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Abstract 

 

Lithium-ion batteries can nowadays be found almost everywhere as a power source for our mobile 

phones, laptops, watches, GPS devices, and even our cars. The negative electrode for lithium-ion 

batteries is often made from carbon material. Graphite as the negative electrode for lithium-ion 

batteries is considered to be a very good high-powered material, possessing several positive 

properties like low operating potential, stability of the electrode/electrolyte interphase and the 

relatively high specific capacity. 

 

The literature section of the thesis covers the fundamentals of lithium-ion batteries such as its 

structure and working principle along with the electrochemical process. An introduction to graphite 

as negative electrode in a lithium-ion battery is also presented as well as other negative electrode 

materials. Different structural and electrochemical characterization methods are introduced in this 

section. These characterization methods are used during the experimental procedure. 

 

The experimental part was carried out to investigate natural graphite powder as the negative electrode 

material in a lithium-ion battery. To compare the results, a commercially available synthetic graphite 

powder was also used during the experimental procedure. The methods section describes the 

structural characterization methods such as, scanning electron microscopy (SEM) combined with 

energy dispersive spectroscopy (EDS), Raman spectroscopy, X-ray diffraction (XRD) and Fourier 

transform infrared spectroscopy (FTIR). The electrochemical characterization was carried out by rate 

capability measurements, cyclic voltammetry (CV) and electrochemical impedance spectroscopy 

(EIS). Synthetic graphite showed better rate capability results than natural graphite, with an increase 

in capacity by 102 % after cycling. The increase was most probably due to cracks forming in the 

structure leading to better lithium diffusion. However, the crack formation may lower the stability of 

the electrode which may decrease the capacity retention more than natural graphite at long-term 

cycling. CV results showed four reversible peaks for both materials meaning that all reactions were 

reversible, which indicates good electrochemical stability of the electrode/electrolyte interphase. EIS 

results showed a decrease in impedance of the second semicircle for synthetic graphite which 

indicates better lithium diffusion. These results support the conclusions made from rate capability 

measurements. Further research should be done to investigate coating of natural graphite, that way 

it may experience better stability and therefore have better cyclability.  
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Sammandrag 

 

Nu förtiden finns litiumjonbatterier nästan överallt som batterikälla till exempel i våra 

mobiltelefoner, bärbardatorer, klockor, GPS enheter och även i våra bilar. Den negativa elektroden 

för litiumjonbatterier är oftast gjord av kol material. Grafit som den negativa elektroden anses vara 

ett högdrivet material, som har många positiva egenskaper så som låga driftsspänningar, bra stabilitet 

mellan elektrod/elektrolyt interfas och hög specifik kapacitet.  

 

Litteratur delen av detta diplomarbete innehåller det fundamentala om litiumjonbatterier så som dess 

struktur och bearbetnings principer och också den elektrokemiska processen. Grafit som den negativa 

elektroden är introducerad i denna del samt andra negativa elektrodmaterial. Olika struktur och 

elektrokemiska karakteriseringsmetoder är presenterade och är använda i metod delen av slutarbetet. 

 

Experimentdelen utfördes för att undersöka naturlig grafit som den negativa elektroden i 

litiumjonbatterier. För att jämföra resultaten användes också en kommersiell tillgänglig syntetisk 

grafit. Metod delen beskriver de strukturella karakteriseringsmetoderna, så som scanning electron 

microscopy (SEM) kombinerad med energy dispersive spectroscopy (EDS), Raman spectroscopy, 

X-ray diffraction (XRD) och Fourier transform infrared spectroscopy (FTIR). De elektrokemiska 

karakteriseringsmetoderna utfördes av rate capability, cyclic voltammetry (CV) och electrochemical 

impedance spectroscopy (EIS). Syntetisk grafit visade bättre rate capability resultat än naturlig grafit 

med en ökning i kapacitet av 102 % efter cykling. Det här berodde mest på formationen av sprickor 

i strukturen vilket ledde till bättre spridning av litiumjonerna. Stabiliteten av syntetisk grafit kan dock 

vara sämre på grund av sprickorna i strukturen vid långsiktig cykling, vilket leder till att 

kapacitetsbehållningen kan minska mera än naturlig grafit. Resultaten av CV visade fyra reversibla 

toppar för båda materialen vilket betyder att alla reaktioner är reversibla och att de har god 

elektrokemisk stabilitet mellan elektrod/elektrolyt interfas. EIS resultaten visade en minskning av 

impedans i den andra halvcirkeln för syntetisk grafit vilket betyder bättre spridning av litiumjoner, 

detta stämmer överens med slutsatserna tagna baserat på rate capability resultaten. Ytterligare 

forskning av beläggning av naturlig grafit borde utföras för att få bättre stabilitet vilket skulle leda 

till bättre cyklingsförmåga.  
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1. INTRODUCTION 

1.1  History 

In the 1980s the information technology (IT) was expanding rapidly and the 

development of portable devices such as mobile phones and video cameras were 

increasing. During this time the commercially available rechargeable batteries were 

lead-acid, nickel-cadmium and nickel-metal hydride, which all had limiting factors of 

increasing the energy density and reducing the size of the batteries. Therefore, the 

need for an improved rechargeable battery boosted the investigation of lithium-ion 

batteries. [1] Nowadays lithium-ion batteries can be found everywhere. They are the 

power source for our mobile phones, laptops, watches, tablets, GPS devices, and they 

have recently even expanded into our homes and cars. [2] Lithium-ion batteries have 

much better properties than the previously mentioned batteries with higher energy 

density, higher voltage, better cycle life and low self-discharge rate. These 

improvements have led to several advantages including: better performance of 

portable devices, less CO2 emissions and an increase in energy storage systems for 

renewable energy sources. [3] 

 

1.2  Background 

The negative electrode for lithium-ion batteries is often made from carbon material. 

Carbon is a widely used material and is available in different microstructures such as 

graphite, carbon fiber, glassy carbon, nanotube, diamond and amorphous powder. 

[4] Graphite as a negative electrode for lithium-ion batteries is considered to be a 

very good high-powered material. Possessing several positive properties like flat and 

low operating potential, stability of the electrode/electrolyte interphase and the 

relatively high specific capacity, graphite turned to a highly used negative electrode 

material for lithium-ion batteries. [5]
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The structure of the thesis is divided into 4 main chapters: literature review, methods, 

results and conclusions. The literature part will cover the basics about lithium-ion 

batteries, the electrochemistry of the battery, graphite and other materials as the 

negative electrode and some characterization methods for both structural and 

electrochemical analysis. Methods will go through step by step the experimental part 

of this thesis work. Hence the results section will discuss about the given results in 

the same order of the experimental part. The last will be a conclusion of the overall 

thesis work.   

 

1.3  Aim 

This work is a collaboration between Aalto University and Beowulf Mining plc. 

Beowulf Mining plc is a company focused in the Nordics with assets in Finland and 

Sweden, which are mining a mix of commodities such as metals and minerals. The 

aim of this work is to investigate the electromechanical properties along with 

structural characterization of Beowulf’s’ natural graphite as the active material for 

negative electrode in lithium-ion batteries. The same characterization methods used 

in this work will also be carried out for a synthetic graphite with good electrochemical 

properties as a reference to the natural graphite for comparison. 

 

The objectives of the work are: 

 

• Investigation of structural characterization of natural graphite and synthetic 

graphite 

 

• Electrochemical performance of natural graphite and synthetic graphite 

electrode as the negative electrode in lithium-ion batteries 
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2. LITERATURE REVIEW 

This part of the thesis will cover the function of lithium-ion batteries. In addition, the 

structure and working principle of lithium-ion batteries will be introduced along with 

the electrochemistry properties of the battery. An introduction to graphite as an 

active material for a negative electrode will be presented and also other types of 

negative electrode materials will be introduced in this section. At the end of this 

literature review different kind of structural and electrochemical characterization 

methods will be presented. 

 

2.1  Lithium-ion battery 

 

2.1.1 Structure and working principle of Lithium-ion batteries  

 

The working principle of lithium-ion batteries is by converting electrical energy into 

electrochemical energy. Ions move from the positive electrode to the negative 

electrode in a non-spontaneous direction resulting in charging of the battery. The 

opposite way, when electrons move from the negative electrode to the positive 

electrode in a spontaneous direction, while liberating electrical energy, the battery 

discharges. An illustration of the working principle of the battery can be found in 

Figure 1. The negative and positive electrode should not be confused with the terms 

anode and cathode. An anode is the electrode in which oxidation occur, thus releases 

electrons. The opposite way, the cathode is the electrode in which reduction occur, 

thus acquires electrons. [6] 

 

The lithium-ion battery consists of a negative electrode, a positive electrode, a 

separator between the two electrodes and an electrolyte. In a lithium-ion battery the 

positive and negative electrodes are intercalation materials, which means that 
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lithium-ions can move in and out from the electrodes without damaging them during 

short cycles. Any structural changes of the electrodes damage the battery and affect 

the battery performance. The role of the electrolyte is to be a medium for lithium-

ions so they can move between the two electrodes. The purpose of the separator is 

to provide a separation of ions from electron transport and to separate the two 

electrodes from each other to prevent short circuit. [6] 

 

Figure 1: Illustration of the working principle of lithium-ion battery [6]. 

 

Charging of lithium-ion batteries occurs when lithium-ions are extracted from the 

positive electrode and move through the electrolyte, passed the separator and 

transferred into the negative electrode. Meanwhile, electrons move from the 

positive electrode to the negative electrode through an outside electronic circuit. The 

oxidation reaction below takes place at the positive electrode during charging. Here 

lithium metal ions donate lithium-ions and electrons, hence it oxidizes itself.  

 

 LiMO2 ⇌ Li1−xMO2 + xLi+ + xe− (Eq. 1.) 
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The charging process is reversable, thus discharging happens. When the battery 

discharges the lithium-ions move from the negative electrode to the positive 

electrode through the electrolyte and separator, and at the same time electrons 

move from the negative electrode to the positive electrode by the outside electronic 

circuit. The oxidation reaction for discharging at the negative electrode is shown 

below. Typically, one lithium reacts with 6 carbons and when it discharges it oxidizes 

itself and donates lithium-ions and electrons.  

 

 Li𝑥𝐶6 ⇌ 6𝐶 + xLi+ + xe− (Eq. 2.) 

 

Since the reduction and oxidation reactions happen simultaneously the overall 

charge-discharge, redox reaction is written below. [6] 

 

 6𝐶 + LiMO2 ⇌ Li𝑥𝐶6 + Li1−xMO2 (Eq. 2) 

 

 

2.1.2 Negative & positive electrodes 

 

Both electrodes are lithium insertion materials, and up to 70% and 95% of the 

electrodes is electrochemically active materials; the rest is polymer binder and likely 

conductive additives. Because of ionic and electronic transport, the electrode active 

materials need to be ionically and electronically conducting. [7] 

 

A reversible reaction with lithium is needed for the active material with minimal 

structural changes during intercalation/deintercalation. To achieve high power 

densities, the intercalation/deintercalation needs to be executed rapidly. For the 

negative electrode, the active material should have low potential, close to Li+/Li so 
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that the battery gets maximum voltage range, thus high energy density, and for the 

positive electrode it should have high potential to obtain the maximum voltage. In 

general, the active material should have good compatibility with the electrolyte, good 

ionic and electronic conductivity, and it should be non-toxic and chemically and 

thermally stable. [7] 

 

The electrodes consist of a substrate, also called current collector which is coated 

with the active material. For the positive electrode, the substrate is usually a thin 

aluminium foil and for the negative electrode the substrate is a copper foil. [2, 7] The 

positive electrode material has a lithium metal oxide (LiMO2) structure with high-

performance. It consists of an oxide layer of transition metals (M) e.g. Lithium Cobalt 

Oxide, LiCoO2 [8]. For the negative electrode the active material is often some type 

of carbon material like graphite, but other negative materials have also been 

investigated such as, graphene, carbon fiber, titanium oxides, alloys and 

nanocomposites. [9] [10] [11]. Graphite as negative electrode will be discussed more 

in detail in chapter 2.3 and other negative electrode materials will be discussed in 

chapter 2.4. 

 

2.1.3 Electrolyte 

 

The purpose of the electrolyte in lithium-ion batteries is to be a media for lithium-ion 

transportation between the electrodes. It is a conductive component which enables 

electric current flow in the battery. The electrolyte should enable ionic transport but 

simultaneously reject electronic movement, thus it should be ionically conductive 

and electronically insulating. [12] It can exist in many different forms such as liquid, 

liquid imbedded into a porous mixture, ionomeric polymer or solid. [13] In order to 

have effective ion transfer properties, the electrolyte needs to have good interfacial 

contact between the electrodes combined with good chemical stability. An 

electrolyte in lithium-ion batteries contain lithium salts which enables the lithium-ion 

movement inside the battery during charge and discharge. A typical ion conductor 
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used in lithium-ion battery electrolyte is lithium hexafluorophosphate LiPF6 due to 

its good conductivity and acceptable safety properties. However, other electrolytes 

have also been used such as, lithium tetrafluoroborate LiPF4 and lithium perclorate 

LiClO4. An electrolyte also contains organic solvents such as alkyl carbonates, 

however, they are not good enough to be used alone so it is usually mixture of 

different carbonates. Examples of carbonates used in lithium-ion batteries are 

ethylene carbonate (EC), dimethyl carbonate (DMC) and ethyl-methyl carbonate 

(EMC). [12, 14].  

 

However, the organic solvents are not stable at low operating potentials of the 

graphite electrode which results in a solid-electrolyte interphase (SEI) layer 

formation. The formation starts during the first charge of the battery, where the 

electrolyte is reduced on the anode surface and the decomposition products form 

the layer. The layer itself prevents any further reduction of the electrolyte during the 

following cycles. However, side reactions can damage the SEI layer and that will have 

several impacts on the performance of the battery like, rapid heating, electrolyte 

decomposition, pressure rise within the cell, decrease of energy efficiency and 

increase resistivity. As such, the SEI layer is very important for battery performance 

since it determines the safety of the battery, the shelf life, power capability and its 

cycle life. [12, 15, 16] 

 

2.2  Electrochemical process of Lithium-ion battery 

 

2.2.1 Electromotive force 

 

The standard electromotive force can be described as the difference between the 

standard electrode potentials when no current is flowing. EMF is the driving force for 

current to flow to level out the potential differences within the cell. The output 



  

 

8 
 

voltage will differ from EMF when current is flowing due to internal resistance of the 

cell. [17] The electromotive force can be written as following: 

 

 𝐸0
𝑐𝑒𝑙𝑙 =  𝐸0

𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 − 𝐸0
𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 (Eq. 4) 

 

where 𝐸0
𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 and 𝐸0

𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 are the standard electrode potentials of the positive 

and the negative materials, respectively, where the reactions taking place. This 

equals to the open circuit voltage (OCV) of the cell where no current flows through 

it. It is dependent on the state of charge so when the state of charge increases so 

does the OCV. [6, 18] 

 

The standard electromotive force is related to the standard free energy of a cell ∆G0, 

and is expressed as: 

 

 ∆𝐺0 = −𝑛𝐹𝐸0 (Eq. 5)  

 

Where 𝑛 stands for the number of moles of electrons exchanged in the reaction, and 

𝐹 is the Faraday constant (96485 𝐶/𝑚𝑜𝑙). [6, 19]  

 

2.2.2 Internal resistance 

 

The previous subchapter describes a LIB operating in conditions close to the standard 

conditions, however, in reality lithium-ion batteries operate in conditions that are 

different from the standard conditions, so internal resistance (𝑟) must be considered. 

The output voltage (𝑉𝑐ℎ) during charge with a given current (I), increases from the 

open-circuit voltage (𝐸𝑐𝑒𝑙𝑙) by an overvoltage (𝜂 = 𝐼𝑐ℎ𝑟). And during discharge the 
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output voltage (𝑉𝑑𝑖𝑠) decreases by polarization (𝜂 = 𝐼𝑑𝑖𝑠𝑟). When the current goes 

through a resistance a voltage drop occurs which affects the battery performance. 

 

 𝑉𝑐ℎ = 𝐸𝑐𝑒𝑙𝑙 + 𝐼𝑐ℎ𝑟 (Eq. 6) 

 

 𝑉𝑑𝑖𝑠 = 𝐸𝑐𝑒𝑙𝑙 − 𝐼𝑑𝑖𝑠𝑟 (Eq. 7) 

 

To reduce the voltage drop and polarization, it is important for the battery to have 

low internal resistance. In addition, high internal resistance causes the LIB to heat up 

during cycling, which results in early shutdown. Size, temperature, properties of 

electrodes, current and usage duration are all factors that changes the internal 

resistance. [6] [16] 

 

 

2.2.3 Battery Characteristics  

 

Cell capacity measures the charge stored in the battery. In other words, it is the 

maximum amount of energy which can be extracted from the battery. It is usually 

expressed as ampere-hours per kilogram (Ah/Kg) in relation to mass, or it can be 

expressed as ampere-hours per litre (Ah/L) in relation to volume. As every electrode 

has different theoretical capacities, the theoretical capacity of a cell is dependent on 

which type of active material is being used. The theoretical capacity, 𝑄𝑡ℎ of the 

electrodes can be expressed as: [18, 20] 

 

 
𝑄𝑡ℎ =

𝑛𝐹

𝑀
 

(Eq. 8) 

 

Where 𝑛 stands for the number of moles of electrons exchanged in the reaction, 𝐹 is 

the Faraday constant (96485 𝐶/𝑚𝑜𝑙) and 𝑀 is the molecular weight of the active 



  

 

10 
 

material used in the electrode. However, the theoretical capacity differs from the 

practical capacity of a battery especially at higher currents. At higher currents the 

rate of ion diffusion between the electrolyte and the electrode becomes limited 

which results in loss of capacity. Another capacity loss mechanism is the internal 

resistance mentioned above. Therefore, the practical capacity needs to be calculated 

according to the testing results. [6, 20]  

 

How quickly a battery can release energy can be described by the cell power (𝑃). 

Current (𝐼) and operation voltage (𝑉𝑐𝑒𝑙𝑙) are factors that determines the cell power: 

 

 𝑃 = 𝑉𝑐𝑒𝑙𝑙𝐼 (Eq. 9) 

 

Coulombic efficiency (CE), also called current efficiency, defines the charge efficiency 

of the electrons transferred in the battery. It is basically the ratio between the 

capacity a LIB provides to the external circuit during charging and the capacity stored 

during discharge. It is defined as: [21] 

 

 
𝜂𝑐 =

𝑄𝑑𝑖𝑠

𝑄𝑐ℎ
𝑥 100% 

(Eq. 10) 

 

CE is a very important factor for lithium-ion batteries, although, the efficiency is 

usually not 100% since the irreversible loss of capacity can occur from several factors 

including, chemical reactions between the electrolyte and the electrode or from 

electrode decomposition. These side reactions will decrease the reversible capacity 

of the cell. [6] 
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Cell energy, 휀 is another characteristic of batteries that tells the available energy 

stored in a fully charged cell. It is expressed as watt-hour (Wh) and is dependent on 

the discharge current, 𝐼𝑑𝑖𝑠. It can be achieved by calculating the time it takes for the 

battery to fully discharge. [20] 

 

 
휀 = ∫ 𝐼𝑉(𝑡)𝑑𝑡

𝛥𝑡

0

 
(Eq. 11) 

 

Here 𝑉 is the cell voltage as a function of time, 𝑡. Mass or volume can also be 

considered when talking about energy stored in a cell, then the terms are specific 

energy (Wh/g) and energy density (Wh/L). The mass and volume of the active 

materials are used when specific energy and energy density are calculated. However, 

one needs to remember that nonreactive parts and the electrolyte of the cell increase 

the weight and volume of the battery, thus it decreases the specific energy and 

energy density. [20, 14] 

 

2.2.4 Cycle life 

 

Repeated amounts of charge and discharge of a battery refers to the term cycles. One 

full cycle is therefore a complete charge and discharge. The rate at which a battery 

can charge or discharge over a period of time is called C-rate. It is related to 1 hour 

of discharge, so 1C means that the rate at which a battery is fully charged, or 

discharge is 1 hour. Hence, a C-rate at 2C is the rate a battery is charged or discharged 

at 30 minutes, (60min/2C = 30min). [20, 22] 

 

Cycle life can be expressed as how many cycles a battery can undergo before its 

capacity falls below 80% of its initial capacity. Factors that determines the cycle life 



  

 

12 
 

is charge-discharge cycles, the chemistry of the battery, the operating temperature 

and the manufacturer. [16]  

 

The state of charge (SOC), states how much charge there is left within the battery at 

a specific point of time. The units for SOC is percentage and 100% SOC mean that the 

battery is fully charged. Alternatively, depth of discharge (DOD) can also be used. It 

presents how much of the battery is being used, it is essentially the inverse of SOC, 

hence, 100% DOD means that the battery is empty. In general, SOC is used when 

evaluating the current state of the battery and DOD is used when evaluating the 

lifetime of the battery after repeated use. [19] State of health (SOH) can also be used 

when investigating how long the battery will take to reach its end of life (EOL), 

meaning it compares the life at the begging of a battery to the current state, and from 

there, predicts its EOL. [20] 

 

2.3  Graphite as negative electrode material 

 

The most common negative electrode material for lithium-ion batteries is graphite. 

Natural graphite is easy to process, it is abundant and inexpensive. There are three 

different groups in which natural graphite can be divided into: vein, flakes and 

amorphous graphite. Natural flake graphite can undergo a spheroidization process 

which turns the flakes into small spheres in order to reduce the surface area and 

increase the density and volumetric capacity. Graphite has been very popular 

recently due to its broad and flat discharge curve which has increased battery’s 

lifetime significantly. The reversibility during intercalation and deintercalation is 

within the requirements and it has an operation potential that is close to 0 V vs. Li+|Li, 

which is desired. The formation of the SEI layer also falls within the requirements as 

it forms during the first charge/discharge cycle and is very stable. However, natural 
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graphite is not widely used because of its high reactivity to electrolyte, therefore 

modified natural graphite is more common. [1, 20] 

 

Graphite is made of graphene layers which consists of sp2 carbon atoms that are 

bonded together in a hexagonal lattice layer. For the hexagonal lattice structure, the 

graphene layers are stacked in a sequence of ABAB, forming graphite as illustrated in 

Figure 2. The graphene layers can also be stacked in an ABCABC sequence resulting 

in a rhombohedral lattice structure, (Figure 2-b). A perfect crystalline graphite has 

the space group 𝑃63/𝑚𝑚𝑐 and lattice parameters of 𝑎 = 2.461 Å and  

𝑐 = 6.708 Å. Graphite is the most stable state of all carbon atom formations. [23, 24] 

Figure 2. (a) Hexagonal lattice with stacking ABABAB. (b) Rhombohedral lattice with stacking ABCABC. [23] 

 

The graphite structure is 2 dimensional due to the covalent bonds growing infinitely 

in two directions of the space. The planes are bonded by a strong covalent structure, 

however, when the graphene layers are stacked on each other along a third axis the 

structure is of very weak Van der Waals bonding. [23, 25]  

 

2.3.1 Intercalation  

 

Graphite is an intercalation material which means that various species can be 

intercalated between the graphene layers, resulting in an expansion of the interlayer 

spacings. However, the intercalation does not change the chemical structure of the 

graphite. It is because of the weak Van der Waals bonding between the graphene 

(a) 

(b) 
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layers that makes graphite a very good intercalation material for lithium since the 

lithium ions easily can enter the structure. [7, 26] In graphite, lithium intercalates 

periodically between the layers in a series of discrete ordered compositions (also 

called staging). [1, 27] The number of intercalate layers between the graphite layers 

is called stage number, 𝑛, and as the stage number increases the larger the separation 

between the intercalate layer occurs. [28]  The ordinary hexagonal structure with 

graphene layer stacking of ABAB becomes AAAA during intercalation. The same goes 

for rhombohedral structure were the stacking of which ABC becomes AAA. The 

potential range for lithium-ion intercalation into graphite structure is between 0 and 

0.25V vs. Li|Li+ and the theoretical charge capacity is 372 mAh g⁄  for graphite with 

high structural order. [29] 

 

2.3.2 Synthetic graphite 

 

Graphite can either be natural or synthetic. Synthetic graphite is formed from 

graphitizable carbon, i.e. soft carbon. The process involves pyrolysis, where the 

process will change the physical phase and chemical composition of the material, 

passing through a liquid phase so called mesophase. Calcined petroleum coke is often 

used as the raw material and coal tar pitch as the matrix binder. Coal tar pitch is a 

black liquid that is left after distillation of coal tar. The graphitization is achieved 

during a heat treatment which removes most of the defects and also increases the 

average diameter of crystallites and the distance between the graphitic planes comes 

closer to 0.34 nm like in a perfect crystal. The final product is graphitized petroleum 

coke and coal tar pitch, which has a morphology resembling flake graphite and is used 

in large electrodes due to it being highly conductive. The purity of the synthetic 

graphite is dependent on the purity of the raw material. [30] 

 

There are also other types of synthetic graphite like, pyrolytic graphite which is 

formed by carbon deposit on a heated graphite substrate by cracking of gaseous 
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hydrocarbide diluted in argon. When heating this so called pyrographite near its 

decomposition temperature the anisotropy of the material is increased, resulting in 

highly oriented pyrographite, HOPG with properties very close to that of a single 

crystal. Another type of synthetic graphite called grafoil is achieved by compression 

of exfoliated graphite. [23, 30] 

 

2.3.3 Aging 

 

During charging and discharging, side reactions may occur. These side reactions can 

either be fully reversible and do not damage the cell or they can be partially reversible 

and cause permanent damage and degradation of the cell. The latter are the ones 

that cause aging and slowly decay the capacity of the battery. The reactions that 

cause aging of the cell occurs at both the anode and the cathode. The major factor 

for aging at the anode is the reaction at the electrode-electrolyte interface forming 

the SEI layer mentioned in chapter 2.1.3. The layer is beneficial for the cell’s 

operation, however, having another electrolyte reduction side reaction would 

increase the SEI layer thickness and thus slowly decay the cell capacity. The SEI layer 

would gradually penetrate the pores of the electrode and the separator and thus 

decrease the accessibility of the active surface area of the electrode. The growth of 

SEI layer and changes in SEI morphology and composition will increase the electrode 

impedance which also affect the aging of the battery. 

 

Structural changes of anode material have an impact on the battery life. It can cause 

mechanical stress on defects and on C-C bonds, which will result in cracking of the 

anode. A higher impedance can also be a result of contact loss within the composite 

electrode leading to capacity loss. A reason for the contact loss is the volume change 

of active anode material. The contact loss can occur in several places for example, 

between the carbon particles, between carbon and the current collector, between 

the binder and current collector and so on. Another effect of volume change is that 
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it affects the porosity of the electrode which is an important property since it lets the 

electrolyte to penetrate the electrode completely, otherwise the cell pressure would 

increase, thus it affects the cells performance. Graphite particle cracking or graphite 

exfoliation should never be neglected since it leads to rapid degradation of the 

electrode. Factors that affects the particle cracking or the exfoliation are gas 

evolution inside graphite, electrolyte reduction inside graphite and solvent 

cointercalation. [16, 19] 

 

In general aging of the negative electrode is mainly attributed by the SEI formation 

and growth, causing high impedance at the anode, and thus contact loss within the 

anode composite. However, graphite exfoliation and cracking also has a major aging 

effect on the battery. [16] To prevent aging of the battery, the electrodes can be 

coated with enhancement materials. One technique that has been reported in 

literature is by coating graphite particles with carbon through thermal vapour 

deposition, TVD. This resulted in significant decreases of irreversible capacity [31]. 

Other coatings have also been reported such as black TiO2-x and Al2O3 which has 

improved faster charging capability. [32, 33] 

 

2.4  Other negative electrode materials 

 

2.4.1 Carbons 

 

Carbon occur in many different forms such as amorphous carbon including soft and 

hard carbon, graphene, and many more. Amorphous carbon or nongraphitic carbon 

consists of a hexagonal lattice structure that experiences some disorder within the 

structure. Graphitic carbon can be divided into two groups: soft (graphitizable) and 

hard (non-graphitizable) carbon. These two groups are dependent on the 

graphitizability of the carbon and the structure of the them can be seen in Figure 3. 
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The difference in the two structures plays a big role in the rearrangement of 

crystallites during carbonization process of carbon. In Figure 3, the graphene layers 

in soft carbon are stacked parallel to each other resulting in graphitization. However, 

in hard carbon the graphene layers exhibit cross-linking between the crystallites due 

to the carbonization process and it is even difficult to rearrange the crystals at high 

temperatures (above 2500 ℃) because of the disordered structure and the small 

crystallites resulting in non-graphitization. 

 

With variating heat treatments, the crystallite size (La and Lc) for soft carbon can be 

changed. Usually at higher temperatures the crystallite size increases, despite for 

hard carbon where its crystallite size increases only slightly compared to soft carbon. 

Investigation of the difference in crystallite size can be seen by Raman spectroscopy. 

A perfect crystalline graphite shows a Raman G-peak  at 1582 cm-1. However, if the 

carbon has some amorphous phase or small crystallites La, it shows a D-peak at  

1355 cm-1. The width of D-peak decreases as the crystallite size increases. And the 

intensity of D-peak 1355 cm-1 increases if the crystallite size decreases or the disorder 

within carbon is high. [34] 

 

Figure 3: A)Hard carbon structure  and B) soft carbon structure. [34] 

 

Heat treatment of soft carbon results in graphitic carbon. It is processed in 

temperatures below 900 ℃ and has low crystallinity and a structure of great disorder. 

The lithium ion storage capacity of soft carbon is greater than that of crystalline 

A) 
B) 
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graphite, and it also exhibits hysteresis after the heat treatment where the potential 

of lithium deintercalation is higher than of intercalation. The reason for the better 

properties is due to the amount of hydrogen within the carbon. When lithium ions 

react with hydrogen, carbon atoms are changed from sp2 orbital to sp3 orbital. This 

reaction needs a great amount of activation energy during intercalation and 

deintercalation of lithium-ions. The result of this is a hysteretic behaviour in the 

charge and discharge curves where the cycle characteristics shows a gradual decrease 

in capacity due to the hydrogen reaction during repeated charge and discharge of 

carbon material. The small crystallites formed during the low temperature heat 

treatment makes less space between the graphene layers, which makes the lithium 

intercalation more difficult. Soft carbon has low capacity compared to graphite, 

although, it has a high surface area and stable crystal structure. [34] 

 

Hard carbon, on the other hand, has an amorphous structure with micropores and 

do not have stacked graphene layers. If hard carbon is processed at 

800 ℃ it behaves similar to soft carbon with similar charge and discharge curves and 

large amount of hydrogen. However, if it is processed at higher temperature  

(1000 ℃) it has a higher reversible capacity (600 mAh/g) and most of the hydrogen 

is removed, resulting in no hysteretic behaviour. Lithium absorbed on the surface of 

the carbon layer can be one explanation to the high reversible capacity, or it can be 

explained by the lithium clusters within the micropores. If the processing 

temperature exceeds 1000 ℃ the reversible capacity will be reduced due to 

reduction of micropores which effects the lithium adsorption. If higher processing 

temperatures are used it enables the electrolyte to penetrate the carbon which 

restricts lithium intercalation and thus lowers the reversible capacity. During 

intercalation and deintercalation, hard carbon does not exhibit any volume 

expansion as graphite and soft carbon do because of the large micropores. Hard 

carbon is suitable for devises requiring high rate capability due to fast lithium 

migration through surface pores. [34] 
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Graphene is another type of carbon material that have been investigated as negative 

electrode for lithium-ion batteries. It is an atom thick sheet consisting of sp2 bonded 

carbon atoms in a hexagonal structure. Graphene has a few promising properties 

such as: low sheet resistance, outstanding mechanical properties and high optical 

transparency. It also has an excellent electron transfer behaviour and the unique two-

dimensional surface which can absorb lithium ions on both sides of the graphene 

sheet. Thus, graphite results in a theoretical capacity of 744 mAh/g. Even though it 

seems to be a promising anode material, it experiences some difficulties such as 

volume expansion, low rate capability, low conductivity and capacity loss, leading to 

undesirable performance. [35] 

 

2.4.2 Titanium oxides 

 

Besides carbon materials for negative electrode in batteries, titanium oxide is 

another intercalation material which has been studied lately [36, 37]. It possesses 

good lithium insertion properties like, good reversibility, good kinetics and good 

thermal stability. It has a low-cost mass production as well as not harmful for the 

environment. The lithium intercalation into titanium oxide happen through the redox 

couple Ti4+/Ti3+ and has a potential between 1.3 and 1.9V vs. Li/Li+. Two positive 

outcomes by having titanium oxide as anode material is that, 1) safety risks linked to 

metallic lithium deposits can be avoided and 2) cheaper current collector material 

can be used e.g. aluminium instead of copper. [7] 

 

A specific titanium oxide material is Li4Ti5O12 (LTO) which is free from constraints 

due to no volume change during Li intercalation and deintercalation, thus, this 

material is good and stable. However, compared to the theoretical capacity of 

graphite (372 mAh g⁄ ) the capacity of Li4Ti5O12 is low (175 mAh g⁄ ). The main 

reason this material causes problems is because it creates gas during cycling 

combined with capacity loss at higher temperatures. [7] 
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Another titanium oxide material is titanium dioxide (TiO2). There are several types of 

TiO2 depending on the way the TiO6 octahedra is combined by edges and/or corners.  

The three most common structures of TiO2 is rutile, anatase and bronze (B). TiO2 is an 

interesting alternative to LTO since its theoretical capacity (336 mAh g⁄ ) is almost 

double that of LTO (175 mAh g⁄ ). However, the experimental capacities are limited 

by numerous factors, especially for rutile. Anatase and TiO2(B) have both rapid 

insertion-extraction kinetics as well as higher capacities than rutile and have 

therefore the most potential for anodes. Despite that, the experimental capacity for 

anatase does not come up to the theoretical due to limited electronic conductivity 

and low diffusion coefficient of lithium-ions. TiO2(B) has been studied more recently. 

It has the same theoretical capacity as anatase, though, it has a much lower average 

potential than anatase which results in a higher energy density for the battery. 

However, the exact intercalation mechanism is still under investigation. [7] 

 

2.4.3 Alloys and composite materials 

 

Other anode materials that have been investigated are alloys. Alloys can have 

theoretical capacities much greater than of graphite. Alloys are formed when a metal 

e.g. Sn, Si, or Al have a reaction with lithium electrochemically. The theoretical 

capacity of SiO2 is 783 mAh g⁄  and of Si is 3578 mAh g⁄ , which is almost 10 times 

greater than the theoretical capacity of graphite. However, these materials are not 

that promising after all. Many of them suffer from great volume changes during 

lithiation/delithiation. For example, transforming Sn to Li4.4Sn results in a four-fold 

increase in the lattice volume and thus results in contact loss between the particles 

and the current collector along with some serious irreversible capacity loss. 

Reduction of the great volume change has been investigated by reducing the particle 

size from micro to nano scale by making composites. The nanostructured composite 

could simultaneously reduce the capacity loss and improve the battery life. [7] 
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The most common alloying material for batteries is silicon due to it being inexpensive 

and friendly to the environment. As already mentioned, Si is an interesting material 

due to its high theoretical capacity, but it also promises high voltage in lithium-ion 

batteries since the discharge potential of 0.4V vs. Li is very close to that of graphite. 

Although its great electrochemical properties, the cycle life of the battery 

experiences limitations due to its great volume changes (300%) and instability of the 

SEI layer. [7] 

 

2.5  Structural Characterization methods 

2.5.1 SEM 

 

Scanning electron microscopy (SEM) is a technique to examine the microscopic 

structure and surface morphology of materials. By using a focused electron beam 

which is scanning over the surface area of the specimen, the result is recorded as a 

high-resolution SEM image with three-dimensional appearance. [38] 

 

The SEM instrumentation can be seen in Figure 4. The main part is the electron source 

or the electron gun. The electron gun extracts electrons and forms an electron beam. 

The gun can either be thermionic or field emission and has an accelerating voltage 

range for generating the electron beam between 1-40 kV. After the electron gun has 

generated the electron beam, it goes through a series of electromagnetic lenses and 

apertures. There are two types of electromagnetic lenses: condenser lenses and one 

objective lens. Electron probe formation is the lenses main purpose. When the 

electron beam passes the condenser lenses, its crossover diameter is reduced and 

when it goes through the objective lens, it focuses the beam onto the specimen. The 

scanning of the probe is operated by a beam-deflection system that is located inside 

the objective lens. It moves the probe in a line over the surface of the specimen and 
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then displaces it back to the next line for scanning so that a rectangular raster is 

generated on the specimen surface. 

 Figure 4: Illustration of SEM. [39] 

 

When the electron beam hits the surface of the specimen it generates signals that 

are collected by a detector. These signals contain information about the morphology 

of the specimen and can be used to reconstruct an image of the surface of the 

specimen. The deflection system is made up of scan coils where they bend the beam 

off the optical axis of the microscope and then bend it back onto the axis at the pivot 

point. The apertures are located below the objective lens and is there to limit the 

divergence of the beam in its optical path. Depending on the microscope a SEM can 

magnify the image between 20x to 100 000x. The resolution of the image is 

dependent on the size of the electron probe scanning the specimen surface.  

 

As mentioned, when the electron beam interacts with the surface of the specimen, it 

generates signals that can be converted into images. These signals occur when 

electrons from the electron beam are scattered elastically and inelastically by atoms 

within the specimen and thus changing its direction under the specimen surface. The 
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two most common signal sources for SEM is secondary electrons (SE) and back 

scattered electrons (BSE). They are both collected by a detector, but they emerge 

from different depths within the specimen. In Figure 5 the different electron 

interaction zones can be seen. It has a pear shape and its size increases when the 

accelerating voltage of the probe increases. SE are inelastic scattering and they are 

produced from the surface of the specimen with a depth of 5-50 nm and are used for 

surface topographic images. BSE are elastic scattering and are produce further down 

in the sample at a depth between 50-300 nm and they are instead used for 

compositional images. [38] 

 

Figure 5: Interaction zone of electron in a SEM. [38] 

 

SEM can be combined with various techniques for further analysing. One common 

technique is X-ray energy dispersive spectrometer (EDS). This technique provides the 

chemical elements of the specimen. [38] Characteristic X-rays are emitted when a 

high energy electron beam ionizes the atoms within a material. An EDS collects the 

energy dispersion of these characteristic X-rays and converts them into signals. An 

EDS system usually consist of a high energy radiation source, a specimen, a solid state 

detector and a signal processor. When the characteristic X-rays enter the solid state 

detector they are converted into signals. The signal processor then processes the 
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signals to an X-ray energy histogram which contain peaks of each element in the 

specimen. Weight concentration of each element can be conducted by converting 

the counts in every peak into elemental weight. This can then be compared to 

standard calculations. [40] 

 

2.5.2  Raman 

 

Raman spectroscopy is a technique used for material characterization and phase 

identification and is based on the Raman scattering phenomenon of electromagnetic 

radiation by molecules.  It uses a vibrational approach to interpret the structure of 

molecules by investigating the interaction between the nuclear vibrations and 

electromagnetic radiation in molecules. Irradiating materials with electromagnetic 

radiation will result in light being scattered by the molecules both elastically and 

inelastically. If the scattered light has the same frequency as the radiation, the 

scattering light is elastic, also called Rayleigh scattering. However, if the scattering 

light does not have the same frequency as the radiation, the scattered light is 

inelastic, also called Raman scattering. [38, 41] 

 

Elastic and inelastic scattering can also be explained as energy transfer between 

photons and molecules, this can be seen in Figure 6. When photons of the 

electromagnetic radiation irradiate molecules, it will excite the molecule vibration to 

a higher level. If the excited vibration returns to its original level, there has not been 

any net energy transfer from the photon to the molecular vibration, thus it will have 

the same frequency as the radiation and is therefore elastic scattering. However, in 

case the excited vibration does not return to its original level, then there has been a 

net energy transfer and the scattered photon can either have higher or lower energy 

than the incident photon. The energy change can also be explained by the frequency 

change of the proton. If the frequency decreases, the energy level of the molecular 

vibration becomes higher than the original energy, this is called Stokes scattering. 
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When the frequency increases, the energy level of the molecular vibration becomes 

lower than the original energy, this is called Anti-Stokes scattering. Raman spectrum 

usually analyses the Stokes scattering since the intensity of the Anti-Stokes is way 

lower. [38, 42] 

 
Figure 6: Elastic and inelastic scattering in Raman spectroscopy. [38] 

 

Raman shift in a spectrum is the difference between the radiation and scattering 

frequency and is in the same range as the infrared absorption spectrum. The result 

of Raman spectroscopy is a spectrum where the intensity of the Raman shift is plotted 

over a range of wave numbers. A specific band of Raman shift corresponds to a 

specific molecular vibrational frequency and from that the lattice structure of the 

specimen can be obtained. [42] 

 

Phase identification for polymorphic solids is also possible with Raman spectroscopy. 

The identification is achieved by analysing the characteristic vibration bands which is 

associated with a specific phase within a solid. [42, 43] Figure 7 shows a typical Raman 

spectrum of graphite. For a well-defined graphite structure, the Raman spectra 

should have a narrow peak at 1580 cm-1, also known as G-band. The G-band 

corresponds to the vibration of sp2-bonded carbon atoms in the 2D hexagonal lattice 
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structure and correlates to the crystallinity of the graphite. Non-graphitic carbon or 

amorphous carbon usually have a peak at 1350 cm-1, which is also known as the D-

band. The D-band on the other hand correspond to the vibration of disordered  

sp2-bonded carbon atoms and can therefore be used for investigation of carbon-

containing defects within the graphite. G’-band is an overtone of D-band and appears 

at 2700 cm-1 with relatively low intensity. It has occurred due to double resonance 

involving two phonons. There is another band at 1620 cm-1 called D’-band and is 

induced by disorder. It is very similar to D-band but the phonons generating it are not 

from the same point. The *-band is related to N2 gas which was present in the air 

surrounding the sample.  [44, 45] The weak peak at 2450 cm-1 called G’’-band, is a 

disordered peak similar to G’. There is also a weak peak at 2950 cm-1 which is also a 

disorder peak called D+D’-band, and according to literature this peak is related to 

graphite exfoliation [46]. The last peak at 3250 cm-1 is related to D’-band which is 

disordered due to two phonon processes. [47] 

 

Figure 7: Raman spectra of graphite. [48] 

 

The ratio between the D- and G-band peak intensities (𝐼𝐷 𝐼𝐺)⁄  can be used to 

characterize the disorder within the graphite powder. As the ratio increases the D-

band peak intensity increases and results in a more amorphous carbon structure. 
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However, if the ratio decreases the G-band peak intensity increases and the result is 

a more crystalized carbon structure. [49] 

 

 

2.5.3 XRD 

 

The crystal structure and chemical compounds of an investigated samples can be 

determined by X-ray diffraction (XRD) spectroscopy. The chemical compounds can be 

identified from the materials crystalline structure instead of the position of chemical 

elements. A crystal consists of an ordered arrangement of its constituents which are 

repeated within a unit cell, hence forming a crystal lattice. A particular space group 

is associated with each unique crystal, which defines the symmetry relationship 

within the unit cell and is characterized by unique cell dimensions. These cell 

dimensions and the degree of order can be achieved by using XRD. When an X-ray 

beam interact with the sample, scattered X-rays are reflected from the planes of 

atoms. This means that the peaks in a diffraction pattern are related to a plane within 

the crystal lattice of the material. [50, 51]  

 

Figure 8: Illustration of Bragg’s law. [49] 

 

Constructive or deconstructive interference of reflected beams can occur depending 

on the Bragg angle 𝜃. At right Bragg angle, the reflected beams will interfere 
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constructively with each other, with waves that are in phase. However, reflected 

beams other than at Bragg angle will result in deconstructive interference. In  

Figure 8, two incident beams interact with two parallel planes with an interplanar 

spacing d and are reflected by the same angle 𝜃 as the incident beam. Incident beam 

IB2 has a longer distance xyz to travel compared to IB1. Drawing perpendicular lines 

from O to x and z, respectively, identical angles of xOy and zOy appears and the 

distance of xy is the same as yz. For reflection beam RB2 to be in phase with RB1, xy + 

yz must be equal to 2xy. This is an integral number of wavelength and can be 

expressed as 

 

 2𝑥𝑦 = 𝑛𝜆 (Eq. 12) 

 

where 𝑛 is an integral whole number.  

Equation (Eq. 12) can be rewritten since 𝑠𝑖𝑛𝜃 equals to xy/d, then the equation 

becomes 

 

Which gives Bragg’s Law. [52] According to Bragg’s law, measuring the intensities and 

angles of the beams, information on the crystal structure can be obtained. [50, 51] 

 
 

The result of XRD is a diffraction pattern with characteristics peaks specific for the 

sample. Unit cell dimension can be calculated by analysing the characteristics peaks 

obtained from the diffraction pattern, as well as the crystallite size can be estimated 

for a material. The estimation is carried out by using the Debye-Scherrer’s equation: 

[50] 

 𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃 (Eq. 13) 
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𝐷 =

𝐾𝜆

𝛽𝜏𝑐𝑜𝑠𝜃
 

(Eq. 14) 

 

Where 𝐷 is the mean dimension of the crystallites of the powder, 𝐾 is a constant 

related to crystallite geometry (usually 0.9), 𝜆 is the wavelength of radiation, 𝛽𝜏 is the 

full width half maxima (FWHM) and 𝜃 is the angle of diffraction (peak position). The 

FWHM tells the width of a peak measured at half of the maximum value of the y-axis. 

[50, 51] 

 

2.5.4 FTIR 

 

Fourier Transform Infrared (FTIR) Spectroscopy is a vibrational spectroscopic 

technique. It is a quantitative analysing method which can identify unknown 

materials along with their concentration (qualitative determination). The infrared 

spectrum can be divided into three areas; near infrared (NIR) with a vibration range 

between 13000-4000 cm-1, mid infrared (MIR) with a vibration range between  

4000-400 cm-1 and far infrared (FIR) with at vibration range between 400-10 cm-1. 

MIR is the area which is most used in FTIR studies, however, NIR and FIR are also 

useful.  

 

Every chemical bond has a specific vibration frequency in an infrared spectrum which 

correspond to an energy level. 

 

 𝐸 = ℎ𝑣 = ℎ𝑐 𝜆⁄  (Eq. 15) 

 

Here ℎ is Planck’s constant, 𝑣 is frequency, 𝑐 is speed of light and 𝜆 is the wavelength. 

When radiant energy corresponds to energy of a molecular vibration, infrared 

absorption occurs. The vibration of a molecule can result in two variations,  
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stretching, 𝜈 (inter-atomic bond length) or bending/deformation, 𝛿 (bond angle 

between two bonds). 

 

 FTIR is used for investigating the bonding structure of atoms as a result of infrared 

radiation. It uses Fourier transform to obtain an infrared spectrum over a wide range 

of wave numbers to investigate the structural information of a sample from the 

functional groups obtained by the detector.  The main part of FTIR is the Michelson 

interferometer which is illustrated in Figure 9. The source of FTIR is an infrared light 

which enters the interferometer and half of it is transmitted while the other half is 

reflected. The transmitted beam collide with a fixed mirror and the reflected beam 

hits a moving mirror to change the path difference. After being reflected by the 

mirrors the two split beams combine again and irradiates the sample. The resulting 

infrared beam is then received by the detector, where it examines the energy of the 

infrared light from the sample. The same as for XRD the optical path difference (𝛿) 

effect the constructive and destructive interference. Complete constructive 

interference will occur when 𝛿 = 𝑛𝜆. [38, 53] 

 
Figure 9: Illustration of interferometer. [37] 

 

The result of FTIR spectroscopy is an infrared spectrum called single-beam spectrum. 

When the IR radiation interacts with the atoms some chemical bonds absorb light 
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and creates peaks of vibrating molecules, which is noticeable in the spectra. [54] The 

spectrum contains both data from the background and the sample. Information of 

the instrument and atmosphere is seen in the background spectra and does not 

correlate to the sample examined. [38, 53] In Figure 10 a typical FTIR spectra of 

natural graphite can be seen.  

 
Figure 10: FTIR spectra of natural graphite. [55] 

 

 

2.6  Electrochemical characterisation methods 

 

2.6.1 Galvanostatic measurements 

 

One of the most common used electrochemical characterization techniques for 

lithium-ion batteries is galvanostatic measurements. The potential is measured as a 

function of time when a current pulse is applied until time or a cut-off potential is 

reached. Depending on what type of applied current pulse is used, different 

galvanostatic measurements can be investigated. Current can be constant, or it can 

be varied with time. It can also change from positive to negative which will change 

the direction of the reaction. Usually in battery research the current alternates 

between positive and negative constant current, which will charge and discharge the 

battery. Galvanostatic measurements will give information about cell properties such 

as rate capability, specific capacity, cycle life of the cell and the reaction potentials of 
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the electrodes. By having one galvanostatic cycle (cell being charge and discharge) 

the specific capacity can be obtained. Measuring specific capacity at different  

C-rates will give the rate capability of the cell. The energy and power outputs of a 

battery can be determined by rate capability. Having many galvanostatic cycles 

repeating after one and another, the cycle life of the cell can be measured by 

following the change in specific capacity. This is also called cycling. [14, 56] In  

Figure 11, charge and discharge curve of natural graphite half cell is presented and 

its specific capacity can be obtained from the end of the discharge curve (315 mAh/g). 
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Figure 11: Galvanostatic charge/discharge curve of natural graphite. 

 

2.6.2 CV 

 

Cyclic voltammetry (CV) is often used as a technique to investigate the reduction and 

oxidation reactions of molecular species of the cell. It is also used for investigating of 

electron transfer-initiated chemical reactions like catalysts. Potentiostatic CV 
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measures the current of an electrochemical cell under cycling of a potential sweep. 

However, galvanostatic CV can also be applied where it measures the potential of a 

cell under cycling of a current sweep. Forward and backward reactions are visualized 

by potential cycling. Current generated during CV is a result of electron transfer 

between the electrodes and the redox species. A two electrode cell could in practice 

work during CV, however, it is hard to maintain a constant potential while also 

passing current to counteract the redox reactions at the working electrode. 

Therefore, a three electrode setup is mostly used. The three electrode cell can either 

be a half cell with a realistic working electrode and a pseudo reference and counter 

electrode or a full cell with a realistic working and counter electrode. Information 

about the thermodynamics of redox processes, the energy levels of the analyte and 

the kinetics of electronic-transfer reactions can all be obtained from CV [57, 58, 59] 
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Figure 12:Voltammogram of  natural graphite. [56] 

 

Figure 12 shows a voltammogram of natural graphite with changes in current at 

varying applied potential. It provides the oxidation/reduction reaction of a cell. The 
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cathodic peaks (intercalation) are found at negative current and the corresponding 

anodic peaks (deintercalation) are located at positive current.   

 

2.6.3 EIS 

 

Electrochemical impedance spectroscopy (EIS) is a highly sensitive instrument in 

which a small periodic alternating signal of small amplitude excites a cell in 

equilibrium state or stationary state. The response of current or potential is 

measured as a function of frequency. EIS is a useful tool for determining dielectric 

and electric properties of a battery such as resistance and capacity. Either alternating 

voltage or current stimulus is applied, and AC current and AC voltage is measured, 

respectively. During measuring, a voltage passes through the electrochemical cell 

from the working electrode to the counter electrode through the electrolyte. When 

voltage passes through the electrolyte, ions act as resistors to hinder electron flow. 

Some properties that may affect the resistance are ionic concentration, type of ion, 

current carrier geometry (electrode) and temperature.  [61]  

 

The impedance (𝑍(𝑡)) of a system can be calculated from Ohm’s law:  

 

 
𝑍(𝑡) =

𝐸(𝑡)

𝐼(𝑡)
=

�̂�𝑒𝑗𝜔𝑡

𝐼𝑒𝑗(𝜔𝑡+𝜑)
=

�̂�

𝐼
𝑒−𝑗𝜑 = �̂�𝑒−𝑗𝜑 

(Eq. 16) 

 

Where 𝐸(𝑡) is the input potential at time, 𝐼(𝑡) is the output current, �̂� is the 

amplitude of the potential, 𝐼 is the current amplitude, 𝑗 is an imaginary unit (𝑗 =

√−1), 𝜔 is the angular frequency, 𝜑 is the phase shift and �̂� is the amplitude of the 

impedance signal. [14, 61] 
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Figure 13: Typical Nyquist plot of an equivalent circuit of a lithium-ion half-cell. [62] 

 

The result of an EIS measurement is usually presented in a Nyquist plot which can be 

seen in Figure 13-b. Figure 13-a is the circuit model of the battery.  R stands for 

resistor and C for capacitor. On the x-axis the real part of the impedance is 

represented, and, on the y-axis, the negative imaginary impedance is represented. 

Each point in the Nyquist plot correspond to impedance at a specific frequency. The 

semicircles in the plot corresponds to a parallel circuit of a capacitor and a resistor. 

From the plot the resistance can be read from the x-axis while the capacitance can 

be read from the y-axis. Ohmic resistance or bulk resistance (Rb), SEI resistance (RSEI) 

and charge transfer resistance (Rct) can all be determined from the Nyquist plot. The 

bulk resistance includes cell elements like electrodes, electrolyte and current 

collectors. The SEI resistance is simply the resistance of the SEI layer. And the charge 

transfer resistance is the resistance of the electrode reactions. The Warburg-element 

Wwarburg is the diffusion of the lithium-ions. It is shown in the Nyquist plot as the linear 

part at low frequencies. [14, 63, 64] 

  

a) 

b) 
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3 METHODS 

This section of the thesis will cover the materials and methods used during the 

experiments. It will systematically go through the experimental procedure of the 

structural and the electrochemical characterization methods of natural and synthetic 

graphite as anode material for lithium-ion batteries.  

 

The investigated materials used during the experiments are natural graphite and 

synthetic graphite powders. The natural graphite has been received from Beowulf 

Mining Plc and is purified spherical graphite with a carbon content of 99.9 % and a 

tap density of 0.99 𝑔/𝑐𝑚3. According to their measurements the natural graphite 

has D10, D50 and D90 values of 12.4 𝜇𝑚, 20.2  𝜇𝑚 and 31.8 𝜇𝑚, respectively, 

meaning that for D10, 10 % of the graphite particles has a particle size of 12.4 𝜇𝑚 or 

smaller. For D90, 90 % of the particles has a particle size of 31.8 𝜇𝑚.  

 

The synthetic graphite (C-NERGY ACTILION) is from Imerys Graphite & Carbon 

Switzerland Ltd and has a carbon content of >99.5 %, which is less than for natural 

graphite and may be an effect of the starting materials. The bulk density of the 

synthetic graphite is 2.2 𝑔/𝑐𝑚3. However, the D10, D50 and D90 values are not 

available for this graphite.  

 

3.1 Structural characterization  

 

3.1.1 SEM-EDS 

 

SEM combined with EDS was used as a structural characterization method for 

investigating particle size and morphology of both natural and synthetic graphite 
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powder. The chemical composition and their concentration were measured by using 

EDS analysis. The sample preparation for both natural graphite and synthetic graphite 

was carried out by the same way for accurate comparison.  

 

Carbon tape was added to the sample holder and a small amount of graphite powder 

was placed on the carbon tape. The sample holder, containing the graphite powder 

particles, was blown with air to remove any loose particles before inserting the holder 

to the secondary electron microscope SEM (Fig. 13) 

 

SEM images and EDS results were obtained with a JIB-4700F JEOL SEM equipped with 

an X-ray energy dispersive spectrometer EDS. During SEM analysis the accelerating 

voltage was 5 kV and the probe current was 10 pA. Magnification used during 

analysing altered between 1000x, 2000x, 5000x, 10 000x and 20 000x. When 

analysing with EDS the accelerating voltage was changed to 10 kV and the probe 

current to 12 pA for a better penetration. Chemical composition, elemental 

concentration and mapping were all carried out by EDS for both natural and synthetic 

graphite.  

 

Figure 14: SEM Sample holder with carbon tape covered in natural graphite powder. 
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3.1.2 Raman spectroscopy 

 

The second structural characterization method was Raman spectroscopy. It was used 

to determine the crystallinity of the two graphite samples. Since the analysing of 

Raman spectroscopy only collects data from a small spot on the sample, three 

samples of both natural and synthetic graphite were used during analysing for better 

accuracy.  

 

For the sample preparation a small amount of graphite powder was added to a small 

beaker, with ethanol just above the graphite powder. Then the mixture was stirred 

for about 10 minutes with a magnetic stirrer. After that, approximately 3 drops were 

taken from the solution and placed on three small gold plates. The gold plates were 

then left to sit overnight in order to evaporate the remaining ethanol and obtaining 

only the graphite powder. The step can be seen in Figure 15.  

 
Figure 15: 3 samples of natural graphite (Beowulf) ready for Raman analysing. 

 

The Raman data was obtained by Horiba LabRAM HR with a helium-neon laser source 

with a wavelength of 633 nm. The magnification used during analysing in Raman 

mode was 50x. From the data the 𝐼𝐷 𝐼𝐺⁄  ratio was calculated with Origin 2020 by using 

Lorentz fitting to fit the peaks. This way, the peak area for D- and G-peak could be 

obtained.  
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3.1.3 XRD 

 

This structural characterization method was used to determine the crystal structure 

of both graphite samples along with its crystallite size. Here again the sample 

preparation and spectroscopy operation were carried out the same way for both 

natural graphite and synthetic graphite powders. A small amount of graphite powder 

was added to the cavity in the sample holder and smoothened to achieve a clean and 

flat surface. Figure 16 shows the finished sample preparation of natural graphite 

powder for XRD analysing.  

 

The diffraction pattern was obtained by XRD spectroscopy (PANalytical X`Pert) with 

Cu 𝐾𝛼1-radiation. The wavelength was 0.15406 nm and the samples were measured 

at a 2𝜃 range of 4.5-120°. The data was analysed using the software Match!. The 

average crystal size was then calculated from the XRD diffraction pattern by using the 

Debye–Scherrer's equation (Eq. 14) found in the chapter 2.5. 

 
Figure 16: Sample preparation of natural graphite for XRD. 
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3.1.4 FTIR 

 

The last structural characterization method was Fourier Transform Infrared (FTIR) 

Spectroscopy and it was chosen to investigate the surface functional groups and 

identification of molecular compounds of the two graphite powders. The FTIR data 

was collected by Bruker Alpha Eco-ATR spectroscopy. The sample preparation was 

carried out by cleaning equipment with ethanol to prevent any contaminations and 

adding graphite powder to the sample holder. 

 

3.2  Electrochemical characterization 

 

3.2.1 Electrode and cell preparation 

 

The preparation of graphite electrodes started with making a slurry out of the active 

material. The slurry contained 92 w-% of the active material (graphite powder), 6 w-

% of PVDF (Solvay, Solef 5130) and 2 w-% of carbon black (Timcal Super C65). PVDF 

was used as the binder for the slurry and the purpose of carbon black was to increase 

the conductivity of the electrodes. 

 

For making a 5 g slurry containing 4.6 g active material, 0.1 g carbon black and 0.3 g 

PVDF, a solution with 0.4 g PVDF and 7.6 g N-methyl-2-pyrrolidone NMP (BASF, Life 

Science), was added to a beaker. This solution was stirred with a magnetic stirrer for 

4 hours and then covered with parafilm and left to stabilize overnight. Since the 

concentration of PVDF needs to be 0.3 g, 6 g of the PVDF/NMP solution was pipetted 

into another beaker. 0.1 g of carbon black was added to the same solution  and mixed 

with a dispergator (Dispermat, VMA-Getzmann GMBH-D-51580) with 500 rpm for 2 

hours. Then 2 g of active material was added to the solution and mixed with the 

dispergator for another 1 hour at 500 rpm. The rest of the active material (2.6 g) was 
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added to the solution and mixed with the dispergator for 3 hours with the same 

previous condition. After stirring the rest of the active material, it was crucial to let 

the solution sit for an hour to stabilize and get rid of bubbles before proceeding to 

the next step. 

 

Then the slurry was ready to be coated onto cupper foil (acts as current collector) by 

the Doctor blade-technique. The wet thicknesses made for the electrodes were 

120 𝜇𝑚, 130 𝜇𝑚, 150 𝜇𝑚 and 160 𝜇𝑚, excluding the cupper foil. After coating, the 

electrode foils were placed inside a fume hood to dry overnight. The following day, 

the foils were placed inside an oven at 80 ℃ for 4 hours to remove any remaining 

NMP. The next step was to cut the electrodes with a diameter of 14 mm and 18 mm. 

The electrodes were then calendered with a pressure of 3250 kg/cm2 for 14 mm 

electrodes and 5196 kg/cm2 for 18 mm electrodes. Before transferring them into the 

glovebox for assembly, the electrodes were dried under vacuum at 100 ℃ overnight.  

 

Assembling the coin cells were made in an argon filled glove box. The structure of a 

Hohsen coin cell can be seen in Figure 17. The 14 mm electrodes were assembled to 

Hohsen coin half cells. In a half cell, the counter electrode, in this case the positive 

electrode, is a material with known potential. A half cell is used to investigate the 

electrochemical properties of the working electrode. The working electrode was 

either natural graphite or synthetic graphite. The counter electrode was a 0.75 mm 

thick lithium metal (Sigma-Aldrich). A 0.26 mm thick separator (Whatman GF/A) was 

used to separate the electrodes from each other, and the gasket was used to hold 

the separator in place. The electrolyte used was lithium hexafluorophosphate (LiPF6) 

dissolved in 1:1 EC:DMC-solution (BASF, LP30). To fill up any unwanted space inside 

the coin cell, a 0.2 mm thick spacer was added. To cover the cell a Hohsen-lid was 

added. The coin cell was then crimped with an electric crimper machine  

(MTI corporation). The cell could then be removed from the glovebox and left to sit 

24 hours to stabilize.  
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Figure 17: Structure of a Hohsen half cell. 

 

The three electrode cell assembly differs a little bit from the coin cell assembly as 

seen in Figure 18. A three electrode cell consists of a working electrode, a reference 

electrode and a counter electrode. In this case the three electrode cell was also 

assembled as a half cell, with either graphite materials as the working electrode, and 

0.75 mm thick lithium metal as the counter and reference electrode. Before 

assembling the cell in an argon filled glovebox, the components associated with the 

cell setup had to be dried in vacuum at 100 ℃ overnight to remove any unwanted 

water. A 1.55 mm thick EL-CELL ECC1-01-0012-C/X glassfiber separator was used and 

LiPF6 dissolved in 1:1 EC:DMC was used as the electrolyte.  

 

 Figure 18: Three electrode assembly. 
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3.2.2 Rate capability 

 

Rate capability measurements were carried out by assembling coin half cells with 

either natural graphite or synthetic graphite as the working electrode. Current of the 

negative electrode at different C-rates needed to be calculated before starting 

measurements. The calculation was carried out with an ready-made excel calculator 

provided from Aalto University which calculates the current of the negative electrode 

based on its active material weight. The current was calculated for C-rates of 0.03 C, 

0.1 C, 0.2 C, 0.5 C, 1.0 C, 2 C, 4 C and 5 C. The galvanostatic measurements were 

carried out by a Neware battery cycler in the voltage range of 0.01-1.2 V versus Li|Li+ 

for discharging and charging, respectively. The rate capability measurements were 

started by formatting the cells with a C-rate of 0.03 C. Then the cells were discharging 

with the other C-rates mentioned while the C-rate for charging was kept 0.2 C. Each 

C-rate was repeated three times except for the first formatting step which was only 

cycled once. Between every discharge and charge, there was a rest period for 5 

minutes. After the final cycling step with 5 C, a 0.2 C cycling step added again to obtain 

the capacity retention. This investigates how the electrode behaves after being cycled 

with different C-rates.  

 

 

3.2.3 CV and EIS 

 

Cyclic voltammetry and impedance measurements were carried out with BioLogic 

potentiostat (MPG-205) with an EL-Cell half cell setup. CV was measuring the 

potential at different scan rates to investigate the reduction and oxidation reactions 

of the negative electrode. The impedance was placed to measure in between every 

CV step.  

 

The CV and EIS program consisted of four steps of CV and four steps of EIS. Each CV 

step had a different scan rate starting with a low scan rate of 0.02 mV/s, then 
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increasing to 0.05 mV/s, 0.1 mV/s and 0.2 mV/s for the other remaining steps. Within 

all steps, the scan rate was repeated 4 times to investigate the cyclability of the cell. 

The voltage range during the measurement was 0.01 V - 1.2 V versus LI|Li+. 

 

Before measuring the impedance, the cell first needed to be charged to 50 % state of 

charge (SoC). The potential at 50 % SoC was calculated beforehand according to the 

active material weight. The following step was the impedance, it had a frequency 

range of 20 kHz to 10 mHz with a sinus amplitude of 5 mV. After each impedance, the 

cell was discharged back to 0 % SoC so the next CV cycle could start.   
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4 RESULTS & DISCUSSION 

In this part of the thesis the results and discussion will be presented of the 

experimental procedure above. The results are divided into two categories, structural 

characterization and electrochemical characterization. More results can be found in 

the appendices at the end of the thesis.   

 

4.1  Structural Characterization 

 

4.1.1 SEM/EDS 

 

Both natural graphite and synthetic graphite powder were analysed with SEM 

microscopy to investigate their particle size. The SEM images of the natural and 

synthetic graphite are found in Figure 19. As seen in the images the particle shape of 

both the powders are spheres or oval, and their particle size is somewhat close to 

each other. It was mentioned from Beowulf that the natural graphite powder 

particles are spherical due to a spheroidization process during graphite purification, 

which can clearly be seen in the Figure 19-A. However, there was not any information 

about the synthetic graphite particles being spherical but from image 19-B, it can be 

concluded that it might have gone through a spheroidization process as well. 

However, the spheres are not as round as the natural graphite particles are and that 

is probably because of the synthesis process.  
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Figure 19: SEM images of A) natural graphite powder particles (Beowulf) and B) Synthetic graphite powder 
particles (Imerys). 

 

The particles are agglomerations of crystals and the average particle size for natural 

graphite is approximately 20.47 𝜇𝑚 and for the synthetic graphite it is around 

18.44 𝜇𝑚. The smaller particle size could also be an effect of the synthesis process 

of the graphite powder. Because the measurements were done manually with the 

program ImageJ, the accuracy of the particle sizes may not be very exact.   

 

A) 

B) 
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EDS measurements were also carried out for both powders to investigate the 

graphite concentration as well as impurities. The natural graphite shows a carbon 

mass-% of 99.77 % and an atom-% of 99.82 %. It also shows some small trace amount 

of oxygen most probably deposited on a surface of particles during the purification 

process. The synthetic graphite shows a carbon mass-% of 99.41 % and an atom-% of 

99.60 %. The synthetic graphite also has some trace amounts of oxygen, sodium and 

silicon which are all traces from the precursors. The concentrations are very close to 

each other, however, the natural graphite powder has a bit higher carbon content 

than the synthetic graphite. This was also stated from the suppliers where it was said 

that the natural graphite has a carbon content of 99.9 % and the synthetic graphite 

99.5 %, this corresponds well with the results from the EDS measurement.  

 

4.1.2 Raman spectroscopy 

 

As a negative electrode, it is essential for graphite materials, that the majority of  their 

structure is crystallized, therefore Raman spectroscopy was used to investigate 

different phases of the graphite powders. Figure 20 represent the Raman spectra 

from the measurements mentioned in chapter 3.1.3. The sample with best data out 

of the three samples made is shown in this figure.  

Figure 20: Raman spectra of natural graphite and synthetic graphite powder. 
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The characteristic peaks for a Raman spectra is the D-, G- and G’-peaks, which can all 

be seen in Figure 20. The D-peak (≈1350 cm-1) is a defect-oriented peak and its 

intensity shows how much of the material is defected, whereas, the intensity of  

G-peak (≈1580 cm-1) shows how much of the material is crystalized. For a good 

performance graphite, the intensity of G-peak needs to be higher than the intensity 

of D-peak. The G’-peak (≈2700 cm-1) is related to the D-peak, in which, it is an 

overtone of D-peak. It is not related to disorder as D-peak is, instead it is a 

consequence of a two phonon lattice vibrational process and can be used to 

investigate the graphene layer thickness.  

 

By comparing the Raman spectra from both natural graphite and synthetic graphite, 

it is noticeable that they are very similar to each other and to literature [65, 66]. The 

strong D-, G- and G’-peaks were all characterised for both powders, however, there 

were also a couple of weaker peaks such as D’-, D’’- and G’’-peak. The D’-peak  

(≈1620 cm-1) is a peak which is also induced by disorder as D-peak but the generating 

phonons are not the same as the phonons for D-peak. This peak also has an overtone 

called G’’-peak (≈2450 cm-1) which is not related to disorder and is more similar to 

G’-peak. The D’’-peak (≈1130 cm-1) is also a peak which is induced by disorder.  

 

The intensity ratio 𝐼𝐷 𝐼𝐺⁄  of the D- and G-peak can be calculated to investigate the 

crystallinity of the powders. In Table 1 the ratio is presented, and as seen the ratio is 

lower for natural graphite. This means that it has a more crystallized structure than 

the synthetic graphite. Although the peak intensities are close to each other, the 

peaks are much broader for the synthetic graphite especially the D-peak, this will 

result in a larger area, hence, a higher 𝐼𝐷 𝐼𝐺⁄  ratio.  
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Table 1: Characterization of Raman spectra of natural graphite and synthetic graphite. 

 

 

4.1.3 XRD 

 

XRD was used for phase identification of the graphite powders along with the average 

crystallite size. When particles are diffracted from the material due to radiation, it 

interacts with planes of atoms instead of the actual atoms. Knowing that, the peaks 

of a diffraction pattern is in that case related to a plane within the crystal lattice of 

the material [67]. In Figure 21 the diffractogram of both powders are presented. Both 

diffractograms are very similar to each other and shows the major crystallographic 

peaks for graphite. This indicates that the purification process for natural graphite 

and the synthesis process for synthetic graphite along with surface modifications did 

not alter the structure of the graphite particles. The characterization peaks found in 

the figure are related to the hexagonal structure of graphite and corresponds well to 

other spectra of graphite [44, 68]. 

 Figure 21: Diffraction patter of natural graphite (Beowulf) and synthetic graphite (Imerys). 

Samples D-peak (𝑐𝑚−1) G-peak (𝑐𝑚−1) G’-peak (𝑐𝑚−1) 𝐼𝐷 𝐼𝐺⁄  

Natural graphite 1332.7 1580.7 2672.8 1.16 

Synthetic graphite 1342.1 1583.8 2690.5 1.58 
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The diffraction pattern also shows some characteristic peaks of rhombohedral phase 

structure which is common for the hexagonal phase structure [69, 12]. The 

characteristic peaks for rhombohedral phase are (101)* at 43.35° and (012)* at 

44.50°, these peaks can be seen in Figure 22. The main difference between the phase 

structures are the stacking order of the sp2 bonded carbon atoms, which is ABAB for 

hexagonal phase structure and ABCABC for rhombohedral phase structure.  

Figure 22: Rhombohedral phase structure of natural and synthetic graphite. 

 

Apart from the crystal structure the average crystallite size of the particles was 

approximated from the data. The crystallite size can both affect the peak widths and 

the performance of the material. The average crystal size can be calculated from the 

XRD diffraction pattern by using the Debye–Scherrer's equation (Eq. 14). From the 

SEM results it can be clearly seen that the particles are spheres thus giving K a value 

of 0.9. The wavelength of Cu Kα1 radiation was 𝜆=0.15406 nm. The peak with largest 

intensity is often used for estimation, however, for more accurate results different 

peaks are used to estimate the average crystallite size for the powders. An estimation 

of the average crystallite size for the characteristic peak (002) for natural graphite at 

an angle of 26.47° and a FWHM value of 0.1945° is presented below. The rest of the 

estimations can be found in Table 2. 
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𝐷 =

0.9 ∙ 0.15406 𝑛𝑚

0.1945° ∙ 2𝜋
360° ∙  𝑐𝑜𝑠 (

26.47° ∙  𝜋
360° )

= 40.845 …  𝑛𝑚 ≈ 41 𝑛𝑚 
(Eq. 17) 

 

Table 2: FWHM values and average crystallite size of natural and synthetic graphite.  

  Natural graphite Synthetic graphite 

Peak 2 Theta FWHM (°) D (nm) 2 Theta FWHM (°) D (nm) 

(002) 26.52 0.1945 41 26.55 0.1941 41 

(101) 44.50 0.4083 20 44.5 0.4177 19 

(004) 54.61 0.3410 23 54.58 0.3335 24 

(110) 77.45 0.2863 28 77.42 0.2796 28 

(112) 83.54 0.4796 17 83.51 0.4100 19 

Average  - 0.34194 25.8 - 0.32698 26.2 

 

As seen in Table 2 the average crystallite sizes are, 25.8 nm and 26.2 nm for natural 

and synthetic graphite powder respectively and are very close to each other. The 

slight difference in the sizes may also be an error of the estimation since the average 

crystallite size can only be approximated.  

 

 

4.1.4 FTIR 

 

When the IR radiation interacts with atoms, chemical bonds absorb light, thus 

producing a range of vibrations in molecules. Figure 23 presents the FTIR spectra of 

both natural graphite and synthetic graphite. As seen in both spectra the weak 

vibrational peak at 3706 cm-1 is due to water intercalation in graphite O−H, most 

likely from the preparation processes. The peak 1637 cm-1 corresponds to C=O 

stretching mode, the peak 1499 cm-1 corresponds to C=C stretching mode and the 

peak at 1103 cm-1 corresponds to the C−O stretching mode. From literature, the 

peaks related to acidic groups indicate that an acid digestion technique may have 
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been used to modify the surface of the natural graphite along with the purification 

process [70, 55]. This could be true for the natural graphite in this case since the 

corresponding peaks are stronger than for synthetic graphite.  

 Figure 23: FTIR spectra of natural graphite and synthetic graphite. 

 

 

4.2 Electrochemical characterization 

  

Before any electrochemical measurements, slurries of both natural and synthetic 

graphite had to be made. As mentioned in chapter 3.2.1 the weight percentages of 

the slurries were 92 w-% active material, 2 w-% carbon and 6 w-% PVDF. In Table 3 

the actual weight percentages used for making the slurries can be found. When 

comparing the weight percentages of both materials, there is almost no noticeable 

difference.  
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Table 3: Weight-% of both natural graphite and synthetic graphite slurries.  

 

 

The wet electrode thickness chosen for all electrochemical measurements was  

120 𝜇𝑚, which was the thinnest of all the electrodes made. This was selected because 

some measurements with 150 𝜇𝑚 and 160 𝜇𝑚 wet thicknesses were very unstable 

during cycling. Even lower thicknesses could have been tested but then again they 

have less energy density, meaning they cannot store as much energy and the energy 

output will be less.  

 

 

4.2.1 Rate capability 

 

The measurments started by cycling half cells in a Neware cycling machine. At least 3 

half cells of each material were cycled to obtain more accurate data.  All cells were 

cycled with the same C-rates ranging from 0.1-5 C with a formatting stage 0.03 C in 

the beginning to build up a stable solid electrolyte inteface (SEI) layer. After cycling 

the last C-rate, the cells were cycled once againg with a C-rate of 0.2 C to investigate 

the recovery of the cells. Charging of the cells were done by a constant C-rate of  

0.2 C while discharging was cycled with the other C-rates. The voltage range for 

discharging and charging was 0.01 V – 1.2 V versus lithium counter electrode, 

respectively.  

 

Figures 24 and 25 represents the charge and discharge curves for half cells containing 

natural graphite and synthetic graphite as the working electrode. In the figures only 

C-rates of 0.03 C, 0.1 C, 0.2 C, 4 C, 5 C and the finishing 0.2 C are shown. Their charge 

and discharge curve have each a specific colour and the finishing 0.2 C charge and 

Slurry w-% active material w-% carbon w-% PVDF 

Natural graphite:C:PVDF 91.988 2.0138 5.998 

Synthetic graphite:C:PVDF 91.988 2.0127 5.999 
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discharge curve is dotted. All C-rates were cycled three times except for 0.03 C, which 

was only for formatting the SEI layer. In the figures, only the first cycle of each C-rate 

is presented.  

 

The average initial discharge capacity for both materials can be obtained from their 

cycling data from 0.1 C. For natural graphite, the average initial discharge capacity is 

292 mAh/g and for synthetic graphite, it is 336 mAh/g. The initial discharge capacity 

is much higher for synthetic graphite than for natural graphite, meaning that 

synthetic graphite can store more energy. In both of the charge and discharge curves 

it is noticeable that the first cycle with 0.03 C has a higher specific capacity than the 

other C-rates, this is because after the first charge, parts of the lithium ions are 

consumed due to irreversible side reactions, mostly due to the SEI layer formation. 

For synthetic graphite, the high initial specific capacity is affected by the SEI layer 

formation and the specific capacities for the following cycles drops quickly to around 

320 mAh/g. 

Figure 24: Charge and discharge curves for natural graphite at different C-rates. The dotted line shows the 
capacity retention. Voltage range is from 0.01V - 1.2V vs lithium counter electrode. 
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Figure 25: Charge and discharge curves for synthetic graphite at different C-rates. The dotted line shows the 
capacity retention. Voltage range is from 0.01V - 1.2V vs lithium counter electrode. 
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could be another electrolyte decomposition onto the negative electrode, which 

would increase the thickness of the SEI layer. However, for synthetic graphite the 

specific capacity for the first 0.2 C is 324 mAh/g and for the last 0.2 C it is 326 mAh/g. 
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This means that the specific capacity increases after being cycled with higher C-rates 

instead of decreasing. The reason for this is most probably due to cracks forming in 

the structure due to stress induced during lithium intercalation and deintercalation. 

That way more lithium ions would be able to intercalate, thus, giving a higher specific 

capacity. The regions ranging from I-IV correspond to the intercalation stages of 

graphite, which will be discussed later in chapter 4.2.2.  

 

In Figures 26 and 27 the specific charge and discharge capacities for both materials 

at different C-rates are displayed along with its efficiency. The graphs confirm the 

conclusions made based on Figures 24 and 25. For natural graphite, Figure 26, the 

specific capacities decrease as the C-rate increases. The decrease in capacity can also 

be seen from the efficiency, when going to higher C-rates such as 5 C, the efficiency 

drops to about 86 %. The capacity retention for natural graphite can also be obtained 

from Figure 27. After cycling the cell with the final 0.2 C and comparing its capacity 

to the fist 0.2 C, the capacity of the cell decreases to 93 %, this is also predicted from 

the charge and discharge curves of natural graphite. 

Figure 26: Specific charge-discharge capacities of natural graphite at different C-rates with respective efficiency. 
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For synthetic graphite, the specific charge and discharge capacities are more stable, 

as seen in Figure 27. Even during higher C-rates the efficiency lays around 100 %. The 

capacity retention shows that after the final 0.2 C, the capacity of the cell increases 

to 102 %. This was also mentioned from the specific capacity of the discharge curve 

in Figure 25. However, if the crack formations are present within the structure, the 

stability of the synthetic graphite may not be as good in long term cycling which 

would probably result in lower capacity.  

Figure 27: Specific charge-discharge capacities of synthetic graphite at different C-rates with respective 
efficiency. 
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In Figures 28 and 29, the voltammograms of natural graphite and synthetic graphite 

are represented at different scan rates. As seen from the figures the results are very 

similar to each other and both materials show four reversible peaks meaning that all 

the cathodic processes are reversible. As the scan rate increases so does the potential 

of the reaction peaks. Having higher scan rate makes the chemical potential and flux 

increase resulting in higher and broader peaks and affect the double layer. In both 

figures, the cathodic peaks appear at potentials below 0.19 V vs. Li|Li+ and the 

corresponding anodic peaks are observed between the anodic sweeps 0.04 - 0.31 V 

vs. Li|Li+. The cathodic and anodic peaks are related to lithium 

intercalation/deintercalation of graphite, respectively. No irreversible reduction 

reactions are observed for both synthetic and natural graphite materials which can 

conclude that they both have good electrochemical stability.  

 

The positions of the reaction peaks corresponds well to the voltage plateau in the 

charge and discharge curves in Figures 24 and 25. For natural graphite, the discharge 

voltage plateau is located at approximately 190 mV and below, this correlates well 

with the positions of the reduction peaks in the voltammogram. This is also the same 

for synthetic graphite when comparing Figures 25 and 29. The charge voltage plateau 

in Figures 24 and 25 of natural graphite and synthetic graphite, respectively, are both 

roughly between 300-100 mV, which is equivalent with the oxidation peaks in the 

voltammograms.  

 

The multiple cathodic and anodic peaks in the voltammograms are results of the 

different stages of lithium intercalation/deintercalation of graphite. The maximum 

amount of lithium intercalated into graphite occurs when each gap between 

graphene layers are occupied with lithium ions; this is stage 1. There are a few more 

stages between the maximum amount of lithium intercalated and the absence of 

lithium ions, these stages are presented in the regions below.  
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Region (I)  LiC6 (1st stage)  ⇄  LiC12 (2nd stage) 

Region (II)   LiC12 (2nd stage)  ⇄  LiC18 (2nd stage) 

Region (III)   LiC18 (2nd stage)  ⇄  LiC27 (3rd stage)  ⇄  LiC36 (4th stage) 

Region (IV)   LiC36 (4th stage)  ⇄  LiC72 (8th stage) 

 

Figure 28: Voltammogram of natural graphite with different scan rates.  

 

In the voltammograms of natural graphite and synthetic graphite all intercalation 

regions are visible. However, region IV is less noticeable at higher scan rates and this 

can explain why the specific capacity did not come up to the theoretical capacity. 

These intercalation stages can also be seen in the charge and discharge curves Figures 

24 and 25.  
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Figure 29: Voltammogram of synthetic graphite with different scan rates. 
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suggested reason for the improper results may be due to the potentiostat not 

allowing high enough frequencies. A typical Nyquist plot should consist of two 

semicircles along with an inclining line. Since the potentiostat was not able to 

measure the impedance in the required range, it affected the outcome of the plot 

and it is difficult to attribute different semicircles to certain phenomena. In the figure, 

the first cycle shows a semicircle with a larger diameter which is attributed to the SEI 

layer formation. The diameter of the semicircles is decreasing as the cycle number 

increases, thus lowering the impedance. In literature this is explained that the 

lithium-ion diffusion gets easier as the SEI layer is present due to possible 

enhancement of ionic conductivity of the cell [55, 62]. This support the conclusions 

made for synthetic graphite from rate capability measurements.  

 

According to literature, the first semicircle located in the high frequency range 

represents the resistance of the SEI layer (RSEI), and the second semicircle located at 

the lower frequency range represents the charge transfer resistance (Rct). The 

straight or slightly curvy line at the lower frequency range is related to the Warburg 

resistance (W). This line represents the resistance of the lithium diffusion reaction 

throughout the cell. The first semicircle should be smaller than the second one since 

the resistance of the SEI layer is less than the resistance of the charge transfer. [70] 

As seen in Figure 30 the first semicircle is believably smaller than the second one, 

which it is supposed to be, however, this is again hard to draw conclusions from, since 

the impedance is not properly measured.  
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Figure 30: Nyquist impedance plot of synthetic graphite. 
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5 CONCLUSIONS 

 

The aim of the thesis was to investigate natural graphite powder received from 

Beowulf Mining Plc as a negative electrode in a lithium ion battery through structural 

and electrochemical characterization. To achieve proper conclusions the natural 

graphite powder was compared with a commercially available synthetic graphite 

powder from Imerys Graphite & Carbon Switzerland Ltd. In the literature part, theory 

about lithium ion battery along with the electrochemical process of lithium ion 

batteries was reviewed. Methods covered the materials used and the procedure of 

the experimental part. The investigated properties included structure analysis, 

particle and crystallite size, crystallinity, rate capability, lithium-ion diffusion, and 

impedance of both graphite materials.  

 

Particle size is slightly smaller for synthetic graphite which is mostly due to the 

synthesis process. The crystallite size is slightly smaller for natural graphite, however, 

the difference is very little. From Raman spectroscopy the crystallinity can be 

obtained from the data and it shows that natural graphite had slightly higher 

crystallinity. 

 

From the electrochemical characterizations, rate capability measurements were 

done for both materials. The synthetic graphite shows better results when cycling the 

cells at higher C-rates. For natural graphite, the specific capacity drops to 93 % after 

cycling and for synthetic graphite it increases to 102 %. The decrease for natural 

graphite is mostly due to the stability of the electrode and the increase is most 

probably due to cracks forming during cycling which increases the lithium diffusion. 

However, because of the crack formation, the stability of the synthetic graphite can 

cause the capacity retention to decrease more than natural graphite. This can be 

investigated in further research by having long-term cycling or full cell 
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measurements. The lithium diffusion and intercalation/deintercalation of graphite 

from CV measurements shows good results for both materials. All four peaks are 

found for both natural graphite and synthetic graphite which indicate that all the 

cathodic processes are reversible. Impedance measurements were carried out for 

natural and synthetic graphite electrodes, however, for natural graphite the 

measurements were unsuccessful and could not be included in the thesis. Improper 

impedance results of synthetic graphite was obtained and the main reason for that 

may be due to the potentiostat not allowing high enough frequencies. Since the 

results are not completely accurate it is hard to draw any proper conclusions from it. 

However, the impedance of the second semicircle for synthetic graphite is lower than 

the first one which indicate that it experiences better lithium diffusion. This supports 

the conclusions made in chapter 4.2.1 based on the rate capability measurements. 

 

An overall conclusion, the structural characterization shows similar results for both 

materials and no major difference are found. From the electrochemical 

characterizations it can be concluded that synthetic graphite shows better results in 

rate capability measurements as the negative electrode than natural graphite does. 

However, due to crack formation in the structure the stability may decrease at long-

term cycling. The cyclability of natural graphite can though be improved by doping or 

coating the electrode with enhancement materials as mentioned in chapter 2.3.3.  

 

Only half cells were carried out for electrochemical measurements in this thesis. This 

gives properties of the electrode containing the active material. However, for further 

research, full cells containing the graphite powders could be analysed to investigate 

the properties of the whole cell. For example, rate capability, CV and EIS 

measurements with long cycling could be used to study the cycle life of the battery. 

Also, structural characterization methods could be used after electrochemical 

measurements to see if cycling influences the structure of the graphite. Coating 



  

 

65 
 

natural graphite with enhancement materials could be investigated in further 

projects to hopefully achieve better cycling properties.
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Figure  1: Charge and discharge curves of synthetic graphite (sample 2). 
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Figure 2: Charge and discharge curves of synthetic graphite (sample 3). 
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Figure  3: Charge and discharge curves of natural graphite (sample 2). 
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Figure   4: Charge and discharge curves of natural graphite (sample 3). 
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Figure  5: Nyquist plot of synthetic graphite (sample 2) 
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Figure  6: Nyquist plot of natural graphite (sample 2), erroneous measurement. 


