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ABSTRACT 

Mn-Cu ALLOY BASED FLEXIBLE ELECTRODE FOR 
SUPERCAPACITOR APPLICATIONS 

FAAL, Hüseyin 
M.Sc.Thesis in Metallurgy And Materials Engineering 

Supervisor: Assoc. Prof. Dr. Abdulcabbar YAVUZ 

February 2024 

98 pages 
 

Significant advancements have been made in the application of technologies 
utilizing flexible screens and sensors. However, progress in the field of flexible 
energy storage devices has been quite limited. Research on flexible energy storage 
electrodes is essential due to the critical role of flexibility and stretchability in 
wearable, biomedical, and portable electronic devices. This study investigates the 
electrochemical properties of flexible Mn-Cu alloy-coated films, filaments, and 
fabric graphite samples for supercapacitors. The electrochemical synthesis of Mn-
Cu-based hybrid graphite is conducted using a deep eutectic solvent ionic liquid at 
various static voltages. Following the electrochemical deposition performance in 
Ethaline deep eutectic solvent, electrodes obtained are evaluated for 
electrochemical properties at various scan rates in different electrolytes. These 
electrolytes include sodium sulfate (Na2SO4), potassium hydroxide (KOH), a 
mixture of sodium sulfate and potassium hydroxide (Na2SO4 + KOH), and 
hydrochloric acid (HCl). The performance of the electrodes is examined through 
chronocoulometry, chronoamperometry, and cyclic voltammetry (CV) studies. 
Subsequently, non-electrochemical methods such as X-ray diffraction (XRD) and 
Fourier-transform infrared spectroscopy (FTIR) are employed for the 
characterization of these hybrid electrodes. The research aims to enhance the 
capacitance, energy, and power performance of supercapacitors. To achieve this 
goal, electrochemical processes were thoroughly examined to enhance the 
electrochemical properties of the electrodes. The obtained data indicate that Mn-Cu 
alloy-based stretchable graphite electrodes offer high specific capacitance values. 
These examination results are promising for use in supercapacitor technology 
applications. 
 
 
 
 
 
 
Keywords: Energy Storage; Supercapacitor; Mn-Cu Alloy; Flexible Electrode; 

Deep Eutectic Solvent. 



 

ÖZET 

SÜPERKAPASİTÖR UYGULAMALARI İÇİN Mn-Cu ALAŞIM BAZLI 
ESNEK ELEKTROT 

FAAL, Hüseyin 
Yüksek Lisans Tezi, Metalurji ve Malzeme Mühendisliği 

Danışman: Doç. Dr. Abdulcabbar YAVUZ 

Şubat 2024 

98 sayfa 

 

Esnek ekranlar ve sensörlerin kullanan teknolojilerin uygulamalarında dikkate 
değer ilerlemeler kaydedilmiştir. Ancak, esnek enerji depolama cihazları alanında 
ilerleme oldukça sınırlı kalmıştır. Giyilebilir, biyomedikal ve taşınabilir elektronik 
cihazlarda esneklik ve gerilebilirliğin kritik rolü nedeniyle esnek enerji depolama 
elektrotları üzerine araştırma yapılması önemlidir. Bu çalışma, süperkapasitörler 
için esneklik özelliğine sahip Mn-Cu alaşım ile kaplanmış film, filament, kumaş 
grafit numunelerin elektrokimyasal özelliklerini incelemektedir. Mn-Cu bazlı hibrit 
grafitin elektrokimyasal sentezi, çeşitli statik voltajlarda derin ötektik çözücü iyonik 
sıvı kullanılarak gerçekleştirdi. Etaline derin ötektik çözücü içinde elektrokimyasal 
birikme ile elde edilen elektrotların ardından, farklı elektrolitlerde çeşitli tarama 
hızlarında elektrokimyasal özellikleri açısından değerlendirildi. Bu elektrolitler 
arasında sodyum sülfat (Na2SO4), potasyum hidroksit (KOH), sodyum sülfat ve 
potasyum hidroksitin karışımı (Na2SO4 + KOH) ve hidroklorik asit (HCl) vardır. 
Elektrotların performansı kronokulometri, kronoamperometri ve döngüsel 
voltametri (CV) çalışmaları aracılığıyla incelendi. Daha sonra bu hibrit elektrotların 
karakterizasyonunu incelemek için X-ışını kırınımı (XRD) ve Fourier dönüşümlü 
kızılötesi spektroskopisi (FTIR) gibi elektrokimyasal olmayan yöntemler kullanıldı. 
Araştırma, süperkapasitörlerin kapasitansını, enerjisini ve güç performansını 
artırmayı amaçlamaktadır. Bu amaca ulaşmak için, elektrotların elektrokimyasal 
özelliklerini geliştirmek amacıyla elektrokimyasal işlemler kapsamlı bir şekilde 
incelenmiştir. Elde edilen veriler, Mn-Cu alaşımı bazlı gerilebilir grafit elektrotların 
yüksek spesifik kapasitans değerleri sunduğunu göstermektedir. Bu inceleme 
sonuçları süperkapasitör teknoloji uygulamalarında kullanım için umut vericidir. 
 
 
 
 
 
 
 
Anahtar Kelimeler: Enerji Depolama; Süperkapasitör; Mn-Cu Alaşımı; Esnek  

Elektrot; Derin Ötektik Çözücü.
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CHAPTER I 

INTRODUCTION 

1.1 Overview of the Thesis Study 

As we approach the end of the first quarter of the twenty-first century, it is obvious 

that the increase in energy and electricity consumption has produced a serious 

issues. Rapid population increase and changing consumer habits are the two main 

causes of this global problem because rapid population could spend more energy. 

Additionally, daily life in many countries has been changed due to technological 

improvement. Almost all technological devices (mobile phones, computers, 

electrical vehicals, household goods etc.) are based on energy consumption. A 

sizeable amount of the total energy consumption is jointly accounted for by the 

industrial, transportation, and construction sectors. Global energy demand could be 

anticipated to double by 2050 and triple by the end of the century. Increasing the 

efficiency of the current traditional energy systems alone might not be sufficient to 

meet this demand sustainably [1],[2]. 

It seems that conventional energy sources have harmful environmental effects that 

lead to ecological problems such as acid rain, ground-level ozone production, air 

and water pollution, global warming, and ozone layer depletion. The quick 

depletion of available fossil fuel resources has also compelled energy supply firms 

around the world to think about ways to increase the efficiency and economy of the 

use of current energy sources as well as to take action to develop new energy 

resources. Renewable energy sources were created as a result of overcoming these 

difficulties and improving the sustainability of energy storage techniques, and they 

offer significant advantages both economically and environmentally [1],[3],[4]. 

In terms of energy usage and power management, energy storage technologies are 

crucial. It contributes to a sustainable, safe, and clean way of future energy needs. 

There are numerous techniques for energy storage including capacitors and 

supercapacitors [5],[6]; sodium-sulfur (NaS), lithium-ion, nickel-cadmium (Ni-Cd) 

and lead-acid batteries [7],[8]; fuel cells, mechanically pumped hydropower [7], 

compressed air energy storage systems (CAES), and flywheels. Supercapacitors 
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technologies with fast charge-discharge capabilities have become increasingly 

prominent as a case of the need for high-power applications, maintaining energy 

quality, and satisfying continuous energy demand [1], [9]–[13]. 

Even though the use of supercapacitors is a new electrochemical energy storage 

technology that does not have a long history; numerous scienties, researchers and 

componies have focused on this system recently. In energy storage systems, 

supercapacitors are critical components as they can swiftly meet energy demands 

because of their quick energy storage and release capabilities. This aids energy 

systems in absorbing abrupt power spikes or emergencies. Supercapacitors are 

particularly cost-effective because of their long lifespan and ability to resist 

thousands of charge-discharge cycles. They generally require low maintenance fee. 

They could be an eco-friendly form of energy storage because they do not have 

chemicals that could be toxic for the environment and could be recycled. 

Supercapacitors might therefore be crucial components of energy storage systems 

in the future [4],[11],[14]. 

Basically two conducting electrodes (positive and negative electrodes), an 

electrolyte, and a separator form supercapacitors. Some supercapacitors are based 

on the principle of electrostatic storage, which is achieved by supplying a constant 

direct current voltage between two double layers (electrodes) that are spaced apart 

by a thin layer of dielectric or insulating material. These kind of supercapacitors are 

referred to as electric double-layer capacitors (EDLC). Energy could be stored 

through an electrolyte solution between two solid electrolytes. Pseudocapacitors 

and hybrid supercapacitors (their details are given in Section 2) are other main 

categories of supercapacitors within the context of energy storage techniques 

[13],[15],[16]. The representation of EDLC, psudocapacitor and hybrit 

supercapacitors are presented in Figure 1.1. 
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Figure 1.1 The visual representation of (a) an electrical double-layer capacitor 

(EDLC), (b) a pseudo-capacitor, and (c) a hybrid supercapacitor [15] 

 

Electric double-layer capacitors (EDLCs) improve storage capacities by increasing 

electrical conductivity, increasing the surface area of the electrodes, and reducing 

pore size. Through the accumulation of charges at the electrode-electrolyte 

interfaces, this approach offers storage capability. [2], [16], [17]. Pseudocapacitors, 

on the other hand, store energy by reversible multi-electron redox faradaic 

reactions. Pseudocapacitors could have higher energy density and specific 

capacitance than EDLCs. This may suggest that energy storage devices can be 

improved using various techniques and tailored for various uses [14]–[16]. 

Pseudocapacitors could have higher specific capacitance values while EDLCs 

generally have higher cyclic stability and power performance. As the name implies, 

hybrid systems also give the option of combining the power source of a capacitor-

like electrode (EDLC structure) with the energy source of a battery-like electrode 

(pseudocapacitor) in the same cell [7],[15],[17]. The EDLC generally consist of 

carbon based materials. The materials of pseudocapacitors are oxide, hydroxide and 

(a) (b) 

(c) 
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sulphide based metals/alloys. Additionally conducting polymers are also the 

materials of pseudocapacitors. When different materials belonging to EDLC and 

pseudocapacitors are combined, hybrid supercapacitors could be obtained. 

The main components with a significant impact on the performance of 

supercapacitors are electrodes and electrolytes [17]. The elements that store and 

release this energy are identified as electrodes [18]. Electrolytes are defined as 

those that provide energy storage and release processes at the interface and 

facilitate the movement of ions. Therefore, the selection of the correct electrolyte 

and electrode is important for supercapacitors' performance and efficiency [17]. 

Therefore we have focused on the combination both electrode and electrolyte in this 

thesis. 

The material, structure, conductivity, surface area and electrochemical properties of 

the electrode are critical factors that influence the electrode's selection. For 

instance, combination of EDLC and pseudocapacitive materials could be fabricated 

for high-performance supercapacitor. In this work, active alloy-coated flexible 

graphite electrodes have been studied to analyse supercapacitor performance. These 

coatings could cause more surface area of the electrode and increase the interaction 

with the electrolyte. Thus, electrode selection could increase the energy storage 

capacity by enabling more interaction on the electrolyte interface of the electrodes 

[16],[18]. 

This thesis aims to examine how graphite electrodes [19] coated with effective 

metals such as manganese (Mn) [17] and copper (Cu) [19] affect the performance 

of supercapacitors. This process is obtained in the context of a comparison of 

various electrolytes such as sodium sulfate (Na2SO4) [20], potassium hydroxide 

(KOH) [21], a mixture of sodium sulfate + potassium hydroxide (Na2SO4 + KOH) 

[20] and hydrochloric acid (HCl) [22]. Structural and compositional 

characterisation of the coating are presented. The energy storage capacity and 

performance of supercapacitors consisting of modified electrode and appropriate 

electrolyte combinations are tested. 

 

1.2 Aim of the Thesis 

The main aim of the study is to analyze how the interactions between selected 

electrodes, electrolytes, and how their variations could influence supercapacitor 

performance. This could be used for development and optimization of 
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supercapacitor technology. In this thesis; electrodes, electrolytes, and the 

interactions between these two components have been reserached. The resulting 

data could be used to evaluate the parameters effecting supercapacitor properties. 

This research could contribute to our understanding of how these electrolyte and 

electrodes could affect supercapacitor performance. Mn-Cu based electrodes have 

been electrodeposited on graphite layer, graphite wire and graphite fabric. 

Electrodeposition conditions of the alloys on graphite based substrate have been 

studied. After coating process, modified electrodes have been transferred to various 

electrolytes such as sodium sulfate (Na2SO4), potassium hydroxide (KOH), sodium 

sulfate and potassium hydroxide mixture (Na2SO4 + KOH) and hydrochloric acid 

(HCl) in order to compare their electrochemical performance. 

As a result of the electrochemical experiment studies, manganese-copper-coated 

graphite film, wire, and fabric could provide more interaction at the electrode-

electrolyte interface in addition to improving the surface properties of sample 

electrodes. In this context, these alloy coatings and surface enhancement processes 

are assumed to lead to positive changes in energy storage capacity. This work could 

release the interactions between selected electrodes and electrolytes affecting 

supercapacitor performance. 

 

1.3 Structure of the Thesis Study 

This thesis consists of four main chapters, and each chapter explains the general 

structure and content of the study in detail;  

I. The first chapter, the introduction, introduces the subject of the study, 

determines the general purpose of the thesis, presents its aim, and 

summarizes the chapter structure of the thesis.  

 

II. The second chapter, theory and literature study, discusses the basic concepts 

and energy storage systems in detail. The history of supercapacitors, their 

working principle, and their comparison with other energy storage systems 

are the basic elements of this section. Additionally, the non-electrochemical 

characterization techniques (XRD, FTIR) and electrochemical 

characterization techniques (chronoculometry, chronoamperometry, cyclic 

voltammetry) used in this study are briefly described.  

 



6 
 

III. The third chapter, experimental procedures, describes in detail the 

experimental equipment, chemicals used, and how the experiments were 

performed. Experimental procedures such as the preparation processes of 

electrodes, coating solutions, electrolyte solutions, and cyclic voltammetry 

studies of manganese-copper-coated graphite films, wire, and fabrics are 

explained in detail in this section. Information on how non-electrochemical 

and electrochemical characterization techniques were applied in each study 

is included in this section.  

 

IV. The fourth chapter, results and discussion, presents the findings obtained 

from the three-chapter experimental studies, the predictions of the study, the 

effective inferences derived from them, and the synthesis results. This 

chapter is also a section where the thesis discusses the hypothesis regarding 

the aims of the thesis using relevant graphs, figures, and tables, compares 

the study results, and evaluates the contributions of the thesis to the 

literature based on these results. 

 

V. The fifth chapter, conclusion, gives summary of the work. 

 

The reader is guided through the introduction, theoretical literature, experimental 

procedures, and the results and discussion by this structure, which serves as a 

detailed plan of action for this thesis study. 
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CHAPTER II 

LITERATURE REVIEW AND THEORY 

2.1 Energy Storage Systems 

Energy storage systems have been improved as a form of technology to provide 

energy for the technological devices. Energy storage systems could also reduce 

power outages in cities, balance global energy supply and demand, and give the 

future generation of customers more effective access to renewable energy sources. 

The historical development of energy storage devices spans a significant amount of 

time. The process, which began with mechanical energy storage techniques like 

hydroelectric power plants, to the present day, to great innovative developments 

such as the invention of batteries and capacitors and the long-term storage of 

chemical energy within these electronic materials. 

The Russia-Ukraine war in 2022 caused a great crisis in our country and Europe. 

This crisis raised serious concerns about the security and stability of the energy 

supply. The reliance on fossil fuels was observed as unsustainable. This war and 

similar crisis have showed once again that there could be a serious need for 

alternative energy sources in the world. For this reason, large investments and 

studies have been carried out to diversify the energy supply in the world and to 

develop renewable energy sources [23]. 

Energy storage systems play a pivotal role in addressing the inherent intermittency 

and variability of many renewable energy sources. These sources are highly 

dependent on environmental factors, which cause yearly variations in energy 

production. For this reason, energy demand and supply are not always precisely 

balanced, which could result in imbalances (IRENA (2023), World Energy 

Transitions Outlook 2023, Volume 1, International Renewable Energy Agency, 

n.d.). 

The importance of energy storage systems becomes apparent in this situation. When 

the primary sources are unavailable or insufficient, these systems serve as a bridge, 

ensuring that the excess energy produced from alternative sources is effectively 

stored and made available. Energy storage systems offer a dependable and 
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consistent power supply, fulfilling the ever-changing demands of the need, by 

efficiently controlling and utilizing this stored energy [24]. 

Depending on how the energy is stored, it can be categorized into four main groups 

mechanical, thermal, chemical, and electromagnetic energy storage illustrated in 

Figure 2.1 Each storage method has its costs and technological specifications [7]. 

 

 

Figure 2.1 Schematic view of the classifications of energy storage technologies 

 
2.2 Batteries 

It is defined electrochemical apparatus that converts chemical energy into electric 

energy as a battery. There are two essential components of batteries. These are 

electrolyte and electrodes as anode and cathode. Their chemistries, properties could 

effect their performance [2]. 

Batteries lead to the initiation of important technological processes by converting 

chemical energy into electrical power. The principle is formed from the movement 

of electrical charge per unit of time through redox reactions. Redox reactions 

involve the movement of electrons along an electrical circuit from one electron cell 
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source to another. To produce the required output voltage and capacity with the 

reason of one  

or more cells need to be linked in series, parallel, or both in series and parallel. 

Each cell has a anode and cathode which could be negative and positive electrodes 

depending on charging/discharging type. The electrolyte facilitate the chemical 

reaction between these two electrodes [25],[26]. 

A primary battery is a set of non-rechargeable, disposable cells that is used up 

completely. In contrast, secondary batteries are a cell group that can be charged 

again and again after use. They could also have a high power density and high 

discharge rate. The differences between primary and secondary batteries are 

illustrated in [27]. 

 

Table 2.1 Comparision of primary and secondary batteries 

Primary Batteries Secondary Batteries 

Designed to be non-

rechargeable 

Designed to be 

Rechargeable 

Meant to be used once 
Meant to be used multiple 

times 

Generally lower cost Generally higher cost 

Generally simpler 

manufacturing process 

Generally complex 

manufacturing process 

Lower lifecycle Longer lifecycle 

A limited number of charge-

discharge cycles 

Multiple numbers of  

charge-discharge cycles 

 

 

In addition to the development of storage devices that convert the energy obtained 

from several different chemical reactions into electrical energy, innovative research 

for new battery types continues unabated. Although there are many studies and 

inventions on this subject, a brief review of the most common of these are 

presented here. 
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Nickel-cadmium (Ni-Cd) batteries made of nickel and cadmium (Ni-Cd) running 

on electrochemical reactions between nickel hydroxide (NiOOH) and cadmium 

(Cd). They have a wide range of purposes and have been used for a very long 

period in various applications. The main application areas of Ni-Cd batteries are 

portable devices, electric vehicles, emergency lighting vehicles, etc [28].  

 

Ni-Cd batteries provide several beneficial features, including a high energy density 

and quick charging and discharging speeds. In comparison to other battery kinds 

that is a recommended option because of their longevity and durability. On the 

other hand, if the disadvantages are mentioned, they contain cadmium, which can 

be detrimental to the environment and need suitable recycling procedures [27],[28]. 

Additionally, compared to other contemporary battery types, their energy density 

and performance traits could be poorer. Considering their lengthy history of usage 

and wide range of applications, Ni-Cd batteries still occupy an important position. 

However other battery types might become more popular in the future due to 

increased competition and the creation of new battery technology [28]. 

 

Lithium-ion battery is generally as in all battery types, it usually contains a 

positively charged cathode, negatively charged anode, separator, electrolyte, and 

positive and negative current collectors making up a Li-ion battery presented in 

Figure 2.2. As a result of losing their electrons during the charging process, the 

lithium atoms in the anode, the negative electrode of the lithium-ion battery, 

become ionized. Next, lithium ions start to migrate towards the cathode, the 

battery's other electrode. A cathode receives the electrolyte through lithium ions 

(Li+). Energy is stored as a result of the cathode's electrode material's ability to 

attract and hold lithium ions. As a result of the discharge cycle's operating principle 

lithium ions (Li+) travel reversibly between the cathode and anode electrodes 

[30],[31]. 
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Figure 2.2 Representation of a frequent lithium-ion battery [29] 

 

The low atomic weight of lithium makes lithium-ion batteries lightweight. Some 

batteries could be more suitable than lithium-ion batteries due to their high energy 

density, reduced self-discharge, and longer lifecycle. However, they could have 

some disadvantages such as cost, toxicity and long production process. 

Rechargeable lithium-ion (Li-ion) batteries are widely used in portable electronic 

devices and electric vehicles because of their high energy density and relatively 

long cycle life [32]. 

In lead-acid batteries, lead (Pb) is used as the negative electrode, lead dioxide 

(PbO2) is used as the positive electrode, and sulfuric acid (H2SO4) solution is used 

as an electrolyte to ensure that ion exchange is effective between these electrodes. 

The representation of such battery is presented in  

Figure 2.3. 
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Figure 2.3 Schematic of  (a) charge phase lead-acid batteries and (b) 

discharge phase lead-acid batteries [26] 

 
During the discharge phase illustrated in  

Figure 2.3b), both electrodes will convert to lead sulfate (PbSO4) and consume the 

sulfate ions from the electrolyte solution. PbSO4 on the negative plates is reduced to 

metal during the initial charging process. But, on the positive plates, PbO2 is 

formed. A battery undergoes a chemical transformation when it discharges 

electrical energy into an external circuit. Regularly, this process consumes the 

device's stored power until its voltage drops completely, and often requires 

immediate recharging for further use. In contrast, the overall sulfuric acid 

concentration in the electrolyte-to-charge reaction increases during charging (in  

Figure 2.3a) [33],[34]. 

 

Rechargeable lead-acid batteries are frequently used in automobile batteries 

because of their various benefits (as shown in Table 2.2), including their high 

power-to-weight ratio, low price, and flat discharge voltage characteristics. 

Additionally they could have a simple self-charging feature. Sulfuric acid is also 

used by lead-acid batteries, which are safer than certain other batteries in terms of 

safety [35],[36]. 
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Table 2.2 Advantages and limitations of lead acid batteries 

 

 
2.3 Fuel Cells 

A fuel cell is an electrochemical device that converts chemical energy from a fuel 

such as hydrogen into electrical energy, similar to batteries. Hydrogen is supplied to 

the anode, the negatively charged electrode, and oxygen is sent to the cathode, the 

positively charged electrode. An electric current is generated by the movement of 

protons through the electrolyte and electrons through an external circuit. Water is 

produced at the cathode through the reaction between protons and electrons from 

the external circuit and oxygen in the air. This process produces electrical energy 

from a fuel cell in the results. 

 

Based on our prior knowledge, energy for consumers can be defined as the readily 

available form that can be utilised at any time and place as needed. Meeting these 

requirements can be accomplished using energy storage systems and technologies 

such batteries, fuel cells, capacitors, and supercapacitors. Discrepancies in features 

arise due to the different designs of emerging storage technologies such as batteries, 

fuel cells, capacitors, and supercapacitors, as well as variations in storage concepts. 

The qualities that differentiate storage technologies are high storage capacity, high 
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efficiency, low self-discharge and capacity losses, long life, low cost, and energy 

intensity measured in kWh/kg or kWh/liter [37]. 

 

Table 2.3 Comparison of parameters of energy storage devices 

 

Unlike capacitors, which use a dielectric material like a polymer film or an oxide 

layer to physically separate the electrical charge. The separation of chemically 

charged species at the electrical interface between a solid electrode and an 

electrolyte is the basis for supercapacitors. Due to their quick charging, quick 

Parameter 
Fuel 

Cells 
Batteries Capacitors Supercapacitors 

Charge 

Time (s) 

10 to 

300 hrs. 

Instant 

charge 

(refuel). 

1–10 hr 10-6 – 10-3  
 

 

1-30 

  

Discharge 

Time (s) 

10 to 

300 hrs. 

Instant 

charge 

(refuel). 

1-10 hr 10-6 – 10-3  1-30 

Life 

1,500  ̴  

10,000 

hrs 

500  ̴  

1,500 

cycles 

>500,000   

cycles 

50,000+ hrs 

Unlimited cycles 

Weight                       

(kg) 
0.02-5 0.001-10 0.001-10 0.001-230 

Power 

Density 

(KW/kg) 

0.001 

to 0.1  

0.005 to 

0.4  

0.25 to 

10,000  
10 to 120 

Energy 

Density 

(Wh/kg) 

300 to 

3,000  
8 to 600  

0.01 to 

0.05  
1 to 10  
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discharging, longevity, and environmental friendliness, these technologies have 

high potential [38]. 

2.4 Supercapacitors 

2.4.1 History of Supercapacitors 

As a result of an experiment with the Leyden jar, the first foundation of the 

capacitor was laid by around 1745. The study of the Leyden Jar (shown in Figure 

2.4), a glass container with metal foil, is credited as the birth of capacitor 

technology. The jar serves as a dielectric during charging while the metal foils 

serve as the electrode. Negative (-) and positive (+) charges build up on each 

electrode, respectively. It starts to charge when a wire is attached to these two metal 

plate structures. In 1876 Fitzgerald continued the historical development of 

capacitors in the form of paper ceramics rolled into a roll and coated with wax by 

incorporating a wax-impregnated dielectric structure with foil electrodes into this 

development [5],[6],[39]. 

 

  

Figure 2.4 Schematic of chronological developments from capacitors to 

supercapacitors [41] 

 

In 1957, General Electric patented the first supercapacitor with the name electric 

double-layer capacitors (EDLCs). In 1966, Standard Oil researchers uncovered the 

double-layer capacitor discovery while studying under their experimental work and 

opted not to commercialize it. Supercapacitors were created as a result of this 
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surprising discovery, which created new opportunities for energy storage 

technology. When NEC Technology Company acquired the license from Standard 

Oil in 1978, they publicized technology as a potent memory backup option for 

computers [6],[39],[40].  

From 2012 to 2022 (given in Figure 2.4), progress in supercapacitor research, 

developments in materials and production methods, and optimization R&D studies 

aimed at increasing performance and reducing costs have continued to increase in 

the last 10 years [42]. An almost 10-fold increase in research papers published 

during this period can be observed, making supercapacitor research one of the 'hot' 

research areas. Research has been extended to electrode materials, but also to 

studies of electrolytes and separators [42]. Supercapacitors fill the void of batteries 

and other energy storage technologies due to their high specific capacitance values, 

low operating voltage ranges, and long charge/discharge cycles. This thesis aims to 

contribute to the development of supercapacitors with the electrode and electrolyte 

combination to be used. 

 
2.4.2 Principles of Working Supercapacitor 

In the working principle of supercapacitors, positive and negative ions are absorbed 

on the surfaces of solid electrodes. This is an electrostatic energy storage method 

that relies on electrostatic capacitors, as shown in Equation 2.1. 

The fundamental formula that applies to all capacitors can be explained as follows: 

 C=            (2.1) 

In this equation, the permeability of the air ( ε0 ), the relative permittivity of the 

dielectric material ( εr ), the surface area ( A ), and the distance ( d ) between the 

two electrodes are shown in Figure 2.5. The capacitance value of the capacitor is 

adjusted by changing the surface area and thickness of the dielectric material 

[6],[15]. Upon increasing surface area or decreasing distance, the capacitance could 

be increased. 

The basic equation (Equation 2.2) showing the specific capacitance (C) value in 

supercapacitors is as follows : 

C=             (2.2) 

In which: 

• C is the specific capacitance (F cm-2), 
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• I represents the current density (A cm-2), 

• ΔV stands for the potential difference (V), 

• v signifies the scan rate (mV s-1), 

• A is the area of active materials loaded in the working electrode (cm2) 

 

 

Figure 2.5 View diagram of supercapacitor electrode formed located in the 

middle of two electrodes separated by a single layer [43] 

 
In this context, energy is stored due to the potential difference between the two 

solid electrodes. The positive and negative ions in the electrolyte are absorbed on 

the surfaces of the solid electrodes during charging, under the influence of 

charging. The cation and anion return to the step-and-step region of the solid 

electrodes during discharge [44]. 

➢ Charging (Loading) Process, 

During charging, ions flowing onto the surfaces of the positive and negative 

electrodes are adsorbed by the electrodes. These ions accomodate on the electrode 

surface, forming two layers as far as potential is applied. The electrical double layer 

creates a space charge region between the charged ions. In this way, a potential 

difference is obtained on the surfaces of the electrodes. This potential difference 

enables energy to be stored and used (presented in Figure 2.6) [6],[44]. 
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Figure 2.6 Schematic diagram of charging in supercapacitor [45] 

 

➢ Discharge (Transferring) Process, 

During the discharge process, on contrary to the charging process, the positively 

charged ions are separated from the negative electrode particles, while the 

negatively charged ions are separated from the positive electrodes (presented in 

Figure 2.7) especially when potential is removed [6],[15],[44]. 

 

 

Figure 2.7 Schematic diagram of discharging in supercapacitor [45] 

 
2.4.3 General Properties of Supercapacitors 

This stage examines the general properties of supercapacitors in terms of structural, 

chemical, and operational capacity. A supercapacitor's physical composition and 
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components are examples of structural features. The main feature of supercapcitor 

devices are electrodes (positive and negative) and electrolytes.  

An electrolyte solution and a solid electrolyte are critical parameters for the 

properties of supercapacitors. Supercapacitors' performance and physical 

characteristics are a result of the interaction between their electrode and electrolyte 

components, whose primary constituents are materials. Electrode materials also 

would need a high surface area for energy storage [39],[44],[46]. Carbon based 

materials with a high surface area often serves as the electrode material for EDL 

capacitors. Carbon materials which are mainly composed of EDLC could be made 

of carbon-derived compounds, carbon [87] fiber [88] fabric, airgel [89] with 

various carbon appearances, graphite [90], graphene [91], and carbon nanotubes 

[46]. 

Because of its adaptable morphologies and properties, carbon is a versatile element. 

Additionally, carbon is a crucial material for energy storage applications due to its 

high abundance and low specific gravity [45],[46]. Metals including nickel [92] 

[93], ruthenium [94], copper [95], iron [96], manganese [97], cobalt oxide [98] 

based electrodes and the alloys consisting of at least one of these metals are the 

main materials in pseudocapacitors. Additionally conducting polymers such as 

polyaniline [99] and polypyrrole [100] could be used as pseudocapacitors. The final 

performance of supercapacitors (either EDLC or pseudocapacitores) will be 

intimately related to the physical and chemical properties of these electrodes given. 

In this approach, the variety of electrode materials aids in the applications of 

supercapacitors [46],[47].  

Another element that substantially influences the functionality and energy storage 

capacity of supercapacitors is the electrolyte composition. These electrolytes can be 

ionic, organic, or aqueous liquids, among other varieties [48]. Ionic-bonded 

chemicals called electrolytes are made up of ions with positively charged cations 

and negatively charged anions. These ions make it possible for electrolytes to 

conduct electricity and dissolve effortlessly in polar solvents like water. Their high 

ionic conductivity and low viscosity make them distinctive [18],[48]. 

Finally, the separators that affect the supercapacitor properties. Separators are the 

supercapacitor components located between the electrodes and regulate ion 

movement in the electrolyte solution. The separator, a mechanically sturdy part, 
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helps to efficiently transport ions to the electrodes' surface area while limiting 

unfavorable material diffusion in the electrolyte [49]. 

On the other hand, it is also compared to other energy storage systems, 

supercapacitors have a higher specific power. However, they have less specific 

energy, nevertheless (see Figure 2.8). Supercapacitors are exceptionally adaptable 

as a stand-alone energy source or in conjunction with batteries as a hybrid system 

because of the ability to cover several orders of magnitude in both the specific 

energy and specific power ranges thanks to optimal cell design [46]. 

 

 

Figure 2.8 The Ragone plot showing the energy and power performance 

metrics of a variety of energy storage devices [50] 

 
2.5 Types of Supercapacitors 

As mentioned in previous section, the working principle of the supercapacitor is 

based on the storage and distribution of ions from the electrolyte to the surface area 

of the electrodes. As shown in Figure 2.9, energy storage mechanisms; are divided 

into three different classes: electrochemical double-layer capacitors, 
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pseudocapacitors, and hybrid supercapacitors [18]. These electrodes are explained 

below in detail, specifically the fundamental differences in how supercapacitors 

store energy and how they work. 

 

 

Figure 2.9 Schematic view of the classifications of supercapacitor 

 
2.5.1 Electrostatic Double-Layer Capacitors 

Electrostatic double-layer capacitors (EDLCs) are one of the most intriguing energy 

storage technologies currently available [51]. In the working principle of 

electrostatic double-layer capacitors, as the name suggests, the ions in the 

electrolyte spread over the separator and onto the pores on the other side as a result 

of the potential difference and being stored electrostatically on the electrode 

surfaces [13]. 

Today, EDLCs are thought to be the best option for high-power applications. The 

adsorption of ions to the surface of the electrodes serves as the working foundation 

for the energy storage mechanism of electrostatic double-layer capacitors [52]. 

In terms of performance, EDLCs could provide higher power density as energy 

storage systems with benefits like a long cycle life, the ability to charge and 
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discharge in a short time (typically in minutes), and a broad range of applications 

[53]. The main component of EDLC is carbon based materials explained in Section 

2.6.1. 

 
2.5.2 Pseudo Supercapacitors 

Pseudocapacitance are energy storage systems in which faradic reactions  occur on 

electrode  surfaces mediating electron transfers [54]. Fast and reversible faradic 

reactions that take place on or near the electrode material's surface give rise to 

pseudocapacitance reaction. As a case, charge builds up on the electrode surface, 

allowing energy to be stored [55]. This development of energy storage systems 

known as pseudocapacitance is also connected to the structure of materials, 

particularly metal oxides and conducting polymers [55]. 

The development of pseudocapacitance, a type of energy storage device, is also 

related to the composition of materials, particularly metal oxides, hydroxides and 

sulphites. In the search for economically favorable, plentiful, and inexpensive metal 

oxides to display similar characteristics, it has received high attention. The 

pseudocapacitance qualities of materials like manganese and ruthenium based 

oxides, for instance, have made them desirable for use in energy storage 

applications [56]. 

Charge buildup on electrode surfaces and quick, reversible faradic reactions define 

this energy storage process. When charging and discharging, these reactions take 

place. (produced by compounds' bonds). The disadvantage of this system also 

compared to other energy storage systems is this principle of working, since during 

charging and discharging the electrodes are stretched and degraded faster compared 

to the electrostatic storage principle. The system's lifespan (cycles) could be 

shortened as a result [46],[57],[58]. The materials of pseudocapacitance are 

explained in detail in Section 2.6.2. 

 

2.5.3 Hybrid (Composite) Supercapacitors 

Pseudocapacitors could have low power density and cyclic stability despite having 

high specific capacitance, while electrostatic double-layer capacitance (EDLC) 

supercapacitors could have high energy density and high cyclic stability. Hybrid 

supercapacitors represent a synthesis of these two types of capacitors, which 
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provide significant advantages in terms of energy storage [59]. Hybrid 

supercapacitors are also a unique component that combines various charging 

methods. While EDLC employs an electrostatic mechanism based on charge 

separation by electrolyte between electrodes to offer energy storage capacity. 

However, pseudocapacitance employs oxidation and reduction reaction-based 

charge/discharge mechanisms to offer energy storage capacity. The combination of 

these two mechanisms enables the unique properties of the two capacitor types, 

such as fast charge/discharge ability and high energy density of hybrid 

supercapacitors [59]. 

 
Table 2.4 Characteristics of different supercapacitor types. 

SC Types 

Electrode 

Materials 

Charge Storage 

Mechanism 

Advantage/ 

Disadvantage 

Electric Double-
Layer 

Capacitors  
 

(EDLC) 

Carbon materials for 
both electrodes 

Charge 
absorption/desorption 

at the electrode-
electrolyte interface 

• High power 
density, 

• Good 
cycling 
performance
, 

• Low energy 
density, 

• Low specific 
capacitance, 

Pseudocapacitors 
Metal oxides and 

conductive polymers 

Reversible surface 
Faradic redox 

processes 

• High 
capacitance, 

• High energy 
density, 

• Poor cycling 
performance
,  

Hybrid      
Supercapasitor 

Carbon materials 
and 

pseudocapacitive 
materials for anode 

and cathode. 
Composites of 

pseudocapacitive 
materials with 
carbon based 

materials 

One electrode with 
redox reactions and 

EDLC 
absorption/desorption 
for another electrode 

without Faradic 
process 

• High power 
density,  

• High energy 
density,  

• Good 
cycling 
ability, 

 
Hybrid supercapacitors can be tuned based on the performance of various electrode 

materials. The total performance of hybrid supercapacitors is determined by factors 
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such as the chemical characteristics, microstructure, and electroconductivity of 

these metal oxides, composites, and carbon-based electrodes. By increasing the 

development of these variables, hybrid supercapacitors containing metal ions like 

lithium ions can reach better energy storage capacities and power combinations 

[56],[60]. 

 
In this context, hybrid supercapacitors attract attention as a special innovation 

system that combines various advantages and will have great potential in the field 

of energy storage in the future compared to other types. The differences between 

supercapacitor types [61] are summarised in Table 2.4. 

 
2.6 Electrolytes for Supercapacitors  

A conductive source that ensures the flow of energy is necessary for all devices that 

store or generate electrical energy based on electrochemical process. Batteries, fuel 

cells, general capacitors, and supercapacitors are a few examples of these systems. 

These energy storage systems have an electrolyte that allows ions to flow or 

conduct. These electrolytes enable quick energy storage or release. Likewise, they 

are components that permit ion mobility to facilitate high-speed charging and 

discharging [73]. 

Electrolytes play a critical role in the operating principles of various energy storage 

devices and affect the performance of these devices by facilitating or hindering the 

movement of ions. Because of this, there are different types and characteristics of 

electrolytes depending on their use. Figure 2.10 illustrated electrolytes which can 

be divided into three main categories such as aqueous conventional, solid, and 

redox electrolytes [74]. 

In energy storage systems, liquid electrolytes make ions travel between the 

electrodes, facilitating electrochemical reactions. This enables energy storage 

devices to be charged and discharged. Ions travel through the liquid electrolyte 

when an electric current is given to one of the electrodes, reversibly turning 

chemical energy into electrical energy [75]. 

In comparison to organic electrolytes, aqueous electrolytes could have higher ion 

concentrations, capacities, and power densities. This might be due to the lower 

ionic radius and increased ion concentration. Among the most popular liquid 

electrolytes are KOH, NaOH, Na2SO4, H2SO4, NH4Cl, etc. The energy density is 
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lowered by the low energy density of liquid electrolytes. Aqueous electrolytes can 

also be made and used without strict pretreatment requirements [76]. 

Ionic liquids are liquids consisting of only ions (cations and anions). Salt are 

generally are solid at room temperature and they could be liquid at high 

temperatures (typically around 1500 C). However, there are some special salts and 

they could be liquid at room temperature. These salts are called as room 

temperature ionic liquids. When salts, acids or bases are dissolved solvent (such as 

water or organic solvents) for preparation of solutions (electrolytes), the system 

consists of solvent and ions. However, room temperature ionic liquids have only 

ions. The main problem of ionic liquids are their high cost. Therefore, Deep 

Eutectic Solvents, which are mainly cheaper, safer and more environmentally 

friendly than ionic liquid, could be used instead of room temperature ionic liquids. 

The Deep Eutectic Solvent used in this work is choline chloride and ethylene glycol 

based Ethaline.  

 

 

Figure 2.10 Classification flowchart of electrolytes for supercapacitor [77] 

 
Solid electrolytes are also mentioned as an alternative to the usage of conventional 

(liquid) electrolytes. Solid electrolytes are less dangerous than electrolytes in 

organic solvents which makes operation safer for energy storage systems such as 

batteries and supercapasitors. Potential window for aqueos electrolyte is around 1.3 
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V and it could be enlarged to around 2 V when organic or ionic liquid electrolytes 

are used. However, solid electrolytes enable higher operating voltages (often >4.5 

V), which can enhance battery performance. Alternative battery chemistries, such 

as Li/O2 and Li/S batteries, are compatible with solid electrolytes [74],[78]. 

Different potential windows have been applied in this work to reveal the 

performance of the electrolyte. 

 
2.7  Electrodes for Supercapacitors  

Electrodes are parts that are used to store charge on a capacitor's surface while it is 

being charged and to release this ion charge when the capacitor is being discharged 

[62] To develop power-dense supercapacitors, it has been an important area to 

conduct research and discover applications for these functional materials in the 

literature.  

The common characteristics of these requiring development electrode materials are 

as follows:  

• High surface area,  

• Good conductivity,  

• High storage capacity,  

• Ability to provide energy density,  

• Cyclic stability,  

• Chemical and physical resistance. 

These characteristic features are important factors that determine the performance 

of supercapacitors and constitute the reason why they are preferred in applications. 

Therefore, developing and optimizing electrode materials play a critical role in the 

advancement of supercapacitor technology [63]. Although these types of electrode 

materials generally vary according to the type of supercapacitor, they can be 

grouped as composite materials based on carbon, metal oxide, conducting polymer, 

and derivatives of these materials [64]. 

 
2.7.1 Carbon and Its Derivatives Electrodes 

The storage mechanism used by carbon materials is an ideal option for 

Electrochemical double-layer capacitors (EDLC), also known as special capacitors 

or high capacitance capacitors. These capacitors are used for various applications 

that require energy storage and rapid energy discharge [64]. Electrodes must 
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fundamentally have unique benefits for effective application. Electrodes made of 

carbon have large specific surface areas. As a result, the electrodes' surface has 

more electroactive sites and may store more charge. Rapid energy discharge is 

made possible by this feature [65]. Carbon electrodes' capacity to deliver fast power 

is a result of their ability to store and release energy quickly. This functionality is 

important for powering devices [62]. 

Compared to other energy storage electrodes, carbon based electrodes generally 

have a longer cycle stability. They do not lose significant capacity when charged 

and discharged cyclically, resulting in cost savings. Carbon electrodes are capable 

of stable performance over a broad temperature range. This broadens their 

application and enables them used in a variety of temperature environments [64]. 

Some examples regarding the types of carbon are presented in Figure 2.11. These 

electrode materials are activated carbon, carbon aerogels, carbon nanotubes, 

graphene, etc. This provides the flexibility to design electrodes suitable for different 

applications [67]. 

 

 

Figure 2.11 Types of carbon structures in all three dimensions [66] 
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2.7.2 Metal oxides and Conducting Polymers 

Pseudocapacitors, which have a faradic manner of storing charges through 

reversible redox processes in electroactive materials, are storage devices that use 

electrodes made of metal oxide or conducting polymers. In addition to transition 

metal oxides (TMOs), which are frequently utilized for pseudocapacitors, there are 

also conductive polymers and transition metal nitrides (TMNs) and sulphides. For 

redox processes, these materials have a high working potential. Compared to an 

EDLC (Electrochemical double-layer capacitor), these pseudocapacitors might have 

a larger specific capacitance. This is because the electrode's inside as well as its 

surface have a role in charge storage [64]. The self-discharge of the electrodes 

having pseudocapacitance behaviour is less probable than that having EDLC 

behaviour. Metal oxide/hydroxide and conducting polymer based electrodes could 

be tailored using a variety of procedures. These include hydrothermal synthesis, 

electrochemical deposition, sol-gel technique, anodic deposition, and spray 

deposition [65]. These metal oxide-based electrode materials generally have the 

following characteristics: 

• Due to their excellent electrical conductivity, allowing for fast 
charge/discharge times [68]. 
 

• RuO2 has a high specific capacity, which boosts the energy storage 
capacity, especially in the metal oxide form [69]. 

 
• Metal oxide electrodes have also low ESR (equivalent series resistance), 

resulting in better power density [69]. 
 
• Metal oxides make durable electrodes because they are chemically 

stable and do not degrade in various chemical conditions [67]. 
 
Some metal oxides, particularly ruthenium dioxide, are expensive, which hurts 

production costs. Therefore some inexpensive metal based electrodes such as 

copper, cobalt and nickel have been searched recently. Additionally, because metal 

oxide pores cannot be designed or modified in any manner, they can result in 

undesirable flaws in the electrodes' microstructure, which might impact their short-

term stability [65]. 

 
2.7.3 Composite Type Electrodes 

A composite material might be used in this kind of supercapacitor to store charges 

between polarizable electrodes (carbon) and non-polarizable electrodes (metal 
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oxide or polymer) both faradic and non-faradic processes are used [68]. 

Carbonaceous materials could be used as electrode in high-performance hybrid 

supercapacitors (HSCs), and transition metals (sulphides/oxides/hydrosides) are 

used as electrode materials in aqueous electrolytes [64]. As a result, high energy 

storage can be achieved using both EDLC and pseudocapacitor-type electrodes. In 

comparison to other capacitor types, it could be less expensive and has superior 

cycle stability. These hybrid electrodes are made of composites of carbon and 

carbon, carbon and metal (alloy) oxide (hydroxide or sulphide), and carbon and 

conducting polymer [67]. 

Higher energy and power densities in the supercapacitor might be possible by 

increasing the effective specific surface area (SSA) in carbon materials. Depending 

on the effective specific surface area (SSA), carbon materials can attain a high 

capacitance in carbon-carbon composites [67]. The following properties of these 

carbon-carbon based composite electrode generally materials are present : 

• High capacitance is obtained as the result, as more electrolyte ions may 
be absorbed and stored, because of the properties wide surface of 
carbon. 
 

• To enable quick charge and discharge, these composite materials can 
effectively carry electric current [70]. 
 

• Carbon is mechanically resilient, therefore composites made of it are 
strong and able to resist repeated charge-discharge cycles [70]. 

 
For carbon-metal (alloy) oxide (hydroxide/sulphide) composites, the EDLC 

electrode, which is mostly based on carbonaceous compounds, drives the high 

power, while the faradic electrode is often responsible for the high capacitance and 

cyclic stability. Hybrid supercapacitor devices can obtain a greater working 

potential and a high energy density in a variety of electrolytes thanks to the 

combined use of both electrodes [67],[71]. 

These carbon-metal (alloy) oxide (hydroxide) composites based electrode materials 

generally have the following properties: 

• These composites offer methods for both chemical and physical energy 
storage by combining the pseudocapacitance of metal oxides with the 
double-layer capacitance of carbon [68]. 
 

• These composites can have high specific capacities, due to the 
interaction between the high surface area of carbon and the high 
capacitance of metal oxides. Because the carbon components in the 
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composites are effective electrical conductors, electron transmission is 
facilitated [71]. 
 

• These composites can provide high power and energy densities because 
of integrated capacitance processes. Additionally, the high capacitance 
of metal oxides and the mechanical resilience of carbon both contribute 
to the long-term stability of these composites [72]. 

 
For carbon-conducting polymer composites, considering the different types of 

hybrid, it is considered the most promising supercapacitor electrode material. Due 

to its high conductivity, easy composite synthesis, and excellent energy storage 

capacity. However, due to swelling and shrinkage due to repeated cycles 

(charge/discharge process), the polymer could be susceptible to a rapid 

deterioration in performance. To avoid this limitation, combining the polymer with 

carbon materials has been proven to maximize the capacitance value as well as 

strengthen the stability of the polymer [66],[71]. 

These carbon-metal oxide composites based electrode materials generally have 

the following properties: 

• In considering the various forms of hybrid, it is regarded as the most 
promising supercapacitor electrode material for carbon-conducting 
polymer composites, due to its high energy storage capacity, high 
conductivity, and ease of composite synthesis  [72]. 
 

• However, the polymer is also vulnerable to a quick decline in 
performance due to swelling and shrinkage caused by repeated 
cycles (charge/discharge process) [67]. 
 

• It has been demonstrated that increasing the capacitance value and 
boosting the polymer's stability can both help to get over this 
restriction [67]. 

 
The specific properties may vary depending on the exact composition and 

manufacturing process of these composites. Alloy based oxide has been 

electrodeposited on graphite based substrate. The alloy coating is Mn-Cu based 

electrode and the substrate is grahite wire (1D), graphite flag (2D) and graphite 

fabric (3D).  
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CHAPTER III 

EXPERIMENTAL PROCEDURES 

This study's main goals are to evaluate the coating conditions applied in various 

parameters and examine the energy storage effects of manganese-copper alloy-

based graphite film coatings. It then aims to examine the condition of coatings on 

graphite tape, graphite wire, and graphite fabric and compare their energy storage 

efficiency with appropriately optimized process data. These benchmarking studies 

are carried out by characterizing these electrodes, which are produced as alloy-

based flexible electrodes, with electrochemical and non-electrochemical techniques. 

 
3.1 Equipments Used in the Research 

Table 3.1 presents information on the materials and devices used in the thesis and 

the purpose of the use of the materials. Additionally, materials used during current 

collector preparation and electrochemical measurements enabled the experiments to 

be carried out successfully.  

The materials used for the graphite substrate current collector (substrate) 

preparation process; 

➢ Graphite, Substrate to be cleaned (%99 pure), 

➢ Cleaning Cloth, used to clean the graphite surface, 

➢ Sandpaper, 600 microns of sandpaper is used to smooth the surface, 

➢ Transparent Tape, used to cover and prepare the substrate surface, 

➢ Glass Rod, Tool that helps adhere the tape to the graphite surface, 

➢ Multimeter, tool that used to check the conductivity of the graphite-

coated tape surface. 
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Table 3.1 List of Materials and Devices used in this experimental study 

Material Usage Purposes 

Laboratory Scale           

(with ±0.0001 g 

precision) 

Used for precise measurements to determine the accurate 

amount of materials. 

Heating and Stirring 

Device 

(with ±3 oC precision) 

Used for maintaining the desired temperature in solutions 

and ensuring homogeneous mixing. Essential for 

controlling and accelerating chemical reactions. 

Thermometers 

Used for measuring temperatures of solutions subjected to 

different processes. Essential for examining the 

temperature dependency of chemical reactions and 

optimizing reaction conditions. 

Sample Weighing 

Containers 

Disposable plastic containers are used to place the 

substances to be weighed.  

Weighing Spatula 

Used to transfer small amounts of samples to the scale, 

preventing direct contact with the samples and aiding in 

precise measurements. 

   Beakers 

Glass containers are used for preparing chemical mixtures 

in desired quantities. Important for visualizing and mixing 

reactions. 

Stirring Rods 

Glass apparatuses are used to facilitate homogeneous 

mixing of mixtures. Improves the efficiency of chemical 

reactions. 

Stirring Tablet 

Materials 

Thermoset stirring apparatus that aids in the homogeneous 

mixing of mixtures in beakers. Enhances the effectiveness 

of mixing. 

Drying Device 

Used to accelerate the removal of water and moisture 

remaining on washed materials' surfaces. Ensures dry 

materials for precise measurements and reactions. 
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The materials used during electrochemical measurements are; 
➢ Reference Electrode, In aqueous solutions, an electrode with a structure 

containing an AgCl layer covered with Ag wire and a saturated potassium 

chloride electrolyte in a glass body is used. In deep eutectic solvents 

(DESs), a silver wire is used as a direct reference electrode. 

➢ Counter Electrode, Titanium coated ruthenitum mesh 

➢ Working Electrode, In this study thesis, three types of working electrodes 

(graphite coated tape, graphite wire, and graphite knitted fabric) were used 

in electrochemical experiments. 

 
3.2 Chemicals in the Experiment 

The list of chemicals utilized to produce the findings in this thesis is shown in 

Error! Reference source not found. It is suitable for laboratory studies of chemical 

materials used in this thesis. The names of the chemical materials used in the 

studies, the purity of the chemicals, and the supplier company information are 

tabulated in the table. 

 
Table 3.2  List of chemicals used during the research in this experimental study 

No Chemical Name 

Purity 

Grade 

Supplier 

Company 

1 
Manganese (II) Chloride 

Dihydrate (MnCl2.2H2O) 
>%99 Merck 

2 
Copper (II) Chloride 

Dihydrate (CuCl2.2H2O) 
>%99 Merck 

3 
Choline Chloride 

(HOC2H2N(CH3)3Cl) 
>%99 Alfa Aesar 

4 Mono Ethylene Glycol %99 Nebioğlu 

5 
Potassium Hydroxide                            

(KOH) 
>%90 Tekkim 

6 
Sodium Sulfate                                 

(Na2SO4) 
>%90 Merck 
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3.3 Preparation of Electrodes, Deep Eutectic Solvent and Electrolytes 

The preparation of the graphite-coated flexible tape electrode is as follows; 

➢ Surface Cleaning, 

The first step to clean the surface of bulk graphite substrate to be used is to 

carefully wipe the main graphite surface from which the samples will be 

taken with a clean napkin. This process ensures that any visible dirt, dust, or 

debris on the surface is removed. (Error! Reference source not found.a). 

➢ Sandpaperiing Process, 

After the cleaning process is completed, 600 micron (mc) sandpaper is used 

to make the surface smoother. At this stage, the graphite surface is carefully 

sandpapered until it has a flat structure like a transom. In this way, the 

substrate surface gains a smooth and homogeneous structure. (Error! 

Reference source not found.b). 

➢ Taping Process, 

After the sanding process, the graphite surface reaches a clean and flat 

structure. Now for basic processing, transparent tape is used to cover the 

substrate surface and prepare it for further processing. This tape is carefully 

placed on the graphite surface and the taping process is performed. (Error! 

Reference source not found.c). 

➢ Pre-film Formation, 

The tape is adhered to the graphite surface by pressing lightly. This pre-

bonding step ensures that the tape adheres properly to the surface. 

➢ Film Formation, 

The tape is well adhered to the graphite surface. This step ensures that the 

tape adheres more firmly to the surface and eliminates possible air bubbles. 

➢ Full Film Formation, 

Finally, the tape is completely adhered to the graphite surface, leaving no 

loose edges or gaps. This step allows the tape to form a tight bond with the 

graphite surface. (Error! Reference source not found.d). 
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Figure 3.1 Photographs showing the preparation of flexible tape graphite 

substrate; a) Cleaning the surface of the graphite; b) 

Sandpapiring the surface of the graphite; c) Covering the 

substrate surface with a tape; d) adhered to the graphite surface 

by pressing lightly with glass rod; e) Removing thin flexible 

graphite film from the graphite surface; f) Homogenising the 

surface of the graphite tape; g) Cutting the flexible graphite tape; 

h) Obtaining a graphite film sample of 1 cm² size; ı) The 

obtained samples are preserved for the electrode coating test 

steps after quality standard control. 

 
➢ Flexible Graphit Film Production, 

As a result of the banding process, the graphite surface is covered with tape, 

and a flexible graphit film is formed. This flexible graphit film is removed 

from the graphite surface to obtain a thin flexible substrate. (Error! 

Reference source not found.e & 3.1f). 

➢ Sample Collection, 

The samples are prepared by measuring and cutting the flexible graphit 

coated tape (Error! Reference source not found.g) to the desired size (1 
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cm²). These samples have been used as current collector. (Error! Reference 

source not found.h & 3.1ı). 

After the preparation of the graphite-coated flexible tape electrode, the next step in 

the experimental process is the selection and preparation of the Deep Eutectic 

Solvent, which is listed as follows: 

➢ Preparation of Deep Eutectic Solvent  

In the initial stage, a Deep Eutectic Solvent, the Ethaline solution was 

prepared. The essential components for producing Ethaline are the mixture 

of choline chloride (ChCl) and ethylene glycol (EG). 

➢ Weighing of Chemical Components and Solution Preparation, 

Initially, the ChCl (Figure 3.2a) and EG (Figure 3.2b) components were 

individually weighed on precision balances. In total, 100 grams of ChCl and 

88 grams of EG were measured (Figure 3.2c). Subsequently, 88 grams of 

EG were transferred into a beaker, and 100 grams of ChCl were added, 

completing the weighing process (Figure 3.2d). 

➢ Preheat Stage, 

First, the mixture of choline chloride (ChCl) and ehylene glycol (EG) was 

preheated at 70°C for 15 minutes to form the Ethaline solution (Figure 

3.2e). The preheating phase was considered complete at 70°C (Figure 3.2f). 

➢ Mixing and Heating Stage, 

The choline chloride (ChCl) and ethylene glycol (EG) were mixed and 

heated for an extended period using a heater until a homogeneous solution 

was achieved (Figure 3.2g). After approximately 60 minutes, It was 

confirmed, through measurements taken with a thermometer, that a 

homogeneous Ethaline mixture was obtained at the selected temperature 

(Figure 3.2h). At this final stage, the ionic liquid preparation process was 

complited by cooling the mixture to room temperature. 

In summary, the Ethaline solution was initially heated to 70°C until a homogeneous 

structure was attained. The homogeneous Ethaline solution, achieved after 

approximately 60 minutes, was allowed to cool to room temperature, finalizing the 

ionic liquid preparation process. 
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Figure 3.2 Photographs during the Ethaline preparation process a) choline 

chloride (ChCl); b) ethylene glycol (EG); c) Measuring all 

chemical materials with laboratory scale; d) Adding of 100 grams 

ChCl and 88 grams EG into a beaker; e) heating ethaline solution 

at 70 °C for 15 minutes; f) Heating the Ethaline solution with 

mixing until the temperature reaches approximately 70 °C; g) After 

30 minutes, continuing to heating with stirring; h) After 

approximately 60 minutes, homogeneous Ethaline mixture was 

obtained. 

 
The next step in the experimental procedure is the choice and preparation of the 

graphite substrate coating alloys indicated below, which comes after the preparation 

of the Deep Eutectic Solvent Ethaline mixture. 

➢ Element Selection for Electrode Modification, 

In the electrode modification process, it was decided to employ 

manganese (Mn) and copper (Cu) elements for modifying the graphite 

substrate. These elements were found to be effective in enhancing the 

properties and performance of the selected coating process. 
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Figure 3.3 Photographs of the preparation of the growth electrolyte for  

coating alloys a) weighing powder of MnCl2; b) in transferred 

into Ethaline in; c) weighing CuCl2; d) transferred int Ethaline; 

e) Preheating the mixtures of MnCl2 and CuCl2; f) After 

approximately 60 minutes, MnCl2 and CuCl2 solutions were 

obtained at 60°C 

 
➢ Weighing of Chemical Components and Solution Preparation, 

MnCl2 and CuCl2 powders were separately weighed on precision 

balances. In total, 8.1 grams of MnCl2 (Figure 3.3a) were added to 50 
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mL of Ethaline solution (Figure 3.3b), and 8.5 grams of CuCl2 (Figure 

3.3c) were added to another 50 mL of Ethaline solution (Figure 3.3d). 

Both solutions were prepared to have a concentration of 1 M MnCl2 and 

1 M CuCl2. 

➢ Preheat Stage, 

The mixtures of MnCl2 and CuCl2 were preheated at 70°C for 15 

minutes in separate beakers(Figure 3.3e).   

➢ Mixing and Heating Stage, 

The MnCl2 and CuCl2 solutions in Ethalinewere mixed at 70°C after the 

heater was set, and heating continued until a homogeneous structure was 

achieved over an extended period. After approximately 600 minutes, the 

mixture temperatures were monitored with a thermometer, and the 

desired homogeneous structure was attained and the process was then 

concluded (Figure 3.3f). 

Ethaline solutions with 1 M MnCl2 and 1 M CuCl2 were consequently produced 

separately. A new beaker was filled with an equal mixture of the two liquids. 0.5 M 

MnCl2 + 0.5 M CuCl2 mixture in Ethaline solution was obtained. Ethaline solutions 

containing 1 M MnCl2 and 1 M CuCl2 seperately and containin and the mixture of 

0.5 M MnCl2 + 0.5 M CuCl2 in Ethaline were prepared for cyclic voltammetry 

process. Modified electrodes based on Mn-Cu alloys were transferred different 

electrolyte for scanning between two selected potentials. The final stage of the 

preparation of chemical solutions involves the preparation of scanning electrolyte 

solutions. 

➢ Preparation of Solution Electrolytes, 

To prepare 1 M Na2SO4 electrolyte solution, 71.02 grams (0.5 moles) of 

Na2SO4 (sodium sulfate) were initially measured. Then, distilled water was 

used to form a total volume of 500 mL solution. The Na2SO4 chemical was 

slowly added to distilled water and water was added to complete a 500 mL 

solution. During this process, continuous stirring was applied to ensure the 

formation of a homogeneous mixture. When the sodium sulfate (Na2SO4) 

was completely dissolved in the water, a 1 M Na2SO4 solution was 

successfully obtained. 

To prepare the electrolyte solutions, we initially measured out the necessary 

chemicals. For the 1 M Na2SO4 solution, 71.02 grams (0.5 moles) of 
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Na2SO4 (Sodium sulfate) were used. Similarly, for the 1 M KOH solution, 

28.05 grams (0.5 moles) of KOH (potassium hydroxide) were measured. 

The next step involved creating a total volume of 500 mL for each solution 

by using distilled water. While adding the respective chemicals to 500 mL 

of solution, ensuring that thorough mixing and dissolution occurred. 

Continuous stirring was applied throughout this process to guarantee the 

formation of homogeneous mixtures. Once all the sodium sulfate (Na2SO4) 

or potassium hydroxide (KOH) were completely dissolved in the water, we 

successfully obtained 1 M Na2SO4 and 1 M KOH solutions. As a final step, 

the equal volumes of these two solutions were mixed in a new beaker, 

resulting in an electrolyte solution consisting of 0.5 M KOH + 0.5 M 

Na2SO4. This meticulously prepared electrolyte solution was then ready for 

use in the experimental procedures. 

 
3.4 Electrochemical Characterization of Mn-Cu Alloy Coating on Graphite 

Sample 

In this study, flexible supercapacitor electrodes were fabricated by 

electrochemically depositing manganese-copper alloys onto graphite-based 

samples. By using various potentials, the manganese-copper alloy electrodes were 

put through a potentiostatic technique procedure on graphite electrodes. Both 

uncoated and alloy-coated electrodes' chemical, structural, and morphological 

characteristics were carefully examined. 

The modified electrodes were then submerged in solutions containing potassium 

hydroxide (KOH) and sodium sulfate (Na2SO4), as well as solutions containing 

combinations of these two electrolytes in equal amounts, to reveal their 

electrochemical behaviors. Utilizing chronocoulometric, chronoamperometric, 

cyclic voltammetric, and cyclic polarisation techniques, the electrochemical 

properties of both pure graphite and coated graphite electrodes were examined. 

These attributes included capacitance calculations, stability, energy storage 

capabilities, and rate-limiting reactions. 

 
3.4.1 Chronocoulometric 

The chronocoulometric analysis method was used to apply -1.6 V, -1.9 V, and -2.2 

V potentials to graphite-based samples in Ethaline solution containing 0.5 M MnCl2 
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+ CuCl2 at 60 °C for 150 seconds. This allowed us to determine the growth of 

manganese and copper alloys by electrochemical deposition on the graphite 

electrode. The potentiostat was controlled using a VersaSTAT 3, Princeton Applied 

Research model potentiostat manufactured by AMATEK Company (USA). 

 
This research demonstrates the growth of a manganese and copper alloy on a 

graphite electrode over 150 seconds at potentials of -1.6 V, -1.9 V, and -2.2 V as 

well as the alloy's capacity and charging period. The electrochemical plating 

procedure can be optimized using this data to produce the optimum manganese 

copper alloy for graphite electrodes. Chronocoulometric results was obtained by the 

integration of chronoamperometry data. 

 
3.4.2 Chronoamperometry 

In the coating process of the electrodes, a mixture solution prepared in Ethaline at a 

concentration of 0.5 M MnCl2 + 0.5 M CuCl2 was used as the growth solution. This 

solution was heated to 60°C for electrochemical deposition. Graphite-based film, 

wire, and fabric samples were set as the working electrode, platinum wire as the 

reference electrode, and platinum part as the counter electrode. 

The samples were subjected to electrodeposition with the potentiostatic method for 

150 seconds at different potentials (-1.6 V,-1.9 V, and -2.2 V). The 

electrodeposition process was carried out by the potentiostatic method. The 

potentiostat was controlled using a VersaSTAT 3, Princeton Applied Research 

model potentiostat manufactured by AMATEK Company (USA). As a result of this 

process, a series of graphite-based film, wire, and fabric electrodes with Mn-Cu 

coating were obtained by electrodeposition at different potentials. 

 
3.4.3 Cyclic Voltammetry 

These tests were run to check how Mn-Cu-coated and bare (uncoated) graphite 

electrodes performed electrochemically. The VersaSTAT 3, Princeton Applied 

Research model produced by AMATEK Company (USA) was used to conduct 

cyclic voltammetry investigations in a three-electrode system.  

In these tests, an Ag/AgCl reference electrode and a titanium working electrode 

with a platinum coating were employed in a saturated KCl solution. Because 

manganese is electroactive in Na2SO4 and copper electrode is active in KOH , it 
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was decided to employ, these two electrolytes with the mixture of 0.5  M KOH + 

0.5 M Na2SO4 were used as electrolytes. 

Initially, 20 scanning cycles of graphite electrodes between potential values ranging 

from -1.0 V to 0.5 V were performed on them at a scanning rate of 50 mV s-1. 

While the first nine scan rates (100 mV s-1, 50 mV s-1, 25 mV s-1) are cycled three 

times. Respectively, the next scan rate is two scan cycles for 10 mV s-1, and finally, 

for a scan rate of 100 mV s-1, 9 cycles were performed. The electrode surface area 

was kept constant as 1 cm2. 

Cyclic voltammetry plots were used to determine the most recent values for the 

oxidation and reduction peaks. Graphs were created also utilizing the logarithm of 

these values and the logarithm of the applied potential scanning rates to find rate 

limiting reaction. The results and comments were thoroughly explored in the study. 

An efficient evaluation technique would be to use these graphs to examine the 

electrochemical behavior of coating manganese and copper based alloys on graphite 

electrodes. 

 
3.5 Non-Electrochemical Characterization of Mn-Cu Alloy Coating on 

Graphite Sample 

The performance of flexible electrodes, a crucial field of study for the fabrication of 

energy storage technologies, has been the main emphasis of this experiment study. 

Samples of graphite with coatings of manganese and copper based film are crucial 

materials that would be examined in the construction of these electrodes. In this 

context, characterization methods such as X-ray diffraction (XRD), Fourier 

Transform Infrared Spectroscopy (FTIR), and scanning electron microscopy (SEM) 

have been employed. XRD was utilized to analyze the crystallinity of the 

electrodes, FTIR provided insights into their compositional structure, and SEM 

allowed for the observation of surface morphology.  

These methods have made it possible to examine the composition, structural 

characteristics, and surface morphology of the manufactured flexible electrodes in 

great detail. The characterization results have given important insights into these 

electrodes' design and performance optimization. This discovery provides a basic 

step that will provide insight into subsequent research projects aimed at advancing 

the development of flexible electrodes. 

 



43 
 

3.5.1 X-Ray Diffractometer (XRD) Analysis 

Compared to UV radiation, X-rays are higher intensity, more frequent, and have 

shorter wavelengths. These characteristics, which resemble the guiding parameters 

of crystals, demonstrate how X-rays may be used to examine the crystal structure of 

matter. 

The XRD characterisation was obtained using the Automate II XRD instrument, 

which was made in Japan by the Rigaku Company. By aiming X-rays at the 

samples, the XRD apparatus gauges the strength of the rays that are reflected. 

These data lead to the analysis of intensity peaks, which helps identify variations in 

crystal structure. The samples were subjected to 1.54 Å X-rays from the CuKα 

source, and the samples were examined within a 2°–80° angle range.  

Mn-Cu modification coatings obtained to the graphite surface of the samples at 

different voltage values were analyzed. The purpose of obtaining these results was 

to ascertain the modifications in the electrodes' crystal structure. It has offered vital 

information for comprehending the characteristics, performance, and crystal 

formations of electrodes. 

 
3.5.2 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

Fourier Transform Infrared Spectroscopy (FTIR) uses the infrared region of the 

electromagnetic spectrum. By the absorption and emission process of infrared light 

directed towards the sample, it acquires a wide range of data at high resolution. It is 

capable of analyzing solids, liquids, and gases in this way. In this study, Vertex 70v 

model Fourier transform infrared spectroscopy (FTIR) of the United States-based 

Bruker Company was used in the characterization of bare graphite and Mn-Cu 

alloy-coated graphite electrodes. 

In the experiment, a coating process of 150 seconds was applied at voltage values 

of -1.6, -1.9, and -2.2 V at 60 °C, respectively, and at the end of this process, the 

obtained samples and uncoated graphite were subjected to FTIR analysis, infrared 

rays were sent to them and the transmission of these rays from the surface was 

recorded. The obtained data were then presented and analyzed in graphs. 

It is a crucial instrument for researching the existence and crystal structure of Mn-

Cu alloy on the electrode surface, in particular. In this experiment, the chemical 

compositions of the electrodes and the efficiency of the coating process were 
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assessed using the findings of FTIR spectroscopy analysis. The stability and caliber 

of the coating process are largely determined by this analysis procedure. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

To fully comprehend the electrochemical characteristics of electrodes and 

electrolytes, this extensive study includes the application of a variety of 

electrochemical techniques, such as the potentiostatic method, cyclic voltammetry, 

and cyclic polarization. These methods offer insightful information regarding the 

electrochemical processes occurring inside the system as well as the chemical 

reactions taking place on electrode surfaces during cycling (charging-discharging).  

Likewise, this study goes beyond electrochemical analyses by incorporating non-

electrochemical methods. In this study X-ray Diffraction (XRD), Fourier Transform 

Infrared Spectroscopy (FTIR), and Scanning Electron Microscopy (SEM) 

techniques were used for investigating the compositional, structural, and 

morphological features of manganese-copper-based electrodes. 

 
4.1 Growth of Manganese-Copper (Mn-Cu) Coating  on Graphite 

A series of comprehensive studies are set to focus on the utilization of manganese-

copper (Mn-Cu) coated flexible graphite sheets for energy storage devices, 

alongside the fabrication of flexible electrodes through manganese and copper 

coated graphite filaments. The alloy coating was electrodeposited on flexible 

graphite films, graphite wires, and graphite fabrics.  

These graphite samples are coated and examined by the potentiostatic method in an 

in-Ethaline solution containing 0.5 M MnCl2 + 0.5 M CuCl2 by applying -1.9 V at 

60 oC for 150 seconds. Next, the graphite substrates (working electrode) are 

subjected to the cyclic voltammetry method to reveal if Mn-Cu could be coated on 

the selected surface. The core objective of this study is to understand the usability 

Mn-Cu film on graphite electrodes, thereby enhancing the surface properties of the 

electrodes. 

Mn-Cu modified electrodes, based on graphite coated tapes, neat graphite wires, 

and graphite fabric, have been prepared as substrates. However, the optimization of 

plating conditions, particularly electroplating potentials, emerges as a requisite for 
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the effective growth of Mn-Cu alloys. Consequently, meticulous scrutiny was 

directed toward the growth conditions of the electrodes, and then resulting in 

obtaining the suitable electrocoating potentials. 

 

 

Figure 4.1 Photograph of a) pristine knitted graphite fabric and b) stretched 

form of the same fabric. 

 
This comprehensive study involves the application of various electrochemical 

techniques such as the potentiostatic method, cyclic voltammetry, and cyclic 

polarization to unravel the electrochemical properties of the electrodes and 

electrolytes. Moreover, it encompasses non-electrochemical investigations 

(including XRD, FTIR, and SEM) that provide insights into the structural and 

electrochemical behaviors of the electrodes. 

The fact that the graphite-based fabric structure has a three-dimensional (3D) 

(shown in Figure 4.1) structure is advantageous in terms of increasing the surface 

area of the flexible electrodes and optimizing the capacitance values. However, 

since a more controlled environment is required for electrochemical 
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characterization, it seems appropriate to also use the two-dimensional (2D) 

structure of graphite in cyclic voltammogram experiments. This approach was 

considered an important step to better understand the electrochemical behavior of 

the electrode surface. 

 
Consequently, in this section, the growth conditions required for the application of 

Mn-Cu coatings to graphite electrodes are analysed.The electrochemical and 

nonelectrochemical properties of the electrodes has been examined. These results 

have the potential to develop more efficient electrode materials for flexible energy 

storage devices in the future. 

 
The findings from the literature review and the experimental results shown in 

Figure 4.2 make it clear that the factor of electrolyte composition offers an 

advantage for electrochemical operations. With the help of the graphs in Figure 

4.2, we can better understand how composition affects the electrochemical 

processes by showing how it may help to reveal the probable potential for alloy 

coating. 

 
The cyclic voltammetry method has been used to explore and characterize the 

behavior of metal ions, including manganese, copper, and their mixed ions, in 

electrochemical reactions. In electrochemical reactions, it has been found that the 

composition could influence the redox reaction of the Ethaline.  

 
To better understand the electrochemical behavior of the electrodes, a thorough 

analysis of the growth conditions necessary for the deposition of Mn-Cu coatings 

onto graphite electrodes has been carried out. These findings demonstrate how the 

composition influences the formation of electrode materials.  

 
Red line in Figure 4.2.a is cyclic voltammogram responses of graphite in Ethaline 

including Cu2+ ions. Oxidation and reduction of copper is observed at around -0.5 

V. Redox reactions of Mn2+ have been observed (see green line of Figure 4.2.a). 

Reduction of Mn starts at around -1.5 V which could be associated to the growth of 

Mn.  

 
These peaks do not belong to graphite electrode as black line in Figure 4.2.b which 

is cyclic voltammogram of graphite in pure Ethaline do not illustrate redox peaks. 
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Oxidation and reduction peaks of Ethaline having both ions ( Cu2+ and Mn2+) 

appears (see blue line of in Figure 4.2.b). The application of potential less than 1.5 

V could cause the growth of Mn-Cu alloy. 
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Figure 4.2 Cyclic voltammogram results of bare graphite in a) Ethaline 

having CuCl2 (red line) and Ethaline having MnCl2 (red line) 

and; b) pure Ethaline (black line) and Ethaline having both 

CuCl2 and MnCl2 (blue line). The scan rate and temperature of 

the experiments are 50 mV s-1 and 60 °C. 

 
The chronoamperometry method was employed for electrodeposition of manganese 

and copper metals onto graphite tapes, graphite wires, and graphite fabrics. This 

electrochemical process was achieved using AMATEK Company's (USA) 

VersaSTAT 3 potentiostat (Princeton Applied Research model potentiostat 

presented in Figure 4.3).  

 
During the growth electrochemical processes, counter and reference electrodes of 

platinum and silver wire were respectively utilized (Figure 4.3b, c,d). When the 

modified electrodes were cycled in aqueous solutions, the reference electrode was 

changed as silver/silver chloride electrode. 

 



49 
 

 

Figure 4.3 Photograph of a) AMATEK Company's (USA) VersaSTAT 3 

potentiostat; b) electrochemical electrode process system; c) 

contact and control electrode system; d) counter, reference, and 

working electrodes of platinum, silver wire, and graphite 

substrate. 

 
First of all, the mixture solution was allowed to be heated at 60 °C for 180 minutes, 

in an Ethaline deep eutectic solvent solution containing 0.5 M Mn+2 and 0.5 M 

Cu+2. Afterward, graphites having 1 cm2 area were immersed in Ethaline deep 

eutectic solvent solution containing 0.5 M Mn+2 and 0.5 M Cu+2. Graphite surface 

coating of manganese and copper alloy was achieved by these electrochemical 

processes carried out for 150 seconds at -1.6 V, -1.9 V and -2.2 V potentials, 

respectively. Graphite based substrates which were used as working electrode are 

demonstrated in Figure 4.4. 
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Figure 4.4 Photograph of a) graphite tape; b) graphite wire; c) pristine 

graphite fabric and; d) stretched graphite fabric 

 
The data in Figure 4.5 show how manganese and copper metals are coated on a 

sample of graphite tapes, graphite wires, and graphite fabrics (Figure 4.4) by the 

electrodeposition process and how the current density changes over time. In 

particular, the results in Figure 4.5a, b, and c display that the current density of the 

electrodeposition process increased for 60 seconds, but almost stabilized after a 

certain time. This indicates that the graphite surface area of the manganese and 

copper alloy decreases over time and therefore the coating speed decreases. The 

results illustrate that the electrochemical coating process takes place gradually and 

the coating speed stabilizes when a certain thickness is reached.  

 
In line with this information, it helped us to understand how manganese and copper 

metals could be coated on different graphite forms by electrodeposition process and 

to understand the electrochemical properties of the obtained coatings. It also 
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allowed us to observe our accuracy in the time stability of the current density of the 

electrodeposition at certain potentials.   
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Figure 4.5 The chronoamperometry and chronocoulometry responses of 

Mn-Cu growth at 60 oC for 150 seconds a) chronoamperometry 

data of Mn-Cu alloy growth on graphite coated tape by 

application of -2.2 V (black line), -1.9 V (red line) and -1.6 V 
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(blue line). b) chronocoulometry data of the growth given in 

panel a. c) Chronoamperometry results of the alloy on graphite 

wire by application of -1.9 V. d) chronocoulometry data of the 

growth given in panel c. e) Chronoamperometry responses of 

the alloy on graphite fabric by application of -1.9 V. f) 

chronocoulometry data of the growth given in panel d. The 

electrodeposition bath is Ethaline having 0.5 M Mn2+ and 0.5 M 

Cu2+ 

 
On the other hand, it displays chronocoulometric data of the electrochemical 

deposition of a manganese-copper-based layer on the graphite electrode in Figure 

4.5b, d, and f. According to this graph data, the charge change will be accordingly 

a stabilized line over time if the current flux approaches a constant value with time. 

This shows that the electrochemical reaction has reached equilibrium and the 

current is stable.  

It is known that the current graph expresses the change in the amount of charge 

(coulomb) carried in a certain time, for this reason, over time, a constant current 

results in a steady build-up of charge. When the current is high, the charge 

accumulation starts quickly and then increases more quickly over time. This 

indicates that the electrochemical process is proceeding steadily and that the current 

does not change with time. 
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4.1.1 XRD Results of Mn-Cu Alloy Deposited Graphite Substrate 
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Figure 4.6 The plot of XRD results of  (a) at -1.6 V for manganese and 

copper film-coated graphite electrodeposited in Ethaline deep 

eutectic solvent for 150 seconds at 60°C (red line) and uncoated 

graphite (black line); (b) at -1.9 V for manganese and copper 

film-coated graphite electrodeposited in Ethaline deep eutectic 

solvent for 150 seconds at 60°C (red line) and uncoated 

graphite (black line); (c) at -2.2 V for manganese and copper 

film-coated graphite electrodeposited in Ethaline deep eutectic 

solvent for 150 seconds at 60°C (red line) and uncoated 

graphite (black line);(d) )  at -1.6 V (red line), at -1.9V (blue 

line), at -2.2 V (pink line) and uncoated graphite (black line) 
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The different XRD peaks between Mn-Cu alloy-coated and uncoated graphite 

samples are shown in Figure 4.6. In the case of pure graphite, a distinct peak at 

around 2θ = 26.5° and a smaller peak at 2θ = 54.5° are observed. Therefore, the 

XRD yield of bare graphite is observed at 26.57° with a distinct peak (Figure 4.6a). 

This (black line in Figure 4.6a) is known to be the basic peak of bare graphite [17], 

[79]. These peaks correspond to the (002) and (004) planes, with d-spacing values 

of approximately 3.5 Å and 1.9 Å, respectively. These results emphasize the 

integrity of the graphite structure by reflecting the distinctive XRD pattern of bare 

graphite [17], [79]. Furthermore, literature surveys have shown that the XRD 

patterns of copper and graphite have different peak reactions due to their distinct 

crystal structures. Peak positions for pure graphite are approximately 26.5°, 43–45°, 

56°, and 77°, whereas peak positions for copper are roughly 44°, 53°, and 74°. 

Additionally, fundamental peak positions for manganese can be observed at 

approximately 37° [80]–[83]. 

 

 
Figure 4.7 The 3D plot of XRD results for manganese and copper film-

coated graphite electrodeposited in Ethaline deep eutectic 

solvent for 150 seconds at 60°C at -1.6 V (red line); at -1.9V 

(blue line); at -2.2 V (pink line); and uncoated graphite (black 

line)   
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When graphite samples coated with Mn-Cu alloy are subjected to XRD analysis at 

various voltages, smaller sharp peaks than bare graphite have been observed at 

approximately 2θ = 14.2°, 17.0°, 43.3°, and 54.6°. The presence of Mn-Cu alloys 

and different occurred such as Mn, Cu metal or alloy structure may be suggested by 

these peaks. Whereas, these smaller peaks, closely resemble the XRD pattern of 

pure graphite (this can be seen by examining the 3D graph in Figure 4.7), 

demonstrating that the coating procedure substantially conserved the basic crystal 

structure of graphite [17]. 

 
Moreover, the XRD results of Mn-Cu alloy-coated graphite have shown a decrease 

in peak intensity when graphite is coated. Particularly, the peak intensity at 14° and 

17° for Mn-Cu alloy coatings obtained at -1.6, -1.9, and -2.2 V is lower than that of 

bare graphite (this can be seen by examining the 3D graph in Figure 4.7). This 

shows that the coating procedure changed the graphite surface, producing XRD 

results that were different from what would have happened with bare graphite. 

These findings highlight the possible influence Mn-Cu alloy coatings may occur on 

the surface of graphite [82],[83]. 

 
4.1.2 FTIR Results of Mn-Cu Alloy Deposited Graphite Substrate 

The results of the Fourier Transform Infrared Spectroscopy (FTIR) analysis that 

was performed to improve the characterization of Mn-Cu alloy coated and uncoated 

graphite electrodes are shown in Figure 4.8. These findings could be used for 

understanding the chemical composition and structure of the electrodes. No 

significant peak rise-drop formation is observed in bare graphite.  

 
However, a drop peak development is observed at approximately 1700 cm-1 

(Figure 4.8a). Figure 4.8b shows that prominent peaks are formed on the electrode 

due to the deposition of Mn-Cu alloy on the surface of the graphite electrode at -1.6 

V potential. At the same time, fluctuating peaks between 1750 and 1100 cm-1 are 

observed (in Figure 4.8b). As the electrodes grow with more negative deposition 

potentials, this peak becomes more dominant and sharper. 

 
In addition, with a potential of -1.9 V (Figure 4.8c), a peak formation between 

3300-3500 cm-1 is sharply observed in the support electrode where the Mn-Cu alloy 
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is electrochemically deposited. At a potential of -2.2 V (Figure 4.8d), the same 

peak is observed in the range of 3000-1800 cm-1. Figure 4.8c and Figure 4.8d of 

the FTIR spectra graph display a significant resemblance to the results at potentials 

of -1.9 V and -2.2 V. Figure 4.8e would make this more clear. This similarity 

indicates that the coating process is relatively stable, and similar coating results can 

be obtained even under different experimental conditions.  

 
In other words, even if different potentials have been applied, the coating process is 

quite consistent in terms of chemical composition and produces similar results. This 

shows that the Mn-Cu coating method is dependable and repeatable, making it 

appropriate for obtaining consistent outcomes under different application 

circumstances. Mn-Cu based cotings on graphite were transferred to aqueous 

solutions.  
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4.2 Characterisation of the Alloys on Flexible Graphite 

4.2.1 Mn-Cu Electrodeposited by Application of -1.6 V  

In the initial stage, graphite surfaces were coated with Mn-Cu films by under a 

constant potential of -1.6 V using a solution containing 0.5 M Mn+2 and 0.5 M Cu+2 

ions in Ethaline deep eutectic solvent. This process enabled the deposition of metal 

alloys onto the graphite surfaces. Then, the electrodes were immersed in different 

electrolyte liquids determined as 1 M Na2SO4 and 1 M HCl in the range of -1 to 0.5 

V with the same scanning rate. 

 
Cyclic voltammetry tests were performed at the same scanning rate to examine their 

electrochemical behavior. Upon evaluating the results of the cyclic voltammetry 

tests, as depicted in Figure 4.9a, c the current density in the HCl based electrolyte 

decreases upon cycling and reduction-oxidation peaks become stable after tens of 

cycling and current ranged from -0.5 mA cm-2 to +0.5 mA cm-2. Additionally, in 

the Na2SO4 electrolyte, this value corresponds to peaks within the range of -4 mA 

cm-2 to +1 mA cm-2.  

 
The current graph is stable meaning that this electrolyte could be used for cycling in 

the area of energy storage devices. Moreover, upon reviewing Figure 4.9b, d, it 

became evident that the cyclic stability of HCl acid was lower compared to that of 
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Figure 4.8 FTIR spectroscopy results of a) bare graphite; b) Mn-Cu alloy coated on 

graphite at -1.6 V & 60 oC; c) Mn-Cu alloy coated on graphite at -1.9 V & 60 
oC; d) Mn-Cu alloy coated on graphite at -2.2 V & 60 oC; e) The comparison of 

all electrodes 
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Na2SO4 electrolyte, and cyclic stability did not establish quickly. Therefore, we 

concluded that HCl acid is not suitable for electrochemical tests. 
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Figure 4.9 a) The cyclic voltammetry responses of Mn-Cu alloys cycling in 1 M 

Na2SO4. b) 1st and 8th cycle of Mn-Cu alloy in 1 M Na2SO4. c) Cyclic 

voltammetry responses of Mn-Cu alloys cycling in 1 M HCl. b) first 

and 15th cycle of Mn-Cu alloy in 1 M HCl. The electrodes were 

electrodeposited by application of -1.6 V in Ethaline containing Mn2 

and Cu2+ ions. 
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Figure 4.10 a) The cyclic voltammetry responses of Mn-Cu alloys cycling in 1 M 

KOH. b) 1st and 14th cycle of Mn-Cu alloy in 1 M KOH. c) cyclic 

voltammetry responses of Mn-Cu alloys cycling in 0.5 M Na2SO4 + 

0.5 M KOH. d) 1st and 5th cycle of Mn-Cu alloy in 0.5 M Na2SO4 + 

0.5 M KOH. The electrodes were electrodeposited by application of -

2.2 V in Ethaline containing Mn2 and Cu2+ ions 

 
Furthermore, with insights gained from the results of cyclic voltammetry tests 

conducted in various electrolytes, an important role of electrolyte selection in 

influencing electrochemical properties and energy storage capacity have been 

discovered. The coating process, which was carried out by applying a potential of -

2.2 V to the graphite surfaces by using Ethaline deep eutectic solvent solution 

containing 0.5 M Mn+2 and 0.5 M Cu+2, was completed. Then, cyclic voltammetry 

tests were performed in the potential window range of -1 to 0.5 V, at the same 
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scanning speed. Figure 4.10 illustrated the decrease of current upon cycling. 

However, the current responses evolves and become stable. Figure 4.10c  

illustrates the area under the current-voltage curve of the mixing electrolyte is 

higher than that of the other electrolyte. Figure 4.10c confirms that the mixed 

electrolyte is a more efficient option in terms of charge storage capacity. 
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Figure 4.11 The cyclic voltammograms of bared graphite tape in a) 1 M 

KOH; b) 1 M Na2SO4 and; c) 0.5 M KOH and 0.5 M Na2SO4 

 
Figure 4.11 shows cyclic voltammogram of bare graphite in three different 

electrolytes. Bare graphite tapes have been used in a variety of investigations to 

better understand their electrochemical characteristics. This series of studies' main 

goal was to learn how to the role of scan rates on the surface of bare graphite and 

analyze its electrochemical behavior under diverse circumstances. 
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Different electrolyte solutions were used to better understand the electrodes' 

electrochemical characteristics. These solutions included 1 M KOH and 1 M 

Na2SO4 as well as the combination of 0.5 M KOH and 0.5 M Na2SO4. Additionally, 

different scan rates (100 mV/s, 50 mV/s, 25 mV/s, and 10 mV/s) were used while 

adjusting the electrode potential within the range of -1 V to 0.5 V. 

According to the results of the experiments, it was observed that the current density 

in the electrolyte corresponded to reduction-oxidation peak points varying between 

-0.3 mA cm-² and +0.1 mA cm-². These findings indicate that electrochemical 

reactions take place on the electrode surface and can vary under different 

electrolyte conditions. It can be observed from the graphs in Figure 4.11a, b, and c 

that the results are not significantly impacted by the different scan rates. It 

demonstrates that regardless of the scanning rate, electrochemical reactions take 

place on the electrode surface in a consistent manner. These results provide 

important insights into comprehending the electrochemical properties of uncoated 

graphite tapes. 

To determine the effects of different solution compositions and voltage levels on 

the electrochemical performance of Mn-Cu coatings and approach optimal values, a 

preliminary study was conducted. In this preliminary study, processes were carried 

out using different solutions with varying compositions and concentrations, such as 

KOH, Na2SO4, and 0.5 M KOH + 0.5 M Na2SO4, employing three uniform voltage 

levels (-1.6, -1.9, and -2.2 V) for each solution. In this case, consistent voltage 

levels were applied for each solution. As a result of these processes, it was observed 

that the coating had a significant impact on the electrochemical performance of the 

electrodes (in Figure 4.12). Particularly, in processes conducted within 1 M KOH, 

1 M Na2SO4, and 0.5 M KOH + 0.5 M Na2SO4 mixed solutions, it was noted that 

the different voltage levels (-1.6, -1.9, and -2.2 V) did not yield the same. As can be 

seen in Figure 4.12, the cyclic voltammogram responses of the alloy-based 

coatings were examined by comparing the current values of bare graphite and Mn-

Cu coated graphite in the solutions of 1 M KOH, 1 M Na2SO4, and the mixture of 

0.5 M KOH + 0.5 M Na2SO4. The current value given by bare graphite in three 

solutions is approximately 0.4 mA (in Figure 4.11a, b, c). Mn-Cu coated graphite 

has been observed to provide around 4 mA in 1 M KOH solution (in Figure 4.12a) 

and about 6 mA in 1 M Na2SO4 solution (in Figure 4.12b). However, the current 

value generated by Mn-Cu coated graphite tapes at a potential of -1.9 V in a 
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mixture of solution of 0.5 M KOH and 0.5 M Na2SO4 was calculated to be around 

6.5 mA (in Figure 4.12c).  

As a result of the cyclic voltammogram data, it was observed that the 

electrochemical performance of Mn-Cu-coated graphite was significantly higher 

compared to that of bare graphite. In this context, it was determined that the optimal 

operating voltage was -1.9 V, and it was planned to continue the experiments using 

three different solvents. These experiments is important steps toward further 

optimizing the electrochemical performance. 
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Figure 4.12 The cyclic voltammogram results of all types of graphite films cycled 

a) in 1 M KOH (v = 50 mV s-1). b) 1 M Na2SO4 (v = 50 mV s-1). c) 

0.5 M Na2SO4 + 0.5 M KOH (v = 50 mV s-1) 
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Figure 4.13 The cyclic voltammetry data Mn-Cu coated from Ethaline Deep 

Eutectic Solvent on graphite by application of -1.6 V and now 

cycling in a) 1 M KOH; b) 1 M Na2SO4 and; c) an electrolyte 

consisting of 0.5 M KOH and 0.5 M Na2SO4. The scan rates are 

given in the panels. d) Plot of the area capacitance of the electrodes 

given in panel a, panel b, and panel c depending on scanning speed. 

 
Figure 4.13 is obtained when the experiment was carried out by taking Mn-Cu 

coated graphite samples obtained by applying -1.6 V potential using Ethaline Deep 

Eutectic Solvent. Then, the samples were subjected to cyclic voltammetry 

experiments in three different electrolyte solutions (1 M KOH, 1 M Na2SO4, and 

0.5 M KOH + 0.5 M Na2SO4) with electrode potentials ranging from -0.9 V to 0.2 

V. Different scan rates (100 mV/s, 50 mV/s, 25 mV/s, and 10 mV/s) were used for 

these studies. To improve the interpretation of the experimental results, the 

experiment's goal is to analyze the data through comparison analysis. This study 

includes a comparative analysis process to better understand the electrochemical 
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performance of the Mn-Cu-coated flexible graphite and to examine its interaction 

properties with the electrolyte. Upon analyzing the cyclic voltammetry graph in 

Figure 4.13, the electrochemical behavior of Mn-Cu-coated samples in different 

electrolytes was observed. Particularly, at a scan rate of 100 mV/s, the current 

density values in Figure 4.13a and 4.13c are found to be between -3 and 8.5 mA 

cm-² and between -5 and 7 mA cm-2, respectively. Furthermore, the cyclic 

voltammetry curve of  Figure 4.13c exhibits a more effective result in terms of the 

area under the curve compared to Figure 4.13a. This indicates that the electrolyte 

of Figure 4.13c enhances electrochemical performance by utilizing a greater 

surface area for enhanced storage capacity. 

 

All graphs in Figure 4.13 show the increase in the current density of Mn-Cu alloys 

obtained at different electrode potentials with the increase in scanning speed. These 

observations explain that the current density in electrochemical reactions is a 

reflection of the rate of charge transfer. As the scanning speed increases, the 

amount of charge transfer per unit time increases, increasing current density. The 

data shown in Figure 4.13b, however, also show a distinct scenario. Current 

density maxima are observed in this figures at -3 and 3 mA cm-2. Comparatively to 

Figure 4.13a and; 4.13c, this figure's area under the curve is noticeably smaller. 

This implies that the electrolyte in Figure 4.13b has less storage capacity and 

electrochemical capacity than the covered surfaces of the other samples.  

 

As a result, it can be observed from the comparisons between Figure 4.13a, 13b, 

and 13c that the electrochemical behavior varies according to the scan rate and 

electrolyte conditions. These findings offer important information about how Mn-

Cu-coated graphite tapes operate electrochemically in various electrolytes. 

Furthermore, these experiments represent significant steps toward optimizing the 

electrochemical properties and performance of the coated layers. These findings 

pave the way for further advancements in tailoring the electrochemical behavior of 

coated graphite surfaces. 
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The specific capacitance (C) is generally expressed using the following formula: 

C=             (4.1) 

Where: 

• C is the specific capacitance (F cm-2), 

• I represents the current density (A cm-2), 

• ΔV stands for the potential difference (V), 

• v signifies the scan rate (mV s-1), 

• A is the area of active materials of the working electrode (cm2) 

Specific capacitance refers to the amount of charge stored on an electrode surface 

during an electrochemical process. The scanning rate, on the other hand, indicates 

the speed of the electrode potential in voltammetry experiments. Referring to 

Figure 4.13d, the relationship between specific capacitance and scan rate is 

inversely proportional. That is, as the scanning speed increases, the specific 

capacitance decreases.  

 
Table 4.1 Specific capacitance values of Mn-Cu coated graphite tapes 

electrodeposited at -1.6 V potential depending on the varying scanning 

rates in different electrolyte solutions 

Scan Rate 

(mV s-1) 

Specific 

Capacitance      

in KOH            

(mF cm-2)                       

Specific Capacitance                              

in Na2SO4             (mF 

cm-2)                       

Specific Capacitance     

in KOH + Na2SO4     

(mF cm-2)                       

100 29 13 35 

50 43 17 36 

25 65 23 41 

10 69 46 71 

 

The same conclusion may be drawn about this by looking at the experimental data 

in Table 4.1. At higher scan rates (e.g., 100 mV/s), the measured specific 

capacitance value in the KOH electrolyte is 29 mF cm-2. As the scan rate decreases 

(e.g., 10 mV/s), the specific capacitance value increases, and reaching 69 mF cm-2. 

This indicates that slower scan rates (higher time scale) allow for greater charge 

storage capacity on the electrode surface.  
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Similarly, under Na2SO4 electrolyte, increasing the scan rate leads to lower specific 

capacitance values. The capacitance value starts at 13 mF cm-2 at 100 mV/s scan 

rate and increases to 46 mF cm-2 at 10 mV/s scan rate. This trend suggests that 

lower scan rates result in higher capacitance values under Na2SO4 electrolyte. The 

trend is consistent when a combination of both electrolytes (KOH + Na2SO4) is 

used. The capacitance value starts at 35 mF cm-2 at higher scan rates (e.g., 100 

mV/s) and increases to 71 mF cm-2 at lower scan rates (e.g., 10 mV/s). In 

conclusion, decreasing the scan rate allows for more charge storage on the electrode 

surface, leading to higher capacitance values. Moreover, different electrolyte 

solutions (KOH, Na2SO4, and KOH + Na2SO4) exhibit similar trends, with 

capacitance values increasing as the scan rate decreases. 
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Figure 4.14 Plot of logarithm of current againes logarithm of scan rate (logi vs 

logv) for reduction of Mn-Cu electrodes obtained in Ethaline deep 

eutectic solvent by applying a) -1.6 V; b) -1.9 V and; c) -2.2 V. The 



67 
 

cycling electrolyte of electrodes is aqueous KOH (black line), Na2SO4 

(red line), and a mixture of Na2SO4 and KOH 

 
The reaction mechanism between electrodes and electrolytes could be controlled by 

electron transfer and/or mass transport. The limiting reaction (kinetic-controlled or 

diffusion-controlled) could give information related to the usefulness of the 

electrochemical system (electrodes and electrolytes) in specific applications. The 

limiting reaction can be obtained by using Cottrell Equation (4.2). The Cottrell 

equation is expressed as follows: 

i=n*F*A*C∞*(            (4.2) 

Where: 

➢ i, current (Amperes) 

➢ n, the number of electrons transferred in the electrochemical reaction 

➢ F, Faraday's constant (Coulombs per electron) 

➢ A, electrode surface area (cm²) 

➢ C∞, initial concentration of the electrochemical species in the solution 

(mol/cm³) 

➢ D, diffusion coefficient (cm²/s) 

➢ t, time (seconds) 

 
Table 4.2 The equation between the logarithm of reduction peak current and 

the logarithm of scan rate deduced from Figure 4.14 

Growth 

Potential 

KOH Na2SO4 Na2SO4 + KOH 

-1.6 V y = -0.21x – 2.1 y = -0.28x – 2.6 y = -0.18x – 2.1 

-1.9 V y = -0.11x – 2.5 y = 0.028x – 2.8 y = -0.11x – 2.2 

-2.2 V y = -0.14x – 2.7 y = -0.026x – 3.0 

 

y = -0.20x – 2.4 

 

 
The values of current peaks and the scan rate for the modified electrodes were 

obtained from reduction peaks of electrodes cycled in KOH, Na2SO4, and the 

mixture of these two electrolyte given in Figure 4.13a, b, and c, respectively. As 

the oxidation peaks of the Mn-Cu electrode in Na2SO4 electrolyte (Figure 4.13c) 
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are not clear, only their reduction peaks were considered to identify and compare 

the rate-limiting reactions between electrodes and the electrolytes. The equation 

between the logarithm of reduction peak current and the logarithm of scan rate 

deduced from  

 
Figure 4.13a, b, and c is presented in Error! Reference source not found.. The 

Cottrell equation could be summarised that the logarithm of the current peak and 

the logarithm of the square root of the scan rate are linear for diffusional controlled 

reactions. However, the logarithm of the current peak and the logarithm of the 

square root of the scan rate for all Mn-Cu electrodes electrodeposited from Ethaline 

is less than 0.5. This indicates that the rate-limiting reaction of Mn-Cu-modified 

electrodes is not a diffusional controlled mechanism. [84]–[86] 

4.2.2 Mn-Cu Electrodeposited by Application of -1.9 V 

When comparing Figure 4.15 to Figure 4.13, a distinct difference in the data 

obtained from the common electrolytes is observed. For instance, in Figure 4.15, 

the current density values at a scan rate of 100 mV/s generally range between -2 

and 4 mA cm-² on average. These values decrease as the scan rate decreases. 

Notably, the current density values in Figure 4.15.b,  are comparatively lower. In 

the Na2SO4 electrolyte, the current density values vary between -1 and 7 mA cm-². 

Furthermore, in the 1 M KOH + 1 M Na2SO4 electrolyte, the values span from -4 to 

8 mA cm-². 

 
If making the graphs attention to Figure 4.13, , the current density values range 

between -3 and 8 mA cm-² for KOH electrolyte. In the Na2SO4 electrolyte, these 

values span between -1 and 4 mA cm-². In the 1M KOH + 1M Na2SO4 electrolyte, 

the values fluctuate between -5 and 7 mA cm-². At a scan rate of 100 mV/s, a 

specific capacitance of 12 mF cm-² is attained while utilizing the KOH electrolyte. 

This outcome is consistent with the finding that the specific capacitance rises when 

the scan rate drops (as shown in Table 4.3). Inferred from this is that slower scan 

rates enable more favorable surface reactions and efficient charge transfer 

processes. 
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Figure 4.15 The cyclic voltammograms of Mn-Cu alloy in a) 1 M KOH; b) 1 M 

Na2SO4 and; c) an electrolyte consisting of 0.5 M KOH and 0.5 M 

Na2SO4. Mn-Cu alloy coating on graphite tapes were obtained in 

Ethaline deep eutectic solvent by applying a constant voltage of -1.9 

V. d) Plot of the area capacitance of the electrodes given in panel a, 

panel b, and panel c depending on scanning speed. 

 
On the other hand, when the Na2SO4 electrolyte is employed, the specific 

capacitance value at a scan rate of 100 mV/s is 22 mF cm-2 (as indicated in Table 

4.3). When utilizing the mixed KOH + Na2SO4 electrolyte, the specific capacitance 

value at a scan rate of 100 mV/s is measured at 29 mF cm-2. 
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Table 4.3 Specific capacitance values of Mn-Cu coated graphite tapes at -1.9 V 

potential depending on the varying scanning rates in different electrolyte 

solutions 

Scan Rate 

(mV s-1) 

Specific 

Capacitance (mF 

cm-2)                       

in KOH 

Specific 

Capacitance (mF 

cm-2)                         

in Na2SO4 

Specific 

Capacitance      

(mF cm-2)                        

in KOH + Na2SO4 

100 12 22 29 

50 18 31 50 

25 28 42 61 

10 43 81 109 

 

The observations based on the slopes of the equations in Error! Reference source 

not found. and Figure 4.14 provide important insights into rate-limiting reaction. 

Here are the observations and predictions regarding diffusion based on the slopes of 

these equations: 

➢ KOH electrolyte, at -1.6 V, the slope value is approximately -0.2146. This 

slope value represents the response of the reaction's rate to the scan rate in 

the KOH electrolyte. Since the slope value is negative, it indicates that the 

reaction rate decreases with increasing scan rate. This signifies a reaction 

does not occur under just diffusion control. 

 

➢ Na2SO4 electrolyte, at -1.9 V, the slope value is -0.1112. This negative slope 

value also suggests that the reaction decreases in response to the scan rate. 

Once again, it indicates not only diffusional control mechanism. 

 

➢ Na2SO4 + KOH mixture, at -1.6 V and -1.9 V, the slope values are -0.1772 

and -0.1128, respectively. In both cases, the negative slope values indicate 

that the reaction is not purely diffusion-controlled. This is consistent even 

when a mixture of electrolytes is used. 

In summary, the results obtained based on the slopes of these equations indicate 

that the studied electrochemical reactions are not under diffusion control. This 

implies that the reaction rate varies with the scan rate, and diffusion does not play a 
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crucial role in the reaction mechanism. It could be concluded that the reaction 

mechanism of Mn-Cu electrodes is likely to have a different rate-determining 

reaction mechanism and is not exclusively related to diffusion. As a result, we may 

conclude that all of these findings are related to electrode material, surface area, 

electrolyte composition coating process conditions, etc. Many factors provide 

important predictive information for the design and optimization of electrochemical 

systems. 

 
4.2.3 Mn-Cu Electrodeposited by Application of -2.2 V 

The photographs of Mn-Cu coating of graphite are presented in Figure 4.16. 

Analyzing the data in Figure 4.17, we ascertain that in the KOH electrolyte, the 

current density values range from -3 to 4 mA cm-². In the Na2SO4 electrolyte, these 

values vary between -1 and 2 mA cm-². For the 1 M KOH + 1 M Na2SO4 

electrolyte, the values fall within the range of -2.5 to 3 mA cm-². Exploring the 

factors underlying these discrepancies, we find that at higher scan rates, the time 

allocated to the redox reaction diminishes, resulting in higher peak current values, 

especially at higher voltages. 

 

 

Figure 4.16 Photograph of a) bare graphite; b) Mn-Cu alloy coating on graphite 

tapes obtained in Ethaline deep eutectic solvent by applying a 

constant voltage of -1.6V; c) Mn-Cu alloy coating on graphite tapes 

obtained in Ethaline deep eutectic solvent by applying a constant 

voltage of -1.9 V; d) Mn-Cu alloy coating on graphite tapes obtained 

in Ethaline deep eutectic solvent by applying a constant voltage of -

2.2 V 

 
Additionally, considering the alloy deposition process, we note that lower negative 

voltage values generally lead to sparser and thinner coating layers (Figure 4.16). 

As ions are gradually transported to the surface, the coating layer becomes more 



72 
 

irregular and filled with voids. However, at higher negative voltages, denser and 

more compact coating layers were observed (Figure 4.16c, d). Faster ion transport 

at higher voltages seems to yield a more homogeneous layer. All these processes, 

supported by our graphical data, collectively highlight the effects of different 

voltage levels and scan rates on the electrochemical coating process. 

 

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

-5

-4

-3

-2

-1

0

1

2

3

4

5

 100 mV s-1

 50 mV s-1

 25 mV s-1

 10 mV s-1

(a) in KOH

E (V)

I 
(m

A
)

 
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

-5

-4

-3

-2

-1

0

1

2

3

4

5

 100 mV s-1

 50 mV s-1

 25 mV s-1

 10 mV s-1

(b) in Na
2
SO

4

I 
(m

A
)

E (V)  

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

-5

-4

-3

-2

-1

0

1

2

3

4

5

 100 mV s-1

 50 mV s-1

 25 mV s-1

 10 mV s-1

(c) in KOH + Na
2
SO

4

I 
(m

A
)

E (V)  

0 20 40 60 80 100

0

20

40

60

80

100

120

 -2.2 V in KOH

 -2.2 V in Na2SO4

 -2.2 V, in KOH+Na2SO4

C
s
 (

m
F

 c
m

-2
)

v (mV s
-1
)  

Figure 4.17 The cyclic voltammograms of Mn-Cu alloy in a) 1 M KOH; b) 1 M 

Na2SO4 and; c) an electrolyte consisting of 0.5 M KOH and 0.5 M 

Na2SO4. Mn-Cu alloy coating on graphite tapes were obtained in 

Ethaline deep eutectic solvent by applying a constant voltage of -2.2 

V. d) Plot of the areal capacitance of the electrodes given in panel a, 

panel b, and panel c depending on scanning speed. 

 
Comparing previous experimental figures by analyzing the graphs of Figure 4.17, 

in contrast to what was anticipated under the same scanning speed and electrolyte 

conditions, the flexible graphite samples coated at higher voltage exhibit lower 
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current peaks. Numerous predictable and unforeseen causes can be responsible for 

this behavior and it might be related to how electro-coating works. Because they 

carry more energy at higher voltages, the ions in the electrolyte could move to the 

surface layer more quickly. A more compact and dense coating layer may have 

occurred as a result. On the other hand, a coating layer may have become thinner 

and thinner because the ions carry less energy at lower voltages. 

 
The coating process also may be influenced by greater diffusion. In this case, the 

rate at which ions are transported to the electrode surface becomes more effective 

in determining the current density. This case may result in a gradual rise in current 

density and hence, smaller current peaks. Besides, it is important to consider the 

role of the electrolyte. The tendency to produce intermediates or ions with poor 

diffusion coefficients may rise at higher voltages, which may limit ion mobility and 

result in lower current peaks. It should be noted, however, that although this 

explanation provides a reasonable perspective of the observed behavior, the electro-

coating process is complex and influenced by numerous factors. 

 
Table 4.4 Specific capacitance values of Mn-Cu coated graphite tapes at -2.2 V 

potential depending on the varying scanning rates in different electrolyte 

solutions 

Scan 

Rate 

(mV s-1) 

Specific 

Capacitance 

(mF cm-2)                       

in KOH 

Specific 

Capacitance 

(mF cm-2)                        

in Na2SO4 

Specific 

Capacitance      

(mF cm-2)                        

in KOH + Na2SO4 

100 23 8 16 

50 29 11 23 

25 34 15 28 

10 39 25 32 

 
Figure 4.17 and Table 4.4 present specific capacitance values obtained at various 

scanning rates in different electrolyte solutions: KOH, Na2SO4, and a mixture of  

KOH + Na2SO4. These data provide valuable insights into the relationship between 

electrolyte compositions, scanning rates, and specific capacitance values. Upon 

examination, a clear trend emerges in the specific capacitance values across the 
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different electrolyte solutions. In the case of the KOH electrolyte, a scanning rate of 

100 mV/s yields a specific capacitance of 23 mF cm-2. However, as the scan rate is 

lowered (e.g., 10 mV/s), a noticeable increase in the specific capacitance value, 

reaching as high as 39 mF cm-2 was observed. This result probably highlights the 

favorable ion conductivity of the KOH electrolyte, leading to a higher capacitance. 

As the scanning rate is reduced, the specific capacitance increases, indicating that 

slower scan rates allow for more surface reactions and efficient charge transfer 

processes. 

 
Conversely, when the Na2SO4 electrolyte is employed, a scanning rate of 100 mV/s 

results in a specific capacitance of 8 mF cm-2, which then rises to 25 mF cm-2 when 

the scan rate is decreased to 10 mV/s. This outcome suggests that the presence of 

larger sulfate ions could restrict surface reactions and consequently lower the 

capacitance. When utilizing the KOH + Na2SO4 mixed electrolyte solution, specific 

capacitance values fall within an intermediate range.  

 
This finding underscores a balance between the high-capacitance characteristics of 

the KOH electrolyte and the limitations posed by the Na2SO4 electrolyte. These 

experimental results reveal the critical role of electrolyte composition and scanning 

rate in shaping specific capacitance values. The interplay between ion conductivity 

and surface reaction dynamics becomes evident, demonstrating the complex nature 

of energy storage mechanisms in these systems. Such insights are pivotal for the 

optimization and design of energy storage devices for various applications. 
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Figure 4.18 Specific capacitance of Mn-Cu based alloy on graphite depending on 

the applied coating voltage at different values a) cycled in 1 M 

KOH; b) cycled 1 M Na2SO4 and; c) cycled in the mixture of 0.5 

M KOH and 0.5 M Na2SO4 at various scanning speed. 

 
When examining the graphs in Figure 4.18 individually, the results obtained under 

different coating voltages offer valuable insights. Firstly, the KOH electrolyte data, 

acquired at a -1.6 V coating voltage greatly outperforms the data obtained at other 

coating voltages (Figure 4.18a). These results demonstrate how the electrolyte and 

the coating voltage of -1.6 V improve and increase the electrode's capacitance 
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properties. Notably, even better results were obtained in comparison to the 

uncoated graphite-specific capacitance values and the -1.9 V and -2.2 V coatings. 

This demonstrates the potential of slower scan speeds to accommodate a higher 

capacity for charge storage on the electrode surface and highlights the critical 

importance of selecting the right electrolyte. 

 
Analyzing the data acquired under a coating voltage of -1.9 V similarly reveals a 

tendency similar to the data shown in Figure 4.18a. The reported specific 

capacitance value in the KOH electrolyte is 12 mF cm-2 at higher scan rates (for 

example, 100 mV/s). The specific capacitance value rises to a maximum of 43 mF 

cm-2 when the scan rate falls (for example, to 10 mV/s). When evaluating the 

results acquired in the Na2SO4 electrolyte under a -1.9 V coating voltage, the same 

pattern is observe. Higher specific capacitance values are produced when the scan 

rate is reduced. For instance, the specific capacitance is 22 mF cm-2 at a scan rate of 

100 mV/s but increases to 81 mF cm-2 with a scan rate of 10 mV/s (in Figure 

4.18b). 

 
The study of data obtained using the mixed KOH + Na2SO4 electrolyte also yielded 

similar results. It is obvious that for scan rate measurements, the best results are 

obtained with a constant -1.9 V coating voltage. For instance, the specific 

capacitance value is 29 mF cm-2 at a scan rate of 100 mV/s, but it increases to 109 

mF cm-2 with a scan rate of 10 mV/s (in Figure 4.18c).  

 
Additionally, the high capacitance characteristics of the 0.5 M KOH + 0.5 M 

Na2SO4 concentrated electrolyte are supported by the capacitance values under the -

1.6 V coating voltage. These experimental graphs demonstrate, in conclusion, how 

important electrolyte composition and scan rate are in determining certain 

capacitance values. The complicated nature of these systems' energy storage 

mechanisms is underlined by the relationship between ion conductivity and surface 

response kinetics.  

 
4.3 Characterisation of the Alloys Coated on Graphite Wire 

In the study of Figure 4.19 experiment, a mixing solution was first made that deep 

eutectic solvent was based on Ethaline and contained copper ions (Cu+2) and 

manganese ions (Mn+2). For 180 minutes, this blending solution was heated to 60 
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°C. After that, 1 cm worth of graphite wires were obtained. These graphite wires 

were submerged in a substantial Ethaline-based eutectic solution that also contained 

copper and manganese ions.  

 
The surface coating of manganese and copper alloyed graphite wires was obtained 

using the electrochemical coating method at -1.9 V potential for 150 sec. It was 

subjected to cyclic voltammetry at different scanning rates (100 mV/s, 50 mV/s, 25 

mV/s, and 10 mV/s) by applying electrode potential in the range of -1 V to 0.5 V. 

Different electrolyte solutions were used to better understand and compare the 

electrochemical properties of the electrodes.  
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Figure 4.19 The cyclic voltammograms of Mn-Cu alloy in a) 1 M KOH; b) 1 M 

Na2SO4 and; c) an electrolyte consisting of 0.5 M KOH and 0.5 M 

Na2SO4. Mn-Cu alloy coating on graphite wires were obtained in 

Ethaline deep eutectic solvent by applying a constant voltage of -1.9 

V. d) Plot of the areal capacitance of the electrodes given in panel a, 

panel b, and panel c depending on scanning speed. 

 
These solutions contain 1 M KOH and 1 M Na2SO4 and a combination of 0.5 M 

KOH with 0.5 M Na2SO4. When we examine the graphs in Figure 4.19a, b, and c, 

we can see that the current density in the KOH electrolyte changes between -1 and 

1.5 mA cm-² for the CV curve with a scanning rate of 100 mV/s. However, in the 

Na2SO4 electrolyte, these values range from -0.3 to 1 mA cm-². When 0.5 M KOH 

0.5 M Na2SO4 electrolytes are utilised, the readings vary between -0.3 and 1 mA 

cm-² and this value decreases as the scan rate decreases. 

 
These findings demonstrate the impact of various electrolytes and scanning rates on 

the development of manganese and copper coatings on graphite wire. Lower current 

density values are obtained when KOH and Na2SO4 electrolytes are combined, and 

these values go even lower as the scanning speed is slower. These tests demonstrate 

the electrochemical characteristics of graphite wire surface coatings and how they 

alter in various environments. 

 
This goal study of Figure 4.20 is to thoroughly examine the electrochemical 

behavior of bare graphite wire surfaces using cyclic voltammogram testing in an 

experimental setting. For this purpose, various electrolyte solutions have been 

utilized; used examples include solutions such as 1 M KOH, 1 M Na2SO4 and the 

mixture of 0.5 M KOH with 0.5 M Na2SO4, which are encompassed within this 

scope. Furthermore, an electrode potential range varying from -1 V to 0.5 V has 

been examined and it is made experimental of different scan rates (100 mV/s, 50 

mV/s, 25 mV/s, and 10 mV/s).  
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Figure 4.20 The cyclic voltammograms of bare graphite wires in a) 1 M KOH; b) 1 

M Na2SO4 and; c) an electrolyte consisting of 0.5 M KOH and 0.5 M 

Na2SO4 

 
When the result of examining the graphs in Figure 4.20a, b, c, it is observed that 

for CV curves at a scan rate of 100 mV/s, the obtained current density within the 

KOH electrolyte varies between -0.7 and 0.7 mA cm-1. However, when Na2SO4 

electrolyte is employed, these values fluctuate between -0.3 and 0.25 mA cm-1.  

 
When a mixture of 0.5 M KOH and 0.5 M Na2SO4 is used, the recorded readings 

exhibit variations within the range of -0.35 to 0.2 mA cm-1. In general, it is 

observed that as the scan rate decreases, the obtained current density remains 

relatively constant.  
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These results indicate that the scan rate does not significantly impact the 

electrochemical reactions on the surface of the bare electrode. In this context, a 

novel perspective is offered for understanding the electrochemical properties of 

bare graphite wires. Furthermore, an important series of experiments have been 

conducted to compare the effects of different electrolyte solutions and voltage 

levels on the electrochemical performance of Mn-Cu-coated graphite wires, aiming 

to achieve optimal results. Cyclic voltammetry data reveals that Mn-Cu-coated 

graphite wires demonstrate higher electrochemical performance compared to bare 

graphite wires. 

 
The specific capacitance (C) is generally expressed using the following equation: 

C=             (4.3) 

Where: 

• C is the specific capacitance (F cm-1), 

• I represents the current density (A cm-1), 

• ΔV stands for the potential difference (V), 

• v signifies the scan rate (mV s-1), 

• l is the area of active materials loaded in the working electrode (cm) 

. 
Table 4.5 Specific capacitance values of Mn-Cu coated graphite wires at -1.9 V 

potential depending on the varying scanning rates in different 

electrolyte solutions 

Scan Rate 

(mV s-1) 

Specific 

Capacitance (mF 

cm-1)                       

in KOH 

Specific 

Capacitance (mF 

cm-1)                         

in Na2SO4 

Specific 

Capacitance      (mF 

cm-1)                                          

in KOH + Na2SO4 

100 2 2 1 

50 4 3 2 

25 6 4 2 

10 14 9 4 

 

The graphite wire samples were obtained at a plating voltage of -1.9 V  and then, 

these samples used for the specific capacitance processes in various electrolytes 

exhibit a reducing tendency, as can be seen by looking at the data from Figure 
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4.19d and Table 4.5 within the context of this study. When treating a graphite wire, 

the length measurement is taken into account rather than the surface area (4.3). In 

this procedure, "specific capacitance" refers to the quantity of charge held along the 

electrode's length during an electrochemical reaction, and "scan rate" designates the 

pace at which the electrode potential changes during voltammetry studies.  Upon 

scrutiny of Figure 4.19d, the obtained outcome highlights an inversely proportional 

relationship between specific capacitance and scan rate. In this context, to 

investigate the variation of specific capacitance concerning length, the experimental 

data from Table 4.5 are also utilized. 

 
For example, at higher scanning rates (for example, 100 mV/s) with KOH 

electrolyte, the specific capacitance measured against the length of the electrode is 

2 mF cm-1. On the other hand, as the scanning rate decreases (for example, 10 

mV/s), the specific capacitance value increases to 14 mF cm-1. Similarly, a lower 

scanning rate with Na2SO4 electrolyte leads to higher specific capacitance values.  

 
For instance, the capacitance value, which is initially at the level of 2 mF cm-1 

according to the electrode length at a scanning speed of 100 mV/s, increases to 9 

mF cm-1 at a scanning speed of 10 mV/s. This indicates that lower scanning rates 

produce higher capacitance values relative to the electrode length. The same trend 

is observed when the combination of both electrolytes (KOH + Na2SO4) is used. At 

higher scan rates (eg, 100 mV/s) the capacitance value is initially 1 mF cm-1, 

increasing to 4 mF cm-1 at lower scan rates (eg 10 mV/s).  

 
4.4 Characterisation of the Alloys Coated on Graphite Fabric 

Various electrolyte solutions were employed to better comprehend and compare the 

electrochemical characteristics of the electrodes. These solutions included a 

combination of 1 M KOH and 1 M Na2SO4, along with 0.5 M KOH and 0.5 M 

Na2SO4. The electode is knitted graphite fabric consisting of only graphite 

filaments. 

 
These findings underscore the impact of different electrolytes and scanning rates on 

the development of manganese and copper coatings on the graphite fabric samples. 

The combination of KOH and Na2SO4 electrolytes yields lower current density 

values, and this trend is further pronounced as the scanning rate decreases. These 
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experimental trials serve to elucidate the electrochemical properties of graphite 

fabric surface coatings and their responsiveness to varying environmental 

conditions. 
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Figure 4.21 The cyclic voltammograms of Mn-Cu alloy in a) 1 M KOH; b) 1 M 

Na2SO4 and; c) an electrolyte consisting of 0.5 M KOH and 0.5 M 

Na2SO4. Mn-Cu alloy coating on graphite fabrics were obtained in 

Ethaline deep eutectic solvent by applying a constant voltage of -1.9 

V. d) Plot of the area capacitance of the electrodes given in panel a, 

panel b, and panel c depending on scanning speed. 
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Upon analyzing the graphs depicted in Figure 4.21a, b, and c, it becomes evident 

that, for the CV curve conducted with a scanning rate of 100 mV/s, the current 

density in the KOH electrolyte varies between -0.65 and 0.5 A cm-2. In contrast, 

within the Na2SO4 electrolyte, these values range from -0.9 to 1.2 A cm-2. When 

utilizing the 0.5 M KOH and 0.5 M Na2SO4 electrolytes, the readings fluctuate 

between -0.3 and 0.75 A cm-2, with this value diminishing as the scanning rate 

decreases. 

 
Moreover, when we compare these experimental data with Figure 4.19 and Figure 

4.11, a clear difference emerges mean current density values according to 

electrolyte types and scanning speeds. The results of the experiment data in Figure 

4.21 show higher current density values than the other experiments. In addition, 

high values are provided as the area under the CV curves. These comparisons show 

the positive effects of manganese and copper coatings on graphite fabric of 

different electrolyte types and scanning rates. 

 
Table 4.6 Specific capacitance values of Mn-Cu coated graphite fabrics at -1.9 V 

potential depending on the varying scanning rates in different 

electrolyte solutions 

Scan Rate 

(mV s-1) 

Specific 

Capacitance (F 

cm-2)                       

in KOH 

Specific 

Capacitance (F 

cm-2)                         

in Na2SO4 

Specific 

Capacitance      (F 

cm-2)                                          

in KOH + Na2SO4 

100 1 2 2 

50 2 3 3 

25 2 4 4 

10 5 8 9 

 

Based on the experiment data presented in Table 4.6 and Figure 4.21d, the analysis 

conducted revolves around specific capacitance measurements performed at 

different scan rates (mV/s). Similar trends may be seen in the relationships between 

scan rate and specific capacitance in the electrolytes 1 M Na2SO4 and 0.5 M KOH + 

Na2SO4 (Figure 4.21d). For instance, in the Na2SO4 electrolyte, the specific 

capacitance is 2 F cm-2 at a scan rate of 100 mV/s, whereas a scan rate reduction to 
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10 mV/s increases the specific capacitance value to 8 F cm-2 (Table 4.6). The 

electrolyte combination of KOH and Na2SO4 shows a similar tendency. For 

instance, the specific capacitance in the 0.5 M KOH + Na2SO4 electrolyte is 2 F cm-

2 at a scan rate of 100 mV/s, but the specific capacitance increases to 9 F cm-2 at a 

scan rate of 10 mV/s (Table 4.6). Specific capacitance has similar values that are 

larger at Na2SO4 electrolyte and electrolyte combination of KOH and Na2SO4. 

However, when using the 1 M KOH electrolyte, different behavior is observed. 

When the scan rate is lowered from 100 to 10 mV/s, the specific capacitance in this 

electrolyte rises from 1 F cm-2 to 5 F cm-2 (Table 4.6). 

 
In conclusion, comparable measurements conducted under different electrolytes 

and similar scan rates demonstrate that lower scan rates correspond to higher 

specific capacitance values on the electrode surface. While this trend is consistent 

and higher values are observed in 1 M Na2SO4 and 0.5 M KOH + Na2SO4 

electrolytes, a different behavior; at lower values is evident in the context of the 1 

M KOH electrolyte (Figure 4.21d). 

 
In the scope of our study, comprehensive examinations were conducted on samples 

of different forms, namely Graphite Tapes (Figure 4.11), Graphite Wires (Figure 

4.19), and Graphite Fabric (Figure 4.21), and the obtained results were carefully 

evaluated. Upon reviewing these analyses and observations, it becomes evident that 

Mn-Cu alloy-coated Graphite Fabric presents a substantial advantage in terms of 

specific capacitance compared to the other two forms. 

 
Particularly, compared to the other types, the alloy-based coating used on the 

graphite fabric results in a nearly 1000-fold increase in specific capacitance. These 

results highlight the flexible Mn-Cu-coated graphite fabric's enormous potential for 

supercapacitor applications. By expanding the surface area of the graphite fabric, 

the alloy coating dramatically improves capacitance and allows for more charge 

storage. The voltage value employed during the coating process, the time of the 

voltage, the coating temperature, and the alloy components used all play significant 

roles in affecting capacitance improvement. 

In this respect, it could be said that the Mn-Cu alloy-based coating of graphite 

fabric bears major importance for supercapacitor technology based on previous 

literature studies and the results of the experimental procedures given here, 
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primarily because of the significant rise in capacitance values. This growth may 

result in better energy storage. This increase could potentially lead to enhanced 

energy storage capacity. However, further research endeavors should be directed 

toward optimizing the coating process, investigating the effects of different alloy 

components, and assessing the performance in practical applications. 
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CHAPTER V 

CONCLUSION 

Evaluation of the data, findings and analysis obtained as a result of this thesis study 

are as follows; 

• Usage of Ethaline Deep Eutectic Solvent; ethaline deep eutectic solvent 

was the main solvent used in this experiment. This solvent is a unique kind 

of ionic liquid that has a broad temperature range. This characteristic makes 

it possible to conduct electrochemical reactions at low temperatures. 

Morever, the low viscosity and excellent conductivity of ethylene lead to a 

uniform dispersion of the electrochemical solution. 

• Reasons for Choosing Mn-Cu Alloy; the aim of choosing the components 

Cu (copper) and Mn (manganese) is to improve the electrodes' electrical 

performance. Because of their excellent conductivity and efficiency in 

energy storage devices, these two metals are chosen. Using Mn-Cu alloy 

increased the durability and capacitance of the electrodes. 

• Use of KOH and Na2SO4 as Electrolytes; Potassium Hydroxide (KOH) 

and Sodium Sulfate (Na2SO4) are electrolytes that enable ion movement in 

the electrochemical cell. Because of its high conductivity, KOH is well 

suited to help ions travel across electrodes. This experiment assessed the 

effects of different, including Na2SO4, which is a general electrolyte used in 

a electrochemical applications. As the result, electrode performance and the 

rate of electrochemical reactions was impacted by the choice of electrolyte. 

• Role of Alloy Based Graphite Hybrid Fabric; alloy based hybrid fabric 

included of graphite not only makes the electrodes more physically durable, 

but because of its large surface area, it can also enhance the possibility of 

electrochemical reactions. This fabric can help coat the electrode uniformly, 

which can optimize the energy storage capacity.Moreover, its flexible 

construction can strengthen the electrode's resistance to mechanical loads 

and improve cycle stability. 
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In conclusion, significant advances in the field of energy storage technologies have 

been made possible by a combination of factors such as the compatible use of 

Ethaline deep eutectic solvent, Mn-Cu alloy, specific electrolyte combinations and 

alloy-based graphite hybrid fabric. The effective combination of these elements has 

resulted in critical properties such as flexibility, durability and high performance of 

the electrodes.The findings of this study can be considered an important resource in 

the design of future energy storage solutions for wearable technologies, biomedical 

devices and portable electronic applications. Carefully integrating these elements 

into industrial studies can make a significant contribution to the development of 

more durable, flexible and high-performance energy storage systems. 
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