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                                                                        ABSTRACT                                

Next generation electronics need to be high performance, multifunctional, and environmentally 

friendly. Here, balsa wood slice was used as a green substrate to the flexible and rechargeable 

energy storage devices with excellent performance is highly desired due to the demands of potable 

and wearable devices. This nature derived balsa wood by partial or full removal of lignin without 

altering or disturbing the hierarchically aligned cellulosic structure is known as delignified wood 

(DW). We have synthesized a ternary composite electrode comprising balsa wood, graphene oxide, 

and polyaniline. The properties of the synthesized material were characterized using scanning 

electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy 

(FTIR), and Raman spectroscopy. Electrochemical testing revealed that BW/GO/PANI as 

electrode materials contributes to high areal specific capacitance of 343 mF/cm2 at the current 

density of 0.5 mA/cm2. Utilizing this BW/GO/PANI as electrodes in a symmetric configuration 

supercapacitor can result in an outstanding energy density as high as 617 m Wh/cm2 at a power 

density of 7172 mW/cm2. Therefore, this study provides a promising and efficient way for the 

preparation of ideal electrode materials for high-performance flexible energy storage devices.  
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1.1. Background 
 

Fossil fuels, such as coal, oil, and gas, which make up the majority of the world's energy supply 

and are responsible for more than 75% of all greenhouse gas emissions and almost 90% of all 

carbon dioxide emissions, are by far the biggest contributors to climate change[1]. Emissions must 

be cut in half by 2030 and net-zero by 2025 in order to prevent the worst effects of climate change. 

To do this, we must stop relying on fossil fuels and instead invest in clean, readily available, cost-

effective, sustainable, and dependable alternative energy sources. To promote sustainable 

development, it is crucial to use energy effectively and generate clean, renewable energy sources 

[2]. The rapidly expanding markets for portable electronics and electric vehicles encourage the 

development of energy storage technologies with high energy and power densities that are also 

environmentally friendly.   

So, in this scenario researchers are paying close attention to wood and its derivatives as potential 

electrode materials for Energy Storage System (EES) devices[3]. Wood-derived materials have 

garnered a lot of attention in the last ten years for both basic research and real-world applications 

in a variety of functional devices. Wood-derived materials are ideal for effective energy storage 

and conversion because they are renewable, abundant naturally, environmental friendly, and 

biodegradable. They also have a hierarchically porous excellent mechanical flexibility and 

integrity and tunable multifunctionality [4][5][6].  

Over the past few decades, supercapacitors—also known as electrochemical capacitors and 

ultracapacitors—have been explored as energy storage devices with high power capability, great 

reversibility (90–95% or higher), and a long cycle life (>105 cycles) [7][8]. Based on how they 

function, supercapacitors may be broadly divided into two categories: There are two types of 

electrical double-layer capacitors (EDLCs): (1) carbon-based supercapacitors, which derive their 

capacitance from the charge separation at the electrode/electrolyte interface; and (2) 

Pseudocapacitors, which derive their capacitance from reversible faradic reactions at the electrode 

surface, such as transition metal oxide-based supercapacitors. 

Supercapacitors are becoming increasingly popular for their extended cycle efficiency, quick 

charging-discharging stability, and high-power density but the energy density of supercapacitor is 

very low as compared to batteries[9]. Due to the high capacity and large potential window 

rechargeable batteries exhibits high energy density but their power density is very low. Therefore, 
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no single tool can satisfy the needs of the market alone. Hybrid energy storage technologies, which 

combine the benefits of supercapacitor and rechargeable batteries, have been created and 

developed as a solution to this problem. 

                                                                    

                                                  Fig. 1.1 Ragone plot for different energy storage systems.  

 

Figure 1.1 The specific energy and specific power of common energy storage and conversion 

devices are displayed in the Ragone plot [7]. 

Hybrid supercapacitor is physically a combination of a supercapacitor with the chemistry of a 

battery. In order to overcome the distinct drawbacks of batteries and supercapacitors, hybrid 

supercapacitors combine the physics of a supercapacitor with the chemistry of a battery in a single 

structure. Hybrid supercapacitors store charge using both faradic and non-faradaic reactions both 

powered density and energy density are maintained simultaneously by them, however neither 

measure is larger than Pseudocapacitor and EDLC specifications. Their cyclic voltammetry curve, 

as mentioned, has a minor hump that is visible and deviates somewhat from the rectangular form 

of ordinary EDLCs. 

As a consequence, these hybrid devices provide definite advantages. As we've shown, EDLCs 

provide good cycle stability and power performance, and in the case of pseudo capacitance, they 

provide a higher specific capacitance. By combining a power source that is similar to a capacitor 

electrode and an energy source that is similar to a battery electrode in the same cell, a hybrid 

system provides a mix of both. Increased cell voltage, which in turn improves energy and power 

densities, is achievable with the right electrode configuration. Future energy storage systems for 
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wearable, implantable, and portable electronics can greatly benefit from the use of hybrid 

supercapacitors. 

 

                                   

                                              Fig 1.2 Cyclic voltammetry-based supercapacitor categorization[8]. 

 

1.2 Energy Storage Devices 

Our existing way of life cannot be sustained without electrical energy. The depletion of natural 

fossil fuel supplies occurs every ten years, making the switch to electric-powered vehicles and 

household energy usage imperative for maintaining our level of life in the future. Furthermore, 

because of the emission of greenhouse gases, the overuse of fossil fuels in recent decades has 

resulted in catastrophic climatic changes. The production, storage, and use of renewable energy 

sources can help to lessen these negative consequences. 

Energy storage devices are necessary because, when power is produced, it has to be effectively 

stored for use in portable applications, electric cars, and other times when demand is high [10]. 

The ability to capture, store, and release electrical or chemical energy as needed is made possible 

by energy storage devices, which are essential parts of contemporary energy systems. In order to 

effectively integrate renewable energy into the grid, these devices are essential in overcoming the 

problems caused by intermittent renewable energy sources like solar and wind. Batteries, including 

lithium-ion and solid-state versions, store electrical energy for a variety of uses, including grid-

scale energy storage, electric cars, and portable gadgets. On the other side, fuel cells make it 

possible to convert chemical energy, frequently hydrogen, into electricity while minimizing 

pollutants, making them a viable option for both stationary and mobile power generation. 
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Additionally, energy storage technologies using pumped hydro, flywheels, and compressed air 

provide distinctive options for grid-scale energy. 

 

                                                   

                                                         Fig 1.3   Electrochemical Energy Storage Devices 

 

There are several known electrochemical energy storage systems, including fuel cells, batteries, 

solar cells and supercapacitors. Hydrogen is commonly used as a fuel source for fuel cells, however 

it is a secondary source of energy and does not occur naturally. The viability of fuel cell 

automobiles and stationary applications is constrained by the absence of a significant hydrogen 

infrastructure.  

In order to convert sunlight into electricity, solar cells, sometimes referred to as photovoltaic cells, 

are essential parts of renewable energy systems. They provide several advantages, including 

minimal running costs and environmental sustainability. However, a number of problems, 

including intermittency, energy storage, initial outlay, space requirements, and aesthetics, among 

others, have prevented their widespread use. The photovoltaic effect is the basis for how solar cells 

work. The mechanism by which some materials produce an electrical current when exposed to 

light is known as the photoelectric effect. Two major hurdles in this technology are quantum 

efficiency and the durability of solar cell devices under prolonged exposure to high UV radiation. 

These solar cells may gradually deteriorate from exposure to harsh climatic factors, such as the 

intense heat of deserts and the bitter cold of the poles, which would eventually reduce their 

quantum efficiency. 
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The most prevalent and well-known kind of energy storage are batteries. Energy storage 

applications frequently employ secondary batteries, also known as rechargeable batteries[11]. 

Rechargeable batteries are frequently used as an energy source in consumer gadgets like computers 

and cell phones. When charging and discharging secondary batteries, also known as rechargeable 

batteries, reversible electrode reactions occur. 

Batteries have a shorter lifespan than supercapacitors because these redox reactions are not totally 

reversible. Additionally, supercapacitors' quick electrostatic charge separation outperforms 

batteries' sluggish chemical processes, resulting in prolonged charge and discharge periods. 

                            

                Fig 1.4 Schematic of a secondary battery during (a) charging and (b) discharging (adapted from [11]). 

 

In addition, there are few risks connected to the use of batteries, such as the release of harmful 

substances like mercury, lead, or cadmium metals as their electrode or electrolyte, or the ingestion 

of batteries[12]. 

1.3 Capacitors 

 Energy storage technologies at the outset of electrotechnology could be divided into three 

categories: (1) Inductors, which stored energy using a magnetostatic field; (2) Batteries, which 

stored energy through chemical reactions; and (3) Capacitors, which stored energy using an 

electrostatic field. An essential component of electrical circuits, a capacitor has two electrical 

terminals and functions as a passive electrostatic energy storage device. 

Capacitors come in a variety of forms, but they all consist of two electric conductor plates that are 

spaced apart by a dielectric substance.  
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                                                           Fig 1.5 The Parallel -Plate Capacitor 

 

Consider merely the parallel plate capacitor, as shown in Figure 2.3, where a uniformly thick 

dielectric material separates the two conductors or electrodes. Any substance that readily conducts 

electricity can be used as a conductor. The dielectric needs to be an insulator and a poor conductor. 

The charge capacity of capacitors is increased by a non-conductive dielectric. An electric field is 

created when charges attempt to accumulate on two electrodes in response to an external voltage 

application. Its ability to store electrical energy is due to the electric field. 

 

                                         

                                                      

                                                             Fig 1.6 Charge Inside the Capacitor 

                                               

Capacitors can be made of many different materials, such as discs, aluminium foil, or thin layers 

of metal. The Leyden jar's creation in 1745 marked the beginning of capacitor technology[13]. 

After that, one after another a row of representative capacitors emerged. Paper capacitors were 

first created in 1876 by tightly wrapping a waxed piece of paper between two metal foils to form 

a circular column[14]. Using alumina as the dielectric and a less impurity etching aluminium leaf, 

the first electrolytic capacitor was invented in 1896[15]. The mica dielectric capacitor (1909), the 

polyethylene terephthalate-based capacitor (1941), and the plastic dielectric capacitor (1959) are 

a few notable capacitors that have also emerged one after the other[16]. 
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                                                          Fig 1.7 Development History of Advance Capacitor 

 

An essential feature of a capacitor is its capacitance, which establishes the relationship between 

electrical charge and voltage: 

                                                                      C=
𝑄

𝑉
                                                          (2.1) 

 

The capacitance will change when the voltage changes. In this case, the capacitance expressed as 

follows: 

                                                                     C=
𝑑𝑄

𝑑𝑉
                                                          (2.2). 

The voltage in a capacitor consisting of two parallel plates separated in surface area by a 

permittivity-distributed dielectric and thickness is recognized as the crucial element of the electric 

field concerning the separation. Thus, the capacitance may be shown as follows: 

                                                                  C=
εA

𝑑
                                                              (2.3) 

The following represents the energy stored in a capacitor: 

                                                                    E =
1

2
CV2 =

Q2

2𝐶
                                                (2.4) 

The discharge time of a capacitor is required to determine its power density. 

                                                                          P=
𝐸

∆t
                                                        (2.5) 

The need for less intense, and bulky capacitors with extended temperature capabilities is rising in 

the military, drilling for oil and gas, power electronics, and hybrid car industries. Growing 

temperature rating is one of the most intricate technological obstacles in energy density that has 
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been found. Better insulation and capacitor development would allow the operating system to 

function at temperatures between 150-300 ◦C, which would be necessary to create the small, light 

systems of the future. 

 

1.4 Supercapacitor 

One form of novel energy-saving technology that converts energy is the supercapacitor. Super-

capacitors, or SCs, are significant because of their unique characteristics, which include long cycle 

life, high strength, charge/discharge period, specific capacitance and environmental 

friendliness[17]. They also share fundamental equations with traditional capacitors; to achieve 

high capacitance, SCs use electrode materials with thinner dielectrics and high specific surface 

area. 

Many porous materials are commonly used in the construction of supercapacitors, including metal 

organic frameworks, many carbon-based MOF composites, and numerous additional composites 

(such as carbon-based NiO and FeO composites) because of their extensive electrochemical 

capabilities[18] ۔ 

The performance of the composites was evaluated using metrics such as energy, cycle performance 

power, capacitance, and rate capability, which also provides information on the electrolyte 

materials. 

 

1.4.1 Construction of Supercapacitor 

Supercapacitors are typically made up of three main parts: packaging, electrolyte, separator, and 

active material, which consists of electrodes. The materials that are active are used as electrodes. 

A three-electrode system consists of working, counter, and reference electrodes. Standard 

materials, such as Ag/AgCl or Hg/HgCl, are used to create the reference electrode, and platinum 

or graphite wire, which has a high corrosion resistance, is used to create the counter electrode. The 

working electrode is assumed to be the material under inquiry. 

 

1.4.2 Principle of supercapacitor 

The capacitors store energy by using electrostatics, or static electricity. The electrolyte fluid 

between the two plates of the supercapacitor contains both positively and negatively charged ions. 

When a voltage is applied across one of the supercapacitor's plates, a positive charge usually 
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accumulates, while a negative charge often develops on the other plate. Consequently, the 

electrolyte solution's negative ions are pulled to the positively charged plate and the positively 

charged ions are drawn to the negative metal plate. A small layer of ions is deposited on the inner 

surface of both plates. This results in an electrostatic double layer, which is comparable to 

connecting two capacitors in series. The basic principle behind supercapacitor energy storage is 

the electric double-layer capacitance produced by charge separation at the interface between the 

electrolyte and the bath solution. Because supercapacitors have a larger surface area and fewer 

spaces between electrodes, their capacitance and energy rise dramatically. 

                                                 

                                                 Fig 1.8 Schematic illustration of Principle of Supercapacitor 

 

On the negative and positive electrode surfaces, respectively, positive  and negative (electrons) 

charges are stored during charging. The process is reversed during the discharge period, as 

observed in the intermediate state, and the ions seem to be moving randomly. Ultimately, the 

charged ions fall to the surface of the electrodes across from one another after being released from 

the electrodes. A cycle is finished in this manner. For more cycles, the supercapacitors are then 

charged once again. In comparison to batteries, supercapacitors show suitable discharge times and 

are charged more quickly. Because they retain the best possible power and energy densities, 

supercapacitors are preferable over batteries.        
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                              Fig 1.9 Schematic illustration of the charging and discharging phenomena 

 

1.4.3 Types of Supercapacitors    

Supercapacitors may be categorized into three primary groups according to their functioning 

mechanisms: 

1. Electrostatic double-layer capacitors 

2. Pseudo-capacitors 

3. Hybrid capacitors 

                                              

                                                                    Fig 1.10 Types of Supercapacitors 
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1.5 Electric double-layer Capacitors 

The electric double-layer capacitor (EDLC), commonly referred to as a supercapacitor, stores 

energy via the electrostatic charge separation technique. When a voltage is supplied, it functions 

without causing a chemical reaction and builds up charges on the electrode surfaces. As electrolyte 

ions pass through a separator and into electrode pores, the applied voltage causes opposing charges 

to accumulate at the electrode-electrolyte interface. 

A stable double layer is formed and maintained by carefully controlling the electrode engineering 

process to prevent ion recombination. Due to its ability to store and discharge energy quickly and 

effectively, EDLCs are a good fit for applications like electronic devices and transportation that 

need for high power density and quick energy transmission. 

 

                                                    
                                                 Fig 1.10 Electric Double-Layer Capacitor (EDLCs) 

 

1.6 Pseudocapacitors 

 

Pseudocapacitors function with oxidations and reduction peaks at the electrode surface and store 

energy via reversible redox processes or Faradaic reactions. When compared to electric double-

layer capacitors (EDLCs), faradaic reactions improve specific capacitance and energy density by 

enabling charge storage electrostatically. On the electrode material, voltage application causes 

simultaneous reduction and oxidation.  Metal oxides and conducting polymers are the two main 

types of electrode materials used in pseudocapacitors, which effectively store charges in these 

energy-storage devices[13]. Pseudocapacitors are suited for rapid charge and discharge 

applications such as regenerative braking in vehicles because they have a higher power density 
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and longer lifespan. Because of their high capacitance and low cost, pseudocapacitive materials 

are used in supercapacitors, which maximizes the affordability and efficiency of energy storage 

applications[19].  They cannot, however, be used for long-term energy storage due to their reduced 

energy density and nonlinear charge-to-voltage output voltage drop. 

                                                

                                                Fig 1.11 Schematic Illustration of Pseudocapacitor (PCs) 

 

1.7 Hybrid Supercapacitors 

Battery chemistry and supercapacitor physics are combined in hybrid supercapacitors, which 

combine the architectures of the two components into one single device. Compared to Li-ion 

batteries, these asymmetric devices combine electrochemical charge movement at a shallower 

depth with a Li-doped graphite anode and an activated carbon cathode. Outstanding results from 

this technology include a cycle-life count of at least 500,000 cycles and quick response to high 

discharge rates. Furthermore, since no metal oxides are utilized, there is no chance of thermal 

runaway or fire with these hybrid supercapacitors. Recent advances in energy storage technology 

have led to the popularity of hybrid supercapacitors, which offer higher energy densities without 

sacrificing power density[20]. 
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                                                             Fig 1.12 Hybrid Supercapacitor 

 

1.7.1 Asymmetric Hybrid Supercapacitors 

Hybrid supercapacitors exhibit asymmetric behavior that increases their capacitance values by 

combining the features of a pseudocapacitor and an electric double-layer capacitor (EDLC). This 

creative strategy is a positive step towards long-lasting, effective, and pollution-free energy storage 

options. For instance, Rodrigo Henriquez and associates [21] created a novel hybrid supercapacitor 

in 2021 by employing AC as the negative electrode and a combination of CdCO3/CdO/Co3O4 as 

the positive electrode. This hybrid supercapacitor used both faradaic and non-faradaic techniques 

to store energy, resulting in good specific power and much greater specific energy. In comparison 

to Electric Double-Layer Capacitors (EDLCs), asymmetric hybrid supercapacitors may reach 

higher energy and power densities and have superior cycle stability. 

 

1.7.2 Composite Hybrid Supercapacitors 

Integrated carbon materials with metal oxides or conducting polymers as electrode materials set 

composite hybrid supercapacitors apart from asymmetric hybrids. Through faradaic processes, 

conducting polymers or metal oxides increase capacitance, while porous carbon increases surface 

area and improves interaction with the electrolyte. In supercapacitor applications, conducting 

polymers and carbon-based materials are essential since they are capacitive materials. However, 

their low capacitance, limited lifespan, and poor rate capabilities limit their employment as 

independent devices[22]. 
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1.7.2 Battery-Type Hybrid Supercapacitors 

Battery-type hybrids, which have both a battery electrode and a supercapacitor electrode, are a 

promising class of energy storage systems. Battery-type hybrids have the potential to be very 

important because, with proper design, they can combine the high energy density of batteries with 

the specific power, fast charge times, extended cycle life, and reversibility of supercapacitors. 

Essentially, the combination of these two technologies into a single hybrid system means that the 

drawbacks of separate energy storage devices can be addressed because the system's versatility 

could be enhanced by combining the best features of batteries and supercapacitors. 

 

1.8 Materials for Supercapacitors 

Wood’s weak conductivity restricts its uses. Because of their better conductivity, chemical and 

thermal stability, and affordability, carbon-based electrode materials such as graphene, carbon 

nanotubes, and activated carbon are preferred[23]Owing to their beneficial properties, porous 

carbon materials are the preferred option for supercapacitor electrodes. The pursuit of large 

capacitances highlights the inclination towards highly conductive carbons with large surface areas.  

The most researched and promising electrode materials for a variety of applications are carbon-

based materials such as graphene, Mexene, carbon nanotubes (CNTs), porous carbon, and 

conducting polymers like polypyrrole (PPy), polyaniline (PANI), and poly(3,4-

ethylenedioxythiophene): poly(styrene sulfonate) (PEDOT:PSS[24][25]. The incorporation of 

pseudocapacitive materials has arisen as a way to boost capacitance levels, despite the 

comparatively low specific capacitance of carbon-based materials. Pseudocapacitive materials are 

coated onto the carbon infrastructure in this way to provide flexible electrodes with increased 

specific capacitance. In particular, current research has concentrated on coating different polymer 

compounds or metal oxides on carbon substrates to create carbon composite materials. offering a 

dynamic method for enhancing the performance of the supercapacitor electrode.  

Conducting polymers and metal oxide exhibit excellent pseudocapacitance. The use of conducting 

polymers and metal oxides in supercapacitor technology is limited because they are less cyclically 

stable during charging and discharging. Because of their high conductivity, reversible faradaic 

characteristics, low cost, and high energy density, conducting polymers have been employed 

widely in supercapacitor devices. Products including PANI, Ppy, and polythiophene have also 

been investigated for use as supercapacitor electrode materials[26]. 
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In order to address this issue and satisfy the need for energy storage, composites are being 

employed as electrode materials, which may enhance supercapacitor performance. 

 

1.8.1 Carbonaceous Materials (graphene oxide) 

There are many different types of carbon in the world, but one of the most well-known is found in 

minerals and is called graphite. A semimetal called graphite has a crystalline structure made up of 

many bulk planar layers of carbon atoms. Graphite oxide is the substance that results when 

different proportions of hydrogen and oxygen are incorporated into these carbon layers. Graphite 

oxide usually takes on an irregular form with high particle sizes, in contrast to the regular 

structure of graphite. Though graphite is the parent allotrope, graphite oxide has unique physical 

characteristics that distinguish it from graphite. 

Additionally, another allotrope of carbon is graphene oxide (GO). Numerous techniques developed 

by Staudenmaier, Hofmann, Brodie, Hummers, and others can be used to synthesize GO. In 1859, 

Brodie created the first GO synthetic. The most famous is the Hummers method, which he 

published in 1958. A modified Hummers' technique was used to oxidize the graphene in order to 

produce graphene oxide[27]. 

The GO dissolves more easily in ethanol, water, N-N dimethylformamide, and a few other organic 

solvents, however it may be loosely mixed with any solvent. Graphene oxide (GO) has a high 

specific surface area and charge carrier mobility, making it a promising material for use in 

electronics, catalysis, and energy storage[28]. Graphene oxide is thought to be a superior option 

than graphene for the electrode material in supercapacitors due to its excellent performance and 

affordable price[29]. Reduced graphene oxide nanosheets (rGO NSs) and graphene are examples 

of a novel family of two-dimensional carbon nanostructures. In recent years, its distinct attributes 

like as chemical stability, large surface area, and broad electrochemical window have rendered it 

a highly appealing option for supercapacitor electrode material [30]. With its remarkable 

performance in terms of high energy storage, high power density, and extended cycle life, 

graphene/rGO-metal oxide-based hybrids and composites have found broad application in 

electrochemical capacitors[31]. Specifically, the manufacture of rGO on a wide scale at a 

reasonable cost from graphite powder using chemical oxidation/reduction techniques has attracted 

international interest and established its demand as an electrode material for supercapacitors. 
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                                                  Fig 1.13 Structure of Graphene, Graphite, GO and rGO   

                         

1.8.2 Conducting Polymers (CPs) 

 

Cutting edge electronic applications might be greatly enhanced by modern materials like flexible 

supercapacitors. Conducting polymers (CPs) are among the most promising pseudocapacitor 

materials for the construction of flexible supercapacitors, pushing the current generation of energy 

storage devices towards the next generation of advanced flexible electronic applications due to 

their high redox active-specific capacitance and intrinsic elastic polymeric nature [32]. 

In the recent development of CPs-based flexible ES applications, many approaches have been 

employed to use either CPs alone or composites of CPs with carbon materials as the electrode 

materials. 
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                        Table 1. Comparison of various materials according to their specific parameter for  

                                              supercapacitor applications[32]. 

 

In addition to being investigated for their potential to increase conductivity and cycle life, 

composite electrodes may also have other physical characteristics based on the interactions 

between the various parts. Because carbon-based binary composites are more readily available in 

different forms and have higher mechanical strength, conductivity, and stability than other oxide-

based composites, they have received more attention in the recent development of flexible CPs-

based supercapacitors. 

Principally, polyaniline (PANI), polythiophene (PTH), polypyrrole (PPY), and their byproducts 

are conjugated conducting polymers[33][34]. One polymer that is very conductive is PANI. Owing 

to its distinct characteristics, ease of synthesis, affordability, and superior stability in many 

applications including pharmaceuticals, electronics, and anti-corrosion materials, it has garnered 

significant interest[35]. 

 

1.8.3 Metal Oxides based Supercapacitors 

 

Hybrid supercapacitors based on metal oxides combine additional materials with the beneficial 

features of metal oxides to improve energy storage efficiency. These hybrids frequently combine 

carbon-based materials, conducting polymers, or other nanomaterials with metal oxides such as 
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ruthenium oxide (RuO2) or manganese dioxide (MnO2). These combinations work in concert to 

increase overall electrochemical performance, cycle stability, and capacitance. Because of their 

adaptability, metal oxide-based hybrid supercapacitors have great promise for applications that 

need high energy density and effective cycles of charge and discharge. This will help to develop 

the fields of electric cars and portable electronics.  

Bimetallic oxide materials are far more attractive than single metal oxides because they can 

produce a high capacitance, boost the energy density at this capacitor-level power, and get around 

the problem of single metal oxides' poor electric conductivity [36].A new electrode made of cobalt 

oxide has been employed in supercapacitors. A specific capacitance of 785 F/g with 20% carbon 

nanotube loading and 322 F/g in a 6 mol/L KOH solution were attained[37]. 

 

1.9 Flexible electrode derived from Biomass 

Wood-derived materials have garnered a great deal of attention in the last ten years for both 

practical applications in a variety of functional devices and basic research[3][38]. The wood-based 

materials are abundant, renewable, and environmentally friendly[4], which makes them perfect for 

electrochemical energy storage (EES) device components like electrodes, current collectors, 

separators, and template/substrate materials.  

 

                                                       

                                                          

                                                              Fig 1.15 Transforming wood as next generation[39] 

Wood-derived materials are ideal for efficient energy storage and conversion because they have 

several unique advantages, including excellent mechanical flexibility and integrity, tunable 
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multifunctionality, and hierarchically porous structures (such as vertical channels and numerous 

micro/nanopores) for fast transport of electrons and ions [5]. 

Non-carbonized wood has recently surfaced as a mechanically durable scaffold for cutting-edge 

functional electronics[40].  A large number of tube-shaped cell walls aligned in a certain way 

provide NW its structural integrity and are essential to wood's mechanical strength. The chemical 

alterations brought about by the physical alteration of cell walls demonstrate a notable rise in 

wood's mechanical strength.  

To be more precise, the chemical alterations aid in the process of creating flexible wood (FW).  

Recently, delignification has been recommended again to increase the mechanical strength, 

porosity, and functionalizability of wood. By eliminating lignin and hemicellulose from cell walls, 

this mechanism expands the number of micropores and mesopores in the structure[41][42]. Wood 

scaffolds therefore get a lot of porosity and hydroxyl functionalities in addition to having their 

native structure retained. These fibre porous templates are easily modified and functionalized 

further.Wood-based electrodes have distinct benefits over traditional electrode materials, 

including the ability to produce high areal mass loading of active materials, higher mechanical 

performance, excellent electronic conductivity, and a hierarchically porous structure[43]. 

 

1.10 Motivations and scope of the study 

Because of finite resources and decades of inefficient energy consumption, we are facing a 

worldwide energy crisis. Effective energy storage is essential. Supercapacitors are one of the most 

promising solutions since they are effective energy storage devices with high specific capacitance, 

energy density, power density, and an impressive lifespan. Supercapacitors exhibit weather 

independence and environmental friendliness in addition to being more affordable and lightweight 

than alternative energy storage technologies. There is a noticeable trend towards the usage of 

carbonaceous (GO) based composites as electrode materials despite the variety of materials used 

in supercapacitor applications. It is anticipated that these materials will improve supercapacitor 

performance considerably. 

1.11 Structure of Thesis 

The provided material is divided into five chapters. The first chapter includes a description of the 

study's goals and objectives as well as an overview of energy storage technologies and 

carbonaceous materials including graphene oxide, reduced graphene oxide, and graphene. The 
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reason for the investigation and its technical significance are also included in order to illustrate the 

scientific merit of the current effort. A review of the literature on conducting polymers, metal 

oxide, carbonaceous materials, and their composites is presented in the second chapter. The 

experimental techniques applied to the synthesized goods' growth and inspection are described in 

detail in the third chapter. In chapter four, the results and debate are explained. Chapter 5 concludes 

with recommendations for future directions and technological applications, along with a few gaps 

that need to be filled in future. 

 

 

1.12 Proposed Methodology 

In this work, it is more suited to use in-situ polymerization of a suitable conducting polymer to 

create 3D flexible electrode of a hybrid supercapacitor that is derived from biomass.  

 
 

 

Scanning electron microscopy (SEM) and X-ray diffraction (XRD) can be used to clarify the 

morphological and structural features, respectively. Fourier-transform infrared spectroscopy 

(FTIR) is used to determine the structures and functional groups of organic molecules. 

Additionally, Raman Spectroscopy is used to measure the molecular structure and chemical 

composition. Through electrochemical testing using galvanostatic charge and discharge, 
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electrochemical impedance, and cyclic voltammetry, the real electrochemical properties of the 

synthesized product may be determined. 

 

1.13 Statement of the Problem 

Studying the charge storage mechanism and energy density of the various materials is necessary 

to increase the supercapacitors' electronic conductivity and efficiency. Many efforts are still being 

made in practice because high specific capacitance, energy density, and stability electrodes are 

needed. Supercapacitors use carbon-based electrode materials because they are more affordable, 

have improved conductivity, and are resistant to heat and chemicals. However, their specific 

capacitance is lower. Composites are being used as electrode materials to alleviate this problem, 

which might improve supercapacitor performance. Therefore, in order to get over a number of 

obstacles such high cost, low energy density, and short battery life, we will employ a combination 

of graphene oxide (GO) and polyaniline (PANI) in our study proposal. 
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Literature Survey 

The literature review of different energy storage technologies is presented in this chapter in order 

to make distinctions between them. Also covered is a review of the literature on the various 

materials that are utilized to create flexible electrodes for hybrid supercapacitors. The analysis of 

the materials that have been published has also been explained in detail to highlight the different 

materials such as oxide, carbonaceous, and polymers that are used in supercapacitors. 

2.1 Literature Survey of supercapacitor 

Supercapacitors are said to be the most efficient energy storage technology because of its high 

specific capacitance, extended life, and suitable energy density and power density values [4]. 

Figure 1.1 displays the Ragone plot for a variety of energy storage systems, plotting power density 

vs energy density. Additionally, these are low maintenance, lightweight, and environmentally 

friendly [44]. Batteries have a comparatively higher power density than fuel cells, despite the fuel 

cell having a higher energy density than all other energy storage systems. It is challenging to store 

a large quantity of energy and then distribute it at faster rates since typical capacitors have a high-

power density but a low energy density. Supercapacitors are therefore well-known and effective 

devices because of their very wide range of suitable energy and power density, which allows them 

to store large amounts of energy and subsequently deliver it at a very rapid pace [45]. 

2.2 Literature survey of flexible electrode for Hybrid Supercapacitor 

The transition of human reliance from limited fossil fuel-based resources to renewable and 

sustainable resources will determine the course of sustainable development in the future. High 

performance, ecologically friendly material design will need the use of scalable assembly 

techniques. This is due to the fact that new procedures that permit control at every level of 

hierarchy will be needed. Wood may be simply described as a biological engineering material 

consisting of cellulose fibrils embedded in a matrix of hemicelluloses and lignin, forming a 

complex hierarchical structure. 

➢ Yi Chen, et al. reported the development of a totally wood-based flexible electronics circuit 

that satisfies next-generation specifications. The substrate is a robust, flexible, and 

translucent wood film that is coated with a conductive ink made of carbon nanofibers 

generated from lignin. In order to customize the material's nanostructure, lignin and 

hemicellulose must be extensively removed during the wood film production process. This 
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is followed by the cell walls collapsing.  With a tensile strength of 469.9 MPa and a Young's 

modulus of 49.9 GPa, the film is strong in the fiber direction yet flexible[6]. 

 

➢ D. Zhao et al. reported that the cellulose offers a number of benefits, such as cheap cost, 

renewability, ease of processing, and biodegradability due to its natural biopolymer 

properties, in addition to its mechanical performance, dielectricity, piezoelectricity, and 

convertibility being attractive. Cellulose is widely employed as a substrate, binder, 

dielectric layer, gel electrolyte, and derived carbon material for flexible electronic devices 

due to its many benefits. The invention of improved functional materials using cellulose's 

benefits will have a major influence on portable intelligent devices[46]. 

 

➢ P. Tapsanit and J. Maitip reported that the technique of creating partially delignified wood 

(PDW) involved boiling natural wood measuring 6x6x0.3 cm3 in 30% w/v, 300 mL H2O2 

solution for 30 hours at a temperature of around 78Co. The wood was then freeze-dried. 

The original size and shape of the natural wood may be retained by the freeze-dried PDW. 

According to diffuse reflectance UV-Vis-NIR spectroscopy, the PDW's average solar 

absorptivity is 11%, which is around three times less than that of natural wood[47]. 

 

➢ M.M Oliveira et al. reported a novel one-pot synthesis is provided for the chemical 

production of graphene/polyaniline nanocomposites. Beginning with benzene and aniline, 

the process—which is based on chemical interactions at liquid-liquid interfaces—ends with 

nanocomposites, which are thin films of polyaniline combined with 

graphene.  nanocomposites made with varying polymer/graphene ratios exhibit good 

pseudocapacitive behaviors (specific capacitance of 267.2 F cm3)[48]. 

 

➢ Xi. Liu et al. fabricate a free-standing cellulose/GO/PANI composite aerogels by in-situ 

polymerization of aniline in the cellulose/GO three-dimensional frameworks. The 

cellulose/GO3.5/PANI electrode exhibits excellent electrochemical performances; at a 

current density of 1.0 mA/cm3, it produced a maximum areal specific capacitance of 1218 

mF/cm2 and retained good cycling stability, with capacitance retention of 83% after 1000 
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charge-discharge cycles. This provides a workable and effective way to make the ideal 

electrode materials for highly effective flexible energy storage systems [49]. 

 

➢ Z. Ahmed et al. synthesized a cellulose hydrogel/GO/PANI composite for supercapacitor 

applications. The ternary composite electrode demonstrated a real capacitance 

im rovement of 980   g-1 at 10 mV and greatly increased cycle stability, suggesting that 

cellulose hydrogel has a synergistic impact on PANI-GO[50]. 

 

➢ Yun Lu et al. reported a straightforward layer by layer (LbL) construction of 

PANI/CMWCNT and PANI/RGO composites on cellulose nanofibril (CNF) aerogels with 

a fibrillar porous network structure by drip and vacuum filtering in order to synthesis 

nanocomposite electrodes for high-capacity flexible supercapacitors. With 1 M aqueous 

H2SO4 electrolyte, the specific capacitance of the CNF-[PANI/CMWCNT]10 (CPC10) and 

CNF-[PANI/RGO]10 (CPR10) electrodes are 965.80 and 780.64 F g-1, respectively[51]. 

 

➢ Supercapacitor CP electrodes showed high specific energies and quick capacitive response, 

but their low cycle stability prevented them from being used in more general applications. 

To reduce this barrier P. Dubey et al. generated a composite of human hair-derived 

activated carbon (HHAC) and polypyrrole (HHAC/Ppy). When evaluated in 1 M H2SO4, 

the HHAC/PPy composite performs better than pure HHAC and PPy, yielding a higher 

specific capacitance of 358 F/g at 0.5 A/g, instead of 274 and 53 F/g for the separate 

components. This composite has great potential for supercapacitor applications[52]. 

 

➢ S.K Nayak et al. fabricate polyaniline (PANI) and multiwalled carbon nanotubes 

(MWCNT) filled flexible porous mixed matrix membrane (MMM) using chitosan (CS) 

and cellulose acetate (CA) for use in supercapacitor applications. When compared to a 

paper-based electrode made of CA/CS (CC) with the same composition of PANI and 

MWCNT (15.71 mF/cm2 at a scan rate of 25 mV/s), the results show that the MMM 

electrode's distinct membrane shape contributed to its improved areal capacitance of 30.69 

mF/cm2 at a scan rate of 25 mV/s[53]. 
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➢ Jiang et al. presented a novel method for growing Gluconacetobacter hansenii bacteria in 

the presence of GO flakes and poly(3,4-ethylenedioxythiophene)-poly(styrfienesulfonate) 

(PEDOT-PSS) under aerobic and static growth conditions in order to create flexible and 

light weight   bacterial nanocellulose (BNC/graphene oxide) based composite film 

electrodes. The resultant rGO/PEDOT-PSS/BNC composite electrode showed remarkable 

mechanical flexibility, allowing it to be twisted almost 180 degrees without any layer 

delamination[54]. 

 

➢ Hou et al. fabricated a sandwich-like film comprising carbon nanotubes (CNTs), 

nanofibrillated cellulose (NFC), and CNTs is made of both NFC and CNTs. Then, using 

the CNT/NFC/CNT film as the working electrode, Ag/AgCl as the reference electrode, and 

Pt foil as the counter electrode in a three-electrode electrolyzer, they electrodeposited a 

uniform PPy layer on the film to create a flexible PPy-CNT//NFC//PPy-CNT electrode. 

The resulting flexible electrode demonstrated a high specific capacitance of 11.25 F/cm3, 

a tensile strength of 60.8 MPa, and a high conductivity of 90.8 S/cm[55]. 

 

➢ J. Jiang et al. reported that in today's world, the use of portable electronic gadgets is 

growing quickly, requiring effective energy solutions. A potential option that serves as a 

transition between traditional batteries and rechargeable alternatives is the supercapacitor. 

Supercapacitors based on graphene and metal oxide have drawn interest due to their long 

cycle life and excellent power density. Their exceptional 2630 m³/g capacitance improves 

functioning. In order to increase conductivity during performance and create nanochannels 

for efficient electron conduction, activated carbon is used[56]. 

 

➢ C. Wang et al. reported that the development of supercapacitors depends heavily on metal 

oxide carbon nanosheet conducting polymers. When compared to their conventional 

equivalents, these supercapacitors have better properties, such as higher capacitance, power 

density, and energy density. They show amazing long-term stability with a 

pseudocapacitance of 236.5 F/g and an excellent long-term sustainability of 5000 cycles. 

The supercapacitors reach a greater potential of -0.4 V to -0.8 V in an aqueous KOH 

solution. Improved ion movement is made possible by the prepared material's enhanced 
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porosity. Many scientists are working to improve the electrodes of these supercapacitors in 

order to improve their electrochemical characteristics[57]. 

 

➢ J. Lin et al. reported that the conducting polymers more especially, polyaniline, or PANI 

along with metallic and carbonaceous elements have come to play a crucial role in energy 

conversion and storage systems. PANI has great potential in supercapacitor applications 

because of its high specific capacitance, versatility, and affordability. It is a material that 

may be used on its own to fabricate electrodes. However, PANI's limited applicability 

stems from its intrinsic stability issues. To get over these restrictions and improve 

performance overall, combining PANI with other active materials like metal compounds, 

carbon materials, or other polymers works well[58]. 

 

➢ Y Han and L Dai reported that the Poly-aniline's structure and configuration greatly affect 

its specific surface area and ion diffusivity, which in turn affects how it behaves under 

redox conditions. PANI shows an experimental specific capacitance in H2SO4-based 

electrolytes that ranges from 200 to 550 F/g in a potential window of around 0.8 V. Because 

of their excellent conductivity and low cost, conducting polymers are frequently used as 

the electrode material in supercapacitors. These substances allow for redox processes to 

occur quickly and reversibly, which makes it easier to store charges with a high density 

and produce a high faradic capacitance. However, after several cycles of charging and 

discharging, conducting polymers' natural swelling and shrinking during electrochemical 

redox reactions can result in a shortened cyclic life and capacitance loss [59]. 

 

➢ Li Dong et al. synthesized a polyaniline@MnO2/graphene composite by two step method. 

Electrochemical analyses indicate that electrodes made of nanostructured PMGNs have 

improved reversible capacitance, which reaches 695 F/g at a high current density of 4 A/g 

even after 1000 cycles. When used as supercapacitor electrode materials, the ternary 

composites show better electrochemical capacitance than each isolated component. The 

combined effects of MnO2, PANI, and graphene are largely responsible for this impressive 

electrochemical performance[60]. 
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➢ W. Wei et al. successfully fabricate composite films made of reduced graphene oxide, 

carbon nanoparticles, and polyaniline (RGO/CNs/PANI) by electrodepositing PANI onto 

a composite film of RGO/CNs. This composite film contributes to improved 

electrochemical performance by acting as a highly conductive support with exceptional 

tensile strength. As prepared film of RGO/CNs/PANI-2 demonstrated a very good specific 

capacitance of 564.0 F/g at a current density of 10 A/g and 787.3 F/g at a current density 

of 1 A/g. Furthermore, the film exhibited exceptional cycling stability, retaining over 90% 

of its capacitance even after 2000 CV cycles. The RGO/CNs/PANI film electrodes with 

superior properties hold great promise as free-standing, binder-free paper-like film 

electrodes for high-performance supercapacitor[61]. 

 

➢ M. Rafat et al. synthesized Activated carbon (AC) from rotted carrots, chemically activated 

with ZnCl2, was thoroughly investigated to see how activation temperature affected its 

 orosity.   queous electrolytes showed better s ecific ca acitance ( 35.5   g−  at  0 m  ) 

in electrochemical evaluations, while ionic liquid electrolytes had the highest specific 

energy (29.  Wh kg-1 at 2.2   g-1) and s ecific  ower ( 42.5 kW kg-1 at 2.2   g-1) in 

electrochemical tests. These results highlight the promise of the environmentally benign 

and reasonably priced AC-based electrode for energy storage applications[62]. 

 

➢ Yan Yan et al. revealed the effective synthesis of materials based on carbon and nickel 

oxide for use in supercapacitors. The mixture of nickel oxide and carbon exhibited 

capacitance values of 823 and 988 F/g, whereas retention over 5000 cycles of 96.5%. The 

supercapacitor material composed of nickel oxide and activated carbons demonstrated a 

capacitance of 230 230 mFcm-2, and after 5000 cycles, the capacitance retention value was 

92.8%. The supercapacitor device's highest power density is stated to be 231.2 mWcm-2, 

while its realized energy density is 4.18 mWhcm-3[63].   
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The preparation of materials and the methods used for their analysis are explained in this chapter. 

 

3.1 Materials 

Balsa wood strips (2cmx7cm) was purchased from China, Sodium hydroxide (NaOH), Sodium 

sulphite (Na2SO3), Hydrogen peroxide (H2O2, 34.5-36.5%), Ethanol (CH3CH2OH, 99.8%), 

Graphite powder, Sulphuric acid (H2SO4, 98%), Potassium permanganate (KMnO4, 99-100.5%), 

Hydrochloric acid (HCl, 37%), Aniline monomer (ANI), Potassium persulfate (KPS), all the 

chemical were purchased from Sigma Aldrich. In every experiment, deionized water (DI) was 

used. 

3.2 Synthesis of GO 

A modified version of Hummer's process was used to synthesize graphite powder into GO[64]. To 

sum up, room temperature first, 50 mL of pure H2SO4 was mixed with 1.0 g of graphite powder. 

 There was an ice bath to cool the mixture to 5 °C while stirring, and the mixture's temperature 

was maintained below 5 °C for 30 minutes. To create a uniform mixture, KMnO4 (4.0 g) was then 

gradually added while stirring and then cooled down to prevent the mixture's temperature from 

rising over 10 °C. diluted the liquid further to 150 mL of distilled water by adding 50 mL of 

distilled water and stirring it for two hours at room temperature. In order to minimize the remaining 

KMnO4 in the reaction mixture, 10 mL of 30% H2O2 was added while the mixture was being 

stirred continuously. This caused the color to shift to bright yellow. After filtering, the solid was 

repeatedly cleaned with 400 mL of 5% aqueous HCl to eliminate metal ions, and then it was treated 

with distilled water until pH 6 was reached. After that, the resultant graphite oxide was subjected 

to the oven drying process. The final GO, which had been in powder form, was characterized. 

       

                                               Fig 3.1 Synthesis of Graphene Oxide (GO) 
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3.3 Delignification of wood  

Firstly, we take Balsa wood and cut into slices then wood slices add into a solution of NaOH and 

Na2SO3. After submerging wood slices in a mixture of NaOH and Na2SO3, they were 

immediately placed inside a vacuum chamber. The liquid was allowed to enter the wood lumina 

by means of vacuum. Following that, wood pieces were submerged in the H2O2 solution and 

boiled until they became transparent. To eliminate the chemicals, boiling DI water was used to 

submerge the chemically treated wood many times. After that, treated wood slices were let to dry 

in open air to create the ultimate super-flexible wood membrane[65]. 

 

           

                               

                                                             Fig 3.2 Delignification of Balsa wood 

 

                 

 

 

                          

                              

 

 

 

 

           

                       

 

 

 

                              Fig 3.3 Practical demonstration of mechanical strength and flexibility for FBW 
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3.4 Synthesis of flexible electrode of balsa wood/GO/PANI  

Precisely, GO powder was added into 10ml of 1M HCl solution and ultrasonicated for half an hour 

to gain a uniform dispersion. Wood slices are added into GO solution and the solution was filled 

into the pores of the wood by vacuum impregnation for 30 to 45 minutes. After that 2ml aniline 

added into above solution. The oxidant solution was prepared by dissolving KPS into 10ml of 1M 

HCl. Then the mixture of wood GO and aniline are added into the oxidant solution and the greenish 

liquid is stirrer for one hour. Then put the solution for 6 hours at room temperature. The aniline 

could be oxidized and polymerized into PANI to obtain wood/PANI/GO electrode. The polyaniline 

and GO composite form a uniform layer on the chip on balsa wood. After being clean up to remove 

superfluous potassium persulfate Wood/PANI/GO dry for 5 hours at 60Co. Final wood/PANI/GO 

electrode were characterized.  

 

                                  

                                                          

 

 

 

                                           Fig 3.4 Synthesis of flexible electrode of balsa wood/GO/PANI 

                                      

                                          

                                   

                                 Fig 3.5 Flexibility of Balsa wood after polymerization is retained 
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3.5 Characterizations 

Different approaches are proposed to explore the chemical and physical properties of the 

manufactured materials. The morphology and structure of wood were characterized by a scanning 

electron microscope (SEM) and the distribution of GO and PANI in wood was characterized by 

Energy Dispersive Spectroscopy (EDS). X-ray diffraction (XRD) was used to investigate the 

structural characteristics of composites. For the investigation of various bond types in graphene 

and its composite materials, Fourier Transform Infrared Spectroscopy (FTIR) should be employed. 

Materials are characterized using Raman spectroscopy, which looks at the vibrational modes of 

molecular bonds to reveal information about their structural makeup. 

 

 

 

 

 

    

 

 

 

 

 

 

 

   Fig 3.6 Technique for characterizing materials that is suggested to investigate their    chemical and physical 

characteristics 

 

3.6 Electrochemical properties 

It is proposed that the materials be evaluated using a potentiostat in order to determine the 

electrochemical performance for supercapacitor applications. Cyclic voltammetry (CV) for 

measuring capacitance, Galvanostatic Charge/Discharge Cycle (GCD) for evaluating 

charge/discharge characteristics, and Electrochemical Impedance Spectroscopy (EIS) for 

measuring resistance are the three main parameters that are particularly important for study. A 

commonly used method in supercapacitor research is cyclic voltammetry (CV), which separates 

faradaic and non-faradaic processes to clarify electrochemical properties. This qualitative 

examination shows the redox potentials of the electrode materials and aids in the identification of 
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supercapacitor kinds. The potentiostatic test reveals current peaks that indicate oxidation and 

reduction processes within a designated potential window by applying a succession of voltages. 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

Fig 3.7 An overview of the suggested plan to examine the material used in supercapacitors to investigate its 

electrochemical performance 

 

A common technique for evaluating the performance of energy storage devices, especially 

supercapacitors, in both potentiostatic and galvanostatic modes is cyclic charge-discharge (CCD). 

In both symmetric and asymmetric electrode systems, the galvanostatic mode allows for the 

measurement of specific capacitance, energy density, and power density since potential is 

measured at a constant current during scanning. It is also possible to investigate the charge-

discharge cycle over time. 

Electrochemical impedance spectroscopy, or EIS, is used to examine a system's electrical behavior 

across a variety of frequencies. When it comes to supercapacitors, EIS offers important 

information on the electrochemical interface's capacitance, resistance, and impedance. This 

information helps with a thorough analysis of the behavior and performance of the device. 
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4.1 Characterizations 

Fourier Transform Infrared spectrum (FT-IR) is used to check the occurrence of functional groups 

in synthesized materials in a range of 4000–400 cm−1 using KBr pellets. The morphology and 

structure of wood were characterized by a scanning electron microscope (SEM), the distribution 

of GO and PANI in wood was characterized by Energy Dispersive Spectroscopy (EDS). To 

determine crystal structure, X-ray Diffraction (XRD) measurements are carried out by X-ray 

powder diffractometer.  he sam le were scanned from 2θ =5o – 60o at a scanning speed of 5o/min 

with a step width of 0.04o. The Raman spectra were recorded by using the He-Ne laser beam with 

a wave length of 532nm.  

4.1.1 Scanning Electron Microscopy 

The primary components of balsa wood are cellulose, hemicellulose, and lignin. While lignin is a 

three-dimensional amorphous polyphenolic macromolecule made up of three different kinds of 

phenyl propane units that combine to produce a complex, highly branching, and amorphous 

structure, cellulose and hemicellulose are polysaccharides. The compounds' local repartition was 

non-uniform. The majority of the lignin was found on the fiber's surface, with cellulose making up 

the majority of the backbone. Of the overall lignin content, the intercellular layer made about 3/4 

and the secondary wall the remaining 1/4[66].The chromophoric groups remove upon 

delignification with  Na2SO3, causing the resulting scaffold to become white in color. The layer of 

cell walls gets thinner in thickness. The removal of the middle lamella and the lignin-rich primary 

wall causes alterations in the Balsa wood's hierarchically organized cell walls. An enhanced 

porosity can be explained by thin wall constructions with expanding pits. The morphology of the 

balsa wood sample free of lignin was significantly impacted by the further removal of 

hemicellulose using a NaOH solution[67]. Delignification produces ultra-high flexibility and 

exceptional mechanical strength by increasing surface area through micropores while decreasing 

macropores to improve scaffold density as shown in fig 4.1. The wood becomes highly hydrophilic 

with aligned cellulose structure and free OH groups as a result of the delignification process. 

Because of its hierarchically aligned cellulose structure and free reactive OH groups, DW can be 

employed as a bio template to create a variety of functional materials. 
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                                            Fig 4.1 SEM images of delignified balsa wood  
 

4.1.2 Fourier Transform Infrared Spectroscopy of graphite, GO, and rGO 

FTIR spectra of graphite, GO, and RGO are shown in Figure. FTIR was employed to look at the 

existence of vibrational (transmittance/absorption) spectra recorded, which reveal the functional 

groups present in the materials. This research is predicated on the idea that molecular bonds are 

vibrationally excited when infrared light energy is absorbed[68], within the wavelength from 4000 

to 400 cm-1. After the oxidation process, more oxygen-containing functional groups should be 

present in GO, the oxide form of graphite. Nonetheless, RGO is predicted to have a negligible 

quantity of functional groups that include oxygen during reduction.  

Graphite did not exhibit a notable peak in Figure 4.2[69]. However, with GO, the extensive and 

rigorous peaks are appeared. The main characteristic peaks located at 1020 cm-1 C-O (epoxy 

group) were due to C-O-C stretching vibration[70], whereas the peak at 1380 cm-1 are related to 

C-OH stretching vibration[71], C=O stretching (–COOH group) was shown at 1620 cm-1. The peak 

in the region around 3000 to 3500 cm-1 is responsible for the stretching vibration of hydroxyl 

group. Since all of these carboxylic, epoxide, carbonyl and hydroxyl groups were present, it was 

determined that oxygen (O) molecules were heavily occupied at the GO's edge and basal plane, 

indicating that the synthesis of GO was successful[72]. 
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In comparison to GO, the peaks for RGO became less wide, indicating a considerable removal of 

the hydroxyl group. It is also evident that additional peaks in the FTIR spectra of GO became less 

strong than those peaks at the same position. These peaks were similarly caused by the elimination 

of oxygen during the reduction process by employing hydrazine hydrate[73]. As a result, only 

small quantities of functional group residue are still present at the edge and basal plane of RGO 

after the oxygen-containing functional groups were effectively partly eliminated. 
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                Fig 4.2   FTIR spectrum of a) Graphite powder   b) Graphene oxide   c) Reduce Graphene oxide  

 

4.1.3 Fourier Transform Infrared Spectroscopy of BW/GO/PANI 

Figure 4.3 shows the FTIR spectroscopy-measured absorption spectra of the delignified balsa 

wood (DBW) and natural balsa wood in the wavenumber range of 4000 – 400 cm-1. The 

wavelength 1025 cm-1, corresponds to the greatest absorption peak of natural wood and is located 

in the atmospheric windows. The absorption peak originates from the stretching vibration of the 

C-O bond, which joins the C atom and OH group in the cellulose glucose ring [74].  he C─  

vibration of the syringyl ring in lignin molecules is linked to the peak location at 1235 cm-1[74]. 

 he lignin molecules  C═  stretching vibration is the source of the  eak location at   30 cm-

1[74].Following the delignification procedure, certain peak positions are removed and some peak 

positions with decreasing absorbance are left. 
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After the delignification process, FTIR spectroscopy verifies that lignin molecules are eliminated 

and modified, and the strong emission peaks resulting from the cellulose molecules' molecular 

vibrations in the DBW emerge[47]. 

Furthermore, the DBW sample's absorption peak, which was caused by the stretching vibration of 

the OH groups, is shifted to 3342 cm-1 in the BW/GO/PANI sample, indicating a strong hydrogen 

bonding interaction between the three components[49]. 
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      Fig 4.3 FTIR spectrum of Pristine balsa wood, Delignified balsa wood, and Synthesized B/GO/PANI flexible 

electrode 

 

4.1.4 Raman Spectroscopy 

The Raman spectroscopy technique is frequently used to determine the vibrational modes of 

molecules, but it may also be used to find low-frequency rotational and other modes in systems. 

Raman spectroscopy is widely used in chemistry to produce a structural fingerprint that makes it 

possible to identify compounds. The intensity, or count rate, is usually plotted on the y-axis and 

the frequency of the Raman shift is plotted on the x-axis when plotting a Raman spectrum. The 

ternary composite's structural features were reflected by the application of Raman spectroscopy. 

Fig 4.4 shows the Raman spectra of the composite of balsa wood BW/GO/PANI. Following 

collaboration with PANI, the BW/GO/PANI composite exhibited mostly characteristic bands at 

approximately 1354 and 1585 cm-1, corresponding to the C–N/C=N and C–C bonds, respectively. 
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This indicates that PANI has been effectively prepared and introduced[49][75]. The 

BW/GO/PANI sample's spectrum shows peaks at 1354 and 1585 cm-1, which indicate the presence 

of a π–π interaction between the conjugated structure of the      and the   .  his interaction 

would enhance the materials' electrical conductivity [76][77]. 
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                                                     Fig 4.4 Raman spectroscopy of BW/GO/PANI flexible electrode 

 

 

4.2 Electrochemical Performance  

Cyclic voltammetry (CV) is a powerful and popular electrochemical technique for investigating 

the reduction and oxidation processes of molecular species. Studying chemical processes involving 

electron transport, such as catalysis, is made much easier using CV [78]. Cyclic Voltammetry is 

rarely used for quantitative determination but widely used for the study of redox reaction, for 

understanding intermediate and for obtaining stability of reaction. The specific capacitances were 

determined from CV  using the following [79] equation. 

                                                                                                    (4.1) 

In this formula, the specific capacitance (F/g), discharge current (A), potential range (V), scan rate 

(V/s), and total mass (g) of the electrode active materials are all represented by Csp [78].      
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Constant current density values, such as 0.07, 0.08, 0.09, 0.1, and 0.5 mA/g, were used for GCD 

measurements. The following formula were used to get the areal specific capacitance (Cs in mF 

cm-2) using the GCD approach[80][81].  

                                                                              

                                                                 CS = 
𝐼 × Δt

𝑆 × ΔV
                                                                                      (4.2) 

 

where ΔV is the  otential window of the discharge curve e cluding the initial dro  (V),   is the 

area of the electrode (cm2), t is the discharge period (s), and I is the charge-discharge current (mA). 

The following equations were used to compute the areal specific capacitance (Ca in mF cm-2), 

energy density (Ea in µW h cm-2), and power density (Pa in µW cm-2) for the symmetric 

supercapacitor device[80][81].  

 

Nyquist, Bode-phase, Bode-magnitude, and admittance plots were created using impedance data 

collected for electrochemical impedance spectroscopy (EIS) experiments. For the purpose of 

developing a two-electrode supercapacitor system in a 1 M H2SO4 solution at the open circuit 

potential, Using the Iviumstat model potentiostat/galvanostat, EIS measurements were performed. 

They are carried out across a wide frequency range (10 mHz–100 kHz) with a modest voltage 

amplitude of 10 mV[82]. 

 

CV measurements 

The electrochemical properties of the BW/GO/PANI sample were studied through CV 

measurement. in 1 M H2SO4 aqueous electrolyte using a three-electrode test. The material 

produced by in situ polymerization served as a working electrode, a platinum electrode as the 

counter- electrode, and a AgCl/Ag electrode as the reference electrode. Measurements of the CV 

curves were made in the  otential of −0.2 to 0.8 V at scan rates of 10, 20, 30, and 40 mV s−1. 

The reversible electrode reaction's extent may be ascertained based on the curve forms [77]. The 

BW/GO/PANI electrode is more reversible and has a higher integrated CV area. The peak current 

density rises with an increase in scan rate, causing the anodic peaks to shift to lower values and 

the cathodic peaks to move right to higher voltages in the CV curves [76]. 
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                                                   Fig 4.5 CV curves of BW/GO/PANI at different scan rates 

 

GCD measurements 

To examine the cycling stability of the BW/GO/PANI flexible electrode galvanostatic cycling tests 

were carried out. The charge-discharge studies were performed at 0.07, 0.08, 0.09, 0.1, and 0.5 

mA in 1M H2SO4 solution. Equation (4.2) was utilized to compute the discharge capacitance based 

on the linear portion of the discharge curve.  [83][84].  The highest specific capacitance was 

obtained as Csp=343 mF/cm2 at current density of 0.5 mA for BW/GO/PANI flexible electrode. 

The shape and specific surface area of the synthesized BW/GO/PANI flexible electrode determine 

its electrochemical capacitance. Because the composite material's features increase the contact area 

between the electrode and the electrolyte, they would enhance the surface adsorption/desorption 

process in the presence of H2SO4 solution. It's critical to maintain high capacitance during high 

charge/discharge for commercial applications. 

In discharge step, the GCD curves may be split into two halves with distinct slopes: The initial 

segment at high potential in the potential windows displays the less common electrical double 

layer capacitance behavior, whereas the second half with a lower slope displays the most 

significant faradaic battery-like behavior. At the beginning of each discharging phase, there may 

be a little IR decrease caused by bulk solution resistance, ion-migration resistance, and electrode 
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material electronic resistance. The power and energy densities of the charge storage device may 

suffer as a result [85]. 

             

0 100 200 300 400 500 600
-0.2

0.0

0.2

0.4

0.6

0.8

P
o

te
n

ti
a

l 
(V

)

Time (sec)

 0.1mA

 0.5mA

 0.07mA

 0.08mA

 0.09mA

 

 

 

                                                   Fig 4.6 GCD curves of BW/GO/PANI at different current densities 

 

EIS measurements 
 

The concept of impedance can be understood if we suppose it as the analog of resistance in a DC, 

direct current system. When we apply an oscillating voltage to measure the oscillating current 

response and this oscillating voltage which oscillates at an angular frequency of omega (ω) with 

the current response of similar angular frequency but it can also have a different phase shift theta 

(θ) which is caused by reactants su  osed as ca acitors or inductors within given current.     

models provide insight into ionic and electronic transport as well as the mechanisms underlying 

material degradation in energy storage. The interactions at the interface between an electrode and 

an electrolyte are explained by the EIS. 
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The BW/GO/PANI composites' specific capacitances were determined using Nyquist plots in a 1 

M H2SO4 solution. The actual component of the calculation was the impedance and resistance 

measurements, while the capacitance was determined using the formula (Eq. 4.3) [86].  

                                                              Csp=-  (2π ⨯ f ⨯ Z″)                                  (4.3) 

in this formula, π= 3. 4, f is the frequency in   , and -Z″ is the imaginary  art of the im edance.  

A semicircle illustrates the kinetics of electron transport during a redox reaction at the interface 

between the electrolyte and electrode material. On the other hand, the linear portion explains how 

ionic mass diffusion or a carriage process occurs [87]. Higher capacitance is the result of decreased 

ion transfer resistance and decreased charge density in the electrolyte [88]. The slope of the curve 

in the lower frequency region represents the diffusive resistance of ion transport in the electrolyte 

to the SS electrode, also known as Warburg resistance [89]. As we shown in the fig the steeper line 

for BW/GO/PANI electrode indicates a faster ion diffusion process, as reflected by lower 

resistance (Rs) [38]. Plots indicate a tiny semicircle in the high-frequency range and an angled line 

in the low-frequency zone. 
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                                                  Fig 4.7 EIS performance of BW/GO/PANI flexible electrode 
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 5.Conclusion 

 

Balsa wood/GO/PANI flexible electrode material can be carefully produced using aniline's in-situ 

polymerization in the delignified balsa wood/GO three-dimensional frameworks. When no 

additional binders are present, balsa wood, GO, and PANI can be used as electrode materials 

because of their considerable flexibility and capacity for significant bending. The balsa 

wood/GO/PANI electrode has excellent electrochemical performances; at a current density of 0.5 

mA/cm2, it produced a maximum areal specific capacitance of 343 mF/cm2. Our research offers 

a technique based on transparent CNFs paper for creating hybrid electrodes with various 

microstructures for upcoming flexible supercapacitors. 
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