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ABSTRACT 

MANGANESE BASED ELECTRODES IN ALKALINE AND 

NEUTRAL ELECTROLYTES FOR FLEXIBLE ENERGY 

STORAGE DEVICES 

MANSOUR, Bilal 

M.Sc.Thesis in Materials Sceince And Engineering 

Supervisor: Assoc. Prof. Dr. Abdulcabbar YAVUZ 

February 2024 

60 pages 

 

Flexible electrodes have been researched for e-textile. Screens have been produced as 

flexible and commercially are available. However, flexible energy storage and 

conversion devices have not been produced and commercialised. The motivation of 

this study is to fabricate flexible electrodes for energy storage and conversion devices. 

The research focuses on the electrodeposition of manganese onto graphite substrates 

using deep eutectic solvents (DESs). The study aims to optimize electrode conditions 

(growth and cycling) to achieve electrodes with high electrochemical stability, 

extensive active surface coverage, and enhanced areal capacitance. The experimental 

approach involves the preparation of electrode from Ethaline solutions having MnCl2 

by applying various potentials (-1.5 V, -2.0 V, and -2.5 V) for 500 seconds. The 

electrodes are then characterized using techniques such as X-ray diffraction (XRD), 

Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy 

(SEM). Electrochemical properties are assessed through cyclic voltammetry in 1 M 

KOH and 1 M Na2SO4 electrolytes for fuel cell and supercapacitor applications. The 

resulting coatings were not suitable for hydrogen evolution in alkaline electrolyte. The 

findings reveal that lower deposition potentials (more negative voltage) lead to a 

denser manganese layer and higher potentials (less negative potential) could cause 

thinner film. The thinner films resulted in higher specific capacitance and 

electrochemical performance because ions could have high flux on coating. The study 

contributes to the field of energy storage devices by demonstrating the potential of 

manganese-coated graphite electrodes in alkaline and neutral media for flexible 

supercapacitor applications, offering a promising alternative to expensive materials. 

 

 

Key Words: Energy Storage; Supercapacitor; Alkaline Solution; Manganese; Flexible 

Graphite; Electrode; Characterization.



 

ÖZET 

ESNEK ENERJİ DEPOLAMA CİHAZLARI İÇİN ALKALİ VE 

NÖTR ELEKTROLİTLERDE MANGANEZ BAZLI 

ELEKTROTLAR 

MANSOUR, Bilal 

Yüksek Lisans Tezi, Malzeme Bilim ve Mühendisliği 

Danışman: Doç. Prof. Dr. Abdulcabbar YAVUZ 

Şubat 2024 

60 sayfa 

 

Esnek elektrotlar, e-tekstil için araştırılmıştır. Ekranlar esnek olarak üretilmiş ve ticari 

olarak mevcuttur. Ancak, esnek enerji depolama ve dönüştüme cihazları henüz 

üretilmemiş ve ticarileştirilmemiştir. Bu çalışmanın motivasyonu, enerji depolama ve 

dönüştürme cihazları için esnek elektrotlar üretmektir. Araştırma, derin ötektik 

çözeltiler (DESs) kullanarak grafit substratlara manganezin elektrokaplamasına 

odaklanmaktadır. Çalışma, yüksek elektrokimyasal stabiliteye, geniş aktif yüzey 

kaplamasına ve geliştirilmiş alan kapasitansına sahip elektrotlar elde etmek için 

elektrot koşullarını (büyüme ve döngüleme) optimize etmeyi amaçlamaktadır. 

Deneysel yaklaşım, MnCl2 içeren Ethaline çözeltilerinden çeşitli potansiyeller (-1.5 V, 

-2.0 V ve -2.5 V) uygulanarak 500 saniye boyunca elektrotların hazırlanmasını 

içermektedir. Daha sonra elektrotlar, X-ışını kırınımı (XRD), Fourier dönüşümlü 

kızılötesi spektroskopisi (FTIR) ve taramalı elektron mikroskobu (SEM) gibi teknikler 

kullanılarak karakterize edildi. Elektrokimyasal özellikler, 1 M KOH ve 1 M Na2SO4 

elektrolitlerindeki döngüsel voltametri ile yakıt hücresi ve süperkapasitör 

uygulamaları için değerlendirildi. Elde edilen kaplamalar alkali çözeltide hidrojen 

oluşturmak için uygun değildi. Bulgular, daha düşük kaplama potansiyellerinin (daha 

negatif voltaj) daha yoğun bir manganez katmanına yol açtığını ve daha yüksek 

potansiyellerin (daha az negatif potansiyel) daha ince bir film oluşturabileceğini ortaya 

koymaktadır. Daha ince filmler daha yüksek spesifik kapasiteye ve elektrokimyasal 

performansa sebep oldu çünkü kaplamadaki iyonlar daha yüksek akışa sahip 

olabilirler. Çalışma, manganez kaplı grafit elektrotların alkali ve nötr ortamlarda esnek 

süperkapasitör uygulamaları için potansiyelini göstererek, pahalı malzemelere 

alternatif vaat eden enerji depolama cihazları alanına katkıda bulunmaktadır. 

 

 

Anahtar Kelimeler: Enerji Depolama; Süperkapasitör; Alkali Çözelti; Manganez; 

Esnek Grafit; Elektrot; Karakterizasyon.
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CHAPTER 1  

INTRODUCTION 

1.1 Motivation of the Study 

The motivation for this study is focus on the urgent global shift towards more 

sustainable energy storage solutions. In this context, supercapacitors and fuel cells 

stand out as a key technology due to their superior performance (charge-discharge 

speed, longevity, and reliability compared to traditional batteries). A critical challenge 

in electrode development (for either a supercapacitor or fuel cell) lies in identifying 

cost-effective yet high-performing materials. This study is particularly interested in 

the application of deep eutectic solvents (DESs) as electrolytes in electrode fabrication. 

DESs have shown promise in creating electrodes that exhibit exceptional 

electrochemical stability, extensive active surface area, and enhanced electrical 

conductivity [1]. Additionally, the exploration of transition metal oxides for fuel cell 

and supercapacitor electrodes is a promising avenue, potentially offering a cost-

effective alternative to traditional materials while maintaining high performance and 

durability [2] . 

1.2 Objectives and Scope of the Study 

This research aims to investigate and optimize the electrodeposition conditions of 

transition metal oxide electrodes for fuel cells and supercapacitors, focusing on their 

performance in alkaline media. The primary goal is to fabricate electrodes that 

demonstrate high stability and superior electrochemical performance using novel 

methods. In this regard, the utilization of non-aqueous ionic liquids, specifically DESs, 

for fabricating nanostructured electrodes is a groundbreaking approach in the field of 

electrode development [3]. The study encompasses the development of these 

electrodes on cost-efficient substrates, assessing their performance in terms of 

stability, usability, and durability over extended cycling in various electrolytes. A 

comprehensive non-electrochemical characterization of the electrodes, employing 

advanced techniques like FTIR, XRD, and SEM, is also a crucial part of this research, 



2 
 

providing insights into the structural and compositional aspects of the electrodes in 

different operational conditions[4]. 

1.3 Structure of the Thesis 

Chapter I: Introduction 

This chapter sets the stage for the thesis by introducing the subject of alloy catalysts 

for hydrogen evolution reaction in alkaline solution and electrodes for supercapacitors. 

It outlines the general purpose of the thesis, presents its hypothesis, and provides a 

summary of the structure of the entire thesis. This chapter aims to establish the context 

and significance of the research within the broader field of sustainable energy and 

electrocatalysis. 

Chapter II: Literature Review 

The second chapter delves into the theoretical background and literature related to the 

study. It discusses the basic concepts of hydrogen energy, the role of electrocatalysis 

in energy storage systems, and the significance of developing alternative electrodes 

for energy storage and conversion systems. This section also covers the history and 

working principles of different energy storage systems, comparing them with the focus 

of this study. Additionally, it briefly describes the non-electrochemical 

characterization techniques (XRD, FTIR, SEM) and electrochemical characterization 

techniques (chronocoulometry, chronoamperometry, cyclic voltammetry) used in this 

research. 

Chapter III: Experimental Procedures 

The third chapter provides a comprehensive description of the experimental 

procedures employed in the study. It details the experimental equipment and chemicals 

used and elaborates on how the experiments were conducted. This includes the 

preparation processes of base electrodes, coating solutions, electrolyte solutions (KOH 

and Na2SO4), and the specific methods used in the cyclic voltammetry studies of the 

alloy electrodes. The chapter also explains how the various characterization techniques 

were applied to each study, ensuring a thorough understanding of the experimental 

approach. 
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Chapter IV: Results and Discussion 

In the fourth chapter, the findings obtained from the experimental studies are presented 

and discussed in depth. This chapter synthesizes the results, drawing effective 

inferences and conclusions. It examines the study's predictions, compares the results 

with existing literature, and evaluates the contributions of the thesis to the field of 

electrocatalysis and hydrogen energy. The discussion addresses the thesis's hypothesis 

and aims, supported by relevant graphs, figures, and tables. 
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CHAPTER 2  

LITERATURE REVIEW 

2.1 Energy Storage Systems 

Energy Storage Systems represent a diverse array of methods and structures designed 

for conserving energy. This stored energy is later utilized for productive purposes. 

Many renewable energy sources, such as wind, solar, and tidal energy, are intermittent 

by nature. However, their output is significantly influenced by geographical and 

climatic factors[5]. There are occasions when renewable energy, despite being 

available, is not immediately utilized. In such scenarios, energy storage becomes 

essential, allowing for the use of energy as and when required. Energy can be stored 

in various forms, including radiation, chemical, electrical potential, electric current, 

elevated temperature, latent heat, and kinetic energy. The storage of energy can be 

achieved through a range of methods and technologies, categorized into 

electrochemical [6], [7] thermodynamic and mechanical [8] storage. The selection of 

a particular energy storage technology is typically based on the specific application, 

cost-effectiveness, and integration into existing systems. The choice of technology for 

energy storage is also influenced by the availability of resources, along with economic 

and application considerations. Energy storage devices play a critical role in 

transforming energy from forms that are complex to store into more accessible or 

economically viable formats. 

2.2 Fuel Cell 

A fuel cell is an electrochemical device, like batteries, that transforms chemical 

energy from a fuel like hydrogen into electrical energy. Hydrogen is delivered to the 

cathode, the positive electrode, while oxygen is sent to the anode, the negative 

electrode. An electric current is produced as the protons move through the electrolyte 

and the electrons move through an external circuit. Water is formed at the cathode 

when protons and electrons from the external circuit interact with the oxygen in the 

air. In the results, this generates electrical energy from a fuel cell. 
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As understood by our previous information, the definition of energy for us consumers’ 

energy demanders is the form that is available for use wherever and whenever required. 

Achieving these criteria is possible with energy storage systems and technologies such 

as batteries, fuel cells, capacitors, supercapacitors, etc. Due to the various designs of 

such fundamental storage technologies that are still under development as batteries, 

fuel cells, capacitors, and supercapacitors as well as the variances in the storage 

concept, there exist discrepancies in attributes. It can be explained as high storage 

capacity, high charge/discharge efficiency (%), low self-discharge and capacity losses, 

long life, low cost, and energy-intensive (kWh/kg or kWh/liter) are characteristics that 

differ depending on the type of storage technology. 

2.3 Batteries 

The advancement of battery energy storage technology is key to the shift from fossil 

fuels to renewable energy sources [9]. As the availability of renewable energy and the 

demand for electricity both rise, the importance of battery storage technologies grows 

[10]. These technologies allow for the collection and timely delivery of renewable 

energy from sources like solar and wind to meet consumer needs. Lithium-ion 

batteries, commonly found in mobile phones, laptops, electric vehicles, and other 

applications, are a leading energy storage solution in larger buildings to ensure a steady 

supply of renewable energy[11]. 

Batteries, composed of multiple voltaic cells linked in series, generate a stable voltage. 

They store charge through redox reactions involving two electrodes and an electrolyte. 

The electrodes, known as the anode (negative terminal) and cathode (positive 

terminal), are submerged in an electrolyte, typically acidic or basic. In these reactions, 

one substance donates electrons and transfers ions to another. Larger electrodes 

provide greater current capacity, enabling batteries to store and dispense significant 

energy [12]. While batteries can store and deliver substantial energy, their major 

limitation is the duration required for charging and discharging. Figure 2.1 depicts a 

diagram of a battery [13]. 
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Figure 2.1 Schematic of the Lithium-ion battery [13] 

2.4 Capacitors 

When two parallel conductor plates are exposed to a voltage differential and separated 

by a dielectric material, one plate accumulates positive charges, while the opposite 

plate holds negative charges [14]. The amount of charge stored on these plates is 

directly proportional to the applied voltage, and the capacitor's capacitance is defined 

as the ratio of the stored charge to the voltage difference. This capacitance is influenced 

by three primary factors: the surface area of the plates, the distance between them, and 

the dielectric constant of the intervening material. To enhance capacitance, one can 

increase the plate surface area, decrease the distance between the plates, or modify the 

dielectric material. Modern supercapacitors feature large surface areas and thin 

dielectrics, effectively reducing the separation distance. The capacitance of a 

capacitor, denoted as C, is determined by measuring the charge (Q) on the plates 

relative to the voltage (V) across them, following the formula C = Q/V. The classic 

equation to compute the charge on the plates is given by Q = C x V. 

2.5 Supercapacitors 

Supercapacitors, alternatively known as ultracapacitors, are characterized by their 

significantly larger surface areas and reduced spacing between plates compared to 



7 
 

conventional capacitors. This difference is due to the unique function of their plate 

separators, which diverge from the standard dielectric role [15]. 

Prominent advantages of supercapacitors include their prolonged lifecycle, high 

operational efficiency, and the incorporation of environmentally sustainable 

components [16]. While 'supercapacitor' and 'ultracapacitor' terms are often used 

interchangeably, they differ in construction; they are made from distinct materials and 

assembled in varied configurations, resulting in different energy storage capacities. 

Like a standard capacitor, a supercapacitor comprises two separate metal plates. These 

plates are coated with a porous substance such as powdered activated charcoal, 

significantly increasing the surface area for enhanced charge storage [17]. Analogous 

to the difference between a towel's limited absorption capacity and a sponge's 

extensive capacity, the porous plates in supercapacitors act as robust electricity 

absorbers. 

In traditional capacitors, the plates are separated by a relatively thicker dielectric, 

which could be mica, a thin plastic film, or simply air. When charged, positive ions 

accumulate on one plate while negative ions gather on the other, generating an electric 

field. This field polarizes the dielectric, aligning its molecules in the reverse direction 

and subsequently decreasing the field's strength. This suggests that at a given voltage, 

the plates can hold a greater amount of charge. 

Supercapacitors are categorized into three primary types: electric double-layer 

capacitors, hybrid capacitors, and pseudocapacitors. Each type exhibits unique 

properties and functions, contributing to the diversity of this energy storage 

technology. 

2.5.1 Electric Double Layer Capacitors 

Supercapacitors, also known as electric double-layer capacitors (EDLCs) or 

ultracapacitors, offer an advanced approach to power system quality and reliability in 

short-term applications. In EDLCs, electricity is stored within the electrical field 

created between isolated plates, much like in traditional capacitors. The capacitance 

here depends on the surface area of the plates, the space between them, and the 

dielectric properties of the separator [18]. The unique feature of EDLCs lies in the 
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dispersion of electric charges, which results from the directional orientation of 

electrochemical reactions at the electrode material/electrolyte interface [19]. 

In these systems, excess electrical charges accumulate on the electrode surfaces, while 

ions in the electrolyte, carrying opposite charges, gather in the surrounding medium 

[20]. During charging or discharging, positive ions in the electrolyte migrate towards 

the negatively charged electrode, and negative ions move towards the positive 

electrode, with electrons flowing from the negative to the positive electrode through 

the external circuit. 

EDLCs, when paired with batteries in hybrid storage systems, provide an effective 

solution for managing the energy demands of off-grid photovoltaic (PV) systems. The 

EDLC caters to sudden spikes in energy demand, while the battery delivers steady 

power over extended periods. This design allows the battery to be sized for continuous 

loads rather than peak current demands, which are significantly higher but last for 

shorter durations. The EDLC's ability to handle substantial energy fluctuations and 

prevent deep battery discharges extends the battery's lifespan [21]. 

In hybrid storage systems featuring EDLCs and batteries, the batteries experience 

reduced discharge rates, resulting in prolonged battery life and the need for lighter 

batteries. This hybrid structure enhances the durability of the photovoltaic system both 

in the short and long term. High power quality in the system ensures that fluctuations 

in load demands do not adversely affect the standalone system, making off-grid 

photovoltaic solutions more feasible in previously challenging environments. Figure 

2.2 illustrates a schematic representation of an EDLC. 

 

Figure 2.2 Schematic representation of EDLC [21] 
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2.5.2 Pseudocapacitors 

Pseudocapacitors, distinguished as faradaic supercapacitors, deviate from electric 

double-layer capacitors (EDLCs) in their operational mechanism [22]. Unlike EDLCs, 

pseudocapacitance in these supercapacitors originates from rapid and reversible 

faradaic (electrochemical) processes occurring at or near the electrode surface, as 

depicted in Figure 2.3 [23]. In pseudocapacitors, the flow of charge through the double 

layer involves faradaic currents traversing the supercapacitor unit, unlike the non-

faradaic process in EDLCs [24]. 

This faradaic mechanism elevates the energy density and specific capacitance in 

pseudocapacitors compared to EDLCs. However, pseudocapacitors typically exhibit 

lower power density and less robust cycle stability than their EDLC counterparts. 

Commonly used pseudocapacitive materials include metal oxides such as RuO2 and 

MnO2, which are prevalent due to their effective faradaic reactions [25] [26]. These 

materials contribute significantly to the enhanced capacitance and energy storage 

capabilities of pseudocapacitors. 

 

Figure 2.3 Sketch definition of pseudocapacitors [26] 

2.5.3 Hybrid Supercapacitors 

Hybrid supercapacitors stand out for their ability to store more energy while keeping 

the power output high [27]. These supercapacitors are better than both the regular 

double-layer capacitors and the faradaic supercapacitors in how much charge they can 

hold. Their special feature is the combination of two types of capacitors in one – one 
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that stores energy through electric fields (like in a regular capacitor) and another that 

stores energy through chemical reactions [28]. 

This mixed approach makes hybrid supercapacitors very promising for the future. 

They are especially useful in applications like electric cars and devices that need a lot 

of power [29]. Figure 2.4 shows a diagram of a hybrid supercapacitor, highlighting 

how it works and its advantages. 

 

Figure 2.4 Schematic illustrator of hybrid supercapacitor [29] 

2.6 Electrodeposition 

In electroplating, metal ions are directed towards charged electrodes in an electric 

field, with minimal chemical additives involved. This process, known as 

electrodeposition, is highly efficient for purifying water with low levels of 

contaminants, as it relies on electrically driven ion movement rather than random 

diffusion [30]. This method can effectively extract specific pollutants from large 

volumes of complex wastewater. Furthermore, electrodeposition generates high-

energy electrons that act as reducing agents, converting metal ions into solid form. The 

key benefits of electrodeposition in purifying water include its high efficiency, 

minimal secondary pollution, and simplicity of operation. 

Electrodeposition typically uses a setup with three distinct electrodes: a working 

electrode, a counter electrode, and a reference electrode [31]. The working electrode 

is the focal point where metal ions accumulate, forming a layer through 

electrochemical reactions influenced by the current or voltage applied. 
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2.7 Supercapacitor Electrolytes 

In the configuration of a three-electrode system, the roles of the counter, working, and 

reference electrodes are integral to the process. In the context of supercapacitors, the 

electrolyte emerges as a crucial component, playing a pivotal role in facilitating charge 

transport and maintaining the balance between anion and cation electrodes [32]. The 

interplay between electrodes and electrolytes significantly influences the state of the 

electrode-electrolyte interface and the structural integrity of the active materials in all 

electrochemical reactions. Therefore, the properties of the electrolyte-solution system 

are fundamental in determining the electrochemical performance of a supercapacitor. 

A well-chosen electrolyte can significantly enhance a supercapacitor's power density, 

energy density, and cycle longevity. Figure 2.5 illustrates the types of electrolytes 

commonly used in supercapacitors and their role in the electrodeposition process [33] 

[34]. 

 

Figure 2.5 Diagram of electrolytes typically utilized in supercapacitors [33] 

2.7.1 Conventional Electrolytes 

In supercapacitors, conventional electrolytes play a crucial role in determining 

performance and energy density. Aqueous electrolytes, known for their high ionic 

conductivity, are limited by a narrow voltage window of about 1 V, constraining the 

energy density of supercapacitors [35]. Conversely, non-aqueous electrolytes can 
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operate at higher voltages (up to 4 V), offering increased energy density but at the cost 

of reduced conductivity and cycle stability [36].  Solid-state electrolytes, while 

eliminating the risk of leakage, often suffer from lower ionic conductivity, impacting 

the efficiency of supercapacitors [37]. The selection of an electrolyte is therefore a 

critical decision in supercapacitor design, balancing factors like operational voltage, 

conductivity, and stability to meet specific application needs. This balance is key to 

advancing supercapacitor technology and enhancing their performance in energy 

storage systems. 

2.7.2 Ionic Liquids 

Paul Walden first identified ionic liquids in 1914, marking a significant milestone in 

the field of chemical research [38]. Ionic liquids are essentially salts in a liquid state 

or those with a melting point below 100°C. This characteristic distinguishes them from 

traditional molten salts, which typically require higher temperatures to dissolve. Due 

to their expansive potential window and superior conductivity, molten salts have been 

a popular choice for extracting various metals like lithium, sodium, and titanium [39]. 

However, the high melting point and stringent application conditions have limited their 

utility, shifting the focus to ionic liquids in recent research. Unlike conventional liquids 

such as water or gasoline, which are primarily composed of neutral atoms, ionic liquids 

consist mostly of ions and transient ion pairs. These liquids are known for their non-

flammability, high conductivity, extensive potential range, and broad thermal stability 

[40]. Over the past two decades, the unique properties of ionic liquids have 

increasingly captured the interest of the scientific community, leading to a surge in 

research and potential applications [41] . 

2.7.3 Deep Eutectic Solvents 

Deep Eutectic Solvents (DES) have emerged as a promising alternative to 

conventional electrolytes in supercapacitors, offering unique advantages in terms of 

environmental friendliness, cost-effectiveness, and electrochemical performance. DES 

are typically composed of two or more components, such as a quaternary ammonium 

salt and a hydrogen bond donor, which form a eutectic mixture with a melting point 

much lower than that of the individual components. This unique property allows DES 

to operate at ambient temperatures while providing high ionic conductivity and wide 

electrochemical windows. The use of DES in supercapacitors has been explored for 
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enhancing the device's energy density and cycle stability. The incorporation of DES in 

supercapacitors represents a significant step towards developing more sustainable and 

efficient energy storage devices, aligning with the global push towards greener 

technologies [42]. 

2.8 Characterization of Supercapacitor Materials 

2.8.1 X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) is a powerful, non-destructive analytical technique used for 

identifying the crystallographic structure and phase composition of materials. This 

method allows for the analysis of properties like particle size, preferential orientation, 

and the crystalline structure of powder samples [43]. X-rays used in this technique 

have wavelengths ranging from 0.1 Å to 100 Å, facilitating detailed exploration of the 

sample's structure. 

The process involves generating a pattern by analyzing the sample, which can then be 

compared against a known database to identify the phases present within the sample. 

Additionally, XRD can be utilized to determine the relative quantitative ratios of the 

components in the sample. Advanced methods such as Rietveld analysis are often 

employed for this purpose, offering a comprehensive understanding of the sample's 

composition and structure [44]. 

2.8.2 Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier Transform Infrared Spectroscopy (FTIR) has become an indispensable tool in 

material science, offering detailed insights into the molecular structure and 

composition of materials. FTIR works by detecting the wavelengths at which a 

material absorbs infrared light, corresponding to the vibrations of the molecules within 

the material. This technique is particularly valuable for identifying organic 

compounds, polymers, and inorganic materials, as well as for studying surface 

modifications and interactions. Recent advancements in FTIR technology have 

expanded its applications in various fields, including biomedical applications for 

analyzing human blood, biochemical studies of organic materials, geological research 

in clay mineralogy, and ensuring product safety and traceability in wood pellet 

production. FTIR's versatility and precision make it a powerful tool in material 

science, aiding in the characterization and analysis of a wide range of materials.[45]. 
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2.8.3 Scanning Electron Microscopy (SEM) 

The Scanning Electron Microscope (SEM) is an essential tool in material science, 

providing high-resolution images of sample surfaces by using a focused beam of 

electrons. When electrons interact with atoms in the sample, they generate various 

signals that reveal detailed information about the sample's topography and 

composition. SEM operates through raster scanning, where the electron beam's 

position correlates with the detected signal to create an image. Capable of achieving 

resolutions greater than 1 nm, SEM is adept at examining both dry and electrically 

conductive samples in high vacuum, as well as non-conductive samples in low vacuum 

settings. Images in SEM are predominantly produced by secondary electrons emitted 

from sample atoms energized by the electron beam. The emission of these secondary 

electrons largely depends on the beam's angle of incidence and the surface topography 

of the sample, making SEM a powerful tool for analyzing material surfaces at the 

nanoscale.[46], [47]. 

2.9 Electrochemical Analysis of Supercapacitors 

2.9.1 Chronoamperometry 

Chronoamperometry is a key electrochemical technique used for exploring the 

dynamics of chemical changes, diffusion mechanisms, and adsorption processes. In 

this method, a specific potential step is applied to an electrode, and the corresponding 

current is measured over time. This technique is particularly useful for studying both 

single and double potential step processes  [48].  The chronoamperometry experiment 

can also be employed to detect or monitor various events. In cases where the response 

does not adhere to the Cottrell equation, the process is simply referred to as 

"amperometry." Typically, before starting the experiment, the electrode is held at a 

potential where no faradaic (redox) process occurs. The potential is then shifted to a 

level where a redox reaction takes place, marking the beginning of the 

chronoamperometry experiment. This moment of potential shift is designated as zero 

time.  Chronoamperometry is a valuable tool for accurately determining one or more 

parameters in the Cottrell equation (such as electrode size, diffusion coefficient, or 

concentration of the sample), especially when the contributions from adsorbed 

material are negligible and the other variables are known. This makes 

chronoamperometry a versatile and powerful technique for investigating 

electrochemical reactions and the properties of materials in an electrochemical context. 
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2.9.2 Chronocoulometry 

Chronocoulometry, an advanced electrochemical technique, plays a pivotal role in the 

detailed analysis of redox reactions and material properties. This method involves the 

application of a constant potential to an electrochemical cell and the precise 

measurement of the charge passed over time. By doing so, it yields critical insights 

into the diffusion coefficients, surface coverage, and reaction mechanisms at the 

electrode-electrolyte interface. Chronocoulometry is particularly effective in studying 

the kinetics of thin films, corrosion processes, and modifications on electrode surfaces. 

The technique's ability to provide quantitative data on the amount of material deposited 

or dissolved at the electrode surface makes it invaluable in material science research. 

It has been used to explore novel approaches in electroanalysis, particularly in the 

extraction and analysis of solid precipitates [49], to measure the diffusion constants of 

thin coating layers [50], and in research on solid oxide fuel cells, specifically studying 

the effect of sulfur on porous Ni-YSZ anodes. Chronocoulometry's ability to provide 

detailed electrochemical data makes it a powerful tool in advancing research across 

various fields, including material science, energy storage, and electrochemical 

engineering.[51]. 

2.9.3 Cyclic Voltammetry 

Cyclic Voltammetry (CV) is the most widely used technique in electrochemical 

analysis, offering valuable insights into the redox properties of the analyte and the 

behavior of the electrode itself. By examining the shape and peak positions on cyclic 

voltammogram curves, one can deduce the reversibility of the electrochemical 

reactions taking place—whether they adhere to Nernstian behavior or are irreversible 

in nature [52]. cyclic voltammogram also enables the study of additional reaction 

dynamics, including mass transport phenomena. It is typically the preliminary 

assessment performed on electrochemical sensors to evaluate their capacity for 

selective detection. However, due to its higher detection and quantification thresholds 

compared to other voltammetric methods, cyclic voltammogram may not be the most 

effective for quantitative analysis. In a conventional setup for these measurements, an 

electrolyte solution encompasses a triad of electrodes: the counter electrode, the 

reference electrode, and the working electrode, which are integral to the analytical 

process [53]. 
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CHAPTER 3  

EXPERIMENTAL PROCEDURES 

3.1 Used Devices, Tools, and Materials 

Preparation Materials 

1. Graphite Substrate: A substrate with 99% purity, to be meticulously cleaned 

for use in the experiment. 

2. Sandpaper (600 Microns): Employed to smooth the graphite surface. 

3. Transparent Tape: Applied to cover and prepare the graphite substrate 

surface. 

4. Scissors: Utilized for cutting the transparent tape to appropriate sizes for 

covering the graphite substrate. 

5. Ruler: A measuring tool for checking the conductivity of the tape-coated 

graphite surface. 

Electrochemical Measurement Materials 

1. Reference Electrode: In aqueous solutions, an electrode with an AgCl layer 

on Ag wire and saturated potassium chloride electrolyte in a glass body is used. 

For DESs, a Platinum wire serves as a direct reference electrode as shown in 

Figure 3.1. 

2. Counter Electrode: Titanium-coated platinum (Pt) mesh. 

3. Working Electrode: tapes are used as graphite substrates in electrochemical 

experiments for this study. 

    
a) Graphite Substrate b) Reference Electrode c) Counter Electrode d) Working Electrode-

coated 

Figure 3.1 Photos of materials used in the experiments. 
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Table 3.1      Catalogue of Laboratory Apparatus and Reagents Employed in the 

Experimental Investigations 

Instrumentation/Reagent Application Description 

Analytical Balance (±0.0001 

g) 

Utilized for the determination of material mass with high 

precision, critical for quantitative analytical procedures. 

Temperature-Controlled 

Heating/Stirring Unit (±3 °C) 

Applied to maintain precise thermal conditions for reaction 

mixtures, facilitating controlled reaction rates and uniformity. 

Laboratory Thermometers 

Essential for precise thermal monitoring of reaction systems, 

enabling the investigation of temperature-dependent reaction 

kinetics. 

Disposable Weighing Dishes 
Implemented for the containment and accurate massing of 

reagents, mitigating the risk of sample adulteration. 

Laboratory Spatulas 
Employed for the transference of solid reagents, minimizing 

contamination, and ensuring volumetric precision. 

Glass Beakers 

Standard glassware for compound synthesis and solution 

preparation, indispensable for stoichiometric accuracy and process 

visualization. 

Stirring Rods 
Glass implements used for promoting homogeneity in reaction 

mixtures, essential for consistent experimental conditions. 

Magnetic Stir Bars 
Integral to stirring operations within a controlled temperature 

setting, ensuring isotropic mixing and thermal distribution. 

Dryer 
Utilized for the dessication of materials post-washing, imperative 

for the precision in subsequent analytical measurements. 

Protective Laboratory 

Gloves 

Employed to handle sensitive materials and equipment, ensuring 

protection from chemical exposure and maintaining experimental 

sterility. 

Safety Goggles  
Essential personal protective equipment to prevent eye exposure to 

hazardous materials and reactions. 

Distilled Water 

Reserved for final-stage cleaning of glassware to eliminate 

residual impurities, safeguarding the integrity of chemical 

analyses. 

 

  



18 
 

3.1.1 Chemicals in the Experiment 

This table enumerates the reagents utilized in the experimental studies conducted for 

this thesis, detailing their respective purities and sources. 

Table 3.2 Chemicals Employed in Experimental Procedures 

No Chemical Name Purity Supplied by 

1 
Manganese (II) Chloride 

Dihydrate (MnCl₂·2H₂O) 
≥98% Merck 

2 
Choline Chloride 

(HOCH₂CH₂N(CH₃)₃Cl) 
≥98% Alfa Aesar 

3 Monoethylene Glycol (C₂H₆O₂) High Purity Neobiğlu 

4 Potassium Hydroxide (KOH) ≥90% Tekkim 

5 Sodium Sulfate (Na₂SO₄) ≥90% Merck 

The reagents listed were selected for their high purity levels to ensure the reliability of 

experimental results and consistency of the study. Each reagent was sourced from 

reputable suppliers known for their quality assurance in chemical products. 

3.2 Preparation of Electrodes 

In the preparation phase of the graphite-coated flexible tape as shown in Figure 3.2 

electrode, essential for initiating the principal experimental process, the following 

methodical stages are conducted: 

• Surface Cleaning: Initially, the graphite substrate, designated for sample 

extraction, undergoes a cleaning process. A clean napkin is employed to 

meticulously wipe the surface, ensuring the removal of all visible 

contaminants, and preparing it for subsequent treatment. 

• Sanding Process: After cleaning, the graphite surface is subjected to a sanding 

procedure using 600-micron sandpaper. This process is continued until the 

graphite attains a uniformly flat structure, resulting in a substrate surface that 

is both smooth and homogeneous. 
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• Taping Process: Following the sanding, the now clean and flattened graphite 

surface is covered with transparent tape. This crucial step prepares the substrate 

for further processing stages. 

• Pre-film Formation: The tape is then gently pressed onto the graphite surface 

to ensure initial adherence and uniform contact across the surface. 

• Film Formation: At this juncture, the tape is firmly bonded to the graphite 

surface. This critical step ensures a strong bond and the elimination of air 

bubbles between the tape and the surface. 

• Full Film Formation: The tape is meticulously adhered to the graphite 

surface, with special attention to avoiding any loose edges or gaps, thus 

achieving a tight and seamless bond. 

• Flexible Graphic Film Production: Resulting from the taping process, the 

graphite surface becomes enveloped with tape, leading to the formation of a 

flexible graphic film. This film is subsequently detached from the graphite 

surface to produce a thin, flexible substrate. 

• Sample Collection: The flexible graphic tape film is measured and cut into the 

required size, typically 1 cm². These samples are crucial for the forthcoming 

experimental steps, enabling the preliminary testing procedures for electrode 

coating. 
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Figure 3.2 Photos of working electrodes' preparation phases 

 

3.3 Preparation of Deep Eutectic Solvent 

At the outset, the preparation method for Ethaline, a type of Deep Eutectic Solvent, 

was selected. The primary ingredients for creating Ethaline are Choline Chloride 

(ChCl) and Ethylene Glycol (EG) According to the following steps: 
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• Weighing Chemical Components and Preparing the Solution: To begin, 

Choline Chloride (ChCl) and Ethylene Glycol (EG) were separately weighed 

using precision scales. The total amounts measured were 100 grams of Choline 

Chloride (ChCl) and 88 grams of Ethylene Glycol (EG). Following this, 88 

grams of Ethylene Glycol (EG) were poured into a beaker, to which 100 grams 

of Choline Chloride (ChCl) were then added, completing the measurement 

process. 

• Preheating Phase: Initially, the Choline Chloride (ChCl) and Ethylene Glycol 

(EG) blend was heated to 75°C for a duration of 15 minutes to formulate the 

Ethaline solution. This preheating stage was deemed complete when the 

mixture attained a temperature close to 70°C. 

• Mixing and Heating Process: The mixture of Choline Chloride (ChCl) and 

Ethylene Glycol (EG) was stirred and heated over an extended period at a set 

temperature of 60°C until it formed a homogeneous structure. After about 180 

minutes, the formation of a consistent Ethaline mixture at 60°C was verified 

using a thermometer. This marked the final step in the preparation of the ionic 

liquid, concluded by cooling the mixture to room temperature. 

In conclusion, the Ethaline solution was initially heated to 75°C in the preheating step. 

It was then mixed and heated at 60°C until it achieved a homogeneous consistency. 

The homogeneous Ethaline solution, obtained after roughly 180 minutes, was then 

allowed to cool down to room temperature, completing the ionic liquid preparation. 

   
a) Weighing Choline 

Chloride 

b) Heating and Stirring the 

Mixture 

c) Finishing Preparation 

Figure 3.3 Photos of Ethaline preparing steps 
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3.4 Element Selection and Preparation for Electrode Modification 

In the process of modifying electrodes, the use of the manganese (Mn) element was 

chosen to enhance the graphite substrate. Manganese was identified as beneficial in 

improving both the characteristics and efficacy of the chosen coating technique. 

• Weighing of Chemical Components and Solution Preparation: MnCl2 

powder was accurately weighed using precision balances. A total of 0.7 grams 

of MnCl2 was measured and added to 50 mL of Ethaline to prepare solutions 

with a concentration of 0.1 M MnCl2. 

• Preheat Stage: The mixture of MnCl2 and Ethaline was preheated to 75°C for 

15 minutes in a beaker. The preheating phase was deemed complete when the 

temperature of the mixture reached approximately 65°C. 

• Mixing and Heating Stage: Once the heater was set to 60°C, the solution was 

stirred, and heating was continued to achieve a uniform structure over an 

extended period. After about 150 minutes, the temperature of the mixture was 

checked with a thermometer. The desired homogeneous structure was 

confirmed when the temperature stabilized around 60±2 °C, marking the 

conclusion of the process. As a result, Ethaline solutions with a MnCl2 

concentration of 0.1 M were successfully produced. 

   
a) Mixture Components b) Adding MnCl2 to 

Ethaline 

c)Mixing and Heating 

Figure 3.4 Photos illustrate preparing 1M MnCl2 in Ethaline 
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3.5 Preparation of Electrolytes 

• 1 M Na2SO4 Electrolyte Solution Preparation: To prepare the 1 M Na2SO4 

electrolyte solution, 71.02 grams of Na2SO4 (Sodium sulphate) were accurately 

weighed. This was followed by the addition of the chemical to 500 mL of 

distilled water, ensuring a total solution volume of 500 mL. During this 

addition, continuous stirring was employed to promote the formation of a 

homogeneous mixture. The process was continued until the Sodium sulphate 

(Na2SO4) completely dissolved in the water, resulting in a successfully 

prepared 1 M Na2SO4 solution. 

• 1 M KOH Electrolyte Solution Preparation: For the 1 M KOH solution, 

28.05 grams of KOH (Potassium hydroxide) were measured. The KOH was 

gradually added to 500 mL of distilled water. Careful and slow addition of the 

chemical was crucial to ensure complete mixing and dissolution. Continuous 

stirring was maintained throughout the process to achieve a homogeneous 

mixture. Once the Potassium hydroxide (KOH) fully dissolved in the water, 

the 1 M KOH solution was successfully obtained. 

3.6 Study of Manganese-Coated Graphite Samples for Supercapacitor Electrodes 

with Electrochemical Characterization Techniques 

In this research, flexible supercapacitor electrodes were fabricated by 

electrochemically depositing manganese onto graphite substrates. This deposition was 

achieved through a potentiostatic method, applying various potentials to coat the 

graphite electrodes with manganese. The study involved a detailed examination of both 

the coated and uncoated electrodes, focusing on their chemical, structural, and 

morphological characteristics. Following the modification, the electrodes were 

immersed in electrolyte solutions of potassium hydroxide (KOH) and sodium sulphate 

(Na2SO4). This step was crucial to assess their electrochemical behaviour. A range of 

electrochemical characterization techniques, including chronocoulometry, 

chronoamperometry, cyclic voltammetry, and cyclic polarization, were employed to 

investigate the electrochemical properties of both the uncoated pure graphite and the 

manganese-coated graphite electrodes. These investigations were particularly focused 

on determining the capacitance values of the electrodes, which are key indicators of 

their performance in supercapacitor applications. 
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a) Experiment Installation b) Running Coating 

Process 

c)Working Electrode 

After Coating 

Figure 3.5 Photos illustrate graphite tape coating 

3.6.1 Chronocoulometry Analysis 

Chronocoulometry analysis was employed to study the electrochemical deposition of 

manganese on graphite tape electrodes. Potentials of -1.5 V, -2 V, and -2.5 V were 

applied to the electrodes immersed in a 0.1 M MnCl2 solution prepared in Ethaline. 

The solution was maintained at 60 °C for 500 seconds. This method allowed for the 

observation of manganese growth on the graphite electrodes. The analysis was 

conducted using a VersaSTAT 3 potentiostat from Princeton Applied Research, 

manufactured by AMATEK Company (USA). This study provided insights into the 

growth characteristics of manganese on graphite electrodes, including the alloy's 

capacity and charging duration, essential for optimizing the electrochemical plating 

process. 

3.6.2 Chronoamperometry 

For the electrode coating process, a 0.1 M MnCl2 solution in Ethaline was used, heated 

to 60°C. The graphite tape served as the working electrode, with platinum wire as the 

reference electrode and a platinum part as the counter electrode. Electrodeposition was 

carried out for 500 seconds at potentials of -1.5 V, -2 V, and -2.5 V using the 

potentiostatic method. The process was controlled using the VersaSTAT 3 

potentiostat. Chronoamperometry provided valuable data on various optimization 

parameters, including the kinetics and rate of electrochemical reactions and the 

electrode surface capacity. 
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3.6.3 Cyclic Voltammetry 

Cyclic voltammetry tests were conducted to evaluate the electrochemical performance 

of Mn-coated graphite tape electrodes. These tests were carried out using the 

VersaSTAT 3 potentiostat from Princeton Applied Research, manufactured by 

AMATEK Company (USA), in a three-electrode system. An Ag/AgCl reference 

electrode and a titanium working electrode with a platinum coating were used in a 

saturated KCl solution. The electrolytes employed for these tests were 1M KOH and 

1M Na2SO4, used separately. 

The electrodes were coated in a 0.1 M MnCl2 solution in Ethaline at 60°C for 500 

seconds. The cyclic voltammetry analysis involved two sets of scanning cycles: 

The first set consisted of 20 scanning cycles performed on the Mn-coated graphite 

electrodes between -0.8 V to 0.2 V at a constant scan rate of 50 mV s-1. The second set 

included 20 scanning cycles at various scan rates, detailed as follows: 

a) 3 cycles at 100 mV s-1, d) 2 cycles at 10 mV s-1, 

b) 3 cycles at 50 mV s-1, e) 9 cycles at 100 mV s-1. 

c) 3 cycles at 25 mV s-1,  

The cyclic voltammetry plots from both sets of scans were crucial in determining the 

oxidation and reduction peak values. Graphs were created using the logarithm of these 

peak values and the logarithm of the applied potential scanning rates. This 

comprehensive approach provided a thorough exploration of the results, offering 

valuable insights into the electrochemical behavior of the Mn-coated graphite tape 

electrodes under both constant and varying scan rates. 

  
a) Experiment Installation b) Monitoring The Process Through PC 

Figure 3.6 Photos of conducting Cyclic voltammetry Test 
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3.7 Study of Manganese Coated on Graphite Sample Non-Electrochemical 

Characterization Techniques 

This experimental study has been primarily focused on the performance of flexible 

electrodes, a pivotal aspect in the development of advanced energy storage 

technologies. The investigation centered on graphite samples coated with manganese, 

which are key materials in the fabrication of this electrode. To this end, a suite of 

characterization techniques was employed, encompassing X-ray diffraction (XRD), 

Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy 

(SEM). XRD was instrumental in assessing the crystalline structure of the electrodes, 

while FTIR provided valuable information regarding their compositional makeup. 

Additionally, SEM was utilized to examine surface morphology in detail. 

These characterization methods enabled a comprehensive analysis of the composition, 

structural attributes, and surface features of the fabricated flexible electrodes. The 

results gleaned from these characterizations have been instrumental in shedding light 

on the design and optimization of the electrodes' performance. This exploration 

represents a fundamental step forward, laying the groundwork for future research 

endeavors aimed at enhancing the development of flexible electrode technologies. 

3.7.1 X-Ray Diffractometer (XRD) Analysis 

Prior to discussing the experimental details, it is essential to comprehend the basic 

characteristics of X-rays, a significant segment of the electromagnetic spectrum. X-

rays are distinguished by their higher intensity, increased frequency, and shorter 

wavelengths compared to ultraviolet radiation. These properties, which align closely 

with the principles of crystallography, highlight the suitability of X-rays for 

investigating the crystalline structure of materials. 

In this experiment, the Automate II XRD instrument, manufactured by Rigaku 

Company in Japan, was utilized. This device operates by directing X-rays towards the 

samples and measuring the intensity of the reflected rays. The analysis of these 

intensity peaks is crucial for identifying variations in the crystal structure of the 

samples. The samples were exposed to X-rays with a wavelength of 1.54 Å from a 

CuKα source, and the analysis was conducted over an angular range of 2° to 80°. 
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The focus of the study was on analyzing the manganese modification coatings applied 

to the graphite surfaces of the samples at various voltage values. The primary objective 

was to determine the changes in the crystal structure of the electrodes. This analysis 

has provided essential insights into the characteristics, performance, and crystalline 

formations of the electrodes, enhancing our understanding of their properties. 

3.7.2 Scanning Electron Microscopy (SEM) 

In this research, Scanning Electron Microscopy (SEM) was employed to meticulously 

examine both manganese-coated and bare graphite electrodes. The SEM technique 

provided high-resolution images that highlighted the homogeneity and structural 

details of the manganese coating in comparison to the uncoated graphite surfaces. 

These observations were pivotal in discerning the influence of the manganese coating 

on the electrodes' electrochemical properties, as well as in evaluating the intrinsic 

qualities of the bare graphite. This analysis significantly enriched our understanding 

of their roles and efficiencies in energy storage systems. 

3.7.3 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

Fourier Transform Infrared Spectroscopy (FTIR), which operates within the infrared 

region of the electromagnetic spectrum, was utilized in this study to characterize 

manganese-coated graphite tape electrodes. The Vertex 70v model FTIR, produced by 

the United States-based Bruker Company, was employed for this purpose. FTIR is 

adept at analyzing a diverse range of materials, including solids, liquids, and gases, 

through the absorption and emission of infrared light. In the experimental setup, the 

graphite tape electrodes were coated with a 1M MnCl2 solution in Ethaline at 60°C for 

500 seconds. The coating was applied at voltage values of -1.5 V, -2 V, and -2.5 V. 

Post-coating, both the manganese-coated and bare graphite tape samples underwent 

FTIR analysis. Infrared rays were directed at the samples, and the transmission of these 

rays through the surfaces was meticulously recorded. The resulting data were then 

graphically represented and analyzed. This FTIR analysis was particularly crucial in 

investigating the presence and structural composition of the manganese coating on the 

electrode surfaces. The findings from the FTIR spectroscopy analysis played a 

significant role in assessing the stability and quality of the coating process, thereby 

contributing to our understanding of the electrodes' suitability for energy storage 

applications.  
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CHAPTER 4  

RESULTS AND DISCUSSION 

4.1 Manganese Growth on Flexible Graphite 

Uncoated graphite was immersed in Ethaline electrolyte having Mn2+ and pure 

Ethaline for cyclic voltammetry analyses (Figure 4.1). The black line in Figure 4.1 

shows the cyclic voltammogram responses of graphite containing Mn2+ ions in 

Ethaline. The results represented by the black line indicate significant redox reactions 

in the presence of Mn2+. Oxidation of manganese was started at around -0.1 V, and a 

reduction peak is observed around -0.5 V. This finding suggests that the deposition of 

Mn onto the electrode surface could be possible. 
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Figure 4.1 Cyclic voltammogram results of bare graphite in (black line) Ethaline 

having MnCl2, (red line) pure Ethaline in Room Temperature and (blue  

line) pure Ethaline in 60 oC. 

On the other hand, when examining the cyclic voltammogram results of pure Ethaline 

represented by the red and blue lines in the Figure 4.1, it is evident that experiments 
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conducted at 60°C could have higher current. Particularly, the results of graphite 

samples in Ethaline at 60°C are more pronounced compared to the redox findings at 

room temperature. This indicates that the higher temperature facilitates faster and more 

effective diffusion of ions onto the electrode surface. However, the current densities 

of electrode in pure Ethaline in both temperature is much lower than that of the 

electrode cycling in Ethaline with manganese ions.  

In the realm of electrochemical deposition dynamics, advanced analytical experiments 

were conducted to explore the manganese electrodeposition process onto graphite 

coated tapes. Utilizing a deep eutectic solvent of Ethaline with 0.1 M MnCl2, these 

experiments provide a comprehensive understanding of the deposition conditions 

(especially growth potential). The insights gained from this study are crucial for 

optimizing the electrodeposition potential. As reduction of manganese started at 

around -1.5 V, the first growth potential was selected -1.5 V. The other growth 

potentials (-2.0 V and -2.5 V were selected to analyse the effect of growth potential on 

electrochemical behaviour of the resulting electrodes. 

The chronoamperometry method was employed to conduct process analyses of the 

electrodeposition of manganese onto graphite tapes. This electrochemical process was 

achieved using AMATEK Company's (USA) VersaSTAT 3 potentiostat (by Princeton 

Applied Research) during the growth and cycling stages of electrochemical processes.  

Counter and reference electrodes were platinum and silver/silver chloride respectively 

when the electrolyte was aqueous solution. However, the reference electrode was 

silver wire when the electrolyte was ionic liquid. 

In the chronoamperometry analysis, the deposition behavior of manganese on graphite 

coated tapes in an Ethaline solution having 0.1 M MnCl2 was meticulously examined 

at a constant temperature of 60°C. Particularly at an applied potential of -2.5 V, the 

current density displayed a notable increase, reflecting a more notable manganese 

deposition process compared to that of -1.5 V potential. This is evidenced by a peak 

current density reaching as shown in Figure 4.2(a) and Figure 4.2(b) approximately 

to -10 mA/cm² after 500 seconds, indicating a robust and accelerated deposition. In 

contrast, the deposition at -1.5 V, with a peak current density near -0.25 mA/cm², 

suggests a more gradual and controlled manganese accumulation. 
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Figure 4.2 Chronoamperometry data for the electrode obtained by application of -1.5 

V, -2 V and -2.5 V for transferring to a) Na2SO4 and; b) KOH. 

Chronocoulometry data for the electrode obtained by application of -1.5 

V, -2 V and -2.5 V for transferring to c) Na2SO4 and; d) KOH. The 

growth of the Mn was conducted at 60o C for 500 seconds. 

The chronocoulometry analysis provides a quantitative perspective on manganese 

deposition onto graphite-based tape samples. The observable trend in the data indicates 

that as the applied potential increases, there is a corresponding elongation in the time 

required for the deposition process to reach a state of stability. Specifically, at an 

applied potential of -2.5 volts, the system demonstrates a delayed stabilization 

compared to the -1.5 volts application, which stabilizes more rapidly. 

This extended period required to achieve equilibrium at higher potentials is reflected 

in the charge accumulation pattern, which conveys an initial swift increase followed 

by a gradual leveling off. While higher potentials are associated with extended 
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stabilization times, the film was thicker meaning that the surface area could be higher. 

At higher potentials a more vigorous electrochemical activity could occur when the 

modified electrodes are cycled in KOH and Na2SO4. A denser manganese-based 

coating could be obtained on the graphite substrate. Bubbles were observed during 

electodepostion at higher negative potential as shown in Figure 4.3. This contributes 

to a less efficient deposition process because of hydrogen evolution reaction. 

 

Figure 4.3  Photos of Bubbles Appeared During the Coating Process When Appling 

a)-2V; b)-2.5V and c) -2.5V 

Hence, the chronocoulometry data not only substantiate the impact of applied potential 

on the kinetics of the electrodeposition process but also illustrate the trade-off between 

stabilization time and deposition efficiency as shown in Figure 4.2(c) and Figure 

4.2(d). This nuanced insight aids in optimizing the electrodeposition protocol for 

superior coating performance on graphite electrodes.[54]. The coated graphite by Mn 

based film are illustrated in Figure 4.4.  

 

Figure 4.4 Photos of  a)  bare graphite and Mn coated graphite on tape from Ethaline 

Deep Eutectic Solvent by the application of  b) -1.5 V; c)  -2.0 V and; d) 

-2.5 V. 
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4.2 SEM Analysis of Flexible Electrodes 

Graphite was attached to a tape, and it was used as a flexible substrate. Mn was coated 

on graphite layer from Ethaline ionic liquid by applying different potentials (-1.5 V, -

2 V and -2.5 V) for 500 seconds at 60oC. After obtaining Mn modified electrodes, they 

were transferred to KOH and Na2SO4. The electrochemical characteristics of the 

electrodes were tested after non-electrochemical characterisations (SEM, XRD and 

FTIR).  

Bare graphite electrode (with magnification of 50 kX): The SEM image shown in 

Figure 4.5 (a) and Figure 4.5 (b) of the bare graphite electrode provides a foundational 

reference for understanding the effects of manganese electrodeposition. At 50,000x 

magnification, the bare graphite surface displays a smooth and homogeneous structure 

with minor natural imperfections. This pristine topography represents the initial state 

prior to any electrochemical modification, offering a critical baseline for comparison. 

The intrinsic qualities of graphite, such as its laminar structure characterized by flat, 

layered morphology, are apparent. As graphite is electrically conductive, it could be 

used as a substrate for electrochemical coatings. All graphites on tape were checked 

for conductivity by means of a multimeter. 

Electrode obtained at -1.5 V (magnification: 50 kX): Under 50,000x magnification, 

the SEM images of the electrodes obtained at -1.5 V shown in Figure 4.5 (c) and 

Figure 4.5 (d) reveal the early stages of manganese deposition on the graphite 

electrodes. The sparse distribution of manganese formations suggests a nascent phase 

of electrodeposition, setting the foundation for subsequent layering and uniformity of 

the manganese coating. The minimal coverage at this stage is indicative of the initial 

interaction between the manganese and the graphite surface. 

Electrode obtained at -2 V (magnification: 50.0 kX): the SEM images in Figure 4.5 

(e) and Figure 4.5 (f) show a more uniform and continuous manganese layer. This 

stage represents a significant growth and progression in the electrodeposition process, 

where manganese structures begin to coalesce, forming a cohesive layer. The 

conductivity of the modified electrode was checked by a multimeter. The uniformity 

of Mn coating is essential for enhancing the electrode's electrochemical potential and 

its overall performance in energy storage applications. 
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Electrode obtained at -2.5 V (magnification: 50.0 kX): The SEM images in Figure 4.5 

(g) and Figure 4.5 (h) belonging to the electrode obtained at -2.5 V, particularly at 

50,000x magnification, display a dense, cauliflower-like morphology. This complex 

structure results from more vigorous manganese deposition processes occurring at 

higher voltages. The formation of gas bubbles, likely hydrogen, contributes to the 

pronounced porosity within the manganese layer. These structural features are 

significant for enhancing ion transport and energy storage capacity [55], [56] 

Comparative Analysis: The bare graphite's innate smoothness contrasts sharply with 

the textured coatings achieved through manganese electrodeposition. The evolution 

from a bare to a coated electrode is a testament to the transformative power of 

electrochemical processes in fabricating advanced materials for energy storage 

solutions. The deposition of manganese introduces significant morphological changes, 

transforming the flat layers into a textured surface. As the voltage increases (at 

negative direction), the effects of electrodeposition compounds move from sparse 

manganese nucleation sites to a fully developed, complex coating. This evolution not 

only modifies the surface structure but also enhances the functional characteristics of 

the electrode, such as increased surface area and porosity, which are critical for energy 

storage applications. 

4.3 XRD Analysis of Flexible Electrodes  

The XRD results of uncoated graphite and Mn coated graphite samples are shown 

Figure 4.6. A large peak at around 26.6° and a small peak at around 54.6° are observed 

for uncoated graphite. These peaks are associated with the graphite peaks 

corresponding to the (002) and (004) planes presented in the literature [17], [23]. After 

graphite samples were coated by Mn at various voltages, the intensity of XRD peaks 

belonging to graphite decreases suggesting a coating on graphite surface. The decrease 

in peak intensities of the electrodes obtained at -1.5, -2.0, and -2.5 V is proportional to 

applied growth potential. Upon decreasing growth potential (at more negative 

potential), the peak intensities of the modified electrodes decreases because the film 

thickness is higher at the deposition potential of -2.5 V. SEM and XRD have proved 

that a coating was obtained on graphite surface.   



34 
 

  
a) bare b) bare 

  
c) -1.5 V d) -1.5 V 

  
e) -2 V f) -2 V 

  

g) -2.5 V h) -2.5 V 

Figure 4.5 SEM results for bare and Mn coated graphite tapes. The growth potentials 

of the film are given under each image.  
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Figure 4.6 XRD results of bare graphite and Mn coated graphite. The deposition 

potential of each electrode is presented in the panels. 
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4.4 FTIR Analysis of Flexible Electrodes 

In the Fourier Transform Infrared Spectroscopy (FTIR) in Figure 4.7, the transmittance 

spectra of bare graphite are compared to those of graphite surfaces coated with 

manganese (Mn) at electrodeposition voltages of -1.5 V, -2 V, and -2.5 V. 

The spectrum for bare graphite, represented by the black line, shows a series of small 

peaks at wave numbers 3101, 2430, 2160, 2025, 1977, 1684, and 615 cm⁻¹. These 

peaks are expected due to the stable structure of graphite, which does not usually react 

in the infrared region. When graphite is coated with Mn by the application of -1.5 V, 

shown by the red line, new peaks are observed, indicating changes in the surface 

chemistry. A notable peak is observed around the 1500-1600 cm⁻¹ area, which may 

suggest the formation of manganese oxides. At a higher voltage of -2 V, represented 

by the blue line, the peaks become clearer and slightly shifted, suggesting a stronger 

interaction between the manganese and the graphite. This could mean a thicker or more 

complex layer of manganese oxide is formed. 

Finally, at the highest voltage of -2.5 V, shown by the green line, the spectrum displays 

a significant increase in the clarity and number of peaks, particularly in areas that could 

be linked to Mn-O bonds. The sharpness of these peaks could indicate a more orderly 

and denser layer of manganese oxides. The peaks around 3000-3500 cm⁻¹ belongs to 

hydroxide suggesting that Mn could be found as manganese hydroxide.  

Overall, the FTIR spectral analysis indicates that the electrodeposition voltage has a 

notable effect on the manganese oxide/hydroxide development on the graphite surface. 

The changes in peak intensity and position with different voltages suggest a 

relationship between the voltage used and the characteristics of the manganese 

oxide/hydroxide layer that forms, which could impact the material's electrochemical 

properties. 
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Figure 4.7 FTIR results for bare and Mn coated graphite tapes. The growth potential 

of the electrode is shown in the panel. 

 

4.5 Fuel Cell Application of The Electrodes 

The linear sweep voltammetry of the electrodes was conducted in alkaline solution to 

test usability of the electrodes for hydrogen evolution reaction (see  Figure 4.8). Bare 

and manganese-coated graphite electrodes were scanned in KOH. The current 

responses of the electrodes electrodeposited by the application of -2.5 V and -2.0 V 

were close to 0 A. This suggests that these electrodes (obtained by -2.5 V and 2.0 V) 

cannot cause hydrogen evolution in this electrolyte. The electode formed in a DES by 

the application of -1.5 V is similar to bare (uncoated) electrode. Therefore, the 

modified electrodes are not suitable for fuel cells applications.  
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Figure 4.8 Linear Sweep Voltammetry of Bare and Manganese-Coated Graphite in 

KOH to Evaluate Electrodes Properties for Fuel Cell with Scan Rate of 20 

mV s-1 

 

4.6 Cycling of Electrodes in Na2SO4 Electrolyte 

After coating graphite on tape with Mn-based film, the modified electrodes were 

transferred to cycling electrolytes. Before electrochemical characterization, the non-

electrochemical characterizations of the electrodes were analyzed. The cyclic 

voltammogram curve for the electrode obtained -1.5 V samples and cycling in aqueous 

Na2SO4 is shown in Figure 4.9 (a). It reveals a sequence of well-defined redox peaks, 

indicative of active manganese-based electrode on the graphite surface with aqueous 

Na2SO4 solution. This suggests that as the manganese-based electrode layers rearrange 

and settle, the surface area available for electrochemical reactions increases, leading 

to enhanced electrochemical reactivity. Such a pattern of increasing peak prominence 

corresponds to the activation and surface reorganization phenomena often observed in 

transitional metal oxide coatings, which are known to improve their electrochemical 

properties upon initial cycling. Subsequently, the samples were placed in a Na2SO4 

solution and cycled at a constant scan rate of 50 mV s-1. 

The electrode electrodeposited by the application of -1.5 V was first cycled at a wide 

potential window from -0.8 V to 0.5 V. Later, the same electrode was cycled in the 
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same electrolyte with narrow potential window from -0.8 V to 0.2 V. The narrow 

potential window as shown in Figure 4.9 (b) demonstrates a more restrained cyclic 

voltammogram’s curve with a decreased peak separation, indicating a faster 

achievement of electrochemical equilibrium. This is typical of electrochemical 

systems where the reaction space is limited, thereby quickening the redox processes 

and possibly influencing the rate of charge-discharge cycles in energy storage 

applications. As narrow potential window could cause more stable behavior in the 

selected electrolyte, the electrode electrodeposited by the application of -2.0 V was 

cycled at the potential window from -0.8 V to 0.2 V. The curves belonging to the 

electrode obtained at -2.0 V is shown in Figure 4.9 (c) suggesting also more stable 

electrochemical activities. This could occur due to the growth conditions as more 

manganese-based film could be electrodeposited on the graphite. The chemical 

composition (oxide/hydroxide ratio) could contribute to the charge storage 

mechanism. The cyclic voltammogram curve belonging the electrodes obtained at -2.5 

V exhibits sharply defined redox peaks as shown in Figure 4.9 (d), which are 

hallmarks of vigorous and stable manganese electrochemical activities. This behavior 

is indicative of a robust redox process, which could be essential for high-capacity 

energy storage systems, as it facilitates greater charge storage through efficient 

electron transfer. 

Finaly across the different applied potentials, the manganese-coated graphite 

electrodes demonstrate capacitive characteristics that are fundamental to the operation 

of supercapacitors. The cyclic voltammogram profiles provide valuable insights into 

the electrochemical stability and reversibility of the oxidation and reduction reactions 

of manganese-based electrode. The comparative analysis suggests that while all 

potentials facilitate capacitive behavior, a wider potential window, as seen for the 

electrode grown by the application of -2.5 V, may be more conducive to achieving 

superior supercapacitor performance due to higher charge, the enhanced stability and 

comprehensive electrochemical activity it provides.[57], [58] 



40 
 

−1.0 −0.8 −0.6 −0.4 −0.2 0.0 0.2 0.4 0.6
−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

I 
(m

A
 c

m
-2

)

E (V)

 50 mV s^-1

 
−0.8 −0.6 −0.4 −0.2 0.0 0.2

−1.5

−1.0

−0.5

0.0

0.5

1.0

I 
(m

A
 c

m
-2

)

E (V)

 50 mV s^-1

 
a)-1.5 V b)-1.5 V 

−0.8 −0.6 −0.4 −0.2 0.0 0.2
−2.0

−1.5

−1.0

−0.5

0.0

0.5

1.0

I 
(m

A
 c

m
-2

)

E (V)

 50 mV s^-1

 
c) -2 V 

−0.8 −0.6 −0.4 −0.2 0.0 0.2

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

2.0

I 
(m

A
 c

m
-2

)

E (V)

 50 mV s^-1

 
d) -2.5 V 

Figure 4.9  Cyclic voltammogram  data cycled in Na2SO4.  The cycling electrodes 

were electrodeposited when the growth potential was -1.5 V and cycling 

potential window a) between -0.8 and 0.5 V; b) between -0.8 and 0.2 V. 

Cyclic voltammogram data cycled in Na2SO4. The cycling electrodes 

were electrodeposited when the growth potential was c) -2.0 V and; d) -

2.5 V. 
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4.7 Analysis of the Electrodes in Na2SO4 with Different Scan Rates 

Mn-based film on graphite was cycled in Na2SO4 solution and the resulting cyclic 

voltammogram data for the same scan rate were presented in the previous section. The 

same film was cycled in the same electrolyte (Na2SO4 bath) with different scan rates. 

The cyclic voltammetry analysis presented here provides a detailed examination of the 

electrochemical characteristics of manganese-based coated graphite electrodes, where 

the coating process was conducted at different applied potentials of -1.5 V, -2 V, and 

-2.5 V. Figure 4.10 displays cyclic voltammogram curves at various scan rates in 

Na2SO4 solution, offering insights into the capacitance results. 

For the electrodes coated at -1.5 V Figure 4.10 (a), an increase in the scan rate from 

10 mV/s to 100 mV/s results in a noticeable broadening of the cyclic voltammogram 

curves, indicative of faster electron transfer processes at higher scan rates. This aligns 

with kinetic-controlled reactions where mass transport to the electrode surface 

becomes slower [59]. 

For electrodes coated at -2 V Figure 4.10 (b), the cyclic voltammogram curves show 

a broadening effect with increasing scan rates, with more pronounced peaks compared 

to those coated at -1.5 V. This suggests enhanced electrochemical activity for the 

manganese-based coating on graphite electrodes at -2 V, possibly due to a higher 

degree of manganese deposition or altered surface properties [60]. 

The cyclic voltammogram curves of the electrode coated at -2.5 V Figure 4.10 (c) 

exhibit even more pronounced peaks at higher scan rates, indicating a highly active 

electrode surface. The increased peak current with higher scan rates suggests kinetic-

controlled electrode processes occurring over an expanded active surface area or 

involving a greater number of electroactive sites. SEM images confirm that the 

thickness of the -2.5 V sample has a more extensive active area and could be resulting 

in higher specific capacitance [61].  
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Figure 4.10 a) Cyclic voltammogram data cycled in Na2SO4. The cycling electrodes 

were electrodeposited when the growth potential was a) -1.5 V b) -2.0 V 

and; c) -2.5 V. The scan rates are indicated in the panels. 
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4.8 Cycling of Electrodes in KOH Electrolyte 

In the comparison of the three diagrams in the Figure 4.11, where -1.5 V, -2 V, and -

2.5 V are the potentials at which manganese was deposited on graphite tapes within an 

Ethaline DES for 500 seconds at a temperature of 60°C, significant differences in the 

cycling behavior were observed. Subsequently, the samples were placed in a potassium 

hydroxide (KOH) solution at a constant scan rate of 50 mV s-1. 

The electrode electrodeposited by the application of -1.5 V was first cycled at a 

potential window from -0.8 V to 0.2 V in alkaline solution as the same electrode was 

cycled in neutral solution. The manganese deposition on graphite tapes was gradual 

and controlled, reaching a state of stability more swiftly. The cyclic voltammogram of 

the electrode cycling in KOH electrolyte is stable. 

The electrode electrodeposited by the application of -2.0 V was cycled at the same 

potential window from -0.8 V to 0.2 V. A sharper ascent in current density was 

observed, reflecting a more stable manganese deposition process. This indicated a 

more dynamic process, where the increased potential drove quicker layering but also 

necessitated an extended period for the reaction to achieve stability. 

The cyclic voltammogram curve belonging the electrodes obtained at -2.5 V exhibits 

sharply defined redox peaks. The most aggressive deposition was observed, with the 

highest current density peaks. 

When cycled in the KOH solution, the impact of the initial deposition potential became 

evident, with the higher potentials showing more pronounced electrochemical activity 

in the KOH environment. This comparison across the three applied potentials 

demonstrated a clear relationship between the deposition potential and the stabilization 

time, with higher potentials leading to increased rates of manganese deposition but 

also requiring longer times to achieve electrochemical stability.  
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Figure 4.11 a) Cyclic voltammogram data cycled in KOH. The cycling electrodes 

were electrodeposited when the growth potential was a) -1.5 V b) -2.0 

V and; c) -2.5 V. The scan rates are indicated in the panels. 
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4.9 Analysis of the Electrodes in KOH with Different Scan Rate 

The coating of manganese onto graphite tapes was obtained under the application of 

varying potentials: -1.5 V, -2 V, and -2.5 V, within an Ethaline-based Deep Eutectic 

Solvent (DES) at the temperature of 60°C over a period of 500 seconds. The resultant 

samples were then analyzed using cyclic voltammetry at different scan rates to 

ascertain the electrochemical behavior post-coating.  For the samples coated at -1.5 V 

as depicted in Figure 4.12(a), a widening of the CYCLIC VOLTAMMOGRAM curves 

was observed with increasing scan rates from 10 mV/s to 100 mV/s. This widening is 

indicative of a uniform and controlled electron transfer process, which is characteristic 

of diffusion-like reactions, signifying a consistent manganese deposition across the 

graphite surface.  At the coating potential of -2 V as shown in Figure 4.12(b), an 

increase in electrochemical activity was noted. The cyclic voltammogram curves 

broadened more prominently with increasing scan rates, suggesting an accelerated rate 

of manganese deposition, which likely led to a moderately increased thickness of the 

manganese layer compared to the electrode deposited at -1.5 V in Ethaline 

environment having Mn2+ ions. The most substantial changes were noted at the 

electrode grown at -2.5 V coating potential as observed in Figure 4.12(c), where the 

cyclic voltammogram curves revealed markedly pronounced peaks at higher scan 

rates, indicating a highly active electrode surface. Such increased activity can be 

attributed to a thicker manganese coating, which was corroborated by SEM analysis. 

The thicker layer normally could achieve a larger active surface area, contributing to 

enhanced charge transfer and a higher specific capacitance. However, this is not the 

case in these results because KOH ions could not react highly with the electrode 

electrodeposited by -2.5 V.  It is evident that the electrodeposition potential 

significantly influences the manganese coating's thickness and the resultant 

electrochemical behavior of the electrodes. As the electrodeposition potential was 

varied from -1.5 V to -2.5 V, there was a clear impact on the morphology and 

electrochemical properties of the manganese-coated graphite electrodes. The coating 

thickness increased with higher deposition potentials (more negative potential), 

leading to a lower electroactive surface coverage because the electrode obtained by the 

application of -1.5 V showed higher current density than other electrodes. Ions in 

cycling electrolytes could have higher flux when the substrate has thinner film causing 

less agglomerated particles. The enhanced electrochemical reactivity, particularly at 

the -1.5 V potential, demonstrated the low coating thickness however high 

electrochemical activity. This underlines the importance of carefully selecting the 

electrodeposition conditions to tailor the electrode's performance for specific 

applications. 
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Figure 4.12 a) Cyclic voltammogram data cycled in KOH. The cycling electrodes  

were electrodeposited when the growth potential was a) -1.5 V          

b) 2.0 V and; c) -2.5 V. The scan rates are indicated in the panels. 
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4.10 Comparation Specific Capacitance of Electrodes in KOH and Na2SO4  

Upon rigorous examination of the experimental data, it was discerned that the specific 

capacitance of manganese-based coating electrodes exhibited a propensity to diminish 

with increasing scan rates. This trend was consistently observed across electrolytes of 

Na2SO4 and KOH. A plausible explanation for this phenomenon is surmised to be the 

limited ion migration time to the electrode's surface at escalated scan rates, which in 

turn, adversely affects the electrical storage efficiency. The specific capacitance (𝐶𝑠) 

of the electrodes was calculated by the Equation [62] 

𝐶𝑠 =
∫ 𝐼. 𝑑𝑉

𝐴. 𝑣. Δ𝑉
   (4. 1) 

In which 𝐼. 𝑑𝑉 is the area under the cyclic voltammogram curve, 𝐴 express area of the 

electrode, 𝑣 emphasize scan rate and Δ𝑉 illustrates potential window. The specific 

capacitance of the electrodes electrodeposited by various potential and cycled in 

different electrolytes is presented.  

Table 4.1 Specific capacitance values of Mn coated graphite tapes obtained at -1.5 V 

potential depending on the varying scanning rates in different electrolyte 

solutions 

Scan Rate 

(mV s-1) 

Specific Capacitance  

(mF cm-2) in Na2SO4 

Specific Capacitance  

(mF cm-2) in KOH 

100 7.14 32.62 

50 7.47 35.75 

25 7.80 38.47 

10 8.36 40.20 

Table 4.2 Specific capacitance values of Mn coated graphite tapes obtained at -2 V 

potential depending on the varying scanning rates in different electrolyte 

solutions 

Scan Rate  

(mV s-1) 

Specific Capacitance  

(mF cm-2) in Na2SO4 

Specific Capacitance  

(mF cm-2) in KOH 

100 5.78 7.16 

50 6.65 9.10 

25 7.50 13.32 

10 8.76 25.76 
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Table 4.3 Specific capacitance values of Mn coated graphite tapes obtained at -2.5 V 

potential depending on the varying scanning rates in different electrolyte 

solutions 

Scan Rate 

(mV s-1) 

Specific Capacitance  

(mF cm-2) in Na2SO4 

Specific Capacitance 

 (mF cm-2) in KOH 

100 4.80 6.38 

50 5.78 7.28 

25 7.02 8.17 

10 8.71 8.88 

 

Remarkably, electrodes coated at an elevated potential of -2.5 V demonstrated similar 

specific capacitance in comparison to those coated at -1.5 V and -2 V when the 

electrolyte is neutral, and the scan rate is low. It is postulated that the increased 

electrodeposition potential causes a more compact manganese deposition, thereby the 

effective surface area available for charge accumulation is low, as illustrated by the 

lower capacitance values, particularly notable at the 100 mV/s scan rate in the KOH 

medium. 

The influence of the electrolytic medium on the specific capacitance was also 

substantiated, with the KOH medium outperforming Na2SO4. This assertion has been 

supported by the current density values observed in the KOH medium, which remained 

significantly higher across all scan rates. 

These findings underscore the imperative of optimizing electrodeposition potential, 

scan rate, and electrolyte selection to enhance the electrodes' performance for energy 

storage applications. The data delineate the delicate balance required to refine the 

electrochemical characteristics of materials, vital for the advancement of high-capacity 

energy storage systems. 
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Figure 4.13 specific capacitance of the modified electrodes cycled in a) Na2SO4 and 

b) KOH electrolyte. 
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CHAPTER 5  

CONCLUSION 

In the realm of flexible electronics, the advancement of flexible electrode technology 

has not kept pace with the rapid development observed in flexible screens. This study 

delves into the potential application of flexible electrodes, both as energy storage 

materials and as fuel cells in wearable electronics. Recognizing the necessity for 

pliable substrates, or current collectors, for these modified electrodes, this research has 

utilized graphite coated tape as the substrate. The primary focus has been on the 

development of an economical and efficient flexible electrode for energy storage and 

conversion applications, aiming to overcome the cost barriers associated with existing 

flexible electrodes. Central to this study is the electrodeposition of manganese onto 

graphite substrates within deep eutectic solvent (DES) electrolytes. For this purpose, 

0.1 M MnCl2 was dissolved in Ethaline solutions, and manganese was electrodeposited 

onto the substrates at various potentials (-1.5 V, -2.0 V, and -2.5 V) for a duration of 

500 seconds. The resulting modified electrodes underwent thorough characterization 

using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and 

scanning electron microscopy (SEM), revealing their structural and spectroscopic 

properties. Furthermore, the electrochemical behavior of both the unmodified graphite 

and the manganese-modified electrodes was meticulously analyzed through cyclic 

voltammetry. One of the critical phases of this research involved cycling the electrodes 

in 1 M KOH and 1 M Na2SO4 electrolytes to determine their specific capacitance and 

to evaluate the influence of different deposition potentials on their performance. The 

manganese coated electrodes could not be suitable for hydrogen evolution reaction in 

alkaline solution and cannot be used in fuel cell application. A notable finding was that 

lower, more negative deposition voltages led to the formation of denser manganese-

based layers, while higher potential resulted in thinner films. Intriguingly, these thinner 

films exhibited enhanced specific capacitance, likely due to increased ion flux on the 

coating. This study thereby demonstrates the practicality of using manganese-coated 

graphite flexible electrodes in both alkaline and neutral media for flexible energy 

storage devices. It highlights the potential of these electrodes to provide cost-effective, 
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efficient, and adaptable solutions for the next generation of flexible energy storage 

technologies. 

This comprehensive approach to developing flexible electrodes presents a significant 

advancement in the field, particularly in addressing the challenges of cost and 

performance. By optimizing the electrodeposition conditions and thoroughly 

analyzing the electrochemical and structural properties of the modified electrodes, this 

research contributes valuable insights into the design and application of flexible energy 

storage systems. The successful implementation of manganese-coated graphite 

electrodes in diverse media underscores their versatility and potential as a key 

component in the evolving landscape of wearable electronics and energy storage 

solutions. 
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