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Abstract 
 

As environmental issues are attracted much more, attention on “carbon zero” has been focused 

much more. Upon this attention, the demand for electric vehicles, not conventional vehicles using 

fossil fuels, has been increasing. However, on the current electric vehicles with lithium (Li) ion battery 

(LIB), once the battery is damaged by an accident, a fire may occur due to unusual reactions with Li 

ions caused by unexpected contact between electrodes and its exposure to air, which is a huge problem 

on instability. Furthermore, the current electric vehicles have disadvantages on short mileage and low 

charging speed of the battery. To solve these problems, two developments on the battery materials are 

required. One is the development of a solid-state electrolyte, which has been focused as an alternative 

of a liquid electrolyte for the stability, and the other is the improvement of the electrode of the battery. 

Therefore, active research for developing both a solid-state electrolyte and the electrode has been 

continued to improve mileage and charging speed with the stability. However, there have been two 

problems that the conductivity of Li ion in solid-state electrolytes is generally lower than that in liquid 

electrolytes, and the flow of Li ion in electrodes has not been known well because it has a discrepancy 

that it requires higher crystallinity with smaller Li ion flow. Therefore, these are the barrier to achieve 

the long mileage and fast charging with its stability of a battery.  

From the viewpoint of the flow of Li ions in materials, the development of materials for soli

d state electrolytes and electrodes would help improve the performance and stability of batteries. The

refore, this research developed battery materials to improve the Li ion conductivity of stable solid-

state electrolyte and the capacity of anode. For the development of a solid-

state electrolyte, a novel synthesis method, which can fabricate it easily and quickly, was proposed. F

urthermore, it was found that the conductivity of Li ion was improved. On the other hand, for the im

provement of the performance in the anode, the parameter sets related to the characteristics were con

structed and with these sets, the correlation function that can predict specific capacity and electrical c

onductivity for carbon materials was successfully proposed.  

In Chapter 1, a general introduction to the batteries, lithium-ion batteries, and solid-

state batteries that have been used so far. In addition, lithium ions move when charging and dischargi

ng with lithium-ion batteries and solid-
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state batteries currently in use and under R&D. The reasons and difficulties of looking at this flow of 

lithium ions were explained. The structure of the material used for the solid-

state electrolyte and the electrode and a method for solving the above difficulties were presented. Fin

ally, we explained the purpose and concept of this study.  

In Chapter 2, the analysis device and analysis method used in this study were introduced; X

RD: for measuring the crystal structure of the material, Raman: for investigating at the crystal state o

f the surface, SEM: for observing the particle state on micro scale, EDX: for detecting the distributio

n of elements, and BET: for calculating the surface area of the material. In addition, a method for me

asuring Li ion conductivity and capacity, which are important for results in this study, was also introd

uced. Finally, because of the method to verify whether it is statistically meaningful, we conclude this 

chapter with an explanation of the p-value.  

In Chapter 3, Zr was introduced as a substrate adding to LiF due to its stability, and LiZrF w

as synthesized with a simple method to improve lithium ion conductivity. quickly adding Zr into LiF 

through liquid methanol as a medium. The interfacial contact with the electrode, which was one of th

e essential factors related to the battery performance in the solid state electrolyte, was examined with

 SEM by mixing it with the cathode material. Compared to LiF with the cube structure, LiZrF showe

d rock salt structure, therefore it was found the contact would lead to be smoother movement of Li io

ns. As a result, it was found that Li ion conductivity was improved with the addition of Zr by changin

g from the FCC structure of LiF to the P31m structure of LiZrF.  

In Chapter 4, the characteristics and predict equation of carbon materials used as conductive 

agents and anode materials in batteries were presented. On various carbon materials, such as 

graphite, SWCNT, MWCNT and carbon black, etc., data for the crystallinity was collected and it was 

examined with correlation analysis from nano to micro scales. Among these characteristics, capacity 

was largely influenced by the crystallinity along the c-axis, which was important factor in battery 

performance. In the aspect of the Li ion flow, when Li ion were intercalated between two graphene 

layers, the gap between the graphene layers increased, and during its intercalation, the increased area 

in the gap then decreased after Li ion passed away along its basal plane. Based on these results, a 

predict equation as well as the major factors and the phenomena for predicting capacity was 

proposed. As a result of validation process of the proposed function with the known results of 

previous research and statistical method, it was found that the function showed high predictivity.  

In Chapter 5, a summary of the doctoral thesis and future directions were presented. In Chapter 
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1, introduction of the necessity and direction of research on a battery for electric vehicles was described. 

In Chapter 2, Introduction of the way to measure Li ion conductivity and capacity, including how to 

analyze the structure and properties of materials, and of the way to statistically verify the results was 

presented. In Chapter 3, the novel synthesis method of LiZrF material for improving low lithium-ion 

conductivity was presented with a fast and easy fabrication process, which lead to improve the Li ion 

conductivity as a problem of solid-state electrolyte of the battery. In Chapter 4, the high-predictable 

function as well as the major factors and the phenomena, which were related to the capacity of carbon 

materials, used as anodes and conductive agents in batteries, were presented.  

This Ph.D. thesis designed and analyzed materials that will improve the stability and 

performance of the batteries for electric vehicles from the point of view of the Li ion flow. With 

considering these results, this research could provide novel and possible motivations to scientists and 

engineers who are dedicated to the research of battery materials and other energy devices for further 

improvement of its stability and performance. 
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Chapter 1. Background 
 

1.1 Social background 

 

As climate change worsens, the demand for "carbon zero" is also increasing. This sees climate 

change as the main cause of carbon dioxide and the conventional fossil fuel car, which generates large 

amounts of carbon dioxide, as a problem [1, 2]. As a result, interest in electric vehicles that operate 

electricity as an energy source, not fossil fuels, has recently been increasing [3-5]. Batteries are used 

to use electricity as an energy source, and the most widely used electric vehicle battery is lithium-ion 

battery (LIB).  

 

1.2 Battery for Automobiles 

 

1.2.1 lead-acid battery 

 

Lead-acid batteries are relatively simple energy storage devices based on lead electrodes that 

operate in aqueous electrolytes containing sulfuric acid invented about 160 years ago [6]. It is currently 

used in uninterruptible power modules, electrical grids, and automotive applications, including all 

hybrid and LIB powered vehicles, as well as independent 12-volt supplies to support starting, lighting 

and ignition modules as well as critical systems when disconnecting low and high voltage batteries [6]. 

However, as the cell's active substances are continuously dissolved and re-deposited throughout each 

charge/discharge cycle, both the anode and cathode shapes and microstructures are constantly 

changing [6]. These structural changes generally enable corrosion of electrode grids made of pure lead, 

lead-calcium, or lead-antimony alloys, and have disadvantages that affect battery cycle life and 

material utilization efficiency. And having a lower energy density than lithium-ion batteries is also 

insufficient for its role as a major battery for electric vehicles. 
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1.2.2 Nickel metal hydride battery 

 

A rechargeable nickel-metal hydride battery (NiMH or Ni-MH battery) is a battery that has a 

similar chemical reaction to a nickel-cadmium battery and uses a hydrogen-absorbing alloy for the 

cathode instead of cadmium [6]. The batteries are used in electric or hybrid vehicles such as Ford 

Ranger Ev, General Motors EV1, and Honda Electric Vehicle [6]. The NiMH battery has a longer life 

and better energy efficiency than the lithium-ion battery, but if the ratio, self-discharge, and charging 

speed are higher than C/10, gas is generated and heated from the electrode, which is mentioned as a 

slower charging speed than the lithium-ion battery. 

 

1.2.3 Lithium-ion battery 

 

Lithium-ion batteries are widely used in electric vehicles and various portable electronic 

devices. In a lithium-ion battery, as the name suggests, lithium ions move between the cathode and the 

anode to charge and discharge. Lithium-ions lighter than the lead acid or NiMH battery described 

above are used in various advantages, but there is a stability problem in which a fire occurs when 

lithium ions in a liquid electrolyte contact air and water vapor in an accident [7]. 

 

1.2.4 All solid-state lithium-ion battery 

 

A solid-state battery is converted into a solid electrolyte rather than a liquid electrolyte and 

refers to a battery in which all the cathode, the anode, and the electrolyte are solid. Therefore, stability 

and energy density such as electrolyte leakage and combustion risk of the liquid electrolyte may also 

be increased [7]. However, switching from liquid to solid has the above advantages and disadvantages 

of decreasing the conductivity of lithium-ion. In addition, there is also a problem in that an irregular 

electric field caused by an interface contact problem with an electrode promotes dendritic deposition, 

causing a short circuit [7]. However, if the lithium-ion conductivity and interfacial contact problems 

are solved, they will be used as an ideal battery.  
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1.3 Current and Next Batteries for automotive drive 

 

1.3.1 Current battery (LIB) 

 

        Currently, lithium-ion batteries (LIB) are commonly used as batteries for electric vehicles. 

It can be charged in comparison with other batteries mentioned above, due to its high energy density 

and high output power. However, lithium-ion batteries are still lacking in mileage and charging speed 

to replace conventional cars [8]. It is believed that the flow of lithium ions to the inside of the electrode 

material is insufficient, and the intercalation of lithium ions also is insufficient even though more 

lithium ions should be stored in the electrode. 

 

1.3.2 Next candidate battery (All solid-state LIB) 

 

Solid state batteries are promising as the next generation of lithium-ion batteries. This is because 

in the case of lithium-ion batteries, liquid electrolytes are used, and in the event of an accident, there 

is a risk of explosion or fire as the liquid electrolytes are exposed to air and water vapor [7]. To solve 

this problem, batteries that use solid electrolytes instead of liquid electrolytes are rising to the surface. 

However, since it is a solid electrolyte, there is a limitation of having lower lithium-ion conductivity 

than liquid electrolytes. Accordingly, the conduction of lithium-ion from the crystal structure of the 

solid electrolyte is to be investigated.  

 

1.4 Difficulty in the diffusion path of lithium ions. 

 

Both lithium-ion batteries and solid-state batteries operate as batteries as lithium-ion moves. 

In other words, the behavior of lithium ions determines the performance of a battery, so it is necessary 

to know the behavior of lithium ions. To see the flow of lithium ions, it is necessary to observe and 

measure lithium-ion. But this is not a simple story. This is because lithium ions are the lightest metal 

ions and have only two electrons, so the size of the ions is also very small [9]. To overcome these 



8 

 

difficulties, it would be more useful to see the interaction with the material, rather than looking directly 

at lithium-ion. This is because the behavior of lithium-ion will eventually be affected by the properties 

and structure of the material.  

 

1.5 Structure and correlation of electrode and solid 

electrolyte materials. 

 

Carbon materials are often used as anode materials [10-12]. Carbon materials are mainly made 

up of hexagonal rings by sp2 bonding. If these hexagonal rings continuously form a quadratic plane, 

they are called graphene. The size of the graphene, sp2 crystallinity, degree to which the graphene 

layer is stacked, etc. show the characteristics of the carbon material.  

Solid electrolyte is like the carbon material mentioned above. The higher the crystallinity of 

the basic unit, the higher the safety, but the more difficult the material becomes to flow. On the contrary, 

if crystallinity is reduced through defect, the material is unstable, but the flow through the low 

crystallinity part improves [13-15].  

In the microscale, the degree of exposure to the material packaging and ions varies by the 

morphology, size, and size distribution of the material. It is a property to be considered along with the 

properties of the material. 

As the battery operates according to the flow of lithium ions, the characteristics of the material 

that determines the behavior of lithium ions in the nano to micro scale are important considerations. 

However, each of these characteristics is not independent and has a relationship with each other, so it 

has complexity. However, considering these matters, the diffusion of lithium-ions can be explained by 

various structural factors and connected to battery performance variables. 

 

1.6 Multivariate analysis 

 

As mentioned earlier, structural factors are correlated with each other, making it difficult to 
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know their effects properly. To solve this problem, there is a way to build a database by collecting 

various variables into data and find out their relevance. This is called multivariate analysis, and the 

relationship between the objective variable measured in each experiment and the explanatory variable 

called the structural factor is important [16]. And structural variables should be easily measured and 

obtained. The physical analysis of explanatory variables as object variables and the effectiveness of 

them are sometimes evaluated quickly using easy alternative models, which are approximations. 

Methods include principal component analysis (PCA) [17], multiple regression analysis [18], and 

cluster analysis [19]. These methods are also used in fields such as Nanomaterials, Catalyst, and 

Biomaterials [16].  

 

1.7 Research Objectives 

 

The importance of lithium-ion batteries is gaining significance with the increase in the demand 

for electric vehicles with "carbon zero. However, it is still insufficient to replace existing cars due to 

problems such as safety, mileage, and charging speed. To cope with this, solid electrolytes have 

excellent stability, but lithium-ion conduction is insufficient, and carbon materials used in electrodes 

are difficult to analyze to satisfy mileage and charging speed due to their complexity. Therefore, 

attention will be paid to the part where lithium ions flow in the end when charging and discharging the 

battery. And to solve the complexity, I would like to analyze it with multivariate analysis. Thus, the 

structural factors obtained from the material matrix and the dynamic behavior of lithium-ion are 

explained and the direction for the development of battery materials is presented.  
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Chapter 2. Methodology 
 

2.1 Structural Evaluation 

 

2.1.1 X-Ray Diffraction (XRD) 

 

X-Ray Diffraction is one of the most used analytical methods in materials science. When X-rays 

are irradiated to the material, reflections occur continuously and repeatedly in the same pattern, that is, 

where crystallinity exists, and record them. Depending on the type of crystallinity, it appears at the 

position of 2 theta related to the incident and irradiation angle [1]. Therefore, where crystallinity has 

developed, reflection occurs clearly and shows a sharp peak. However, in the case of amorphous, 

various insufficiently developed crystallinity’ peak overlap and may appear broad. Quantitative 

analysis through the reference intensity ratio method is also possible using the ratio of peaks [2, 3]. In 

addition, the spacing and average size according to the type of crystal can be determined, which can 

be calculated by Bragg's equation and Scherrer's equation, respectively [4, 5].  

 

2.1.2 Raman spectral microscopy (Raman) 

 

Raman spectroscopy is an analysis device that is widely used to investigate the surface 

crystallinity of materials. When a sample is irradiated with a monochromatic light source according to 

the wavelength, the molecules that make up the sample vibrate as much as the energy absorbed and 

absorbed, resulting in inelastic scattering [1]. And by interpreting this, we can know the properties of 

the bonding of elements. For example, in the case of graphene, carbon atoms form a hexagonal shape 

with sp2 bonds. However, if a hexagon such as an edge is not formed, it vibrates in breathing mode 

when it interacts with light and measures it [6-11]. 
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2.1.3 Scanning Electron Microscopy (SEM) and Energy-Dispersed X-ray Spectroscopy 

(EDX) 

 

Scanning electron microscopy (SEM) is a type of microscope that allows you to directly see the 

sample on a microscale. When electrons from SEM are accelerated and collide with the sample, 

secondary electrons come out from the sample [12, 13], and an image is formed based on them, and 

the shape, size, and surface of the sample can be observed while looking directly. Through this, factors 

such as aspect ratio, particle size, and size distribution can be extracted. And there is Energy-Dispersed 

X-ray Spectroscopy (EDX), which is commonly attached to SEM devices [13]. It is possible to 

interpret roughly the elemental composition of the sample by interpreting the secondary electrons for 

each element constituting the sample. 

 

2.2.4 Brunauer-Emmett-Teller surface area analysis (BET) 

 

BET is a method of obtaining a surface area by assuming that gas molecules are adsorbed on a 

solid surface in a multilayer structure [14]. Nitrogen gas (N2) is widely used as a gas molecule, and the 

surface part can be obtained by measuring the amount of nitrogen gas adsorbed on the powder surface 

and calculating it in a BET method. To find the amount of nitrogen gas adsorbed, the sample is 

degassed under high temperature vacuum and the pressure of the adsorption gas is changed, and the 

adsorption amount is obtained by the pressure change of the vacuum chamber. Through this, it is used 

to measure the surface area per unit weight of the sample, pore size distribution, porosity, and particle 

size of the powder.  

 

2.2 Electrical Analysis 

 

2.2.1 Electrochemical Impedance Evaluation 

 

EIS analysis is a method of interpreting the electrochemical reaction occurring between two 

electrodes and the electrolyte between them as an equivalent circuit [15]. The current generated by 



15 

 

periodically changing the direction of the AC voltage is analyzed, and resistance (R), capacitance (C), 

and inductance (L) are measured. Impedance Z is defined as the ratio of voltage and current of a 

specific frequency in an AC circuit [16-18]. Thus, impedance Z can be expressed as a V/I of a specific 

frequency, and the real part of impedance can be divided into resistance, and the imaginary part can be 

divided into capacitance and inductance. Depending on the frequency, the relationship between these 

two is called a Nyquist plot, and in the case of a semicircular shape, an equivalent circuit can be 

represented by a parallel connection of resistance and capacitance, and electrochemical characteristics 

can be measured through each value [16-18].  

 

2.2.2 Charge and Discharge Evaluation 

 

Measuring the capacity of the battery is one of the performances of the battery, and in the case 

of lithium-ion battery, it is one of the important purposes because lithium-ions are moved and stored 

with charging and discharging. First, the range of voltage is required for charging and discharging of 

the battery. In the case of a lithium-ion battery, the voltage is mainly used from 4.2 to 4.5 V and from 

2.5 to 3 V during charging and discharging [19, 20]. It is known that overcharge is performed at a 

higher charging voltage and stability of the battery is degraded at a lower discharge voltage [19, 20]. 

In this case, the charging and discharging range was set from 3 to 4.2 V. Charging and discharging of 

a battery requires the entry and exit of current. However, the charging and discharging time varies 

depending on the magnitude of the current. This is expressed as a C-rate, and for example, the 

rechargeable current up to the maximum charging voltage set for 1 hour is represented as 1 C. 

Alternatively, if you do it for 10 hours, it is expressed as a reciprocal of 0.1 C-rate. The current 

corresponding to 1 C-rate may be expressed as a product of the capacity (mAh/g) of the electrode and 

the mass (g) of the electrode being measured. 
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2.3 Statistical analysis 

 

2.3.1 P-value 

 

The p-value, which is one of the statistical methods, is assumed to be a null hypothesis. The p-

value of 0.05 is usually used for the significance level, which means that there has a correlation with 

a probability of 5%. If the p-value is less than or equal to 0.05, It means that there has a correlation 

because the null hypothesis is wrong. In other words, the lower p-value, the greater correlation between 

each other [21, 22]. 

 

2.4 Reference of Chapter 2. 
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Chapter 3. Introduction of Zr ions through 

easy and fast synthesis to improve lithium-ion 

conduction for LiF solid-state electrolyte. 
 

Crystalline lithium fluoride (LiF) with crystalline has been sought as a potential solid 

electrolyte (SE) due to its good electrochemical and chemical stability. However, LiF is still 

challenging practical SE applications due to its low lithium-ion conductivity. We propose to study the 

LiZrF complex-based SE by liquid-mediated synthesis. Methanol was evaluated mainly as a liquid-

mediated precursor for the synthesis of LiZrF complexes under the stoichiometric ratio of LiF and 

ZrF4 (2:1 and 2:0.8). The synthesized LiZrF composite was mainly Li2ZrF6 (P21/c), Li2ZrF6 (P31m), 

and Li4ZrF8 (Pnma) octahedral structures, which are known to have good lithium-ion conduction. 

Furthermore, the effect of cation Zr4+ stack sub-lattice on lithium-ion conduction of LiZrF complexes 

was investigated using Electrochemical Impedance Spectroscopy (EIS). With Zr4+ displacement, 

Li2ZrF6 (P31m)-based SE showed the highest ionic conductivity, increased to 2.40×10-8 S/cm and 

3.89×10-8 S/cm, respectively, at the stoichiometric ratios of LiF and ZrF4 2:1 (LiZrF) and 2:0.8 (Li-

Rich LiZrF). In addition, the formation energy (Ea) of LiF shows a maximum of 0.78 eV, but the 

synthesized LiZrF achieves 0.21 eV formation energy (Ea) in the battery. 

 

3.1 Introduction 

 

For environmental interest and sustainable development, solid-state batteries (SSBs) are 

considered candidates for the next generation of battery technologies that play an essential role in 

adapting lithium metal anodes to high-capacity cathodes [1]. In general, SE can primarily address 

electrolyte leakage, combustibility, and limited energy density in liquid electrolytes [2], providing 

higher safety with similar operational durability and range [3,4]. Despite the above advantages, the 

instability of the metal anode and SE due to an interface problem between the electrode and the SE 

during manufacture still poses a challenge to practical use. Irregular electric field distribution due to 
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interfacial contact problems with electrodes may further promote dendritic deposition and result in a 

rapid short circuit of SSB [2]. To solve the interface, contact between the SE and the electrode, studies 

such as a solid polymer electrolyte (SPE), an inorganic ceramic electrolyte (ICE), and solid composite 

electrolytes (SCE) [5, 6] have been conducted. Among them, halide SE (fluoride, chloride, bromide, 

etc.) with electronegative anion compounds [7] can achieve a wide thermodynamic electrochemical 

stability window with electrode materials [6,8]. Crystalline LiF (Lithium Fluoride) among halide SE 

materials is emerging as a candidate for a wide electrochemical stability range (0-6.4 V vs Li/Li+), a 

high energy density of the battery, and good chemical stability with the electrode [9, 10]. However, the 

strong bond between Li and F ions provides high stability for LiF, which interferes with the diffusivity 

of lithium ions, resulting in a low lithium-ion conductivity of 10-8 S/cm at RT. Therefore, it would be 

desirable to design a lattice structure that causes rapid diffusion of lithium-ion by preventing the 

binding of Li-F without compromising high electrochemical stability [9, 11]. To solve this problem, 

the relationship between the ion conductivity of the electrolyte and their structural arrangement is 

expected to improve the ion conductivity of LiF with low activation energy (Ea) [6, 12] while 

controlling the empty space, gap, gap, and partial occupancy of the lattice [13]. Therefore, the structure 

of Li-M-F and M as metal-transition cations can be implied in high oxidation states (: Co, Ni; : Mn, V, 

Cr, Ni, : Cr) [14], and the known tuning-defect chemistry can also improve the chemical structure of 

heterogeneous cation substitution [13, 15]. Through the empty mechanism, the lithium-ion hopping 

process is sensitive to active lithium-ion and empty concentrations and can induce changes in ion 

conductivity. However, related studies have the problem of being synthesized in energy-intensive and 

time-consuming paths such as high-energy ball-milling and high-temperature annealing processes [5, 

9, 16-18]. To solve this problem, a method of synthesizing Li-M-F compounds in an energy-friendly 

and time-saving liquid-mediated synthesis path will be proposed. However, not many publications are 

yet able to study the synthesis of halide electrolytes for SE in aqueous solutions, such as aqueous 

solutions or ethanol media. In this research, LiZrF, which produced an empty cluster with tetravalent 

cations (Zr) through easy synthesis with methanol as a medium, energy-friendly conditions, short 

synthesis time, and post-treatment, was studied. Zirconium (Zr), a metal element of group 4, has the 

highest tetravalent atomic state and has three unique empty spaces proposed to introduce a laminated 

layer of stabilized metal halide structure to form LiZrF crystals. Different radial atoms are affected by 

the arrangement of crystal lattice based on electrostatic forces, with an atomic radius of Li+ (0.76 Å) 

of Zr4+ (0.72 Å), which is considered a good structural engineer for determining intrinsic lithium-ion 

conductivity due to empty size matching. The synthesized LiZrF has a LiF6 octahedron between a layer 
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of layered Li2ZrF6 polyhedron and a rigid skeleton as an isolated lager in the bc-plane consisting of a 

stabilized structure and an edge-sharing ZrF8 polyhedron. In the Electrochemical Impedance 

Spectroscopy (EIS) test, when the stoichiometric ratio of LiF and ZrF4 was synthesized differently 

(LiZrF and Li-Rich LiZrF) and LiF-based SE (1×10-8 S/cm), the conductivity of lithium was improved 

by 2.40×10-8 S/cm, and 3.89×10-8 S/cm. This significant relationship is consistent with the fact that 

crystal formation and preferred orientation have a direct effect on the polyhedron in which lithium ions 

can move in a crystalline conductor, allowing fast lithium-ion movement with low activation energy.  

 

3.2 Experimental  

 

3.2.1 Materials 

 

LiF (Lithium fluoride) with high purity ≥99.98% trace metal basis (≤100 μm), and ZrF4 

(Zirconium (IV) fluoride) with high purity 99.9% and NCM811 (LiNi0.8Co0.1Mn0.1O2) trace metal basis 

and carbon black were supplied from Sigma Aldrich. Methanol, guaranteed reagent grade > 99.8% 

(GC) was purchased from Kanto Chemical CO., INC. PVDF (average Mw to 534,000 by Powder) and 

NMP (1-Methyl-2-pyrrolidone) (MW: 99.13) were provided by Sigma Aldrich. All chemical reagents 

were used without further purification. 

 

3.2.2 Synthesis of LiZrF and Li rich-LiZrF by liquid-mediated. 

 

The starting materials, high purity LiF and ZrF4, were successfully synthesized with methanol 

as a solvent. The mixed suspension of LiF, ZrF4, and methanol was subjected to ultrasonic treatment 

in room temperature (RT) under air for 10 minutes. The reaction continued until the color of the entire 

solution was completely dissolved and transparent. Next, the homogenized transparent solution was 

first dried in air at 50 °C to obtain a dried powder. The obtained precursor powder was heated at 150 °C 

for 2 hours under vacuum.  Finally, to additionally heat-treat the sample at 200 °C for 1 hour, all 

impurities and humidity of the organic solvent were removed in the furnace. Fig 3.1 shows the process 

of preparing the LiZrF composite through a methanol solvent. To find out the lithium-ion rich state, 
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the sample named Li-Rich LiZrF was adjusted to 2:0.8 instead of LiZrF stoichiometric molar ratio of 

2:1, and Li-Rich LiZrF obtained the same method, above-mentioned.  

 

3.2.3 Structure characterizations. 

 

The synthesized LiZrF crystal structure was confirmed by XRD (X-ray Diffraction Analysis) 

using a Rigaku SmartLab (Rigaku) machine equipped with Cu Kα irradiation (λ = 1.54056Å) with a 

2θ angle range of 10-90°, a scan speed of 2°/min, and a scan step of 0.02°. The diffraction graph peak 

was confirmed using the JCPDS database. The composition of the LiZrF composite used the RIR 

(Reference Strength Ratio) method, a semi-quantitative phase analysis through the X-ray powder 

diffraction internal standard method, which was basically equivalent to the crystalline phase formation 

obtained from XRD analysis. The vacancy concentration and activation energy of ion migration used 

the Arrhenius equation and the Boltzmann-Einstein equation to explain the effects of other factors on 

the lithium-ion conductivity (luminance) of LiF, LiZrF, and Li-Rich LiZrF-based SE. Finally, element 

mapping and micro morphography of LiZrF composites were performed with FESEM (Field optical 

Scanning Electron Microscopy) in JSM 7610F machine (JEOL) equipped with EDX (Energy-

Dispersed X-ray Spectroscopy). 

 

3.2.4 Lithium-ion conduction performance evaluation. 

 

Lithium-ion conductivity of the LiZrF (P31m) composite-based SE was measured using an 

EIS (Electrochemical Impedance Spectrometer) under small amplitude AC (Alternating Current) 

potential waves having different frequencies. 200 mg of the dried sample was cold compressed with a 

PEEK (Polyether Ether Ketone) mold having an inner diameter of 10 mm. The pellet was again 

inserted between a cylindrical stainless steel having a diameter of 10 mm and two steel current 

collectors, and a pressure of 20 MPa was applied. EIS measurements were made using Biotech's 

electrochemical workstation and measured in a frequency range of 1 Hz to 7 MHz. In addition, EIS 

measurements were performed on ion-blocking symmetric batteries to calculate the temperature 

dependence of LiZrF (P31m) composite material-based SE at temperature and frequency ranges 308 

to 368 K and 1 MHz to 0.1 Hz.  
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Figure 3.1. Schematic diagram of synthesize LiZrF composite via methanol-mediated synthesis. 

 

3.3 Results and Discussion 

 

3.3.1 Structure Analysis of LiZrF 

 

Crystalline phase and component analysis of LiZrF products were analyzed by XRD. The 

considerations in the XRD database of the inorganic crystal structure database (ICSD) of the compound 

include a total of three phases. There are mainly three types of LiZrF products: Li2ZrF6 with a space 

group of P31m (PDF#72-1291) or P21/c (PDF#28-0611) and Li4ZrF8 with a space group of Pnma 

(PDF#50-1317) [19]. As illustrated in Fig 3.2 (a), LiZrF synthesized based on methanol mainly forms 

a crystal phase of Li2ZrF6 (P31m). In addition, referring to ICSD No. PDF#72-1291, the 

crystallographic model of Li2ZrF6 (P31m) was shown (Fig 3.2 (b)). 

 Figure 3.2 (b) shows that the synthesized Li2ZrF6 is connected to the common vertex by LiF6 

and ZrF4 octahedra with small anions and large cations [19]. And these unique vacancies and structures 

are expected to improve lithium-ion conductivity. In general, Li2ZrF6 (P31m) is preferred as a suitable 

crystal orientation for lithium-ion conductor [6, 13]. To determine the composition of LiZrF compared 

to LiF, the stoichiometric composition of the crystalline phase-based material was investigated from 

the XRD pattern, and the results using the RIR (reference intensity ratio) equation show in Table 3.1 

[20, 21]. From the results of Table 3.1, the synthesized LiZrF seems to be a successful synthesis 

because it has most of the intended Li2ZrF6 (P31m) structure as a lithium-ion conductor.  

In addition, to find out more structural differences between LiZrF and Li-Rich LiZrF, the XRD 
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results of the two samples were shown in Fig 3.3 and further refined by the Rietveld refinement method 

(Table 3.2 and Table 3.3), a simple method widely used to prove spatial groups, atomic coordinates, 

and cell size [22]. Since the site occupancy information may not be accurately obtained because of the 

low atomic scattering coefficients of Li and F atom, the occupancy rate of Li and F were not refined 

in this part. When comparing the site occupancy with the ratio of the initial reactant, the occupancy of 

the Zr site decreased by almost 20 % as the molar ratio of ZrF4 decreased (Li-Rich LiZrF). Since the 

tetravalent replaces 4 lithium-ions around the part in which the tervalent Zr atom is introduced, lithium-

ion accounts for 36.23 % of the octahedral vacancy. However, in the case of Li-Rich LiZrF, lithium-

ion accounted for 39.68 %, an increase of about 10 %. Therefore, the structural characteristics, the 

number of vacancies in the material, and the concentration of lithium-ions could be adjusted by the 

molar ratio of the reactants.  

 

 

Fig 3.2 (a) XRD pattern of LiZrF composite synthesized in methanol mediated. (b) 

Crystallographic structure model of Li2ZrF6 (P31m).  

 

 

Figure 3.3 (a) XRD pattern of LiZrF and Li-Richi LiZrF, (b) the corresponding Rietveld refinements 

of LiZrF compared with Li-Rich LiZrF, respectively. 
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Table 3.1 Mass percentage of product phase composition of LiZrF composites.  

Mediator Temperature 

Product Phase Composition (wt%) 

Li2ZrF6 

(𝑃31̅̅̅̅ 𝑚 ) 

Li2ZrF6 

(𝑃21/𝑐) 

Li4ZrF8 

(𝑃𝑛𝑚𝑎) 

CH3OH 50℃/150℃ 92.6 4.1 3.3 

 

Table 3.2 Refined parameters and crystallographic data of LiZF and Li-Rich LiZF 

Sample LiZrF Li-Rich LiZrF 

Radiation Cu kα 

2θ interval (°) 10-90 

Rwp (%) 15.510 15.847 

Space group P-31m 

a=b (Å) 4.97418 4.97383 

c (Å) 4.65695 4.65628 

α=β (°) 90 

γ (°) 120 

V (Å3) 99.787 99.759 

 

Table 3.3 Rietveld refinement results of LiZrF and Li-Rich LiZrF 

Sample Atom x y z Occ. Sym. 

LiZrF 

Li 0.33330 0.66670 0.50000 1.0000 m 

Zr 0.00000 0.00000 0.00000 0.8785 32 

F 0.34000 0.00000 0.26131 1.0000 -3m 

Li-Rich LiZrF 

Li 0.33330 0.66670 0.50000 1.0000 m 

Zr 0.00000 0.00000 0.00000 0.7550 32 

F 0.33797 0.00000 0.26089 1.0000 -3m 

 

3.3.2 Morphology Analysis of LiZrF 

 

FESEM analysis was performed as shown in Fig 3.4 to investigate the difference of LiF and 

Li2ZrF6 on the macro scale. The shape of LiF showed the formation of a cube of a face-centered cubic 

(FCC) lattice stabilized by a strong bond of Li+ and F- ions (Fig 3.4 (a) and (b)). This shows that LiF 
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has the widest range of electrochemical windows [11]. However, this, in other words, the strong bond 

between Li+ and F- contributes to the high stability of LiF but limits the flow of lithium-ion [11, 13, 

23]. On the contrary, the surface form of LiZrF, in which Zr ions are doped through synthesis through 

methanol as a medium, showed a rock-salt structure in which Zr4+ doping is disorderly, as illustrated 

in Fig 3.4 (e) and (f). Empty space groups in crystal lattice, and defect chemistry are morphological 

changes, and this rich empty space acts as an important parameter in lithium-ion transport. 

Figures 3.4 (c), (d) and (g), (h) show the shapes of the samples mixed with LiF and LiZrF, 

respectively, at different magnifications. LiZrF with atoms of different radii are arranged based on 

electrostatic forces, depending on the laminated structure of the metal halide in the ionic crystal. LiZrF 

showed relatively closer contact than LiF, and it is expected to provide a 3D conduction channel 

effective for lithium-ion diffusion because the pellet does not show a clear crack even at an ultra-high 

magnification. In addition, Figure 3.5 shows SEM and energy-dispersed X-ray (EDX) mapping 

images of LiF (Fig 3.5 (a) and (b)) and LiZrF (LiF: ZrF4 2:1 (Fig 3.5 (c-e)) and 2:0.8 (Fig 3.5 (f-h)) 

synthesized at different stoichiometric molar ratios. As the mapping of the Zr element increased at the 

high concentration of ZrF4, the mapping of the F element on the surface of the LiZrF rapidly changed. 

The increase in Zr element on the surface of LiZrF morphology can be seen that the synthesis of 

Li2ZrF6 was successfully carried out through methanol-mediated precursors in the state of mind.  

 

 

Figure 3.4 Surface morphology of (a,b) LiF particles, (c-d) Li2ZrF6 composite, composite cathode 

with (e-f) LiF, and (g-h) Li2ZrF6, respectively, at different magnifications. 
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Figure 3.5 Micromorphology and EDX mapping of (a) LiF and LiZrF composite  materials 

synthesized under different stoichiometric molar ratio of LiF: ZrF4 (c-e) 2:1 and (f-h), 2:0.8, 

respectively. 

 

3.3.3 Analysis of lithium-ion conductivity of LiZrF 

EIS measurement was carried out to evaluate the conductivity of lithium-ions in the samples. 

It operates by applying AC potential waves of small amplitudes of different frequencies to the 

electrochemical system and then measuring the ratio curve of AC potential to the current signal as a 

sine wave frequency [9]. The real part of the impedance is equal to zero for a perfect capacitor, and the 

Nyquist plot is a straight recombination with the imaginary axis [9]. The lithium-ion conductivity was 

calculated according to Equation (3.1): [9] 

σ =  
𝐿

(𝑅 𝑥 𝑆)
                                                        Eq. (3.1) 
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where σ is a lithium-ion conductivity (S/cm), R is the resistance determined from impedance spectra 

(Ω cm), L is sample thickness, and S is the contact area between two electrodes (cm2).  

The activation energy of ion migration in a material can be obtained by the Arrhenius equation 

in Equation (3.2): [9] 

𝜎 =
𝐴

𝑇
𝑒−𝐸𝑎/𝑘𝐵𝑇                                                               Eq. (3.2) 

where σ is ionic conductivity of material, A is the Arrhenius constant, 𝐸𝑎 is the activation 

energy of ion migration, kB is the Boltzmann constant, and T is the Kelvin temperature. The lithium-

ion conductivity of LiZrF was measured by EIS. Due to the properties of the solid structure, the effect 

of lithium-ion hopping in the lattice can be taken using Zr ion substitution by defeat chemistry. Due to 

the properties of the solid structure, the effect of lithium-ion hopping in the lattice can enhance lithium-

ion conductivity using Zr ion substitution by defeat chemistry. The resistance generated by the 

movement of the lithium-ion within the material consists mainly of three parts: bulk resistance, grain 

boundary resistance, and electrode/electrolyte interface resistance. This can be seen as a parallel 

connection between a resistor and a capacitor in an equivalent circuit. The resistance of each part varies 

depending on the properties of the material, but the order of capacities is almost similar. The theoretical 

values for bulk capacitance, grain boundary capacitance, and electrode/electrolyte interface 

capacitance can be specified as 10-12 F, 10-9 F, and 10-6 F. In general, the lithium-ion conductivity of 

an SSE can be defined as the reciprocal of the sum of the bulk resistance and the grain boundary 

resistance [24, 25]. LiZrF, synthesized as the optimal condition as a methanol-mediated precursor, 

showed 0.15 eV of Ea and 2.40×10-8 S/cm of lithium-ion conductivity at RT (Fig 3.6 (a) and (b)).  

In the crystal structure of LiZrF (P31m), Zr4+ ion substitution can introduce many empty 

spaces. On the other hand, the lattice structure in the halogenated metal electrolyte is affected by the 

radii of different metal cations. The substitution of metal ions by Zr4+ ions reduced Ea compared to Ea 

of LiF with activation energy of 0.73 eV [26], and the LiZrF composite showed a reduced Ea. It may 

be seen that the lithium-ion conductivity of LiZrF is significantly related to the preferred orientation 

and (131) plane/ (001) plane peak intensity ratio in the XRD pattern generated through the methanol-

mediated precursor. The LiZrF composite material is the introduction of a tetravalent element of Zr 

ions, which shows excellent defect density compared to divalent and trivalent metal elements. The 

formation energy and lithium-ion conductivity of Li-Rich LiZrF at room temperature was 0.21 eV, 

3.89×10-8 S/cm (Fig 3.6 (c) and (d)), almost double that of conventional LiZrF. And LiZrF was only 

2.40×10-8 S/cm considered as the Boltzmann-Einstein equation [28, 29]. As shown in the relational 
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expression of these equations, we can see that the addition of empty space per unit volume leads to an 

improvement in lithium-ion migration. 

 

 

Figure 3.6 (a) Nyquist plots at different temperatures and (b) Arrhenius conductivity plot of LiZrF, (c) 

Nyquist plots at different temperatures and (d) Arrhenius conductivity plot of Li-Rich LiZrF, 

respectively. 

 

3.4 Conclusion 

 

In this study, a new method path with methanol precursors for simple and fast synthesis of 

LiZrF solid-state electrolyte and synthesized to investigate the difference in lithium-ion conductivity 

depending on the difference in stoichiometric molar ratio of LiF and ZrF4. The lithium-ion conductivity 

of the synthesized LiZrF was increased to 2.40×10-8 S/cm, which is higher than 10-8 S/cm of LiF. It 

may be seen that ion transfer was reduced from 0.73 eV, which is Ea of LiF, to 0.15 eV. The 

replacement of Zr4+ caused LiZrF to have a lower Ea than LiF, and the structural framework of this 

metal halide LiZrF electrolyte was constructed as an anion stack sublattice, which showed excellent 
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electrochemical performance due to the volume and polarity of the cation species, leading to the 

improvement of lithium-ion conduction. Li-Rich LiZrF, which was synthesized by adjusting the ratio 

of the initial reactants, showed almost two times higher ion conductivity than LiZrF, but Ea slightly 

increased to 0.21 eV. The lithium-ion conductivity is increased due to the higher amount of Li ion 

regarding the amount of unit vacancy by Zr ion, but the Ea is increased due to the decrease in Zr ion 

doping. The experimental results showed the synthesis of LiZrF solid electrolyte with superionic halide 

simply and quickly using a methanol-mediated precursor. This study investigated the structural change 

of materials caused by defect and vacuum by introduced Zr and the flow of lithium-ion through the 

change. 
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Chapter 4. Flow of Lithium ion in Carbon 

materials by Multivariate analysis. 

 

Lithium-ion batteries have recently attracted attention as an energy source for transportation 

due to the demand for electric vehicles, but they need to improve their short mileage and slow charging 

speed compared to existing gasoline vehicles. To overcome this problem, it is required to understand 

the behavior of lithium-ion in carbon materials used as anode materials in batteries. Accordingly, in 

this study, a target variable was experimentally obtained to construct a dataset by extracting 

characteristic-related factors from a total of 21 carbon materials with various types from nano scale to 

micro-scale. As for variables sensitive to capacity, it was confirmed that the crystal sizes of the c-axis 

and the a-axis had a large influence. When analyzing the capacity with Hill equation, the intercalation 

of lithium ions determines the capacity through the edge of the base plane, and the intercalation of ions 

increases and decreases the interlayer distance of the graphene layer first and then returns to the 

original distance. Finally, an experimental prediction equation that can calculate capacity was proposed. 

Based on the results, a new structure as an anode material of a battery from the perspective of lithium-

ion flow was proposed. 

 

4.1 Introduction 

 

Recently, as the commercialization and distribution of electric vehicles increase, the interest 

in lithium-ion batteries (LIBs) used as energy storage devise in various applications is also increasing 

[1-3]. This demand can greatly reduce the problem of environmental pollution caused by harmful gas 

emissions, so “carbon neutrality” can be realized. However, slower charging speed and shorter driving 

distance compared to conventional gasoline vehicles are becoming important problems in expanding 

electric vehicles [4]. To solve the problems, some research on electrodes to improve capacity related 

to charging rate are being conducted [1-8].  

Carbon materials are mainly used as anode materials in lithium-ion batteries [6-8]. When the 
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energy of the battery is used, in other words, discharged, lithium-ions stored in the anode are released, 

and electrons move to the cathode through an external circuit. During charging, the opposite 

phenomenon occurs, and lithium-ions and electrons are stored in the anode. However, the fundamental 

question of how and where lithium-ions flow in carbon materials has been around since the beginning 

of development. This is because it is difficult to analyze the various types of carbon materials, various 

complicated and uncharacteristic structures, and both lithium and carbon are all light elements.  

Usually, the capacity of LIB is known to be related to the crystallinity of carbon materials, but 

the relationship is not linear [9]. The previous research often explained that the increase in the 

interlayer distance between graphene layers in the structure of a carbon material facilitates the 

intercalation of lithium-ions. However, in real materials, the relationship is more complex, influenced 

by other structural variables. For this reason, the development of carbon materials to improve LIB 

performance currently relies on empirical guideline. This is in other words, a development that has 

complex carbon materials and relies heavily on experience and know-how.  

Carbon elements usually exhibit two chemical bonding states. One example is a state in which carbon 

atoms are bonded in sp2 hybrid orbit such as graphite, and other is bonded in sp3 hybrid orbit such as 

diamond. And there is an amorphous structure in which sp2 and sp3 bonds are mixed. In this way, it is 

used as a single term “carbon material” as a single element according to the ratio of sp2/sp3 ratio but 

has various structures [10, 11].  

It is difficult to find a combination or system of structural variables (descriptors in vector 

analysis) that can be explained in terms of these various structures as common variables. these 

variables lack a proper description of the capacity. Therefore, in practical cases, the correlation 

between capacity should be established in the analysis, and the physical meaning should also be linked.  

The purpose of this chapter is to extract the descriptor, which is structural variable related to 

the capacity of LIB, and to interpret the behavior of lithium-ion. 

Structural analysis of various carbon materials showed all variables that explained both the 

common and objective variables. In detail, a total of 21 carbon materials with various types were 

analyzed and characterized by X-ray diffraction (XRD), Raman spectroscopy, Brunauer-Emmett-

Teller (BET) surface area analysis and scanning electron microscopy (SEM), and their numerical 

properties were extracted. Multivariate analysis was used to select descriptors that affect capacity. And 

the correlation between the behavior of lithium-ions and structural variables was discussed. 
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4.2 Experimental 

 

4.2.1 Materials 

 

Carbon nanotubes (CNT), carbon black (CB), including graphite (Gra) which is commonly used 

as an anode material of LIB, are largely classified into three types, and a total of 21 carbon samples 

are collected and presented in Table 4.1. Gra is assigned natural graphite, graphene nanoplatelet, 

expanded graphite, and graphite-based materials. The CNTs included single-walled carbon nanotubes 

(SWCNT) and multi-walled carbon nanotubes (MWCNT). Denka black, activated carbon, carbon 

black, mesoporous carbon, and needle coke powder were classified as CB.  

 

4.2.2 Characterization of materials properties 

 

The X-ray diffraction (XRD) of the carbon material sample was measured by Cu Kα radiation 

(diameter = 0.154 nm), 40 kV, and 200 mA, with measurement ranges of 5–40°, 20–100°, scan speed 

and scan steps of 10°/min and 0.01°, respectively, and an X-ray diffractometer (SmartLab, Rigaku Co., 

Japan) was used. Raman spectral microscopy (Raman, Leica DM 2500 M Ren (RL/TL), Renishaw Plc, 

England) obtained the surface structure formation of each carbon material in the wavelength range of 

532.5 nm, 1000-3000 cm-1. The field optical scanning electron microscope (FE-SEM, S-4800, Hitachi 

(Japan) observed the shape, size, and distribution at a 15 kV accelerated voltage with a probe current 

of 10 μA. The specific surface area was prepared using the Bru-nauer-Emmett-Teller (Belsorp-mini II; 

Belsorp, Japan) method and all samples were prepared by removing gas at 150 ℃ for 2 hours prior to 

BET measurement. 

 

4.2.3 Cell fabrication and electrochemical testing 

 

In the capacity battery test according to the C-rate, data were obtained with the battery 

charging/discharging unit 10V 5A System HJ Series (Hokuto Denko, Japan). A capacity test was 
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performed by assembling an NCM cathode containing a liquid electrolyte immersion polypropylene 

membrane and various carbon materials as an anode. The cathode was manufactured by mixing 

NCM532 powder: CB conductive material: PVDF binder, with a ratio of 90%, 5%, and 5%, 

respectively. The mixed solution was coated on the surface of the aluminum foil. As an anode material, 

the carbon material powder was mixed with a conductive material and a PVDF binder as ratio of 8:1:1 

and coated on a copper foil. All electrodes were dried in a vacuum oven at 80 °C for 12 hours, and 

then 2032-coin cells were assembled inside an Argon-filled glove box with water and oxygen content 

at a dew point of -40 °C or less. The capacity measurements were performed at 25 ℃ with a potential 

range of 3 - 4.2 V at a 0.1 C current density. For each LIB coin cell, the experiment was repeated three 

times and the average data was used to obtain the capacity. 

 

Table 4.1 Nomenclature and sample information of commercial carbon materials. 

Sample # Carbon type Supplier Product name 

Gra1 Natural graphite Meijo nanocarbon SRP-7 

Gra2 Natural graphite Meijo nanocarbon CP-2 

Gra3 Graphene nanoplatelet Sigma Aldrich 900409-250g 

Gra4 Graphite Alfa Aesar T23E020 

Gra5 Graphene nanoplatelet Sigma Aldrich 900411-250g 

Gra6 Natural graphite Nanografi NG08BE305 

Gra7 Expanded graphite Nanografi NG04EO0723 

CNT1 MWCNT Meijo nanocarbon Flotube 9000 

CNT2 SWCNT Meijo nanocarbon eDIPs EC2.0 

CNT3 SWCNT Meijo nanocarbon eDIPs EC2.0P 

CNT4 SWCNT Meijo nanocarbon eDIPs EC1.5 

CNT5 MWCNT Meijo nanocarbon NC7000 

CNT6 MWCNT Cnano FT9100 

CNT7 MWCNT JEIO Jenotube 6A 

CB1 Denka black Meijo nanocarbon Li-100 
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CB2 Activated carbon Meijo nanocarbon AP11-0010 

CB3 Carbon black MTI EQ-Lib-SuperP 

CB4 Carbon black MTI EQ-Lib-SuperC45 

CB5 Mesoporous carbon Sigma Aldrich 699624-5g 

CB6 Charcoal activated powder Kanto chemical 01085-02 

CB7 Needle cokes powder SEC carbon SCN-5 

 

4.3 Results and Discussion 

 

4.3.1 Data Extraction on Multiscale  

 

Data such as XRD, Raman, SEM, BET, resistivity (electrical conductivity), and cycle tests for 

capacity through coin cells at 0.1 C-rate are attached to Fig A 4.1 (a) to (g). All acquired XRD raw 

data were smoothed with an FFT filter method without background. Reflective wave separation was 

performed using a vogit function, where 002 reflection was separated using reflection by graphite (2θ 

= 26.2–26.8°) and reflection by amorphous carbon and CNT (2θ = 22–26°). The deconvolution data 

was defined as less developed crystalline carbon (LDCC) and more developed crystalline carbon 

(MDCC) regions [22, 23]. For SWCNTs, the facing surfaces between the bundles can contribute to the 

peak of the 22–26° position, which may refer to 002 reflection [24]. In general, Li+ is known to be 

stored in the space between different surfaces of graphite (0.335 nm), a distance corresponding to the 

(002) interplanar distance [25]. In the case of MWCNT, it can refer to graphene laminated in a 

multilayer structure on the SWCNT surface. The distance between multilayer structures was confirmed 

to be approximately 0.36 nm, as mentioned in [26], which is relatively close to the distance of graphite. 

From reflections according to eq (4.1) (Bragg equation) and eq (4.2) (Scherrer equation) [22, 23], the 

crystalline size along the c-axis, Lc was evaluated. The crystal size along the a-axis, called La, was 

evaluated as a 100 or 10I reflection that appeared between 30-50° according to eq (2). The widened 

10I peak appeared as a single peak because the separation of various structures in the carbon material 

was unclear. This may mean that each layer of carbon atoms in the structure is incompletely well 

laminated. Results obtained confirm that amorphous carbon is mainly composed of turbostratic 

structures [22, 23].  
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2dsinθ=nλ                                                                  eq (4.1) 

L=Kλ/βcosθ                                                                 eq (4.2) 

In eq (4.1), n is a positive integer, λ is a wavelength, K is a constant of 0.89 and 1.84 for Lc 

and La, respectively, λ is the wavelength of the X-ray target source (1.5406 Å, Cuα1) used, β is FWHM 

in radians, and Lc is calculated based on 002 peak, La is calculated on 10I peak [22, 23].  

For Raman analysis, three representative bands of carbon materials, D, G, and 2D, were 

extracted and used. Raman raw data also smoothed and fitted using the vogit function to obtain peak 

position, intensity, and full width at half maximum (FWHM). The D band of carbon was attributed to 

the breathing mode of the six-membered ring near the edge of the planar structure, such as graphene, 

at about 1350 cm-1 [27-32]. The edges refer not only to the edges of the graphene structure, but also to 

the edges of the defects in the plane. The D band also reflects the graphene sheet size and the defects 

associated with these edges [27-32]. The G band of carbon has been shown to be about 1580 cm-1, 

which is due to the vibration of carbon-carbon bonds connected by sp2 bonds in the six-membered ring 

structure, which typically appears in all carbon materials [27-32]. The Raman 2D band, an overtone of 

the D band, was identified at 2660 to 2720 cm-1, the breathing mode of the six-membered ring of 

carbon [27-32]. For symmetrical six-circle rings, the vibration is further increased due to increased 

external constraints, so the strength of the 2D band increases as the six-circle rings spread. On the other 

hand, as the number of graphene layers increases, charge screening occurs, resulting in a decrease in 

strength, while FWHM increases [27-32]. 

For micro scale analysis, the particle size was confirmed by SEM. A minimum of 20 lengths 

were measured for each sample. The aspect ratio was measured as a ratio of width (short) to height 

(long). After assigning aspect ratio percentiles at 10%, 50%, and 90% to D10, D50, and D90, D90/D10 

was obtained as shown in Fig A 4.1 (d). 

The specific surface area was calculated by the BET method in the linear range of P/P0 = 

0.05–0.35 on the isotherm curve as the following eq (4.3) [33, 34].  

(P/P0)/(V×(1–P/P0)) = 1/(Vm×C)+(C−1)/C×(P/P0)/Vm                              eq. (4.3) 

where V refers to the amount of gas adsorbed, P is the pressure, are both measured, P0 is the 

vapor pressure of the adsorbate, Vm is the monolayer coverage, and Cs are fitting parameters [33, 34]. 

From plotting the adsorption data based on the linear BET equation (Fig A 4.1 (e)), Vm and C could 
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be determined by simultaneously solving the expression for the slope of the line [33, 34]. 

 

4.3.2 Descriptor Vector for Multivariate Analysis 

As a result of the analysis, descriptors were got and construct to a dataset, which is shown in 

Table 4.2. To find descriptors what primarily affect battery characteristics, the priorities of all extracted 

factors must be defined. However, it was difficult to proceed because several descriptors interacted 

with each other. For example, descriptors associated with crystallinity have been shown to be inversely 

proportional to those associated with defects. On the other hand, for three-dimensional materials, 

lateral growth is reported to affect vertical growth [12, 13].  

 

Table 4.2 Analysis results of the samples. 
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4.3.3 Select Descriptor and verified by statistical method. 

A total of 12 correlations were analyzed for capacity, and Fig 4.1 show the relationship with the 

descriptor candidate group, each with a high correlation coefficient (adj-R2). It may be seen that Lc 

and La showed high correlation within capacity (Fig 4.1 (a) and (b)). 

The selected descriptor has been validated by the statistical method, p-value (Table 4.3) [14, 15]. 

The p-value is usually assumed to be an unrelated null hypothesis. For the current significance level, 

p-value 0.05 is commonly used, which means that it is associated with a 5% probability [14, 15]. If the 

p-value is less than or equal to 0.05, the null hypothesis may be incorrect, indicating that it is correlated 

[14, 15]. This means that the lower the p-value, the greater the correlation between each other [14, 15]. 

In this study, when identifying capacities, and analyzed descriptors, the capacities were found to have 

the lowest p-value of Lc among technicians at 0.1 C-rate discussed earlier. 
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Fig 4.1 Selected descriptors, (a) Lc and (b) La, having good correlations with capacity. 
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Table 4.3 P-value table of all parameters 

P-value A B C D E F G H I J K 
L 

 
M N O P 

A <0.0001 0.3807  0.1782  0.0004  0.0003  <0.0001 0.0029  0.0941  0.0971  0.1799  0.0555  0.0165  0.9602  0.7013  0.5783  0.2566  

B 0.3807  <0.0001 0.3222  0.1650  0.7565  0.3723  0.4791  0.1257  0.1049  0.0147  0.1166  0.3929  0.5858  0.5462  0.4540  0.1599  

C 0.1782  0.3222  <0.0001 0.0331  0.3250  0.5313  0.6047  0.0947  0.1673  0.1328  0.4535  0.0019  0.4520  0.6600  0.8273  0.3576  

D 0.0004  0.1650  0.0331  <0.0001 0.3151  0.0603  0.1197  0.4884  0.7709  0.1216  0.0395  0.1826  0.9455  0.8174  0.9178  0.4133  

E 0.0003  0.7565  0.3250  0.3151  <0.0001 0.0002  0.0151  0.5147  0.2286  0.4668  0.0699  <0.0001 0.0788  0.3876  0.6144  0.0455  

F <0.0001 0.3723  0.5313  0.0603  0.0002  <0.0001 <0.0001 0.0110  0.0039  0.0605  0.1844  0.1461  0.1857  0.8602  0.7004  0.0333  

G 0.0029  0.4791  0.6047  0.1197  0.0151  <0.0001 <0.0001 0.0926  0.0455  0.1249  0.0840  0.3186  0.1843  0.8675  0.5017  0.0456  

H 0.0941  0.1257  0.0947  0.4884  0.5147  0.0110  0.0926  <0.0001 <0.0001 <0.0001 0.2691  0.0645  0.3875  0.1735  0.1182  0.7833  

I 0.0971  0.1049  0.1673  0.7709  0.2286  0.0039  0.0455  <0.0001 <0.0001 <0.0001 0.1813  0.1706  0.8925  0.6945  0.6480  0.6985  

J 0.1799  0.0147  0.1328  0.1216  0.4668  0.0605  0.1249  <0.0001 <0.0001 <0.0001 0.0098  0.1505  0.8807  0.6243  0.8382  0.5040  

K 0.0555  0.1166  0.4535  0.0395  0.0699  0.1844  0.0840  0.2691  0.1813  0.0098  <0.0001 0.1970  0.6537  0.7296  0.9506  0.1269  

L 0.0165  0.3929  0.0019  0.1826  <0.0001 0.1461  0.3186  0.0645  0.1706  0.1505  0.1970  <0.0001 0.2018  0.4236  0.4892  0.3474  

M 0.9602  0.5858  0.4520  0.9455  0.0788  0.1857  0.1843  0.3875  0.8925  0.8807  0.6537  0.2018  <0.0001 <0.0001 0.0054  0.0098  

N 0.7013  0.5462  0.6600  0.8174  0.3876  0.8602  0.8674  0.1735  0.6945  0.6243  0.7296  0.4236  <0.0001 <0.0001 <0.0001 0.3736  

O 0.5783  0.4540  0.8273  0.9178  0.6144  0.7004  0.5017  0.1182  0.6480  0.8382  0.9506  0.4892  0.0054  <0.0001 <0.0001 0.7539  

P 0.2566  0.1599  0.3576  0.4133  0.0455  0.0333  0.0456  0.7833  0.6985  0.5040  0.1269  0.3474  0.0098  0.3736  0.7539  <0.0001 
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A: Discharge capacity at 0.1C-rate (mAh/g) 

B: Electrical resistivity (ohm·cm) 

C: Electrical conductivity (S/cm) 

D: Specific Surface Area (m2/g) 

E: d002 (nm) 

F: Lc (nm) 

G: La (nm) 

H: ID/IG 

I: FWHMG (cm-1) 

J: FWHM2D (cm-1) 

K: I2D/IG 

L: Aspect ratio 

M: D10 (μm) 

N: D50 (μm) 

O: D90 (μm) 

P: D90/D10 
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4.3.4 Results of applying Hill equation  

The candidate groups showing high correlation showed similar values and trends in capacity. As 

mentioned above, since it is affected by the interaction of factors, it needs a method of distinguishing 

effective factors and has statistical and physical meaning. In Fig 4.2 (a) and (b), as Lc and La increase, 

the capacity increases and then shows a similar tendency to saturate. This is like the appearance of the 

Hill equation (eq (4.4)) used in pharmacology, which shows the binding of ligands to macromolecules. 

The Hill equation is a quantitative receptor model between reactants (A) and receptors (B) first 

presented in 1910 [16, 17]. 

Y=V×Xn/(Kn+Xn)                                                            eq (4.4) 

V is defined as the maximum adsorption of receptor B, K is the dissociation constant, X is the 

concentration of free (non-bonding) ligands, and n is the Hill coefficient [16, 17]. The ratio between 

the adsorption rate coefficient and the desorption rate coefficient may be expressed as a dissociation 

constant K when equilibrium is reached at a certain temperature [16, 17]. In the case of n>1, adsorption 

of adsorbent B is further promoted even when adsorbent B is adsorbed. Conversely, when the adsorbent 

B is adsorbed at n<1, the adsorption of the additional adsorbent B decreases [16, 17]. When explain 

lithium-ion intercalation in structure of carbon material applied by this model, the variables from eq 

(4) were considered based on the same physical meaning related to LIB. The number of lithium-ions 

intercalated is V, the percentage of regions in which lithium-ions are not intercalated is X, and the 

reaction order is n. However, here, it was used as the plane area (assumed as a rectangle) of the 

crystallite parallel to the a-axis and c-axis, not the surface area fraction. The graph that applied this as 

the correlation between Lc2 and La2 to the capacity of LIB is shown in Fig 4.2 (a) and (b), and Table 

4.4 shows the results of each suitable variables.  

Looking at the results of the capacity applied with Hill equation, the crystallinity of c-axis 

determines the capacity determines the capacity. Lc, which is perpendicular to the basic plane, has a 

small intercalation of lithium-ion, but La, which is parallel to the basic plane, has a strong correlation. 

This is very close to the theoretical capacity of carbon materials in the LIB [8, 18]. In this study, it is 

assumed that the intercalation of lithium-ion from the basic plane is small enough from the edge of the 

basic plane compared to the intercalation, as shown in (100) plane. In other words, we can see that 

intercalation of lithium-ion occurs only on edge facets. The physical means obtained from Hill 

equation are described in Fig 4.3. 
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In the case of Lc2, the amount of lithium-ion intercalation was higher than that of La2, but the 

difference was not relatively large. Originally, the amount lithium-ion intercalation, whether Lc2 or 

La2, should be the same. For K values, Lc2 was about 1.5 times larger than La2, indicating that the 

effective factor for capacity is Lc2 and that lithium-ion intercalation is a rate limiting step in terms of 

the dynamics of intercalation in the edge facet by Lc. The movement of lithium-ion between graphene 

layers is faster than that of the edge facet. For La2, n is greater than 1, indicating that the intercalated 

lithium-ion first between layers influenced the movement of the intercalated lithium-ion next. This is 

more like Rudorff theory among the phenomena presented as a storage method of lithium-ion [19, 20]. 

Lc2 shows that n is less than 1, but the first intercalated lithium-ion inhibits the next intercalation. 

However, if the constant n is metastable, we can see that the surface spacing at the edge decreases 

again if the lithium-ion penetrates far enough from the edge or interface. For more information, it is 

necessary to measure the intercalation of lithium-ion near the carbon edge, but it is an important 

phenomenon related to the active energy required for intercalation in the carbon material.  

 

 

Fig 4.2 Correlations of (a) Lc and (b) La to the capacity applied Hill’s equation. 
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Table 4.4 Comparison of variables in Hill’s equation for the capacity of LIB calculated by using Lc
2 

and La
2 

Variables  Lc
2 La

2 

V 385 314 

K 61.4 45.8 

n 0.53 1.50 

 

 

Fig 4.3 Intercalation and diffusion of lithium-ion according to stacking and planar direction areas by 

Hill’s equation analysis.  

 

4.3.5 Predict equation of capacity. 

The most significant impact on capacity was Lc. We propose a prediction equation for capacity 

in guaranteed range together with two ideal assumptions. First, it was a single-layer graphene. It has 

Lc with a interlayer distance of 0.335 nm [21, 22], FWHM2D of 20 cm-1 [23-26], specific capacity of 

1 mAh/g. Second, the other was ideal graphite. It was assumed to has a large Lc with a interlayer 

distance of 1000 nm [27, 28], FWHM2D of 20 cm-1, specific capacity of 372 mAh/g (theoretical value) 

[8, 18]. The prediction model of capacity using Lc is presented in Fig 4.4 (a) and the equation is 

presented in Eq (4.5) with the guaranteed range. 
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Specific capacity = 374 × (Lc2)0.55 / (53.90.55 + (Lc 2)0.55)           Eq. (4.5) 

To verify that the suggested equation is valid, data were extracted from 15 reference samples 

from previous studies and compared [9, 29-33]. The correlation between Lc and capacity of the 

suggested function was 0.72 for adj-R2, and 0.69 for the addition of reference samples, which slightly 

decreased, but it can be confirmed that it is valid by showing similar values (Fig 4.4 (b)). 

 

 

Fig 4.4 (a) Correlations of Lc to the specific capacity within the guaranteed values (b) the validation 

of the prediction results by using data of reference samples obtained from other previous works. 

 

4.3.6 Candidate structure of carbon materials 

 

Summarizing the contents so far, the phenomenon of lithium-ion paths in carbon materials is 

presented (Fig 4.5 (a)). Lithium-ion conduction is mainly related to insertion at the edge of graphene. 

lithium-ion intercalation from the edge to the surface was expected to have the greatest active energy. 

Therefore, two possible improvements could be proposed from a structural perspective to secure the 

lithium-ion transfer path. One is to expose more surfaces consisting of graphene edges on the surface 

of carbon material particles. Finally, it was to provide a junction between edges inside the particle. Fig 

4.5 (b) shows the relationship with Lc, La, and capacity to understand and propose the structure of 

suitable carbon based on lithium-ion and electron transport pathways. Lc/La = 1/3, Lc/La = 1, and 
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Lc/La = 2. For Lc/La = 1/3, the structure represents a thermodynamically stable part in the form of a 

macro scale. As the ratio increases to 2, the structure becomes more unstable, and from a historical 

experimental data and empirical point of view, the structure becomes unstable, making it difficult to 

use it practically. According to the above discussion, crystals with Lc around 40 nm and La around 30 

nm should meet two possible improvements. Moreover, by creating crystals of not too large size, we 

can partially free ourselves from the spell of shape domination by free energy. 

 

 

Fig 4.5 (a) Effective descriptors and their phenomenon on capacity and electrical conductivity; (b) 

capacity and structural factors changes as function of Lc and La. (*[1] , **[2, 3]) 

 

4.4 Conclusion 

 

This research analyzed a total of 21 carbon materials, including graphite, graphene, SWCNT, 

MWCNT, and carbon black, from nano to microscale and extracted 15 structural factors from each 

sample. The correlation coefficients of all descriptions were investigated to find variables that greatly 

affect capacity, and two variables with high correlation coefficients, Lc and La, were selected. And the 

selected descriptors could also be seen as a reasonable result by statistical method. In addition, Lc and 

La have a similar relationship with capacity, and the Hill equation was applied to examine the flux 

effect of lithium ions depending on the area of crystal direction of the carbon material. The Hill 
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equation shows that lithium-ions are preferentially intercalated from the edge of the basal plane, 

allowing the total amount of lithium ions to be determined. We also show that the intercalation of 

lithium ions extends the interlayer distance of the edge face once, and that the interlayer distance of 

the edge face returns to its original interval after the lithium-ion moves inwards enough from the edge. 

Also, using the selected descriptor, Lc, an equation that can predict the capacity of lithium-ion battery 

with the guaranteed range is presented. Based on the results from the perspective of lithium-ion flow, 

we would like to propose a new carbon material structure as a battery anode. It may be seen that the 

next generation carbon material for LIB must have Lc/La of 1 or more to smoothly intercalate lithium-

ions, and crystals having Lc of 40 nm and La of 30 nm are the structures that the next generation 

battery should have. 
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4.6 Appendix of Chapter 4 

Figure A 4.1 Fitting results of each analysis method 

(a) XRD 5-40 
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(b) XRD 30-50 
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(c)  Raman 
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(d) SEM 
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(e) BET 
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(f) Electrical conductivity 
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(g) Discharge capacity at 0.1 C 
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Figure A 4.2 Correlation graphs between each descriptor (total 105) 

(a) To d002 
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(f) To FWHM2D 
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(g) To I2D/IG 
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(h) To aspect ratio 
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Chapter 5. Summary 
 

This research investigated the solid electrolyte, which has stability but lacks lithium-ion 

conductivity, and the anode material, which is responsible for the capacity related to mileage, from 

among the components of the electric vehicle battery, to the behavior of lithium-ion. 

First, the lithium-ion conductivity was improved by introducing Zr ions to stable LiF used as 

a solid-state electrolyte in an easy and fast way. LiF has a weak conduction channel because it forms 

an FCC with a strong single bond of Li ions and F ions. However, when Zr ions, which are tetravalent 

cations, are introduced, they change to P31m, which becomes a laminated structure. Additionally, a 

vacancy site was created. These act as a two-dimensional diffusion channel on the nano scale, leading 

to an increase in the conductivity of lithium-ions. Changes in particles at the microscale are also 

expected to affect diffusion additionally. These effects are presumed to improve ion conduction 

because of a decrease in activation energy.  

Next, the capacity and behavior of lithium-ion of carbon materials, which are frequently used 

as anode materials for batteries, were examined. In addition to graphite, a total of 21 carbon materials 

of various types, including SWCNT, were investigated in various ways through multivariate analysis. 

Among them, capacity was confirmed to be greatly affected by the crystallinity of c-axis and a-axis, 

and this was analyzed through Hill equation. According to the analysis, lithium-ion approaches in the 

same direction as (100) and (110) and the gap between graphene layers widens. The intercalation of 

lithium ions is then performed, and then the lithium-ion moves through the two-dimensional diffusion 

channel between the graphene layers in the basic plane direction. Therefore, the more sites to be 

intercalated, the more capacity is determined. Where intercalation is completed, the gap between the 

opened graphene layers is restored to the original interval. Finally, an equation for predicting the 

capacity using Lc, the most effective factor for explaining the capacity, was presented, and verified by 

previous studies. Based on phenomenon, a candidate structure with high Lc and relatively small La 

was suggested to increase capacity rather than a carbon material with existing structural stability. 

The structural stability of the solid electrolyte and the carbon electrode is unfavorable to the 

diffusion of lithium-ion from the above results. However, if you take the two-dimensional diffusion 
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channel while taking structural stability, the "diffusion gate" becomes the most energy-intensive 

channel. This will be the most important diffusion path directly entering the diffusion of lithium-ion 

on the surface of the solid electrolyte and carbon electrode. 
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