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SUMMARY 

 

 

Keywords: Lithium-ion battery, anode, silicon/graphite composite anodes, 

mesocarbon microbeads, state-of-charge, 

 

The importance of active materials for anodes has gained significant attention in 

recent times. Carbonaceous materials are typically used as anode candidates in 

lithium-ion batteries (LIBs), but their low theoretical capacity of 372mAh/g restricts 

their applications in advanced LIBs. Therefore, Silicon (Si) is considered a 

prominent alternative anode material for LIBs to replace graphite. Since the 

theoretical capacity of Si is ten times higher than graphite; however, it suffers from 

massive mechanical deformations induced during cycling. For this purpose, 

composites of Si-graphite are proposed for better cycling performance and increased 

specific capacity. Herein, nano Si powder (<100nm) containing mesocarbon 

microbeads (MCMB) composites are prepared, and their rate capabilities as anode 

material for LIBs have been investigated at different current densities. Diverse 

compositions of the active anode materials (Si and MCMB), carbon black (CB), a 

binder sodium carboxymethylcellulose (CMC-Na), and distilled water as a solvent 

have been utilized for the fabrication of anodes, and the fabricated anodes have been 

morphologically and electrochemically characterized. Moreover, the state-of-charge 

(SOC) analysis has been evaluated by setting three different upper and lower cut-off 

voltages.  

 

Our analysis revealed that a composite comprising the lowest Si content (5wt%) 

exhibited better rate performance and retained a capacity of 455mAh/g after 60 

cycles. 15wt% Si showed the worst rate capability performance. Similarly, in 

theSOCanalysis,a moderate voltage window between 1-0.05V was found optimalon 

the basis of rate capability results. Voltage window between 1-0.07V lead to quick 

capacity loss and large surface cracks confirmed in FESEM images. Additionally, in 

the SOC analysis, 5wt% Si showed the best cycling performance and lost only 10% 

of its capacity at 1C and 13% at C/2 after 200 cycles between 1-0.05V.  
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YÜKSEK KAPASİTELİ LİTYUM İYON PİLLER İÇİN NANO 

SİLİSYUM TAKVİYELİ KARBON ANOTLAR: ŞARJ DURUMU 

(SoC) VE PİL YAŞAM ÖMÜR TESTİ 

ÖZET 

 
 

Son zamanlarda anotlar için aktif maddelerin önemi büyük ilgi çekinmektedir. 

Karbonlu malzemeler tipik olarak lityum iyon pillerde (LIB0’ler) anot adayları 

olarak kullanılır, ancak 372mAh/g'lık düşük teorik kapasiteleri, gelişmiş LIBpiller 

‘deki uygulamalarını kısıtlar. Silikon (Si), LIB'lerde grafitin yerini alması için önde 

gelen bir alternatif anot malzemesi olarak kabul edilmektedir. Bunun sebebi, Si'nin 

teorik kapasitesi grafitten 10 kat daha fazla olmasıdır;ancak, çevrim sırasında büyük 

hacim değişikliklerinden muzdariptir. Bu amaçla, daha iyi çevrim performansı ve 

artan özgül kapasite için Si-grafit kompozitleri önerilmektedir. Burada, mezokarbon 

mikro boncuk (MCMB)kompositi içeren nano silikon tozu (<100nm) hazırlanmış ve 

lityum iyon pillerin anot malzemesi olarak farklı akım yoğunluklarında oran 

yetenekleri araştırılmıştır.Aktif anot malzemelerin çeşitli kompozitleri (Si &MCMB), 

karbon siyahı (CB), bağlayıcı sodyum karboksimetil selülozu (CMC-Na) ve çözücü 

olarak damıtılmış suyun çeşitli bileşimleri anotların üretimi için kullanıştır, üretilen 

anotlar elektrokimyasal olarak karakterize edilmiştir. Ayrıca akülerin farklı voltaj 

pencerelerindeki şarj durumu (SOC) da incelenmiştir. 

Analizimiz, en düşük Si (ağırlıkça %5) içeriğine sahip kompozitin daha iyi hız 

performansı sergilediğini ve 60 çevrim sonrası 455mAh/g’lık kapasiteyi koruduğunu 

tespit edilmiştir. Benzer şekilde, şarj durumu (SOC) analizinde, hız kapasitesi 

sonuçları temelinde 1-0.05V arasında bir optimal gerilim penceresi (voltagewindow) 

bulundu. 1-0.07V arasındaki voltaj penceresi, FESEM görüntülerinden bilindiği gibi 

hızlı kapasite kaybına ve büyük yüzey çatlaklarına neden olmuştur. Ek olarak, şarj 

durumu (SOC) analizinde, ağırlıkça %5 Si en iyi çevrim performansını göstermiştir 

ve 1-0.05V arasında 200 çevrimden sonra 1C'de kapasitesinin sadece %10'unu ve 

C/2'de %13'ünü kaybetmiştir. 

 



 
 

 

 

 

 

CHAPTER 1. INTRODUCTION 

 

 

Each day, the world consumes nearly 159,000TWh of energy to meet basic needs, 

and it is increasing due to the growthin population and industrial development. The 

contemporary world is making considerable efforts to store energy that could be 

beneficial for later use. However, this field confronts many challenges because of the 

unsustainable nature of the non-renewable energy sources and the CO2 emissions 

associated with global warming. People around the globe are striving for other 

environmentally friendly renewable energy sources to minimize CO2 emissions. 

Thus, energy from wind and waves, solar radiation, hydropower, etc., has been 

widely explored. But, due to the unpredictable behavior of these energy sources, 

proper energy storage and distribution systems are urgently needed. Therefore, 

batteries are the utmost device, which has demanding applications in almost every 

field, such as electric vehicles (EVs), solar panels, mobile phones, laptops, and 

numerous other devices because of their high volumetric and gravimetric energy 

density [1]. The world has experienced a significant scientific improvement in this 

field, and its applications are rapidly increasing in the commercial sector. 

 

Rechargeable batteries come in a variety of chemistries, such as nickel-cadmium, 

lead-acid, and nickel-metal hydride. Among them, lithium-ion batteries (LIBs) are 

inspiring devices that offer the highest development potential for advanced energy 

storage of clean energy. However, their improved power density makes them ideal 

for high-power applications. Also, LIBs are lighter in weight and run at a voltage of 

approximately 4 V. LIBs comprise 49% of the global battery market, followed by 

lead acid batteries with 43%. The design capability and performance of LIB for a 

wide range of applications make its use common in several fields [2]. Further 

improvement in batteries regardingtheir stability, cycle life, and environmentally 

friendly limitations are some of the critical challenges for electrochemical scientists. 
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The most pertinent issues for the electrochemical energy storage industry are 

enhancing energy and power densities, specific capacity, charging/discharging rate, 

and life span. In the case of high power needs, further research into developing high-

capacity electrode materials is required, and nanomaterials play a critical role in this 

regard. A simple way to increase the power density is to replace the conventional 

microparticles with nanoparticles made of electrochemically active materials with a 

higher specific surface area. During the past few decades, various nanostructured 

materials have been explored for the fabrication of electrodes [3].Active research 

work deals with multiple sections of the LIB, such as positive and negative 

electrodes, electrolytes, electrode-electrolyte interfaces, etc. However, anode is 

theprimary element in LIBs and affects battery performance. 

 

Carbon compounds are commonly used as negative electrodes in LIBs, with 

graphitic carbon being the most common. Graphite is more stable in crystalline form, 

with atoms arranged in a hexagonal fashion. It is a favorable anode candidate 

because it is economical and chemically stable [4], but its theoretical capacity of 

372mAh/g hinders its practical uses in advanced LIBs. Thus, silicon (Si) has 

replaced graphite as a choice, the 2nd most rich element on earth (about 28%), and 

offers a theoretical capacity of 3579mAh/g, which is ten times higher than graphite. 

It has a low discharge voltage of ~ 0.4 volts (V) against Li/Li+ and is eco-friendly 

[5]. The Si structure can tend to hold ten times the total number of lithium ions [6]. 

However, it suffers from structural instability caused by large volume expansion of 

around 300% to 400% of its original size during lithiation and delithiation. As a 

result of the repetitive process of intercalation and deintercalation of lithium ions, an 

inside pressure builds up on Si particles that can damage the surface of the electrode. 

This fracturing of Si particles is referred to as “pulverization,” resulting in poor cycle 

life and electrical isolation between the particles and the current collector, due to 

which Si does not take part in battery capacity, and finally leads to quick capacity 

loss[7, 8].Another major contributor to anode degradation is the creation of a Solid 

Electrolyte Interface (SEI), created from the electrolyte decomposition during the 

first lithiation. Itacts as a blockade between the electrolyte and the electrode. Si is 

mixed with other elements like carbonaceous materials to solve this dilemma to 
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develop a composite electrode. Such composites modify Si-based anode materials, 

which is a recent hot research topic. 

 

The said problems are associated with battery aging mechanisms which occur upon 

cycling and time. However, according to some recent studies, the behavior of Si-

based electrodes changes mostly in a half-cell configuration where Si is cycled 

against lithium as a counter electrode and can react differently in full lithium-ion cell 

operation. 

 

1.1. Motivation 

 

The aim of this thesis wasto produce a high-capacity anode material for LIB by 

mixing a small amount of nano Si powder with a carbon slurry to make a Si-MCMB 

nanocomposite anode. The Battery Testing Software and Data Analysis (BTSDA) 

from MTI Corporation has been used to investigate the fabricated coin cells' 

electrochemical charge/discharge testing.  Moreover, cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) techniqueshave also been conducted. 

The cells are tested at various c-rates [C/10, C/5, C, 2C, and 1C] to see if the 

incorporation of Si could improve the specific capacity. The morphologies have been 

analysed through scanning electron microscopy(SEM), and energy dispersive 

spectroscopy(EDS) before and after the electrochemical testing. Finally, the state-of-

charge (SOC) of the batteries has beenexaminedinthree different voltage windows. 

For high-capacity battery cell technology, novel electrode materials are necessary. 

The motivation of this work stemmed from learning about the aging phenomenon, 

which is inevitable in battery cells and eventually causes capacity loss. 

 

1.2. Problem Statement 

 

- LIBs are essential components of renewable energy systems, electric 

vehicles, smart grids, mobile phones, and laptops. Nevertheless, capacity fade 

upon battery usage is a major issue and must be scientifically addressed.  
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- Similarly, even with new developments, the technology of the battery is not 

flawless, and one fundamental problem still exists, i.e., Battery degradation, 

which is inevitable.  

 

- A solution is required to guarantee a suitable battery life in all conditions that 

cannot be achieved without further developments in cell design, usage 

optimization and a basic understanding of the aging phenomena. 

 

1.3. Thesis Structure 

 

This dissertation hasthe following five chapters. 

 

- Chapter-1, This section includes an overview and importance of LIBs, and 

elaborates the motivation of work, problem statement, and objective of the 

research work. 

 

- Chapter-2,This chapter gives a detailed literature review on lithium-ion 

batteries and recent developments. 

 

- Chapter-3, This chapter describes the research methodology for the 

preparation of electrodes, such as making slurries, coating on a copper foil, 

electrode drying, cell assembling, electrochemical measurements, and 

materials characterization. 

 

- Chapter-4,This chapter explains the electrochemical and physical 

characterization of the half-cell batteries investigated with different 

characterization techniques. 

 

- Chapter-5,It is the summary of thesis. 

 



 
 

 

 

 

 

CHAPTER 2. LITERATURE REVIEW 

 

 

2.1. Background 

 

Environmental pollution, climate change, and an increase in the price of traditional 

energy sources are the causes of concern around the world. People around the world 

are turning to alternative energy sources to replace finite fossil fuel sources, having 

already embraced renewable energy resources like wind energy, solar energy, and 

wave energy, but at a cost that necessitates storage. Despite the fact that the 

electricity grid, electromagnetic waves, and chemical energy are all popular energy 

sources, chemical batteries are feasible energy storage devices. There are numerous 

advantages to using a battery as a storage device, including portability and the 

effective conversion of chemical energy into electrical energy without any gaseous 

emissions [9]. 

 

Sony initially manufactured LIBs in 1991, adopting the Asahi firm's research in 

Japan. LIBs have several features, notably high energy density and no memory 

effect, and as a result of these characteristics, batteries have rapidly dominated the 

market. Lithium has the distinction of being the lightest metal element, which results 

in an increased gravimetric density. It is also the most electropositive metallic 

element with a potential of -3.04V compared to an ordinary hydrogen electrode, 

leading to a high energy density electrochemical storage device [10, 11]. LiCoO2 and 

graphite were utilized in the first generation of LIBs, which were extensively used in 

power source applications and portable electronic devices such as smartphones and 

computers [12]. 

 

Scientists became more aware of the need for clean energy as time passed, resulting 

in the development of novel energy storage technologies. To considerably minimize 
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CO2emissions in the automobile industry, diesel engines should be supplanted with 

zero-emission automobiles. Electric vehicles (EVs), hybrid electric vehicles (HEVs), 

and plug-in electric vehicles all rely heavily on LIBs. Renewable energy resources 

are expanding across the world; therefore, effective energy storage technologies, 

such as stand-alone power stations, will play a key role in the future [13]. The 

amount of electricity generated in a battery can be measured in terms of weight 

(Wh/kg) or volume (Wh/I), with the cell potential (V) and capacity (Ah.kg) being the 

determining factors. Table 2.1. presents a comparative study of LIBs with different 

battery technologies. 

 

Table 2.1.Differentiation and properties of various battery systems [14, 15] 

Battery type Operating Voltage 

(V) 

Energy Density 

(Wh/kg) 

Comments 

Lead acid 1.9 30 Generally referred to as a car 

battery, low energy density 

Alkaline 1.5 50-80 Primary device, high capacity 

for low-power devices 

Ni-metal 

hydride 

1.2 60 Memory effect, low energy 

density 

Li-ion 4.0 150 Lighter, high voltage, no 

memory effect, expensive, high 

capacity, better charge retention 

 

The type and quantity of active materials decide the maximum amount of energy that  

can be obtained from the battery. However, only a small portion of the battery's 

theoretical energy is produced in practice. This is because electrolytes, current 

collectors, and other non-reactive elements like castings and containers are essential. 

It is necessary to upgrade LIB technology before it can be used in electric vehicles 

and larger stationary storage solutions. Commercial reasons encompass lower costs 

as well as the need for safety. Cyclability, higher energy and power density, and  

better working cell temperature range are all aspects that must be tackled [11, 16]. 

 



7 

  
 

2.2. History And Development 

 

In 1800, Alessandro Volta, an Italian physicist, conducted the first systematic 

research on electrochemistry. He revealed that zinc and copper are able to produce 

electrical energy through the decomposition of water and generate hydrogen when 

they are dipped in an acidic electrolyte. It was the first time an electrochemical 

energy storage device was discovered. Michael Faraday followed the making of 

rechargeable batteries with liquid electrolytes, particularly lead-acid batteries by 

Gaston Planté in 1859, nickel-cadmium batteries by Waldemar Jungner in 1899, and 

nickel-iron batteries by Thomas Edison in 1901, and established some basic 

electrochemistry laws. 

 

The first idea to build lithium-based rechargeable batteries was initiated in the 1960s, 

and since then, battery technology has revolutionized. Metallic lithium was initially 

thought to be an anode because of its high capacity, but it failed due to various safety 

concerns during cycling, such as dendritic lithium formation, which damages the 

separator and eventually causes a short circuit [17]. 

 

 

Figure 2.1.Composition of graphite and lithium intercalation [18] 

 

Carbon anodes were later used in commercial battery systems because they were 

safer than lithium metal anodes. The disclosure of intercalation materials accelerated 

the development of LIBs. In1970s, Whittingham discovered titanium disulfide (TiS2) 

as a productive cathode material intercalating lithium ions. By combining his cathode 
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and metallic lithium, he was able to create a battery with a potential of more than 2V. 

Goodenough endeavored to consume LiCoO2 as an intercalating cathode in 1980, 

with a potential of 4V after coupling it with lithium metal in a battery. In 1985, 

Yoshino used Goodenough's cathode and integrated it with an intercalating carbon 

anode. Later in 1986, Rachid Yazami demonstrated the electrochemical 

characteristics of intercalating lithium in graphite [19]. 

 

For the first time in 1991, Sony Corporation commercialized LIB,based on the 

Yoshino model, which was a major innovation in the technology of LIBs. 

 

Table 2.2. Historical evolution of electrochemical cell 

Class Year Developer Name 

Primary 1800 Alessandro Volta Voltaic Pile 

 1844 William Robert Grove Grove Cell 

 1888 Carl Gassner Zinc-Carbon Dry Cell 

 1975 Sonyo Electric Li-Mn Cell 

 2004 Panasonic Co. Oxyride Battery 

Secondary 1881 Camille Alphonse Faure Improved Lead-acid Cell 

 Year Developer Name 

 1899 Waldmar Jungner Nickel-cadmium Cell 

 1901 Thomas Edison Nickel-iron cell 

 1946 Union Carbide Company Alkaline manganese 

secondary cell 

 1970 Exxon Laboratory Li-Ti disilfide 

 1990 Samsung Nickel-metal hydride 

 1991 Sony Co. Li-Ion 

 

When Goodenough, Whittingham, and Yoshino were developing their battery 

systems, they envisaged the future uses of LIBs in which everyone would utilize LIB 

on a regular basis. Their development during the early 1970s energy crisis, as well as 

the development of LIBs has dramatically increased the possibility of battery-

powered automobiles and renewable-energy-powered electrical networks. 

Nonetheless, after four decades, batteries are expected to have a significant increase 

in energy from today's 200–300Wh/kg to 350–450Wh/kg, and possibly 500Wh/kg. 
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Simultaneously, safety protocols would be strengthened, and prices will continue to 

fall. Table 2.2. [20, 21] above enumerates the brief historical development of 

batteries. 

 

2.3. Lithium Ion Battery’s Operating Principle 

 

A battery is an electrochemical cell that transforms the stored chemical energy into 

electrical energy. In other words, a battery is a typical electrochemical instrument 

that holds electrical energy as chemicals. Batteries are mainly classified as primary 

and secondary batteries. The primary ones are not rechargeable because of the 

irreversible chemical reaction inside them, and they are thrown away once utilized. 

At the same time, secondary batteries are rechargeable and can be used several times. 

A LIB is generally considered as a secondary battery where energy is stored in the 

form of chemical energy. It happens as a result of the red-ox process, which involves 

the use of lithium deposition between the two electrodes (cathode and anode), i.e., 

during the charging and discharging operations, lithium ions travel back and forth 

between the positive and negative electrodes. That is why they are also called 

"rocking-chair” devices [22]. The basic elements of LIB are the anode, cathode, 

separator, and electrolyte, and several materials are used in their fabrication and 

characterization. 

 

Lithium is retained in the anode and cathode. Throughout the discharge cycles, the 

positive electrode (cathode) functions as a reductant by absorbing electrons, and the 

negative electrode (anode) acts as an oxidant by providing electrons. The two 

electrodes are separated by a separator placed between them that allows lithium ions 

to stream freely from the anode to the cathode and vice versa. It also inhibits the 

battery from short-circuiting. The two electrodes are not in contact with one another, 

but they areelectrically attached by an electrolyte solution that serves as a carrier of 

lithiumions. 

 

To further comprehend the whole concept, contemplate LiCoO2, which is frequently 

seen as the cathode material in rechargeable batteries. When a battery is charging, 
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lithium ions move from the positive side to the negative side. During this phase, 

electrons are delivered to the anode from an external source (external 

voltage).During the discharging phase, the anode forwards the ions to the electrolyte 

and electrons to the external circuit, where the ions intercalate into the cathode and 

electrons from the external circuit for charge compensation. The redox reaction 

occurs as follows: 

 

Positive:       LiMO2 ⇌ Li1−xMO2 + xLi+ + xe−                                                                (2.1) 

 

Negative:     C + xLi+ + xe− ⇌ LixC                                                                                  (2.2) 

 

Overall:        LiMO2 + C ⇌ LixC + Li1−xMO2                                                                    (2.3) 

 

 

 

 

Figure 2.2. Charge discharge mechanism of lithium-ion cell [23]. 

 

2.3.1. Anode materials 

 

An anode is generally considered the negative electrode in a primary cell because of 

the nature of the oxidation reaction. In a secondary cell, the anode is the negative 
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pole when discharging andthe positive when it is charging. The anode materials used 

in LIBs have a significant impact on their performance and must have the 

characteristics of strong ionic conductivity, minimum volume variations, and low 

specific surface area, usually below 2m2g-1 to be safer[24, 25]. 

 

Since 1960s, metallic lithium has been used as a fundamental anode candidate in 

LIBs due to its lowest potential (-3.05V) against the standard hydrogen electrode and 

having a lower atomic weight of 6.95g/mol. However, there is an unequal deposition 

of lithium onto the surface of the electrode during the charging conditions. This 

inhomogeneous lithium plating causes dendrites, which does not allow its further 

commercialization. This dendrite has a high surface area and diverged lithium metal 

composition, constantly increasing, which can damage the separator and ultimately 

lead to some internal short [26]. Therefore, metallic lithium was substituted by 

carbonaceous materials or lithium intercalation material because of the storage of 

lithium ions. 

 

Carbon was introduced as an anode material for the first time in 1973. Because of its 

high carbon content, coke was heavily consumed during the early days of LIB 

commercialization [27]. On the other hand, MCMB was quickly standardized, with a 

specific capacity of 300mAh/g and a benign nature [28]. Graphite is chosen as a 

favorable anode material for LIBs because of its low cost, long life, chemical 

stability, uniformity, and low operating potential [29]. It is more stable in crystalline 

form with hexagonally aligned atoms. Its theoretical capacity is 372mAh/g, which is 

higher than MCMB. However this much capacity is insufficient to meet the 

requirements of high-energy-density devices when compared to other intercalation 

materials such as composites (Si/C) [30].  

 

Similar carbon-enriched materials are also readily available. Their electrochemical 

properties and potential are dependent on the arrangement of carbon atoms. Figure 

2.3. depicts the basic structural unit of a hexagonally oriented flattened carbon layer. 

Fixing these smooth sheets of carbon together creates a multitude of graphite 

structures. There is a typical hexagonal arrangement of graphite when the ABAB 
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order is followed, but if ABCABC is put together, it contributes to rhombohedral 

graphite [31]. 

 

Amorphous carbon exists in two types, namely hard carbons, and soft carbons. Both 

are getting attention in modern applications to deliver very high power and energy 

density with better safety measurements. Their capacities vary depending on the 

initial material used and the preparation environment, with hard carbons having a 

higher capacity than graphite and well current capability. They also have the ability 

to accumulate more lithium ions than graphite. 

 

 

Figure 2.3. Basic Carbon sheet, formation of hexagonal and rhombohedral graphite. 

 

The role of nanostructured carbonaceous materials is important. They possess a large 

surface area and contain more active locations to store lithium. Plenty of such 

materials have been manufactured to increase energy and power density. Carbon 

nanofiber (CNF) is a favorable one with a capacity of almost 450mAhg-1 and has 

revealed a very fast lithium insertion process. One-dimensional candidates such as 

nanotubes, nanowires, and nanofibers have delivered a tremendous surface-to-

volume relation and better surface doings. Graphene, which is a two-dimensional 

single layer of carbon nanosheet, holds lithium on either of its sides. With its 

discharge capacity of more than 500mAhg-1, it can accumulate high lithium 

quantities [32]. The maximum capacity of graphene is 740mAhg-1 based on dual-

layer adsorption alignment, higher than the layered graphite [33]. In conclusion, 

carbons with porous structures have been considered the best materials as they have 

greater surface area. Thus, the morphologies of these nanocarbons decide their 

electrochemical performance. 
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Recently, there has been an increasing concern about finding new anode materials for 

LIBs. For the advancement of LIBs, materials with increased safety, lower cost, 

higher energy density, and long life are required. [34-37]. Figure 2.4.shows the 

specific capabilities of some anode materials and illustrates the promising 

development in theoretical capacity over the state-of-the-art graphite anode material. 

 

Figure 2.4. Plotted voltage against capacity. 

 

2.3.2. Cathode materials 

 

Over the past two decades, intensified research hasbeen carried out for the 

improvement of the overall performance of LIBs, and various cathode materials have 

been discovered. The graphite anodes presently used in LIBs have a theoretical 

capacity of 372 mAh/g, which is double the theoretical capacity of previously used 

layered LiCoO2 cathodes and avoids the use of contaminated cobalt.   

 

There are two classes of cathode materials for LIBs. One consists of layered 

compounds with a dense anion network, the transition metal cations occupy 

alternating layers between the anion sheets, and lithium ions are injected into the rest 

of the empty layers. Spinels with transition metal cations arranged in all layers also 

belong to this group. Therefore, cathodes such as LiCoO2, LiNiO2, LiNi1-xCoxO2, and 

LiMn2O4 belong to this category. These materials have the advantage of higher 

energy density due to their more compact network, and their topology has easily 

accessible ion diffusion paths [38, 39]. While the first group of cathode materials has 
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a more compact network, the second group of cathode materials has more open 

structures, such as vanadium oxides and transition metal phosphates such as 

LiFePO4and LiMnPO4 [40]. A summary of the existing cathode materials and their 

specific capabilities is presented in Figure 2.5.   

 

As mentioned earlier, the first generation of LIBs is made up of LiCoO2 and graphite. 

LiCoO2 is considered a common cathode material for many practical reasons, such as 

its preparation and high operational voltage [40]. LixCoO2 has exceptional cycling 

behavior at room temperature between 1> x> 0.5. 

 

 
Figure 2.5. Specific capacity of various cathodic materials. 

 

The theoretical capacity of LiCoO2 is 274 mAh/g (Full delithiation), but due to the 

enormous changes in the anisotropic structure through deep charge, only half of the 

lithium can be taken out, which corresponds to approximately 50% of its theoretical 

capacity [14, 41]. The LiCoO2 scheme has been widely explored since its 

commercialization, and the material is superior regarding cycles and has high 

physical permanency [42]. On the contrary, LiCoO2 is very costly and toxic andnot 

easily accessible due to cobalt availability [39]. Hence, alternate cathode materials 

are required. As shown in Figure 2.5., there are many promising cathode materials, 

some with advantages of enhanced specific capacities, better cycling response, and 

energy density, and others withamended safetyfeatures or reduced prices.  
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Alternatively, the use of LiMn2O4 as a cathode material is also very interesting 

because it has lower toxicity and is a plentiful source of material [40], but also 

because the arrangement of the spinel framework has a flat operating voltage of 3.95-

4.1V relative to Li/Li+gives a theoretical capacity of 148mAh/g [12]. The crystalline 

structure of the lithium manganese oxide (LiMn2O4) spinel is given in Figure 2.6., 

where manganese occupies octahedral positions and lithium mainly dominates 

tetrahedral locations in the closed compact O2- network [38] that give way to 

lithiation and delithiation in a three-dimensional network of channels instead of 

layers like LiCoO2 structure [43].  

 

 

Figure 2.6.Graphical representation of the spinel crystal structure of LiMn2O4 

 

The discharge of LiMn2O4 takes place in three stages, two around 4V and the other 

around 3V, whereby mostly only the 4V plateau is considered [39, 44]. The redox 

reaction for the charge/discharge process of LiMn2O4 at 4V is expressed as [45]. 

 

LiMn2 O4 ⇌ Li0.5Mn2O4 + 0.5e− + 0.5Li+                                                                                (2.4) 

 

Li0.5Mn2O4 ⇌ Mn2O4 + 0.5e− + 0.5Li+                                                                                   (2.5) 

 

A common problem for spinel LiMn2O4 is the capacity decay, particularly at high 

temperatures due to the dissolution of manganese where the concentration of Mn3+ 
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attains its peak value with every discharge. At the surface, the Mn3+ may 

unsymmetrical according to the equation [42]. 

 

2Mn+3 → Mn+4 + Mn2+                                                                                                                 (2.6) 

 

Another reason is the change in crystallinity, creation of micro-voltages due to the 

misalliance in the network between two cubic phases developed during cycles, and 

an increase in oxygen starvation while cycling has been recommended too as a 

causeof capacity decline [38]. Since Mn3 + is often the reason for capacity exhaustion, 

several efforts have been made to increase the oxidation state of LiMn2O4 and 

decrease Mn3 + dissolution by doping it with heteroatoms, and several elements have 

been fabricated to study these properties [38, 40]. Additionally, controlling the 

particle morphology also decrease capacity loss which reduces the surface area,and 

the particle size is equally dispersed,improving the electrochemical properties [14, 

38, 42].  

 

Many Scientists also give attention to lithium-nickel-manganese oxides (LiNi1-

yMnyO2) as a promising replacement forLiCoO2 [46-48]. These composites were 

first used in 1992 by Dahn et al [47].  

 

 

Figure 2.7. Single-cell illustration of LiMnyNi1-yO2, li, Ni, and Mn-filled layers. 
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The benefit of this material is that it does not contain cobalt, which is a very costly 

and poisonous substance. The most effective material in this group is LiNi1/2Mn1/2O2. 

Later on, the authors took up the work of Dahn and revealed solubility of 0.5Mn 

[48]. They reported on the electrochemical performance of LiNi1/2Mn1/2O2for the 

first time and exposed that nickel and manganese exist in oxidation states of +2 and 

+4 instead of +3 and +3, respectively, via XPS and magnetic information. After 25 

cycles, the capacity dropped from 150mAh/g to 125mAh/g, and further to 75mAh/g 

was measured after 50 cycles at 700 ° C. 

 

Another layered metal oxide is LiMnO2 which has the same chemical structure as 

LiCoO2. It is an inexpensive and environmentally friendly cathode substance than 

LiCoO2. LiMnO2 permanently changes from Layered into spinel structure during the 

cycles and quickly loses its capacity [49, 50]. 

 

2.3.3. Electrolytes 

 

An electrolyte is a solution of salt and solvents and is the third main constituent of 

battery after anode and cathode. Liquidelectrolytes in lithium-ion cells work asan 

ionic conductor to carry lithium ions back and forth between the anode and cathode 

during the charge-discharge process. 

 

The battery operates at different potential windows for different electrode materials. 

The working voltage window for LIB ranges from 0-4.5V against Li / Li +, and there 

is no oxidation nor reduction throughout this range. In order for the LIB to function 

without deterioration, the electrolyte must remain stable within the same voltage 

window. Nowadays, electrolytes contain organic liquids such as ethylene-carbonate 

(EC) and dimethyl-carbonate (DMC). EC and DMC are better solvents for salt due to 

their high dielectric constants. They also exhibit large and stable electrochemical 

windows, even below 0–4.5V. But their high vapor pressure can result in a short 

circuit which limits their applications. In this case, liquid electrolytes are replaced by 

solid ones to solve this difficulty, which also stops mechanical stress and dendrites' 

growth [51].The ideal electrolyte would have the following characteristics [14, 48]. 
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- At least 4.5V electrochemical window for lithium-ion cells with high voltage 

cathodes. 

- High electrical conductivity of  Li+ over a wide range of temperatures. 

- Maintain the electrode/electrolyte interface during the cycle; when the 

electrode is in use, particles change in volume. 

- Chemically and thermally stable. 

- Less toxic and cheap. 

- Non-flammable and non-explosive. 

 

LiPF6 is significant in keeping Si-based anodes thermally stable in contact with the 

electrolyte [52]. Electrolytic additives like fluoroethylene-carbonate (FEC) and 

vinyl-carbonate (VC) have also improved the performance of Si in terms of cycles 

for such electrodes. [53-55]. Simultaneously, FEC does not let the Si electrode 

oxidize and decompose. FEC also plays a key role in SEI formation resulting in 

better cycling performance [47]. VC has already given notable results in terms of 

coulombic efficiency and in maintaining capacity at such a small concentration of 

2% [54]. 

 

2.3.4. Separators 

 

Separators are important parts of batteries because they act as a barrier between the 

anode and the cathode, avoiding any electrical contact between them. They can 

transfer ions between the two terminals since they are permeable. When selecting a 

separator, the electrolyte should have enough porosity to allow strong ionic 

conduction. Microporous LIB separators are the most frequent and widely used 

seperators [56]. Because the separator is an inactive component in the battery system, 

scientists have not given much attention to designing and characterizing novel 

separators [14]. 
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2.3.5. Current collectors 

 

The only purpose of the current collectors is to reversibly transport electrons from 

the electrodes to the external source. Thus, it is better to select a low resistive 

collector. There must be enough adhesion between the electrode and the collector so 

that the electrons can move smoothly between them. Aluminum is a substance that 

exhibits these features, and it is an excellent candidate for cathode due to its low 

price and light weight. However, due to (alloying) interactions between lithium and 

aluminum at moderate potentials, aluminum does not really perform well as a current 

collector for the negative electrode. As copper does not mix with lithium, it is 

therefore utilized as the current collector for an anode, despite the fact that it is 

heavier and even more costly [57, 58]. 

 

2.4. Anode Materials 

 

2.4.1. Silicon and graphite 

 

Si is an intriguing substance for the LIB anode for its high theoretical specific 

capacity of 4200mAh/g at high temperatures and low potentials [51, 59-61]. Because 

Si as an anode material has several drawbacks, a composite of Si and graphite is a 

potential material selection for the anode. This combination, in theory, will improve 

the anode's performance over bare graphite while maintaining graphite's stable 

reversible cycling characteristics [62, 63].  

 

2.4.2. Graphite as anode material 

 

Graphite is the most common anode material in current commercial LIBs. It has a 

layered structure, with atoms closely linked to one another inside layers by covalent 

bonds and moderately linked between layers by van der Waals force. The layered 

structure of graphite is composed of six carbon atoms that are covalently linked in a 

hexagonal pattern. Layered patterns are advantageous for electrode materials because 

they are easy toinsert and remove, allowing ions to intercalate between 



20 

  
 

layers.Graphite is an excellent anode candidate as it receives charge transfers, suffers 

from little structural changes upon intercalation, and goes back to its initial form 

when deintercalated [51]. The biggest limitation of graphite during lithiation is that it 

is able to hold only one lithium atom for every six carbon atoms in its lattice. As a 

result, its theoretical specific capacity is just 372 mAh/g. 

 

A thick protective layer is formed on the surface of graphite in the first lithiation 

cycle, known as the SEI layer. SEI is a stable surface layer composed of organic and 

inorganic compounds derived from salts, liquids, and contaminants in the electrolyte. 

It is produced due to lithium redox processes, resulting in an anode capacity loss. SEI 

affects the anode's safety, power capacity, and cycle life by stopping additional 

electrolyte breakdown processes on the anode, strengthening the anode's 

thermomechanical stability, and also stopping future irreversible reactions. The SEI 

products created on the surface of the electrode are determined by the system's 

materials [64–66]. The SEI growth on graphite is most prevalent in the 0.8–0.3V 

potential range [29]. 

 

Graphite would experience reduction reactions as the potential is reduced further. 

The total reduction reaction that takes place once graphite is lithiated while cycling is 

as follows. 

 

C6 +  L+ +  e− → LiC6                                                                                                                      (2.7) 

 

Figure 2.8.depicts the graphite reduction processes and the potentials at which they 

occur. The reduction reactions are evident as peaks at 0.196 V, 0.11 V, and 0.065 V 

vs. Li+/Li. 
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Figure 2.8. A graphite electrode's capacity and voltage curve during the second cycle, with distinct reduction and 

 oxidation potentials upon lithiation and delithiation. 

 

2.4.3. Silicon as anode material 

 

The negative electrode specific capacity,or electrode capacity per unit mass, is an 

important element in determining a battery's energy density. Si, which has a 

theoretical capacity of roughly ten times greater than the commonly utilized carbon, 

has the maximum capacity for lithium-ion batteries. Certainly, the most abundant 

LixSi phase has a theoretical capacity of around 4200mAh/g [68–72]. Despite the fact 

that increasing the negative electrode's capacity by a factor of ten would only 

improve the total battery capacity by thirty to forty percent [73]. Si as an anode 

candidate gained a great attention in recent years [74,75]. Since a Si atom can attach 

with up to four lithium ions (stoichiometry ofLi4.4Si/Li22Si5), whereas it requires six 

carbon atoms to attach with just one lithium-ion, there is a significant difference in 

capacitybetween Si and graphite [76,77]. The half-reactions for Si and graphite 

anodes are given below. 

 

LixSi ↔ xLi+ + Si + xe−                                                                                                   (2.8) 

 

LiC6 ↔ Li+ + 6C + e−                                                                                           (2.9) 
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2.4.3.1. Complications in silicon anodes 

 

While the performance of Sifor improved LIBs is excellent, there are still several 

issues with the behavior of Si. These issues stem from themassive volume expansion 

and contraction upto 400% of its actual size during lithiation and de-lithiation. The 

value of 400% expansion was discovered by utilizing imaging technologies to 

validate and record various Li-Si phases as lithium concentration increased [73, 78, 

79].SEI development on the surface area of the anode like graphite will result in 

capacity loss owing to lithium and electrolyte breakdown processes. This is the major 

problem for Si since it expands during lithiation [59-61]. Because of the irreversible 

reaction to the creation of the SEI layer, a significant amount of capacity loss is 

observed, especially during the first cycle. As Si expands and contracts over further 

cycling, there will be a continuousloss of capacity until the SEI thickness becomes 

sufficientfor resistance to volume fluctuations. 

 

The mechanical strain and stress that the anode is subjected to during cycling is 

another problem induced by volume variations in the anode, which causes 

pulverization of the Si particles, resulting in some particles being separated from the 

conductive agent bonded to Si. Consequently, it produces empty areas and poor 

particle interaction, lowering ionic conductivity and causing the capacity to fade 

since the active material (Si) can no longer be lithiated.One more capacity-limiting 

flaw of silicon anodes is the lithium diffusion trapping phenomena that happen when 

lithium ions diffuse gradually upon delithiation of the active material, trapping 

lithium ions inside the active material and never contributing to additional redox 

reactions. 
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Figure 2.9. Failure mechanisms of Si electrode: (a) material disintegration, (b) Structural and volume variation of

    the whole Si electrode, and (c) constant SEI development 

 

Using small Si nanoparticles is one of the solutions to avoid pulverization of silicon 

atoms since they can tolerate mechanical stress better than bigger particles. During 

the initial cycles, Si undergoes a phase change from crystalline to amorphous Si [61-

63, 82] as a result of the reaction process described below. 

 

Si(s) + xLi+ + xe− → LixSi                                                                                           (2.10) 

 

The starting voltage of this reduction reaction is 0.3–0.4V versus Li/Li+ [59]. Si will 

remain in amorphous form and will not go back to the pure Si crystalline form after 

additional cycling. The initial SEI production happens during this process, which has 

a significant capacity-reducing effect on the battery cell. 

 

During cycling, Si will develop distinct phases based on what cut-off potential it is 

exposed to. However, in order to reach maximum capacity, it must be cycled to very 

low potentials, below 50 mV versus Li/Li+ [61, 63, 85]. If Si is cycled to these low 

potentials, it will change to one of the crystalline stages Li22Si5 or Li15Si4, depending 

on whether the cycling is done at ambient temperature or at high 

temperatures.Because of the reduced cycle life induced by this phase change, a lower 

cut-off voltage beyond 50 mV is recommended to obtain a longer life cycle, though 

the maximum capacity of Si will not be obtained. The oxidation process takes place 
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at 0.4V during delithiation. The dissipation of one of the crystalline phases Li22Si5 or 

Li15Si4, back to the amorphous phase LixSi causes this contribution [63]. This 

reaction stops with additional cycles (no peak), confirming that the silicon remains 

amorphous. 

 

2.4.4. Silicon/graphite composite anodes 

 

In one reasonable approach to the usage of Si in high-energy LIBs, combining Si 

with graphite has gained interest and is a viable option for next-generation anodes. 

 

Table 2.3. Comparison of silicon and carbon as anode materials adapted from [86] 

Materials Silicon Carbon 

Lithiated Phase Li22Si5 LiC6 

Bulk Density 2.33 2.25 

Theoretical gravimetric capacity (mAh/g) 4200 372 

Theoretical volumetric capacity (Ah/L) 9781 837 

Potential versus Li+/Li (V) 0.4 0.05 

Volume expansion (%) 420 12 

 

Graphite, which acts as a lubricant in Si/graphite blended electrodes, has excellent 

electrical conductivity and allowscalendaring of the electrode to enhance the density 

of the composite electrode. Graphite also increases the electrode's preliminary 

columbic efficiency and stability while reducing volume extension.The 

electrochemical performances of the Si/graphite composite electrodes are superior to 

commercial graphitic anodes under normal industrial circumstances for electrode 

density greater than 1.6 g/cm3, volumetric capacity greater than 3mAh/cm2and binder 

quantity 3wt%. 
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2.4.5. Metal oxide anode materials 

 

Metal oxides have various physical and chemical characteristics as they can 

offerhigh reversible capacities [28] and can be easily prepared. Hence they are 

considered as convincing anode materials for rechargeable batteries. In this category, 

SnO2 is one of the most significant metal oxides. Lithium is attached to the oxygen in 

SnO2 in the first charging cycle, forming Li2O and pure tin. The mechanism is given 

below. 

 

Sn2 + 4Li+ + 4e− → Sn + 2Li2O                                                                                    (2.11) 

 

Sn + xLi+ + xe− → LixSn(0 ≤ x ≤ 4.4)                                                                         (2.12) 

 

As shown in process 2.12, a maximum of 4.4 lithium ions may possibly be added to 

the Sn-compound, resulting in a theoretical capacity that is considerably higher than 

graphite. SnO2 has a theoretical capacity of 781 mAh/g [88], which is double the 

graphite. The Sn phases formed during the delithiation of the Li-Sn alloy have been 

seen to consolidate and form a network. H. Li and colleagueshave revealed how the 

fabrication of Li4:4Sn from stand-alone tin results in a large volume change and poor 

cycle performance [27]. As a result, it is assumed that the Li2O matrix produced in 

mechanism (xx) works as a glue that prevents tin atoms from aggregating [28]. 

 

SnO2 electrodes, on the other hand, experience similar problems with volume 

variation during lithiation/delithiation. Thus, certain findings are useful for 

addressing the irreversible capacity declines. Several material compositionshave 

been explored in this regard, including porous SnO2 nanostructures, 

SnO2nanocomposites, nanostructured SnO2 thin films,and hollow core-shell 

mesospheres. Volume variations may be reduced in a porous structure because the 

pores work as a structural buffer for big volume changes, and the reversible capacity 

could be greatly improved. Nanostructures such as nanowires and nanotubes follow 
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the same concept. The increase in the surface area could help to attenuate the volume 

fluctuations. 

 

The composite materials that combine the benefits of both carbon and SnO2 are 

described in [37]. Carbon works as a barrier that avoids aggregation between SnO2 

atoms in SnO2/carbon nanocomposites by giving a cushioning region in which SnO2 

and Sn atoms could undergo volume variation without being collapsed. 

 

2.5. Aging Phenomena 

 

The most difficult and important task in a battery is to figure out how it ages and 

degrades. Several elements from the surroundings or usage mode play a role in 

determining distinct aging effects, making such processes complex. Thus, the 

capacity loss and resistance rise are not affected by the same factors. As a result, 

understanding battery aging is very challenging and is, therefore, a recent hot topic in 

battery research. How it happens and how it affects various battery elements are 

explained below. 

 

2.5.1. Electrochemical aging 

 

It is the chemical composition of the battery's electrolyte where aging begins. Aging 

phenomena is different for positive and negative electrodes [89, 90]. The causes of 

aging mechanisms could be chemical or mechanical, which are significantly 

influenced by the composition of the electrodes. Aging causes deterioration of the 

cell components [91], which can result in structural transformation, changes in the 

chemical composition of the electrolyte, or loss of the active material due to material 

suspension in the electrolyte, such as manganese [90]. Therefore, electrode 

deterioration is the primary cause of aging. 

 

 

 

 



27 

  
 

2.5.2. Types of aging 

 

The two types of battery aging are calendar aging and cycle aging. In either case,the 

battery gets old, and it ages with charge-discharge cycles as well as with time, even if 

not used. 

 

2.5.2.1. Aging with time 

 

The irreversible loss of capacity during storage is referred to as calendar aging; or in 

other words, it is the deterioration when the battery is not used (stationary 

conditions) [92, 93], and the rate of self-discharge varies greatly depending on 

storage conditions. As a result, depending on these circumstances, reactions that take 

place within the battery could be expedited or decelerated [94].  

 

The storage temperature is a major factor in calendar aging and self-discharge [95]. 

Supplementary processes like corrosion are accelerated at high temperatures, and 

loss of lithium is more significant than at mild temperatures, resulting in capacity 

drop [96, 97]. Low temperatures help to restrict the progression of these processes, 

but they also cause difficulties because material distribution is lost and the battery 

chemistry is changed [98]. 

 

The SOC levels during storage are another key factor in calendar examinations [99]. 

Cells do not get age in the same way at the same temperature but with varying SOC. 

This shows that when the SOC is high, the battery degrades faster [100]. SOC is 

defined as the percentage of ions present on the electrodes. This indicates an 

uncertain potential at the interface of electrode/electrolyte for high SOC. 

 

The majority of calendar studies discover SOC in relation to temperature storage 

conditions. Both these parameters have a direct effect on the calendar aging of the 

battery. Additionally, capacity decline and resistance increase are not proportional 

with time, indicating that aging behavior is greatly influenced by time. 
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2.5.2.2. Aging with cycles 

 

Whenever the battery is charged or discharged, it experiences cycle aging. This is a 

direct result of the battery's charge level, consumption mode, relative humidity, and 

present applications. As a result, several factors contribute to such aging. All of the 

aforementioned features have an influence on calendar aging and are involved in 

investigations of cycle aging, too, as the aforementioned aging processes occur 

regardless of the battery utilization.Exothermic reactions are common when batteries 

are in use [101, 102], and these reactions may accelerate due to elevated 

temperatures, causing battery aging.It is, nevertheless, necessary to consider the 

impacts of extremely low temperatures [103]. 

 

Besides these parameters, the fundamentals that affect cycle aging are determined by 

the battery usage type. The change in state-of-charge (ΔSOC) during cycles is 

commonly reported in the literature. This is an essential consideration when 

evaluating the quantity of charge occupied (resp.provided) to the battery upon 

discharging (resp. charge) [104]. The charge/discharge potential throughout the life 

of a lithium-ion battery is another variable affecting its aging and the operation of the 

user mode. So, the aging process speeds up with a high charging voltage [105]. 

 

2.5.3. Impact on anode 

 

Graphite, silicon, carbon, or titanate account for most anodes [106]. The graphite 

material used is critical in the aging and safety concerns of the battery [90]. The 

creation of the SEI layer on the electrode/electrolyte contact with time is the major 

aging effect on graphite electrodes which is spontaneously formed during the initial 

charge. It protects the anode from corrosion and the electrolyte from being reduced 

[107]. The SEI does not remain steady because lithium-ion batteries work under 

stress outside of the electrolyte's electrochemical steadiness range [108]. 

Consequently, SEI grows with time, resulting in frequent loss of lithium ions and 

electrolyte disintegration [109].Furthermore, it has been stated that the major cause 
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of aging in storage conditions is the loss of accessible lithium due to side reactions at 

the graphite anode [110]. 

 

SEI is also accessible to lithium ions as well as more charged (anion, electrons) or 

unbiased (liquid) components [89, 111]. As a result of this, the liquid reacts with the 

graphite following diffusion through the SEI, causing graphite to exfoliate [112] and 

releasing gas that can rupture the SEI, allowing it to grow [107].The active surface of 

the electrode diminishes with time, increasing the electrode's resistance. All of these 

effects occur at the SEI and are given in Figure.10. [89]. This can happen in both the 

usage and storage conditions of the battery. 

 

 

Figure 2.10. Depiction of aging effects on anode: capacity decline and SEI promotion. 

 

Because the potential difference between the electrode surfaces and electrolyte is 

noteworthy, SOC>80% should promote these processes [113]. Unfortunate 

situations, such as elevated temperature, overcharging or fault conditions can also 

speed up the process [114]. Hence, at higher temperatures, the SEI can liquefy, 

forming lithium compounds with low permeability against lithium ions, raising the 

negative electrode resistance [115]. 
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2.5.4. Impact on cathode 

 

From positive electrode investigations, it was revealed that the physical structure of  

the positive electrode does not change at all stages of the battery use,which indicates 

the vital role of the negative electrode in the battery's aging process [116, 

104].Nevertheless, based on the material used, the positive electrode undergoes 

minor changes over time [117]. Owing to excessive volts on this side, there is also an 

SEI formation on the electrode/electrolyte interface,which is harder to identify [118, 

119]. To summarize, wear of active material, electrolyte worsening, electrolyte 

ionization, development of SEI, and interactivities between cathode material 

absorbed inside the electrolyte and anode are the main effects seen on an old positive 

electrode [120]. 

 

Such impacts are not mutually exclusive, and their interrelation varies depending on 

the positive electrode material chosen [121]. In the case of the negative, assertions 

strongly rely on temperature and SOC. 



 
 

 

 

 

 

CHAPTER 3. EXPERIMENTAL AND METHODOLOGY 

 

 

Research methodology and experimental procedures are discussed in this 

section.Materials were prepared, morphologically and electrochemically 

characterized in the laboratory facility. Details of electrochemical testings and cell 

assembly are also presented in this chapter.  

 

3.1. Experimental Setup And Materials Used 

 

The following materials are used for the preparation of anodes: 

 

Active materials nano Si powder (<100nm) and mesocarbon micro beads (MCMB, 

Model: TB-17, from MTI corporation), a binder CMC-Na (Sigma-Aldrich, Co, avg 

Mw~90,000), conductive agent carbon black (Timcal graphite and carbon super P: 

emoji: conductive carbon black) and distilled water as a solvent. The anode setup is 

given in Figure 3.1. 
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Figure 3.1. Components used in anode 

 

To carefully evaluate various electrode slurries and the performance of the anode, the 

active material quantity was changed except for the CB and the binder, which were 

kept constant at 5wt% of the total amount of the material, as shown in Table 3.1. 

 
Table 3.1. Active materials variations in anodes 

Anodes Silicon / 

(wt%) 

MCMB / 

(wt%) 

CB/ 

(wt%) 

Binder/ 

(wt%) 

Mass loading / 

(mg) 

Thickness/ 

(μm) 

Sample 1 5 85 5 5 2.66 30 

Sample 2 10 80 5 5 2.75 32 

Sample 3 15 75 5 5 2.75 34 

Sample 4 0 90 5 5 3.7 32 

 

3.2. Preparation of Electrodes 

 

3.2.1. Materials preparation 

 

Firstly, MCMB was baked for 24 hours in an inert gas oven at 250 °C, while other 

materials were dried overnight at 100 °C. Most electrode materials are in powder 

form before being applied to the electrodes. In a standard procedure, this active 
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material is blended with some amount of a conductive agent. Three samples of Si-

MCMB composite electrodes were prepared. The amount of Si was varied as 5wt% 

for sample 1, 10wt% for sample 2, and 15wt% for sample 3. For comparison, 90wt% 

of the total amount of active material was used to make bare MCMB electrode 

(sample 4).  

 

In the beginning, CMC-Na was dissolved in 1200 mg of water to prepare a 5wt% 

solution and stirred well at 250 rpm for a few hours. CB and CMC-Na were kept at a 

set value of 5% of the total amount of the solid material. All the samples were 

thencarefully scaled to prepare a dry slurry. The dry slurry ofthe composite 

electrodes was mixed well via mechanical alloying for 30-40 minutes to obtain a 

homogenous mixture of each component. Afterward, the mixture was slowly added 

to the already prepared CMC-Na binder solution in a small beaker and stirred well 

for 2 hours at a constant stirrer speed of 250 rpm until all the solids were equally 

dispersed.  

 

 

Figure 3.2. Prepared slurry 

 

3.2.2. Coating on a doctor blade 

 

For powdered anode materials, doctor-blading was employed, turning the powder 

into a slurry and doctor-bladed over a 9 µm thick copper foil. This technique allows 
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the creation of thin films with precise thicknesses (50 and 100 microns for all 

samples in this study). Coated slurry and electrode discs are shown in Figure 3.3. 

below. 

 

 

 

Figure 3.3. Pasted slurry on a copper foil and electrode discs 

 

A sharp blade was set at a predetermined gap from the coating surface. The slurry 

was then poured in front of the blade and pushed linearly over the copper foil, 

forming a thin wet film behind it. After coating, the foils were dried in an oven for 24 

hours at 80 °C. The excellent slurry viscosity and coating conditions made a uniform 

coating with no cracks. Finally, electrode discs were punched outwith a diameter of 

14 mm. 

 

3.2.3. Mass calculations 

 

Weighing each electrode at least five times gave the mass loading for each electrode 

composition. The mass was calculated by taking the average of the mass difference 

for each electrode. Simultaneously, the mass of the 9μm thickcopper foil was also 

measured separately. The final mass loading is determined by subtracting the mass of 

the copper foil from the average mass of the whole electrode. The mass loading 

calculations were made after the electrodes were dried in the oven overnight at 80 

°C. 
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3.2.4. Thickness of electrodes 

 

The thickness of the electrodes was measured by randomly evaluating the thickness 

of the coating on the copper foil at seven different spots and discarding the highest 

and lowest numbers to eliminate spontaneous thickness inaccuracies. The thickness 

was computed as a mean of the remaining five measurements. The thickness of the 

copper foil was subtracted before calculating the electrode’s thickness. 

 

3.2.5. Fabrication of half-cell batteries 

 

Before assembling the half-cell batteries, the electrode discs were kept inside the 

glove box for 24 hours at 120 °C to ensure they were thoroughly dried. For the 

fabrication of coincells, stainless steel CR2032 cells were assembled in the glove 

box, filled with argon with less than 0.1ppmO2 and H2O. The electrode discs were 

placed copper-foil down into the bottom case of the coin cell.Lithium iron phosphate 

(LiPF6) electrolyte with 4:3:3 EC/DMC/DEC was applied,followed by an 18mm 

Celgard separatorto avoid any short circuit and ensure the electrode was centrally 

placed. A few more drops of electrolyte were applied to thoroughly soak the 

separator and the electrode. A lithium metal foil is used as a counter electrodeand 

carefully cleaned to remove the impurities and put inside the can—followed by two 

stainless steel spacers and a spring, filling up any extra space inside the cell and 

confirming that all pieces are in excellent contact. Finally, the closet cap was put 

over the casing, and the cells were sealed in a crimping machine. 
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Figure 3.4. Argon filledGlove Box 

 

3.3. Characterization of Electrodes 

 

Field emission scanning electron microscopy (FESEM), energy-dispersive 

spectroscopy (EDS),and X-Ray diffraction (XRD) are the practical characterization 

techniques to conduct a comprehensive study of morphologies, chemical 

compositions, and phase changes of the produced electrodes, respectively. 

 

3.3.1. Scanning electron microscopy (SEM) and energy dispersive spectroscopy 

(EDS) 

 

SEM is a kind of microscopy that uses a focused stream of electrons to make high-

resolution images of material. When electrons collide with atoms in a sample, they 

produce a variety of signals that reveal details about the surface characteristics and 

composition of the sample. To create a picture, the electron beam is scanned in a 

rectangular scan pattern, and its position is coupled with the incoming signal.  

 

FEI (Quanta FEG 450, WV: 15kv, WD: 10.1mm, mode: SE, USA) has beenused to 

examine the morphology and particle distribution of the electrodes. The 

measurements are taken at various magnifications to get a good image of the surface 

features. EDS mapping is performed to see aclear image ofthe homogeneous 
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composition of the active material particles and their distribution on the surface of 

the electrode. Both characterization techniques are used for fresh as well as cycled 

anodes.  

 

3.3.2. X-Ray diffraction (XRD) 

 

XRD is a scientific technique to investigate the crystalline phase variations during 

the cycling of the battery materials. 

 

3.3.3. Electrochemical characterization 

 

The galvanostatic charge-discharge testing, cyclic voltammetry (CV), and 

electrochemical impedance spectroscopy (EIS) tests are performed to 

electrochemically analyze the properties of the fabricated anodes. 

 

3.3.3.1. Galvanostatic charge discharge 

 

Battery Testing Software and Data Analysis (BTSDA, MTI Corporation) is used to 

galvanostatically charge and discharge the assembled CR2032 coin cells and assess 

the cycling behavior at a constant current in a standard voltage range for the Si-

MCMB composite and bare graphite. The charge/discharge capacities were 

obtainedunder the standard voltage window between 1.5-0.02V with the testing 

equipment shown in Figure 3.5. 
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Figure 3.5. MTI battery testing system for coin cells 

 

3.3.3.2. Cyclic voltammetry (CV) 

 

Potentiostat/Galvanostat/ZRA from GAMRY instruments is used to record CV 

measurements at a scan speed of 0.3 mV/sec. CV is an electrochemical technique 

applied to verify the current generation in a cell when the voltage at the working 

electrode is ramped linearly with time in a predetermined potential range. The same 

types of cells are used in this analysis as for the rate capability tests. 

 

3.3.3.3. Electrochemical impedance spectroscopy (EIS) 

 

EIS treatments of the half cell batteries consisting of lithium foil as a counter 

electrode are performed at room temperature with Potentiostat/Galvanostat/ZRA 

from GAMRY instruments in the frequency range 100 kHz to 10 MHz and signal 
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amplitude of 20mV. EIS is also an analyzing technique that is used to examinethe 

reaction mechanism of the electrochemical process. The rate-determining step can be 

revealed by the frequency response shown by the EIS test because various reaction 

steps will dominate at particular frequencies. The difference in resistance is 

investigated by observing the current response. The produced impedance Nyquist 

curve of the cell consists of a compressed semicircle in the high-frequency range, 

which represents the resistance of the SEI layer and the charge-transfer resistance 

(Rct), and the sloping line in the low-frequency region corresponds to the diffusion of 

lithium ions.  

 

 
 

Figure 3.6. Gamry instrument 

 

 



 
 

 

 

 

 

CHAPTER 4. RESULTS AND DISCUSSION 

 

 

Nano particles are preferred over micro particles as electrode materials in LIBs due 

to their shorter diffusion routes for lithium-ion mobility, increased surface area,and 

superior mechanical capabilities. The small diffusion lengths improve the battery's 

rate capability and power density, while the increased surface area enhances the 

interfacial contact between the electrode and electrolyte, resulting in greater rate 

capability and a long lifecycle. The size of Si powders used in this work is <100nm.  

 

4.1. Structural Characterization 

 

SEM analysis was performed for some of the electrodes to examine the morphology 

and verify the homogenous distribution of the components inthe electrodes. SEM is 

an electron microscopy method that produces a magnified image of an object with an 

electron beam, which is calledthe electron probe and defines the instrument's 

resolution. It produces a picture of the sample by detecting either of two types of 

electron emissions from the sample; secondary and backscattered electrons.EDS is a 

built-in function in the SEM instrument, which uses emitted X-rays to map the 

chemical composition of the analyzed material [122]. 

 

A total of eight samples were characterized before and after the electrochemical 

testing in the FESEM, including SEM imaging and EDS mapping. 

 

Figure 4.1. below representsthe spherical surface structure of the fresh MCMB 

electrode. This micrograph reveals that the particle dimensions are in the range of 

30–50nm, with several larger particles up to 54nm in width. There is also equal 

distribution of CB (the small quantity) throughout the surface,as observed in the 
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literature [123]. The darker black spots on the surface is the binder (CMC-Na). The 

dark color of the binder in the image is due to its poor conductivity. 

 

 

Figure 4.1. SEM image of the fresh MCMB electrode 

 

Figure 4.2. below discloses the morphologies at two different magnifications and 

particle dispersion on the surfaces of the composite electrodes comprising5wt%, 

10wt%, and 15 wt% Si (the percentage is the total active material quantity, and the 

remainder is MCMB graphite). The tiny shinier particles represent Si, and the larger 

darkish ones are graphite. As observed, both the Si and graphite particles are 

uniformly dispersed in all the three composite electrodes. This is critical because it 

increases the electrochemical and mechanical capability of the electrode [124].The Si 

enlargement does not stress the neighboring elements when such particle distribution 

is uniform. The average particle diameters are between 40-70 nm, 50-100 nm, and 

30-80 nm for 5%Si/MCMB, 10%Si/MCMB, and 15%Si/MCMB composites, 

respectively. The CB particles are also homogeneously spread throughout the 

surface, exactly as they are for the bare MCMB. EDS mapping further confirmed the 

distribution of each element on the surface of electrodes, as shown in Figure 4.3. 
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Figure 4.2. SEM micrographs of fresh composite electrodes. (a) and (b) 5% Si/MCMB, (c) and  (d) 10% 

Si/MCMB, (e) and (f) 15% Si/MCMB 
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Figure 4.3. EDS mapping of composite electrodes. Yellow is Si and blue is MCMB. (a), (b) and (c) 5% 

Si/MCMB, (d), (e) and (f) 10% Si/MCMB, (g), (h) and (i) 15% Si/MCMB 

 

EDS mapping was also performed for the composite electrodes to check the 

composition of each component and to confirm how homogenously the particles are 

distributed on the electrode surface.Figure 4.3. illustrates high-resolution results 

where the yellow ones are Si while the blue parts are carbon particles. The picture 

validates the SEM results that the active material is equally spaced throughout the 

electrode surface. Furthermore, EDS mapping shows the successful incorporation of 

Si, especially in the 5wt% sample. 
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Figure 4.4. Surface textures of cycled electrodes. (a) 5% Si/MCMB, (b)10% Si/MCMB, (c) 15% Si/MCMB 

 

Figure 4.4. above shows that after the electrochemical treatments, the particles 

experienced large volume expansions in their surface structures, especially in the 

higher amount of Si content.  Moreover, in figure 4.4b, c, cracks can be clearly seen, 

which is common in Si-based anodes. These newly exposed areas on the electrode 

surfaces encourage the SEI layer's formation and lead to quick capacity decay. On 

the other hand,  interfacial cracks also promote large surface areas, which contribute 

to the transportation of lithiumions. 

 

The XRD patterns for the produced anodes are also collected to investigate the phase 

identification. The patterns of the prepared anodes are presented in Figure 4.5.  
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Figure 4.5. XRD Patterns of MCMB and Si/MCMB composites. 

 

The peaks are located at 2θ = 28.4°. 47.3°, 56.1°, 69.1°,  and 82° in all the three 

composites correspond to (111), (220), (311), (400), and (422) planes, respectively. 

These results match with [125] and illustrate the well-preserved crystalline 

arrangement after blended with MCMB.  For comparison, the XRD pattern of the 

bare MCMB electrode is also collected. The major XRD peak is located at 2θ 

=26.50° representing its crystal structure [126]. The full width at half maximum 

(FWHM) of (002) major peak of MCMB was calculated as 0.283. The presence of 

graphite peaks around 20-30 and 50-60 in the Si-MCMB composite suggests the 

contribution of graphite in the chemical reaction. The low intensities of Si (111) and 

Si (422) in the composite electrodes confirm the nanometer size of the Si. No copper 

peaks were observed in Si-MCMB composites. 

 

4.2. Electrochemical Characterization 

 

Generally, LIBs, particularly Si-based electrode materials, have a high capacity to 

fade during initial cycles.For the creation of the SEI layer on the surface of 

electrodes, it is recommended to perform one or two conditioning cycles (anode pre-

lithiation) of the investigated electrode at a low c-rate (C/20 and below) to a low cut-

off voltage (down to 0.02 V) before the electrochemical treatment begins. [127, 

128].In this thesis, all electrode samples were activated at C/20 (discharge),however, 
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this step has not been considered in the electrochemical testing. In this discussion, it 

is worth mentioning that the specific capacity refers to the discharge capacity that has 

been measured. 

 

A flowchart of the charge-discharge cycling is given in Figure 4.6., where one single 

discharge (lithiation) cycle was performed at 0.05C under the voltage window of 1.5-

0.02V.  

 

 
 

Figure 4.6. Flowchart of charge-discharge cycling 

 

4.2.1. Charge discharge performance of MCMB electrode 

 

All electrode samples were tested for 10 cycles at various c-rates (C/10, C/5, C/2, 1C 

and 2C).To have a reference for comparison, a bare MCMB graphite electrode with 

the composition of 90wt% MCMB, 5wt% binder,  and 5wt% CB as a conductive 

agent and a mass loading of 3.7mg was cycled. Results are presented in Figure 4.7.  

 

The rate test for pure MCMB electrode was performed at C/10, C/5, C/2, 1C, 2C, and 

C/10 again. The electrode was cycled for 10 cycles at each current rate. Figure 4.7 

presents the specific discharge capacity of the MCMB electrode. It clearly shows that 

the MCMB cell has outstanding and stable cycling performance with a capacity of 

335.73mAh/g and retained its capacity after 60 cycles. At C/5, the electrode lost its 
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capacity but showed stable behavior. After increasing the current rate, the capacity 

loss is huge, which indicates the incomplete transfer of lithium ions from the 

electrode. At 2C, lithium dendrites may be formed on the counter electrode; however, 

it stabilizes again at C/10 and reaches the same value as the current reversal can 

destroy the dendrites' bonds. This evidence shows that MCMB electrodes have poor 

cycling performance under high cycling conditions.  

 

 

Figure 4.7. Specific capacity of graphite electrode at different current densities 

 

4.2.2. Charge discharge performance of the composite electrodes 

 

A decrease in capacity at high currents can be associated with lithium-ion diffusion 

theory.Theoretical capacities of the composite anodes were calculated to 532mAh/g 

for the electrode containing 5wt% Si content, 692.7mAh/g with 10wt% Si content, 

and 853.05mAh/g for the electrode containing 15wt% Si. All current rates in the 

electrochemical analysis are based on these capacities. As the electrochemical tests 

are carried out at room temperature, the possible Si phase could be Li15Si4, with a 

theoreticalcapacity of 3579mAh/g [129]. The rate performances of the anodes are 

given in Figure 4.8. 
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Figure 4.8. shows the rate capability of the composite electrodes and pure MCMB 

electrode, cycled under 1.5-0.02V.  

 

 
 

Figure 4.8. Rate performance of composite electrodes vs. MCMB at different current densities 

 

All electrodes were cycled for 10 cycles at each current density. The figure shows 

that the electrode with a 5wt%Si amount showed the most stable performance and 

maintained a capacity of 453mAh/g over 60 cycles. At the same time, there is a 

capacity loss in the initial cycles, particularly in the sample containing the highest Si 

content (15%). This behavior is due to the creation of the SEI layer on the active 

material surface and contributed to massive volume changes during cycling [130]. 

Suppose the electrode is not fully activated through conditioning cycling, in that 

casethe pulverization of Si particles and the creation of SEI continue for subsequent 

cycles and can hinder the cell's performance.  
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It is also remarkable that at higher current densities (1C and higher), the composites 

containing 10wt% and 15wt% Si content showed very poor capacity performance 

compared to the bare MCMB electrode,and the capacities have fallen below the pure 

MCMB electrode. This indicates that the Si particles in the composites no longer 

remained active in the reaction because of the pulverization and the creation of the 

SEI layer. These results strongly agree with the SEM analysis that 15w% Si 

experienced mechanical deformation.  

 

 
 

Figure 4.9. Voltage profiles for the 1st and 2nd cycle of the MCMB and composite anodes. 
 

In Figure 4.9., voltage vs. capacity curves profiles of the first two cycles of all the 

samples, including MCMBare presented.The average charging and discharging 

voltage profiles for MCMB graphite are around 0.06 and 0.17V 

vs.Li/Li+respectively. Hence the voltage hysteresis is formed around 1V vs. Li/Li+. 

The anode composites show parabolic curves at around 0.5 and 0.2V and flat 

plateaus between 0.1 and 0.0V, which is normal in composite materials. The slopes 

usually emerge due to the existence of carbon in the composite materials.Table 4.1. 

shows the theoretical and the calculated specific capacity at each current density. 
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Table 4.1. Theoretical capacities and calculated specific capacities at different c-rates 

  Calculated Specific Capacity / mAh/g 

Samples Theoretical Capacity / mAh/g C/10 C/5 C/2 1C 2C 

MCMB 372 334 320 255 132 63 

5wt% Si 531 496 395 287 199 81 

10wt% Si 692 567 430 268 136 58 

15wt% Si 853 649 461 331 162 48 

 

4.2.3. Cyclic voltammetry (CV) 

 

The cyclic voltammograms of five cycles for the Si-MCMB compositesare presented 

in Figure 4.10. 

 

The CV analysis of the produced anodes was carried out in a voltage window of 1.5-

0.02V at a 0.3mV/sec scanning rate. The upper and lower half of the curve represents 

the oxidation and the reduction peaks and correspond to the charging and discharging 

of the cellrespectively. These peaks also refer to anodic and cathodic peaks. In the 

anodic reaction (charging state), the potential rises from 0.02-1.5V, where the lithium 

ions delithiate from the structure of the composite. During this phase, the CV test 

revealed the anodic peaks at around 0.3 and 0.5V.Inversely, in the cathodic reaction 

(discharging state), the potential goes back from 1.5-0.02V, where the lithium ions 

lithiate into the composite structure. 
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Figure 4.10. Cyclic Voltammograms of 1st to 5th cycle of the composites and MCMB between 1.5-0.02V 

 

The Two cathodic peaks appeared at around 0.1 and 0.25V during this phase, as 

shown in figures 4.10a.and b. These peaks should attribute to the lithiation and 

delithiation of Si particles in the MCMB matrix. The anodic peaks for all samples are 

ascribed to the development of the SEI layer, and the magnitudes of both oxidation 

and reduction peaks have increased with cycling, indicating the activation of further 

material to react with lithium, as shown in figure 4.10b., and c. Additionally, the gap 

between the anodic and cathodic peaks attributes to the polarization of the electrode. 

The curves in the 5wt% Si-MCMB composite are identical and overlappedwith each 

other over five cycles, demonstrating the stability of the electrode with cycling.In the 

15wt%Si-MCMB sample, the anodic peaks slightly moved from 0.5V to 0.6V, 

suggesting an increased anode polarization and irreversibility of the material.  

 

4.2.4. Electrochemical impedance spectroscopy (EIS) 

 

To examine the mechanisms for better cycling performance of Si-MCMB composites 
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and MCMB electrode, impedance tests of both electrodes were compared before and 

after the electrochemical charge-discharge cycling in an open circuit potential of 2V.  

 

 

Figure 4.11. Nyquist plots of the composite electrodes and MCMB 

 

Figure 4.11. shows all Nyquist plots comprised of depressed circles in a high-

frequency range and inclined lines in a low-frequency range. The compressed 

semicircles correspond to the Rct on the interface of an anode, and the ionic 

conductivity of the electrolyte, while the inclined lines with an angle to real axis 

represent typical Warburg behavior and correspond to the lithium-ion diffusion into 

the layers of composite anodes. The two semicircles in the MCMB electrode are 

generated due to the roughness of the electrode surface and its microstructure’s 

porosity and attributed to the non-ideal response of the capacitance [131]. As can be 

seen, the diameters of the high-frequency semicircles (at about 200Ω) have reduced 

around 50-60Ω after cycling, indicating that the surface had improved kinetics for 

charge transfer with cycling, and active sites of the material have been exposed more 

to the electrolyte. 

 

4.3. State-of-Charge (SOC) Analysis 

 

For the evaluationof the SOC, the rate capability for the new set of composite 

electrodes was investigated in three different voltage windows, presented in Figure 

4.12. The upper cut-off voltage was decreased to 1V for all the samples, while the 

lower cut-off voltages were applied as 0.03V, 0.05V and 0.07V.In other words, the 

voltage windows were decreased as whole. The same current densities and the same 
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number of cycles were set as for the previously cycled anodes, which were tested in a 

voltage window between 1.5-0.02V. 

 

 
 

Figure 4.12. Rate performance of composites under different voltage voltages vs. standard volatge window 

 

According to the above rate analysis, it is commendable that by decreasing the upper 

cut-off voltage (1.5V to 1V)and by increasing the lower cut-off voltage (0.02V to 

0.07V), and increasing the c-rates,the stress level increases and accumulates more 

pressure to destroy the electrode, leading to more capacity loss.Inversely, decreasing 

trend in the lower cut-off voltagecontributes to slow capacity decay and lower stress 

level [132]. Interestingly, these electrodes showed the same behavior just like the 

already cycled electrodes in a standard potential range, where the one with the 

highest Si content (15wt %) showed unstable performance over 60 cycles. To 

evaluate an optimum Si content and optimum voltage window, the best 
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performingelectrode was the one containing the lowest amount of Si (5wt%), where 

it retained its capacity in a voltage window between 1-0.05V. 

 

Furthermore, Figure 4.13.confirmed that the stress level induced by varyingthe whole 

voltage window from 1-0.03V to 1-0.07V.  In Figure 4.13b., major surface cracks 

were observedin the composite anode cyled between 1-0.07V. 

 

 
 

Figure 4.13. SEM images of electrodes after electrochemical tests (a) voltage window between 1-0.03V (b)  

voltage window between 1-0.07V 

 

For the electrode cycled between 1-0.03V, the electrode has gone through minor 

surface cracks, as presented in Figure 4.13a. Such results recomend that the small 

cut-off voltages createmore pressure on the electrode’s surface, leading to severe 

surface cracking and ultimately experience faster capacity loss. 

 

Moreover, from the above evidence, a cut-off voltage window between 1-0.05V was 

selected for cycle life testing to evaluate their long-term performance. Figure 4.14. 

shows the cycle life performance of the composite electrodes at c-rates of C/2 and 

1C. A total of six samples were assembled for this test, and each cell was tested for 

200 cycles. Before starting the electrochemical testing, one formation cycle for all 

the electrodes was performed at a slow c-rate of C/20 to establish a stable SEI layer.  

As visible inFigure 4.14. below, the capacity loss is enormous in the initial cycles for 

all the electrodes because of the formation of the SEI layer and the pulverization of 

Si particles.This phenomenon can continue for more cycles on the surface of active 

material if no formation cycling is performed at a slow c-rate [133]. 15wt% Si 

electrode showed the worst cycling performance compared to the electrodes 
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containing 5wt% and 10wt% Si amount.From this evidence, it is clear that increasing 

the Si-C ratio in the composites does not directly enhance the total anode capacity 

due to the massive volume expansion of Si. The 5wt% composite electrode exhibited 

the best cycling performance with a stable capacity of 182mAh/g at C/2 and 

170mAh/g at 1C over 200 cycles. On the other hand, 10w% Si sample has lost 19% 

of its capacity at C/2 and 64% at 1C after 200 cycles. 

 

 

Figure 4.14. Cycling performanceof electrodes cycled under 1-0.05V cut-off voltage at 1C and C/2 

 

Similarly, 15wt% Si electrode has retained 54% capacity at C/2 and 58% capacity at 

1C, which is much lower than 87% and 90% capacity retention at C/2 and 1C of the 

5wt% Si electrode, respectively.



 
 

 

 

 

 

CHAPTER 5. CONCLUSION 

 

 

Adjustment of Si with graphite is an encouraging approach to increase the specific 

capacity of the negative electrodes, which has a theoretical capacity of approximately 

ten times higher than graphite.  In this master thesis, it was proposed to develop a 

LIB anode with a higher specific capacity. To accomplish this, nano Si powder 

(<100nm) was commercially purchased. The nano Si powderwasmixed with the 

MCMB powder in small amounts via mechanical alloying to produce a 

nanocomposite anode for LIB instead of the bare graphite anode used in commercial 

LIBs. The percentage of Si was varied to 5wt%, 10wt%, and 15wt% by weight to 

determine the rate and cycling performance in different conditions. The optimized 

nanocomposite anodes have been morphologically and electrochemically treated 

through SEM-EDS imaging and galvanostatic charge-discharge testing, respectively.  

 

In the electrochemical charge-discharge examinations, 5wt% Si retained a stable 

capacity of 455mAh/g in the rate capability test over 60 cycles compared to 10 wt% 

and 15 wt% Si content. Our analysis revealed that by increasing the Si content, there 

is a huge capacity drop and the higher Si content electrodes showed unstable 

capacitive behavior with consequent cycles, even lower than the specific capacity of 

pure MCMB electrode. Additionally, during the SOC analysis, 5wt% Si electrode 

showed capacity retention of 88% and 90% for 200 cycles at c-rates of  C/2 and 1C 

respectively, in the potential range between 1-0.05V.  

 

Lastly, based on the findings of this research, it isconcluded that higher current rates 

(2C and more) are not feasible for Si-based composite electrodes. 
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