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ABSTRACT 

Two-dimensional multilayered MXene is a promising electrode material for supercapacitor 

application. Studies have revealed that using MXene as electrode material in supercapacitors 

yields a high specific capacitance and enhanced electrochemical performance. However, the two-

dimensional structure of MXene nanosheets are prone to self-restacking due to Van der Waals 

forces, which decreases the active sites for ion adsorption-desorption, thereby limiting its 

electrochemical properties. We devised a strategy to overcome this issue, by making a composite 

of MXene with activated carbon (AC) can not only prevent aggregation of MXene sheets, but the 

porous structure of AC can also provide abundant channels for rapid electrolyte ion transport. 

Biomass derived activated carbon was successfully synthesized by KOH activation method. It 

not only showed superior electrochemical properties but is also a cost-effective and sustainable 

alternative to other carbon materials. The synthesized MXene/AC composites demonstrated 

excellent electrochemical performance which is ascribed to the high porosity and surface area 

offered by activated carbon, and the synergistic effect of excellent conductivity of MXene and 

biomass derived activated carbon. XRD pattern confirmed the successful synthesis of MXene, 

AC and their composites. Raman revealed that degree of disorder increases, and degree of 

graphitization decreases with increase in AC content in MXene. BET analysis showed a similar 

trend, an increase in the surface area of the composites with an increased amount of AC. SEM 

showed the successful transformation of MXene from MAX phase, porous structure of AC and a 

2D/3D conductive network of MXene/AC composites. Electrochemical analysis revealed MAC3 

exhibited a high specific capacitance of 1080 F/g at 5 mV/s, outperforming both MXene and 

activated carbon. MAC3 also displayed a good cyclic stability of 81.1% and a Coulombic 

efficiency of 98.5% after 300 cycles. These results indicate that the synthesized MXene/AC 

composite can be used as an efficient electrode material for enhanced performance of 

supercapacitors.  

 

Keywords: MXene, Biomass, Activated carbon, Supercapacitors, Electrode material, 

MXene/Activated carbon composite.  
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CHAPTER 1: INTRODUCTION 

1.1 Renewable Energy Sources 

Due to factors like climate change, increased urbanization, industrialization, and population 

growth, the global energy demand is growing at an alarming rate. The global energy sector is 

significantly impacted by fossil fuels. The extensive use of fossil fuels is causing several 

natural disasters, including greenhouse gas emissions, global warming, and other adverse 

effects. Therefore, the need for the development of sustainable energy sources is becoming 

more crucial [1]. Consequently, a growing number of researchers worldwide are focusing on 

lowering the use of fossil fuels and employing alternative energy sources like solar, 

geothermal and wind energy which are more sustainable.  

1.2 Energy Storage Devices 

Energy storage refers to the accumulation of energy within certain devices or systems for 

subsequent use at the time of need. The development of sustainable, innovative, and cost-

effective energy storage devices is essential to address the environmental issues of modern 

society. For this, devices like batteries, supercapacitors and fuel cells are being developed 

[2]. To make these devices cost effective and more efficient, thorough research is required. 

The predominant energy storage technologies in electrical and electrochemical systems are 

supercapacitors and batteries [3]. 
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Figure 1: Ragone plot for energy storage devices [4]. 

  1.2.1 Batteries and Supercapacitors 

      In recent years there hasn't been as much research into supercapacitors as there has been 

into batteries. However, supercapacitors have properties which make them suitable for many 

applications. For instance, they can offer ten times more power than batteries. With a longer 

cycle life, supercapacitors have a rapid rate of charging and discharging. These 

characteristics enable supercapacitors, particularly redox supercapacitors, to replace batteries 

in various applications. Because of its technique for storing charge, redox supercapacitors 

have superior characteristics to those of regular batteries [1].  

Currently, rechargeable batteries including lithium-sulfur, lithium-ion and lead-acid are 

available. Batteries mostly store charge through enormous diffusion or through the insertion 

and disinsertion of cations. The electrode material experiences compositional and phase 

changes because of cation insertion/disinsertion and bulk diffusion. Due to the diffusion 

control mechanism, this method is slow and has a limited power density, or charge-discharge 

rate [1]. Cations flow via the van der Waal gaps when the electrode material is in layered 

form, as in pseudocapacitive materials. Cations can also be electrochemically adsorbed on 
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electrode material’s surface through a process of charge transfer. Metal atoms are reduced 

when they are adsorbed on a surface or when they go into the lattice planes. Charges are 

quickly absorbed at the surface, but they travel slowly into the interlayer lattice planes. As 

cations have been seen to readily diffuse into the Van der Waal gap, this phenomenon—also 

referred to as intercalation pseudo capacitance—can be regarded as capacitive. This 

technique is pseudocapacitive because faradic storage of cations does not alter the phase or 

composition of the electrode material. In comparison to bulk diffusion phenomena, the rate 

of cation storage by pseudocapacitive method is faster [1].  

Table 1: Comparison of supercapacitor and battery [5]. 

 

        1.2.2 Batteries vs. Supercapacitors 

        The main difference between batteries and supercapacitors is the various changes in 

composition and phases that occur during the battery's charge and discharge cycles. Because 

diffusion controls the process and batteries primarily store charge through bulk diffusion, it 

slows down and reduces the power density, or charge discharge rate. On the other hand, 

because cations are stored faradaically in supercapacitors and the phases and composition of 

the electrode material remain unchanged, cation storage occurs quickly there. The reaction in 

supercapacitors is kinetically controlled and happens more quickly across the time scale of 

interest than diffusion-controlled processes in batteries. The type of energy storage system to 

use is determined by the speed of the storage process and the amount of energy required by 

the application. Capacitors are used in applications that need a higher discharge rate, while 

batteries are used in applications that need a slower discharge rate [6]. 
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1.3 Supercapacitors 

Supercapacitors are a kind of electrochemical energy storage device with high specific 

capacitance and power density [7]. Supercapacitors have drawn a lot of interest in recent 

years because of their low-cost, high-power density, extended cycle life, and quick charge 

and discharge rates Supercapacitors are a kind of electrochemical energy storage devices 

with high specific capacitance, low-cost, high-power density, extended cycle life, and quick 

charge and discharge rates  [7]. Supercapacitors have a wide range of uses because of these 

characteristics, including hybrid electric cars and portable gadgets etc. 

Supercapacitors are made up of two electrodes, an electrolyte and a porous membrane 

separator. This specific structure of supercapacitors makes them have the features of 

conventional capacitors as well as electrochemical batteries. A supercapacitor works by 

drawing opposing charge carriers from the electrolyte to its electrodes when a potential 

difference is applied across its terminals. At the negative terminal, positive ions concentrate, 

whereas at the positive terminal, negative ions do the same. Charge carriers are stored on the 

current collector plates. An electrostatic field forms between the current collectors because of 

the accumulation of opposing charges. Until the electrostatic field between the current 

collectors equals and is opposite to the supplied voltage, charging current flows through the 

capacitor. The charge carriers are held by the current collectors until the applied voltage 

drops or changes polarity. A certain amount of charge carriers are returned to the electrolyte 

from the current collectors whenever the applied voltage drops. A comparable current travels 

through the capacitor in the opposite direction throughout this procedure. The supercapacitor 

experiences a similar cycle of charging and discharging when the polarity changes [8]. 

https://testbook.com/chemistry/electrodes
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Figure 2: Supercapacitor [9]. 

 1.3.1 Types of Supercapacitors 

                 They are divided into three types based on their charge storage mechanism. 

 

Figure 3: Types of supercapacitors [10]. 

 

 



6 

 

 

 

Figure 4: Working mechanism of different types of supercapacitors [11]. 

        1.3.2 Electrostatic Double Layer capacitors 

              This kind of capacitor works by generating an electrical double layer, which allows 

a charge to be physically held on the electrode surface without resulting in any irreversible 

chemical reactions. Mostly carbon-based electrodes are used in this type of supercapacitors, 

which are spaced by an insulating material called a dielectric, which also has electrical 

characteristics that can impact the supercapacitor's performance [6]. Supercapacitors store 

charges electrostatically. As soon as a voltage is applied across the terminals, an electric field 

is created at each electrolyte, causing the electrolyte to polarize. This causes ions to diffuse to 

the porous electrodes of opposing charges through the dielectric. Each electrode experiences 

the creation of an electric double layer in this manner. As a result, each electrode's surface 

area increases while the space between them decreases [12].  
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Figure 5: Working of an EDLC [13]. 

       1.3.3 Pseudocapacitor 

              Pseudo-capacitors are also referred to as faradic supercapacitors. These devices use 

electrodes made of redox-active materials such as conductive polymers and metal oxides 

[14]. These electrodes store charge close to each other or at the electrode surface through a 

reversible Faraday reaction mechanism in which the charge is transported across the metal-

electrolyte interface. 

 

Figure 6: Charge storage mechanism of a pseudocapacitor [15]. 

        1.3.4 Hybrid Supercapacitors 
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        These capacitors use both pseudocapacitor and EDLC processes. Hybrid capacitors 

consist of electrodes with different properties based on chemical and electrical mechanisms. 

Thus, one electrode provides an electrostatic capacity while the other electrode has an 

electrochemical capacity. Benefits include increased operating voltage, energy density and 

capacity [16]. 

 

Figure 7: Mechanism of charge storage in a hybrid supercapacitor [17]. 

        1.3.5 Applications of Supercapacitors 

             Due to their unique storage capabilities, supercapacitors have extensive applications, 

such as: 

 

• Supercapacitors are being used in automobiles to supply stored energy in a matter of 

seconds, and their use in the field of energy-efficient services is growing quickly [18]. 

• Supercapacitors are even used in renewable energy sources such as wind energy to 

control blade pitch. 

• Supercapacitors are used to create memory devices found in computers, tablets, 

cellphones, and other gadgets. They are also utilized in LED flash devices. 

• In the transportation industry, supercapacitors are employed in hybrid buses because 

they work in tandem with the battery to extend its lifespan and reduce its volume. 
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              1.3.6 Challenges in Supercapacitors 

 

                     Supercapacitors face problems such as low energy density, low single cell 

voltage, excessive self-discharge and poor capacity. While still having a smaller 

capacitance than batteries and fuel cells, supercapacitors have a greater capacitance than 

regular capacitors. To address the low capacitance problem, electrode material can be 

composed of many innovative materials and used in supercapacitors [19].  

The choice of electrode material is very important in supercapacitors because it affects 

the electrical properties. New electrode materials for supercapacitors should have high 

specific surface area, large pore size, strong conductivity, customizable shape, 

permeability to electrolyte solutions and good surface functionality to increase capacity. 

One of the top priorities is to design electroactive materials with improved 

electrochemical properties. The most important thing to do is to create electrodes made of 

such materials that have a high electron capture and storage capacity [19].  

1.4 Electrode Material 

The supercapacitor's electrode material is its most crucial component. The type and 

properties of this material determine the performance of a supercapacitor in terms of total 

mass, operating voltage and storage capacity [20]. The type of charge storage mechanism 

depends on the type of electrode material, with rapid reversible Faraday reactions at the 

electrode surface leading to pseudocapacitor behavior and electrostatic attraction between 

the two electrodes leading to EDLC behavior. The charge storage ability of a 

supercapacitor greatly depends on the accessible surface area of the electrode. In general, 

electrode materials with high power density, excellent cycle life, long cycle stability and 

high Coulombic efficiency are the ideal choice for supercapacitors [20]. 

1.4.1 Types of Electrode Materials 

                       High-performance supercapacitors are the outcome of using nanostructured 

materials. A material's surface area is crucial since it has a big impact on capacitive 
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performance. High pore volume and porosity in nanomaterials contribute to the material's 

high capacitance. The three main categories of electrode materials are listed below.  

• Carbon based materials. 

• Metal oxides. 

• Polymer based materials. 

    1.4.2 Carbon based materials 

                 Supercapacitors have used a variety of carbonaceous materials as their 

electrodes, including carbon nanotubes (CNTs), carbon nano fibers (CNF), porous 

carbon, graphene [21]. These electrode materials offer unique advantages such as, 

good electronic conductivity, high chemical and thermal stability, hierarchical porous 

structure, wide working temperature range as well as easy manufacturing and cost 

effectiveness. Pure carbon compounds electrostatically store charges to generate 

electric double-layer capacitance (EDLC) [22]. 

1.4.3         Metal Oxides 

                In MO-based Supercapacitors, a variety of metal oxides, including 

manganese oxide (MnO2), nickel oxide (NiO), cobalt oxide (Co3O4) and ruthenium 

oxide (RuO2), are typically utilized as electrode materials. Because of their high 

specific capacitance and strong cycling stability, MO-based materials enable oxide-

based supercapacitors to withstand multiple cycles of charging and discharging 

without experiencing deterioration [23]. This attribute is vital for the long-term 

reliability and durability of the supercapacitors. When the MO electrode encounters 

the electrolyte, a pseudo-capacitance mechanism is employed by metal oxide-based 

SCs to store energy. They are advantageous for applications requiring high power and 

energy storage capacities because reversible redox processes take place at the 

interface between the electrode and electrolyte, thereby storing charge exceeding the 

electrostatic double-layer capacitance. 

                   1.4.4 Polymer based materials 
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             Conducting polymers including, polyaniline, polythiophene, poly [3,4-

ethylenedioxythiophene] and polypyrrole have been extensively researched because 

of their high electrical conductivity, environmental resilience and low cost [24]. 

When compared to other electrode materials, conductive polymer gained a lot of 

attention since they are relatively easy to process and flexible. Furthermore, the 

expansion and contraction of conducting polymers will be influenced by charges and 

ions because of the implantation and release of charged ions in the charging and 

discharging systems [19]. The electrode material's cycle stability performance is 

frequently deteriorated by this process. 

     1.4.5 Challenges in Electrode Materials 

                    The challenges faced by electrode materials include low specific surface area, low 

electrical conductivity, low ionic conductivity, self-discharge, chemical stability, and low 

mechanical strength [25]. All these factors influence electrode material’s overall performance. 

Therefore, the key to improving the electrochemical performance of electrode materials lies in 

developing a material that improves the above parameters. 

1.5 MXene  

 MXenes, a family of two-dimensional (2D) atomic-thick materials made from transition metal 

carbides, nitrides, or carbonitrides—have gained popularity since their discovery in 2011 by 

Naguib et al. has attracted considerable attention in recent years. Mxene has the chemical 

formula Mn+1Xn (n = 1-3), where X represents carbon or nitrogen and M is an early transition 

metal such as titanium, tantalum or niobium. Mn+1AXn, where M is an early transition metal, A is 

an element of the IIIA or IVA group, basic 3D forebody [26]. A-layers are stacked alternately 

between Mn+1AXn units in a multilayer hexagonal structure, which appears to characterize the 

MAX phase. Since the M-X bond is mainly composed of covalent and ionic bonds, the M-X 

bond is much stronger than the metallic bond of M-A, so the M-A layer bond is relatively weak 

and therefore the layer can potentially be separated from the MAX phase. Removal of the A 

layer leads to the formation of MXene, which can be expressed as Mn+1XnTx, where Tx 

represents surface termination, meaning MXene has good electrical conductivity due to its 
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inherent 2D atomic structure, layered structure, metallic conductivity, electronic properties, 

plasmonic properties, optical properties, chemical stability, hydrophilicity and high aspect ratio. 

Due to these properties, MXene is of interest for various applications such as energy storage, 

EMI shielding, biosensing, catalysis, antibacterial activity, sensors and optoelectronics [27]. 

Multiple forms of MXenes exist [28]:  

• Solid solution MXenes (e.g., Mo4-yVyC3Tx, Ti2-yVyCTx, Ti2-yNbyCTx) 

• Ordered double transition metal MXenes (e.g., Mo2TiC2Tx, Cr2TiC2Tx) 

• Ordered divacancy MXenes (W1.33CTx, etc.) 

• Ordered double transition metal MXenes (e.g., Mo2TiC2Tx, Mo2Ti2C3Tx, Cr2TiC2Tx) 

• Single metal element structures (e.g., Ti2CTx, Ti3C2Tx, V2CTx, etc.)  

 

Titanium carbide MXene has received more attention than other MXenes. Many variables, 

including simple synthesis process, layered structure, large flake size, excellent conductivity, raw 

material availability and, most importantly, long-term stability, have been attributed to Ti3C2Tx 

MXene's explosive growth in usage [29]. Ti3C2Tx MXenes have great potential as supercapacitor 

electrode materials as well.  
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Figure 8: MXene structure and composition [30]. 

1.5.1 MXene as an Electrode Material 

                    Because of their unusual two-dimensional structure, programmable surface 

terminations, superior mechanical qualities, high density, quasi-metallic conductivity, MXenes 

provide special benefits as electrode material for supercapacitors [31]. Lukatskaya et al. [32] 

finally discovered the pseudocapacitive effect of Ti3C2Tx MXene. In 2013, this opened the door 

for application in supercapacitors and resulted in volume specific capacitance of up to 442 

F/cm3. As research progresses, MXene has emerged as a potential electrode material. 

1.5.2 Challenges in MXene 

                    The performance of MXene as an electrode material is limited due to agglomeration, 

and MXene nanosheets are also prone to stacking due to the strong van der Waals forces between 

layers. This results in multilayer structures that are prone to spontaneous collapse and have low 

energy density during early cycles, which in turn reduces the active sites available for electrolyte 

ions and thus reduces the electrochemical performance of the material [33]. To address this issue 

and improve the electrochemical performance of MXene, spacer materials must be used between 

MXene sheets to prevent re-stacking and agglomeration. 

1.6 Biomass as Renewable Carbon Source 

The use of biomass has become popular as a fantastic replacement for depleting natural resources 

like fossils fuels and it has many advantages such as sustainability, cost effectiveness and 

renewability.  It refers to materials originating from plants or animals and usually regarded as 

waste [34]. Worldwide, each year over 181 billion tonnes of biomass waste are produced [35]. 

Since it is naturally renewable, using it to produce chemicals, fuels, and functional materials is 

very attractive. Biomass resources such as wheat husk, wheat flour, rice husk, peanut shells, 

banana peels, apples, coconut shells etc., have been used to derive various carbonaceous 

materials. The efficient use of this biomass has been studied using various techniques ranging 

from bioconversion to thermochemical conversion. Thermochemical conversions include 

processes in which thermal degradation to gaseous, solid or liquid products predominates. 
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Common thermochemical methods for converting biomass into fuels and biochemicals include 

gasification, pyrolysis and hydrothermal conversion. During these processes, a sizable amount of 

biochar is formed [36]. Biochar is a carbon-rich solid produced by thermochemical conversion of 

biomass under oxygen-limited conditions. Physical activation or chemical activation are two 

ways to expand the surface area of biochar. Biochar is physically activated by heating it to 600-

900 degrees Celsius and treating it with ammonia, carbon dioxide or a certain amount of air [37]. 

These activating gas streams reacts with the atoms of carbon present on the biochar’s surface. 

Mesopores and micropores are produced when the carbon and activation agent continue to react. 

To chemically activate biochar, it must be treated at a temperature between 450 and 900 ºC with 

acids, bases, metal salts, etc [37]. Activating agents like KOH, NaOH, H3PO4 and ZnCl are 

frequently utilized [37]. Biochar is created by chemical activation, which results in a definite 

pore size distribution and new surface functions that are controllable based on the activating 

agent and process parameters. Furthermore, the porosity growth is significantly influenced by the 

ratio of activating agent to biochar. Biochar has unique physical and chemical properties, 

including high porosity, high surface area, stability, high electrical conductivity, presence of 

functional groups, and cation exchange capacity [38]. Due to these unique properties, 

carbonaceous materials derived from biomass are used in various applications such as energy 

storage, environmental remediation and biomedical sciences. Biomass-derived carbonaceous 

materials include activated carbon, heteroatom-doped carbonaceous material, biomass-derived 

graphene, porous carbon materials and carbon nanotubes. 

 

Figure 9: Biomass as renewable carbon source [39]. 
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1.6.1 Activated Carbon as Electrode material 

                    One of the most suitable materials for supercapacitor electrode applications is 

activated carbon. Compared to other carbon-containing materials, activated carbon has adjustable 

pore size and high specific surface area, these properties make activated carbon a popular choice 

as an electrode material for supercapacitors [40]. The layered pore structure, large surface area 

and unique morphology allows the formation of an ionic double layer at the electrode-electrolyte 

interface. This improves the overall performance of activated carbon used as an electrode 

material in supercapacitor applications. Additionally, activated carbon derived from biomass has 

a highly porous structure which provides abundant channels for ion adsorption-desorption which 

enhances its performance as an electrode material. As biomass naturally possesses a fine 

structure, retaining it in activated carbon promotes electrolyte circulation and enhances the 

material's electrochemical performance [41]. 

 

Figure 10: Biomass derived activated carbon as supercapacitor electrode [42].  

1.6.2 Challenges in Activated Carbon  

                     The main factors affecting the performance of carbonaceous materials are pore size 

and surface area. In general, a larger surface area is beneficial for improving the capacity and 

overall performance of supercapacitors. However, the three-dimensional conductive network 

gets broken with increase in surface area after a certain value, reducing its electrochemical 
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performance as an electrode material [43]. Therefore, introducing another material in the 3D 

porous structure of activated carbon might help retain its structure and conductivity. 

1.7 Research Objectives 

The following are the main objectives of this research: 

• Designing material which could meet the challenges in the field of supercapacitors. 

• Synthesis of MXene and biomass derived activated carbon  

• Synthesis of MXene/activated carbon composite. 

• Characterization of the materials using XRD, SEM, Raman and BET. 

• Electrochemical characterization by CV, GCD, EIS and cyclic stability.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Supercapacitors for Energy Storage 

The most important energy conversion and storage technology in modern sustainable and 

renewable nanotechnology is the supercapacitor. Supercapacitors are revolutionizing advanced 

energy applications with their huge energy capacity, quick energy supply, and extended lifespan. 

Supercapacitors can be used effectively at high power levels to increase the efficiency of energy 

storage technologies. It has attracted considerable attention due to its high performance and long 

cycle life (>100 times battery life), which offers excellent opportunities for the development of 

more complex hybrid energy systems for stationary and vehicle applications [44]. SCs could 

eventually be used to replace or supplement batteries in energy storage (continuous power 

supply, load balancing). Due to their unique structure and internal storage mechanism, 

supercapacitors can be divided into three main forms: hybrid supercapacitors, pseudo-capacitors 

and electric double layer capacitors (EDLC). An EDLC is formed by connecting two parallel 

wires between dielectric layers as electrodes and supplying voltage to one side and grounding the 

other side. Charge accumulates on both sides of this structure until electrostatic equilibrium is 

reached [45]. A pseudocapacitive mechanism occurs when charges accumulate on both sides of 

the electrode and are quickly stored on the electrode surface through redox processes [45]. 

Hybrid supercapacitors combine the advantages of pseudocapacitors and double-layer capacitors 

and often have performance characteristics intermediate between these two types of capacitors 

[46]. Although electric double layer capacitors have high power density due to their highly 

reversible ability to accumulate charge on both sides, their energy density is relatively lower than 

that of batteries. Pseudocapacitors have a large contact area, short electron transfer path length, 

short ion diffusion length and even longer cycle life and are energy storage devices that work in 

conjunction with EDLC through the Faraday redox process [47]. However, if the shape, 

structure, composition, structure and properties of the electrode membrane are not well 

controlled, there is a risk of reducing the electroactive surface area, adsorption sites and 

performance. Non-Faraday surface response on electrodes combined with Faradaic embedding in 

hybrid supercapacitors [48]. By constructing electrodes from 3D mesoporous structural 

materials, hybrid supercapacitors can maintain remarkable cycling stability and be economical at 
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high power and energy density despite the limited conductivity of some types of carbon and 

metal oxide-based electrodes [49].  

2.2 Conventional Electrode Material 

The choice of material for the supercapacitor electrode is important since it has an impact on the 

electrical characteristics [6]. New electrode materials for supercapacitors should have strong 

conductivity, good surface function, high specific surface area, pore size adjustability, electrolyte 

solution permeability and electrode wettability to improve capacity [50]. For supercapacitors, 

electrode materials with high energy storage and high electron collection ability should be 

developed. The researchers examined metal oxides and hydroxides as well as carbon compounds 

and conductive polymers as possible options for electrode materials. 

2.2.1 Carbon based Materials 

                       Commonly used electrode materials in supercapacitor construction are various 

forms of carbon compounds. Reasons for this include the large surface area, accessibility, 

affordability and proven electrode manufacturing technology. The electrochemical double layer 

formed at the interface between the electrode and electrolyte acts as a storage mechanism for the 

carbon material [6]. Therefore, the surface area that the electrolyte ions can reach primarily 

determines the capacity. Specific surface area, surface functionality, shape, pore structure, pore 

size distribution and conductivity are important determinants of electrochemical performance 

[51]. For carbon materials, the large surface area facilitates higher charge accumulation at the 

electrode-electrolyte interface. In addition to pore size and high specific surface area, surface 

functionalization is an important factor that must be considered when increasing specific 

capacity. 

Carbon nanotube electrodes arise due to their properties such as excellent electrical conductivity, 

thermal and chemical stability, low mass density, special mesoporous internal network and 

accessible external structure with large surface area [52]. Single-walled carbon nanotubes 

(SWCNTs) and multi-walled carbon nanotubes (MWCNTs) are two types of carbon nanotubes 

(CNTs) that are often investigated for supercapacitor electrode material. Compared to activated 

carbon, CNTs have a lower surface area (<500 m2/g), leading to a reduced energy density [53].  
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Q. Cheng et al.[52] studied the electrochemical properties of graphene, carbon nanotubes 

(CNTs), and their solar cell (SC) composites in a series of electrolytes. In ionic liquids, the 

graphene/carbon nanotube electrode exhibits enhanced electrochemical properties, including a 

263.2 kW/kg power density and 155.6 Wh/kg energy density, as well as a specific capacitance of 

290.4 F/g. 

Xie et al.[54] used willow catkins and the straightforward carbonization and KOH activation 

procedure to create hierarchical porous carbon microtubes (HPNCTs). The finished product had 

a highly porous structure as the result of the activation procedure and a tubular structure that was 

obtained from the willow catkins. The final product had a specific surface area of 1775.7 m2/g 

and a gravimetric capacitance of 292 F/g. 

2.2.2 Metal Oxide based Electrode Materials  

                   Metal oxides are another option for supercapacitor electrode material since they have 

a high specific capacitance and low value of resistance, making it easier to build supercapacitors 

with high energy and performance [55]. Due to the reversible redox process on the surface of 

metal oxides, they have a greater ability to store energy, resulting in high capacity: ruthenium 

dioxide (RuO2), nickel oxide (NiO), iridium oxide (IrO2) and manganese oxide (MnO2). are the 

most used metal oxides. They are a viable substitute due to their gentler electrolyte and reduced 

production costs.  

Transition metal oxides (TMOs) (FeO, V2O5, RuO2, TiO2, Nb2O5, SnO2 and Co2O3) are a 

desirable contender for supercapacitor applications because of their numerous oxidation states. 

Transition metal oxides have greater energy storage capability than carbon electrodes, making 

supercapacitors more attractive than theory predicts because of their low electrical conductivity 

and small surface area. However, because of low conductivity and insufficient surface area, 

metal oxides have a lower capacity than theoretically predicted [56].  

Ruthenium Oxide, have properties, including high metallic conductivity, chemical and thermal 

stability, and field emission behavior, all these properties make RuO2 (either crystalline or 

amorphous) crucial for theoretical and practical applications. RuO2 has become the most 
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successful material attributable to its high specific capacity, reversible redox reaction, wide 

potential window and long cycle life [57].  

RuO2 is produced electrochemically through an electrodeposition process and used in 

supercapacitors. The resulting electrode produced a specific capacitance of 498 F/g at a scan rate 

of 5 mV/s and remained stable over a long period of time [58]. 

Kong S. et al.[59] fabricated the RuO2-GC electrode using GNSs and CNTs placed onto CNFs. 

RuO2 and carbon-based material together produced a specific capacitance of 480.3 F/g at 0.6 

A/g. Also, it showed a 30.9 Wh/Kg energy density and a 1400 W/Kg power density.  

Nickel oxide is an attractive electrode material for supercapacitors due to its low cost, rapid 

production, and environmental friendliness. Electrochemical methods are characterized by 

simplicity, economy, accuracy, adaptability and reliability. Nickel hydroxide is converted into 

nickel oxide using electrochemical technology. With the resulting method, a 1478 F/g  specific 

capacitance was obtained in 1 M aqueous KOH electrolyte [60].  

S. Goel et al.[61] produced NiO nanoflakes using the microwave-assisted approach, the results 

showed that the material had excellent pseudocapacitive performance when used as 

supercapacitor electrode material. They also showed a surface area of 206 m2/g and a high 

conductivity of of 33.87 S/cm at ambient temperature.  

M. Aghazadeh et al.[62] used electrochemical methods to convert nickel hydroxide into NiO. 

The NiO electrode used in this method showed 91.8% capacity retention after 3000 cycles at a 

scan rate of 5 mV/s and a specific capacitance of 1541 F/g in 1 M KOH. 

2.2.3 Conducting Polymer Based Electrode Materials 

                     Extensive studies on many conductive polymers as electrode materials for 

supercapacitor have been done due to their low cost and ease of preparation [63]. Conducting 

polymers electrode materials, they exhibit higher conductivity, comparable series resistance to 

carbon-based electrodes and high capacitance. Since there are no structural changes, like as 

phase transitions, during the charge/discharge mechanism, conducting polymers can hold the 

charge in its bulk. Conductive polymers can offer higher capacity due to their larger surface area 
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and redox storage ability. The specific capacitance in conducting polymers arises from fast 

reversible redox reactions induced by π-conjugated polymer chains. During these reactions, ions 

migrate to the polymer framework through an oxidation process (also called doping) and are then 

released into the electrolyte during a reduction process (also called dedoping) [56]. Despite these 

advantages, the mechanical stress caused by reduction and oxidation in conducting polymers 

limits stability and degradation during multiple charge-discharge cycles. Another disadvantage 

of conducting polymers that affects their effectiveness is their low power density, which is due to 

slow total ion diffusion rates. 

PANI, due to its affordability, excellent energy storage capacity, high electrical conductivity, and 

ease of synthesis, polyaniline is regarded among the best performing supercapacitor electrode 

materials among several conductive polymer types. However, the properties of polyaniline 

deteriorate rapidly due to repeated expansion and contraction (charge/discharge) cycles. 

Combining polyaniline with carbon materials has been shown to increase the capacitance value 

and improve the stability of PANI to overcome this limitation [56]. 

Wang et al.'s [63] electrochemical polymerization process was used to create PANI, which 

served as the supercapacitor’s active ingredient. At 1 A/g, it offered a specific capacitance value 

of 950 F/g. It was reported that at high current densities the high specific is made possible by the 

array's unique nanowire structure, which reduces diffusion routes and charge transfer resistance. 

Fabrication of energy storage devices requires high-performance electrode materials found in 

conductive polymer hydrogels with mechanical flexibility and structural control that can alter 

electrochemical properties. PPY has good flexibility and higher conductivity than other 

conductive polymers. It can withstand rapid redox reactions for charge storage and has 

conductivities of 10 to 500 S/cm [64]. 

Y. Shi et al.[65] synthesized a conductive polypyrrole hydrogel nanostructure through the use of 

an interfacial polymerization approach, which yielded a 3D porous PPy network with 380 F/g 

specific capacitance. 

2.3 2D Material as Electrode Material for Supercapacitors 
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Since the astonishing discovery of “exfoliated” single-crystalline graphite films in 2004, 

scientists have been very interested in two-dimensional materials with layered structures because 

of their amazing capabilities [66]. Through various preparation and exfoliation techniques, a 

variety of two-dimensional nanomaterials were obtained from various layered precursor 

materials, including transition metal dichalcogenides (TMD), hexagonal boron nitride (hBN), 

metal-organic frameworks (MOF), layered double hydroxide (LDH), black phosphorus (BP), 

metal nitride (MN ), graphitic carbon nitride (g-C3N4), TMO and various MAX phases (such as 

Ti2AlC) used to derive 2D transition metal carbides, carbonitrides and nitrides (also known as 

MXenes) [67].  

2.3.1 Graphene 

                     It is a monatomic thick 2D structure which has been recognized as an emerging 

carbon material which can be used in energy storage application because of its properties, 

including high surface area, high electrical conductivity and chemical stability [68]. It has 

recently been suggested as an electrode material for supercapacitor applications because, unlike 

other carbonaceous materials such as CNTs, graphene does not depend on the solid-state pore 

distribution [69].  

C. Liu et al.[68] obtained single layer graphene by the preparation curved graphene sheets. This 

prevented the restacking. Electrochemical results showed energy density of 85.6 Wh/kg at 

ambient temperature and energy density of 136 Wh/kg at 80 °C at a current density of 1 A/g. The 

obtained energy densities are comparable to those of the nickel metal hydride battery. 

2.3.2 Transition metal dichalcogenides (TMDs) 

                    Transition metal dichalcogenides (TMD) are layered compounds with the crystal 

structural formula MX2, where X is any element of chalcogenides like S, Te or Se and M can be 

any element of transition metals such as V, Re, Mo, Ta, Ti or W. Van der Waals forces hold the 

TMD monolayers together. Each layer consists of three atomic layers, between the two 

chalcogen layers lies a layer of transition metal [70]. In comparison with graphene, many two-

dimensional TMDs are semiconductors. TMDs like MoS2, NbSe2 and TiS2 have a layered 

structure resembling graphite and are the first descendants of graphene. Their flexible, thin, and 
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transparent structures are nearly identical to those of graphene. Due to their exceptional 

physicochemical qualities, which include high chemical stability, good semiconducting ability, 

large surface area, high mechanical properties, ease of synthesis through a variety of preparation 

techniques and low cost. TMDs have generated a great deal of interest as electrode materials 

[67].  

Y. Zheng et al.[71] developed a hybrid supercapacitor using a single-step hydrothermal process. 

Electrochemical supercapacitor performance of VSe2/RGO hybrid materials has been 

documented with a specific capacitance of 680 F/g at 1 A/g current. It has a high energy density 

of approx. 212 Wh/kg with approx. 3.3 kW/kg power density. Furthermore, capacity retention 

was 81% after 10,000 cycles. 

2.3.3 Metal-organic frameworks (MOFs) 

                    Hybrid materials, or MOFs, possess a crystal structure and high porosity. They 

consist of organic and inorganic components held together by covalent coordination bonds. Since 

their first invention by Yaghi et al [72] in 1995, MOFs have gained wide attention because of 

their versatility, easy processing, low production cost, tunable structure and improved 

electrochemical response. These materials store charge through their pseudocapacitive 

properties. In addition to the many excellent electrochemical properties of MOFs, their high 

crystallinity also brings with it some significant disadvantages, such as at higher 

charge/discharge rates they show short cycle stability and reduced conductivity [73].  

Zhen He et al.[74] created a composite of MnO2/carbon nanosheets for electrode material for 

SCs. The Mn-based MOF nanosheets were carbonized and MnO2 nanosheets were vertically 

aligned using a straightforward low-temperature oxidation of MnO. In 1M Na2SO4 electrolyte, 

the as-synthesized MnO2/CNS demonstrated 339 F/g specific capacitance value at 0.5 A/g. 

2.4 MXene: Structure and Composition 

In 2011, Yury Gogotsi created the MXenes material, which is a component of the MAX phase, a 

class of two-dimensional inorganic substances [75]. The MAX phase is a class of materials with 

the general formula Mn+1AXn, where M is an element from Group IIIA or IVA of the periodic 

table (e.g. elements from Groups 13-16 such as In, Ga, Al, As, Ge). , Pb and Sn)A is from group 
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IIIA or IVA, X is carbon or nitrogen [76]. There are different categories of MAX phases based 

on the value of “n” (e.g. 413, 211, 514, 312, etc.). The M-A bond is metallic in nature while the 

M-X bond is metallic, ionic or covalent in nature. Using a slightly weaker M-A metal compound, 

a chemical etch layer can be performed to produce MXene. MXene has the formula Mn+1AXnTx 

(n= 1-3), where Tx represents the termination groups of surfaces (such as -OH, -Cl, -O, -F etc) 

[77].  

 

Figure 11: MAX phase to MXene [78]. 

There are different methods to synthesize MXene some of them are discussed below.  

2.4.1 HF Ecthing 

                    Different source materials, compositions, sintering and processing conditions have 

all been used to make MXenes. For the required stoichiometric ratio Ti:Al:C, Ti3AlC2 can be 

formed if suitable sintering conditions are met. Subsequent properties of Ti3C2TX such as surface 

finish, flake consistency and size (for example, the type of defects and number of defects) relate 
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directly to the method of preparation. Most synthesis techniques described in previous studies 

involve HF of 10 to 50 wt%, although less HF is required to extract aluminum from Ti3AlC2.  

It is worth noting that when selectively etching aluminum, smaller HF concentrations (5 wt% 

HF, about 24 hours) produced results comparable to higher concentrations (10 wt% HF, 18 hours 

and 30 wt% HR, 18 hours) were quite comparable.  According to most MXene literature, 

concentrated HF is the recommended etchant for Al extraction from Ti3AlC2. Yet, the utilization 

of highly concentrated HF may be eliminated if the etchant is diluted using HF of 5% 

concentration. MXene produced by HF etching has an accordion-like shape that holds the 2D 

layers together through hydrogen bonds and van der Waals forces. If diluted HF (<6 M) is used, 

the structure of MXene appears as broader layers with limited gaps between stacks, indicating a 

reduced separation of the MXene layers. On the other hand, etching MXene with lower HF 

concentrations helps H2O molecules move between layers and creates more exposed interlayer 

gaps, which provides more active sites for ions to reach as well as increases the capacity. 

Furthermore, MXenes with reduced defect levels are caused by the softer etching conditions 

[75]. 

2.4.2 Alkali Etching 

                    Alkaline etching has also been recently investigated for the synthesis of MXene and 

produced MXene with excellent performance. MXene is sensitive to dissolved oxygen, so it is 

important to pass argon through deionized water to remove dissolved oxygen. Using 

hydrothermal treatment method followed by repeated cleaning with concentrated NaOH in 

degassed water the MAX phase can be etched effectively [79].  

2.4.3 Electrochemical Etching 

                     It has also been demonstrated that this procedure is an effective way to prepare 

MXenes. By employing HCl in low concentration as an electrolyte in the electrochemical etching 

of Ti2AlC, Ti2CTx can be generated. The process also extracts some titanium, causing carbide-

generated carbon to deposit on the MXene surface. This process resulted in the Ti2CTx 

displaying -O, -OH and -Cl functional groups rather than -F ended functional groups. 

Additionally, a method for synthesizing other MXenes, such as Ti2CTx, Cr2CTx, and V2CTx, has 
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been devised that uses electrochemical thermal assistance, where the kinetics of etching is 

enhanced by gentle heating environment of around 50 °C. MXenes produced with this method 

have particles with 25 mm lateral size and a flower-like morphology [80]. 

2.5 MXene as Electrode for Supercapacitors 

MXenes' unique blend of metallic conductivity and hydrophilicity makes them an appealing 

choice for energy storage, particularly as electrodes for supercapacitor applications. When 

compared to traditional carbonaceous materials, MXene has demonstrated its ability to function 

as an ultra-high volumetric supercapacitor. These unique qualities, such as its high electric 

conductivity, large densities, hydrophilicity and faradic pseudocapacitive nature, may be the 

cause of this. Therefore, MXene can be used as a current collector to move electrons and as an 

active material for electrodes to store charges. Due to these properties, additional dense current 

collectors are not required and MXenes supercapacitors with large surface and volume 

capacitances can be constructed to produce smart electronic devices [31].  

Zhang et al.[74] created a conductive, free-standing, highly deformable electrode by combining 

MXene and MnO2 in a composite on carbon fabric. The resulting electrode was compared beside 

MnO2 nanorods/CC electrode (with a specific capacitance of 302.3 F/g). An improved specific 

capacity of about 511.2 F/g was observed. 

Jing Guo et al.[81] synthesized a d-Ti3C2/NF composite via self-assembly method of electrostatic 

attraction of positive and negative charges. The positive electrode material displayed an excellent 

electrochemical performance with a specific capacitance of 654F/g at current density of 1 A/g, as 

well as good cycling stability. The findings stem from the direct contact between Ni- foam and 

d-Ti3C2 nanosheets, as well as the high conductivity of the nanosheets, which produces a high 

specific capacitance and facilitates quick electron transfer. Maximum power density and energy 

density are delivered by d-Ti3C2/NF//b-Ti3C2 asymmetric supercapacitor with 4731.4 W/kg (9.2 

Wh/kg) and 18.1 Wh kg 1 (397.8 W/kg). Furthermore, the asymmetric supercapacitor has 

excellent stability (80.6% after 5000 cycles). 

Chunyuan Zhu et al.[82] prepared Co(OH)2-Ti3C2Tx@NF by coupling MXene nanosheets and 

cobalt hydroxide. Nickel foam as a conductive substrate provides a cross-linked framework for 
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rapid electrolyte diffusion, and the formation of the heterostructure successfully suppresses the 

self-agglomeration of MXene and cobalt hydroxide. The results showed a specific capacity of up 

to 1400 F/g. A 98.2% cycle stability after 10,000 cycles was also achieved. The asymmetric 

supercapacitor has an energy density of 13.7 μWh/cm2 @NF//AC at 1.4 mW/cm2. 

Liyong Zhang et al.[83] successfully prepared a self-supporting Ti3C2Tx /NF electrode structure 

through high electrostatic fields using monolayer Ti3C2Tx MXene ink. outstanding 

supercapacitor performance might be achieved by efficiently suppressing the aggregation of 

monolayer Ti3C2Tx MXene, as demonstrated by a high specific capacitance of 319mFcm-2 at 

2mAcm-2 and 94.4% cycling stability after 7000 cycles. 

2.6 Biomass derived Carbonaceous Materials 

A carbon-rich material known as biomass-derived carbon is created when biomass is heated to a 

high temperature and is oxygen-free. The material has a high carbon content, excellent electrical 

conductivity, large specific surface area and good stability, making it useful in research areas 

including wastewater treatment, power generation and energy storage [84]. In contrast to 

conventional electrode materials, carbon materials obtained from biomass are inexpensive, 

readily available, and environmentally benign. Furthermore, by adding additional heteroatoms, 

their special porous structure can enhance their electrochemical performance or make it easier 

for ions to move throughout the electrolyte. Some of the biomass derived carbonaceous materials 

are: 

• CNFs 

• CNTs 

• Graphene 

• Activated Carbon 

2.6.1 Precursors for Biomass derived Carbonaceous Materials 

         The most important factor in producing carbonaceous material derived from biomass is 

using simple techniques, raw material that is easily available and cheap. Biomass is typically 

carbohydrate composites that come from human excretions, plants and animals. Their main 

component is carbon, but some also contain heteroatoms such as oxygen, sulfur and nitrogen 
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[85]. In addition to reducing production costs and converting waste into valuable materials, the 

conversion of biomass to materials that is usable can partially solve the problem of 

environmental pollution. After extensive research scientists have found a wide range of 

precursors that can be used for biomass-derived carbon synthesis. Biomass precursors are mainly 

divided into four types [84]:  

• Biomass from plants: The most often utilized carbon precursor components generated 

from biomass are hemicellulose (20–40 wt%), cellulose (40–50 wt%) and lignin (10–40 

wt%), which make up most plants.  

• Biomass from animals: The composition of these precursors is more complex compared 

to plant precursors. To date, animal protein and chitosan have commonly been used for 

biomass carbon production. 

• Biomass from humans: Due to the economy's rapid growth, human civilization produces 

a large amount of industrial and home garbage every day that is challenging to recycle. 

Right now, domestic trash produced by people is growing at a quick rate, and 

urbanization is happening faster in every country in the world. In addition to requiring the 

occupation of land, the dumping of these household wastes pollutes the environment and 

has an adverse effect on human health. Because of their high carbon content, plastics, 

leftovers, leather, textiles and abandoned wood, among other household wastes, can be 

used to derive carbonaceous material. 

• Biomass from microorganisms: Microorganisms are carbonaceous organisms that reproduce 

rapidly, are widespread and diverse. Commonly used in the food and pharmaceutical 

industries, it contains bacteria, actinomycetes, fungi, viruses and other tiny prokaryotes. 

Since peptidoglycans form the cells of most microorganisms, they can be used as precursors 

for carbon produced from biomass. 

There are different methods for the synthesis of carbonaceous materials from biomass, some of 

them are discussed below. 

        2.6.2 Pyrolysis 

                The most popular thermochemical process for producing carbon materials derived 

from biomass is pyrolysis. Biomass precursors undergo various conversion reactions at high 



29 

 

temperatures (300–1000 °C) in inert gas, ammonia or oxygen-poor atmospheres. The end 

product is mainly carbon from biomass, liquid bio-oil and volatile materials (CO2, CH4 and other 

organics). These reactions typically include dehydration of the biomass, then condensation, after 

that formation of network, occurrence of depolymerization, cracking and finally isomerization. 

This is advantageous because of low pollution, simple process, low cost  and production at large-

scale, but resulting product has poor pore structure, low specific surface area and many 

impurities [86].  

2.6.3 Hydrothermal Carbonization 

                  The hydrothermal method, which combines simplicity, energy efficiency, and 

environmental protection, is an efficient way to manufacture carbon extracted from biomass. The 

biomass precursor will go through thermochemical transformation with water medium inside a 

closed system during the hydrothermal reaction process at relatively low temperatures in the 

range of 100 to 300 °C, ultimately yielding the carbonaceous material derived from biomass. 

Specifically, critical or supercritical water can provide autonomous pressure in the reaction 

system in addition to increasing the reactivity of biomass precursors. After the hydrothermal 

reaction, there are still many oxygen-containing functional groups (COOH, OH and C=O) on the 

surface of the carbon produced from biomass. This has significant advantages for the additional 

functionalization of carbon obtained from biomass, which can expand the range of applications. 

However, the carbonaceous material produced from this method has small specific surface area, 

poor porosity and low electrical conductivity; therefore, it is required to get greater activation 

before using it as supercapacitor electrode material [87]. 

        2.6.4 Activation 

                Hydrothermal carbonization method and pyrolysis don’t give satisfactory results when 

it comes to porosity and surface area. To resolve this issue, scientists have found activation 

processes. Depending on the process, activation methods are classified into physical or chemical 

activation methods [84].  

Physical activation involves heating biomass precursors to a specific temperature to produce 

biomass char. The biochar is then activated with oxidizing gases (CO2, N2, water vapor, air) at 
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temperatures above 800 °C, which ultimately creates carbon derived from biomass [38]. The 

physical activation approach features low instrument loss, high yield, and a straightforward 

process when compared to alternative preparation methods. Additionally, there is no need for 

additional processing because the products made using this approach can be used right away. 

However, to use this process, a greater reaction temperature is needed, which will use more 

energy and result in more pollutants.  

Chemical activation necessitates a lower temperature, short reaction time as well as a more 

perfect porosity structure in the result than physical activation. During chemical activation, 

biomass precursors are combined with activation reagents and heated to temperatures between 

300 and 950 °C. This can simultaneously complete carbonization of the product as well as 

activation. Many activation reagents, including NaOH, KOH, ZnCl2, FeCl3, H2SO4, H3PO4, and 

Na2CO3, have been developed to date [88]. KOH is the most commonly used activator. The 

carbon element reacts with KOH, K2O and K2CO3 formed during the pyrolysis process, etching 

the matrix of carbon and developing a porous structure. Moreover, the pyrolysis process 

produces CO, H2, CO2 and H2O which create additional pores in the end product [89]. Moreover, 

a loose carbon structure will arise from the pyrolysis reaction's intermediate product, metallic K, 

entering the carbon lattice. Eventually, after being thoroughly cleaned with water, the carbon 

generated from biomass can be recovered. This activation method improves the specific capacity 

and porous structure of biomass-derived carbonaceous materials and reduces energy loss during 

the manufacturing process.   

2.7 Activated Carbon as Electrode Material for Supercapacitor 

As an electrode material for supercapacitors, activated carbon (AC) has attracted much attention 

due to its advantages such as high specific surface area, large porosity, high electrical 

conductivity, high adsorption capacity and low cost. It can be synthesized from a range of 

biomass precursors such as wood, peanut shells, apple peels, banana peels, wheat husks, etc. 

Large electrochemically active surface areas, quick ion transfer kinetics, and high electron 

conductivity are all results of the linked porous structures found in AC, which makes AC a 

promising electrode material [42]. 
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Su et al.[90] used KOH chemical activation to create SAC (activated carbon) produced from 

loofah sponges. They discovered that adjusting the concentration of KOH could efficiently 

control the HPC (hierarchical pore structure) of SAC. Consequently, the resulting SAC displays 

a high heteroatom functional groups concentration (19.2 at%) and 2718 m2/g surface area, which 

contributes to 16.1 Wh/kg energy density in the Na2SO4 electrolytes showing a superior 

performance.  

Deng at al.[91] attained a 253 F/g specific capacity using HPC material. HPC is synthesized in a 

one-pot process, carbonized at 900°C and treated with KHCO3. 

Gou et al.[92] achieved a specific capacitance of 226.2 F/g at current density of 0.5 A/g with 

HPC material. It was synthesized by carbonizing wheat straw at 400 ºC and KOH activation.  

M. M. Baig et al.[93] used activated carbon and achieved a specific capacity of 271.5 F/g at a 

current density of 0.5 A/g, with a capacity retention of 82% after 5000 cycles. It is synthesized 

by carbonizing wheat husks at 400 °C in an N2 environment and activating them at 800 °C. 
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CHAPTER 3: MATERIALS AND METHODS 

3.1 Materials 

MAX phase (Ti3AlC2) was purchased from Sigma Aldrich (CAS-No: 196506-01-1). HF, HCl, 

ethanol and DMSO were purchased from Sigma Aldrich. HNO3 was purchased from Fisher. 

KOH was purchased from Daejung chemicals (CAS-No.: 1310-58-3). DI water was purchased 

from HAT Enterprises Pakistan. All materials and chemicals were of analytical grade. Barley 

was purchased from a local market which was used in the synthesis of activated carbon.     

3.2 Synthesis of MXene (Ti3C2Tx) 

Multilayered MXene was synthesized by selective etching method [94]. 20 mL of HF was added 

to the Teflon container, then slowly 1 g of MAX phase was added to the acid, placed in an oil 

bath at a temperature of 50 °C and the mixture was stirred for 24 hours. The mixture was then 

diluted with deionized water and the pH was maintained at approximately 7 by centrifugation 

five to six times at 4500 rpm (6 minutes per round). The etched sample was then dried at 60 ºC 

overnight. For intercalation, 45 ml of DMSO were added to the MXene precipitate and stirred at 

room temperature and 300 rpm for 20 h. MXene sheets were then probe sonicated for 4 hours at 

90% power of 650 Watt. For exfoliation of MXene sheets, the sample was then centrifuged once 

for 10–15 minutes at 3500 rpm. The sample was then dried overnight at 60 °C.   
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Figure 12: Synthesis process of MXene. 

3.3 Synthesis of Activated Carbon 

Activated Carbon was prepared using barley as precursor. For pretreatment, 25g of barley flour 

was added in 1M HNO3 solution and stirred at room temperature for 24 hours. Afterwards, it was 

centrifuged at 4500 rpm for 6-7 times (7 minutes round) until the pH of sample reached 

approximately 7. The pretreated sample was dried overnight at 60 ºC. The sample was then 

ground using mortar pestle to obtain powder. For carbonization, the powder was placed in an 

alumina crucible at 400 °C in a tube furnace and heated for 1 hour under a stream of nitrogen at a 

heating rate of 5 °C/min. To obtain a fine powder, biochar is ground in ethanol in a ball mill for 

3-4 hours. The biochar was then dried overnight at 60 °C. For activation, biochar was mixed with 

KOH in a stoichiometric ratio of 1:5 and stirred in 30 ml of deionized water for 5 hours and 30 

minutes. The sample was then dried overnight at 60 °C. Finally, the mixed powder was 

transferred to an alumina crucible and annealed in a tube furnace at 700 °C for 1 hour at a 

heating rate of 5 °/min under a nitrogen atmosphere. The resulting product was washed by 

centrifugation (cycle 6 min) at 4500 °C using 1 M HCl and deionized water until the pH of the 

sample was neutralized. The activated carbon sample was then dried at 60 °C for 24 h. 

 

Figure 13: Synthesis of biomass derived activated carbon. (a): Carbonization Process. 
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 (b): Activation process. 

3.4 Synthesis of MXene/Activated Carbon Composite 

For the preparation of MXene/Activated Carbon composites, AC was added in different wt%, 

30%, 50% and 100% for MAC1, MAC2 and MAC3 respectively. Activated carbon and MXene 

were added to 30 ml of deionized water. The samples were then treated with ultrasound for 2–3 

hours. The dispersions were vacuum filtered and then dried in a vacuum oven at 60 °C for 24 

hours. 
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Figure 14: Synthesis process of MXene/AC composites. 

3.5 Electrode Preparation 

First, the nickel foam is processed into clean nickel foam. Cut it into 1cm x 1cm pieces, then 

added into a 1M HCl solution and ultrasonicated for 30 minutes. Then the solution was 

discarded, and the nickel foam pieces were sonicated in acetone for 30 minutes, then in ethanol, 

and finally in deionized water for 30 minutes. The nickel foam pieces were then dried overnight 

in a vacuum oven at 60 °C. For slurry preparation, MXene, activated carbon and their composites 

were used as active materials. The active material was mixed with carbon black as conducting 

agent, PVDF as binder and NMP as solvent in a weight ratio of 80%: 10%: 10% respectively. 

Then, the solutions were ultrasonicated for 1 hour to get a homogenous mixture. Each slurry was 

then dropped coated onto the nickel foam piece and dried overnight in a vacuum oven at 80 °C. 

To determine the mass loading of the sample, the nickel foam panels were weighed before and 

after coating. 
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Figure 15 : Electrode preparation process
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CHAPTER 4: CHARACTERIZATION 

4.1 X-ray diffraction (XRD) 

The working principle of X-ray diffraction analysis (XRD) is constructive interference between 

monochromatic X-rays and the crystalline sample [95]. This nondestructive technique is used to 

investigate the various crystalline phases present in the test sample. The wavelength of X-rays 

employed for analysis varies from 10 Å to 2.5 nm. It consists of five major components, sample 

holder, radiation source, radiation transducer, component to limit wavelength and signal 

processing. Most diffractometers have the X-ray source and detectors positioned on the same 

side of the sample, where the incident x-rays strike at an angle, reflect, and land on the detector. 

A filament in a cathode ray tube produces electrons when it is subjected to heat. Electrons are 

accelerated towards the target by applying When an electric field is applied electrons accelerate 

towards the target. When these electrons hit the target material's inner shells, characteristic X-

rays are released. For X-ray diffraction, copper (Cu-Kα radiation= 1.5418Å) is the most often 

employed target material. The goniometer is used to maintain the angle at which this 

monochromatic beam of X-ray is guided to fall down on the sample. The most widely used 

detector for measuring the intensity of X-rays reflected by constructive interference is the 

scintillation counter. Powder X-ray diffraction has a full scan range of 5o to 150º.  

The layers and planes that make up a crystal cause the X-ray light to be dispersed when it strikes 

them. When the X-ray light's wavelength aligns with the crystal planes, it is reflected in a way 

that makes the angle of incidence equal to the reflection angle. The diffraction patterns are the 

result of interference, which depends on the distance between the surfaces. 
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Figure 16: Mechanism of XRD [96]. 

W. H. and W. L. Bragg determined the correlation between the wavelength, d-spacing, and 

scattering angles of the X-rays in use in 1912. It is as follow  

nλ = 2dsinθ 

When Bragg's law is met, constructive interference occurs. This method provides information 

regarding a variety of sample characteristics, including, Sample purity, phase, crystallinity, 

lattice mismatch, dislocations and unit cell measurements.  

4.2 Raman Spectroscopy 

Raman spectroscopy's 0.5–1m spatial resolution makes it suitable for microscopic examination. 

With a Raman microscope, this kind of research is feasible. A Raman microscope uses a tiny 

laser focus to give Raman analysis and high magnification sample imaging. It is connected to a 

regular optical microscope via a Raman spectrometer. To undertake a Raman microanalysis, 

place the material under the microscope, focus, and measure. A genuine confocal Raman 

microscope may be used to study micron sized particles. Even the various layers of a 

multilayered sample (such as polymer coatings) and the properties and contaminants beneath the 
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surface of a transparent sample (such as fluid or gas inclusions in glass defects or minerals) can 

be examined with it. Raman spectral pictures, which are made up of hundreds of spectra of 

Raman recorded at various locations on the sample, can be created using motorized mapping 

stages. The distribution of chemical components as well as variations in other effects like 

stress/strain, crystallinity, polymorphism, and phase, can be seen using false color pictures based 

on the Raman spectrum [97]. 

 

  

Figure 17: Working of Raman [98]. 

4.3 Scanning Electron Microscope (SEM) 

SEM is a technique used for imaging, that visualizes bulk and nano surfaces using high intensity 

electron beams. When the extremely intense beam is directed on the sample surface, the 

information obtained includes, the sample's composition, sample topography and phase mapping 

[99]. 
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Upon impact, the beam induces a variety of interactions that result in the emission of signals. 

These signals may include reversed scattered electrons, cathode luminescence, transmitted 

electrons, secondary electrons, and distinctive micro-X-rays.  

 

Figure 18: Working principle of SEM [100]. 

        4.3.1 Principle of SEM 

                   In scanning electron microscopy, the sample surface is focused under the electron 

beam. The method utilized is a raster scan, which focuses on extremely small cross section areas. 

When the concentrated beam of electrons interacts with a material, the material's surface will 

release electrons or photons. Several sets of detectors are used to collect the released photons and 

electrons. The outputs from the detectors are used to control the cathode ray tube's brightness. 

The cathode ray tube (CRT) X and Y inputs are adjusted in accordance with the X and Y 
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voltages to restrain the electron beam. Consequently, image 1 was produced for a CRT display. 

Elemental x-rays, secondary electrons, and backscattered electrons all form images. 

4.4 BET Surface Area Analysis 

Through BET analysis, non-corrosive gases such as N2 are adsorbed or desorbed on the 

material's surface, allowing for the study of the material's porosity and surface area [101]. The 

sample is dried at a high temperature while N2 gas is being purged. The amount of N2 gas that 

has been adsorbed at the material’s surface determines its porosity and surface area. An 

investigation on the volume of gas adsorbed on the surface is conducted using a continuous flow 

or volumetric procedure. The sample surface and N gas interact weakly with Van der Waal's 

forces when the temperature of liquid nitrogen is reached.  

The BET multipoint measurement uses this equation. The mass of the material and the quantities 

Vm can be used to compute the specific pore surface area. Surface area and porosity, two crucial 

sample properties, are determined using the BET analysis approach. A sample preparation 

apparatus, an N2 transfer system, a sample tube, a vacuum pump, computer software and 

computer hardware make up the equipment. The sample is dried at high temperatures while non-

corrosive gases like N2 are purged. The amount of gas adsorbed is then used to calculate the 

sample's pore size and specific surface area. One of the most important stages of the analysis is 

sample preparation. To remove all impurities, including water vapors as well as gas molecules, 

the sample is first purified by degassing in the sample preparation apparatus under vacuum 

conditions for a predetermined period. Following the placement of the sample test tube in the 

surface area, porosity analysis—which is related to the computing system and the quantity of 

adsorbing gases—was computed in relation to the total surface area and pore volume. 
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Figure 19: Mechanism of BET analysis [102]. 

4.4.1 Sample Preparation for BET 

                       First, degassing is done at a high temperature to remove various atmospheric 

pollutants from the sample, such as air, water vapor, etc. For degassing, vacuum conditions are 

necessary.  

4.4.2 Instrumentation of BET 

                     The following components make up the instrumentation:  

Sample tube, reference container, temperature-controlled system from high temperature system 

to low temperature, monometer, gaseous pressure inlet, inert gas inlet, vacuum system.   
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Figure 20: BET equipment [103]. 

4.5 Electrochemical Measurement 

4.5.1 Cyclic Voltammetry 

            The most straightforward method for assessing electrochemical behavior at the 

laboratory scale is cyclic voltammetry (CV). The system comprises three electrodes: a reference 

electrode, a working electrode, and a counter electrode. The oxidation and reduction (redox) 

reactions at the electrode/electrolyte interface are then examined using the CV system. The plot 

of CV is between resulting current (I) of working electrode vs. potential (V) and is obtained 

when potential is applied to the working electrode and reference electrode, and the response of 

the output current between counter and working electrode is recorded. Platinum is typically 

employed as the counter electrode, and Ag/AgCl (silver/silver chloride) and SCE (saturates 

calomel electrode) are the most often utilized RE. The electrolyte's function is to supply ions, so 

it needs to have strong conductivity. In supercapacitors, different materials react differently. 

Whereas pseudocapacitors produce redox hump during forward and reverse scans, EDLC 

produces rectangular curves.  
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Figure 21: Three electrode based electrochemical cell set up and cyclic voltammogram [104]. 

4.5.2 Galvanostatic Charge-Discharge Analysis 

                    A popular technique for analyzing the charging/discharging characteristics of 

batteries and supercapacitors is GCD. Potential vs. time at constant current is measured by GCD. 

For a full cycle to be completed, the material needs to be once charged/discharged. The GCD 

curves of a pseudocapacitor and an EDLC diverge, just like in CV. During charge and discharge 

cycles, EDLC materials exhibit linear curves with minimal IR drop. The absence of redox 

processes is shown by a linear response, and charge storage is defined as the charge’s adsorption 

at the electrode inference. When GCD is present, there is a significant IR decrease and a 

nonlinear curve. When discussing pseudocapacitors, the term "nonlinearity" refers to the charge-

storage mechanism that results from oxidation and reduction reactions.  
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Figure 22: GCD curves of (a) EDLC (b)Pseudo capacitor [105]. 

4.5.3 Cyclic Stability 

                    A crucial component of energy storage devices is cyclic stability. Supercapacitors 

are subjected to several charge and discharge cycles to assess their cyclic performance. On a lab 

scale, 100–10,000 cycles of charge and discharge are often carried out to assess the material's 

capacity retention. 

4.5.4 Electrochemical Impedance Spectroscopy 

                    An EIS determines the impedance of a material. As a function of frequency, it 

calculates the dielectric properties. There are two components to the EIS curve: a real axis and a 

semicircle. In an ideal scenario for a capacitive material, the semicircle should be smaller, and 

the real axis should be vertical. The curvature's shape in EIS is determined by the material's 

composition. The system's equivalent circuit response determines the Nyquist plot. Where Rct is 

the polarization resistance or charge transfer resistance, Re is the series resistance at the interface 

of working electrode and the electrolyte, Warburg impedance is dependent on reactant diffusion, 

and Cd is the double layer capacitance present at the interface of electrolyte and electrode.  
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Figure 23: EIS (a) Equivalent circuit diagram (b)Nyquist plot [106]. 
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CHAPTER 5: RESULTS AND DISCUSSION 

Literature review about energy storage devices show that compared to supercapacitors, the 

capacitance typically attained for batteries and fuel cells is higher. Supercapacitors, on the other 

hand, have a larger capacity than normal capacitors. Researchers have been studying new 

materials that can be utilized as electrodes to help supercapacitors overcome the issue of low 

capacitance.  

In the current study, MXene, activated carbon and their composites were synthesized for 

supercapacitor applications to cope with the issue of low capacitance. MXene was synthesized 

using selective etching method, activated carbon was synthesized by KOH activation and their 

composites were made using physical mixing. This chapter provides a detailed introduction to 

electrochemical testing and characterization techniques used to evaluate the electrochemical 

performance of supercapacitor electrode materials. 

5.1 XRD analysis 

The XRD spectrum of MXene, AC, MAC1, MAC2 and MAC3 is shown in figure 24. The XRD 

spectra of MXene shows that after HF etching, the diffraction peak at 38.6º vanishes and the 

characteristic peak 2θ = 9.5º corresponding to (002) plane is broadened and inclined to shift 

towards a lower angle of 8.9º. This shows that the lattice constant has changed and interplanar 

spacing has increased indicating that the MAX phase was successfully transformed to MXene. 

The XRD pattern of MXene shows peak at 2θ values of 8.9º, 18.3º, 27.7º, 34.4º, 37.0º, 41.5º, and 

60.5º which corresponds to (002), (004), (006), (008), (103), (105), and (110) planes 

respectively. The diffraction peaks of MXene are low in intensity and broader as compared to 

peaks in MAX phase, which indicates the successful etching of Al and an increased disorder in 

the crystal structure, these results are consistent with previously reported literature [94] [107]. 

The XRD spectrum of AC shows two broad non-crystalline peaks centered approximately at 25º 

and 43.8º which corresponds to (002) and (100) planes respectively, which is consistent with 

previous studies [108]. The less intense and broad humps confirm the amorphous structure of 

activated carbon and shows low degree of graphitization with a disordered carbon structure. The 

XRD spectra of all the composites MAC1, MAC2 and MAC3 shows that they possess all the 
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characteristic peaks of MXene and AC, except for the peak at 37.0º which is covered by a broad 

hump of AC ranging from 36-47, confirming the formation of MXene/AC composite. It is 

evident that all the peaks get less intense and broader as the amount of AC increases in the 

composite. This less intensity shows reduced crystallinity, and slight broadening of the peaks 

indicates further increase in the interlayer spacing as compared to MXene. Furthermore, this 

increase in disorder and peak broadening could also be attributed to the amorphous AC and high 

power ultrasonication used during composite preparation, which assisted the breaking of AC 

structure and Intercalation of AC between the MXene sheets. Overall, the composites have a 

graphitic microcrystalline amorphous carbon structure, which is consistent with the Raman 

results.  

 

Figure 24: XRD pattern of MXene, AC, MAC1, MAC2 and MAC3. 

5.2 Raman analysis 

Figure 25 shows the Raman spectra of MXene, AC, MAC1, MAC2 and MAC3. The Raman 

spectrum of MXene shows a sharp peak at 157.8 cm-1 and some low intensity peaks at 408.9 cm-

1 and 626.6 cm-1 in the lower Raman shift range (<1000 cm-1), which is because of the C-Ti 
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vibration, all of these peaks are significant features of MXene, similar to previously reported 

results [109]. On the other hand, AC shows two peaks at 1364 cm-1 and 1587 cm-1 which 

represents the D and G bands respectively. The D band shows the presence of defects and 

disorder, and the G band corresponds to the in-plane vibration, graphitization degree and 

symmetry of sp2 hybridization of carbon atoms, which is consistent with previous literature 

studies [110]. It can be seen from the spectra of AC that both peaks are sharp, showing defects 

and amorphous carbon (sp3 hybridization). The ratio of the D-band and G-band intensities, also 

called the ID/IG ratio, shows the degree of amorphization of the material. The larger the ratio, the 

higher the degree of disorder and amorphism and the lower the degree of graphitization. The 

ID/IG value of AC is 0.98 showing that it has a disordered structure with high density of defects 

and absence of a graphitic structure. The higher density of defects is key for enhancing 

capacitance. The Raman spectra of all the composites MAC1, MAC2 and MAC3 shows two 

characteristic peaks at 1332 cm-1 and 1575 cm-1 for MAC1, 1352 cm-1 and 1582 cm-1 for MAC2, 

and 1364 cm-1 and 1577 cm-1 for MAC3. It can be seen from the spectra that all the composites 

exhibit a sharp peak around 151.9 cm-1 and a few peaks in the lower Raman shift region of low 

intensity, which belong to TiC vibrations from MXene. The ID/IG value of the composites are 

0.84, 0.85 and 0.86 for MAC1, MAC2 and MAC3 respectively. These results imply that as the 

amount of AC increases in the composite, more defect sites are introduced, and the degree 

graphitization gets lowered as compared to MXene. This high degree of disorder and defects can 

provide more adsorption and active sites for better ion diffusion and charge transport, and 

provide lower resistance for electrochemical reactions to occur, thereby improving the 

capacitance of the material, which is consistent with the XRD results.  
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Figure 25: Raman plots of MXene. AC, MAC1, MAC2 and MAC3. 

5.3 Brunauer Emmett Teller analysis 

The specific surface and pore structure properties of the samples were investigated using N2 

adsorption analysis at 77 K, and the pore volume of the sample was calculated using the BJH 

model. Figure 26 shows the N2 isotherms of MXene, AC and MAC1, MAC2 and MAC3. The 

isotherms of the samples revealed that AC had the highest BET surface area of 526.2 m2/g 

followed by the composites MAC3 with 140.2 m2/g, MAC2 with 117.1 m²/g and MAC1 with 

82.4 m²/g. All these samples show values much higher than MXene which shows a BET surface 

area of 3.7 m2/g, similar to results reported in literature [111] [112]. From these results, it is 

evident that with addition of AC the surface area increases. As MAC3 has the most amount of 

AC, it exhibits a larger surface area than the other two composites. MAC1 has the smallest 

surface as it has the least amount of AC among the three composites. Pore volume of the samples 

was 0.2 cm3/g, 0.03 cm3/g, 0.05 cm3/g, 0.02 cm³/g and 0.007cm³/g for AC, MAC3, MAC2, 

MAC1 and MXene respectively. Pore volume or pore size distribution indicates that AC has a 

macroporous structure. The BET results for the specific surface area and pore volume of all 
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composites were between AC and MXene, which is because MXene is very small and can cover 

or block some pores and large AC particles. On the one hand, the addition of AC between 

MXene sheets increases the surface area of the material compared to pure MXene, which is due 

to the porous nature of AC. The results show that the composite has a 3D macroporous structure, 

which is consistent with the SEM analysis. The presence of this high surface area porous 

structure not only ensures numerous active sites on the MXene layers but also facilitates smooth 

and rapid ion transport. This property is of great importance for improving electrochemical 

performance and suppressing interfacial reactions that occur between electrolytes and electrode 

materials. 

 

Figure 26: BET plot of MXene, AC, MAC1, MAC2 and MAC3. 

5.4 SEM analysis 

The microstructure and morphology of MXene, AC, MAC1, MAC2 and MAC3 were 

characterized using SEM.  As shown in image in figure 27(a), the dense close packed structure of 

MAX phase has transformed into an accordion-like structure of open stacked thin sheets, similar 

to results reported in previous studies [113]. This two-dimensional structure of MXene depicts 

successful exfoliation of Al after HF etching. The multilayered structure of MXene provides 

good conductivity and high surface area. On the other hand, AC has a porous structure with a 
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rough surface and numerous holes, which is consistent with the results in the literature [114]. 

The macropores in AC can facilitate rapid ion diffusion, electron transfer and charge storage. 

Figure 27(c-e) shows that the composites combine these features and displays a three-

dimensional conductive network, where MXene sheets are uniformly dispersed within the AC 

macroporous structure. Additionally, the embedding of some tiny particles of AC hindered the 

restacking of MXene layers, which in turns increases the active sites available for electrolyte ion 

transport. A variation in the amount of AC can also be observed from the images as we go from 

MAC1 to MAC3. This three-dimensional conductive network is a well-integrated structure in 

which the two-dimensional nanosheets provide better conductivity due to high surface area 

between the sheets and the macropores provide abundant channels for the adsorption of 

electrolyte ions. This composite structure suggests an enhanced electrochemical performance, 

which makes it a suitable electrode material. 
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Figure 27: SEM images of (a) MXene, (b) AC, (c) MAC1, (d) MAC2 and (e) MAC3.  

5.5 Electrochemical Characterization 

All electrochemical tests, including cyclic voltammetry (CV), electrochemical impedance 

spectroscopy (EIS), and galvanostatic charge and discharge (GCD), were performed on a Gamry 

1010E electrochemical workstation. Electrochemical measurements were performed in a three-

electrode system in 3M KOH electrolyte. The prepared electrode was used as the working 

electrode, the platinum wire as the counter electrode, and the Ag/AgCl electrode as the reference 

electrode. Cyclic voltametric analysis was performed in a potential window range of 0V – 0.6 V 

at a sampling rate of 5 to 100 mV/s. EIS analysis was carried out in the frequency range 0.1 – 

100 kHz. Galvanostatic charging and discharging occurs at a current density of 0.5 to 10 A/g in 

the potential range of 0-0.45 V. The specific capacitance of the electrode was calculated using 

the following equation [115]: 

  𝐶𝑠 =
I×∆t

m×∆V
 

Where, I is the test current (A), ∆t is the discharge time (s), m is the mass of the active material 

(g), and ∆V is the voltage window (V).  

5.6 Cyclic Voltammetry (CV) 

Figure 28(a) shows the CV curves of MXene, AC and composites materials at 5 mV/s. All 

samples exhibit a pair of obvious redox peaks, illustrating the pseudocapacitive behavior. These 
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redox peaks in MXene can be attributed to the adsorption and desorption of -OH on the MXene 

surface from the KOH electrolyte. Redox reaction takes place due to the following reaction [81]: 

𝑇𝑖2𝐶2(𝑂𝐻)𝑋 + 𝑂𝐻−  ↔ 𝑇𝑖3𝐶2(𝑂𝐻)𝑋+1 + 𝑒−1 

𝑇𝑖3𝐶2𝑂𝑦 + 2𝑂𝐻−  ↔  𝑇𝑖3𝐶2𝑂𝑦+1 +  𝑒−1 + 𝐻2𝑂 

In AC, in addition to the adsorption and desorption of electrolyte ions, the appearance of the 

hump is due to the redox reaction which is caused by present functional groups on AC’s surface 

such as hydroxyl, carbonyl and carboxyl groups, which are introduced during the KOH 

activation process. Since the composite material combines these properties of MXene and AC, 

redox peaks occur in both of the above-mentioned processes. The specific capacitance of the 

samples at 5 mV/s was 588.35 F/g, 939 F/g, 645.05 F/g, 738.95 F/g and 1080 F/g for MXene, 

AC, MAC1, MAC2 and MAC3 respectively.  It is also apparent from the CV curves that MAC3 

has the largest area compared to all the samples, indicating the highest capacitance value. This 

can be accredited to high amount of AC present as compared to MAC1 and MAC2. This is due 

to the synergistic effect of the MXene/AC conductive network, which combines the large surface 

area of thin nanosheets that facilitate surface adsorption/desorption with the porous structure that 

provides channels for fast ion transport. MAC1 and MAC2 show lower capacitance than MAC3 

and AC, this may be due to presence of less amount of AC and, due to small size of MXene that 

may have blocked some of the pores of AC, thereby reducing the available active sites in the 

material. Table 2 shows the specific capacitance values of MXene, AC, MAC1, MAC2 and 

MAC3 at different scan rates. Figure 28(b-f) shows the CV curves for all samples in the range 5-

100 mV/s. From the CV curves of all samples, it can be seen that the redox peaks move to higher 

potential values and lower potential values with increasing scan rate, respectively, and the shape 

of the CV curves does not change significantly, indicating that the redox reaction has good 

reversibility on. 
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Figure 28: Cyclic voltammograms of (a) all samples at 5mV/s, (b) MXene at various scan rates, (c) AC at 

various scan rates, (d) MAC1 at various scan rates, (e) MAC2 at various scan rates and (f) MAC3 at 

various scan rates. 

 

 

 

 

 

Table 2: Specific capacitance of all samples calculated from CV data. 

Scan rate Specific Capacitance (F/g) 

 MXene AC MAC1 MAC2 MAC3 

5 mV/s 588.358 9.39E+02 645.0526 738.9525 1.08E+03 

10 mV/s 448.1462 7.94E+02 525.1416 598.8529 8.96E+02 

20 mV/s 337.6301 6.37E+02 396.5599 469.167 7.11E+02 

30 mV/s 290.4175 5.70E+02 333.5044 396.1514 6.02E+02 

40 mV/s - 5.28E+02 297.1818 352.6637 5.42E+02 

50 mV/s 245.1091 5.03E+02 275.0058 328.5808 4.96E+02 

75 mV/s 218.9546 4.68E+02 244.5244 288.8234 4.33E+02 

100 mV/s 201.7035 4.46E+02 227.1043 267.3622 3.99E+02 
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To study the charge storage mechanisms and dynamics of active materials, the following 

relationship, called the power law, is used: 

I(V) = avb 

Where I(V) is the peak current, v is the sampling rate and a and b are constants. The b value is 

determined by plotting log(I(V)) against log(v). In general, for b-value fitting calculations, b = 

0.5 means that the electrochemical process is a diffusion-controlled process, while b = 1 

indicates that the electrochemical process has capacitive behavior [116]. The charge storage 

mechanism in electrodes consists of two different components: diffusion-controlled and non-

diffusion-controlled. Diffusion-limited processes occur when the transfer of ions of electrolyte 

across the surface of electrode becomes the limiting factor of the electrochemical reaction. The 

capacitive behavior is controlled during electrochemical processes by Faraday charge transfer 

and ion adsorption at the interface between electrode material and electrolyte. The b-value 

MXene, MAC1, MAC2, MAC3 and AC was 0.80, 0.84, 0.89, 0.89 and 0.98 respectively. The 

high b-value of AC as compared to MXene and MAC, indicates that it predominantly exhibits a 

capacitive behavior with negligible contribution of diffusion-controlled process, this can be 

attributed to the fact that AC has abundant macropores which provides plenty of channels for ion 

adsorption and desorption even at the interface of electrode and electrolyte. MXene and all the 

composites show both pseudocapacitive and battery-like behavior. All the composites, however, 

show a b-value between MXene and AC, this is due to the addition of AC in MXene, the pore 

size distribution increased, and the composite became conducive to large storage, rapid ion 

transfer on the surface as well as diffusion of ions inside the material. This synergistic effect 

increased the capacitive behavior of the electrode material with little contribution of diffusion-

controlled process, this result is consistent with the BET results discussed earlier.    

5.7 Galvanostatic Charge Discharge (GCD) 

Figure 29(a) shows the GCD curves of MXene, AC, MAC1, MAC2 and MAC3 at 1 A/g. MAC3 

showed longer charge/discharge times compared to all samples, indicating higher charge storage 

capability. The specific capacitance value of MXene, AC, MAC1, MAC2 and MAC3 determined 
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at 1 A/g is 280 F/g, 442 F/g, 318.4 F/g, 364.2 F/g and 540 F/g respectively. Compared with 

MXene and AC, the high specific capacity of MAC3 can be ascribed to a few reasons including: 

(i) The 2D/3D hierarchical structure provides abundant active sites, which facilitates rapid ion 

diffusion. (ii) There is an optimal amount of alternating current. (iii) The porous structure 

associated with thin nanosheets has a large surface area and large pore volume, which can 

improve the ion dynamics at the electrode-electrolyte interface. Figure 29 shows the GCD curves 

of all samples at different current densities. The potential plateau visible in the curves 

corresponds to the redox process, which means that the sample shows pseudocapacitive 

behavior, which is consistent with the CV results. As the current density increases, the charge-

discharge cycle time shortens, which may be due to the lower utilization of active materials at 

high current densities [117]. Furthermore, the specific capacitance decreases with increasing 

current density, which is due to the slow diffusion of ions through the electrode at higher current 

densities. From Figure 29(b-f), it can be seen that the symmetry of the curve indicates high 

Coulomb efficiency. The reason for the improved electrochemical performance of the 

composites compared to MXene can be attributed to the three-dimensional network with 

interconnected two-dimensional nanostructures, which provides a large surface area and creates 

short paths for electrolyte ion transport. Furthermore, AC is the backbone for faster transport and 

optimal interactions between MXene and ions. 
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Figure 29: GCD curves of (a) All samples at 1 A/g, (b) MXene at different current densities, (c) AC at 

different current densities, (d) MAC1 at different current densities, (e) MAC2 at different current 

densities, (f) MAC3 at different current densities.   

5.8 Electrochemical impedance Spectroscopy (EIS) 

To further investigate the electrochemical properties of MXene, AC and composites, EIS 

measurements were carried out. Figure 30 shows the Nyquist diagrams of MXene, AC, MAC1, 

MAC2 and MAC3. Nyquist diagrams have low frequency regions and high frequency regions. 

The high frequency range consists of a semicircular arc that corresponds to the charge transfer 

resistance. The real axis’s intersection point and the semicircular arc corresponds to the 
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equivalent series resistance [118]. The low frequency range represents the contribution of 

capacitive behavior. A typical slope close to 45 in the medium frequency range corresponds to 

the Warburg impedance and indicates the contribution of diffusion-related processes. From the 

high frequency region, the obtained Rs value of MXene, AC and MAC was 0.44 Ω, 0.46 Ω, 0.47 

Ω, 0.46 Ω and 0.47 Ω respectively. These Rs values indicate very low ohmic resistance between 

the contactable area of electrode and electrolyte, enhanced charge-transfer kinetics and efficient 

ion diffusion tunnels. The slight increase in the resistance value of the composite may be due to 

the fact that some large AC pores may be covered or blocked by MXene sheets because the size 

of MXene is very small, which is consistent with the BET results. The low frequency range 

shows a very small Warburg impedance value of 0.03 for the composite, indicating efficient ion 

transport. This is due to the three-dimensional conductive structure with large surface area and 

high porosity, which provides an easy path for ion diffusion. 

 

Figure 30: Nyquist plots of MXene, AC, MAC1, MAC2 and MAC3. 

Figure 31 shows the Bode phase angle diagrams of MXene, AC and composites. The Bode phase 

angle provides information about the electrochemical behavior of electrode materials. A phase 

angle of -90° near the low frequency region represents an ideal capacitor, a phase angle of 0 near 

the high frequency region represents resistance losses, and a phase angle between 45° and 60° in 

the transition region represents a mixed capacitor behavior of capacitance and resistance. The 
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phase angle of MXene, AC, MAC1, MAC2 and MAC3 found from the Bode phase angle plot 

was -67.3º, -70.5º, -77.1º, -72.6º and -68.2º respectively. All the samples show phase angles that 

represent a significant capacitive behavior. These values indicate the pseudocapacitive behavior 

of the samples. It is evident from the results that all the materials have excellent electrochemical 

performance, with minimal resistive losses and fast charging/discharging. This outstanding 

electrochemical performance is because of the introduction of alternating current, which acts as a 

porous conveyor belt and spacer between MXene plates, providing conductivity. Overall, this 

three-dimensional conductive network improves the mobility of electrolyte ions which makes it a 

suitable electrode material for efficient storage and delivery of energy. 

  

Figure 31: Bode phase angle plot of MXene, AC, MAC1, MAC2 and MAC3.  

5.9 Cycle Stability 

Cycling stability is a fundamental requirement for characterizing materials for practical 

supercapacitor applications. We performed a stability test on the best sample, MAC3. The 

stability test was carried out by repeating 300 GCD cycles at current density of 5 A/g. The 

specific capacity gradually decreased, and the capacity retention rate was still 81.1% after 300 

cycles, showing good cycling stability. The decrease in specific capacity may be due to the 

clogging of some pores and available active sites after a few cycles [93]. After 300 cycles, the 
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Coulombic efficiency of MAC3 was 98.5%, indicating that the redox reaction has excellent rate 

and reversibility. The results show that MAC3 has excellent electrochemical properties and has 

potential as an electrode material for supercapacitor application.                 

 

Figure 32: Cycle stability and Coulombic efficiency plot of MAC3. 
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CHAPTER 6:     CONCLUSION 

In the present study, MXene was successfully synthesized through selective etching method, 

activated carbon was activated through KOH activation and their composites were prepared by 

physical mixing. Furthermore, compositional, microstructure, morphological, surface area and 

electrochemical properties were investigated. XRD analysis was carried out to examine the 

crystal structure of the samples. XRD results of MXene showed successful etching of Al, 

confirming its successful transformation from the MAX phase. XRD of AC showed an 

amorphous structure, which confirmed the formation of MXene/AC composite, as the structure 

of the composite had all the characteristic peaks of MXene and exhibited peak shifts due to 

amorphous AC. Raman analysis is performed to examine the level of disorder and graphitization 

in the sample. The results showed that AC has an ID/IG  value of 0.98 which indicates the absence 

of graphitic structure and high degree of disorder. Further the composites showed an ID/IG  value 

of 0.84, 0.85 and 0.86 for MAC1, MAC2 and MAC3 respectively, which shows the increase in 

disorder as AC content increases in the composites. The surface area and pore size were 

examined by BET analysis. The surface area of MXene was 3.7 m2/g, AC had a specific surface 

area of 526.2 m2/g, while the composites showed surface areas of 82.4 m2/g, 117.1 m2/g and 

140.2 m2/g by MAC1, MAC2 and MAC3, respectively. These results suggest that the surface 

area increases when AC is introduced into MXene. The microstructure and morphology of the 

samples were analyzed using scanning electron microscopy (SEM). SEM results of MXene 

showed an accordian like structure which confirmed its synthesis, results of AC showed a highly 

porous structure, and the composites showed a three-dimensional network, where MXene sheets 

are uniformly dispersed within the AC macroporous structure. Electrochemical characterization 

was performed to investigate the electrochemical performance of the samples as supercapacitor 

electrode materials. Electrochemical results show that the synthesized material has good 

supercapacitive behavior, which is attributed to the synergistic performance of MXene and 

activated carbon. MAC3 has a high specific capacitance of 1080 F/g at a scan rate of 5 mV/s, 

which is higher than both the parent materials MXene and AC. Furthermore, MAC3 showed 

good cycling stability of 81.1% and Coulombic efficiency of 98.5% after 300 cycles. These 
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results suggest that MAC3 has excellent electrochemical properties as a promising electrode 

material for supercapacitors. 
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