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Abstract 

 

Li-ion batteries have become essential in everything from consumer electronics to 

renewable energy systems. However, they also suffer from some key performance 

and safety challenges, mainly arising at high temperatures. In general, high 

temperatures increase the kinetics of various degradation processes such as gas 

production, lithium plating, and electrolyte breakdown, resulting in capacity loss 

and safety risks. Cyclic voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS) are the most powerful techniques for investigating LIBs, which 

provide insight into redox behaviors, electrode kinetics, and internal resistance, 

respectively. In this study, the electrochemical performance and degradation 

mechanisms of a commercial 600mAh lithium-ion pouch cell were examined under 

controlled cycling conditions. The cell was subjected to 100 charge-discharge cycles at 

room temperature and 100°C, with current rates of 100mA, 300mA, and 500mA 

individually. The charge-discharge cycling, in particular at higher current rates and 

elevated temperatures, results in significant capacity fade, fluctuating Coulombic 

efficiency, and internal short circuits. EIS analysis showed high initial impedance due 

to incomplete SEI formation, and from the CV, it was concluded that the reaction 

kinetics and ion mobility were enhanced at higher temperatures. Severe structural 

degradation, such as roughening, dendritic growth, and lithium plating on the anode 

surface, was observed using optical microscopy, especially after high current cycling. 
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সারসংক্ষেপ 

  

লি-আয়ন ব্যাটালিগুলি গ্রাহক ইলিকট্রলনক্স থেলক পুনন নব্ীকিণল াগ্য শক্তি লিলেলেি 

িব্লকছুলে অপলিহা ন হলয় উলেলছ।  াইলহাক, োিা প্রধানে উচ্চ োপোত্রায় উদ্ভূে লকছু েূি 

কে নক্ষেো এব্ং লনিাপত্তা চ্যালিলেি িম্মুখীন হয়। িাধািণভালব্, উচ্চ োপোত্রা গ্যাি 

উৎপাদন, লিলেয়াে থেটটং, এব্ং ইলিলরািাইট ভাঙ্গলনি েলো লব্লভন্ন অব্ক্ষয় প্রক্তিয়াি গ্লে 

ব্ৃক্তি কলি,  াি ফলি ক্ষেো হ্রাি এব্ং লনিাপত্তা ঝুুঁ লকি িৃটি হয়। িাইলিক থভাল্টলেটট্র (লিলভ) 

এব্ং ইলিলরালকলেকযাি ইম্পিলেন্স থেকলট্রালকালপ (ইআইএি) হি এিআইলব্ েদন্ত কিাি 

জনয িব্লচ্লয় শক্তিশািী থকৌশি,  া  োিলে থিেক্স আচ্িণ, ইলিলরাে গ্লেলব্দযা এব্ং 

অভযন্তিীণ প্রলেলিালধি অন্তদৃনটি প্রদান কলি। এই গ্লব্ষণায়, একটট ব্ালণক্তজযক 600mAh 

লিলেয়াে-আয়ন পাউচ্ থিলিি বব্দুযলেক িািায়লনক কে নক্ষেো এব্ং অব্ক্ষয় প্রক্তিয়া 

লনয়লিে িাইলিং অব্স্থাি অধীলন পিীক্ষা কিা হলয়লছি। থিিটট ঘলিি োপোত্রা এব্ং 100°C 

এ 100টট চ্াজন-লেিচ্াজন চ্লিি অধীন লছি,  াি লব্দুযৎ প্রব্ালহি হাি 100mA, 300mA, এব্ং 

500mA পৃেকভালব্। চ্াজন-লেিচ্াজন িাইলিং, লব্লশষ কলি উচ্চ লব্দুযৎ প্রব্াহ হালি এব্ং উচ্চ 

োপোত্রায়, এি ফলি উলেখল াগ্য ক্ষেো লব্ব্ণ ন হয়, কুিলিক দক্ষো ওোনাো কলি, এব্ং 

অভযন্তিীণ শটন িালকনট। ইআইএি লব্লেষলণ অিিূণ ন SEI গ্েলনি কািলণ উচ্চ প্রােলেক 

প্রলেব্ন্ধকো থদখা থগ্লছ এব্ং লিলভ থেলক এই লিিালন্ত উপনীে হলয়লছ থ  উচ্চ োপোত্রায় 

প্রলেক্তিয়া গ্লে এব্ং আয়ন গ্লেশীিো ব্ৃক্তি থপলয়লছ। লব্লশষে উচ্চ কালিন্ট িাইলিং এি 

পলি, অপটটকযাি োইলিালকালপ ব্যব্হাি কলি রুক্ষো, থেনড্রাইটটক থগ্রাে এব্ং অযালনাে 

পৃলে লিলেয়াে থেটটং এি েলো গুরুেি কাোলোগ্ে অব্ক্ষয় িক্ষয কিা থগ্লছ।  
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Chapter 1  

INTRODUCTION 

 

1.1 BACKGROUND 

Demand for energy storage systems (ESS) has increased substantially over the past 

few years, due to unsustainable use of nonrenewable resources and the irregular 

availability of renewable energy sources. Fossil fuels, such as natural gas, coal, and 

oil, are good examples of rapidly depleting resources, and their continuous use 

aggravates environmental problems by polluting water supplies and emitting 

greenhouse gases. This has led to the necessity of a switch to clean, renewable 

sources of energy: solar, wind, hydroelectric, and geothermal power. However, so far, 

these renewable sources cannot ensure that energy supply is steady and continuous; 

they depend on outside factors—sometimes wind does not blow, and the sun's 

intensity varies throughout the day [1,2]. Energy storage systems really become a key 

technology in overcoming these challenges and ensuring that the supply of electricity 

is stable. If there is much excess energy, ESS technologies store it, and in the case of 

insufficient production, they release it again. This helps, through the addition of 

stability to the balance between supply and consumption of energy by responding 

quickly to any unexpected peak in demand to increase grid stability. Among other 

ESS technologies, tremendous interest has been shown in the ability of 

electrochemical energy storage, mostly batteries, to store energy and release it 

efficiently with low losses. The technique transforms and stores energy that can be 

converted back to electric form through conversion into chemical form in devices like 

electrochemical energy storage systems and batteries. Batteries can be broadly 

divided into two groups: primary batteries, which are single-use and encourage 

irreversible electrochemical processes, and secondary batteries, which allow for 

reversible reactions and repeated cycles of charging and discharging. Lithium-ion 

(LIB), nickel-cadmium, and nickel-metal hydride batteries are examples of secondary 

batteries. LIBs are now the most popular rechargeable battery option because of their 

increased energy density, longer cycle life, improved efficiency, and versatility for a 

range of uses, such as stationary energy storage systems, electric vehicles, and 

portable gadgets. The primary anode material for LIBs since its commercial debut by 

Sony in 1991 has been graphite, which is preferred due to its affordability, structural 

stability, and environmental friendliness. However, there are drawbacks to graphite, 

including as a theoretically limited capacity that limits its use in high-power devices. 

Moreover, volume variations could occur throughout the lithiation/delithiation 

process, causing stress on the electrode and diminishing cycling stability. Another 
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major issue is lithium plating on the graphite surface under particular circumstances, 

which reduces performance and raises safety hazards. By investigating new materials 

and creative designs, ongoing research aims to overcome these problems and 

enhance the LIBs' efficiency, safety, and capacity. A more sustainable energy future 

may be facilitated by the development of sophisticated LIB technologies, which could 

allow large-scale applications like the integration of renewable energy sources and 

next-generation electric vehicles [3–5]. 

 

1.2 ENERGY STORAGE TECHNIQUES 

Devices for storing energy are made based on their capabilities and applicability. 

Different types of energy, including chemical, mechanical, electric, electrochemical, 

and thermal are shown in Fig. 1.1. 

 

 

 

Figure 1.1 Classification of different types of energy 

 

1.2.1  Chemical Energy 

Chemical energy is dependent on the bonding between atoms or molecules and is 

stored in a material's structure. Energy is released during a chemical process and can 

be used again as heat energy or electrical energy. This energy storage process is 
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called thermochemical energy storage because the chemical reaction can be either 

endothermic or exothermic. Although it comes in a variety of fundamental forms, 

including coal, gas, crude oil, biomass, and others, it pollutes the environment 

because of its dangerous consequences [6]. 

 

1.2.2  Mechanical Energy 

Kinetic energy, energy of motion, and potential energy, energy stored depending on 

an object's position or configuration, are the two major kinds of mechanical energy. It 

is the kind of energy crucial for most uses in providing transportation networks and 

powering machinery. Mechanical energy is useful in many systems and gadgets, 

from hydroelectric power plants using turbines to transform the potential energy of 

water stored in reservoirs into electrical power, to flywheels storing kinetic energy 

for later use. These mechanical energy storage devices are characterized by high-

power density, reaction time, and durability, so it would be particularly interesting 

for applications involving fast energy discharge, like stabilization in renewable 

energy systems and electrical grids. Mechanical energy systems continue to evolve 

with each engineering and material advance, bringing effective and sustainable 

solutions to the energy conundrums facing us today [6]. 

 

1.2.3  Electric Energy 

All modern appliances and industrial systems in the world are driven by electric 

energy, generated from the movement of electric charges. It is an efficient way to 

distribute it through power networks and to be produced by nuclear, fossil fuels, and 

renewable energy sources. Because it can be easily transformed into chemical, 

thermal, or mechanical energy, it becomes very versatile. Technological innovation on 

storage technologies—batteries, in particular—make them functional, fostering 

sustainability and integration with renewable energy [6].  

 

1.2.4  Thermal Energy 

The energy associated with the motion of particles in a substance is commonly called 

thermal energy or heat energy. It is the primal source of energy; hence, it may also be 

used for different purposes, such as in processes by industries, generation of power, 

and heating. Fossil fuel burning, geothermal reservoirs, and solar thermal systems 

would be some good examples. Energy can be used when needed because it can be 

stored in such substances as water or molten salts. Thermal energy plays a vital role 
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and has been a significant component in modern-day energy solutions, mainly in 

systems such as power plants and heating networks [7]. 

 

1.2.5  Electrochemical Energy 

Most of the modern energy systems depend on the electrochemical energy storage 

devices in which chemical energy is converted to electrical energy via 

electrochemical reactions. Due to their high energy density, scalability, fast charge–

discharge cycles, and environmental advantages, technologies such as fuel cells, 

capacitors, supercapacitors, and batteries have revolutionized the way in which 

energy is stored and delivered. Two terms that define ESSs are depicted bilaterally in 

Fig.1.2, comparing a number of ESSs. The first is specific power, also called power 

density, which expresses how much power a system can deliver per unit of weight. 

Second comes the specific energy, which describes how much energy the system can 

store internally. It is not necessary to have a high value of energy, but the higher the 

energy density of the systems, the longer they will be able to provide energy. Also, 

more power can be drawn from the system as the power density is higher, and vice 

versa. In the event that the goal is to store energy for a longer time, ESSs with high 

specific energy may be the best choice. [3–5]. 

 

 

Figure 1.2 Energy storage and conversion devices with specific energy and power [8] 
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1.2.5.1 Capacitors 

Capacitors store energy electrostatically by building up charge on conductive plates 

separated by a dielectric material and are thus indispensable to most modern 

electronic systems. Due to their quick charge-discharge capability, they play a very 

important role in the regulation of voltage, smoothing of power, and delivering 

transient energy. But, because of their low energy density, they can be used only for 

very short-term energy purposes [9,10]. 

 

1.2.5.2 Supercapacitors 

Supercapacitors possess much higher energy density compared to conventional 

capacitors and batteries, yet retain the fast charge-discharge capability of the latter. 

They store energy through electrostatic and electrochemical means using high-

surface-area electrodes and an electrolyte. Their long cycle life and robustness make 

them very suitable for applications such as grid stability, regenerative braking, and 

high-power electronics [11,12]. 

 

1.2.5.3 Fuel Cell 

Fuel cells represent a promising solution for electrochemical devices that can 

generate electricity continuously from the reaction of fuel-fuel usually hydrogen-

with an oxidant, normally oxygen, for clean energy applications in transportation, 

stationary power generation, and industrial processes, since they do not internally 

store energy but obtain it from an external fuel supply, which permits operation for 

as long as it is fed [13]. 

 

1.2.5.4 Battery 

Moving from fossil fuels to renewable energy requires an efficient energy system, 

with modern battery storage technology. In view of the ever-growing demands for 

power and creation of renewable energy, the importance of battery storage will keep 

on growing. The energy storage device may be used either as a unit to store energy 

from a generator or as the energy source in a system. For example, energy storage in 

a lithium-ion battery can be used to run a cell phone while another one in a lead-acid 

battery can supply the needs for a car. Among the advantages of energy storage over 

fuel is that it is more renewable since it recharges without requiring more material 

inputs into its system. Figure 1.3 shows the batteries' energy densities for a 

comparative visual representation. 
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Figure 1.3 Comparison of four popular battery types' energy densities [14] 

 

1.2.5.4.1 Lead Acid Battery 

The lead-acid battery is among the oldest and most common types of rechargeable 

batteries. They contain lead dioxide, PbO₂, as the positive electrode, sponge lead, Pb, 

as the negative electrode, and an electrolyte solution prepared from sulfuric acid, 

H₂SO₄. Because they have very high surge currents, these batteries are used for 

applications that require large bursts of energy, such as automobile, truck, and 

motorcycle starters. Another purpose for which lead-acid batteries are widely used 

includes uninterruptible power systems, backup power supplies, and renewable 

energy storage systems. For all their cheapness and reliability, the energy density of 

lead-acid batteries is extremely low-a lot less energy stored in their size when 

compared to more modern technologies such as lithium-ion batteries. They are also 

vulnerable to sulfation, which can reduce their lifespan by resulting in the formation 

of lead sulfate crystals on the electrodes. Furthermore, lead is toxic, and improper 

disposal of lead-acid batteries can contaminate the environment. Despite these 

drawbacks, many applications continue to favor lead-acid batteries due to their 

affordability, tested technology, and recyclability [15,16]. 

 

1.2.5.4.2 Ni-Cd Battery 

One variety of secondary battery is the nickel-cadmium or Ni-Cd battery, in which 

the negative electrode is made of cadmium and the positive electrode is nickel oxide 

hydroxide. Due to its resistance to degradation with repeated charge/discharge 

cycles and its reputation for ruggedness, Ni-Cd batteries are applied in many uses 

similar to power tools, emergency lighting, and aviation systems. They operate well 

over a wide range of temperatures and can withstand severe conditions. However, 
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Ni-Cd batteries are prone to the so-called "memory effect," wherein a partial 

discharge over time gradually reduces their usable capacity. Besides that, cadmium is 

a toxic heavy metal that poses environmental concerns with regard to its recycling 

and disposal, uses that have been on the decline in favor of greener alternatives such 

as lithium-ion batteries. Despite these disadvantages, for industrial and aerospace 

purposes requiring reliability and high efficiency, the Ni-Cd batteries have remained 

an unmatched means of energy storage to date [17,18]. 

 

1.2.5.4.3 Ni-MH Battery 

Nickel-metal hydride batteries are a type of rechargeable battery, wherein their 

negative electrode is made from a hydrogen-absorbing alloy, while the positive 

electrode is nickel oxide hydroxide. Compared with nickel-cadmium, or Ni-Cd 

batteries, these batteries have higher energy density, which makes them the popular 

option for consumer electronics, hybrid cars, and even rechargeable power tools. 

Because they don't contain cadmium, the hazardous materials in Ni-Cd, Ni-MH 

batteries prove to be more environmentally friendly. Their reduced memory effect 

enables them to handle more flexible cycles of charging and discharging. However, 

their energy density is lower compared to lithium-ion batteries, and their 

functionality may be affected by changes in temperature. Due to their affordable cost, 

reliable performance, and safety features, Ni-MH batteries remain in wide use for a 

variety of consumer and commercial applications [19,20]. 

 

1.2.5.4.4 Lithium Ion Battery 

Li-ion batteries have wide applications in consumer electronics, EVs, and energy 

storage systems in recent time due to their light weight and high energy density, with 

long cycle life. These batteries use graphite as negative electrode (anode), lithium 

compounds-such as lithium cobalt oxide or lithium iron phosphate-as positive 

electrode (cathode), and organic solvent-based lithium salt as the electrolyte. 

Electrical energy is generated when lithium ions flow through the electrolyte from 

the anode to the cathode during a discharge and in the opposite direction during 

charging. Compared to older battery technologies like nickel-cadmium and lead-acid 

batteries, Li-ion batteries boast several advantages: superior energy density, longer 

life, and no memory effect. Because of that, they can store more energy in relation to 

one unit of weight and volume; for that, they will suit grid energy storage perfectly 

well, electric vehicles, and portable electronics. The fact that overcharge and too high 

a temperature might badly influence its quality-performing, they easily give into 

explosions like thermal runaway. The continuous leading place of Li-ion batteries 
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among other technologies is due to their effectiveness, scalability, and wide 

utilization in diverse industries despite such obstacles [21–23]. 

 

1.3 WORKING PRINCIPLE OF LIB 

Lithium, a silvery, white alkali soft metal, is the lightest metal and solid under some 

standard conditions. According to the electrochemical series, it has the highest 

tendency to lose electrons. It is highly reactive in its pure form but quite stable when 

it is a part of metal oxide [24]. Because of these special qualities, lithium is crucial for 

creating advanced devices for storing energy, especially lithium-ion batteries. 

Lithium compound-based cathodes such as lithium cobalt oxide (LCO), carbon-based 

anodes such as graphite, electrolyte, and separator are the basic component of a 

lithium-ion battery. Aluminum and copper foil act as a current collector, where 

cathode and anode material are coated, respectively.  Fig. 1.4 illustrates the charging 

and discharging mechanism of a lithium-ion battery. During the charging and 

discharging cycles, lithium ions are successively intercalated and deintercalated. 

During charging, electrons move from cathode to anode by the external circuit. Then 

the Li+ is free from the metal oxide which is usually used as a cathode. After that, it 

goes through the electrolyte and the separator to the anode where it will be stored. 

The separator is semi-permeable because only Li+ can pass through it, but e- cannot. 

Since the separator does not allow Li+ and e- to be connected, as a result, the internal 

short circuit is prevented. The reverse process occurs during discharging [25].  

 

 

Figure 1.4 LIBs operating mechanism 
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Redox reactions occur during the charging and discharging of LIBs at the electrode 

which is showed between Eqn. (1-4) [26], examples given for Lithium Iron Phosphate 

(LFP) battery. 

Charging: 

 LiyFePO4  → 𝐿𝑖𝑦−𝑧𝐹𝑒𝑃𝑂4 + 𝑧𝐿𝑖+ + 𝑧𝑒− (1) 

 Lix−zC6 + zLi+ + ze−  →  Lix𝐶6 (2) 

Discharging: 

 LiyFePO4  ← 𝐿𝑖𝑦−𝑧𝐹𝑒𝑃𝑂4 + 𝑧𝐿𝑖+ + 𝑧𝑒− (3) 

 Lix−zC6 + zLi+ + ze−  ←  Lix𝐶6 (4) 

 

1.4 LI-ION BATTERIES OF DIFFERENT SHAPES 

Li-ion batteries are available on the market in a variety of sizes and shapes. These are 

the coin cell, pouch cell, prismatic cell, and cylindrical cell, as seen in figure 1.5. 

Common forms of cylindrical cells include A, AA, AAA, AAAA, B, C, 18650, and so 

on. As seen in figure 1.5 (a), a pouch Li-ion battery cell with 600mAh capacity was 

selected for this investigation. 

 

         

(a)                                                  (b) 

      

(c)                                                 (d) 

Figure 1.5 (a) Pouch Cell (b) Coin Cell (c) 18650 Cylindrical Cell (d) Prismatic 

Cell 
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1.5 MOTIVATION AND OBJECTIVES 

LIBs have performance and safety issues, particularly in high temperature 

conditions. Elevated temperatures increase the processes of degradation, including as 

gas production, lithium plating, and electrolyte breakdown, which eventually lowers 

battery capacity and raises safety concerns. Cyclic Voltammetry (CV) and 

Electrochemical Impedance Spectroscopy (EIS) are effective methods for examining 

the internal dynamics of LIBs. CV shows redox behaviors and electrode kinetics, 

whereas EIS sheds light on internal resistance, diffusion processes, and charge 

transfer resistance. Nevertheless, the combined application of these methods at high 

temperatures is still little studied for the commercially available batteries, which 

presents a chance to improve our knowledge of LIB behavior and degradation 

processes. Research objectives of this study include the following terms: 

• To investigate the effects of elevated temperatures on the electrochemical 

behavior of commercial LIBs using EIS and CV techniques. 

• To analyze changes in internal resistance, charge transfer kinetics, and 

degradation mechanisms at different temperature conditions. 

 

1.6 THESIS OUTLINE 

This thesis, titled “Study of Electrochemical Impedance Spectroscopy and Cyclic 

Voltammetry of Commercial Lithium-ion Battery at Elevated Temperature,” explores 

the principles and applications of EIS and CV to investigate the electrochemical 

performance of lithium-ion batteries. The thesis is organized as follows: 

 

Chapter-01: Introduction 

This chapter introduces various types of electric energy storage systems, highlighting 

their advantages and limitations. It emphasizes the importance of energy storage in 

facilitating renewable energy integration and discusses lithium-ion batteries as a 

promising technology for energy storage applications. 

 

Chapter-02: Literature Review 

This chapter provides an overview of internal resistance measurement techniques for 

lithium-ion batteries, with a focus on Electrochemical Impedance Spectroscopy (EIS) 

and Cyclic Voltammetry (CV). Relevant studies and advancements in the field are 

reviewed. 
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Chapter 3: Methodology 

This chapter outlines the experimental procedures, including details of the 

experimental setups, data collection methods, and the equipment used during the 

study. 

 

Chapter 4: Results and Discussions 

This chapter provides a detailed interpretation of the experimental results, discussing 

their implications and comparing them with findings from previous studies. 

 

Chapter 5: Conclusion and Future Study 

This chapter summarizes the key findings of the research, discusses its limitations, 

and provides recommendations for future studies to build on the current work.  
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Chapter 2  

Literature Review 

 

2.1 INTRODUCTION 

The measurement of internal resistance and thermal effects being the emphases of 

this chapter, it now seeks to comprehensively analyze the body of research on 

lithium-ion batteries. The chapter opens with a look at how temperature influences 

LIB performance, safety, and degradation mechanisms to demonstrate the vital 

necessity for temperature control in battery systems. It then proceeds to discuss some 

of the methods of determining internal resistance, outlining their principles, 

advantages, and shortcomings. The basic concepts, measurement techniques, and 

interpretation of impedance spectra of EIS and CV are discussed in detail herein. This 

section shall help to elucidate the flexibility and accuracy of EIS as a diagnostic tool 

for LIBs. It also looks into how EIS and CV are being applied in battery research and 

industry, pointing out how it is used in performance assessment, degradation 

analysis, and in the development of new pioneering battery technologies. 

 

2.2 EFFECT OF TEMPERATURE ON LIBS 

Complex electrochemical changes take place during the charging and discharging of 

a LIB with a significant quantity of heat release. The performance, longevity, as well 

as safety of a Lithium-ion battery, is affected by the operating or ambient 

temperature [26]. Temperature also affects the ionic conductivities of electrodes and 

electrolytes [27]. In Fig. 2.1, some temperature effects are illustrated which will be 

discussed in the following sections. 

 

 

 

Figure 2.1 Effects of temperature on LIBs. 
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2.2.1 Effects of Low Temperature 

The properties of electrolytes are affected when the battery is exposed to cold 

temperatures. At low temperatures, the internal resistance of the electrolyte rises due 

to its viscosity. As a result, the Lithium-ion diffusivity and the electrolyte's ionic 

conductivity, power, and capacity of the cell decreases [28–30]. The charge transfer 

resistance (Rct) is one of the most significant factors that also increase at low 

temperatures [31]. Zhang et al. [31]  interpreted by their experiment that, it is more 

difficult to charge a drained Li-ion battery than it is to discharge a charged battery at 

a low temperature. Petzl et al. [32] demonstrated that at low temperatures, lithium 

plating occurs. Lithium plating has the ability to penetrate separators and reduce 

capacity. These lithium dendrites, which are located on the surface of the negative 

electrode of LIBs, cause an internal short circuit [33].  

 

2.2.2 Effects of High Temperature 

High temperatures impair the performance of Lithium-ion batteries more than low 

temperatures. So, it's crucial to research LIBs behavior at high temperatures. In this 

section, some high-temperature effects are discussed. 

 

2.2.2.1 Heat Generation 

At room or standard operating temperature, electrochemical reactions and charge 

transfer produce heat inside the battery [34]. Irreversible processes like heating due 

to mixing, polarization, enthalpy change, etc. are also responsible for generating heat. 

In fig. 2.2 some causes for generating heat are illustrated. Xiao and Choe [34] were 

proposed a completely new heat generation formulation, which incorporates 

enthalpy heating and heat of mixing.  

 

 

Figure 2.2 Various heat generation process 
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2.2.2.2 Thermal Runaway 

Thermal runway is another destructive phenomenon for a lithium-ion battery. It 

occurs when the heat formed inside a battery surpasses the quantity of heat released 

to its surroundings [35]. In Fig. 2.3 thermal runaway process of a LIBs cell is 

illustrated. At high temperatures, exothermic reactions occur in the battery and 

uncontrollable heat is produced. Also, internal pressure is increased due to the 

production of some gaseous elements. As a result, exploration would occur [36]. Feng 

et al. [37] observed that during thermal runaway the internal temperature was gone 

above 870˚C and the difference of temperature was 520˚C inside the tested battery. 

 

 

Figure 2.3 The thermal runaway process of lithium-ion batteries (numbers here 

indicate: 1. Heating starts; 2. The protective layer dissolves; 3. Flammable gas is 

created when electrolytes split; 4. Separator melts could cause short circuits; and 5. 

The cathode breaks down and releases oxygen [38] . 

 

Figure 2.4 depicts that when a cell failure due to thermal runaway and if it 

propagates to the other cell of the battery, it may destroy the whole battery.  

 

 

Figure 2.4 Destruction of a battery due to thermal runaway [38]. 
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At high temperatures, LIBs lifespan, as well as performance, are reduced due to 

aging. Leng et al. [39] found by their investigation that, when a Sony Prismatic 

lithium-ion battery was aged from 25˚C to 55˚C, it's capacity degraded due to the 

temperature impact. Bondenes et al. [40] found by their experiment that the battery 

capacity was lost by around 7.5% at 85°C. But when cycled at 120˚C the loss of 

capacity reached 22%. They used Li (Ni, Mn, Co) O2 (NMC) based lithium-ion 

batteries for the analysis of the aging process. 

 

2.3 METHODS FOR MEASURING THE INTERNAL TEMPERATURE OF LIBS 

Measuring techniques of a battery's internal temperature is complicated compared to 

the surface temperature due to its multilayered structures. Using thermocouples and 

thermal imaging systems, the surface temperature of LIBs can be easily measured 

[41]. Various methods for measuring a battery's interior temperature are 

demonstrated in Fig. 2.5. 

 

 

Figure 2.5 Current methods for monitoring the interior temperature of LIBs. 

 

To detect the temperature by contact measurement, temperature sensors such as 

Fiber Bragg Grating (FBG) sensors or thermocouples are placed within LIBs. But, the 

structural integrity of LIBs can be damaged by the insertion of heat sensors [42].  

That’s why electrochemical impedance-based and modeling simulation techniques 

are developed to eliminate the damage to the internal structure of the LIBs.  

Temperature 
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The thermal model and the thermal-electric model are the two numerical models that 

are developed by the researchers for determining the internal temperature of LIBs. In 

the thermal model, only thermal and in the thermal-electric model thermal as well as 

electric characteristics inside batteries can be predicted [43,44]. 

 

2.4 METHODS FOR MEASURING THE INTERNAL RESISTANCE OF LIBS 

Internal resistance is one of the most determining factors for power, energy efficiency, 

and lost heat of the lithium-ion cell. It can be measured for the cell by means of the 

current step method, alternating current method (AC), heat loss method and 

electrochemical impedance spectroscopy (EIS) method. 

 

2.4.1 Current Step Method 

One of the most straightforward and widely applied methods to measure internal 

resistance at present is the step current method. In this approach, a step current-that 

is, a sudden alteration of current-is applied to the battery, and then the voltage 

response to it is monitored. By Ohm's law (eqn. 5), internal resistance R can be 

computed as, 

 

𝑅 =
∆𝑉

∆𝐼
 

(5) 

 

Where,  

∆𝑉 is change in voltage 

∆𝐼 is change in current. 

 

In practice, a step current is applied, and the voltage drop across the battery is 

measured immediately after applying the current. This gives an estimation of the 

internal resistance by how the voltage of the battery responds to a sudden change in 

current. This technique is very effective for rapid, rough estimates of internal 

resistance but is less valid under conditions of large changes in either state of charge 

or temperature [45,46]. 
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2.4.2 AC Method 

The AC method, on the other hand, is where the internal resistance of the battery is 

obtained using a very small, alternating current signal. This means that when the 

sinusoidal current frequency has been applied onto the battery, it measures voltage 

response. It will be learned on AC excitation how voltage-to-current can provide 

information related to battery impedance, comprising internal resistance and other 

electrochemical phenomena [47]. 

At a specific frequency, the impedance Z(ω) can be expressed as (eqn. 6), 

 

𝑍(𝜔) = 𝑅 + 𝑗𝑋(𝜔) (6) 

 

Where, 

R is the internal resistance 

𝑋(𝜔) is the reactance, which depends on the frequency 

j is the imaginary unit 

 

The internal resistance can be determined either by analyzing the phase shift 

between the applied current and the voltage response or, alternatively, by looking at 

the amplitude of the voltage. This approach is a very important one, as it gives 

information regarding the resistance and the capacitive and inductive behaviors of a 

battery over a range of frequencies. It is designed to identify the resistive losses as 

well as the dynamic behavior, including charge transfer and diffusion effects, that 

will affect the performance of a battery under different operating conditions [47]. 

 

2.4.3 Thermal Loss Method 

The thermal-loss method calculates the internal resistance of a battery by observing 

the heat produced while the battery charges and discharges. This is because internal 

resistance causes energy losses in the form of heat—known as Joule heating. The 

amount of heat can thus be correlated with the internal resistance [48]. 

The basic principle is that whenever a current flows across a resistive material, it 

generates heat according to Joule's law (eqn. 7) 
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𝑄 = 𝐼2𝑅𝑡 (7) 

 

Where, 

Q is the heat generated 

I is the current 

R is the internal resistance 

t is the time for which the current flows 

 

Heat generation in lithium-ion batteries originates from both Joule's heating and 

chemical reactions; the latter can be exothermic or endothermic. During charging, the 

reversible heat effect starts as endothermic and becomes slightly exothermic, 

reversing during discharge. Under high current loads, Joule’s heating dominates, 

making it the primary focus for internal resistance measurements using calorimetry 

[49–51]. A calorimeter shown in figure 2.6, consisting of a Dewar vessel, stirrer, and 

thermometer, measures heat generated by the battery based on temperature changes 

and known heat capacities. Calibration ensures accuracy, and alternating current is 

used for heat dissipation in long-term measurements to determine internal resistance 

accurately [52]. 

 

 

Figure 2.6 Quasi-adiabatic calorimetry for measuring heat generation in 

batteries [46] 



19 

 

The calorimeter's heat capacity is represented by Ccal. Using a lithium-ion cell whose 

heat capacities have been measured by prior tests and calorimeter measurements 

with a substance called calorimeter liquid, one must calculate the temperature 

change during the cell's charge/discharge cycle in order to calculate the value of Ri 

from the known values of Ccell, Ccal, ΔT, and Q. Because of the limited energy capacity 

of the cell under test, Equation (7) and the derived Equation (8) for calorimeter 

testing with constant current are unsuitable for long-term measurements. 

Consequently, alternating current was employed to generate heat dissipation, as 

described in Equation (9). 

 

𝑄 = 𝐼2𝑅𝑡 = (𝐶𝑐𝑎𝑙 + 𝐶𝑐𝑒𝑙𝑙) x ∆𝑇 (8) 

 

𝑄𝑙𝑜𝑠𝑠 =  ∫ (𝐼 (𝑡)2. 𝑅𝑡. 𝑑𝑡)
𝑡2

𝑡1
 = (𝐶𝑐𝑎𝑙 + 𝐶𝑐𝑒𝑙𝑙) x (𝑇2 − 𝑇1) (9) 

 

The cell's internal resistance can be computed by converting Equation (9): 

 

𝑅𝑡 =
(𝐶𝑐𝑎𝑙 + 𝐶𝑐𝑒𝑙𝑙) x (𝑇2 − 𝑇1)

∫ 𝐼 (𝑡)2. 𝑑𝑡
𝑡2

𝑡1

 
(10) 

  

2.4.4 Electrochemical Impedance Spectroscopy Method 

Electrochemical Impedance Spectroscopy (EIS) is among the most precise and 

popular methods of internal resistance measurement for lithium-ion batteries, which 

gives detailed insight into the electrochemical processes taking place inside the 

battery. EIS applies a small sinusoidal voltage (or current) perturbation across a wide 

range of frequencies and measures the corresponding current (or voltage). The 

impedance is calculated by analyzing the frequency response. 

 

2.4.4.1 Principle of EIS 

A key component of lithium-ion batteries that affects their kinetic performance, 

stability, energy density, and capacity for storing charge is double layer capacitance, 

which plays an important role in determining the overall performance of LIBs. 

Double layer capacitance develops at the contact of an electrode and an electrolyte as 
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shown in Fig. 2.7. Ions from the electrolyte build up at the electrode surface in 

response to an applied voltage, creating a double layer. This layer is composed of two 

areas: the outer Helmholtz plane (OHP), where solvated ions are drawn to the 

electrode's electric field but do not come into direct contact with the surface, and the 

inner Helmholtz plane (IHP), where ions are selectively adsorbed onto the electrode 

surface. This double layer's capacitance is similar to that of a parallel plate capacitor, 

in which the separation distance is the total of the ion and solvation shell effective 

radii, and the electrode and accumulated ions serve as the plates [53,54].  

 

 

Figure 2.7 Double layer Capacitance (Adapted from [55]) 

 

In a conventional electrochemical cell, interactions between redox species and the 

electrode, including concentration, charge transfer, mass transfer, and electrolyte 

resistance, are modeled using an equivalent circuit of resistances, capacitors, and 

constant phase elements. Therefore, mass-transfer, charge-transfer, and diffusion 

processes can all be investigated using Electrochemical Impedance Spectroscopy, 

which can analyze inherent material characteristics or specific mechanisms affecting 

an electrochemical system's conductance, resistance, or capacitance. 

The standard method for measuring electrochemical impedance involves subjecting 

an electrochemical cell to an AC voltage and then monitoring the current flowing 

through the cell.  A little excitation signal is typically used to assess electrochemical 
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impedance. This is done to provide a pseudo-linear response from the cell. A 

sinusoid with the same frequency but a phase shift will be the current response to a 

sinusoidal potential in a pseudo-linear system. 

DC circuits are less complex, featuring pure resistance, constant voltage and current. 

In contrast, alternating current and voltage, impedance made up of reactance and 

resistance, and frequency-dependent behavior are all present in AC circuits. Ohm's 

Law is used to compare DC and AC circuits, and the results show major differences 

in their analysis and behavior which is presented in Table 2.1. 

 

Table 2.1 Difference between DC and AC signal 

Parameter Direct Current (DC) Alternating Current (AC) 

Current Flow Unidirectional Bidirectional 

Voltage Constant Changes sinusoidally with time 

Resistance/ 

Impedance 

Pure resistance (R) Impedance (Z) includes 

Resistance (R), Inductance (L), 

and Capacitance (C)  

Ohm’s Law 
𝑅 =

𝑉

𝐼
 𝑍(𝜔)= 

𝑉(𝜔)

𝐼(𝜔)
=

𝑉0 sin(𝜔𝑡)

𝐼0 sin(𝜔𝑡)
 

Where, 𝜔 = 2𝜋𝑓 

Schematic 

Diagram 

  

 

Since AC ensures linear responses, captures phase relationships, distinguishes 

between different impedance components, and provides frequency-dependent 

impedance measurements, it is employed in electrochemical systems analysis (EIS), 

where the excitation signal as a function of time is like equation 11.  

 

𝑉𝑡 =  𝑉0 sin(𝜔𝑡) (11) 
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The signal in a linear system has an amplitude that differs from I0 and is phase-

shifted (ϕ) shown in equation 12. 

 

𝐼𝑡 =  𝐼0 sin(𝜔𝑡 + 𝜙) (12) 

 

Figure 2.8 illustrates the phase shift in the output signal caused by the internal 

resistance of the battery.   

 

 

 

Figure 2.8 Simplified diagram of EIS where the phase angle is marked to indicate the 

delay between the input and output signal. 

 

V and I for the AC circuit model in equation 11 and 12 satisfy Ohm's law. 

Consequently, the impedance Z(ω) can be written as follows: 

 

𝑍(𝜔)= 
𝑉0 sin(𝜔𝑡)

𝐼0 sin(𝜔𝑡 + 𝜙)
 = 𝑍0

sin(𝜔𝑡)

sin(𝜔𝑡 + 𝜙)
 

 

(13) 

According to Euler’s formula, 

𝑒𝑗𝜙 = cos(𝜙) + 𝑗 sin (𝜙) (14) 

Where,  𝑗 = √−1 = 𝑒
𝑗𝜋

2  

 

The impedance Z(ω) from equation 13 can be represented as a complex function 
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𝑍(𝜔) = 𝑍0
𝑒𝑗𝜔𝑡 

𝑒𝑗(𝜔𝑡+𝜙) = 𝑍0 𝑒𝑗𝜙 

=  𝑍0 cos(𝜙) + 𝑗  𝑍0 sin (𝜙) 

 

(15) 

Where, 𝑍0 cos(𝜙) is the real part (ZReal) that represents the resistance, and 𝑍0 sin (𝜙) is 

the imaginary part (ZIm) that represents the combined effects of inductance and 

capacitance. An X-axis plot of the real part (ZReal) and a Y-axis plot of the imaginary 

part (ZIm) results in a Nyquist Plot depicted in figure 2.9(a). On the Nyquist plot, 

every point represents an impedance value at a given frequency, whereas the ZIm is 

negative. Impedance is conducted at low frequency on the right side of the plot along 

the X-axis, while its generated impedances are exerted on the left at higher 

frequencies. Furthermore, impedance on a Nyquist plot can be depicted as an arrow 

with a length of ∣Z∣, where the angle formed between this arrow and the X-axis is 

referred to as the phase angle.  

 

 

Figure 2.9 a) Nyquist Plot, and b) Bode Plot (Adapted from [56]) 

 

An alternative method of expressing the impedance data is the Bode plot, which is 

more popular in the engineering community than the Nyquist plot. The Bode plot 

consists of two distinct logarithmic plots: phase vs. frequency and magnitude vs. 

frequency shown in Figure 2.9(b). 

 

2.4.4.2 EIS Application to LIBs 

An effective method for examining the electrochemical characteristics and processes 

of lithium-ion batteries is electrochemical impedance spectroscopy, or EIS. By 

measuring the battery's impedance as a function of frequency, it provides insight into 

the internal mechanisms that control battery performance and degradation. 
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2.4.4.2.1 SEI Layer Formation 

Lithium-ion batteries (LIBs) experience considerable performance loss during the 

span of their lifetime application due to unwanted chemical interactions, aging, 

corrosion, compromised structural integrity, and the possibility of thermal runaway. 

Performance deteriorates as a result of the creation of a new SEI layer, which grows 

and increases the internal resistance and capacity loss of LIBs. The electrochemical 

impedance spectroscopy technique can be used to study the formation of the solid 

electrolyte interface (SEI) on the electrode surface. The RSEI is represented by the 

high-frequency intercept on the real axis shown in Figure 2.10, which is frequently 

the endpoint of the semicircle [57–59]. 

 

 

Figure 2.10 Nyquist plot of a LIBs half-cell system (Adapted from [56]) 

 

2.4.4.2.2 Cell resistance of the bulk (Rb), Charge transfer reaction (Rct), and Diffusion 

process (W) 

With EIS, every internal resistance component can be recognized and examined 

using unique frequency-dependent patterns in the Nyquist plot. Three main 

components make up the internal resistance of LIBs: the charge transfer resistance, 

which controls the electrochemical reaction at the electrode-electrolyte interface; the 

Warburg impedance (𝑊), which is related to the diffusion of lithium ions within the 

electrode material; and the bulk resistance of the cell, which is impacted by the 

electrolyte and other conductive materials [53,60]. 

Ohmic resistance, or bulk resistance, Rb, defines the resistance of the cell's electrolyte, 

separator, and current collectors. The electrolyte composition, temperature, and state 

of health (SoH) of the battery can all influence this value. In an EIS measurement, Rb 

represents the aggregate of the electrolyte and additional ohmic resistances within 

the cell, as seen by the high-frequency intercept on the real axis of the Nyquist plot. It 
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is commonly observed in the impedance spectra at the highest frequency range 

depicted in Figure 2.10 [61]. 

At the electrode-electrolyte interface, where lithium ions cross the boundary, an 

electrochemical process takes place that is related to the charge transfer resistance, or 

Rct. Temperature, electrolyte properties, and electrode material can all have a 

significant impact on this resistance, which is crucial for figuring out the reaction 

kinetics. Rct typically appears in the medium to low-frequency range and appears as 

a section of a semicircle in the Nyquist plot illustrated in figure 2.10. By providing 

information on the electrode's ability to promote lithium-ion exchange, the diameter 

of this semicircle immediately reveals the value of Rct [62] . 

The Warburg impedance (W), another name for the diffusion process, is a 

measurement of the impedance and resistance related to the solid-state diffusion of 

lithium ions in the electrode material. The state of charge (SoC), state of health (SoH), 

and electrode material characteristics are some of the variables that frequently affect 

the impedance caused by diffusion. A 45° slanted line at the low-frequency area of 

the Nyquist plot shown in figure 2.10 represents Warburg impedance. This line's 

slope indicates the diffusion process, and the impedance magnitude varies as the 

electrode materials' lithium diffusion coefficients do [63–65]. 

 

2.4.4.2.3 Monitoring State of Charge (SOC) and State of Health (SOH) 

An effective technique for determining a battery's State of Health (SOH) and State of 

Charge (SOC) is Electrochemical Impedance Spectroscopy (EIS). With different SOC 

and SOH levels, the internal electrochemical processes of the battery change, and EIS 

provides insights into these processes by measuring the battery's impedance across a 

range of frequencies.  

SOC is determined by dividing the battery's remaining charge by the maximum 

charge the battery is capable of delivering. As the battery charges or discharges, its 

impedance response changes due to variations in charge transfer resistance, double-

layer capacitance, and diffusion properties, establishing a relationship between 

impedance and the State of Charge (SOC) [66]. Electrochemical Impedance 

Spectroscopy (EIS) captures this data, such as the real and imaginary parts of 

impedance, through Nyquist and Bode plots, which display distinct patterns 

corresponding to different SOC levels. These features provide valuable information 

that can be used to accurately model and estimate the SOC based on the observed 

impedance characteristics. 

On the other hand, State of Health is as the ratio of the maximum charge of the 

battery to its rated capacity. Recently, it has been demonstrated that the SOH 

estimation method based on electrochemical impedance spectroscopy (EIS) works 



26 

 

well. A battery's aging and degeneration, which show up as variations in impedance, 

are reflected in its State of Health (SOH) [67]. Changes in Warburg impedance, 

decreased capacitance, and elevated internal resistance are some of the telltale signs 

of deteriorating battery health that emerge with time. Through the use of 

Electrochemical Impedance Spectroscopy (EIS) to measure impedance on a regular 

basis, these changes can be monitored and degradation factors such as capacity 

fading, loss of active material, or increased internal resistance can be identified, 

offering important information about the state of health of the battery [68–70]. 

Machine learning (ML) provides a sophisticated method for predicting the State of 

Charge (SOC) and State of Health (SOH) of batteries by using data-driven models 

that explain complex, nonlinear correlations in battery performance. Through the 

extraction of features from EIS data, these approaches are able to forecast the SOC 

and SOH with accuracy, which facilitates better tracking of performance, enhanced 

lifecycle management, and early detection of battery degradation. Machine learning 

methods, including Artificial Neural Networks (ANNs), Support Vector Machines 

(SVMs), and Convolutional Neural Networks (CNNs), analyse data such as voltage, 

current, temperature, and impedance to precisely predict state of charge (SOC) 

levels. For State of Health (SOH) estimation, models such as Long Short-Term 

Memory (LSTM) networks, Random Forests (RF), and Gradient Boosting Machines 

(GBM) evaluate features including cycle count, capacity decline, and impedance 

variations to determine battery deterioration. Two models for estimating the State of 

Health (SOH) of lithium-ion batteries (LIBs) using Electrochemical Impedance 

Spectroscopy (EIS) have been proposed where the first model enhances SOH 

estimation by employing an equivalent circuit model (ECM) and the second model 

leverages a convolutional neural network (CNN) integrated with bidirectional long 

short-term memory (BiLSTM), optimized by an improved Particle Swarm 

Optimization (IPSO) algorithm, offering a hybrid data-driven and optimization-

based approach for precise predictions. The proposed models outperform traditional 

methods, showing up to a 94.8% improvement in prediction accuracy.   These 

machine learning algorithms provide precise, flexible, and instantaneous estimation 

of state of charge (SOC) and state of health (SOH), rendering them indispensable for 

battery management in electric vehicles, energy storage systems, and consumer 

electronics [71–74]. 
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2.5 METHODS FOR MEASURING THE CYCLIC VOLTAMMETRY OF LITHIUM 

ION BATTERY 

There are several electrochemical analyses being researched to examine 

electrochemical processes. Chronoamperometry (CA), chronopotentiometry (CP), 

stripping voltammetry (SV), linear sweep voltammetry (LSV), and cyclic 

voltammetry (CV) are often employed electrochemical techniques [75–77]. It is 

feasible to determine the voltage at which oxidation or reduction takes place, as well 

as if contaminants are present or the reaction has proceeded correctly. In many 

different domains, but particularly in energy storage devices like Li ion batteries, 

these electrochemical evaluations are highly beneficial. A basic analytical approach 

among electrochemical techniques for a long time has been cyclic voltammetry. When 

compared to other metrics, CV has the following benefits: 1) The reversibility or 

irreversibility of the reactants' chemical reaction can be determined, 2) It is possible 

to ascertain the potential at which a reaction involving oxidation or reduction takes 

place, 3) It is also feasible to do quantitative analysis on compounds whose 

concentration is unknown, 4) It can be measured by adjusting test parameters 

including reactant concentration, temperature, and scan rate [78]. 

 

2.5.1 Principle of CV 

Cyclic voltammetry is predicated on the linear sweep voltammetry principle, which 

makes use of a technology that measures current as the potential is swept linearly 

over time. The scan rate in this case is defined as the slope of the voltage change with 

time (ms-1). The electrochemical reactivity of the materials, the scan rate for 

measurement, and the rate of electron transfer process all affect the data that LSV 

displays. Fig. 2.11 (a) describes how the LSV data are displayed as either a cathodic 

or anodic peak. Despite their close resemblance, CV does not terminate with a single 

sweep within a predetermined voltage range. When E2 is reached at the end, for 

instance, the voltage reverses back to E1, assuming that it ranges from E1 to E2. A 

"cyclic voltammogram," as illustrated in Fig. 2.11 (b), is a current against voltage plot 

that is referred to as such due to its characteristic. In the CV measurements, the scan 

rate (v) is the most crucial parameter. It shows the slope of a linear voltage change 

during the test and is swept from E1 to E2. The voltage, reversibility, and cyclability 

of redox processes can all be further elucidated by repeating many cycles under the 

same conditions. Furthermore, by varying the scan rate, it can be utilized to study the 

kinetics of electrochemical redox reactions. 

 



28 

 

 

Figure 2.11 a) Linear sweep and cyclic voltammetry voltage vs. time profiles. b) A 

typical cathodic and anodic peak plot of a cyclic voltammogram [78]. 

 

2.5.2 Parameters Influencing Voltammetric Curve Shape 

In cyclic voltammetry, a number of factors related to the electrochemical system, the 

experimental setup, and the electrode materials affect the form of a voltammetric 

curve. A thorough explanation of these parameters is discussed below: 

 

2.5.2.1 Scan Rate 

The shape of the voltametric curve is strongly influenced by the scan rate. Because of 

increased capacitance currents and diffusion constraints, peaks tend to spread and 

move with higher scan speeds, giving the impression that the redox reactions are less 

reversible. Slower scan rates, on the other hand, give the system more time to 

equilibrate, producing peaks that are sharper and more distinct [79]. 

 

2.5.2.2 Temperature 

Ion mobility and reaction kinetics are directly affected by temperature. As electron 

transfer reactions speed up, higher temperatures enhance both, producing sharper 

peaks and less peak separation. Sluggish kinetics provide wider peaks and lower 

current densities at lower temperatures. The diffusion coefficient, which is essential 

for effective ion transport, is also improved by higher temperatures [80,81]. 
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2.5.2.3 Concentration of Electroactive Species 

Peak currents and curve clarity are directly impacted by the concentration of redox-

active species. According to the Randles–Ševčík equation, higher concentrations 

produce greater peak currents, whereas lower concentrations produce weaker and 

less pronounced peaks. Electrochemical study has provided experimental validation 

for this association [82]. 

 

2.5.2.4 Solution Resistance (Ohmic Drop) 

The voltammetric curve is greatly impacted by solution resistance, which introduces 

an uncompensated voltage loss that causes distorted and widened peaks. One of the 

most frequent problems in electrochemical cell design is high resistance, which is 

frequently brought on by low electrolyte conductivity [83].  

 

2.5.2.5 Diffusion and Convection 

The shape of the curve is mostly determined by mass transport processes, especially 

diffusion and convection. While convection, such as stirring, alters the equilibrium 

and broadens the peaks, diffusion-dominated systems show distinct, sharp peaks. 

These effects have been measured in controlled experiments [84]. 

 

2.5.2.6 Reversibility of the Reaction 

Irreversible systems have wider, asymmetric peaks because of slower electron 

transfer kinetics, whereas reversible systems produce symmetric redox peaks with 

tiny peak separations. Using conventional electrochemical theory and 

experimentation, the reversibility of reactions can be evaluated [85]. 

 

2.5.2.7 Capacitance of the Double Layer 

In cyclic voltammetry, the baseline current is impacted by the double-layer 

capacitance. The redox peaks are obscured and the curve form is changed by a large 

capacitance, which is frequently connected to rough electrodes or concentrated 

electrolytes. Strategies to reduce these impacts for more understandable data 

interpretation have been investigated in research [86]. 
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2.6 LITHIUM PLATING IN LITHIUM-ION BATTERIES 

A crucial process that happens when lithium-ion batteries are being charged is called 

lithium plating, which results in the deposition of metallic lithium on the anode 

surface. Battery longevity, safety, and performance are all negatively impacted by this 

phenomenon. 

Both the anode Li plating and the Li interaction into active materials occur 

simultaneously during the charging process, as seen in equation 16 and 17 [87]. 

 

                                                  𝑥𝐿𝑖+ + 𝐿𝑖𝛿𝐶𝛿 + 𝑥𝑒− → 𝐿𝑖𝛿𝐶𝛿                                             (16) 

𝑦𝐿𝑖+ + 𝑦𝑒− → 𝑦𝐿𝑖                                                     (17) 

 

Li plating current and intercalation current split the overall charging current under 

these circumstances. As charging continues, the charge current for Li intercalation 

eventually decreases because of the limited solid-state diffusion in graphite and the 

declining vacancy sites for Li intercalation. At the same time, the current for Li 

plating goes up since the electrolyte's transport rate of Li+ is higher than the Li-

intercalation rate. This causes more Li+ to accumulate on the surface and lowers the 

anode potential to less than 0 V shown in Fig. 2.12 (a). 

 

 

Figure 2.12 Illustration of (a) the plating and intercalation currents during charging 

to higher charge states and (b) the re-intercalation of deposited lithium between rest 

periods [87] 

 



31 

 

A part of the deposited lithium may experience two further reactions when anode 

lithium plating takes place, regardless of any external current. One is reinsertion into 

the graphite anode during the tapering charging or resting phase shown in equation 

18, and the other one is reaction with the electrolyte shown in equation 19. 

 

 

    𝜀𝐿𝑖 + 𝐿𝑖𝛿+𝑥𝐶6 → 𝐿𝑖𝛿+𝑥+𝜀𝐶6                                              (18) 

            𝑅 + 𝐿𝑖 → 𝑅 − 𝐿𝑖                                                        (19) 

 

Where, R is electrolyte 

At the anode, two reactions may occur one after the other during discharge [87]: 

 

   𝐿𝑖 → 𝐿𝑖+ + 𝑒−                                                        (20) 

𝐿𝑖𝛿+𝑥+𝜀𝐶6 → 6𝐶 + (𝛿 + 𝑥 + 𝜀)𝐿𝑖+ + (𝛿 + 𝑥 + 𝜀)𝑒−                      (21)                                         

 

The reinsertion current of deposited Li during relaxation or tapering charge is clearly 

visible in Fig. 2.12 (b). A potential difference between the deposited Li and the LixC6 

in the graphite bulk is present when lithium deposits on the graphite surface. If 

enough time is allowed, the potential difference forces the deposited Li to re-insert 

into the graphite until the inserted active Li or potential difference vanishes. The 

amount of deposited Li determines the reinsertion current; hence, the more 

deposited Li, the more reinsertion takes place during relaxation. Reversible deposited 

lithium is defined as lithium that undergoes no capacity loss due to re-intercalation 

(eqn. 18) and Li stripping (eqn. 21) processes. Nevertheless, deposited lithium reacts 

with the electrolyte to generate surface coatings, which causes irreversible capacity 

loss. 

 

2.6.1 Challenges with Anode Lithium Plating 

Anode lithium plating's negative consequences on LIBs mostly include safety 

concerns and quick performance deterioration. Because metallic lithium is 

thermodynamically active in polar aprotic solvents, when anode lithium plating 

takes place during abnormal charging, the deposited metallic lithium spontaneously 

combines with the electrolyte until an intact passivation layer, or solid electrolyte 

interphase (SEI) film, forms [88]. Poor coulombic efficiency and capacity 

deterioration are caused by the reaction between metallic lithium and the electrolyte, 

which consumes the active lithium and electrolyte. Concurrently, as the Li ions 
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intercalate and deintercalated, the generated SEI layer causes further polarization by 

raising the internal resistance of LIBs [89]. After anode lithium plating, partially 

plated lithium, particularly dendritic lithium, may lose electrical contact with the 

anode and, in the event of a subsequent discharge, may potentially create floating 

shards or structures in the electrolyte (referred to as dead lithium). Both dead lithium 

and the development of SEI film cause rapid capacity deterioration during anode 

lithium plating and will lead to the permanent loss of active lithium. Because the 

reaction of metallic Li with electrolyte causes the SEI film to thicken and the 

electrolyte to dry up, anode lithium plating is a self-accelerating process [90,91].  

Anode lithium plating can lead to safety problems such as internal short circuits 

from the dendritic lithium and thermal runaway from the strong exothermic 

interaction between the electrolyte and the deposited lithium. Lithium deposits are 

frequently found as needles or dendrites that resemble the dendrites of the metal Li 

electrode. As a result, the dendrites in LIBs and lithium metal batteries have similar 

negative impacts on cell safety. Dendritic lithium production is intimately associated 

with the concentration of Li+ ions on the anode surface, the charge current, and the 

SEI film [92–94]. 

An additional safety concern is that the deposited lithium speeds up the thermal 

runaway of LIBs, even when it is not in dendritic form. The quick exothermic 

interaction between the electrolyte and the deposited lithium will generate a lot of 

heat, raising the cell temperature and potentially igniting or exploding LIBs [95,96]. 

 

2.6.2 Morphology Characterization Techniques 

Characterizing the morphology of dendritic lithium on scales ranging from 

millimeters to nanometers has been made possible by in situ and ex situ optical 

microscopy, SEM, and TEM. These methods also offer qualitative insights into the 

mechanism of anode lithium plating, which is useful in identifying effective 

strategies to stop lithium dendrite growth. Due to its easy design, optical microscopy 

is typically used for in situ observation of anode lithium plating. On a macro scale, in 

situ optical microscopy has been used extensively to monitor the dendritic lithium 

development process on metal lithium or inert electrodes. Due to graphite's great 

absorption of visible light, only significant amounts of dendritic Li can be seen; most 

optical investigations of graphite are dependent on color shifts [97–99]. Guo et al 

[100] used an optical graphite/LiFePO4 cell to examine changes in the dendrites of 

lithium in situ. The graphite turned golden after ten minutes of overcharging; the 

lithium deposition on the graphite electrode's edge was visible and become more 

noticeable as the overcharge period increased. 
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Chapter 3  

Methodology 

 

3.1 INTRODUCTION 

The tasks were executed in the sequence outlined in Fig. 3.1, and the investigation 

focused on examining the cyclic performance as well as the internal resistance of Li-

ion battery cells. 

 

3.2 RESEARCH FLOWCHART 

Figure 3.1 outlines the steps followed to complete this study. The experiment began 

with connecting the battery cell to the LAND battery testing system to assess its 

cyclic performance. Next, Electrochemical Impedance Spectroscopy (EIS) and Cyclic 

Voltammetry (CV) were employed to measure the battery's internal resistance and 

cyclic voltammogram. Afterward, the battery was disassembled, and the anode 

surface was examined using an optical microscope. Finally, the collected data were 

analyzed through plotted graphs, and a comparative evaluation was performed. 

 

 

Figure 3.1  Work flow chart 
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3.3 LIST OF EQUIPMENTS 

The list of necessary instruments for the experiment along with their intended uses 

showed in Table 3.1. 

 

Table 3.1 Equipment lists and their purpose of use 

Instrument Purpose 

600mAh pouch cell To investigate the cyclic performance, internal 

resistance and the surface morphology of the 

battery’s anode 

LAND Battery testing system To charge and discharge a battery cell 

Desktop Computer To get the data from the LAND Battery testing 

system 

EIS tester For evaluating internal resistance of battery 

CV tester For conducting cyclic voltammogram test of battery 

Optical Microscope For observing the anode material's surface flaws, 

scratches, fractures, and irregularities  

Hot plate To create a high temperature environment 

Thermometer To measure the temperature 

Multimeter To measure the voltage 

Glass box To maintain a constant temperature 

Wire To connect the battery with the holder and the 

LAND Battery testing system. 

 

3.3.1 Battery 

A 600mAh pouch Li-ion battery shown in Fig. 3.2, which is a lightweight and 

compact energy storage device widely utilized in portable electronics and 

experimental research. The pouch design provides a high energy density and 

flexibility, making it suitable for applications requiring compact and efficient power 

sources. 
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Figure 3.2 Pouch cell 

 

3.3.2 Battery Tester 

The battery's electrochemical properties were examined using a battery tester, as seen 

in Fig. 3.3. By monitoring the behavior of the cells during cycles of charge and 

discharge, a battery cycler evaluates the battery's performance. During battery 

cycling, a number of factors can be evaluated, such as capacity, battery efficiency, and 

self-discharge. The multichannel LANHE LAND-CT2001A battery testing equipment 

was used to conduct the test in the voltage range of 0.2 V to 3.7 V. 

 

 

Figure 3.3 LAND battery testing device 

 

Figure 3.4 shows the schematic and the real connection of the battery with the testing 

device, where the big clips for current input/output and the little clips for voltage 
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measurement. Red clips are connected with the positive terminal of a battery and the 

black clips are connected with the negative terminal of the battery. 

 

  

Figure 3.4 Battery wire connection (a) Schematic diagram [101] (b) Real connection 

 

3.3.3 EIS and CV Tester 

CORRTEST CS100 device, shown in Fig. 3.5, which is a precision electrochemical 

workstation designed for advanced electrochemical testing and analysis. It is widely 

used in research and industrial applications, particularly for evaluating the 

electrochemical properties of materials, corrosion behavior, and energy storage 

systems like batteries and fuel cells. The device is equipped with a powerful control 

system and high-resolution measurement capabilities, making it suitable for a wide 

range of electrochemical techniques. In our experiment, the pouch cell's cyclic 

voltammogram and EIS were tested using a CORRTEST CS100 device 

 

 

Figure 3.5 EIS and CV testing device 

a) b) 
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3.3.4 Optical Microscope 

An optical microscope shown in Fig. 3.6 was used for investigating the pouch cell's 

anode surface morphology. 

 

 

Figure 3.6 Optical microscope 

 

3.3.5 Magnetic Stirrer with Hot Plate 

In order to raise the temperature, a 78-1 model magnetic stirrer with a hot plate was 

employed. The magnetic stirrer model utilized in this investigation is depicted in Fig. 

3.7. 

 

 

Figure 3.7 Hot plate 
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3.3.6 Thermometer 

A mercury (Hg) thermometer is a kind of liquid-in-glass thermometer that is 

frequently used to measure temperatures precisely shown in Fig. 3.8. In order for 

mercury thermometers to work, mercury inside a sealed, calibrated glass tube must 

expand and contract in response to temperature variations. Because of its high 

boiling point and stable thermal expansion characteristics, mercury is a great option 

for precise and trustworthy temperature readings across a broad range. In our 

experiment we used thermometer to measure the temperature during the cycling of 

the battery. 

 

 

Figure 3.8 Thermometer 

 

3.3.7 Multimeter 

A multimeter is a multipurpose electrical device that can be used as an ohmmeter, 

voltmeter, and ammeter, as shown in Fig. 3.9. It has both positive and negative 

reading indication needles and a numeric LCD digital display. Motors, batteries, and 

power sources are among the electrical components that are frequently tested with 

multimeters. Multiple electrical properties, such as voltage, current, resistance, and 

other factors including continuity, capacitance, and temperature, can be measured by 

a multimeter, which combines the capabilities of several measurement tools into a 

single, small gadget. We measured the open-circuit voltage of the battery in our 

experiment using a multimeter. 

 

 

Figure 3.9 Multimeter 
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3.4 EXPERIMENTAL SETUP 

Three distinct experimental setups were utilized for the battery cycling, 

Electrochemical Impedance Spectroscopy (EIS) and Cyclic Voltammetry (CV) testing, 

and surface morphology analysis. Each setup was designed to focus on a specific 

aspect of the battery's performance, providing comprehensive insights into its 

behavior under various conditions. 

 

3.4.1 Experimental Setup for Battery Cycling 

Figure 3.10 illustrates the schematic diagram of the experimental setup. At the very 

beginning of the experiment, the data was taken at room temperature. Then, the 

heater was switched on to create an environment above the room temperature to take 

data at 100˚C. The heater was enclosed with a glass box to maintain a constant 

temperature. To measure the temperature a thermometer was set near the battery. 

Batteries charging and discharging were controlled by the LAND Battery testing 

system. And the LAND battery testing system was controlled by the software known 

as LANDmon v5.9K. For data visualization, LANDdt v5.9K was used. 

 

 

Figure 3.10 Diagrammatic representation of the battery cycling experimental setup 

 

1 Desktop Computer  

2 LAND Battery Testing System 

3 Magnetic Stirrer with a hot plate 

4 Glass box 

5 Li-ion Battery 

6 Thermometer 

7 Stand 



40 

 

The algorithm used for charging and discharging cycle in the LANDmon software is 

illustrated in Fig. 3.11  
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Figure 3.11 Algorithm for charging and discharging 
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The experimental setup used to conduct this study is shown in Figure 3.12. The cell 

was at 100˚C when the setup photo was shot. To keep the temperature around the 

battery cell consistent, a glass a box was built. A thermometer was used to measure 

the battery's and the surrounding air's temperatures.  

 

  

 

Figure 3.12 Experimental setup at lab for battery cycling 

 

 



42 

 

3.4.2 Experimental Setup for EIS and CV 

To conduct Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy 

(EIS) testing on the battery, an experimental setup was created utilizing the 

CORRTEST CS100 shown in Fig. 3.13. With the help of the CORRTEST CS100, the 

battery's electrochemical properties could be precisely measured. The data gathered 

was shown in real time on a computer screen that was linked. With the use of this 

configuration, the battery's internal resistance and cyclic voltammetry behavior could 

be thoroughly examined, yielding important information on its electrochemical 

characteristics and overall performance. The data obtained from the CORRTEST 

CS100 during the EIS and CV experiments were analyzed using ZView software. This 

powerful tool allowed for precise fitting and interpretation of the impedance spectra 

and cyclic voltammetry results, enabling a deeper understanding of the battery's 

electrochemical behavior and internal resistance characteristics. 

 

 

 

Figure 3.13 Diagrammatic representation of the battery’s EIS and CV experiment 

 

1 Lithium-ion Battery 

2 CORRTEST CS100 

3 Desktop Computer 
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3.4.3 Experimental Setup for Optical Microscopy 

A pouch cell is fabricated by enclosing stacked or rolled electrodes within an 

aluminum-laminated plastic pouch. This pouch acts as a flexible and lightweight 

outer casing, protecting the internal components while allowing efficient packaging 

of the cell. During the disassembly process shown in Fig. 3.14, the pouch was 

carefully cut open using scissors to access the internal components. Special attention 

was given to ensure precision during the cutting process to avoid damaging the 

electrodes or separator inside. Once the pouch was opened, the rolled electrode 

assembly was gently extracted and separated for further analysis. 

 

 

Figure 3.14 Steps of battery disassembly 
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A digital optical microscope was used to build an experimental setup for observing 

and examining the battery's anode surface shown in Fig. 3.15. A computer screen that 

was attached to the microscope showed real-time, high-resolution pictures of the 

anode. This configuration allowed for a thorough analysis of the surface morphology, 

which offered important information on the structural alterations and possible 

deterioration of the anode material over the period of battery operation. The 

computer's connection with the digital microscope made it easier to see and record 

the experimental data precisely. 

 

 

 

Figure 3.15 Diagrammatic representation of the battery’s anode surface observation 

 

1 Optical Microscope 

2 Anode Material of the LIB 

3 Desktop Computer 
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Chapter 4  

Results and Discussions 

 

4.1 INTRODUCTION 

The main findings from experimental investigations are presented in this chapter, 

which forms the basis of the study. Their consequences for the performance of 

lithium-ion batteries are also examined. This chapter attempts to close the gap 

between observed occurrences and underlying mechanisms by methodically 

examining the data, offering a thorough comprehension of the study's goals.  

To clarify the structural, electrochemical, and thermal behaviors of the lithium-ion 

battery components, the outcomes of methods including optical microscopy, cyclic 

performance testing, and electrochemical impedance spectroscopy (EIS) are carefully 

examined. Finding patterns, comparing results under various experimental settings, 

and connecting these results to theoretical predictions and previous research are the 

main goals of each dataset's interpretation. The evolution of surface shape, capacity 

retention, coulombic efficiency, and resistance variations during cycling are among 

the main performance parameters that receive particular attention. The implications 

of different current rates and temperatures are examined in relation to these findings, 

emphasizing how they affect battery degradation processes such electrolyte 

degradation and SEI layer formation. 

 

4.2 ELECTROCHEMICAL ANALYSIS 

Figures 4.1 and 4.2, respectively, depict the changes in voltage and current with time 

over (a) 1-30, (b) 31-60, and 61-100 galvanostatic Charge-Discharge cycles. 

 

 

Figure 4.1 Change of current and voltage with respect to time for 1-30 charge 

discharge cycles 
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Figure 4.2 Change of current and voltage with respect to time for (a) 31-60 charge 

discharge cycles (b) 61-100 charge discharge cycles 

 

Figure 4.3 illustrates the cycling performance of the battery, showing that the initial 

capacities are relatively high and stable during the first few cycles. However, a 

gradual decline in capacity is observed over 100 cycles, indicative of capacity fading. 

This degradation can be attributed to factors such as the formation of the Solid 

Electrolyte Interphase (SEI), side reactions, and electrolyte decomposition. The 

Coulombic Efficiency (CE) starts near 100%, reflecting efficient charge and discharge 

processes in the early cycles. A slight decrease in CE over subsequent cycles suggests 

an increase in irreversible reactions or lithium loss within the cell, contributing to the 

overall decline in performance. 
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Figure 4.3 Cyclic performance of the battery at a current rate of 100mA under room 

temperature conditions 

 

At room temperature, cycling the battery at 300mA revealed irregularities in 

Coulombic Efficiency (CE) during cycle numbers 48 and 96 shown in Fig. 4.4. 

Notably, the CE spiked unexpectedly, reaching 300% and 240% for these cycles, 

respectively. Such anomalous peaks are indicative of abnormal behavior within the 

battery, likely caused by an internal short circuit. Internal short circuits can occur due 

to several factors, such as the growth of dendrites, mechanical damage to the 

separator, or degradation of internal components. These events cause unintended 

direct pathways for current flow, leading to abnormal charge/discharge dynamics. 

The sudden spikes in CE suggest that the battery temporarily exhibited uncontrolled 

discharge behavior, releasing stored energy rapidly and skewing the charge-

discharge efficiency calculation [102]. 

 

 

Figure 4.4 Cyclic performance of the battery at a current rate of 300mA under room 

temperature conditions 
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Figure 4.5 illustrates the cyclic performance of the battery at room temperature under 

a constant current of 300mA. Over 100 cycles, the charging and discharging 

capacities remained relatively stable, with the exception of the first cycle. The initial 

capacity was significantly high at around 120mAh but dropped drastically after the 

first cycle, stabilizing in the range of 5 to 8mAh. This substantial decline could be 

attributed to the lithium ions being unable to fully migrate between the electrodes 

due to the high current rate, leading to limited intercalation and deintercalation 

processes during rapid charge-discharge cycles. 

An anomaly was observed during the 76th cycle, where the Coulombic Efficiency (CE) 

spiked unexpectedly to approximately 325%. Such a sudden increase in CE suggests 

the occurrence of an internal short circuit within the battery. This malfunction likely 

caused an uncontrolled current flow, bypassing the normal electrochemical 

pathways, and resulted in an inflated CE value. These findings highlight the impact 

of fast cycling on battery stability and the potential risks of internal failures during 

high-rate operation. 

 

 

Figure 4.5 Cyclic performance of the battery at a current rate of 500mA under room 

temperature conditions 

 

Figure 4.6 illustrates the cyclic performance of the battery when cycled at 100°C with 

a 100mA current. Under these conditions, the battery exhibited abnormal behavior, 

with charging and discharging capacities fluctuating significantly over the course of 

100 cycles. This instability suggests that the battery was undergoing degradation or 

experiencing internal processes that hindered consistent performance. 

As a result of these fluctuations, the Coulombic Efficiency (CE) also oscillated 

throughout the cycles, ranging between 80% and 120%. Such oscillations in CE 

indicate irregular charge/discharge behavior, potentially caused by factors like 
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electrolyte degradation, side reactions, or thermal effects on the internal components. 

The high temperature likely accelerated these issues, causing variations in the 

electrochemical reactions within the battery. 

 

 

Figure 4.6 Cyclic performance of the battery at a current rate of 100mA under 100˚C 

temperature conditions 

 

Figure 4.7 illustrates the cyclic performance of the LIB at 100°C under a constant 

current of 300mA. The charging and discharging capacities exhibited no noticeable 

pattern, highlighting significant instability under these extreme conditions. The 

maximum capacity observed was approximately 6mAh during the 20th cycle. 

However, the capacity dropped sharply to its lowest point of around 1mAh at the 50th 

cycle. Following this minimum, the capacity fluctuated over the next 50 cycles, 

eventually stabilizing at approximately 3mAh by the 100th cycle. 

The Coulombic Efficiency (CE) mirrored the instability of the charging and 

discharging capacities, fluctuating throughout the cycling process. The highest CE, 

approximately 130%, was observed during the 50th cycle, coinciding with the 

capacity’s steep decline. Such behavior indicates significant inefficiencies and 

potential side reactions, likely exacerbated by the high temperature and current, 

which accelerate degradation mechanisms such as electrolyte decomposition and loss 

of active material. 
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Figure 4.7 Cyclic performance of the battery at a current rate of 300mA under 100˚C 

temperature conditions 

 

The worst cycling performance was observed when the battery was operated at 

100°C under a constant current of 500mA shown in Fig. 4.8. Both the charging and 

discharging capacities exhibited a fluctuating downward trend, starting at 5mAh and 

decreasing to approximately 2mAh after 100 cycles. The capacity fading can be 

attributed to several factors. One primary cause is the formation of the Solid 

Electrolyte Interphase (SEI) layer, which consumes active lithium and electrolyte. 

Additionally, the high current rate may have prevented lithium ions from adequately 

migrating between electrodes during fast charging, leading to inefficient 

intercalation. Another contributing factor could be the formation of lithium plating, 

which not only depletes active lithium but also increases internal resistance and 

poses safety risks. 

As a consequence of these degradation mechanisms, the Coulombic Efficiency (CE) 

showed irregular behavior throughout the 100 cycles. For most cycles, the CE 

exceeded 100%, with a peak of approximately 150% during the 50th cycle, coinciding 

with the lowest capacity values. Such anomalies in CE suggest significant 

inefficiencies and potential internal short circuits caused by rapid cycling at elevated 

temperatures. 
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Figure 4.8 Cyclic performance of the battery at a current rate of 500mA under 100˚C 

temperature conditions 

 

Figures 4.9 and 4.10 illustrate the EIS data for the pouch cell cycled at room 

temperature and at 100°C, respectively. In both cases, the impedance of the battery 

before cycling was significantly higher compared to the conditions after cycling at 

100 mA, 300 mA, and 500 mA. This high initial impedance is attributed to the 

incomplete formation and stabilization of the solid electrolyte interphase (SEI) layer, 

as well as suboptimal electrolyte wetting and electrode interfaces. After cycling, the 

impedance decreases due to the stabilization of the SEI layer, improved electrode 

activation, and enhanced electrolyte redistribution, which collectively optimize the 

ionic and charge transport pathways. The graphs also reveal similar impedance 

behavior within a specific range for all three current densities, indicating that the 

battery operates within an optimal electrochemical window, with minimal 

polarization effects and stable charge transfer and ion diffusion processes at these 

cycling currents. 
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Figure 4.9 EIS data at room temperature a) Fresh cell b) After 100th cycle at 100 mA 

current rate c) After 100th cycle at 300 mA current rate d) After 100th cycle at 500 mA 

current rate 

 

 

Figure 4.10 EIS data at 100˚C temperature a) Fresh cell b) After 100th cycle at 100 mA 

current rate c) After 100th cycle at 300 mA current rate d) After 100th cycle at 500 mA 

current rate 
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The cyclic voltammetry (CV) graphs illustrate the electrochemical behavior of a 

lithium-ion battery (LIB) at room temperature (Figure 4.11) and 100˚C (Figure 4.12) 

under varying conditions. For both temperatures, the fresh cell exhibits redox peaks 

corresponding to lithium intercalation and deintercalation, though these are less 

defined at room temperature due to an undeveloped SEI layer and inactive electrode 

surfaces. After 100 cycles at 100 mA, the redox peaks become sharper and more 

pronounced, indicating improved reaction kinetics and reduced resistance as the SEI 

stabilizes and the electrode activates. At higher currents (300 mA and 500 mA), the 

peaks show increased current densities but become broader, with greater peak 

separation at 500 mA due to polarization and resistance effects.  

 

 

Figure 4.11 CV at room temperature a) Fresh cell b) After 100th cycle at 100 mA 

current rate c) After 100th cycle at 300 mA current rate d) After 100th cycle at 500 mA 

current rate 

 

Elevated temperature significantly enhances reaction kinetics and ion mobility, 

resulting in sharper peaks and higher currents compared to room temperature. 

However, at 100˚C, similar trends are observed, with better-defined peaks at lower 

current rates and broader peaks with reduced efficiency at higher currents. These 

observations highlight the interplay between temperature, current rate, and cycling 

in optimizing the electrochemical performance of LIBs. 
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Figure 4.12 CV data at 100˚C temperature a) Fresh cell b) After 100th cycle at 100 mA 

current rate c) After 100th cycle at 300 mA current rate d) After 100th cycle at 500 mA 

current rate 

 

4.3 OPTICAL SPECTROSCOPY ANALYSIS 

The surface morphology, phase transitions, and grain structure of the anode material 

undergo significant transformations with increasing cycling currents, as illustrated in 

Figures 4.13 to 4.16. For the fresh cell, the anode surface is smooth with a uniform 

texture, and the grains are well-defined, indicative of pristine and uncycled material. 

This pristine state reflects the absence of electrochemical stress, ensuring optimal ion 

transport and reaction kinetics. At 100 mA, the surface begins to exhibit slight 

roughness, signaling the onset of electrochemical degradation. Minor phase 

transitions occur, accompanied by a slight blurring of grain boundaries, which 

suggests early-stage structural reorganization of the electrode material. These 

changes can be attributed to localized ion intercalation and deintercalation processes. 

While lithium plating is not a concern at this moderate current rate, the formation of 

microstructural defects can serve as precursors for future degradation. As the cycling 

current increases to 300 mA, surface roughness becomes more pronounced, with 

visible deposits and material clustering appearing on the anode. These deposits 

reflect uneven lithium-ion distribution and local concentration gradients, often 

leading to intermediate phase transitions within the anode material. The blurring of 

grain boundaries intensifies, and areas of localized stress become evident. At this 

stage, signs of uneven lithium deposition start to emerge, potentially marking the 
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initial stages of lithium plating in microdomains, especially under conditions of high 

overpotential. At 500 mA, the anode surface undergoes severe degradation, marked 

by heavy roughening, and irregularities. The grain boundaries, as highlighted by 

circles in Figures 4.13 to 4.16, exhibit significant fragmentation and irregularity. This 

observation underscores the effects of substantial material fatigue and mechanical 

stress induced by repeated cycling. The progressive deterioration of the grain 

structure reflects the cumulative impact of the cyclic load, contributing to the 

degradation of the material's integrity. Lithium plating at this stage is extensive, as 

high local current densities promote the deposition of metallic lithium on the surface 

instead of intercalation into the anode structure. This not only reduces the available 

active material for reversible reactions but also increases the risk of internal short 

circuits, compromising battery safety and performance. 

 

 

Figure 4.13 Optical spectroscopy at room temperature of a) Fresh cell (200x 

magnification) b) Fresh cell (400x magnification) c) Cell after cycled at 100mA 

constant current (200x magnification) d) Cell after cycled at 100mA constant current 

(400x magnification) 
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Figure 4.14 Optical spectroscopy at room temperature of a) Cell after cycled at 

300mA constant current (200x magnification) b) Cell after cycled at 300mA constant 

current (400x magnification) c) Cell after cycled at 500mA constant current (200x 

magnification) d) Cell after cycled at 500mA constant current (400x magnification) 

 

Figure 4.15 Optical spectroscopy at 100˚C temperature of a) Fresh cell (200x 

magnification) b) Fresh cell (400x magnification) c) Cell after cycled at 100mA 

constant current (200x magnification) d) Cell after cycled at 100mA constant current 

(400x magnification) 

200x Magnification 400x Magnification 
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Figure 4.16 Optical spectroscopy at 100˚C temperature of a) Cell after cycled at 

300mA constant current (200x magnification) b) Cell after cycled at 300mA constant 

current (400x magnification) c) Cell after cycled at 500mA constant current (200x 

magnification) d) Cell after cycled at 500mA constant current (400x magnification) 
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Chapter 5  

Conclusion and Future Study 

 

5.1 CONCLUSIONS 

In this study, a 600mAh pouch cell was tested at room temperature and 100°C to 

evaluate its cyclic performance, internal resistance, and structural changes after 

repeated charge-discharge cycles. The key findings are summarized as follows: 

• Cyclic performance 

o The battery capacity decreased significantly after the first cycle, likely due to 

the formation of the solid electrolyte interphase (SEI) layer. Capacity also 

faded when the current rate and temperature was increased. 

o Coulombic efficiency was fluctuated above 100%, indicating possible side 

reactions. 

o Internal short circuits were observed at discharge currents of 300mA and            

500mA, with abnormal behavior at 100°C and 500mA current rate. 

• EIS and CV analysis 

o EIS revealed high initial impedance, attributed to incomplete SEI layer 

formation, suboptimal electrolyte wetting, and poor electrode interface 

stability. Impedance reduced for all the cases compared to fresh cell due to 

faster ion diffusion, reaction kinetics and transitions from a resistive-

dominated to a kinetics-dominated regime. 

o CV analysis indicated anomalies inside the battery when it was cycled at 

elevated temperature and high current rate. Internal short circuit was 

responsible for not following the ideal curve of CV. As a result, too many 

chemical reactions were occurring during its operation. 

• Optical microscopy observations 

o The anode surface exhibited severe degradation under high current rates, 

including roughening, and irregularities. 

o Fragmented grain boundaries and extensive lithium plating were observed, 

reducing active material availability and increasing the risk of internal short 

circuits. 
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5.2 LIMITATIONS 

Throughout the investigation, a number of limitations have been identified. The 

limitations of this study are listed as follows: 

• The cyclic performance test was limited to 100 cycles. Although this provides 

valuable insights into early-stage degradation, it may not reflect the long-term 

performance and failure mechanisms typically observed in lithium-ion batteries 

with extended cycling. This limitation was due to practical constraints, as each 

cycle required approximately one hour to complete, making additional cycles 

time-intensive. 

• Optical microscopy was used to examine the anode. However, this technique is 

limited to surface-level observations and does not provide insights into internal 

structural changes. Advanced imaging techniques, such as scanning electron 

microscopy (SEM) or transmission electron microscopy (TEM), could offer more 

detailed analyses. 

 

5.3 FUTURE STUDY 

This study primarily focused on the performance of lithium-ion batteries (LIBs) at 

elevated operating temperatures. However, LIBs are also frequently subjected to low-

temperature environments, where their performance deteriorates due to various 

factors, such as reduced ion mobility, slower reaction kinetics, and increased internal 

resistance. The behavior and mechanisms underlying these performance reductions 

at low temperatures remain a critical area for further exploration. Moreover, the 

performance and degradation characteristics of commercial LIBs operating under 

cryogenic conditions remain largely unexplored. Investigating the effects of extreme 

low temperatures on LIBs could provide valuable insights into improving their 

performance and reliability in applications such as aerospace, polar expeditions, and 

cryogenic systems. Future research should aim to address these gaps, focusing on the 

electrochemical, thermal, and mechanical challenges of LIBs in low-temperature and 

cryogenic environments. 
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Appendix-I 

Data  

 

I. INTRODUCTION 

Data were collected from the experimental setup and graphical representation was 

made by those data. 

 

I.I DATA FILTRATION AND ANALYSIS 

Figure I.I illustrates the data analysis and filtration process employed in the study. 

The analysis was conducted using Microsoft Excel, which facilitated the organization, 

processing, and visualization of the experimental data. The software was 

instrumental in performing calculations, generating plots, and ensuring accurate 

interpretation of the results. 

 

 

 

Figure I.I Data filtration method 

 

Raw Data is stored in 
software

Necessary data is 
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I.II EXPERIMENTAL DATA 

The experimental data are presented in tables, comparing the performance of 

different battery cells under varying conditions. These include measurements taken 

at room temperature and at 100°C, across a range of current rates.  

 

I.II.I Data Collected at Room Temperature 

All the table shows the capacity of the battery during charging and discharging at 

28˚C (Room Temperature) when the battery was cycled at 100mA, 300mA, and 

500mA constant current.  

 

I.II.I.I Constant Current 100mA 

Table I.I shows charging capacity, discharging capacity and coulombic efficiency of 

the battery when the current rate was 100mA. 

 

Table I.I Performance data of battery at 100mA constant current  

Cycle CapC/mAh CapD/mAh Efficiency/% 

1 0 58.1 0 

2 9.2 9.6 104.23 

3 9.3 9.5 101.79 

4 8.9 9 100.93 

5 8.7 8.8 100.96 

6 8.8 8.8 100.63 

7 7.1 8.9 125.98 

8 8.8 8.9 101.58 

9 10.6 10.6 100.53 

10 11.1 11.3 101.25 

11 11.4 11.4 100 

12 11.5 10 87.41 

13 9.6 9.6 99.14 

14 9.1 9.1 100 

15 8.6 8.6 100 

16 8.5 8.5 100 

17 8.1 8.2 100.34 

18 8 8.1 100.69 

19 9.8 9.8 100 

20 8.7 8.8 100.32 

21 8.5 8.6 100.65 
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Cycle CapC/mAh CapD/mAh Efficiency/% 

22 10.2 10.3 100.54 

23 11 9.6 86.9 

24 11.7 11.8 100.24 

25 11.8 11.8 100.24 

26 11.8 11.8 100.24 

27 11.9 11.9 100.47 

28 12 12 100 

29 12 12 100.23 

30 11.9 11.9 100.23 

31 11.9 12 100.47 

32 10.8 11.7 107.97 

33 12 12 100.23 

34 12.1 11.8 97.93 

35 12 12 100 

36 10.5 10.5 100.27 

37 9.8 9.8 100.28 

38 9.1 9.2 100.91 

39 9.1 9.1 100.31 

40 8.8 8.8 100.64 

41 8.4 8.5 100.99 

42 10.6 10.6 100 

43 11.1 11.1 100.25 

44 11.3 11.3 100.25 

45 11.5 11.5 99.76 

46 9.5 9.6 100.88 

47 10.9 11 100.76 

48 11.4 11.4 100.24 

49 11.6 11.6 100.24 

50 11.7 11.7 100 

51 11.8 11.8 100.24 

52 11.9 11.9 100.23 

53 11.9 12 100.23 

54 12 12 100 

55 12 12 100.46 

56 12.1 12.1 100.23 

57 11 11 100 

58 9.7 9.8 100.29 

59 9.6 9.7 100.87 

60 11.3 11.3 100 

61 11.7 11.8 100.24 

62 11.8 11.9 100.23 
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Cycle CapC/mAh CapD/mAh Efficiency/% 

63 11.9 11.9 100 

64 11.5 12 104.84 

65 12.1 11.5 95.62 

66 12.1 12 99.08 

67 12.1 12.2 100.23 

68 12.2 11.4 94.06 

69 11.2 11.4 101.99 

70 12 12 100 

71 11.6 11.6 99.52 

72 10.1 10.1 100.55 

73 9.6 9.7 100.58 

74 9.4 9.4 100 

75 9 6.7 74.07 

76 9.2 9.2 100.3 

77 9.1 9.1 100 

78 8.8 8.8 100.32 

79 10.3 10.4 100.54 

80 11 11 100.25 

81 11.3 11.3 100.25 

82 11.5 11.5 100 

83 11.6 11.6 100.48 

84 11.7 11.8 100.71 

85 11.8 11.8 100.24 

86 11.8 11.6 98.35 

87 10.5 10.5 100.27 

88 9.5 9.5 100.29 

89 10.7 10.8 100.78 

90 11.3 11.4 100.49 

91 11.5 11.6 100.24 

92 11.7 11.7 100.24 

93 11.9 11.9 100.23 

94 12 12 100.23 

95 12 12 100 

96 12.1 12.1 100 

97 12.1 12.1 100.23 

98 12.1 12.2 100.46 

99 12.2 12.2 100.23 

100 12.2 0 0 
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I.II.I.II Constant Current 300mA 

Table I.II shows charging capacity, discharging capacity and coulombic efficiency of 

the battery when the current rate was 300mA. 
 

Table I.II Performance data of battery at 300mA constant current 
 

Cycle CapC/mAh CapD/mAh Efficiency/% 

1 0.2 58.3 0 

2 4.7 5.8 122.81 

3 4.3 4.9 113.46 

4 4.1 4.5 110.21 

5 3.8 4.1 106.52 

6 3.7 4 106.66 

7 3.7 3.8 104.54 

8 3.6 3.7 104.65 

9 3.5 3.7 107.14 

10 3.5 3.7 104.76 

11 3.5 3.7 104.76 

12 3.5 3.7 104.76 

13 3.4 3.5 102.44 

14 3.4 3.6 104.88 

15 3.4 3.6 104.88 

16 3.5 3.7 104.76 

17 3.7 3.7 102.27 

18 3.7 3.1 84.09 

19 3.7 3.9 106.82 

20 3.7 3.8 104.55 

21 3.6 3.7 104.65 

22 2.8 3.2 111.76 

23 3.2 3.3 102.57 

24 3.2 3.4 105.13 

25 3.3 3.4 102.5 

26 3.3 3.5 105 

27 3.6 3.7 102.32 

28 3.7 3.8 104.55 

29 3.8 4 104.35 

30 4 4.1 102.08 

31 4.1 4.2 104.08 

32 4.2 4.3 104 

33 4.2 4.3 101.96 

34 4.2 4.2 100 

35 4.2 4.4 103.92 
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Cycle CapC/mAh CapD/mAh Efficiency/% 

36 4.4 4.5 101.89 

37 4.5 4.6 101.85 

38 4.5 4.7 103.7 

39 4.6 4.7 103.64 

40 4.7 4.7 101.79 

41 4.7 4.8 103.57 

42 4.7 4.8 101.76 

43 4.7 4.8 101.75 

44 4.7 4.9 103.51 

45 4.7 4.9 103.51 

46 4.8 4.9 101.72 

47 4.8 4.9 101.72 

48 2.2 6.7 296.3 

49 4.2 4.5 105.88 

50 4.2 4.4 103.92 

51 4.1 4.2 104.08 

52 4 4.1 102.08 

53 4 4.2 104.17 

54 4 4.1 102.09 

55 3.9 4 102.13 

56 3.7 3.9 104.44 

57 3.7 3.8 102.22 

58 3.7 3.8 102.22 

59 3.7 3.7 102.27 

60 3.7 3.7 102.27 

61 3.6 3.6 100 

62 3.5 3.6 102.38 

63 3.5 3.6 102.38 

64 3.5 3.7 104.76 

65 3.4 3.6 104.88 

66 3.4 3.5 102.44 

67 3.4 3.5 102.44 

68 3.4 3.5 102.44 

69 3.3 3.4 102.5 

70 3.3 3.4 102.5 

71 3.2 3.4 105.13 

72 3.2 3.3 102.56 

73 3.2 3.3 102.56 

74 3.2 3.3 102.57 

75 3.4 3.5 102.43 

76 3.7 3.7 100 
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Cycle CapC/mAh CapD/mAh Efficiency/% 

77 3.7 3.8 102.22 

78 3.8 3.9 102.18 

79 3.8 3.9 102.18 

80 3.7 3.9 104.44 

81 3.7 3.8 104.54 

82 3.6 3.7 102.33 

83 3.6 3.7 102.32 

84 3.6 3.7 102.32 

85 3.5 3.7 104.76 

86 3.5 3.7 104.76 

87 3.5 3.6 102.38 

88 3.7 3.7 102.27 

89 3.8 3.8 100 

90 3.8 3.9 102.18 

91 4.1 4.2 102.04 

92 4.1 4.2 104.09 

93 4.2 4.3 101.96 

94 4.2 4.4 103.92 

95 4.4 4.5 101.88 

96 4.5 4.6 101.85 

97 3.2 7.7 235.88 

98 4.8 5 103.45 

99 4.9 5 101.7 

100 5 5.2 103.33 
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I.II.I.III Constant Current 500mA 

Table I.III shows charging capacity, discharging capacity and coulombic efficiency of 

the battery when the current rate was 300mA. 

 

Table I.III Performance data of battery at 500mA constant current 

 

Cycle CapC/mAh CapD/mAh Efficiency/% 

1 0.4 122.2 0 

2 4.3 6.9 161.29 

3 4.4 5.3 118.75 

4 4 4.4 110.34 

5 3.6 4 111.54 

6 3.6 3.7 103.85 

7 3.5 3.7 108 

8 3.5 3.7 108 

9 3.6 3.7 103.85 

10 3.5 3.7 108 

11 3.5 3.7 108 

12 3.5 3.7 108 

13 3.6 3.7 103.85 

14 3.6 3.9 107.69 

15 3.6 3.9 107.69 

16 3.7 4 107.41 

17 3.7 4 107.41 

18 3.9 3.9 100 

19 3.9 4 103.57 

20 4 4.2 103.44 

21 4 4.2 103.45 

22 4 4.4 110.34 

23 4 4.2 103.44 

24 4 4.2 103.45 

25 4 4.3 106.89 

26 4 4.3 106.9 

27 4.2 4.3 103.33 

28 4.2 4.2 100 

29 4 4.2 103.45 

30 4 4.2 103.45 

31 4.2 4.3 103.33 

32 4 4.3 106.9 

33 4.2 4.3 103.33 

34 4.2 4.3 103.34 
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Cycle CapC/mAh CapD/mAh Efficiency/% 

35 4.2 4.3 103.33 

36 4.2 4.3 103.33 

37 4.2 4.3 103.33 

38 4.2 4.3 103.33 

39 4.3 4.4 103.23 

40 4.3 4.4 103.23 

41 4.2 4.3 103.34 

42 4.3 4.4 103.22 

43 4.3 4.4 103.22 

44 4.3 4.4 103.22 

45 4.3 4.4 103.23 

46 4.3 4.6 106.45 

47 4.3 4.4 103.23 

48 4.3 4.4 103.23 

49 4.3 4.4 103.22 

50 4.3 4.4 103.23 

51 4.3 4.4 103.22 

52 4.4 4.6 103.13 

53 4.3 4.4 103.22 

54 4.3 4.4 103.22 

55 4.3 4.4 103.23 

56 4.3 4.4 103.23 

57 4.4 4.6 103.13 

58 4.3 4.4 103.23 

59 4.2 4.3 103.33 

60 4.2 4.2 100 

61 4 4.2 103.45 

62 4 4.2 103.45 

63 4 4 100 

64 3.9 4 103.57 

65 4 4.2 103.45 

66 3.9 4 103.57 

67 4 4.2 103.45 

68 4 4 100 

69 4 4.2 103.45 

70 4 4.2 103.44 

71 4 4 100 

72 4 4.2 103.45 

73 4 4.2 103.45 

74 4 4.2 103.44 

75 4.2 4.3 103.33 
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Cycle CapC/mAh CapD/mAh Efficiency/% 

76 1.2 4 322.22 

77 3.5 3.7 108 

78 3.6 3.9 107.69 

79 3.7 3.9 103.7 

80 3.7 4 107.41 

81 3.9 3.9 100 

82 3.9 4 103.57 

83 3.7 4 107.41 

84 3.9 4 103.57 

85 3.7 4 107.41 

86 3.9 4 103.57 

87 4 4 100 

88 3.9 4 103.57 

89 4 4.2 103.45 

90 4 4 100 

91 4 4.2 103.45 

92 4 4.2 103.45 

93 3.9 4 103.57 

94 3.9 4 103.57 

95 4 4 100 

96 4 4.3 106.9 

97 4.2 4.3 103.33 

98 4.2 4.4 106.67 

99 4.2 4.3 103.33 

100 4.2 4.4 106.67 
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I.II.II Data Collected at 100˚C 

I.II.II.I Constant Current 100mA 

Table I.IV shows charging capacity, discharging capacity and coulombic efficiency of 

the battery when the current rate was 100mA. 

 

Table I.IV Performance data of battery at 100mA constant current and 100˚C 

temperature 

Cycle CapC/mAh CapD/mAh Efficiency/% 

1 0 226.3 0 

2 9.4 10.5 111.5 

3 13.7 15.2 111.18 

4 15.9 17.4 109.98 

5 14.4 14.5 100.58 

6 15.3 15.5 101.64 

7 13.4 13.3 98.84 

8 13.6 14.2 104.5 

9 15.6 15.6 100.53 

10 13.9 13.5 96.81 

11 10.8 10.9 100.78 

12 11.9 12.6 105.36 

13 15.8 15.9 100.35 

14 14.9 14.9 99.63 

15 15.9 16.2 101.75 

16 15.1 15.1 99.82 

17 15.8 15.6 98.77 

18 15.4 15.6 101.08 

19 13.8 13.4 96.98 

20 12.6 13 103.31 

21 15.4 15.4 99.62 

22 13.6 13.5 99.39 

23 14.5 14.8 102.1 

24 15.3 15.1 98.19 

25 13.8 13.8 100.4 

26 15.4 15.7 101.98 

27 14.2 14.2 100 

28 14.4 12.9 89.4 

29 13.6 14.3 105.53 

30 16.4 16.4 99.83 

31 7.1 6.6 93 

32 10.5 11.4 108.73 
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Cycle CapC/mAh CapD/mAh Efficiency/% 

33 15 15.2 101.1 

34 13.5 13.3 97.95 

35 13.2 13.5 102.11 

36 14.1 14.1 99.81 

37 14.8 14.9 100.93 

38 14.8 14.4 97 

39 12.4 12.6 101.79 

40 14.7 14.9 101.52 

41 15.1 15 99.27 

42 14.3 12.7 88.36 

43 13 13.6 104.7 

44 15.8 16 101.42 

45 16.8 16.1 95.69 

46 12 12 100.46 

47 12.8 13.3 103.9 

48 16 16.2 101.22 

49 17.5 17.3 98.73 

50 15.7 14.9 94.87 

51 11.6 11.4 98.8 

52 10.3 10.5 102.43 

53 13.3 13.7 103.56 

54 16.6 16.5 99.5 

55 14.9 14.5 97.02 

56 14.4 14.8 102.31 

57 14.9 14.5 97.21 

58 13.2 13.2 100 

59 15 14.4 96.11 

60 13.1 12.7 97.24 

61 15.4 14.8 96.03 

62 12.9 12.6 97.42 

63 11.2 11.3 101.5 

64 13.6 14 102.44 

65 15.2 14.6 95.8 

66 12.9 13.1 101.29 

67 13.3 12.9 97.48 

68 11 14.5 131.23 

69 13.3 13.1 98.75 

70 13.9 14 100.81 

71 12.6 12.8 101.1 

72 15 14.8 98.88 

73 13 12.7 97.23 
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Cycle CapC/mAh CapD/mAh Efficiency/% 

74 10.8 10.9 101.29 

75 12.8 13.1 102.38 

76 14.6 14.1 96.76 

77 11.9 12.1 101.4 

78 13.7 13.5 98.78 

79 11.7 11.6 99.05 

80 12.4 12.8 102.9 

81 14.1 13.8 97.45 

82 11.6 11.4 98.54 

83 11.4 11.8 102.97 

84 13.6 13.6 100 

85 12.5 12.6 100.66 

86 6.7 7.1 106.64 

87 11.4 11.6 101.22 

88 13.4 13.2 98.14 

89 13 12.9 99.36 

90 12.5 12.4 99.33 

91 13.4 13.5 100.41 

92 14.1 13.7 97.24 

93 11.1 11 98.75 

94 10.6 10.8 102.11 

95 12.5 12.6 100.67 

96 12.7 12.8 100.21 

97 14 13.8 98.51 

98 11.7 11.6 99.29 

99 12.3 12.5 101.8 

100 12.9 0 0 
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I.II.II.II Constant Current 300mA 

Table I.V shows charging capacity, discharging capacity and coulombic efficiency of 

the battery when the current rate was 300mA. 

 

Table I.V Performance data of battery at 300mA constant current and 100˚C 

temperature 

Cycle CapC/mAh CapD/mAh Efficiency/% 

1 0 2.9 0 

2 2.2 2.9 129.63 

3 3.7 4.2 113.63 

4 4.8 5.1 105.17 

5 4.5 4.7 105.56 

6 4.4 4.6 103.77 

7 4.2 4.3 101.96 

8 3.9 4 102.13 

9 2.7 2.8 106.25 

10 2.9 3.1 105.71 

11 3.6 3.7 104.65 

12 2.8 2.9 102.94 

13 4.1 4.2 104.08 

14 2.8 3.1 108.82 

15 5.2 5.3 103.23 

16 5.5 5.7 103.03 

17 5.2 5.3 103.23 

18 6 6 100 

19 5.6 5.7 101.49 

20 5.2 5.3 101.59 

21 5.2 5.4 103.17 

22 4.7 4.9 103.51 

23 4.7 4.7 101.79 

24 4.9 5.1 103.39 

25 5.2 5.4 103.17 

26 5.7 5.7 101.47 

27 5.7 5.7 101.47 

28 4.8 4.9 101.72 

29 3.4 3.7 107.32 

30 4.5 4.7 105.56 

31 4.2 4.3 101.96 

32 4.2 4.4 103.92 

33 4.1 4.2 102.04 
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Cycle CapC/mAh CapD/mAh Efficiency/% 

34 4.1 4.2 104.08 

35 3.7 3.8 102.22 

36 3.9 3.9 100 

37 3.6 3.7 102.33 

38 3.1 3.2 102.7 

39 2.9 3 102.86 

40 2.7 2.8 103.03 

41 2.5 2.6 103.33 

42 2.3 2.4 103.57 

43 2.2 2.3 107.69 

44 2.1 2.2 104 

45 1.9 2.1 108.7 

46 1.8 2 109.09 

47 2 2 100 

48 1.9 2.1 108.7 

49 2.1 2.2 104 

50 1 1.1 108.33 

51 1 1.2 125 

52 1.2 1.3 114.29 

53 3.2 3.2 100 

54 4.1 4.2 102.04 

55 4.2 4.3 104 

56 4.4 4.5 101.89 

57 3.9 4 102.13 

58 3.7 3.8 104.55 

59 3.7 3.7 102.27 

60 3.5 3.6 102.38 

61 4 4.1 102.08 

62 3.4 3.6 104.88 

63 3.2 3.2 102.63 

64 4.1 4.2 102.04 

65 3.5 3.6 102.38 

66 3.7 3.7 102.27 

67 3.5 3.7 104.76 

68 4 4.1 102.08 

69 3.8 3.9 102.17 

70 4.1 4.2 102.04 

71 3.7 3.9 104.44 

72 3.7 3.9 104.45 

73 4.2 4.2 100 

74 4 4.2 104.16 
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Cycle CapC/mAh CapD/mAh Efficiency/% 

75 3.7 3.8 102.22 

76 4 4 100 

77 3.9 4 102.13 

78 3.7 3.7 100 

79 3.4 3.5 102.43 

80 3.7 3.8 104.54 

81 3.6 3.7 102.33 

82 2.9 2.9 100 

83 3.7 3.8 102.23 

84 3.8 3.9 102.18 

85 3.7 3.8 102.22 

86 2.4 2.5 103.45 

87 2.3 2.4 103.57 

88 2.4 2.6 106.89 

89 2.2 2.3 103.7 

90 2.3 2.4 103.57 

91 2.7 2.7 103.13 

92 3 3.2 105.56 

93 3.5 3.5 100 

94 2.9 3 102.86 

95 3.2 3.3 102.57 

96 3.2 3.2 102.64 

97 3.3 3.3 100 

98 3.4 3.5 102.44 

99 3.2 3.3 102.56 

100 3.3 0 0 
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I.II.II.III Constant Current 500mA 

Table I.VI shows charging capacity, discharging capacity and coulombic efficiency of 

the battery when the current rate was 500mA. 

 

Table I.VI Performance data of battery at 500mA constant current and 100˚C 

temperature 

Cycle CapC/mAh CapD/mAh Efficiency/% 

1 0 3.2 0 

2 3.3 3.6 108.33 

3 4.9 5 102.86 

4 3.3 3.6 108.33 

5 4.2 4.3 103.33 

6 3.1 3.2 104.54 

7 3.3 3.5 104.17 

8 2.9 3.2 109.53 

9 2.9 3.2 109.52 

10 2.8 2.9 105 

11 2.9 3.2 109.53 

12 3.3 3.6 108.33 

13 3.5 3.6 104 

14 3.6 3.8 103.84 

15 2.1 2.4 113.33 

16 1.3 1.5 122.21 

17 1.9 2.1 107.14 

18 2.1 2.2 106.66 

19 2.1 2.2 106.66 

20 2.2 2.4 106.25 

21 1.8 2.2 123.07 

22 2.2 2.4 106.25 

23 2.1 2.2 106.67 

24 1.9 2.1 107.14 

25 1.2 1.5 122.22 

26 1.4 1.4 100 

27 1.1 1.2 112.5 

28 1.8 1.9 107.69 

29 2.4 2.5 105.89 

30 1.9 2.1 107.14 

31 2.8 2.8 100 

32 2.1 2.4 113.34 

33 2.5 2.5 100 
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Cycle CapC/mAh CapD/mAh Efficiency/% 

34 2.1 2.2 106.66 

35 1.8 1.9 107.69 

36 1.5 1.8 118.18 

37 2.2 2.4 106.24 

38 1.5 1.7 109.09 

39 2.4 2.5 105.88 

40 1.9 2.1 107.14 

41 1.8 1.8 100 

42 1.5 1.7 109.09 

43 1.5 1.8 118.18 

44 1.2 1.5 122.22 

45 1.4 1.5 110 

46 1.1 1.4 125 

47 1.4 1.5 110 

48 1.2 1.5 122.22 

49 1.5 1.7 109.09 

50 1.4 1.4 100 

51 0.6 0.8 150 

52 0.8 1 116.67 

53 0.8 1.1 133.33 

54 1.1 1.2 112.5 

55 1.2 1.5 122.24 

56 1.3 1.3 100.01 

57 1.5 1.7 109.09 

58 1.1 1.4 124.99 

59 1.3 1.5 122.22 

60 1 1.1 114.29 

61 1.1 1.3 112.5 

62 1.3 1.2 99.99 

63 1.1 1.4 125.01 

64 1.3 1.2 99.99 

65 1.4 1.4 100.01 

66 1.5 1.7 109.09 

67 1.5 1.8 118.18 

68 1.7 1.7 100 

69 1.9 2.1 107.15 

70 1.9 2.2 114.29 

71 1.8 1.9 107.69 

72 1.7 1.9 116.67 

73 1.7 1.8 108.33 

74 1.8 2.1 115.38 
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Cycle CapC/mAh CapD/mAh Efficiency/% 

75 1.9 2.1 107.14 

76 1.8 1.9 107.69 

77 1.8 1.9 107.69 

78 1.9 2.1 107.14 

79 1.8 1.8 100 

80 1.7 1.8 108.33 

81 1.8 1.9 107.69 

82 2.1 2.2 106.67 

83 1.8 1.9 107.69 

84 1.9 2.1 107.14 

85 1.7 1.9 116.66 

86 1.5 1.7 109.09 

87 2.1 2.1 100 

88 2.1 2.1 100 

89 1.7 1.7 100 

90 1.5 1.7 109.09 

91 2.1 2.2 106.67 

92 1.5 1.7 109.09 

93 1.4 1.5 110 

94 1.5 1.7 109.09 

95 1.2 1.5 122.22 

96 1.2 1.5 122.22 

97 1.8 1.9 107.69 

98 1.9 2.1 107.14 

99 1.9 2.1 107.14 

100 1.9 2.1 107.14 
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