compound (Armstrong and Bruce,1996:499- 

500). Although the theoretical capacity of this compound is 285 mAhg-1, it is not preferred 

because it is synthesized at a high temperature and has an unstable electrochemical 

structure. The reason for the capacity reduction in LiMnO2 is reported to be due to the 

high mobility of Mn2+ (Paterson et al.,2004). 

 
1.3.2.2. Anodes 

 

Various materials, such as alloys (Sn), composites (Si), metals (Li), and 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 batteries, but none of them showed 

good life cycles (Winter and Besenhard,1999:31-50). Various transition metal oxides, 

CoO and Co3O4, have high capacities as well as good cycle life (Poizot et al.,2002). 

Moreover, Co3O4, CoO, NiO, FeO etc. have also attracted great attention not only as 

cathode materials but also as anode materials (Sekai et al.,1993:241-244). 
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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 the cell. Components in the electrolyte (solvent, 

salt, and additives) provide the formation of the solid electrolyte interphase (SEI) layer 

by reduction reactions and cause passivation on the negative electrode surface (Heiskanen 

et al.,2019:2322-2333). In conventional batteries, liquid electrolyte is a solution of 

powder material that is prepared by soaking in the separator. Despite the very wide use 

of liquid electrolytes in commercial batteries, they have important disadvantages, 

including low capacity and a fire risk. Thus, in recent years, solid electrolytes have 

become more desirable in industrial and scientific sectors due to their long-life cycle and 

lack of fire risk. However, problems in SEI have become the main topic of studies related 

to solid electrolyte research. The accumulation of SEI at the negative electrode causes the 

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 of SEI, it has 

been possible to make lithium-ion 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 lithium-ion 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 the reduction of the electrolyte 

material (Xu,2004:4303-4418). The electrolytes can be classified into non-aqueous, 

aqueous, ionic liquids, polymer, and hybrid electrolytes for Li-based batteries (Li et 

al.,2016:18-42). Electrolytes should be as eco-friendly as possible. While choosing 

electrolytes for battery studies, electrolytes should be good electronic insulators and ionic 

conductors. 

 
1.4. Thermoelectric Materials 

 

Thermoelectric (TE) materials have the potential to convert waste heat to 

electricity in industrial processes (Kabir et al.,2015:347-351). Thermoelectric materials 

are also used in renewable energy sources and are the main material of systems that do 

not require high costs by recycling waste heat into electricity in many systems, providing 
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energy recovery (Khattab et al.,2006:407-426). In order to make the best use of 

thermoelectric materials, it is desired that the (Z) value shown in equation (3) is high. 

Thermoelectric material performance is determined by the Z value. High Z values are 

possible with a high Seebeck coefficient, low resistivity, and a high thermal conductivity 

coefficient (Martin et al.,2010:121-101). As a result, in order for the Z value to be at 

desired levels in a thermoelectric material, it is preferred that the thermal resistance be 

small and the heat transfer coefficient large. 

 
Z=(S2ů)/ə (3) 

 

It is defined as S (Seebeck coefficient- ÕV/K), ů (electrical conductivity- S/m), ə 

(thermal conductivity- W/mK) in the Z value equation. With the Z value at the desired 

levels, the thermal-electrical performance of the thermoelectric material will  also 

increase. In a thermoelectric module, efficiency is obtained when the p-n semiconductor 

junctions are connected electrically in series and thermally in parallel. 

The efficiency of thermoelectric materials is defined by the ZT value. The high 

electrical power and output voltage of a p/n-type semiconductor thermoelectric material 

with high ZT value (Figure of Merit/FoM) provide great benefits in commercial use 

(Kim,2013:1458-1463). Therefore, the research of thermoelectric materials with a high 

ZT value has great importance in smart and innovative studies. Obtaining high efficiency 

from thermoelectric materials is possible with a high ZT (FoM) value, a suitable lattice 

structure, and working at nanoscale, which gives the material high electrical conductivity. 

(Martin et al., 2010: 121-101). When the Z value equation is multiplied by T (absolute 

temperature-K), the Figure of Merit-ZT equation shown in equation (4), in which the 

efficiency of the thermoelectric material is determined as, 

 
ZT=(S2ůT)/ə (4) 

 

In this equation; high S (ÕV/K), T (K) and ů (S/m) are possible with low ə 

(W/mK). The Bi2Te3 (bismuth tellurium) material, which is widely used in the industrial 

sector, and has 0.5-0.8 ZT range values around room temperatures, shows high efficiency 

compared to other thermoelectric materials. (Okuda et al.,2001:113-104). It is seen that 
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the average value of ZT, which defines the efficiency in thermoelectric materials, is 

approximately 1 (one) or below 1. Among the oxide thermoelectric materials, CrFe2O4 

(ḐÑ700 ɛV/K) with a high Seebeck coefficient, around 673K draws the attention (Assadi 

et al.,2020:5666-5674) of the researchers. In the study presented here, CrFe2O4 has been 

added to the samples to probe the effect of thermoelectric materials in the battery cathode 

against the heat released during intercalation. Besides, SrTiO3 material, which was 

reported with a high Seebeck coefficient, has been added to a cathode material to compare 

the effect of different thermoelectric materials in the same cathode for the increasing 

temperature conditions (Yin et al.,2017:356-374). 

 
1.5. The Hall  Effect 

 

The Hall effect was discovered by Edwin Hall in 1879 (Chien, C., 2013). When a 

current is passed over a conductor in a magnetic field, the occurrence of a hall voltage 

along the conductor is called the hall effect. 

Hall effect is a method used to measure carrier density or magnetic field. Hall 

effect occurs when a current passes through a conductive wire. The charge-carrying 

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 direction in which 

they are moving. If there is no magnetic field, the charges move in a straight line. When a 

magnetic field is applied parallel to this direction of the charges, the direction of the 

charges will be skewed and the moving charges will accumulate on one face of the 

material. Therefore, on the other side of the material, it will  remain equally but oppositely 

charged due to the absence of current carrying charges. 

As a result, the charge density will be distributed asymmetrically across the hall 

element (hall sensor). The 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. 

Such a charge distribution in the Hall element will  create an electric field and this electric 

field will  prevent more electrons from migrating. Therefore, a constant potential 

difference will occur as current flows through the hall element. 
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The hall effect separates positive and negative charges moving in opposite 

directions. Particularly in p-type semiconductors, current should be considered as the 

movement of positive "electron holes" rather than moving negative electrons. 

The hall effect showed the first proof that, in metals, the current is created by 

electrons, not protons. The hall coefficient is defined as the ratio of the induced electric 

field to the product of the current density and the magnetic field. The hall coefficient is a 

characteristic property of the material from which the conductor is made. The state 

coefficient 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. 

 

VH=  
Ὅὄ/Ὠ 

ὲὩ 
(5) 

 

RH= Ey/(jxB) (6) 

 
In the equation j gives the current density of the carrier electrons, I the current along the 

length of the plate, B gives the magnetic flux density, d the thickness of the plate, e the 

charge of the electron, and n the charge carrier density of the carrier electrons. This 

equation in SI units is as follows. 

RH= Ey/(jxB)= VH/(IB/d)= 1/(ne) (7)
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CHAPTER 2 

MATERIALS  AND METHODS 

2.1. Synthesis Methods of Cathode Materials 

 

2.1.1. Solid-state Reaction Method 

 

By mixing the starting materials in stoichiometric ratios without the use of a 

solvent, the solid-state 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 ethanol, as volatile liquids, can be added to the material used for simple 

mixing. The ball milling method is preferred for mixing larger proportions in the 

preparation of materials. In this method, particles are abraded due to the rotation of the 

ball mill around 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 solid-state reaction method, depending on the reaction of the materials. 

After the heating process, materials can be prepared as pellets to increase the connection 

between particles. 

 
2.1.2. Sol-gel method 

 

Sol-gel consists of sol (a stable suspension of colloidal solids) and gel (porous, 

three-dimensional, high-density liquid-solid dispersion), which does not always have to 

form. In sol-gel, the synthesis of solid materials is carried out by hydrolysis and 

condensation of the pre-initiator in a solvent (ethanol, pure water, etc.) or by wet 

chemistry reactions (Znaidi, 2010,18-30; Brinker, Scherer, 1989). Later, the 

agglomerated polymer clusters intertwine to form the final bond structure (Kloskowski et 

al.,2010:172ï186). As the extent of the polymerization increases, the entire solution 

becomes solid. The basic steps of the sol-gel method are hydrolysis of the pre-initiator, 

condensation, gelation, aging, drying, and a high-temperature process. When applying the 

sol-gel method, the general chemical reactions in the process are of great importance as 

they allow control in the process from the starting material to the formation of the final 

stable phase (Li  et al.,2004,23ï52). It has been observed that the steps in the method have 
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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 sol-gel methods were almost the same experimental 

layouts but with different conditions. So, it needs to improve the process according to the 

features of the materials prepared after detailed analysis for each step of the method. The 

sol-gel 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. Electrochemical Impedance Spectroscopy (EIS) 

 

Electrochemical impedance spectroscopy is a measurement method used in many 

application 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 

surface against ion transfer is obtained. 

Ohmôs law defines the relationships between resistance, voltage, and current. 

According to Ohmôs law, the current (I) passing between two points on a conductor is 

directly proportional to the potential between these two points, and this ratio gives the 

resistance (R). The electrochemical systems described here have direct current (DC). 

According to Ohmôs law, the mathematical expression of this situation is as follows: 

 

                                                       R=                                                    (8) 

 

If the applied potential oscillates with a sinusoidal wave and proportionality 

appears as a complex value, the current will  become alternative current (AC). In this case, 

resistance (R) is defined as impedance (Z) and shown mathematically by: 

          Z(w)=
Ў

Ў
=
Ў Ȣ  w

Ў  w
=
Ў Ȣw

Ў Ȣ w
=Z0.e

iҿ                 (9)
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Here, w is the angular frequency, V0 is the voltage, I0 is the current, f is the 

frequency, and ҿ is the phase difference between the voltage and the current. 

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 applied sinusoidal signal V(t) on the x-axis and the response signal I(t) on 

the y-axis (Figure 2.4.a.). 

The Nyquist curve is a representation of the frequency-dependent impedance 

spectra in electrochemical systems. The Nyquist curve graph contains curves showing the 

real and imaginary components of the impedance data assigned to each frequency value. 

According to this graph, each point represents an impedance at a fixed frequency. 

As in equation (6) above, Z (ɤ) consists of real and imaginary parts, and when the 

real part is written on the x-axis and the imaginary part is written on the y-axis (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 low-frequency data while the left side shows the high- 

frequency data. In the Nyquist chart, |Z|, the vector length shows the impedance, and the 

angle between this vector and the x-axis gives the phase angle. 

 

 
 

 
Figure 2.4. Representations of impedance data a. Lissajous figure b. ñNyquistò plot 

with impedance vector or complex impedance 
 

Reference:Instruments,2007:1-30 

 
Impedance usually depends on frequency. If the system exhibits ohmic behavior, 

the phase difference is zero. When the phase difference is zero (ҿ=0o), the impedance is 

equal to the resistance and is independent of frequency. For capacitance (C) or inductance 

w 
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(L), the phase difference between voltage and current is ҿ=-90o and ҿ=90o, respectively. 

In non-ideal systems where the phase angle is between 45Á and 90Á, the equivalent circuit 

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 elements such as resistance 

(R), Warburg impedance (W), inductance (L), capacitance (C) and constant phase element 

(QCPE) are generally used, as shown in Table 2.1 (Yuan et al.,2010). 

 
Table 2.1. Representation of circuit elements used in the equivalent circuit model 

 

 Equivalent Elements 

Resistance 

(R) 

Capacitance 

(C) 

Inductance 

(L) 

Warburg Impedance (W) Constant Phase 

Element (QCPE) 

Im
p

e
d

a
n

c
e Z R = R 

 

 

Êʖ, 
 

 
 

(Warburg coefficient) 

 
 

(‌ =1 for ideal 

capacitor) 

 

 

 

 

 

 

 
Figure 2.5. a. Equivalent circuit model b. Nyquist plot of circuit of a parallel R1- C1 

circuit model c. Nyquist plot of the circuit of a simplified Randles cell model d. Nyquist 

plot of circuit of a Randles cell model 
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Nyquist curves usually start at the 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 circuit (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 

obtained from the EIS (Choi et al.,2020:1-13). Then, the experimental and predicted data 

are compared with the method called complex nonlinear least squares fitting (CNLS) 

(Macdonald and 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 impedance should be as compatible as possible with the 

experimental impedance data and the simplest circuit model (AC) should be employed 

for simulating the impedance spectrum shown in the curve as a current circuit. Due to the 

physical properties of the system under measurement, such as inhomogeneity and defects, 

the charge separations in the system do not occur perfectly. The constant phase element 

(CPE) is defined in this case and a capacitor is used in its stead. The impedance of such a 

complex element is given as: 

 
1 

ZCPE= 
ὗ(Ὦὲ(‫ 

(10) 

 
ZCPE represents an ideal capacitor when n=1, an ideal resistance when n=0, and the 

Warburg element, a term related to ion diffusion when n=0.5 (n is in the range of 0 and 1 

and takes constant values). The unit of Q is a numerical value associated with the 

capacitance, which is S.sn (Haile et al.,1998:1576-1595). 

 
2.2.2. Synchrotron Light  for  Experimental Science and Applications 

 

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

specific to synchrotron systems. 



21  

 

2.2.2.1. Synchrotron radiation 

 

Relativistic electrons rotating around magnetic field lines in a synchrotron ring produce 

synchrotron radiation. This equipment allows for the acceleration of electrons to nearly 

light-speed levels. They then periodically alter their directions and emit dozens of 

individual x-ray beams, each pointed in the general direction of the accelerator. 

 

 
Figure 2.6. a. The synchrotron with the beamlines branch b. A synchrotron facility 

(European Synchrotron Radiation Facility, France) 
 

Reference:www.esrf.fr 

 
The technique of producing synchrotron radiation at small wavelengths by 

charged particles accelerated in circular accelerators has only half a century of history 

(Robinson,2015:2-9). Synchrotron radiation was observed by Herbert Pollact, a physicist 

at General Electric (GE) in New York State, US, in late 1946, and it has been used since 

the mid-1960s. X-rays were discovered in 1895 before synchrotron radiation was used, 

but compared to the synchrotron, x-rays were in many ways insufficient. The first 

synchrotron radiation sources were low-energy electron 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 used by physics researchers to produce high 

levels of energy used to determine the fundamental properties of materials and therefore, 

were originally built as particle accelerators. It was later realized that the generated 

synchrotron radiation had a wide spectrum of electromagnetic radiation, including x-rays. 

Immediately after this important development, synchrotron radiation began to be used as 

a pioneering technique for the full investigation of the fundamental structure of materials. 

The construction of laboratories where research is carried out on 

http://www.esrf.fr/
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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 component of a synchrotron is the storage ring, which allows the 

synchrotron to emit in a narrow cone tangential to the orbit of the moving electrons. Since 

the energy of the electrons will increase in such a case, the spectrum of the emitted 

radiation will  be shifted to shorter wavelengths. Third-generation storage rings are 

designed from magnets in special magnetic structures known as "undulators and 

wigglers". These special magnet structures generate specially shaped magnetic fields that 

force electrons 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. 

Therefore, they have a light that is almost as intense as the brightness of a laser. 

To summarize, these features that give the synchrotron beam its uniqueness are its 

high polarization, high brightness, and wide energy spectrum (Lombi and Susini, 2009:1-

35). In addition, high coherence and high current are among the other features that make 

the beam distinctive. In the studies, it is seen that the best quality experimental beam source 

is obtained from synchrotrons (Arfelli,2000:11-25). 

The Synchrotron Radiation Source (SRS, 2 GeV) in the UK is the first specialized 

x-ray source using electron energy. It is followed by the National Synchrotron Light 

Source (NLSL) in Brookhaven, USA, and the Photon Factory in Tsubuka, Japan. The 

European Radiation Synchrotron Facility (ESRF at Grenoble/France, 6 GeV), the 

Advanced Photon Source (APS at Argonne/USA, 7 GeV), the acronym of Super Photon 

Ring (SPring-8 at Nishi-Harima/Japan, 8 GeV), the Cornell High Energy Synchrotron 

Source (CHESS at Cornell University/UK, the beam energy is greater than 5 GeV), the 

Deutsches Elektronen Synchrotron ("German Electron Synchrotron" (DESY at Hamburg 

and Zeuthen/Germany, 7.4 GeV)) and PETRA (Hamburg and Zeuthen/Germany, 6 GeV) 

are the worldôs biggest synchrotron radiation facilities. The SPring-8 is the largest fourth- 

generation synchrotron radiation facility in the world. The synchrotron is a system that 

uses an extraordinary x-ray beam, which is widely used in the world and has many 

applications in x-ray diffraction, crystallography, micro-spectroscopy, materials science, 

and many more. To date, more than 50 ñ3rd generationò facilities are used by more than 

15,000 specialist researchers worldwide (http://www.lightsources.org). 

http://www.lightsources.org/
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In this study, the electronic and crystal structure data were collected (measured) 

using the synchrotron-based XAFS technique for analyses of the studied materials'. 

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

 

X-ray absorption fine structure spectroscopy (XAFS) is a very useful special 

analysis technique that provides information about the electronic, chemical, and crystal 

structure properties of the studied materials. With the XAFS technique, the oxidation state 

of atoms, coordination chemistry, number and type, and the distances of the atoms around 

the selected element can be determined. XAFS is used in many disciplines for the related 

studies of; materials science, nanotechnology, the environment, medicine, biology, 

chemistry, and more. It is divided into two main parts: x-ray absorption near-edge 

spectroscopy (XANES) and extended x-ray absorption fine 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 determined with the EXAFS technique 

(Newville,2014:33-74). 

 
 

 

Figure 2.7. Fe K-edge XAFS spectra of LiFeS2 material 
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2.2.3.1. X-ray Absorption Near Edge Spectroscopy (XANES) 

 

The technique's counterpart, referred to as x-ray absorption spectroscopy, is the 

XANES region (XAS). The XANES region, (also known as near-edge x-ray absorption 

fine structure spectroscopy (NEXAFS) in the XAFS spectrum, which contains 

information on electronic structure interactions, extends from the energy where 

absorption begins in the x-ray absorption spectrum of matter up to 50-80 eV above the 

main absorption peak. The main phenomenon that reveals the XANES spectrum is the 

process by which an x-ray photon is absorbed by the target atoms' in the material, and 

their transition to the valence level as the final state, leaving a hole waiting to be occupied 

by the higher level electrons. In this approach, the final state is defined by an unoccupied 

core hole at the atomic level and an excited electron located at a convenient valence level. 

In the absorption process, the x-ray excites an electron up to the first empty level above 

the Fermi level, and its data provides fruitful tools for analyzing the electronic structure 

and chemical state with overall molecular interactions. 

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

 

In the analysis of XAFS data, comparisons can 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 

photoelectrons 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 

photoelectrons approach an atom. The atom's outer-shell electrons give the approaching 

photoelectron an impulse as a result of the Coulombic reaction, forcing the photoelectron 

to divert from its direction. 

In our experiments, many programs (including IFEFFIT and Demeter) were 

employed for the XAFS analyses in order to handle experimental XAFS data and validate 

it using theoretical calculations. In the IFEFFIT program pack, in the first step of XAFS 

data analysis, theoretical calculations and experimental calculations are evaluated 
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together (Newville,2001:322-324). As with all EXAFS analysis programs, IFEFFIT can 

determine the interatomic distances, coordination numbers, and atom types of 

neighboring atoms. IFEFFIT is an analysis package, defined 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 some special considerations. 

Studies show that FEFF calculations are sufficient to make effective use of 

experimentally obtained XAFS data (Ravel and Newville,2005:537ï5419). The IFEFFIT 

analysis package includes user interface applications (Graphical User Interface-GUI, 

(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 synchrotron beamline utilities, and ATHENA (XAS data 

processing), which are also supported (Zabinsky et al.,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 

summing 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 

format suitable for FEFF thanks to this interface. By running FEFF in the program (FEFF 

run), ARTEMIS displays a brief summary of the calculated scattering paths. 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 transform and plotting. 

 
2.2.3.3. Pre-Analysis of the Data 

 

In the studies for the current work, XAFS data analyses were performed using the 

DEMETER program. The theoretical and experimental calculations were evaluated 

together in the DEMETER analysis (Newville,2001:322-324). In EXAFS analysis, the 

distance between neighboring atoms, coordination numbers, and atom types can be 
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determined by using the ARTEMIS program included in the DEMETER (also in 

IFEFFIT) package. The order of use of the programs is as follows: 

 
1. The ATHENA is used for the analysis and processing of the measured XAFS data. It 

allows for the extraction of EXAFS data from XAFS spectra. 

2. The ARTEMIS program analyzes EXAFS data extracted with the ATHENA program 

from the XAFS spectrum. 

3. The HEPHAESTUS is a support application that contains information about elements. 

 
 

2.2.3.3.1. ATHENA  Program Analysis 

 

ATHENA is used for the analysis and processing of measured XAFS data and 

allows the extraction of EXAFS data from the XAFS spectra. 

 
 

 

Figure 2.8. Logo of the ATHENA program 
 

Reference:bruceravel.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 preparation of data 

analysis by performing a Fourier transform and plotting. 

 
 

 

Figure 2.9. Screen view of ATHENA program 

 
 

2.2.3.3.1.1. Some Function Buttons of the ATHENA  Program 

 

- Calibrate data: Raw data from synchrotron laboratories is recorded by passing through 

a certain device 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 incoming x-ray). 

Generally, in order to avoid this situation, a calibration process is applied using pure metal 

or powder samples before measurement. If such a process is insufficient, then the 

"calibrate data" tab provides the required energy calibration. 
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Figure 2.10. Main window from ATHENA program 

 
For the calibration, the binding energy value of electrons of interest is taken as a 

reference from the literature or calculated using the HEPHAESTUS program. And this 

point is determined as E0 (binding energy) after determining the point where the 

horizontal rise starts. 

 

 
Figure 2.11. Calibrating data of ATHENA program 
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- Deglitch and truncate data: A healthy XAFS data set does not have sudden and sharp 

peak structures. These types of structures, especially those seen in the tail part of the 

XAFS (EXAFS), are lost when the x-rays 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 any scientific data, they should be removed from the scientific 

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

"deglitch and truncate data" option. 

 

 
Figure 2.12. Deglitching data of ATHENA program 

 
- Smooth data: The data yields a noisy result in the case of unfavorable circumstances 

(shaking, old devices, lack of sensitivity, low signal voltage from the sample, etc.) 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 

take into account in this situation. 
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Figure 2.13. Smoothing noisy data as a function of the ATHENA program 

 
Different types of data can be obtained by processing the data as follows: 

- 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 

energy level's information on the element and absorption edge is automatically provided. 

Here, element and edge tab accuracy need to be checked. 

- 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 which the 

absorption starts, known as the "edge jump," and the first sharp decay after it. In XAFS 

data, normalization takes place at the m0 line, where the tail part is used as a reference. 

- Rbkg: The noise in the data might be processed along with the data as it is being 

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 many noise peaks as 

possible caused by virtual signals that do not originate directly from the atom. For this 

purpose, background subtraction (Rbkg) is used to separate the data signals from the noise 

signals that have been mixed with them. 
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- k-weight: In studying scattering processes in energy space, the k value is helpful. The 

term k2 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 numbers entered into 

the k-space that correspond to the values in the energy space are calculated and written in 

the ñspline range in Eò tab. This tab is especially useful for preparations before XAFS 

measurements. 

- Spline range in k (Spline range in E): The data range we need to deal with for the 

EXAFS investigation is changed in this part. The k value's range of 0 to 10 is pretty 

suitable and perfect. It is concentrated on a range where a larger value selection will  result 

in noise dominance. This tab is especially useful for preparation before XAFS analyses. 

- Forward Fourier  Transform parameters: In this section, the minimum and maximum 

range values to be taken for EXAFS analysis are specified. The scattering data emerges 

when the photoelectrons radiated towards the atoms are repulsed by the electrons in the 

outer orbit of the atom. This coulombic repulsion applied to the photoelectrons scatters 

the photoelectrons away. The wave vector possessed by the photoelectrons interacts with 

its tail during this scattering. If 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, 

location and species information about atoms are obtained. 

Due to the fact that interactions with small atoms (the light atom) produce weak 

scattering amplitudes while interactions with large atoms (the heavy atom) produce strong 

scattering amplitudes (for example, hitting a truck or a bicycle, i.e., momentum transfer). 

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 the radial space with the Fourier transform. Therefore, the 

scattering amplitude energy value equals to the position of atoms in real space. It 

describes the transition from backward energy to real space, as expressed here. 
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Figure 2.14. EXAFS data extraction from XAFS data via the ATHENA sub-program of 

DEMETER (Electronic Structure Analysis) 

 

Because the scattering dataôs k expression uses a 1/¡ unit, the larger the k value, 

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

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

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

case, the mass and type of atoms are related to the peak intensities. Multiplying the values 

by the forces of k 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 

the Fourier transform, the same procedure is also applicable. 
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Figure 2.15. Extracted EXAFS scattering data by the ATHENA sub-program of 

DEMETER (crystal structure analysis) 

 

The radial distribution data is a result of the scattering processes experienced by 

the photoelectron, which is emitted from the atom of interest. In the center, a figure is 

presented with neighboring clusters of atoms on a one-dimensional axis, on which the x- 

ray absorber and photoelectron emitting atoms at the origin (0,0,0) sit. In this figure, each 

peak may not represent just one type of atomic group. Because atoms can be found at the 

same distance from the central atoms, but located at different positions and angles. In 

such a case, signals from these atoms may overlap, resulting in a broad and high-intensity 

peak. For this reason, care should be taken in determining the type and location of atoms. 

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

k-weight study. 
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Figure 2.16. Atomic radial distribution data (crystal structure, FT-EXAFS) 

 

2.2.3.3.1.2. Atomic Type and Location Detection Using the ñkò Force 

 

Particularly in light atom doping or in composite material structures, the location 

of atoms is a very difficult  task. We can distinguish atom signals from overlapping signals 

and precisely pinpoint atoms using the "k-weight" technique. 

 
 

 

Figure 2.17. Determining the position of atoms with the k-weight process 
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First of all, by taking forces of ñkò (k-weight) and looking at the shift in 

symmetries (normalized), atoms at different positions from the origin in the crystal where 

they are located can be determined. If there is no different atom in the data obtained with 

normalization, its symmetries should be intact, and if there is only one type of atom, the 

different data should be at the same intensity. 

 
2.2.3.3.2. ARTEMIS  Program Analysis 

 

ARTEMIS is the program that analyzes EXAFS data extracted from the XAFS 

spectrum with the ATHENA program and software, in which one or more scattering paths 

are calculated by summing with FEFF. The system also has the ATOMS program, which 

creates the 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 running FEFF in the program (FEFF run), ARTEMIS displays a brief summary of the 

calculated scattering paths. With the help of FEFF, degeneration (repeated scattering 

paths), path distance, atom types in the crystal, and the scattering type of the path 

(multiple or single scattering) are determined. 

 

 

 

 

Figure 2.18. Logo of ARTEMIS program 
 

Reference:bruceravel.github.io/demeter 
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2.2.3.3.2.1. ARTEMIS  program and steps of analysis 

 

The ARTEMIS program analyzes the XAFS data, which is processed with the 

ATHENA program and extracted from the scattering data, to determine atomic distances 

and identify atoms. The ATHENA study is required to be saved in the 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 applied because the work to be done 

is based on crystal information. The files generated by this fit method, which were 

downloaded from literature-based websites, serve as input files for the ARTEMIS, 

ATOMS and FEFF programs, which run EXAFS calculations. After checking 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 our experimental 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. 

 
 

 

Figure 2.19. Runnig ATOMS on ARTEMIS program 
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Figure 2.20. Runing the FEFF code on ARTEMIS program 
 

 

Figure 2.21. Calculated scattering paths of photoelectrons in the material 
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Figure 2.22. Atomic distances, numbers and types during fitting calculation 
 

 

 

Figure 2.23. Determination of distance and types of atoms with their peak shapes and 

positions 
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2.2.3.3.3. HEPHAESTUS Program 

 

HEPHAESTUS is a utility program used in absorption spectroscopy and provides 

information about elements. 

 
 

Figure 2.24. Logo of HEPHAESTUS program 
 

Reference:bruceravel.github.io/demeter 

 
For all the elements in the periodic table within this program: 

- Information on absorption spectroscopy 

- Calculation of density and absorption energy values according to general formulas 

- Determining the amount of gas required to fill  the I0 and I1 gas chambers for an XAFS 

laboratory measurement (under the Ion-Chambers tab). 

- Information on the elements in the periodic table's chemistry and physical properties 

- Details regarding the transition between electron levels (general) 

- Each element's absorption edge energy information 

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

includes details like those above. 
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Figure 2.25. Screen view of HEPHAESTUS program 
 

Reference:bruceravel.github.io/demeter 

 

 

2.2.3.3.4. Crystallographic 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 literature (COD- 

Materials Project) pages (Materials Project, https://materialsproject.org/). 

The largest official crystal database, COD, which is accepted all over the World 

and was created by the International Union of Crystallography, is used. However, many 

universities and laboratories can create and use separate databases within their own 

structures. Certain of those include the American Mineralogist Crystal Structure Database 

(http://rruff.geo.arizona.edu/AMS/amcsd.php), the Cambridge Crystallographic Data 

Centre (https://www.ccdc.cam.ac.uk/deposit/upload), NIST Research Library (Journal of 

Research of NIST | NIST) etc. 

https://materialsproject.org/
http://rruff.geo.arizona.edu/AMS/amcsd.php
http://rruff.geo.arizona.edu/AMS/amcsd.php
https://www.ccdc.cam.ac.uk/deposit/upload
https://www.nist.gov/nist-research-library/journal-research-nist
https://www.nist.gov/nist-research-library/journal-research-nist
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Crystallogphy Open Database Web Page 
 

 

 

Figure 2.26. Screen view of Crystallogphy Open Database web page 
 

Reference:www.crystallography.net 

 

 

 
 

 

Figure 2.27. A view of CIF file list on Crystallogphy Open Database 
 

Reference:www.crystallography.net 

http://www.crystallography.net/
http://www.crystallography.net/
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Materials Project Web Page 
 
 

 
Figure 2.28. Screen view of Materials Project web page 

 

Reference:www.materialsproject.org 

 

 

 

 
Figure 2.29. Listed CIF files on Materials Project web page 

 

Reference:www.materialsproject.org 

http://www.materialsproject.org/
http://www.materialsproject.org/
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Figure 2.30. Atomic crystal data and parameters from the web page of Materials Project 
 

Reference:www.materialsproject.org 

 

 
2.2.4. X-ray Diffraction  ( XRD) Technique 

 

Braggôs Law 

 

British physicists W.H. Bragg and his son W.L.Bragg developed a correlation in 

1913 that explains why x-rays reflected from crystal planes can be observed for x-rays 

incident at certain angles and were awarded the Nobel Prize in 1915. W.L.Bragg 

considered that crystals consist of parallel planes of atoms (Bragg& Bragg,1913:428- 

438). Incoming waves are reflected separately from each plane (Figure 31). Interference 

patterns are produced when light is reflected from numerous mirrors placed on top of one 

another (the incident angle is equal to the reflection angle). 

http://www.materialsproject.org/
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Figure 2.31. Schematic demonstration of Braggôs Law 

 

X-rays, which are in the same phase before and after reflection, undergo 

constructive interference and form bright spots. Due to the difference in distance between 

neighboring crystal planes, two different beams of light travel slightly different distances. 

This difference in path can be shown by connecting the two beams with perpendicular 

lines. The distance DE (dsinɗ= DE) is the same as EF (dsinɗ= DE), so the total path 

difference is DE+EF=2dsinɗ. Where ɗ is the angle of incidence and reflection, ӕ is the x- 

ray wavelength, and 2ɗ is the total diffraction angle. Constructive interference occurs 

when the path difference is an integer multiple of the wavelength. This is called Bragg's 

Law of Diffraction. Bragg reflection occurs only under the condition of wavelength nӕ Ò 

2d. X-rays are used because it is not possible to achieve this condition with visible light 

wavelengths. The diffracted beams (reflections) can occur at certain angles defined by 

Bragg's law, which is nӕ=2dsinɗ. 
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Figure 2.32. Material Science (MS) Beamline at SESAME Synchrotron Facility in 

Jordan 
 

Reference:www.sesame.org 

 
 

Material Science (MS) beamline was used for X-ray Diffraction (XRD) data at the 

SESAME Synchrotron Facility in Jordan. 

 
2.3. The Hall  Effect in Semiconductors 

 

The semiconductors are under the influence of a force perpendicular to the current 

direction and to the magnetic field when the current carriers of the current-carrying 

semiconductors are in the magnetic field. The voltage between the edges of the 

semiconductors occurs when they are in equilibrium. 

In semiconductors, the mobility of electrons and electron holes is different. 

Therefore, the densities of their current carriers are more complex than the expression of 

the Hall coefficient. The coefficient for their magnetic field is 

 

 

 
 

(11) 

http://www.sesame.org/
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ɛe the electron mobility, n is the electron concentration, e the elementary charge, ɛh the 

hole mobility, p the hole concentration. 

Hall coefficient expression for applied large magnetic fields; 

 

 
(12) 
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RESULTS AND DISCUSSION 

 

3. CHARACTERIZATION  AND PRODUCTION METHODS OF CATHODE  

MATERIALS  

 

3.1. Synthesis of Cathode Materials 

 

3.1.1. Cathode Preparation 

 

Two groups of materials were prepared with the purchased chemicals (Sigma- 

Aldrich). The sealed tube method was used to prepare sulfide materials, and the sol-gel 

method was used to prepare oxide materials. 

The oxide materials, except the main cathode material, were mixed in 

stoichiometric ratios before being synthesized by using the sol-gel technique and mixed 

at 800 rpm for 24 hours at 50 ÁC. On the other hand, as LiFeO2 is the main oxide in the 

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 containing 10 ml 

of nitric acid and 50 ml of distilled water to form a sol-gel. After drying for 2 hours at 150 

ÁC, the gel transformed into powder. The powdered samples were sintering processed for 

24 hours at 850ÁC (5ÁC per min., increase to 850ÁC, then 24 hours at 850ÁC). Apart from 

the rest of the materials in the series, boron-containing materials were treated in two 

annealing steps due to the low melting point of boron oxide (~500ÁC). For the boron- 

containing samples, before the main annealing process, as told above, the samples were 

annealed at 450ÁC for 6h. The materials were prepared in two groups: cathode and 

thermoelectric materials. 

Since the synthesis of sulfur compounds is difficult  and requires a long process, a 

new approach has been used for sulfur. The stoichiometrically prepared materials were 

mechanically mixed and replaced in a sealed tube. The samples were then exposed to high 

temperatures for short periods of time until the sulfur content in the samples began to 

melt, in order to avoid blow-ups due to high pressure during the annealing processes. 
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After the pre-annealing process, samples are sintered in a sealed tube for 40 minutes at 

900 ÁC. 

 
 

 

Figure 3.33. Pre-annealing a sulfide sample in a sealed tube 

 
CrFe2O4 and SrTiO 3 materials showing thermoelectric properties in the oxide 

samples are doped in the cathode materials to obtain a composite at ratios of 1: 0.01 M, 

1: 0.05 M, and 1: 0.1 M. CrFe2O4 material, known for its good thermoelectric properties, 

was doped into the cathode materials prepared by doping B, Al , and Mn into LiFeO2 

material and pure LiFeO2. At the same time, the contribution of the thermoelectric 

properties to the cathode material was compared with the addition of SrTiO 3, which is 

also known for its thermoelectric capabilities, to a sample. The reason for a different 

material addition with thermoelectric properties was to clarify the thermoelectric 

addition's response to form a composite material against a heat threat. Because, one of the 

aims of the study was to investigate the difficulties of waste heat and irreversibility that 

occur during the intercalation process and damage battery performance. Its impact on 

battery performance was evaluated by employing thermoelectric material to generate 

current from waste heat in this direction. 

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

oxide and sulfide materials were prepared. 

 
3.1.1.1. Oxide Samples 

 

Materials with semiconductor properties are key devices in electronic engineering 

applications. Therefore, carrier types in such materials are important in terms of providing 



49  

 

a more functionally suitable use in devices. In this way, when we consider the physical 

properties of materials as an output of electronic interactions and effects, one of the most 

important parameters that 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 a constant Õ coefficient. Charge carrier mobility 

is an important parameter that plays an important role in determining the efficiency of 

semiconductor materials. High carrier mobility is related to high carrier density, 

especially in irregular or polycrystalline materials. Because low carrier mobility is a result 

of higher carriers resistance to trapping them at intersections. Hall measurements to obtain 

the carrier mobility details for parent oxide (LiFeO2) and oxide thermoelectric material 

(CrFe2O4) were made at 300 K (room temperature) by the Hall effect measurement system 

Twin-Hall8800 model. The current applied during the measurement was 20 mA and the 

magnetic field was 7210 gauss. The carrier type of LiFeO2 base material was determined 

as n-type with a carrier density of -5,06248 1020 (/cm3) and carrier mobility defined as 

1,6006 cm2/Vs. The carrier type of CrFe2O4 material was determined as n-type with 

carrier density of -2,936570 1016 (/cm3) and carrier mobility defined as 2,542107 cm2/Vs. 

Also, by analyzing the electrochemical properties using electrochemical 

impedance spectroscopy (EIS), the cathodic properties under elevated temperature 

circumstances will be explored with the inclusion of the thermoelectric material. 

Composite cathode materials have been produced by synthesizing oxide cathode 

compounds and incorporating oxide compounds with known thermoelectric properties 

into the cathode material. For this purpose, a series based on the general formulas LiFeO2, 

LiFe1-xAl xO2, LiFe1-xMn xO2, LiFe1-x(Al yBy)xO2, LiFe1-x(Al yMn y)xO2 and LiFe1- 

x(Al yMn yBy)xO2 (x = 0.01; 0.05, 0.10: y = 0.33, 0.5) was prepared. 

 
3.1.1.2. Sulfide Samples 

 

It is intended to develop new, high-performance composite cathode sulfur 

materials. To do this, materials were produced, and the XAFS spectroscopy method was 

used to examine the properties of their electronic structure. For the electronic structure 

properties study of the sulfur cathode materials, they were also prepared according to the 
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formulas; LiFe1-xAl xS2, LiFe1-xMn xS2, LiFe1-xBxS2, LiFe1-x (Al yBy) xS2, LiFe1-x 

(Al yMn y)xS2  and LiFe1-x (Al y Mn yBy)xS2 (x=0.01, 0.05, 0.10: y=0.33, 0.5). 

The list of oxide and sulfide materials prepared is as follows. 

 
 

1. LiFeO2 

2. LiFeO2:SrTiO3 

3. LiFe0.95Mn0.05O2 

4. LiFe0.90Mn0.10O2 

5. LiFe0.99Al0.01O2 

6. LiFe0.90Al0.10O2 

7. LiFe0.95Al 0.05O2 

8. LiFe0.90(Al 0.50Mn0.50)0.10O2 

9. LiFe0.90(Al 0.5B0.5)0.1O2 

10. LiFe0.90(Al0.33Mn0.33B0.33)0.10O2 

11. CrFe2O4 

12. LiFeS2 

13. LiFe0.95Mn0.05S2 

14. LiFe0.90Mn0.10S2 

15. LiFe0.95Al0.05S2 

16. LiFe0.90Al0.10S2 

17. LiFe0.90(Al0.05Mn0.05)0.10S2 

 

The sol-gel sample preparation procedure was applied to prepare the oxide cathode 

materials. Then, annealing was performed in the muffle furnaces for 24 h at the central 

laboratory (MEITAM) of the Mersin University (Mersin, Turkiye). 

Sulfide cathode materials were prepared by the sealed tube technique. Two times 

samples were heat treated in the closed tube, and in the first stage, a high temperature 

(approximately 900 ÁC) was applied for a shorter time than a min., as a pre-annealing to 

avoid the high pressure during the annealing processes. After cooling, the ground 

materials were subjected to heat treatment at 900 ÁC for 40 minutes. 

For the XAFS and synchrotron XRD analyses, the prepared samples were sent to 

SESAME (Synchrotron-light for Experimental Science and Applications in the Middle 

East, Jordan) synchrotron laboratories, the MS Beamline (Material Science), and the 
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XAFS Beamline (X-ray Absorption Fine Structure Spectroscopy) for electronic structure 

and crystal structure measurements. 

 

 
Figure 3.34. SESAME (Synchrotron-light for Experimental Science and Applications 

in the Middle East, Jordan) 
 

Reference:www.sesame.org 

 
 

 

Figure 3.35. Material Science beamline hutch (SESAME, Jordan) 
 

Reference:www.sesame.org 

http://www.sesame.org/
http://www.sesame.org/
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Figure 3.36. XAFS beamline hutch (SESAME, Jordan) 
 

Reference:www.sesame.org 

 
 

3.2. XAFS Analyses 

 

XAFS data from the X-ray absorption fine structure spectroscopy (XAFS) 

beamline of the SESAME synchrotron, 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 two steps: the XANES part and 

the EXAFS part. 

 
3.2.1. X-ray Absorption Near Edge Spectroscopy (XANES) Analyses 

 

The analysis results are given in the order of the samples: 

 

3.2.1.1. LiFeO2 (Oxides' Primary  Component) 
 

Li ions are predicted to bind to the tetrahedral structure (spinel) of FeO2 during the 

intercalation process, forming LiFeO2 material. In this structure, O2- and Li+ ions cause 

iron atoms to have an ionic state of Fe3+. However, in the studied XANES spectra, an 

absorption peak dominated by the octahedral region rather than the tetrahedral structure 

was obtained (Figure 3.37). From here, we can say that our structure is generally 

http://www.sesame.org/
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shaped in an octahedral structure. Pure iron atoms have an electronic configuration of 

[Ar]3d64s24p0 in the ground state (neutral). Since iron ions are in the Fe3+ state in LiFeO2 

material, their electronic arrangement evolves into an [Ar]3d54s04p0 arrangement. It uses 

the three donated, lost electrons to bond with neighboring oxygen atoms. In this case, 

when the electronic arrangement of oxygen atoms is in the neutral (ground) state, 

[He]2sĮ2p , the binding electrons they gain will interact with the p level, resulting in a 

new [He]2sĮ2p  arrangement. The filled level in this case is the oxygen p level. During 

the bond interaction, the outer electron shells come very close to each other, and if their 

energy values are close to each other, they can overlap by pairing, triggering the formation 

of new hybrid bands. During these interactions, the Pauli exclusion principle limits 

interactions. For short (ȹl=Ñ1), this situation is known as the quantum selection rules. 

With such a coupling, then the outer orbital (p) of oxygen can interact with the s and d 

levels of iron, but quantum selection rules prevent the interaction between the p level of 

iron and the p level of oxygen. The presence of hybrid bands, which indicate strong 

binding, may appear below the main absorption edge around the energy values of the 

levels that will form the hybrid bond. These weak absorption peaks are called pre-edge 

peaks. The crystal structure analyses (detailed information is available in the later parts 

of the thesis) revealed that the prepared sample was not pure LiFeO2, but 11% cubic 

LiFe5O8 (lithium ferrite) crystals, which generally appear in intercalation processes, were 

formed in the structure. It was determined that the Fe K-edge XAS absorption peak of our 

sample started to rise at 7110.52 eV, giving the main absorption peak of the 1sĄ4p 

transition at 7132.18 eV (Figure 3.37). The absorption peak from the onset of the 

absorption to the peak of the main peak appears to be inclined. This is due to the fact that 

1s electrons canôt excite to the 3d and 4s levels, even if they are empty, according to the 

quantum selection rules, and they make transitions directly to the 4p level. In our sample, 

two typical weak pre-edge region structures were detected below the main absorption 

peak (1sĄ4p). The transition of 1s electrons to the hybrid bands of Fe 3d-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 Fe 4s-2p O atoms was found to be the peak at an energy 

value of 7123 eV. 
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Figure 3.37. Fe K-edge XANES spectrum of LiFeO2 material 

 
3.2.1.2. LiFeO2 :SrTiO 3 

 

Absorption spectra comparisons taken from the Fe coordinations of the LFO:STO 

material are given in Figure 3.38. According to this figure, after doping STO into the pure 

LFO material, it did not have any effect on the Fe coordinations and continued to exist in 

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 absence of any shift 

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 Fe K-edge of the LFO:STO material's XANES spectra, which 

structurally exhibits great agreement with the pre-edge in the LFO structure, suggests that 

O atoms are occasionally shared by Fe and STO. 
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Figure 3.38. Comparison of the XANES spectra of the excitation of 1s electrons (K- 

edge) of Fe atoms in LFO:STO material with LFO Fe K-edge 

 

 
3.2.1.3. LiFe0.95Mn0.05O2 and LiFe0.90Mn0.10O2 

 

It can be seen from the high coherence of the Fe K-edge peaks that the Mn doping 

does not have any destructive effect on the Fe coordinations (Figure 3.39). 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 bonds with the neighboring O atoms, 

so there would be a big change in the structures at the pre-edge edge. It is clear that Fe 

atoms are not affected by Mn atoms but will  only weaken due to the Mn effect on O atoms 

in structures adjacent to Fe atoms. The leading edge peak of s-p hybridization detected on 

Fe atoms decreased in parallel with the increase in Mn contribution. This can be 

interpreted as weakening the Fe-O bonds as a result of the bonds Mn atoms make with 

the oxygen atoms around them. The analyses of the crystal structure are explained in 
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detail in the section containing the EXAFS analyses. It is seen that the Mn atoms in the 

prepared samples form a cubic LiMn 2O4 crystal. 

 
 

 

Figure 3.39. Comparison of Fe K-edge XANES data in LFO, LiFe0.95Mn0.05O2, and 

LiFe0.90Mn0.10O2 materials 

 
3.2.1.4. LiFe0.99Al0.01O2, LiFe0.95Al0.05O2, LiFe0.90Al 0.10O2, and LiFe0.90(Al 0.5B0.5)0.10O2 

 

Figure 3.40 compares the B-doped materials and the Fe K-edges of the materials 

with various Al  substitution to Fe coordination ratios in the LiFeO2 material. The 

comparison showed that the weak pre-edge structures were clearly preserved; however, 

the LiFeO2 main material had an effect on the tetrahedral and octahedral structures 

produced around Fe atoms. 

The octahedral crystal symmetry of the materials is demonstrated to dominate the 

LiFeO2 structure, whilst Al additions support the tetrahedral structure. In this context, 

while a shift towards the octahedral structure was observed in the 1% doped material, it 

was observed that the absorption curve resulting from tetrahedral symmetry, which 

appeared as the main peak in the LiFeO2 structure, became wider in the other samples. 

However, while this expansion is weaker in 10% Al-doped material, it is 5% richer. The 

spectra of the LiFe0.90(Al 0.5B0.5)0.1O2 material is completely compatible with the 5% Al - 
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doped materialôs spectra. This indicates that the B substitution is not at the Fe points but 

is present in the material as a distinctive crystal. Because if the B atoms in this material 

had acted on the Fe points, a change in the Fe spectra would have been observed. 

 
 

 
Figure 3.40. Fe K-edge XANES spectrum of LFO material versus Al-doped LFO 

series. 

 

3.2.1.5. LiFe0.90(Al0.5Mn0.5)0.1O2 and LiFe0.90(Al0.33Mn0.33B0.33)0.10O2 

 

Comparing the effects of the additions to our LiFeO2 base material's 5% Al, 5% 

Al  and Mn, and 3.3% Al, Mn, and B doped materials, it was discovered that the additions 

had a favorable effect on tetrahedral structures (Figure 3.41). While metal bonds in 

LiFeO2 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 between Fe-Fe 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 K-edge XANES spectrum of LFO material with the 

Al, Al -Mn, and Al-Mn-B multi-doped LFO series 

 
3.2.1.6. CrFe2O4 

 

Figure 3.42 displays the absorption spectrum derived from the Cr atoms' K-edges 

in the CrFe2O4 material, and Figure 3.43 displays the sketched crystal structure. The 

movement of the 1s electrons of the Cr atoms near the nucleus to the Cr atom's outermost 

and unoccupied 4p level is what creates the Cr K-edge. While Cr has an electronic 

configuration of [Ar]  3d7 4sĭ 4p0 in the ground state, it is in the Cr2+ state in the material, 

and its electronic configuration is [Ar] 3d4 4s0 4p0. In this case, suitable levels where 1s 

electrons can be placed can be seen as 3d, 4s and 4p. However, due to quantum selection 

rules (ȹl= Ñ1; l (s) = 0.1 (p)= 1, l (d) = 2, l (f) = 3), s electrons cannot be placed in s and 

d orbitals. Therefore, the only suitable level is the 4p level. Since the excited 1s electrons 

pass to the 4p level by skipping the s and d orbitals, the absorption spectrum is sloping. 



59  

 
 

 
 

Figure 3.42. Cr K-edge XANES spectrum of CrFe2O4 material 

 
The primary peak of the Cr K-edge spectrum in Figure 3.45, which is associated 

with two 1sĄ4p absorption transitions, appeared at energies of 6006.78 and 6010.3 eV. 

These two peaks are due to the tetrahedral and octahedral structural symmetry existing in 

the crystal structure (crystal field splitting). Tetrahedral structures are common 

symmetries in transition metals and directly affect the intensity of the pre-edge region. In 

3d transition metals where tetrahedral symmetry is dominant, the pre-edge region is 

severe and sharp, while the pre-edge region is weaker and broader in structures where 

octahedral symmetry is dominant. The Cr K-edge belonging to our material, the peak at 

6006.78 eV at the main absorption peak, indicates tetrahedral symmetry, while the peak 

at 6010.3 eV belongs to Cr atoms with octahedral symmetry. Therefore, the weakness of 

the tetrahedral symmetry led to the weakness of the leading edge region. The leading edge 

peak, which belongs to the 1sĄ3d transition and is located at 5992.98 eV, corresponds 

to the transition to the 2p levels of the O atom mixed between the 3d levels of the 1s 

electrons. In addition, the weak shoulder-like peak at 5999.87 eV occurs as a result of the 

intertwining of 4p and 4s levels found in transition metals. Therefore, the reason for this 

peak is the transition to the 4p levels mixed between the 4s levels of the 1s electrons. 
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Figure 3.43. a. Triclinic CrFe2O4 crystal structure b. Polyhedral view of CrFe2O4 

crystal structure 

 
3.2.1.7. LiFeS2 (Sulfides' Primary  Component) 

 

In this structure, S2- and Li+ ions are linked to the iron atoms, which have an ionic 

state of Fe3+. Metal iron that possesses a ground-state electronic configuration of 

[Ar]3d64s24p0 becomes the Fe3+ state in the LiFeS2 material, where the electronic 

configuration becomes the [Ar]3d54s04p0 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 exclusion principle 

limits the interactions. For short (ȹl=Ñ1), this situation is known as the quantum selection 

rules. With such a coupling, then, the outer orbital (p) of sulfur can interact with the s and 

d levels of iron, but quantum selection rules prevent the interaction between the p level 

of iron and the p level of sulfur. The presence of hybrid bands, which indicate strong 

binding, may appear below the main absorption edge around the energy values of the 

levels that will form the hybrid bond. These weak absorption peaks are called pre-edge 

peaks. 

The Fe K-edge in the metal Fe and the LiFeS2 material given in Figure 3.44 are 

presented comparatively. The K-edge of the transition metals is a result of the 1s core 
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electronsô transitions to the unoccupied 4p levels as the final states. 3d and 4s levels of 

iron are also unoccupied and located below the 4p level, however, the Pauli exclusion 

forbids transitions to these levels, as stated above. In both materials, it was observed that 

the absorption started to increase at 7110.04 eV and the weak peak structure of the metal 

Fe 7124.42 eV as a result of 1sĄ4s transition was observed. Unlike the metal Fe K-edge 

spectra, a pre-edge region was observed at 7112 eV in response to the 1sĄ3d transition, 

which bears traces of hybridization with neighboring atoms of the Fe atoms in LiFeS2. 

The maximum of the primary absorption peaks for the 1sï4p normal transition in 

metal Fe was measured to be 7131.29 eV, while the maximum of Fe atoms in LiFeS2 was 

7140.62 eV. The reason for the difference is that the metal Fe is in the ground state, 

whereas the Fe atoms in LiFeS2 are in the Fe3+ state. Furthermore, the pre-edge 

hybridization indicates a strongly coupled Fe-S neighboring in the formation of the spinel 

(FeS2)
- ligand structure. The stability of the spinel structures is the most desired formation 

in the cathode materials. 

 

Figure 3.44. XANES spectra of excited 1s electrons (K-edge) of Fe atoms in LiFeS2 

material compared to metal Fe K-edge 
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3.2.1.8. LiFe0.95Mn0.05S2, LiFe0.90Mn0.10S2, and LiFe0.90(Al 0.05Mn0.05)0.10S2 

 

The comparative Fe K-edge absorption spectra in the graph in Figure 3.45 have a 

very compatible structure. In the figure, the ionic states of the materials that are in the 

Fe3+ state according to the metal Fe structure are clearly seen. The spectra begin to rise at 

the photon energy value of 7108.54 eV. Fe atoms in the LFS materials peaked at 7140.85 

eV, while the metal Fe reached a maximum at 7130.96 eV. A weak pre-edge region of 

the 1sĄ3d forbidden transition at 7114.94 eV is observed in Mn and Al doped LFS 

materials. This situation arose as a result of the mixing of the p levels of the S atom 

between the Fe 3d levels, 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 

structures (peaks appearing at 7148.56 eV). 

 

 

 

 
Figure 3.45. Fe K-edge XANES spectra comparison of LFS, metal Fe, LiFe0.90Mn0.10S2, 

LiFe0.95Mn0.05S2, and LiFe0.90(Al 0.05Mn0.05)0.10S2 
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3.2.1.9. LiFe0.95Al0.05S2, LiFe0.90Al0.10S2, and LiFe0.90(Al 0.05Mn0.05)0.1S2 

 

The absorption spectra, taken from the Fe K-edges of materials in which Fe atoms 

are replaced by Al atoms and given on the same figure for comparison, show that the 

structure is quite similar to the Mn-substituted materials. When compared to LFS, the 

absorption peak slope changed towards higher energy, indicating that the structure's 

tetrahedral symmetries weaken and appear to support octahedral symmetries (Figure 

3.46). The peak emerging at 7150.16 eV in materials containing 10% Al, 5% Al, and Mn 

illustrates the superiority of the structure's octahedral symmetry. Furthermore, when Al 

was added, the pre-edge structure on the iron spectra vanished, enhancing Al-S coupling 

and diminishing Fe-S hybridization. 

 

 

 

 

Figure 3.46. Fe K-edge XANES spectra comparison of LFS, metal Fe, LiFe0.90Al0.10S2, 

LiFe0.90(Al0.05Mn0.05)0.1S2, and LiFe0.95Al0.05S2 
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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 follows: we can obtain 

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 

compatible with our crystal, entirely overlaps. For this, we take the single scattering paths 

separately in the adjustments obtained with the CIF file and the adjustments made with 

the ARTEMIS program and determine which atoms of the peak structures are formed by 

overlapping. In this way, the lattice distances of the source atom in the center and 

neighboring atoms on a one-dimensional axis are found. 

 
3.2.2.1. LiFeO2 

 

In the analysis of LiFeO2, which is the main structure of our oxide materials, 

scattering data from XAFS data measured in synchrotron systems was taken with the help 

of the ATHENA program and processed in 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 absorber atom 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 first time in this study, will  be an important method that provides 

information about crystal structure from XAFS data. First of all, the ATHENA program 

was used in the study, and the obtained radial data (FT-EXAFS) were processed in the 

ARTEMIS program. The inverse EXAFS procedure was handled in the steps given in 

Figure 3.47 in the diagram below. Standard EXAFS analysis uses an input file using 

crystal data from crystal structure analysis and is based on data fitting applied to 

theoretical calculations (FEFF or otherwise). Unlike the standard EXAFS fitting 

procedure, the inverse EXAFS fitting 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 the paths formed are processed on the basis of vertex fit using FEFF 

cards. If  the peak features show a theoretically high disagreement with the FEFF 

calculation generated on the radial data, the input files should be repeated for 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 

obtained after several insertion procedures, this likely indicates any other crystal structure 

in the sample, i.e., polycrystalline structure. In such a case, the above-mentioned 

assembly cycles must be processed until the second or third possible crystal structure is 

obtained in the sample. 
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Figure 3.47. The chart of the inverse EXAFS procedure 
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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 absorber atom and subsequently scattered in 

the absorber atom's chemical surroundings with the kinetic energy of neighboring atoms. 

By analyzing the intermediate potentials and the intensity of the scattering that the 

photoelectron experiences as it travels between nearby atoms, it is possible to learn more 

about the types of neighboring atoms involved in this process. 

The comparison of the photoelectron scattering intensity data of LiFeO2, 

LiFe0.95Mn0.05O2 and LiFe0.90Mn0.10O2 materials is given in Figure 3.48. Accordingly, 

there is a structural compatibility of the Mn doping with the scattering data of the LiFeO2 

material, with a shift to high k values. The concordance in the scattering data indicates 

that the crystal structures of these Fe atoms are preserved. 

 
 

 

Figure 3.48. Comparison of scattering data of LiFeO2, LiFe0.95Mn0.05O2, and 

LiFe0.90Mn0.10O2 materials 

 
The Fourier transform (FT) of the scattering data will  provide information 

indicating that a distinct crystal structure is created despite the shifts and symmetry 



68  

 

evident in the scattering mechanisms. The distances of atoms from the absorbing atom in 

real space in a uniaxial system are obtained using the FT-EXAFS study. In this study, 

information about the crystal structure and its parameters will  be given, as will  the atomic 

distances adjacent to the absorber atom (Fe). 

The research was done in the form of estimating the crystal structure 

characteristics of the data obtained by XRD analysis using the IEA with multiple trials. 

The findings of the IEA analysis were compared with the synchrotron XRD data, as 

shown in Figure 3.49, and a good degree of agreement was noted. The vertical lines under 

the data in the figure give the 2ɗ values of the crystal structure parameters obtained with 

IEA. Studies and literature reviews have revealed that the results of the studies with 

inverse fitting are highly compatible. 

 
 

 

Figure 3.49. XRD pattern comparison with the lattice parameters obtained by the IEA 

 
In these processes, the focus is on the overlap of the peak points and shapes in the 

comparison of experimental data obtained with fit. 
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The results of the harmonization studies are given in Figures 3.52-3.53-3.54-3.55. 

According to the results of the analysis, it was revealed that 89% of the LFO was formed 

in the tetragonal LFO structure (Figure 3.50), while 11% was crystallized in the cubic 

LiFe5O8 structure. 

The LFO crystal structure parameters were determined accordingly: the tetragonal 

structure was shaped in ñP4/mmmò space symmetry (Figure 3.51, and Table 3.2), and the 

lattice parameters were: a= 2.746 ¡; b=2.746 ¡; c= 4,480 ¡; Ŭ= ɓ= ɔ= 90o. The lattice 

parameters of the ñP4132ò space symmetric LiFe5O8 crystal shaped in a cubic structure 

were determined as a=b=c=6.68 ¡. In Figure 3.51, LiFe5O8 structures are marked with 

ñ*ò on the peaks of the crystals in the base material. 

If the atomic distances are written in terms of the atomic species closest to the Fe 

atom in the LFO; Fe-O= 1.966 ¡; Fe-Li  = 3.100 ¡; Fe- Fe= 4.800 ¡ (Table 3.50). 

 

 

 

 

 

Figure 3.50. a. Octahedral symmetry of LiFeO2 material b. Cubic structure view of 

LiFeO2 material 
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Figure 3.51. Synchrotron XRD results confirm the crystal structure of LiFeO2, which 

was determined with high accuracy by inverse EXAFS (IEA) fitting 
 

 
 

 

 

 
Figure 3.52. Comparison of the LiFeO2 distribution function obtained from the 

measured XAFS data and the sum of the scattering paths produced with the calculations 
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Figure 3.53. Crystal structure analysis of LiFeO2 material with EXAFS 
 

 
 

 
Figure 3.54. Representation of the Fe atoms of the LFO crystal in the LiFeO2 material 

(crystal structure analysis with EXAFS) 
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Table 3.2. Detected crystal structure parameters of LiFeO2 material 
 

Crystal ‌ ɓ ɔ a b c Geometry SG % 

LiFeO2 90 90 90 2.746 ¡ 2.746 ¡ 4.480 ¡ Tetragonal P4/mmm 89 

LiFe5O8 90 90 90 6.680 ¡ 6.680 ¡ 6.680 ¡ Cubic P4132 11 

 

 

 

 
Table 3.3. Atomic distances of the LiFeO2 material obtained as a result of EXAFS 

analyses with respect to the absorbing atom 
 

Sample Crystal Source Atom Atomic Distances R (¡) Degeneracy 

 

 

 

 

 
 

LiFeO2 

 

 

 

 

 

 
LiFeO2 

 

 

 

 

 

 
Fe 

Fe-O 1.966 4 

Fe-O 2.400 2 

Fe-Fe 2.780 4 

Fe-Li  3.102 8 

Fe-O 3.673 8 

Fe-Fe 3.932 4 

Fe-O 3.932 4 

Fe-O 3.932 4 

Fe-O 4.396 8 

Fe-O 4.606 8 

Fe-O 4.746 16 

Fe-O 4.746 16 

Fe-Fe 4.800 2 

Fe-O 4.800 2 
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Figure 3.55. Representation of the locations of Li atoms in the LiFeO2 crystal in the 

LiFeO2 material (crystal structure analysis with EXAFS) 
 

 

 

Figure 3.56. Atomic determination process with the k-weight procedure 
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Figure 3.57. Display of detected atomic distances of LiFeO2 material (RDF) 

 
3.2.2.2. LiFeO2:SrTiO 3 

 

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 against temperature. 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 harmonization studies of the STO 

material in this structure are given in Table 3.5. Accordingly, the space group of the STO 

crystal is determined as ñI4/mcmò; a=4.72 ¡; b=4.72 ¡; c=7.7085 ¡; Ŭ=ɓ=ɔ=90o. By 

analyzing the data, it was found that the atoms in the LFO structure remained in the same 

positions as given in Table 3.4. According to the results of the EXAFS analysis, it is found 

that the atom closest to the Sr atom is the O atom, and it is located at a distance of 2.360 

¡ from the Sr atom. It has been determined that the second atom closest to the Sr atom is 

the Ti atom, which is located at a distance of 3.047 ¡ (Table 3.6). The analysis step and 

related results are given in the figures and tables below. 
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Figure 3.58. Comparison of the LiFeO2:SrTiO3 distribution function obtained from the 

measured XAFS data and the sum of the scattering paths produced with the calculations 
 

 

 

 
 

 
Figure 3.59. Peak calculations of scattering paths showing O locations in 

LiFeO2:SrTiO3 material (crystal structure analysis with EXAFS) 



76  

 

 

 

 

Figure 3.60. Peak calculations of the scattering paths showing Ti locations in 

LiFeO2:SrTiO3 material (crystal structure analysis with EXAFS) 
 

 

 

 
Figure 3.61. Peak calculations of the scattering paths showing Sr locations in 

LiFeO2:SrTiO3 material (crystal structure analysis with EXAFS) 
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Figure 3.62. Representation of the O atoms of the LFO crystal in the LiFeO2:SrTiO3 

material (crystal structure analysis with EXAFS) 
 

 

 

 
Figure 3.63. Representation of the locations of Li atoms of the LFO crystal in the 

LiFeO2:SrTiO3 material (crystal structure analysis with EXAFS) 
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Figure 3.64. Representation of the Fe atoms of the LFO crystal in the LiFeO2:SrTiO3 

material (crystal structure analysis with EXAFS) 
 

 
 

 
Figure 3.65. Determination of the atomic types and locations atoms with the k-weight 

procedure 
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Figure 3.66. Display of detected atomic distances of LiFeO2:SrTiO3 material (RDF) 

 

 

 
Table 3. 4. Atomic distances of the LiFeO2:SrTiO3 material obtained as a result of 

EXAFS analyses with respect to the absorbing atom. 
 

Sample Crystal Source Atom Atomic Distances R (¡) Degeneracy 

 

 

 

 

 
LiFeO2 

 

 

 

 

 

LiFeO2 

 

 

 

 

 

Fe 

Fe-O 1.966 4 

Fe-O 2.400 2 

Fe-Fe 2.780 4 

Fe-Li  3.102 8 

Fe-O 3.673 8 

Fe-Fe 3.932 4 

Fe-O 3.932 4 

Fe-O 3.932 4 

Fe-O 4.396 8 

Fe-O 4.606 8 

Fe-O 4.746 16 

Fe-O 4.746 16 

Fe-Fe 4.800 2 

Fe-O 4.800 2 
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Table 3.5. Determined crystal structure parameters of LiFeO2:SrTiO3 material 
 

Sample Crystal Space Group Lattice Constants 

 L
iF

e
O

2
:S

rT
iO

3
  

 
SrTiO3 

 

 
I4/mcm 

a= 4.72 ¡ 

b= 4.72 ¡ 

c= 7.71 ¡ 

Ŭ=90o 

ɓ=90o 

ɔ=90o 

 

 
Table 3.6. Atomic distances of the LiFeO2:SrTiO3 material obtained as a result of 

EXAFS analyses with respect to the absorbing atom. 
 

Sample Crystal Source Atom Atomic Distances R (¡) Degeneracy 

 
L

iF
e
O

2
:S

rT
iO

3
 

 

 

 

 

 

SrTiO3 

 

 

 

 

 

Sr 

Sr-O 2.360 4 

Sr-O 2.528 4 

Sr-O 2.571 4 

Sr-Ti 3.047 8 

Sr-Sr 3.338 4 

Sr-Sr 3.854 2 

Sr-O 4.200 16 

Sr-O 4.519 8 

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 

 

 

3.2.2.3. LiFe0.95Mn0.05O2 

 

This substance is created by substituting 5% of the Fe atoms with Mn atoms. 

Accordingly, EXAFS adjustments were made in order to observe the change in the crystal 

structure by replacing some Fe atoms with Mn atoms. The crystal lattice parameters of 

the pure LFO material are a=2.746 ¡ in tetragonal geometry and ñP4/mmmò space 

symmetry; b=2.746 ¡; c=4.480 ¡; while Ŭ=ɓ=ɔ=90o, it is the same for the 

LiFe0.95Mn0.05O2 material despite the Mn contribution, and the lattice parameters are 

a=b=2.768 ¡; it has been determined that it has undergone a very small change as c=4.652 

¡ (Table 3.7). 
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It was observed that the LiFe5O8 crystal detected in the main LFO material 

preserved its structure and remained stable except for a small parameter change. The 

determined parameters were a=b=c=5.580 ¡. This indicates that Mn atoms do not replace 

Fe atoms. The IEA analysis revealed that 9% of Mn atoms were shaped in cubic geometry 

and crystallized as the space group ñFd-3mò. Accordingly, the crystal parameters were 

determined to be: a=b=c= 15,481 ¡. This change in crystal lattice parameters is Fe- 

O=1.957 ¡; Fe-Fe=2.768 ¡; Fe-Li=3.040 ¡ at atomic distances; (Table 3.8). 

 

 
 

 
Figure 3.67. Comparison of the LiFe0.95Mn0.05O2 distribution function obtained from 

the measured XAFS data and the sum of the scattering paths produced with the 

calculations 
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Figure 3.68. Peak calculations of scattering paths showing the locations of Fe atoms in 

LiFe0.95Mn0.05O2 material (crystal structure analysis with EXAFS) 
 

 

Figure 3.69. Peak calculations of scattering paths showing the locations of Li atoms in 

LiFe0.95Mn0.05O2 material (crystal structure analysis with EXAFS) 
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Figure 3.70. Peak calculations of the scattering paths showing the locations of O atoms 

in LiFe0.95Mn0.05O2 material (crystal structure analysis with EXAFS) 

 
Table 3.7. Detected crystal structure parameters of LiFe0.95Mn0.05O2 material 

 

Crystal ‌ b g a b c Geometry SG % 

LiFeO2 90 90 90 2.768 ¡ 2.768 ¡ 4.652 ¡ Tetragonal P4/mmm 82 

LiFe5O8 90 90 90 5.580 ¡ 5.580 ¡ 5.580 ¡ Cubic P4132 9 

LiMn 2O4 90 90 90 15.481¡ 15.481¡ 15.481¡ Cubic Fd-3m 9 

 

 
Table 3.8. Atomic distances of LiFe0.95Mn0.05O2 material obtained as a result of EXAFS 

analyses with respect to the absorbing atom. 
 

Sample Crystal Source Atom Atomic Distances R (¡) Degeneracy 

 
L

iF
e

0
.9

5M
n

0
.0

5O
2
 

 

 

 

LiFeO2 

 

 

 

Fe 

Fe-O 1.957 4 

Fe-O 2.326 2 

Fe-Fe 2.768 4 

Fe-Li  3.040 8 

Fe-O 3.616 8 

Fe-Fe 3.915 4 

Fe-O 4.377 8 

Fe-O 4.553 8 

Fe-Fe 4.652 2 

Fe-Li  4.956 16 
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Figure 3.71. Determination of the atomic types and distances with the k-weight 

procedure 

 

The high coherence in the Mn-doped samplesô radial distribution function peaks 

indicate that the Mn additive settles into the Fe atom coordinations in the LiFeO2 material 

and adapts to the structure without altering the LiFeO2 crystal structure (Figure 3.72). 

Only slight shifts in the peaks around 4 ¡ and 5 ¡ at the Fe atom points indicate 

disturbances in Fe atom coordinations. Since these disturbances 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 LiFeO2, 

LiFe0.95Mn0.05O2, LiFe0.90Mn0.10O2 materials 

 

 

3.2.2.4. LiFe0.90Mn0.10O2 

 

The EXAFS investigation findings for the sample LiFe0.90Mn0.10O2 as the second 

step of manganese substitution into the iron coordination in the LFO material are shown 

in the figures and tables below. 
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Figure 3.73. Comparison of the LiFe0.90Mn0.10O2 distribution function obtained from 

the measured XAFS data and the sum of the scattering paths produced with the 

calculations 
 

 

 

Figure 3.74. Peak calculations of the scattering paths showing the locations of O atoms 

in LiFe0.90Mn0.10O2 material (crystal structure analysis with EXAFS) 



87  

 

 

 

 

Figure 3.75. Peak calculations of the scattering paths showing the locations of Fe atoms 

in LiFe0.90Mn0.10O2 material (crystal structure analysis with EXAFS) 
 

 

 

 

 

Figure 3.76. Peak calculations of the scattering paths showing the locations of Li atoms 

in LiFe0.90Mn0.10O2 material (crystal structure analysis with EXAFS) 



88  

 

 

 

 

Figure 3.77. Atomic distance and type determination with the k-weight procedure 

 
Table 3.9. Crystal structure parameters of LiFe0.90Mn0.10O2 material 

 

Crystal ‌ b g a b c Geometry SG % 

LiFeO2 90 90 90 2.800 ¡ 2.800 ¡ 4.810 ¡ Tetragonal P4/mmm 82 

LiFe5O8 90 90 90 5.320 ¡ 5.320 ¡ 5.320 ¡ Cubic P4132 9 

LiMn 2O4 90 90 90 15.410¡ 15.41 ¡ 15.410¡ Cubic Fd-3m 9 

 
Table 3.10. Atomic distances of the LiFe0.90Mn0.10O2 material obtained as a result of 

EXAFS analyses with respect to the absorbing atom 
 

Sample Crystal Source Atom Atomic Distances R (¡) Degeneracy 

 
L

iF
e

0
.9

0M
n

0
.1

0O
2
 

 

 

 

 

 

LiFeO2 

 

 

 

 

 

Fe 

Fe-O 1.980 4 

Fe-O 2.405 2 

Fe-Fe 2.800 4 

Fe-Li  3.115 8 

Fe-O 3.691 8 

Fe-Fe 3.960 4 

Fe-O 3.960 4 

Fe-O 4.427 8 

Fe-O 4.633 8 

Fe-O 4.780 16 

Fe-Fe 4.810 2 

Fe-O 4.810 2 
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It has been determined that the configurations of Mn atoms in the material 

LiFe0.90Mn0.10O2 in the structure are in the ñFd-3mò space group in cubic geometry (Table 

9). This structure revealed that Mn atoms form a LiMn2O4 crystal in the volume they are 

in. While the synchrotron XRD data is given by comparing it with the main LFO material 

in Figure 3.78, showing the LiMn 2O4 crystal formed, in Figure 3.78.b., the crystals in the 

structure are presented with ñ *  ò and ñ + ò images. In the inverse EXAFS analyses, it was 

determined that the lattice parameters were a=b=c= 15.410 ¡, Ŭ= 90o ɓ= 108o, ɔ= 90o. 

 
 

 

Figure 3.78. a. XRD patterns of the base LiFeO2 and the LiFe0.90Mn0.10O2 materials 

given in comparison b. XRD pattern of the LiFe0.90Mn0.10O2 material 
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Figure 3.79. Display of detected atomic distances of LiFe0.90Mn0.10O2 material (RDF) 
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Figure 3.79 shows that 10% Mn substitution settles into the Fe atom positions in 

LiFeO2 material and adapts to the structure without affecting the LiFeO2 crystal structure. 

The LiFeO2 material's strong agreement with the RDF graph and the modest shift in the 

peaks at 4 and 5, as in the 5% Mn-doped material, clearly show that the Mn atoms settle 

on these sites. Atomic distances determined from the EXAFS analysis are given in Table 

3.10. 

 
3.2.2.5. LiFe0.99Al 0.01O2 

 

LiFe0.99Al0.01O2 material was prepared by substituting 1% 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, however, a slight shift in the 

peaks from the distance of 3 ¡. This shift caused the Al atoms entering the structure to 

disrupt the LFO crystal structure, but because of the smaller volume, the Fe atoms settled 

in the emptied places, causing them to behave like pollution in the structure. As a result 

of the analysis, it is determined that the crystal structure of LiFe0.99Al 0.01O2 material is 

crystallized in tetragonal geometry like LFO crystal and in the ñP4/mmmò space group, 

and the lattice parameters are a=b=2.901 ¡; c=4.902 ¡, Ŭ=ɓ=ɔ=90o (Table 11). 
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Figure 3.80. Comparison of the LiFe0.99Al0.01O2 distribution function obtained from 

the measured XAFS data, and the sum of the scattering paths produced with the 

calculations 
 
 

Figure 3.81. Peak calculations of scattering paths showing the locations of O atoms in 

LiFe0.99Al0.01O2 material (crystal structure analysis with EXAFS) 
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Figure 3.82. Peak calculations of scattering paths showing the locations of Fe atoms in 

LiFe0.99Al0.01O2 material (crystal structure analysis with EXAFS) 
 
 

 
 

Figure 3.83. Peak calculations of scattering paths showing the locations of Li atoms in 

LiFe0.99Al0.01O2 material (crystal structure analysis with EXAFS) 
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Figure 3.84. Atomic location determination by the k-weight procedure 
 

 

 
 

 

Figure 3.85. Display of detected atomic distances of LiFe0.99Al0.01O2 material (RDF) 










































































































































































































































