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Chapter I 

 

  1 

1.1 General introduction: 

1.1.1 Energy storage system and importance of supercapacitors: 

 Energy consumption is increasing with the global population and economy 

improving. This globalisation impacts present energy sources and infrastructure. 

Developing renewable and environmentally friendly energy sources, such as solar, 

wind, hydroelectric, and nuclear power, is essential for achieving future energy 

demands while decreasing environmental effects [1]. Renewable energy sources may 

address such a problem quickly and freely, giving them a tremendous potential for 

development. However, these unpredictable energies are challenged by factors like 

climate effects and unbalanced distribution [2, 3]. Electrical energy storage devices 

are essential for many kinds of real-world uses. Energy storage technologies have 

become crucial in renewable energy generation [4, 5]. Moreover, energy storage 

technologies that are economical, lightweight, adaptable, and reliable are necessary to 

meet the energy demands of the coming decades. Technology is becoming more 

efficient, durable, and environmentally friendly [6]. Energy storage devices (ESD) are 

crucial for meeting the energy demands of various applications while reducing our 

reliance on fossil fuels and mitigating environmental impact [7-9]. Researchers are 

actively improving ESD technologies to enhance performance, safety, and 

affordability, ultimately driving innovation across these diverse sectors. To address 

this challenge, ESD technologies such as batteries, capacitors, supercapacitors, 

flywheels, and fuel cells, are utilized [10-13]. 

 Supercapacitors, also known as ultracapacitors or electrochemical capacitors, 

are energy storage devices that have gained significant attention and found 

applications in various fields due to their unique characteristics. Unlike traditional 

batteries, supercapacitors store energy through the electrostatic separation of charges 

rather than chemical reactions [14]. After a million cycles, the most stable carbon-

based supercapacitor maintained more than 80% of its initial capacitance, with a 

power density of 8500 W kg⁻¹. Its energy density, nonetheless, is still less than 7.4 

Wh kg⁻¹ [15]. An aqueous or non-aqueous electrolyte and a substance like a porous 

membrane separate the positive and negative electrodes of a supercapacitor. 

Supercapacitors work as electrical double-layer capacitors (EDLCs) by adsorbing ions 

from the electrolyte onto the electrode surface. Supercapacitors are frequently 

employed in hybrid automobiles, communications equipment (infrared remote, cell 
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phones, walkie-talkies, satellites, etc.), memory backup systems, pacemakers, and 

portable electronic gadgets, among other things [16-18]. 

 

Figure 1.1:  Ragone plot compares the energy and power density of several energy 

storage systems. 

Figure 1.1 depicts the Ragone plot, which contrasts the energy and power 

density of several energy storage technologies, including batteries, fuel cells, 

supercapacitors, and traditional capacitors. A supercapacitor, by comparison, exists 

between a regular capacitor and batteries. Compared to capacitors and 

supercapacitors, batteries have a very high energy density [19, 20]. Traditional 

capacitors offer high power density but have limited energy density. SCs play a 

significant role in the Ragone plot, filling the gap between batteries, fuel cells, and 

ordinary capacitors. Conversely, supercapacitors offer more power than a battery and 

store more energy than a standard capacitor. Furthermore, supercapacitors offer more 

extended cycle stability than batteries, higher capacitance, and lower internal 

resistance than regular capacitors [21]. 

1.1.2 Recent research and advancements in supercapacitors: 

 Supercapacitors have attracted a lot of interest as a promising energy storage 

technology that could be extremely important to global energy systems in the future. 

Supercapacitors stand out from other energy storage technologies like batteries due to 
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their great capacity. This is one of its key selling points. Because of their high energy 

density, supercapacitors can rapidly store and release huge amounts of energy, 

making them ideal for applications requiring high power output or rapid charge and 

discharge cycles [22]. Due to this property, supercapacitors are especially desirable 

for application in the automotive, renewable energy integration, grid stabilisation, and 

portable electronics sectors. Consumer electronic devices such as cell phones, sensors, 

wearable, and other portable gadgets often have diverse power requirements due to 

variations in their functionalities and usage patterns. Traditional batteries, which rely 

on chemical reactions to store and release energy, may struggle to meet these devices' 

instantaneous and variable power demands. Researchers are constantly pursuing 

improvements in materials science, electrode design, and manufacturing processes to 

increase the energy density of supercapacitors. Hybrid systems that combine 

supercapacitors with batteries or other energy storage technologies are being 

investigated to take advantage of the advantages of both kinds of devices. These 

hybrid systems may combine the superior energy density of batteries with the high 

power capabilities of supercapacitors. As a result, experts are investigating at new 

electrode materials with improved conductivity, a larger surface area, and improved 

electrochemical performance [23-25]. This involves analysing conductive polymers, 

transition metal oxides, and carbon-based materials like graphene, carbon nanotubes, 

and activated carbon. Nanostructure and surface modification methods are also being 

explored to enhance the interaction between electrode materials and the electrolyte, 

improving ion transport and capacitance. Novel fabrication techniques are being 

developed to enhance the supercapacitor manufacturing process and facilitate 

expandable production. This covers techniques for fine control over electrode 

structure and thickness, like template-assisted synthesis, atomic layer deposition, and 

inkjet printing. Researchers are also determining materials and production techniques 

to increase the environmental sustainability of supercapacitors. This involves utilising 

carbon materials derived from biomass, recycling electrode materials, and reducing 

the fabrication process on hazardous or harmful chemicals [26]. 

 Commercial supercapacitors have made major use of carbon-

based materials in the last few decades because of their high surface area, good 

electrical conductivity, stability, and affordability. Flexible solid-state devices 

(SSD) are also used in implantable medical devices. Furthermore, solid-state 
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supercapacitor devices that are small and lightweight can be used in portable 

electronic devices [27]. 

1.1.3 Fundamental concept of supercapacitors: 

In an electrochemical capacitor, often called an electric double-layer capacitor 

(EDLC) or supercapacitor, the charge storage mechanism involves the formation of an 

electric double layer at the interface between the electrode and the electrolyte. When a 

voltage is applied, ions from the electrolyte migrate to the surface of the electrode, 

forming layers of positive and negative charges. This separation of charges creates an 

electric field across the interface, storing energy electrostatically. The EDLC is made 

very close to the surface of the electrode, typically within a few Angstroms, and the 

distance between the layers depends on the specific electrolyte used [16, 28]. In the 

conventional capacitor, the charge storage mechanism is purely electrostatic, as seen 

in Figure 1.2. After applying a potential between the conducting plates separated by a 

dielectric material, the plates accumulate opposite charges (positive and negative) due 

to the electric field established by the applied voltage. This accumulation of charges 

creates an electric field within the dielectric, which stores energy in the form of 

electrostatic potential energy. A conventional capacitor's capacitance is the ratio of 

the charge stored on one plate to the voltage applied across the plates [29]. 

 

Figure 1.2: The schematic representation of conventional electrochemical capacitor. 
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The EC capacitance C is estimated by using the following equation,  

                       𝐶 = 𝜀𝑟
𝐴

𝑑
                                                                  (1.1) 

The surface area of the active material is denoted by ‘A’, the double layer 

thickness by ‘d’, and the relative permittivity by ‘𝜀𝑟’. This is the formula used to 

determine energy density (SE), 

                     𝑆𝐸 =
𝐶𝑉2

2
                                                                     (1.2) 

where, C is capacitance, and V is the voltage range of EC. 

‘SE’ specific energy density and ‘V’ electrochemical capacitor voltage 

window, respectively. Specific power density is the energy released concerning time. 

Generally, the resistance across the supercapacitor components (e.g. substrate, 

electrode material, separator and electrolyte) is required for evaluating power density, 

known as the ESR. It is calculated from the voltage drop during the discharge, which 

gives the maximum voltage. The maximum power density is calculated by following 

relation; 

                          𝑆𝑃 = 𝑉2
1

𝐸𝑆𝑅
                                                         (1.3) 

here, SP and ‘V’ are the power density and cell voltage. 

 Eq. (1.1) can be used to compute capacitance, which quantifies a capacitor's 

ability to store energy. Another important factor is SP, which is the amount of energy 

provided per unit of time. When assessing energy density in supercapacitors, physical 

resistance from the substrate, electrode material, and electrolyte must be taken into 

account. Supercapacitors (electrochemical capacitors) use electrodes with a thicker 

electric double layer (d) and larger surface area (A), which results in higher 

capacitance and SE  (Eq. (1.2)) as well as higher SP  (Eq. (1.3)), despite operating on 

similar principles to conventional capacitors. Eq. (1.4) can be used to further 

determine power density. 

1.2 Taxonomy of supercapacitors:  

 EDLCs, pseudocapacitors (faradaic capacitors), and hybrid capacitors are the 

three primary categories of supercapacitors. The classification of supercapacitors 

mostly depends on the material and charge storage technique implemented. The 

ability of this kind of supercapacitor to store charge depends on its distinct charge 

storage mechanism. Redox, electrostatic, and the combination of the two processes 
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are all included in that sequence. In the redox process, oxidation and reduction 

between the electrode surface and the applied electrolyte cause energy transfer. 

Charges are physically stored across the electrode surface in the electrostatic process, 

which does not involve chemical processes. Using an electrostatic mechanism, 

EDLCs charge storage mechanism is a composite of carbon-based materials. The 

charge storage mechanism in a faradic capacitor via a redox process occurs in bulk 

material or near the surface [30, 31]. Faradic capacitors are often constructed from 

metal oxides, conducting polymers, and metal sulphides [32-34]. Hybrid capacitors 

are metal oxides, hydroxides, and sulphides combined with carbon-based materials 

[35, 36]. Each type of supercapacitor is detailed in chart 1.1. 

 

Chart 1.1: Classification of supercapacitors with different types and subtypes. 

1.2.1 Electrochemical double-layer capacitor (EDLC): 

EDLC typically consist of two carbon-based electrodes separated by a 

separator and immersed in an electrolyte solution. The carbon electrodes provide a 

high surface area for charge accumulation. Unlike traditional capacitors, which store 

charge by forming a dielectric layer between conductive plates (Faradic process), 

EDLC stores charge electrostatically. Charge storage occurs at the interface between 

the carbon electrodes and the electrolyte solution, forming what is known as the 

electric double layer. This double layer comprises a layer of ions from the electrolyte 

and a layer of opposite charges on the electrode surface. During the charging process, 
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electrons flow from the negative electrode (anode) through the external circuit to the 

positive electrode (cathode). Simultaneously, ions in the electrolyte migrate toward 

oppositely charged electrodes anions move toward the anode, while cations move 

toward the cathode [37]. Figure 1.3 (A) shows the charge storage mechanism of 

EDLC. 

 

Figure 1.3: Energy storage mechanism schematics for the (A) EDLC and (B) 

pseudocapacitor. 

EDLCs are capable of rapid charge and discharge cycles due to the 

electrostatic nature of their charge storage. They are often used in applications 

requiring high SP and frequent cycling, such as hybrid vehicles, renewable energy 

systems, and portable electronics [38]. Compared to other energy storage technologies 

like batteries, EDLCs offer advantages such as high SP, long cycle life, and fast 

charging/discharging rates. Their unique charge storage mechanism makes them 

suitable for various applications where rapid energy storage and release are essential. 

The absence of charge transfer processes allows the EDLCs to offer outstanding 

stability and high SP. Carbon-based materials are included in EDLCs, such as 

graphene, carbon aerogels, carbon nanotubes, activated carbon, mesoporous carbon, 

etc [27]. 

1.2.2 Pseudocapacitor: 
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A pseudocapacitor is an electrochemical capacitor that operates through 

faradaic and non-faradaic charge storage mechanisms. Unlike EDLC, which 

predominantly stores charges electrostatically at the interface between the electrode 

and electrolyte, pseudocapacitors involve reversible Faradaic redox reactions at the 

electrode surface. For the purpose of to accomplish a pseudocapacitor, the charge 

storage mechanism requires chemical reactions, insertion and de-insertion, and 

electrosorption processes [39-42]. Usually, metal oxide, conducting polymer, 

sulphides, metal-doped carbon and phosphates are utilised as pseudocapacitors. Due 

to their higher energy density and Cs, pseudocapacitive materials are attracting 

research. Figure 1.3 B is a schematic representation of the charge storage mechanism 

of a pseudocapacitor. 

Three categories of pseudocapacitors are distinguished: Intrinsic, Intercalation, 

and Extrinsic. 

1.2.2.1 Intrinsic pseudocapacitors:   

  Intrinsic pseudocapacitors store energy through reversible faradaic redox 

reactions at the electrode surface. During charging, ions from the electrolyte undergo 

oxidation or reduction reactions at the electrode, forming a double charge layer. This 

highly reversible process allows for efficient energy storage and release [43, 44]. 

Intrinsic pseudocapacitors typically exhibit higher specific capacitance values than 

EDLC due to the additional contribution from faradaic redox reactions. They offer 

intermediate SE between traditional capacitors and batteries, making them suitable for 

applications requiring high SP and long cycle lifetimes. Examples of materials 

commonly used in intrinsic pseudocapacitors include transition metal 

oxides/hydroxides (e.g. ruthenium oxide (RuO2), manganese dioxide (MnO2) etc.), 

conducting polymers (e.g. polyaniline, polypyrrole), and layered transition metal 

dichalcogenides (r.g. molybdenum disulfide, tungsten disulfide). Quasi-rectangular 

curves resembling those of EDLCs, indicating that the charge storage mechanism in 

MnO2 initially appeared more capacitive [45, 46]. 

1.2.2.2 Intercaltion pseudocapacitors: 

 Intercalation pseudocapacitors represent a class of pseudocapacitors where the 

charge storage mechanism involves reversible intercalation of ions or molecules into 
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the crystal lattice of the electrode material. Unlike traditional capacitors, where charge 

storage occurs through physical adsorption or electrostatic attraction of ions at the 

electrode-electrolyte interface, intercalation pseudocapacitors involve a more complex 

process of ion insertion and extraction within the bulk structure of the electrode 

material. 

Augustyn et al. [47] define intercalation pseudocapacitors as those that 

maintain the structural integrity of the electrode material during the charge and 

discharge processes. Their ability to avoid structural phase transformations through 

electrochemical reactions is a significant advantage contributing to their superior 

cycling stability, high power performance, and safety compared to other energy 

storage technologies. This property underscores the potential of intercalation 

pseudocapacitors for various practical applications in energy storage and conversion 

systems.  

In intercalation pseudocapacitors, ions are incorporated through a solid solution 

mechanism without undergoing a phase change, leading to heightened energy 

retention even during rapid charge-discharge cycles. 

1.2.2.3 Extrinsic pseudocapacitors: 

 When the particle size is lowered to within the nanoscale range, materials that 

in their bulk form show battery-like charge-discharge curves with peaks and 

prominent redox peaks in cyclic voltammetry can instead exhibit pseudocapacitive 

properties. This occurrence, termed "extrinsic pseudocapacitors," was first described 

by Augustyn et al. [47]. Notably, the electrochemical properties undergo significant 

changes, enabling these materials to exhibit a pseudocapacitive response similar to 

certain battery-type materials. Transitioning to nanoscale dimensions (below 10 nm) 

allows battery-type materials to overcome their profile change limitations by reducing 

ion diffusion lengths. Such extrinsic pseudocapacitive materials include nanosized 

cobalt and nickel hydroxides [48, 49]. 

1.2.2.4 Hybrid capacitors: 

A hybrid supercapacitor, also known as a super battery, combines the features 

of both traditional supercapacitors and batteries. This hybrid device typically consists 

of two electrodes: one with a high specific surface area of EDLC and another with 
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pseudocapacitive or battery-like behaviour. Researchers are exploring developing 

novel electrode materials for supercapacitors, like composite electrodes. This material 

aims to achieve high specific capacitance (Cs), cyclic stability, SE, SP, and other 

desirable properties. Combining various materials and leveraging the advantages of 

forming composites is an effective approach [50]. It allows for optimizing each 

component and enhancing their performance in supercapacitors. Conducting polymers 

or metal oxides are combined with carbon-based materials to create the hybrid 

electrode, offering the advantage of a single electrode that integrates chemical and 

physical charge storage systems.  

1.3 Electrode materials for supercapacitors: 

1.3.1 Carbon materials:  

Carbon materials are essential in supercapacitors (SCs) because of their unique 

blend of physical and chemical characteristics. These include excellent conductivity, a 

large active surface area (3,000 m²/g), strong durability against corrosion, excellent 

heat and chemical resistance, a distinct pattern of pores, and connectivity with other 

materials [51]. Furthermore, carbon materials can be easily processed within 

composite materials, enhancing their application flexibility and overall performance 

in supercapacitors. The capacitance of supercapacitors primarily depends on the 

surface area that is accessible to electrolyte ions. Carbon-based materials, including 

graphene and reduced graphene oxide, are extensively researched as electrode 

materials because of their appealing physical and chemical properties. These 

properties make them highly effective for use in supercapacitor applications. Porous 

carbons with tailored hierarchical structures encompassing micro, meso, and macro 

pores show considerable potential as electrode materials for supercapacitors. 

Activated carbon (AC), carbon Black, graphite, carbon nanotubes (CNTs), graphene, 

diamond, fullerenes, carbon fiber, and carbon foam each of these carbon materials has 

unique properties that make them suitable for specific applications [52, 53]. 

1.3.2 Metal oxides: 

Metal oxides are emerging as a superior class of electrode materials for 

supercapacitors due to their robust cycling stability and higher SE compared to other 

materials like conducting polymers and carbon-based options. The enhanced SE is 
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primarily attributed to the rapid and reversible electrochemical reactions at the 

electrode/electrolyte interface. Transition metal oxides such as NiO [54], Fe2O3 [55], 

CO3O4 [56], MnO2 [57], and RuO2 [58] have been thoroughly explored for 

supercapcitor applications. RuO2 has been extensively researched due to its 

exponential electrical conductivity and broader 1.2 V window. However, the use of 

RuO2 is limited by its environmental toxicity and rarity [59]. In recent developments, 

transition metal oxide composition has garnered significant interest due to its superior 

supercapacitive properties compared to singular metal oxides [60]. 

1.3.3 Conducting polymer: 

Conducting polymers are increasingly popular as electrode materials in 

supercapacitors due to their ability to enhance performance. These materials are noted 

for their relatively higher Cs because the charge storage mechanism involves the 

surface and the bulk of the material through redox reactions. Additionally, conducting 

polymers offer higher porosity, superior electrical conductivity, and a wider potential 

window than carbon-based materials [61]. This combination of features makes them 

highly effective for use in advanced supercapacitor designs. Interestingly, during the 

charging process, polymers absorb electrolytic ions onto their surface and release 

them during discharging. However, a significant challenge arises from the reduction 

of the polymer during electrochemical reactions, which can lead to the breakdown of 

the nanostructure and a subsequent decrease in Cs [62, 63]. Doping is the process by 

which conducting polymers undergo oxidation as well as reduction processes which 

result in positive or negative charge. Studies involving conducting polymer electrodes 

with ionic liquid electrolytes have demonstrated improved electrochemical 

performance, highlighting their potential to enhance supercapacitor functionality [64, 

65]. The benefits of polymer gel electrolytes include mechanical flexibility, interfacial 

stability, a suitable potential window (3.0 V), and higher ionic conductivity (on par 

with SSEs). Polymer gel electrolytes were previously prepared using polyacrylate 

(PAA), poly (ethylene oxide) (PEO), poly (vinyl alcohol) (PVA), polyacrylonitrile 

(PAN), poly (vinylidene fluoride) (PVdF), poly (vinylidene fluoride-

hexafluoropropylene) (PVdF-HFP), and poly (methyl methacrylate) (PMMA) as host 

polymers. EC, PC, and ethyl methyl carbonate (EMC) are often used organic solvents; 

nonetheless, organic solvents are typically costly, poisonous, and combustible. Thus, 

it makes perfect sense to use aqueous solvents in place of organic ones.  
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1.4 Reason for choosing the topic. 

1.4.1 Purpose of Ruthenium oxide: 

 RuO2 is a metal oxide, used as a component of nanocomposite material in 

supercapacitor applications [66, 67]. Recently, transition metal RuO2 is widely used in 

many fields such as solar cell [68, 69], sensor [70], energy storage devices [71-73] 

and bioelectronics [74-76] due to their unique physical and chemical properties. RuO2 

has excellent electrical characteristics, very low resistivity, electrocatalytic activity 

and thermal stability [77]. RuO2 enables fast faradic redox reactions. Rutile form of 

RuO2 includes oxygen in electron transport processes [78]. The high price of 

ruthenium is a major disadvantage that prevents it from being used widely in 

commercial activity, considering its benefits. To preserve high performance while 

reducing expenditures, current research focuses on how to use less RuO2 or combine 

it with other materials. 

1.4.2 Purpose of reduced graphene oxide: 

 The reduced graphene oxide (rGO) is characterized by layer structure with 

oxygen functional group. It is highly conductive, high theoretical specific surface area 

(>1,000 m2 g-1), and excellent mechanical strength (tensile strength 1 Gpa and 

Young's modulus 1 Tpa). The rGO offers a robust scaffold for the polymer matrix, 

favorable lightweight excellent conductivity and electrochemical stability [79]. In this 

topic composite material is chosen of RuO2 and rGO. 2-D graphene based 

supercapacitor form mesopores that are accessible to and wettable by ionic 

electrolytes at voltage up to 4 V.  

Use of rGO control pore structure in electrode, enhance effective surface area 

and lower equivalent series resistance (Rs). Thus, rGO offers high surface area and 

stability while RuO2 offer distinct redox activity and higher reduction potential 

provide large potential window due to their multiple oxidations states and effectively 

improves specific capacitance (Cs), SE and SP of composite thin films. Hence, the 

problem of poor stability and specific power of RuO2 materials can be solved 

employing rGO and it is backbone material of pseudocapacitive RuO2.  

1.4.3 Purpose of deposition method selection: 
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To be applicable for supercapacitors, thin films should have electrochemical 

active sites with required nanopores. Hence, our aim is to deposit thin films with large 

specific surface areas with porous morphology. Composite thin films of rGO/RuO2 

will be deposited on a stainless steel (SS) substrate using SILAR and CBD methods. 

Firstly, the SS substrate will coated with rGO using the dip-dry method, and this 

prepared substrate will used for SILAR method. The following procedure will be 

adopted to deposit thin films using SILAR method. The growth of thin film by SILAR 

method involves four main steps: 

Step 1  Cleaned substrate will be immersed in reaction beaker containing a cationic 

ruthenium chloride (RuCl3) precursor solution. This process will lead to positive ions 

being adsorbed on the surface of the SS substrate. 

Step 2  In this step, the substrate will be rinsed with double-distilled water (DDW) to 

remove excess positive ions loosely bound to the SS substrate. 

Step 3  The substrate will then be immersed in the sodium hydroxide (NaOH) anionic 

precursor solution. The negative ions will react with previously adsorbed positive ions 

on the active centre of the substrate to form a thin film. 

Step 4  The substrate will be rinsed in DDW to remove loosely bounded and 

unreacted ions. 

These four steps will complete one SILAR immersion cycle of thin film 

deposition. Hence, several repeated immersion cycles result in the required rGO/RuO2 

composite thin film of desired thickness. The uniqueness of this SILAR method lies in 

the easy control of the parameters. This allows one to properly control the thickness 

necessary for various device applications. Also, composite thin films of rGO/RuO2 

will be deposited on the SS substrate using CBD method. The appropriate amount of 

precursors will be weighted accurately and dissolved in DDW to get the desired 

solution concentration. The pH of the solution bath will be adjusted by using 

complexing agent. The well-cleaned SS substrates will be dipped in the solution bath. 

The reaction process occurred in the solution bath based on two reaction mechanisms; 

(i) ion-by-ion or heterogeneous reaction, and (ii) cluster-by-cluster also called 

homogeneous reaction, the precursor material deposits in thin film form. After 

optimization of preparative parameters of thin films. Above mentioned chemical 

synthesis method of thin films can offer required supercapacitive properties. 
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1.5 Literature survey on ruthenium oxide, reduced graphene oxide/ruthenium 

oxide for supercapacitor application. 

1.5.1 Literature survey on ruthenium oxide (RuO2): 

RuO2 has been extensively researched for its application in supercapacitors 

due to its high specific capacitance, excellent electrical conductivity, and stability. 

Here are some significant findings from recent research: Table 1.1 shows the 

capacitance values with a potential window of pristine RuO2 material and using 

different chemical preparation methods, with electrolytes used in supercapacitors. 

Deshmukh et al. [80] prepared RuO2-nH2O thin film by SILAR method and it 

exhibited electrochemical Cs of 162 F g-1 in 0.5 M H2SO4 electrolyte. Patake and 

Lokhande [81] reported Cs of 50 F g-1 for RuO2 thin film using CBD method. Patil et 

al. [82] synthesized RuO2 thin film via CBD method with exhibited electrochemical 

Cs of 73 F g-1 in 0.5 M H2SO4 electrolyte. Deshmukh et al. [83] reported maximum 

electrochemical Cs of 192 F g-1 in 0.5 M H2SO4 electrolyte for RuO2-nH2O electrode 

through CBD method. Dubal et al. [84] prepared RuO2 thin film using CBD method 

and obtained Cs of 234 F g-1 in 1 M H2SO4 electrolyte. Patake et al. [85] reported 

maximum Cs of 1190 F g-1 in 1 M H2SO4 electrolyte for deposited RuO2 thin film by 

electrodeposition method. Hong and Yim. [86] synthesized RuO2 thin film via 

electrodeposition method and exhibited electrochemical Cs of 35 F g-1 in 1 M KCl 

electrolyte with capacity retention of 78% after 5,000 cycles. Yu et al. [87] prepared 

RuO2 thin film via hydrothermal method and exhibited Cs of 400 F g-1 in 1 M H2SO4 

electrolyte. Joshi and Sutrave. [88] Reported Cs of 489 F g-1 for RuO2 thin film via 

spin coated method. Jeon et al. [89] synthesized RuO2 thin film by CBD method and 

exhibited electrochemical Cs of 188 F g-1 in 6 M KOH electrolyte with capacitive 

retention of 83% after 3,000 cycles. Thakur et al. [90] prepared RuO2 thin film using 

SILAR method with exhibited Cs of 1321.67 F g-1 in 0.2 M Na2SO4 electrolyte. 

Mevada et al. [91] synthesized RuO2 thin film via spin coating method and exhibited 

electrochemical Cs of 676 F g-1 in 1 M Na2SO4 electrolyte with capacity retention of 

91.6% after 5,000 cycles. Shankar et al. [92] prepared RuO2 thin film by precipitation 

method and exhibited Cs of 476 F g-1 in 1 M Na2SO4 electrolyte. Asbani et al. [93] 

synthesized RuO2 thin film using electrodeposition synthesis method and exhibited 

electrochemical arial Cs of 4.5 F cm-2 in 0.5 M H2SO4 electrolyte with capacity 
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retention of 90% after 10,000 cycles.  Thangappan et al. [94] prepared RuO2 thin film 

by hydrothermal method and exhibited Cs of 226 F g-1 in 1 M Na2SO4 electrolyte. 

 

Conclusions: 

The above literature survey presents a detailed overview of recent research on 

various ruthenium oxide materials. It outlines the synthesis methods employed and the 

electrolytes used across these studies. It shows that the highest recorded capacitance 

value is 1321.67 F g⁻¹. This impressive result was obtained by utilizing a RuO2 

electrode in a 0.2 M Na2SO4 electrolyte through the SILAR (Successive Ionic Layer 

Adsorption and Reaction) method [90]. These findings highlight the notable progress 

in the field and underscore the potential of ruthenium oxide for supercapacitor 

applications. 
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Table 1.1: Ruthenium oxide (RuO2) thin films for supercapacitor application. 

Sr. 

No. 

Material Deposition 

methods 

Substrate Electrolyte Specific 

capacitance 

(F g-1) 

Retention 

stability(%) 

(cycles) 

Potential window 

(V) 

Ref. 

1 RuO2-nH2O SILAR SS 0.5 M H2SO4 162 80 (2,000) 0 to 1.0 (V/SCE) [80] 

2 RuO2 CBD ITO Glass 0.5 M H2SO4 50 - -0.1 to 0.7 (V/SCE) [81] 

3 RuO2 CBD SS 0.5 M H2SO4 73 - 0 to 1.0 (V/SCE) [82] 

4 RuO2-nH2O CBD SS 0.5 M H2SO4 192 - 0 to 1.0 (V/SCE) [83] 

5 RuO2 CBD SS 1 M H2SO4 234 - -0.2 to 0.8 (V/SCE) [84] 

6 RuO2 Electrodeposition SS 0.5 M H2SO4 1190 - -0.1 to 0.6 (V/SCE) [85] 

7 RuO2 Electrodeposition ITO Glass 1 M KCl 35 mF/cm2 78 (5,000) 0.3 to 0.8 (V/Ag/AgCl) [86] 

8 RuO2 Hydrothermal SS 1 M H2SO4 400 85 (6,000) 0 to 1.0 (V/SCE) [87] 

9 RuO2 Sol-gel SS 1 M KOH 489 83 (1,000) 0.5 to 0.6 (V/SCE) [88] 

10 RuO2 Precipitation CF 6 M KOH 188 93 (3,000) -0.2 to 0.8 [89] 

11 RuO2 SILAR SS 0.2 M Na2SO4 1321.67 96 (5,000) -1.75 to 1.25 (V/Ag/AgCl) [90] 

12 RuO2 Spin coating SS 1M  Na2SO4 676 91.6 (5,000) 0 to 1.0 [91] 

13 RuO2 Precipitation SS 1M  Na2SO4 476 - 0 to 0.75 (V/Ag/AgCl) [92] 

14 RuO2 Electrodeposition - 0.5 M  H2SO4 4.5  Fcm−2 90 (10,000) 0 to 1.0 (V/Ag/AgCl) [93] 

15 RuO2 Hydrothermal - 1M  Na2SO4 228 - 0 to 1.0 (V/Ag/AgCl) [94] 
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1.5.2 Literature survey on reduced graphene oxide (rGO)/ruthenium oxide 

(RuO2): 

Table 1.2 illustrates the capacitance values within the specified potential 

window for pristine rGO composite RuO2 materials, highlighting the differences 

observed using various chemical preparation methods. The table captures key 

parameters of optimising RuO₂-based supercapacitors for enhanced energy storage 

applications. Amir et al. [95] prepared HRGO-RuO2 thin film by electrodeposition 

method and exhibited electrochemical Cs of 418.5 F g-1 in PVA-H2SO4 electrolyte. 

Amir et al. [96] prepared rGO-RuO2 film using sol-gel method and revealed 

maximum electrochemical Cs of 500 F g-1 in 1 M H2SO4 electrolyte. Ates and 

Yildirim [97] synthesized rGO/RuO2/PANI thin film via polymerization method and 

showed Cs of 723.09 F g-1 in 1 M H2SO4 electrolyte. Hsieh et al. [98] deposited 

hydrous RuO2/MWCNTs/Ti electrode by electrodeposition method and reported Cs of 

1652 F g-1 at scan rate of 5 mV s-1. Karimi et al. [99] GO/MWCNT/RuO2 prepared by 

aerogel method and exhibit Cs 518 F g-1 with 94.38% capacitive retention over 5,000 

cycles. Wang et al. [100] prepared rGO/RuO2 film by ultrasonication method and 

exhibited electrochemical Cs of 2.34 mF/cm2 in PVA-H2SO4 electrolyte. Shankar et 

al. [92] prepared rGO/RuO2 thin film using precipitation method and exhibited Cs of 

679 F g-1 in 1 M Na2SO4 electrolyte with 96% capacitive retention over 5,000 cycles. 

Chang Hu et al. [101] synthesized rGO/RuO2 film via dip coating method and showed 

Cs of 1200 F g-1 in 0.5 M H2SO4 electrolyte. Ates et al. [102] rGO/RuO2/PVK 

prepared by aerogel method and exhibit Cs 518 F g-1 with 94.38% capacitive 

retention over 1,000 CV cycles. Korkmaz et al. [103] rGO/RuO2 prepared by aerogel 

method and exhibit Cs 328 F g-1 with 82% capacitive retention over 5,000 cycles. 

Zhao et al. [104] prepared RuO2 thin film by hydrothermal method and exhibited Cs of 

1126 F g-1 in 1 M H2SO4 electrolyte with 89% capacitive retention over 10,000 GCD 

cycles. Upadhyay et al. [105] prepared rGO/RuO2 thin film using polymerization 

technique and exhibited Cs of  1.5 F cm-2 in 1 M H2SO4 electrolyte 85% capacitive 

retention over 1,000 cycles. Wang et al. [106] the synthesis of Ru nanoclusters in 

aqueous phase under the control of pH value and subsequent loading on carbon-based 

substrates. Then the Ru nanoclusters are converted into ultrafine RuO2 particles on the 

same supports by a thermal treatment in air with exhibited electrochemical Cs of 1099 

F g-1 in 1 M H2SO4 electrolyte with capacity retention of 98% after 2,000 cycles. 
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Conlusions: 

This literature review offers a comprehensive overview of recent studies on 

composites of rGOwith RuO2 materials. It delves into various synthesis methods and 

investigates the diverse electrolytes used in these investigations. Notably, the most 

remarkable Cs value documented is 1625 F g⁻¹. This outstanding achievement was 

attained using a RuO2/MWCNT (multi-walled carbon nanotube) composite electrode 

in a 1 M H2SO4 aqueous electrolyte [98]. These outcomes underscore the substantial 

potential of RuO2/rGO composites in enhancing the performance of supercapacitors. 
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Table 1.2: Reduced graphene oxide/ruthenium oxide (rGO/RuO2) thin films for supercapacitor applications. 

 

Sr. 

No. 
Material 

Deposition 

Methods 
Substrate Electrolyte 

Specific 

Capacitance 

(F g-1) 

Retention 

Stability(%) 

(Cycles) 

Potential Window 

(V) 
Ref. 

1 HRGO-RuO2 Electrodeposition SS PVA-H2SO4 418.5 85 (10,000) 0 to 1.0 (V/Ag/AgCl) [95] 

2 RGO-RuO2 sol-gel SS 1M H2SO4 500 86 (2,000) 0 to 1.0 (V/Ag/AgCl) [96] 

3 rGO/RuO2/PANI Polymerization SS 1 M H2SO4 723 85 (5,000) 0 to 0.8 (V/Ag/AgCl) [97] 

4 RuO2/MWCNT Electrodeposition SS 1 M H2SO4 1652 - 0 to 1.0 (V/SCE) [98] 

5 GO/ MWCNT /RuO2 Arogel - 3M H2SO4 518 94.38 (5,000) -0.1 to 1.0 [99] 

6 rGO/RuO2 Ultrasonication - 1 M H2SO4 2.34 mF cm-2 90 (4,000) 0 to 1.0 [100] 

7 rGO/RuO2 Precipitation SS 1 M  Na2SO4 679 96 (5,000) 0 to 0.75 [92] 

8 rGO/RuO2 Dip coating Ti 0.5M H2SO4 1200 65 0 to 1.0 (V/Ag/AgCl) [101] 

9 rGO/RuO2/PVK Microwave assisted - 1 M H2SO4 1688 87 (1,000) 0 to 0.8 [102] 

10 rGO/RuO2 Aerogel - 3 M H2SO4 328 82 (5,000) 0 to 1.0 [103] 

11 RuO2/rGO Hydrothermal SS 1 M H2SO4 1126 89 (10,000) 0 to 1.0(V/SCE) [104] 

12 rGO/RuO2 Polymerization - 1 M H2SO4 1.5 F cm-2 80 (1,000) 0 to 0.8 [105] 

13 RuO2/rGO Ultrafine - 1 M H2SO4 1099 98 (2,000) 0 to 1.2 [106] 
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1.5.3 Literature survey on ruthenium oxide (RuO2) composite-based symmetric 

and asymmetric supercapacitor devices. 

 Table 1.3 presents a detailed comparison of ruthenium oxide (RuO2) 

composite-based symmetric and asymmetric supercapacitor devices. The table 

includes key performance metrics such as specific capacitance, energy density, power 

density, and cycling stability. By showcasing these devices side by side, the table is a 

valuable resource for understanding the practical applications and optimization 

strategies for RuO2 composite-based supercapacitors in energy storage technologies. 

Chen et al. [107] reported Cs of 138 F g-1 in PVA-H3PO4 electrolyte for 

RuO2/SWCNT through Ink jet printing method. Thakur et al. [90] prepared RuO2/Ppy 

via SILAR method and exhibited Cs of 71 F g-1 in 1 M H2SO4 electrolyte with specific 

energy and power 286.18 Wh g-1 and 36.36 Wg-1 respectively. Shankar et al. [92] 

prepared rGO/RuO2//RuO2 device via precipitation method. They exhibited Cs of 155 

F g-1 in Na2SO4 electrolyte and achieved power density of 5.026 kW kg-1 for a total 

energy density of 26.53 Wh kg-1. Maveda and Mukhopadhyay [108] prepared a 

symmetric device via the chemical activation method and exhibited Cs of 796 F g-1 in 

PVA-Na2SO4 electrolyte achieved with power density of 3.5 kW/kg for a total energy 

density of 156 Wh/kg. Xia et al. [109] prepared RuO2 electrode using CBD method 

and prepared aqueous symmetric device with Cs of 52.66 F g-1 in 1 M H2SO4 

electrolyte. Muniraj et al. [110] synthesized PHQ/hRO/E-FGS thin film via 

electrodeposition method and exhibited Cs of 378 mF g-1 in PVA-H2SO4 electrolyte 

with capacitive retention of 91% after 10,000 cycles. Guduru et al. [111] prepared 

RuO2//activated carbon thin film and prepared asymmetric aqueous supercapacitor 

device  and showed Cs of 238 F g-1 in 1 M Ni(NO)3 electrolyte with capacity retention 

of 94% after 1,000 cycles. Yu et al. [87] prepared RuO2-TiO2//activated carbon thin 

film via hydrothermal method and showed Cs of 70 F g-1 in 1 M H2SO4 electrolyte 

with capacity retention of 84 % after 6,000 cycles.   Ahuja et al. [112] synthesized 

RuO2//GNR electrode via micro-emulsion method and exhibited Cs of 156 F g-1 in 0.5 

M Na2SO4 electrolyte with capacitive retention of 91% after 7,000 cycles. 

Conclusions:  

 This survey provides an overview of recent research on symmetric and 

asymmetric devices incorporating various ruthenium oxide materials. It covers a 
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variety of fabrication and synthesis methods, along with the utilization of different 

aqueous and gel electrolytes. Remarkably, the symmetric device exhibited the highest 

specific capacitance value of 796 F g⁻¹. This result was accomplished using PVA-

Na2SO4 aqueous electrolytes, resulting in an energy density of 150 Wh kg⁻¹ and a 

power density of 3.5 kW kg⁻¹ [110]. These findings highlight the progress made in 

developing high-performance supercapacitors utilizing ruthenium oxide materials. 
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Table 1.3: Ruthenium oxide (RuO2) composite-based symmetric and asymmetric supercapacitor devices. 

Sr. 

No. 

Device 

configuration 

 

Deposition 

Methods 
Substrate Electrolyte 

Specific 

capa. 

(F g-1) 

Energy 

density 

(Wh Kg-1) 

Power 

density 

(W Kg-1) 

Retention 

stability 

(%) 

(cycles) 

Potential 

window 

(V) 

Ref. 

Symmetric devices 

1 Ru:338 CBD SS PVA-H2SO4 234 - - - -0.2 to 0.8 [60] 

2 RuO2/SWCNT Inkjet printing - PVA-H3PO4 138 - - - 0 to 1.0 [107] 

3 RuO2/Ppy SILAR SS 1 M H2SO4 71 286 36.6 - -2 to 1.0 [90] 

4 RuO2/rGO Precipitation SS 1 M Na2SO4 155 26.53 
5.2 kW 

Kg-1 
88 (2,000) 0 to 1.2 [92] 

5 
RuO2-NPs// 

CACC 
- SS PVA-Na2SO4 796 156 

3.5 kW 

Kg-1 
91 (5,000) 0 to 2.0 [108] 

6 RuO2/RuO2 Hydrothermal SS 1 M Na2SO4 52.66 18.77 500 92 (2,000) 0 to 1.5 [109] 

Asymmetric devices 

7 
PHQ/hRO/E-

FGS 
Electrodeposition Graphite PVA-H2SO4 

378 mF 

cm-2 

8.4 Wh 

cm-2 

1.99 mW 

cm-2 
91 (10,000) 0 to 0.8 [110] 

8 RuO2//AC - SS 
1 M 

Ni(NO3)2 
248 -  

93.3 

(1,000) 
-1.0 to 1.0 [111] 

9 RuO2//AC Hydrothermal - 
1 M 

H2SO4 
70 25 160 

84.7 

(6,000) 
0 to 1.6 [87] 

10 RuO2//GNR Micro emulsion 
graphite 

plates 

0.5 M 

Na2SO4 
156 60 14 

91 

(7,000) 
0 to 2.0 [112] 



Chapter I 

 

  23 

1.6 Objectives: 

Title: Solid state supercapacitors based on reduced graphene oxide/ruthenium oxide 

composite thin films. 

Objectives: 

1. To prepare graphene oxide by modified Hummer’s method and reduced graphene 

oxide (rGO)/ruthenium oxide composite thin films on solid substrate using 

SILAR and CBD methods.  

2. To characterize reduced graphene oxide (rGO)/ruthenium oxide composite 

electrodes using different physico-chemical techniques. 

3. To study supercapacitive properties of reduced graphene oxide (rGO)/ruthenium 

oxide composite electrodes using cyclic voltammetry study (CV), galvanostatic 

charge-discharge (GCD) electrochemical impedance spectroscopy (EIS) studies 

and to form asymmetric device with supercapacitive performance evaluation. 

1.7 Orientation and work plan of thesis: 

The ongoing energy crisis of the 21st century, fueled by the rapid expansion of 

the global economy, dwindling fossil fuel reserves, and escalating pollution, has 

underscored the need for clean, renewable, and efficient energy solutions. 

Supercapacitors are increasingly seen as a viable alternative to traditional batteries 

due to their potential to transform energy storage. These devices have numerous 

advantages, such as exceptional stability, high power density, and quick charge-

discharge cycles. To maximize the practical applications of supercapacitors, it is 

critical to improve their energy and power density while maintaining their other 

qualities. The effectiveness of supercapacitors typically depends on their large surface 

area and the rapid, reversible redox reactions of the active materials used. Thus, 

innovating and refining electrode materials is crucial in advancing supercapacitor 

technology. 

Research indicates that various materials, such as metal oxides/sulfides, 

carbon-based substances, conducting polymers, and their composites, have been 

explored as potential electrode materials in supercapacitor production. Recent studies 

have predominantly concentrated on applying mixtures of metal oxides or carbon 

composites to improve supercapacitive properties, focusing on both energy and power 
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density. rGO composites combined with metal oxides are relatively underexplored yet 

promising materials in supercapacitor development. To achieve supercapacitors with 

high performance, crafting advanced electrode materials that support high capacitance 

and improved energy density without sacrificing power density is crucial. The 

primary goal of developing rGO/RuO2 composite thin films is to elevate 

supercapacitive performance. The comparative study of SILAR (Successive Ionic 

Layer Adsorption and Reaction) and CBD (Chemical Bath Deposition) methods for 

various reasons. The deposition of thin film quality, such as uniformity, and adhesion 

to the substrate, can vary significant impact between SILAR and CBD. Comparing the 

SILAR and CBD methods provides valuable insights due to their efficiency 

performance, adjustable parameters, cost-effectiveness, environmental impact, and 

potential for innovative advancements.  

Research work will be divided into three phases and is expected to be carried 

out in three years. 

PHASE (I) 

In this phase, 

1) Chemical synthesis of graphene oxide by using modified Hummer’s method, and 

2) Chemical synthesis of thin films will be carried out using SILAR and CBD 

deposition methods for comparative study. By these methods, rGO/RuO2 composite 

thin films will be synthesized with different morphologies. The preparative 

parameters to monitor for deposition of thin films will be: 

    SILAR method                                                              CBD method 

1) Concentration of the reactants                           1) Concentration of the reactants, 

2) Adsorption and reaction time,                           2) Time of deposition, 

3) Rinsing time,                                                     3) Temperature of chemical bath, 

4) Temperature,                                                     4) Complexing agent, 

5) Complexing agent, and                                     5) Nature of the substrate, and 

6) pH of the solution.                                            6) pH of the solution. 
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PHASE (II) 

 Different characterizations will be carried out in this phase for structural and 

morphological analysis of rGO/RuO2 composite thin films. The structural phase of 

material will be determined using X-ray diffraction (XRD), while chemical bonds 

within the material will be analyzed through Fourier transform infrared spectroscopy 

(FT-IR). The surface morphology of the thin films will be assessed using Field 

emission scanning electron microscopy (FE-SEM), and their elemental composition 

will be identified by Energy dispersive x-ray spectroscopy (EDS). Further analysis of 

chemical composition of materials and oxidation states will be conducted using X-ray 

photoelectron spectroscopy (XPS). The contact angle (CA) will be also study for 

nature of material. The electrochemical characteristics of the films will evaluated 

through techniques such as cyclic voltammetry (CV), galvanostatic charge-discharge 

(GCD), and electrochemical impedance spectroscopy (EIS). A three-electrode cell 

configuration will be utilized in the electrochemical studies, employing the thin films 

as the working electrode, platinum or graphite plates as counter electrodes, and a 

saturated calomel electrode (SCE) as the reference electrode. Moreover, the 

performance of these films will be quantified in terms of their potential window, 

specific capacitance (Cs), specific energy, specific power, and cyclic lifespan. 

PHASE (III) 

The primary objective of this research will be to develop asymmetric solid-

state supercapacitor devices (ASC), utilizing rGO/RuO2 composite thin films as the 

active cathode material and WO3 as the anode, packed and sealed with PVA-H2SO4 

gel electrolyte. The effectiveness of the electrode materials and the functionality of 

the electrolytes will be assessed by constructing solid-state devices (SSD). The 

performance of these asymmetric devices (ASDs) will be analyzed in terms of 

capacitance, energy density (ED), power density (PD), and cyclic stability. The study 

concludes with an evaluation of the performance metrics specific to devices based on 

rGO/RuO2 composites. Research work will be published in international journals 

based on (rGO/RuO2) composites. Thesis writing will be covered in last six months of 

phase III. 
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2.1 Overview: 

 This chapter provides an overview of thin films and covers the theoretical 

framework of chemical deposition methods. It investigates the specifics of the 

successive ionic layer adsorption and reaction (SILAR) and chemical bath deposition 

(CBD) methods. The chapter also covers surface morphology, wettability, and 

structural property analysis techniques using thin film characterization techniques. 

Furthermore, it describes the electrochemical performance and important 

supercapacitor parameters. 

2.2 Overview of thin films: 

 The distinctive electrical purposes optics, and magnetized characteristics of 

thin film technology have attracted a lot of attention lately and have applications in a 

variety of sectors [1,2]. The specific characteristics of film materials, easily controlled 

by changing preparative parameters, form the basis for using this technology. When 

considering thin films, it's important to note that the bulk and thin film properties of 

the materials differ significantly. A thin film is defined as a material with a thickness 

in the fractional range (less than one micrometer to nanometer) or a surface that is 

infinitely long in two directions and has dimensions that are limited along a third 

direction. It is bounded by two parallel planes. A thin film is any liquid or solid 

system with at most two-dimensional structures or patterns. Typically, thin films 

consist of material layers with thicknesses ranging from a few micrometers. The 

process of depositing these thin films onto substrates is known as thin film deposition. 

As shown in Chart 2.1, there are several ways to categorize this process. The two 

main ways to create nanomaterial in thin-film form are chemical and physical 

processes. In the top-down approach, bulk materials are initially utilized after which 

they are broken up into smaller pieces by mechanical or other energy sources. 

Conversely, the bottom-up strategy creates materials by producing precursor particles 

through chemical processes from molecular or atomic species. In contemporary 

technologies, diverse types of thin films are indispensable for numerous applications, 

driven by both scientific curiosity and technical potential. The performance of these 

thin films in specific applications is influenced by properties such as shape, 

agglomeration, size, and particle composition, as well as factors like crystallinity, 

surface morphology, porosity, and thickness, which play a critical role.  
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A variety of traditional chemical and innovative preparation routes, both in 

bulk and thin film forms, enable materials to attain nanocrystalline structures. When 

materials are in thin film form as opposed to their bulk counterparts, their physio-

chemical characteristics can change significantly. A greater surface area, improved 

diffusivity, increased electrical conductivity, and decreased thermal conductivity are 

just a few benefits of nanocrystalline thin film materials [3, 4]. 

Thin film characteristics are usually closely connected to the deposition 

approach used. Sputtering and vacuum techniques are the two main categories of 

physical procedures. These methods include depositing materials after they have been 

transformed into a gaseous state by impact or evaporation processes. Chemical 

techniques can be divided into two major branches. A variety of techniques are 

included in the gas-phase branch, including metal organo-chemical vapor deposition 

(MOCVD), photo CVD, plasma-enhanced CVD, laser CVD, and conventional CVD. 

The liquid-phase segment includes techniques like spray pyrolysis, sol-gel process, 

liquid phase epitaxy, electrodeposition, hydrothermal, reflux, CBD, and SILAR. 

However, there are disadvantages to physical and gas-phase chemical deposition 

techniques, including the need for costly equipment and maintenance, high operating 

temperatures as pressures, waste products, and high expenditures. Conversely, 

solution-phase chemical methods are simpler, more economical, and suitable for a 

wide range of material deposition [5, 6]. As a result, chemical methods are widely 

employed for the preparation of nanostructured materials in thin film form for diverse 

applications [7]. 

The structural and elemental properties are studied using different 

characterization techniques like X-ray diffraction (XRD), energy dispersive X-ray 

analysis (EDAX), Fourier transform infrared (FT-IR) spectroscopy, scanning electron 

microscopy (SEM), and contact angle measurement. The electrochemical properties 

of RuO2, rGO/RuO2, and WO3 are investigated in terms of varying mass loadings 

(film thickness). Changes in mass loading can significantly influence parameters such 

as specific capacitance, charge transfer resistance, and cycling stability. For instance, 

increasing the film thickness may enhance the active material content but could also 

hinder ion diffusion or increase internal resistance. By optimizing the mass loading, 

an optimal balance between high electrochemical performance and structural stability 

can be achieved, ultimately improving the efficiency and effectiveness of these 

materials in supercapacitor applications. 
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 Chart 2.1 General classification of thin film deposition methods.



Chapter II 

 

36 

2.3 Basics of Successive Ionic Layer Adsorption and Reaction (SILAR) method: 

 Deposition thin films of numerous materials are simple as well as affordable 

with the SILAR method. It offers excellent control over deposition parameters, 

making it advantageous. Mechanism of SILAR method was first reported by Ristov et 

al. [8] and Nicolau et al. [9] referred name as SILAR for the method.  This technique, 

a modified version of the CBD method, is effective for depositing different chemical 

compounds and composite films.  In order to assure uniform solid-phase 

development, the SILAR technique depends on successive reactions taking place at 

the substrate surface, followed by washing. With this method, adsorbed cations (pKa
+) 

and anions (aAp
–) react heterogeneously at the interface between solid and solution 

via thin films of covalent compounds that are insoluble in water, specifically KpAa. 

The following relation can be used to characterize the responsewith ap = bq =b’q’ 

(pKaq
a+ + qXaq

b-) + (b’Yaq q
’+ + aAp- ) → KpAas ↓ + qXaq

b-+b’Yaq 
q’+          (2.1) 

where, X is an ion in cationic precursors with a negative charge (X = SO4
2–, Cl–, NO3

–, 

etc), q is the number of X in cationic precursors, b is the numerical value of charges 

on X, K is the number of cations(Zn2+, Fe2+, Co2+, Fe3+, Cu2+, Ni2+, etc), and p is the 

number of cations. In an anionic solution, b' is the number of Y ions, q' is the 

numerical value of the charge on Y, and Y is linked to a chalcogen ion. A is the 

number of anions, while A is the chalcogen ion. The above response can be expressed 

as follows when a complexing agent is present: 

 p[(KC)a+]aq + qXaq
b- + b’Yq’+

aq +aAp- → Kp’Aa’s↓+ C+qXb-
aq + b’Yq’+

aq       (2.2) 

where, complexing agent is C. The SILAR process typically involves adsorption, 

reaction, and rinsing steps in a specific order.  

a)  Adsorption: 

 During the initial stage of SILAR reaction, the process begins with the 

placement of cations in a beaker. When immersed in the beaker, a substrate attracts 

and retains the cations on its surface. A Helmholtz double layer forms as a result of 

this interaction, with negatively charged ions accumulating on the outer side and 

positively charged ions on the inner side. A weak van der waals force holds each of 

these layers together [10].  
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Figure 2.1: A) Schematic representation of SILAR method, and B) detailed ionic 

adsorption on film by SILAR method. 

b) Rinsing-I: 

 The rinsing step is the second phase in the deposition process. It involves 

removing loosely bound ions from the substrate by immersing it in a rinsing solution. 

This step is crucial because it significantly affects the morphology, particle size, and 

degree of agglomeration of the deposited film. Double-distilled water is used for 

rinsing to ensure the highest purity and avoid introducing additional contaminants. 

The rinsing process ensures that only the desired ions remain on the substrate, which 

helps achieve a more uniform and well-ordered thin film. While it is possible to skip 

this step for convenience, doing so may lead to suboptimal results, including irregular 

film morphology and increased particle agglomeration. Therefore, careful rinsing is 

recommended to enhance the overall quality and consistency of the thin film [11]. 
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c) Reaction: 

Anions from the anionic precursor solution take part in the reaction in this 

third stage. At the contact, a solid material with the chemical composition K+A- forms 

as a result of the high reactivity between cations and anions. In this step, adsorbed 

cations (K+) and anions (A-) from the solution undergo an irreversible chemical 

reaction. 

d) Rinsing-II: 

In the final stage of the deposition process, any unreacted substances on the 

substrate surface are eliminated by dipping the substrate into a rinsing solution. This 

step also helps to get rid of any excess substances on the substrate's surface. Rinsing 

is usually done with double distilled water (DDW). The substrate in the solution can 

be rotated using specific mechanically operated SILAR systems. 

 

Figure 2.2: Photograph of SILAR used to deposit thin film electrodes [12]. 

 

Additionally, there are three distinct ways to apply SILAR deposition method: 

1) Operate by hand: In this method, the substrate is immersed in each beaker by 

hand, making it a labour-intensive and time-consuming process. 
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2) Operate by computer function programme: Here, a computer program controls 

the vertical and translational movements of the arm to which the substrates are 

attached. 

3) Microprocessor-oriented function: In this approach, substrates are fixed to a 

horizontal robotic arm that moves vertically and transnationally. This method has 

gained popularity among researchers for its ease of operation and suitability for 

synthesizing binary, ternary chalcogenides, and composite materials. 

Figure 2.2 depicts a microprocessor-based SILAR machine from Holmarc 

Opto-Mechatronics PVT. LTD., which is commonly used for depositing thin-film 

electrodes due to its efficient operation and user-friendly settings. 

2.3.1 Benefits of the SILAR method: 

a) The SILAR method is binder-free, environmentally friendly, straightforward, and 

convenient for depositing large-area thin films. 

b) This method can be performed at low or room temperatures. 

c) The deposition rate is easily adjustable. 

d) It is compatible with any substrate. 

e) There is no need for vacuum conditions or high-quality targets at any stage, and 

f) Modifying the deposition parameters can easily control the film thickness. 

2.3.2 Effect of Preparative Parameters: 

Ion concentration, reaction and adsorption timings, rinse period, temperature, 

and the presence of complexing agents are some of the factors that influence the 

growth kinetics in the SILAR method: 

a) Concentration:  

In practically all chemical deposition approaches, the rate at which films 

develop is significantly influenced by the concentration of precursor solutions. The 

concentration of these solutions affects both adsorption and reaction rates. A thicker 

film results from an increase in the efficiency of adsorption when the concentration of 

cations beyond a particular threshold. Conversely, increasing the concentration of the 

anionic precursor speeds up the reaction rate, resulting in larger particle growth. 
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However, a higher reaction rate can cause the film to become nonadherent and exhibit 

non-uniform thickness. Furthermore, optimum film thickness and the formation of 

undissolved contaminants can result from high precursor concentrations [13]. 

Therefore, it's crucial to experimentally determine the optimal concentration of both 

precursors to achieve the desired film quality. 

b) pH: 

The pH of solutions is crucial in chemical deposition processes. Extreme pH 

values can impact the substrate surface condition, the solubility of the desired 

compounds, impurities, and even the substrate itself. At specific pH levels, the 

reaction rate can increase, while at other pH levels, a metal-chalcogenide ionic 

product might be less soluble than the metal-chalcogenide solubility product, 

preventing film formation. The pH of the cationic solution can be adjusted using a 

complexing agent. 

c) Temperature: 

The temperature of the bath influences film thickness. Higher temperatures 

enhance the dissociation of compounds, resulting in increased deposition rates and 

thicker films. Conversely, lower temperatures slow down film formation. 

d) Complexing agent: 

A complexing agent is a substance that can form a complex compound with 

another material in solution. Common complexing agents used in chemical deposition 

methods include ammonia (NH3), ethylenediamine tetra acetic acid (EDTA), 

triethylammonium (TEA), polyvinyl alcohol (PVA), and polyvinyl pyrrolidone 

(PVP). These agents bind to simple metal ions, creating complex ions. As the reaction 

progresses, metal ions are gradually released to react with other ions. This process 

helps maintain a consistent concentration of metal ions during the chemical reaction. 

In the SILAR method, the slow release of metal ions results in a slower film growth 

rate, allowing the use of complexing agents to control the growth kinetics of the film. 

e) Adsorption, reaction and rinsing time: 
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The balance between adsorption and reaction times is crucial. Longer adsorption 

times relative to reaction times lead to thicker films, while equal times result in 

uniform, well-adhered films [14]. 

f) Deposition cycles: 

Each cycle of deposition in the SILAR method adds a few layers of material to 

the substrate, leading to an increase in film thickness with a higher number of cycles. 

However, an excessive number of cycles can result in the formation of particle 

clusters. Once a critical number of cycles is reached, the accumulated stress and 

thickness can cause the thin film to lose its adhesion to the substrate and begin peeling 

off. This phenomenon occurs because the mechanical stability of the film diminishes 

as the thickness increases and the clusters grow, leading to detachment from the 

substrate. To achieve optimal film quality and adhesion, it is important to determine 

the appropriate number of deposition cycles. 

2.4 Chemical bath deposition (CBD): 

The simple and affordable method for synthesizing large-area thin films is 

CBD. For thin film deposition from the liquid phase, techniques such spray pyrolysis, 

electrophoresis, electrodeposition, dip coating, anodization, and CBD are used. This 

procedure is accessible and inexpensive because it does not require complex 

equipment like vacuum systems. It needs a glass beaker, a heated plate, and a stirrer to 

start the deposition. The main ingredients are affordable and easily accessible [15]. 

This process does not require the substrates to be electrically conductive in order to 

cover several substrates in a single run. Figure 2.3 provides a schematic illustration of 

CBD method. 

Any insoluble surface can be successfully coated with free access to a solution 

using CBD method. This method of low-temperature thin-film deposition avoids 

metallic substrates from corrosion. Whenever the solution develops the coating on the 

substrate, it produces material deposits which are consistent and free of holes. As 

opposed to using atoms as the basic building blocks, the use of ions enables accurate 

stoichiometric production. Grain structure and orientation are improved by the easy 

controllability of preparation conditions. Particle growth and nucleation are the two 

essential phases in thin film deposition. The precipitate affects particle size, and when 
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the required molecules and ions combine with the solution, the stable solid phase, or 

nucleus, forms. Precipitate development involves nucleation [5]. Clusters of particles 

and molecules rapidly develop and increase in solution through nucleation, 

developing a uniform film thickness. A number of factors, such as bath temperature, 

stirring rate, pH, and solution concentration, affect the thin film deposition conditions. 

Ion-by-ion deposition or the adsorption of colloidal particles on the substrate are the 

two methods through which films grow. The CBD method is employed to deposit 

various binary compounds like MnO2, PbO, CuO, Bi2S3, CdSe, PbSe, CdS, MoS2, 

Ag2S3, ZnS, PbS, RuO2, and CuS, as well as ternary compounds such as CdPbSe, 

CdSSe, CuInSe2, ZnCo2O4, and Cu2SnS3. 

 

Figure 2.3: Schematic diagram of chemical bath deposition (CBD) method. 

2.4.1 Deposition mechanisms of CBD method:  

There are four distinct thin film deposition mechanisms for the CBD method, and 

these mechanisms vary depending on the particular approach and reaction parameters 

[16].   
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a)  Formation of ion-by-ion: 

  The ion-by-ion method, which entails successive ionic reactions, is thought to 

be very effective. The following is an explanation of the general response mechanism:   

𝑀𝑛+ + 𝑋𝑚− →  𝑀𝑚𝑋𝑛                                                 (2.3) 

When the ionic product [Mn-] [Xm+] exceeds the solubility product Ksp of MmXn, a 

thin film of the compound MmXn forms. As a result, a solid phase of the chemical 

forms. It might take a greater ionic product for supersaturating to happen. Except in 

situations where there are minor variations in the solution, no solid phase is generated 

if the ionic product does not surpass the Ksp. In these conditions, small solid nuclei 

separate before developing into stable 

b) Cluster (hydroxide) mechanism:  

In order to stop metal hydroxide from forming, CBD methods preceding 

conditions are essential. Even so, metal hydroxide and hydrated oxide will inevitably 

develop under conventional CBD conditions. The CBD process seems to start with 

the formation of a metal hydroxide [M(OH)n] precipitate. Instead of remaining in 

most of the solution, this metal hydroxide is absorbed onto the substrate and forms as 

a colloid rather as a precipitate. In this process, the Xm+ ion reacts with the M(OH)n to 

form the metal chalcogenides (MmXn). 

𝑀𝑛+ + 𝑛(𝑂𝐻)− → 𝑀(𝑂𝐻)𝑛                                               (2.4) 

Which follows, 

𝑋𝑛+ + 𝑀(𝑂𝐻)𝑛 → 𝑀𝑚𝑁𝑥                                                   (2.5) 

c) Ion-by-ion complex dissociation development: 

Mn⁺ thiourea compound ions are created in this method when thiourea 

complexes free metal cations (Mn⁺). This process works especially well in acidic 

solutions because the breakdown of thioacetamide usually happens at intermediate pH 

values, usually in mildly acidic environments (pH > 2). Compared to transitional 

sulfide production, it is proposed that this process proceeds through the creation of a 

thioacetamide molecule. 

d) Complex-decomposition cluster mechanism: 
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In the complex-decomposition cluster mechanism, solid-phase particles are 

formed as an alternative to direct reaction with free anions. This involves the 

formation of an intermediate compound with the anion from the reagent. The 

decomposition of thiourea to sulfide species may be catalyzed by the solid surface, 

however the complex itself may not always be catalyzed. 

2.4.2  Preparative Parameters of the CBD Method: 

The CBD method involves several preparative parameters that influence the 

formation of thin films. These parameters are detailed below: 

a) Substrate: 

The substrate on which the thin film is deposited plays a crucial role. There are 

two primary states for this deposition: the first involves substrates optimized for the 

deposition of metal ion (M⁺) and anion (X⁻) compounds, ensuring proper bonding and 

stability. The second state involves using a single crystalline substrate, which 

provides the ideal conditions for the material deposition. This allows the thin film of 

the MX complex to form, with its lattice structure aligning with that of the substrate 

material, ensuring better structural integrity and coherence. 

b) Effect of Anion Concentration: 

The concentration of anions in the solution significantly affects the thickness of 

the MX compound film. As the anion concentration increases, the deposition rate of 

the MX compound also increases, leading to a thicker film. However, if the anion 

concentration is too high, it can result in rapid and homogeneous precipitation in the 

solution, which can reduce the overall film thickness due to excessive particle 

formation in the bulk solution rather than on the substrate surface. 

c) pH of the Solution: 

The pH level of the solution is another critical factor. At lower pH values, the 

supersaturation of M and X ions is increased, which promotes a higher reaction rate 

and results in thicker film formation at lower temperatures. Conversely, as the pH 

increases, the supersaturation decreases, leading to fewer free M and X ions available 

to form the MX compound, and thus, thin film formation is hindered. At higher 
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temperatures, increasing the pH enhances the supersaturation rate, which 

subsequently increases the reaction rate and promotes film growth. 

d) Concentration of Complexing Agent:  

The role of a complexing agent in this process is to supply ligands to the metal ion 

(M), thereby keeping the solution unsaturated. Increasing the concentration of the 

complexing agent reduces the absorption of free metal ions. As a result, the growth 

rate of the film thickness decreases, although the final thickness of the film ultimately 

increases.  

e) Temperature:  

The dissociation rates of the metal ion (M+) and the anion (X-) increase with 

rising temperature in the solution bath. Therefore, at higher temperatures, the 

dissociation rate of M and X ions is higher, leading to greater film thickness. This 

effect is dependent on the supersaturation of the solution. 

2.4.3  Benefits of CBD method: 

a) The method offers significant flexibility in substrate selection and substantially 

reduces manufacturing costs. It allows for low-temperature processing and capable 

large area deposition. 

b) Safety and environmental impact. 

c) The method ensures a high rate of reproducibility, which is crucial for consistent 

quality, and 

d) It generates minimal wastage, making it efficient and environmentally friendly. 

2.5 Physicochemical characterization techniques:  

The physicochemical properties of a material are closely related to its 

performance. Thus, describing materials with a variety of methods and closely 

reviewing the outcomes are crucial research processes. This procedure supports 

discovering and improving the materials desirable properties as well as choosing the 

best material for a particular use. In this work, a number of material characterization 

methods were used to analyze the thin film electrodes as deposited.  
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2.5.1 X-ray diffraction (XRD): 

X-ray diffraction (XRD) is a fundamental quick method in materials science 

that verifies the identity of a material by comparing its diffraction patterns to 

databases which have been built. The XRD offers useful information on the unit cells 

dimensions in along with material confirmation. It is also used to investigate chemical 

composition, measure crystallite size, and evaluate lattice strain. In addition, phase 

diagram construction and the assessment of crystallographic ordering degree depend 

on XRD. This technique is highly versatile and fast, making it an essential tool for 

thorough material characterization. It provides valuable information about structural 

properties and helps create and improve new materials [17]. 

Basic Principle: 

Monochromatic X-rays are diffracted by parallel lattice planes separated by an 

interplanar distance d, when they impact a crystalline sample at an incidence angle θ. 

By measuring the intensity of these diffracted X-rays as a function of the scattering 

angle, a diffraction pattern is produced. According to Bragg's law, constructive 

interference of the diffracted X-rays occurs when the path difference is an integer 

multiple of the X-ray wavelength. At such conditions, peaks obtained in diffraction 

patterns are known as Bragg peaks. A monochromatic X-ray source, a specimen 

holder, and an X-ray detector are the three main parts of an X-ray diffractometer. The 

cathode, monochromator, and target material are all located inside a vacuum-sealed 

glass or ceramic container, which is the X-ray generator, also referred to as a cathode 

ray tube. To release electrons, the cathode, which is usually composed of a tungsten 

filament, is heated. After that, a voltage is applied to accelerate these electrons in the 

direction of the target material, which might be copper (Cu), iron (Fe), molybdenum 

(Mo), or chromium (Cr). Electrons from outer shells transition to fill the inner 

vacancies when the accelerated electrons have enough energy to remove electrons 

from the target material's inner shell. This transition releases the unique radiation of 

the target material. When copper is used as the target material, for example, Kα and 

Kβ lines are emitted. To generate monochromatic X-rays, the released radiation is 

filtered. CuKα = 1.5418 Å is the wavelength for copper radiation. After that, these 

monochromatic X-rays are collimated and focused on the object that has to be 

characterized. Peaks in X-ray intensity are recorded when Bragg's condition is 
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satisfied as the specimen and the detector spin. After converting these signals into 

count rates, the detector records the information and transfers it to a computer for 

additional examination. There are three ways to find out a samples crystal structure: 

the Laue method, the rotating crystal method, and the powder method [18]. 

 

Figure 2.4: A) Schematic of X-ray instrument [19], and B) photograph of RIGAKU 

MiniFlex600 diffractometer [20]. 

The powder approach is frequently used to facilitate the crystal structure 

investigation of a material easier. A continuous spectrum of X-rays with a fixed angle 

of incidence is used in the Laue method, one of the first techniques used for 

identifying crystal structure. This technique is appropriate for detecting dynamic 

processes inside the crystal structure because it yields diffraction conclusions more 

quickly than those obtained with monochromatic X-rays. This method is called the 

centered crystal method when the wavelength varies but the angle of incidence 

remains fixed. The sample in this procedure rotates at a fixed angular velocity and is 

exposed to a monochromatic hard X-ray beam. On the other hand, the angle of 

incidence varies while the wavelength remains constant with the powder approach. 

The D2 Phaser X-ray diffractometer is depicted in Figure 2.4 A. Figure 2.4 B shows 

a photograph of RIGAKU MiniFlex600 diffractometer. Calculating crystal 

dimensions with the Scherrer equation is an essential use of XRD in nanocrystal 

studies [21]. 

𝐷 =
0.9ℷ

𝛽𝑐𝑜𝑠𝜃
                                                          (2.6) 

where, β is full width at half maximum (FWHM) of the diffraction peak, and θ is the 

peak position in radians. 
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2.5.2 Fourier transform infrared spectroscopy (FT-IR): 

FT-IR spectroscopy is a powerful tool for identifying interatomic forces and 

the atomic arrangement within a crystal lattice. This technique can analyze a wide 

range of materials in various forms, including thin films, bulk materials, pastes, fibers, 

liquids, solids, and powders. FT-IR spectroscopy provides valuable information about 

the molecular structure and chemical bonding of both organic and inorganic materials. 

It is particularly useful for identifying unknown substances within a specimen. A 

material that interacts in an electromagnetic field has two energy levels (E1 and E2), 

with the energy level difference being equal to 'h' times the incident radiation 

frequency (v), as shown in the following formula: 

∆𝐸 = ℎ𝑣                                                                             (2.7) 

When the change in energy (ΔE) is positive, it indicates that the molecule absorbs 

energy. Conversely, when ΔE is negative, the molecule emits energy in the form of 

radiation, resulting in an emission spectrum. A unique spectrum for the molecule is 

obtained when the energy difference between two levels corresponds to the frequency 

of the incident radiation, as described by the eq. 2.7.  

 

Figure 2.5: Basic ray diagram of FT-IR spectrometer. 

A small section of the spectrum (close to visible) can be examined using FT-

IR analysis; this area includes the UV, visible, and IR regions (10-6-10-3cm).  The 
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absorption in an atom indicates the way the orbital electrons in molecules change 

between the various permitted levels, thus the atoms inside the molecule rotate or 

vibrate, and how the equation may be used to describe all of the energy contributions 

[22, 23]. 

 𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑒𝑙𝑒𝑐𝑡 + 𝐸𝑣𝑖𝑏 + 𝐸𝑟𝑜𝑡 + 𝐸𝑡𝑟𝑎𝑛𝑠                                                    (2.8) 

 where, Etotal, Eelect, Evib, Erot, and Etrans represent the electronic energy, vibrational 

energy, rotational energy, and translational energy, respectively. Figure 2.5 illustrates 

the basic schematic diagram of an FT-IR spectrometer. Due to the quantized nature of 

energy levels, only certain transitions are possible for electronic, rotational, and 

vibrational energies. The translational energy, being relatively small, is often 

negligible in this context. FT-IR spectroscopy is especially valuable because it can 

serve as a molecular fingerprint, uniquely identifying materials based on their infrared 

spectra. This method complements X-ray techniques in material characterization by 

providing detailed insights into the molecular and chemical structure. The infrared 

spectrum, characterized by its distinct peaks, reveals information about molecular 

vibrations, bond strengths, and functional groups within the material. By combining 

FT-IR spectroscopy with X-ray diffraction, researchers can achieve a comprehensive 

understanding of both the structural and molecular characteristics of a material, 

enhancing the accuracy and depth of material analysis. 

2.5.3 Raman spectroscopy: 

Raman spectroscopy is an incredibly flexible method for fast, straightforward, 

and non-destructive examination of materials, both organic and inorganic [24]. This 

method provides important information about the characteristics and composition of 

the material through examining the way light interacts with it. Several molecular 

modes, such as rotational, vibrational, and other low-frequency modes, are measured 

using Raman spectroscopy [25]. Different vibrational states of the molecule are 

identified by distinct energy differences (Figure 2.6). An electron in the sample 

absorbs energy from the photon and transitions to a higher energy state when it 

interacts with monochromatic light. The electron then depletes its energy and returns 

to its initial state. Through Rayleigh scattering, the electron releases a photon with the 

same frequency if the energy lost is equal to the energy of the incident photon. 
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Sometimes, when electrons lose energy from the virtual state, they can 

transition to a different vibrational level instead of returning to their original state. 

This causes the emitted photon to have a different energy than the absorbed incident 

photon, resulting in a frequency shift known as Raman scattering. The Stokes and 

anti-Stokes lines in Raman scattering are classified according to the ultimate 

vibrational state. When the emitted radiation has less energy than the incident 

radiation, Stokes lines appear. On the other hand, when the energy of the radiation 

emitted exceeds that of the incident radiation, anti-Stokes lines are produced. Anti-

Stokes lines have a negative Raman shift (Δʋ), while Stokes lines have a positive one, 

providing a unique molecular fingerprint characteristic of the material being analyzed. 

The relative intensities of Stokes and anti-Stokes lines can provide insights into the 

thermal population distribution of vibrational states, since anti-Stokes lines are 

weaker due to fewer molecules naturally being in an excited state at lower 

temperatures. This behavior is governed by the principles of Boltzmann distribution. 

By examining the Raman spectra, researchers can identify specific molecular 

vibrational and rotational levels, allowing for the qualitative analysis of the sample 

and the identification of different molecules. [26]. 

 

Figure 2.6: Energy level diagram showing the states involved in Raman spectrum. 

Working of instruments: 

Three main parts create to a Raman spectrometer: a detector, a sampling 

device, and an excitation source. The fundamental block diagram of a Raman 

spectrometer is shown in Figure 2.7. A monochromatic excitation source, usually a 

laser with a very narrow and constant bandwidth, can be used in this technique. A tiny 
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form factor, low power consumption, narrow line width, consistent power output, and 

stable wavelength output are among the qualities that the laser source must have. 

Shifting the laser wavelength into the near-infrared range is essential for examining 

organic compounds since it reduces fluorescence while maintaining charge-coupled 

device (CCD) spectral detection limitations. 

Due to their availability and ability to significantly reduce fluorescence 

without compromising spectral range or resolution, 785 nm diode lasers have become 

increasingly popular. For highly colored or strongly fluorescent samples, a 1064 nm 

laser is a preferable option. In the case of inorganic molecules, a 532 nm laser is ideal 

as it provides enhanced sensitivity. The second component is the sample interface, 

which typically employs a fiber optic probe. This flexible sampling interface allows 

the probe to be used with solid samples and immersed in liquid slurries, making it 

suitable for both laboratory processes and various environmental conditions. The 

versatility of fiber optics ensures that the probe can be easily adapted to different 

sampling requirements. The fiber optic probe can also be connected to microscopes 

and cuvette holders, enhancing its versatility. The third component of a Raman 

spectrometer is the spectrometer itself, such as low noise, a small form factor, low 

power consumption, and high resolution to effectively detect very weak Raman 

scattering signals [27]. Additionally, the choice of detector depends on the type of 

excitation laser used. Typically, CCD is employed as the detector in Raman 

spectroscopy. For detecting weak Raman signals at low concentrations, a back-

thinned CCD may be necessary to further enhance the sensitivity of the spectrometer.  

 

Figure 2.7: The basic block diagram of Raman spectrometer [28]. 
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2.5.4 X-Ray photoelectron spectroscopy (XPS): 

 X-ray Photoelectron Spectroscopy (XPS), also known as Electron 

Spectroscopy for Chemical Analysis (ESCA), is a highly utilized surface analysis 

technique. It is applicable to a wide variety of materials and offers valuable 

quantitative and chemical state information from the material's surface. 

Monochromatic X-rays are used as the photon source in the XPS technique, which is 

based on the photoelectric effect. During an XPS analysis, when the X-ray beam 

strikes the surface of a thin film, it induces the emission of electrons from the top 

surface layer of the material. These emitted electrons are referred to as photoelectrons 

[30]. When determining the elemental arrangement, stoichiometry, quantities, and 

molecular configuration of an element present in a thin film material, a photoelectron 

is needed. The binding energy of the photoelectron is determined by the following 

formula: 

 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − 𝐸𝐾𝑖𝑛𝑒𝑡𝑖𝑐𝑠 + 𝜑                                                               (2.9) 

Where,  

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = Binding energy of atomic orbital 

𝐸𝑝ℎ𝑜𝑡𝑜𝑛 = Photon energy 

𝐸𝐾𝑖𝑛𝑒𝑡𝑖𝑐𝑠 = Ejected photoelectrons of kinetic energy, and 

𝜑 = Spectrometer work function 

During the emission of photoelectrons in XPS, there is also a probability of Auger 

electron emission. Electrons of varying energy levels are released due to the different 

energy levels in different atoms. Since electrons undergo significantly more 

interactions with matter compared to photons, their path length is considerably 

shorter. Peaks in the XPS spectrum represent the background signal and indicate the 

presence of escaped electrons due to absorption in the material. 

 The main data modes obtained from XPS include the energy, spatial, and 

depth distribution of specific electrons. Elemental mapping and determining the 

chemical state of an element are achieved through depth distribution, while spatial 

distribution provides information about the probability of electron emission. 

Additionally, energy distribution offers insights into the electronic structure and 

binding energies, which are essential for identifying the chemical environment and 

oxidation states of the elements present in a sample. 
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2.5.5 Energy dispersive X-ray spectroscopy (EDS): 

 

Figure 2.8: Principle of Energy-dispersive X-ray spectroscopy. 

One of the most effective methods for doing elemental analysis on a sample is 

Energy Dispersive X-ray Spectroscopy (EDS), also referred to as EDX or EDAX. The 

ability of high-energy electromagnetic radiation (X-rays) to release core electrons 

those not in the outermost shell from an atom is the fundamental working principle of 

EDS. Moseley's Law defines a relationship between the atomic number of an atom 

and the frequency of light it emits. EDS is typically combined with FE-SEM, which 

cannot function without it.  

High-energy X-ray beams are used in this investigation to aim at the specimen 

with the goal to generate background (a range) or distinctive X-ray emissions. An 

atom in the sample has electrons in its ground state at discrete energy levels as it is at 

rest. A vacancy or hole is formed when an electron from an inner shell is excited with 

an incident beam and is ejected (Figure 2.8). This vacancy can then be filled by an 

electron from a higher energy shell, releasing an X-ray as a result of the energy 

differential between the higher and lower energy shells. Energy-dispersive X-ray 

analysis allows for the quantitative measurement of both the energy and the number 

of emitted X-rays. The energy of these X-rays is characteristic of the difference 

between the two shells and the atomic structure of the emitting element, making this 

technique suitable for elemental analysis. For example, when K-shell electrons are 
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excited, they emit characteristic X-rays known as “K Lines.” Similarly, X-rays 

emitted from the L and M shells are referred to as “L Lines” and “M Lines,” 

respectively. Heavier elements, having higher characteristic X-ray energies, require 

incident electrons of higher energies to be effectively analyzed. 

2.5.6 Contact angle measurement: 

 A surfaces wettability, or the degree to which a liquid can spread over or 

attach to it, is measured by the contact angle. Its definition is the angle that forms at 

the point where a solid surface and a droplet of liquid contact. Higher wettability and 

strong liquid adhesion to the surface are indicated by a smaller contact angle, whereas 

lower wettability and weak adhesion are indicated by a higher contact angle. Since it 

reveals light on surface energy and the interactions between solids and liquids, this 

parameter is essential in many applications, such as coating processes, material 

science, and surface-related investigations. Rame-Hart contact angle measuring tool is 

shown in Figure 2.9 A. Contact angle measurement of an unidentified sample is 

shown in Figure 2.9 B.  

The angle that results from forming a tangent to a liquid while measuring the 

angle from within the liquid is known as the contact angle. Via the use of this device, 

the material's hydrophobicity or hydrophilicity and surface can be verified throughout 

a number of applications.The angle (θ) between a liquid and a solid surface is 

important. If the angle is greater than 90°, it confirms the hydrophobic nature of the 

surface, meaning it's less wettable. When the angle exceeds 170°, it indicates that the 

surface is superhydrophobic. These surfaces are useful in manufacturing self-cleaning 

materials [29]. On the other hand, a contact angle of less than 90° indicates a 

hydrophilic surface, signifying good interaction with the liquid. A contact angle of 

less than 5° indicates a superhydrophilic and highly wettable surface, which is 

required for applications like supercapacitors, where ions from a liquid electrolyte 

need to intercalate in the material. The contact angle (θ) is calculated by Young’s 

relation [30, 31]. 

𝛾𝑠,𝑣 = 𝛾𝑠,𝑖 + 𝛾𝑖,𝑣 𝑐𝑜𝑠𝜃                  (2.10) 

where, ‘γs,v’ is solid-vapour,  ‘γs,i’ is solid-liquid, and ‘γi,v’ is liquid-vapour interfacial 

energies. The Rame-Hart goniometer (modal 260) is used in this investigation to 

record contact angle images of thin film electrodes.  



Chapter II 

 

  55 

 

Figure 2.9: A) Rame-Hart NRL contact angle meter photo [32] and B) contact angle 

of a liquid drop contacting a solid object. 

2.5.7 Field emission-scanning electron microscopy (FE-SEM): 

The investigation of thin film structure through the application of an electron 

beam to the examining sample and gathering of slow-motion additional electrons 

released by the specimen. These secondary electrons are then gathered, amplified, and 

displayed on a computer monitor. The SEM is primarily used to examine the external 

structure of a variety of targets, including samples like metals, rocks, and ceramics, 

which can also be observed under a light microscope. As a type of electron 

microscope, the SEM creates images of high-energy electrons are used to examine the 

surface of a specimen in specific patterns. The interaction of the electron beams with 

the atoms in the sample generates signals that provide detailed information about the 

sample's composition, surface topography, and electrical conductivity properties. The 

SEM produces various signals, such as backscattered electrons (BSE), secondary 

electrons, characteristic X-rays, transmitted electrons, and light emissions from the 

specimens, each requiring specific detectors for their detection. These signals result 

from the interaction of electrons with the surface atoms of the sample. The most 

commonly used detection mode is secondary electrons. SEM is capable of producing 

extremely high-resolution images of the specimen's surface, revealing details as small 

as 1 to 5 nm. These SEM micrographs have a large depth of field, which is 

advantageous for identifying the surface structure of the specimen. 

The schematic diagram of FE-SEM shows in Figure 2.10. The magnification 

range of a light microscope can vary extensively, from approximately 25X to 

250,000X. Backscattered electrons (BSE) are electron beams that are transmitted from 

the specimen through elastic scattering. BSE is commonly used in investigative SEM, 

often in conjunction with spectra generated from characteristic X-rays. The intensity 
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of the BSE signal is strongly correlated with the atomic number (Z) of the sample, 

allowing BSE images to provide detailed information about the distribution of various 

elements within the specimen. This capability makes BSE imaging particularly useful 

for visualizing colloidal gold immune-labels. Characteristic X-rays are emitted when 

the electron beam ejects an inner shell electron from the specimen, causing a higher 

energy electron to fill the vacancy and release energy. These characteristic X-rays are 

utilized to determine the composition and quantify the abundance of elements within 

the specimen [33]. 

 

Figure 2.10: Schematic of FE-SEM [34]. 
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2.5.8 Transmission Electron Microscopy (TEM): 

 

Figure 2.11: Schematic of TEM [35]. 

Transmission Electron Microscopy (TEM) is a technique where a beam of 

electrons interacts with and passes through a specimen. An electron source emits the 

beam, which is then focused to create a magnified image using a series of magnetic 

lenses. TEM operates on similar principles to Scanning Electron Microscopy (SEM), 

but in TEM, the sample must be thin enough for the electron beam to penetrate it. The 

produced image is magnified and focused onto a fluorescent screen, and it can also be 

printed on photographic film. Advanced TEM machines can capture images using a 

charge-coupled device (CCD) [36]. Because the wavelength of the electron source is 

shorter than that of light, TEM images can achieve high resolution. Figure 2.11 

shows a schematic diagram of TEM. It consists of four main parts as follows: 
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1. Electron Source: The anode and cathode are essential. A beam of electrons is 

accelerated toward the sample specimen by the anode's positive potential. A tungsten 

filament heated electromagnetically to release electrons serves as the cathode, which 

has a negative potential. 

2. Electromagnetic Lenses: The aperture and magnetic lens are combined in this 

component. A specific magnetic field can be generated by the magnetic lens that 

functions similarly to an optical lens, focusing the electrons. The aperture, a thin disc 

with a diameter ranging from 2 to 100 μm, removes unnecessary electrons from 

hitting the sample. The electromagnetic system ensures a well-determined narrow 

electron energy beam hits the target sample under analysis. 

3. Sample Holder: The electrons radiated by the electron source pass through the 

sample without interacting with it, depending on the sample thickness. Thinner 

regions of the sample appear lighter, while thicker regions appear darker. 

4. Imaging System: This system consists of additional electromagnetic lenses and a 

display. The scattered electrons from the sample, all with equal energy, are refocused 

by the electromagnetic lenses after transmission through the specimen, creating an 

enlarged image on the projector display. 

2.6 Electrochemical characterization Techniques: 

Supercapacitor performance was evaluated using several electrochemical 

properties. These techniques are frequently used in supercapacitor evaluation and in 

investigating batteries, sensors, and fuel cells. They offer crucial novel perspectives of 

corrosion rates, electrode surface porosity, reaction kinetics, and interfacial 

capacitance. Such thorough studies are essential for enhancing the performance and 

design of electrochemical energy storage systems. 

2.6.1  Cyclic voltammetry (CV): 

Analyzing electrochemical reactions is often done with the use of cyclic 

voltammetry (CV). The redox potential of active materials, adsorption processes, 

heterogeneous electron transport mechanisms, and redox reactions are all covered in 

detail. A working electrode and a counter electrode are used in this potentiostatic 

approach to measure the current flowing between them. It is possible to see these 

electrochemical processes by calculating the resulting CV curve, represented as 
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current vs applied potential. Figure 2.12 illustrates the electrode potential changes 

steadily and consistently during time in CV studies. The electrolyte concentration, 

electrode materials, and scan rate influence the peak height and width for the 

particular process [37, 38]. To clarify the processes occurring on the electrode 

surfaces, CV is utilized in this research. 

 

Figure 2.12:  The reversible single electrode transfer reactions (CV curve) [39]. 

Reversible or non-redox reactions can occur on the electrode surface. The 

applied potential in a reversible process could affect the electrode surface's physical 

structure. The adsorption of species to produce an electrical double layer is involved 

in this kind of reaction, sometimes referred to as a non-faradaic reaction. The peak 

potentials for anodic and cathodic reactions in redox reactions are represented by Epa 

and Epc, respectively, whereas the peak currents are denoted by 𝐼pa and 𝐼pc. The scan 

rates impacted the voltammograms widths, peak potentials, and amplitudes. 

Examining the functions of adsorption, diffusion, and chemical reaction mechanisms 

is a beneficial application of this technique [39, 40]. This is the most common method 

for determining a specific capacitance (Cs) of CV. The formula below is used to 

determine Cs, 

𝐶𝑠 =
1

𝑚𝑣(𝑉𝑖−𝑉𝑓)
∫ 𝑖(𝑉)𝑑𝑣

𝑉𝑓

𝑉𝑖
                                                    (2.11) 
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Where, 
2

1

)(

V

V

dVVI  is the area enclosed in a CV curve, m (g) is deposited mass of 

material on both electrodes. 

2.6.2 Galvanostatic charging-discharging (GCD): 

 

Figure 2.13: Schematic diagram of charge-discharge curve. 

The steady current is applied to the working electrode, charging it to a higher 

potential V2. The electrode is then discharged in the opposite direction until it reaches 

a lower potential V1 with the same current scale. The GCD plots, which applied 

potential against time, is essential for analyzing the charging and discharging 

processes. With the use of GCD curves, it is possible to determine the specific 

capacitance, specific energy, specific power, cycling stability, and coulombic 

efficiency of the materials [41]. Figure 2.13 illustrates a schematic of the charge-

discharge curve. 

The GCD technique is necessary to evaluate the electrode material average 

capacitance, energy density, and power density. The shape of the GCD curve also 

provides information on the properties of the electrode material [42]. The electrode 

material Cs is determined by applying the following formula: 
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𝐶s =
𝑖 ×𝑡

𝑚× ∆𝑉
                                                              (2.12) 

Where, ∆V, i, m, and t are referred to as voltage of potential in Volt, discharge current 

in Ampere, mass in gram and discharge time in seconds, respectively. 

The SE and SP of rGO/RuO2 electrodes are calculated using following equations, 

𝑆𝐸 =
0.5×𝐶𝑠×∆V2

3.6
                                             (2.13) 

𝑆𝑃 =
𝑆𝐸×3600

t
                                                          (2.14) 

where, ΔV is the potential window in (Volt). 

2.6.3  Electrochemical impedance spectroscopy (EIS): 

The process for applying a low-amplitude sinusoidal signal throughout a broad 

frequency range and measuring the current and temperature responses is the 

Electrochemical Impedance Spectroscopy (EIS) approach. It is standard procedure to 

measure electrochemical impedance using an analogous circuit [43, 44] and the 

resulting graph (Figure 2.14). Ohmic resistance may be visually represented using 

EIS thanks to its plot structure, which is a noteworthy benefit. The EIS graph reveals 

a straight line in the low-frequency region, which corresponds to the Warburg 

resistance [45], and a half semicircle in the high-frequency region, representing the 

parallel combination of capacitance and resistance. The following important 

electrochemical terms are highlighted in EIS spectroscopy,  

1. Electrolyte resistance: 

The series resistance is an essential factor in the electrochemical impedance, 

which is mainly influenced by the electrolyte resistance. The series resistance between 

the reference and counter electrodes in a three-electrode cell arrangement is 

compensated for. It is imperative to consider the series resistance between the 

working and reference electrodes when modelling electrochemical cells. Many 

variables, including temperature, areal geometry, ionic concentration, and the kinds of 

ions that are carrying the current, affect an ionic solution resistance [46]. Imaginary 

components are absent from the resistor, which is frequency independent. Both the 

low-frequency and high-frequency components of the analogous circuit are shown in 



Chapter II 

 

62 

Figure 2.14. Rct is the charge transfer resistance, Rs is the solution resistance, C is the 

double layer capacitor, and there is also a W is the Warburg impedance in this circuit. 

 

Figure 2.14: The Nyquist plot of electrode-electrolyte interface. 

2. Charge transfer resistance (Rct): 

One distinct electrochemical reaction that is kinetically controlled creates 

charge transfer resistance (Rct). The charge transfer resistance is shown as a half semi-

circular loop in Figure 2.14. This resistance is connected to the current that is 

generated by the electrochemical reaction at an electrified interface. The following is 

the comparable reversible reaction: 

Red ↔ Ox + ne-                                                                                                (2.15) 

In such a scenario, O stands for the oxidant, n for the number of electrons transferred, 

and Red for the reduced product (reductant). Reaction type, temperature, reactant 

concentration, and potential all affect the way quickly a reaction proceeds in an Rct. 

3. Double layer capacitance (C):  

There are two ways that charge can be transferred: faradic and non-faradic. The 

non-faradic component originates from the double layer capacitance (C), whereas the 

faradic component is the product of redox processes at the electrode surface. The rates 

of which electrons transfer at the interface determines charge transfer; this rate is 
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influenced by oxidant presence and reductant synthesis occurring in close proximity 

to the electrode surface. 

4. Warburg (W): 

The impedance created by diffusion is called Warburg resistance, and it 

changes depending on how frequently the potential fluctuation occurs. Reactants must 

diffuse over greater distances at lower frequencies, which increases Warburg 

impedance. Ion mass transit results in a diagonal line that is 45° angled to indicate 

Warburg impedance in a Nyquist plot. A crucial characterization technique for a 

variety of material systems, such as batteries, fuel cells, plating, and corrosion, is 

electrochemical impedance spectroscopy (EIS). 
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3.1 Introduction: 

Enhancing the capacity of energy storage systems has certainly been the 

subject of significant study worldwide because of growing need for large-capacity 

power storage for use in hybrid electric cars, armed forces gears, lightweight and 

versatile digital devices, and designate biomedical gear [1-4].  However, the more 

accomplished energy that is sustainable is not suitable to meet the energy storage 

demands. Hence, this energy storage transformation is important for research as well 

as industries. Supercapacitor (SC) signifies a rising energy storage system category 

that has drawn interest because it offers a greater energy density than conventional 

capacitors. The SCs possess a higher capacity for rapid charging and discharging and 

longer cycle life than rechargeable batteries [5]. The electrode material is crucial in 

the design of SC. It is effectively tuneable for the crucial electrochemical 

performances of the SC. The taxonomy of SCs is classified in three kinds, such as 

electric double layer capacitor (EDLC), pseudocapacitor, and hybrid capacitor, based 

on their charge storage techniques. In EDLCs, energy storage mechanisms arise from 

electronic and ionic charge processes that are separated at the interfaces between 

electrode and electrolyte. The EDLC-type behaviour has been shown by carbon-based 

materials, like activated carbon, carbon nanotubes, graphene, diamond, carbon 

aerogel, etc. [6]. On the other hand, metal oxides/sulfides and conducting 

polymers store charge mostly by a quick, reversible redox process that results in 

pseudocapacitance [7-9]. Here, electron transport takes place chemically, producing 

the excess pseudocapacitance at a certain potential. Here, charge storage is carried out 

by bulk of material, enhancing the specific energy density and device capacitance 

[10]. Both methods of charge storage reveal both beneficial and undesirable 

electrochemical qualities. The efficiency of a single-charge storage method is 

insufficient to compete with batteries. In this sense, the deployment of a performance-

oriented energy storage system requires the development of a hybrid strategy. Both 

types of charge storage methods are included in the hybrid strategy. The capacitive 

method increases device stability and electronic conductivity by having a large 

surface area and an efficient charge transportation path [11]. 

  Ruthenium oxide (RuO2), one of the most popular metal oxide has been 

extensively researched due to its enormous surface area, excellent reversibility, and 

relatively high capacitance [12]. Recently, it has also been revealed that RuO2 has 
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excellent electrocatalytic activity in a wide range of electrochemical processes [13]. 

The stable RuO2 mainly adopts the “rutile structure” of RuO2, even though it is 

observed in other variations with respect to liquid hydrate. Its molecular orbital theory 

effectively explained the thermodynamic stability and large isotropic charge 

transportation characteristics of RuO2.  Additionally, RuO2 has a long cycle life with 

tunable metallic conductivity, multiple oxidation states, and durable stability across a 

broad potential range. In fact, these characteristics have greatly aided SC research. 

However, a few problems, as well as a strong tendency for self-aggregation, 

hydrophilic electrolytes exhibit weak chemical stability and improvement of a 

mechanism for storing charges that integrates water into the nanophase, have actually 

encouraged designing relatively homogenous smart hybrid structures for 

electrochemical devices in the future [14, 15].  

Supercapacitors primarily use carbon-based materials, transition-metal oxides, 

conducting polymers, and composites made from these materials for charge storage. 

Noble metals are the focus of significant research in the area of Supercapacitor 

electrode materials due to their excellent conductivity and electrochemical stability. 

Silver, gold, and the platinum group (ruthenium, rhodium, palladium, osmium, and 

platinum) are the most common noble metals used for SCs [16]. Noble metals, which 

have a high conductivity, can efficiently transfer electrons during the oxidation or 

reduction of pseudocapacitors from current collectors. Noble metals are expensive 

and rare, thus combining them with more affordable, sustainable materials is seen as 

perhaps the most alluring way to enhance their benefits and reduce their use. The high 

cost and limited availability of noble metals prevent their extensive use as electrode 

materials [17]. 

Mevada and Mukhopadhyay [18] prepared RuO2 thin film by spin coating 

method which exhibited electrochemical specific capacitance (Cs) of 676 F g-1 in 1 M 

Na2SO4 electrolyte. Wang et al. [19] reported Cs of 1099 F g-1 for RuO2 thin film 

prepared using ion oxidising conversion method. Thangappan et al. [20] synthesized 

RuO2 thin film via hydrothermal method and exhibited an electrochemical Cs of 226 F 

g-1 in 1 M Na2SO4 electrolyte. Deshmukh et al. [21] reported maximum Cs of 192 F g-

1 for RuO2-nH2O electrode through the SILAR method. Dubal et al. [22] prepared 

RuO2 thin film using CBD method and obtained Cs of 234 F g-1. Shankar et al. [23] 

reported maximum Cs of 476 F g-1 RuO2 thin films deposited by precipitation method. 
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3.2 Synthesis of RuO2 thin films: 

3.2.1 Introduction: 

The advantages of an amorphous materials as an electroactive material 

significantly improve capacitive performance, cycle life, and electrochemical stability 

of SCs by increasing the specific surface area and increasing charge transfer [24]. The 

amorphous nature of RuO2 is more viable than crystalline because amorphous 

materials are more susceptible structural disorder [25]. Ions can easily intercalate and 

deintercalate in the bulk of the amorphous electrode, enhancing the electrode's 

capacity to store electrochemical charges. The advantage of the proposed system 

focuses on the synthesis of amorphous RuO2 thin films by SILAR method for SC 

application [26].  The SILAR method is cost effective as compared to other physical 

and chemical methods.  It does not require high quality target and/or substrates nor 

vacuum at any stage, which is a great advantage if the method is used for industrial 

applications or large scale deposition because pure Ru material is costly as compared 

with other materials [27]. In this chapter, amorphous RuO2 thin films of different 

thicknesses were synthesized by applying the SILAR method on stainless steel (SS) 

substrates. Structural and elemental properties were studied using different 

characterization techniques. 

3.2.2 Experimental section: 

3.2.2.1 Cleaning substrate: 

 To achieve high-quality thin films using chemical methods, the substrate 

surface should be maintained clean. On the substrate surface, defects might act as 

nucleation nuclei. The important conductive substrate for SCs is needed. Because of 

their high electrical conductivity and low cost, stainless steel (SS) substrates are 

perfect for SCs. These substrates need to be prepared in multiple processes, including 

polishing, ultrasonication, and cleaning with acetone and double distilled water 

(DDW). Initially, zero-grade polish paper is used to polish the SS substrates. 

Afterward cleaned with acetone and DDW. The substrates are then cleaned with 

ultrasonic technology for 10 min. The substrates are now prepared for material 

deposition after being air-dried. 
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3.2.2.2 Chemicals: 

For the synthesis of RuO2 thin films, analytical-grade chemicals such as 

ruthenium trichloride (RuCl3.xH2O) and sodium hydroxide (NaOH) were used 

without additional purification. 

3.2.2.3 Synthesis of RuO2 thin films: 

 

Figure: 3.1: Schematics of SILAR method for deposition of RuO2 films. 

The synthesis procedure of RuO2 thin film by SILAR method is based upon 

chronological effect of successive immersion of substrate into individually kept 

cationic and anionic precursor resources. In the deposition procedure, cationic 

precursor of concentration 0.01 M RuCl3.xH2O (25 ml) (pH = 1.98±0.10), anionic 

precursor of concentration 0.05 M NaOH (25 ml) (pH = 10.2±0.10) and double-

distilled water (DDW) (25 ml) was utilised [14, 28]. Figure 3.1 shows the schematic 

of four steps SILAR method used for the deposition of RuO2 thin film. To complete 

one cycle of SILAR, the SS substrate was successively immersed in cationic and 

anionic precursors for 5 s with in between rinsing in DDW for 10 s. Such SILAR 

cycles were repeated for 150, 200, 250, and 300 cycles and corresponding films are 

denoted as R1, R2, R3, and R4, respectively. After deposition, thin films were washed 

by DDW and allowed to air dry at room temperature. The cations produced by the 
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dissociation of the cationic precursor in DDW are adsorbed on the substrate, due to 

the chemical or Van der Walls force of attraction between the cations and surface of 

SS substrate [18]. 

3.3 Material characterizations 

3.3.1 Elemental and structural analysis of RuO2: 

 The structural study of RuO2 was evaluated using Rigaku miniflex-600 X-ray 

diffractometer operating on Cu Kα radiation at 30 kV (λ = 0.1540 nm). A precise 

study of functional groups and bonding presence in the obtained RuO2 electrode 

material was performed using Bruker Tensor 27 FT-IR equipment. An EDAX 

attached to a SEM (JEOL JEM 2100) was used to investigate the morphogenesis 

component analysis of RuO2 thin film. The contact angle was examined using a Rame 

Hart-500 advanced goniometer. 

3.3.2 Electrochemical characterization: 

 

Figure 3.2: A) The electrochemical work station, B) experimental setup, and C) 

schematic representation of three electrode system. 

The Zive MP1 electrochemical workstation was used to investigate the 

electrochemical supercapacitive characteristics of electrodes. A three-electrode 

system comprises of a RuO2 thin film as a working electrode, saturated calomel 

electrode (SCE) as a reference electrode, and graphite as a counter electrode. The 

electrodes were evaluated using cyclic voltammetry (CV) and galvanostatic charge-

discharge (GCD) in a potential window ranging from 0 to +1.0 V/SCE in 1 M H2SO4 

electrolyte. The electrochemical impedance spectroscopy (EIS) was carried out with 

an AC amplitude of 10 mV [14, 29]. The Cs of electrodes were determined from CV 
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and GCD curves by utilizing the following in (eq 2.10 and 2.11), The electrochemical 

workstation is shown in Figure 3.2 A, the three electrode experimental setup is shown 

in Figure 3.2 B, and schematic of electrochemical studies are shown in Figure 3.2 C.  

3.4 Results and discussion: 

3.4.1 Growth mechanism of RuO2 film: 

 The formation of RuO2 thin film occurs through the ion-by-ion process on the 

submerged substrate. The surface of the SS substrate was bound with Ru3+ ions from 

the cationic precursor. To stop the precipitation, the substrate was washed in DDW to 

get rid of Ru3+ loosely bound ions.  Further, the SS substrate was dipped in an anionic 

precursor solution where OH- ions react with Ru3+ ions which form an insoluble RuO2 

film. After the reaction, SS substrates was rinsed in DDW to remove nonadherent 

particles on the film. It is possible to describe the reaction mechanism of RuO2 

deposition as, 

𝑅𝑢𝐶𝑙3 + 3𝑁𝑎𝑂𝐻 → 𝑅𝑢3+ + 3𝑂𝐻− + 3𝑁𝑎𝐶𝑙   (3.1) 

The substrate was immersed in DDW water bath at 343 K denoted as ∆, whereas OH- 

anions react to form ruthenium hydroxide (Ru (OH)3). Therefore, anions that are in 

excess with Ru (OH)3 convert it into RuO2, which is represented as [21].   

𝑅𝑢3+ + 3𝑂𝐻− → 𝑅𝑢(𝑂𝐻)3      (3.2) 

𝑅𝑢(𝑂𝐻)3 + 𝑂𝐻−
∆
→ 𝑅𝑢𝑂2 + 2𝐻2𝑂     (3.3) 

Such multiple SILAR cycles were repeated to get optimized mass loading RuO2 on 

the substrate. 

The thicknesses of thin films were determined using the weight difference method and 

a sensitive microbalance. Thickness (T) was determined by using the relation, 

𝑇 =
𝑀

𝐴 ×𝜌
                              (3.4) 

where, ‘M/A’ is the mass deposited on the SS substrate per unit area in mg cm-2, and 

‘ρ’ is the density of RuO2 (6.97 g cm-3). The thickness variation plot of R1, R2, R3, 

and R4 films is shown in Figure 3.3 A. The obtained mass deposition values of R1, 

R2, R3, and R4 electrodes are 0.7, 1.25, 1.56, and 1.44 mg cm-2, respectively. In 

SILAR Method, the film thickness is influenced by the nucleation growth process and 

the rate of nucleus production. During the growing process, more nucleation sites 
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improve coagulation even more to achieve the optimum thickness [28, 29]. The 

thickness of R3 film achieves a maximum of 1.56 mg cm-2 at 250 cycles. Furthermore, 

after 250 cycles (R3 electrode), slight decrease in film thickness could be attributed to 

the formation of outer porous layer of film which may develop stress to cause 

delamination, resulting in peeling off of the film material after the film reaches its 

maximum thickness. Figure 3.3 B shows variations in film integrity and thickness 

after different cycling stages. Films R1 and R2 display minimal deposition. In 

contrast, R3 shows the greatest thickness, evidenced by its darker color, while R4 

exhibits delamination and peeling. 

 

Figure 3.3: A) Mass loading variation of RuO2 thin films with the number of 

deposition cycles, and B) photograph of RuO2 films.   

3.4.2 XRD analysis: 

The structural analysis of RuO2 film was performed using an X-ray 

diffractometer with a diffraction angle 2θ ranging from 5º - 80º. Figure 3.4 shows the 

XRD patterns of R1, R2, R3, and R4 films. The peaks denoted by the symbol (#) are 

due to the stainless steel substrate. It reveals that deposited RuO2 films are amorphous 

in nature. In general, after annealing at 473 K deposited RuO2 with an amorphous 

structure can be usually converted to crystalline RuO2 [30]. Anhydrite RuO2 with an 

amorphous phase (at 343 K) has shown a relatively high porous structure than its 

crystalline counterpart [31]. The amorphous material is a kind of structural 

irregularity; the obtained amorphous nature is more sustainable than crystalline. As a 

result, amorphous materials with porous structure have apparent volumetric gap 

fractions. Hence, the bulk of the amorphous electrode makes it simple for ions to 
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intercalate and deintercalate, boosting the electrode capacity to store electrochemical 

charge [32]. 

 

Figure 3.4: The XRD patterns of R1- R4 thin films. 

3.4.3 FT-IR study: 

 

Figure 3.5: A) FT-IR studies, and B) enlarge view of FT-IR studies of R1-R4 thin 

films (1000-400 cm-1). 

FT-IR spectroscopy is an effective method for studying qualitative material 

functional groups and molecular bonding. Figure 3.5 A shows the FT-IR spectra of 

RuO2 thin films (R1 to R4) in the 4000-400 cm-1 range. The enlarged view of FT-IR 

spectra (1000-400 cm-1) is shown in Figure 3.5 B. Due to the enlarged view, the 

small and strong bands (v1) at around 559 cm-1 and (v2) at 776 cm-1 corresponding to 

the typical asymmetric stretching mode of RuO2 are identify clearly [33, 34]. The 

absorption band (v3) at 1400 cm-1 is assigned to the characteristic stretching vibration 
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of bending OH groups [30]. The absorption bands around (v4) 1638 cm-1 and (v5) 

1737 cm-1 are due to the vibration of hydroxyl groups from physically adsorbed water 

(H-O-H). The broad peak (v6) at 3110 cm-1 attributed to symmetric stretching of the 

sample confirming the existence of adsorbed water (O-H) [35]. The presence of 

vibrational modes associated with RuO2 in FT-IR spectra confirms formation of RuO2 

material on SS substrate. 

3.4.4 SEM study: 

 

Figure 3.6: The SEM images of R1 (A, B), R2 (C, D), R3 (E, F), and R4 (G, H) 

electrodes at two (5 KX and 10 KX) magnifications, respectively. 
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The morphology of the electrode material has a significant impact on the 

performance of active materials. Interestingly, the formation of the microstructure is 

observed to be dependent on the ratio of atomic concentration during film 

development. The SEM images of R1 to R4 electrodes at two magnifications (5 KX 

and 10KX) are presented in Figure 3.6 A-H. From the Figure 3.6 (A and B) the 

surface of R1 electrode depicts cracks, and randomly ordered agglomerates develop a 

rough surface. Figure 3.6 (C and D), R2 electrode shows large number of voids of 

average size 1 μm between the lichen-like structure and spherical structure [36]. For 

R3 electrode, compact mud-like structure with well covered granules nanoparticles is 

grouped together to form agglomerates making film porous and spongy Figure 3.6 (E 

and F) [23]. Figure 3.6 (G and H) show a dense surface of R4 electrode with cracks. 

The surface looks rough due to the pronounced presence of nanoparticle 

agglomerates. Different morphologies are produced when nanoparticles are combined 

to form clusters. The micrographs clearly show agglomerated particles had an 

undefined shape and were unable to resolve at high magnification [35]. Different 

morphologies are the consequence of the rate of nucleation formation being affected 

by the number of deposition cycles. Most importantly, in RuO2 thin film nanoparticles 

agglomerates help efficiently to carry charges from the active material to the current 

collector. 

3.4.5 EDAX study: 

 

Figure 3.7: The EDAX spectrum of R3 film. 
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The elemental analysis of RuO2 thin film was carried out using EDAX 

analysis to confirm its chemical composition. The EDAX spectrum of R3 film 

(Figure 3.7) reaffirms the presence of oxygen (O) and ruthenium (Ru). The measured 

atomic percentages of O and Ru elements in R3 film are 63 and 37%, respectively. 

From EDAX analysis, the formation of RuO2 thin film was confirmed. 

3.4.6 Contact angle analysis: 

 The wettability characteristic is important for thin film electrodes employed 

for SC applications. The contact angles for R1, R2, R3, and R4 thin films are of 74°, 

53°, 28°, and 33°, respectively (Figure 3.8 A-D), which signify a hydrophilic 

character, with the lowest contact angle for R3, suggesting the highest wettability. 

The water contact angle decreases as deposition cycle increase up to 250 cycles (R3) 

film due to morphological changes [37, 38].  

 

Figure 3.8: The contact angle images of A) R1, B) R2, C) R3, and D) R4. 

3.5 Electrochemical study of RuO2 thin films: 

3.5.1 CV study:  
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Figure 3.9: A) The comparative CV curves of R1-R4 electrodes at a scan rate of 100 

mV s−1, the CV curves of (B-E) R1, R2, R3, and R4 electrodes at scan rates of 5-100 

mV s−1, and F) the variation of Cs with various scan rates of R1- R4 electrodes. 

The electrochemical properties of RuO2 electrodes were studied using an 

electrochemical analyzer (Zive MP1) in 1 M H2SO4 electrolyte, with a potential range 

of 0 to +1.0 V/SCE. The comparative CV curves of R1, R2, R3, and R4 electrodes at 

the scan rate of 100 mV s-1 are shown in Figure 3.9 A.  It is observed that R3 

electrode has a larger area under CV curve with highest peak current as compared to 

other R1, R2, and R4 electrodes, resulting high charge storage capability. The 

reversible redox processes involved electron transfer between the electrode and 

electrolyte. Surface redox capacitance refers to the adsorption of H+ ions from the 
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acidic electrolyte over the electrode surface. The redox reaction of amorphous RuO2 

in the acidic electrolyte is, 

𝑅𝑢𝑂𝑥 (𝑂𝐻)𝑦  +  𝛿𝐻
+ + 𝛿𝑒

_ → 𝑅𝑢𝑂𝑥−𝛿 (𝑂𝐻)𝑦+𝛿 −  (0 ≤ 𝛿 ≤ 2)  (3.7) 

RuO2 has high Cs due to the pseudocapacitive effect caused by the rapid 

double insertion and release of both protons and electrons during the RuO2 redox 

reaction. Because protons may easily intercalate into RuO2 amorphous structure 

which significantly determines the capacitive performance. The CV curves of R1, R2, 

R3, and R4 performed at various scan rates ranging between 5 - 100 mV s-1 are shown 

in Figure 3.9 B-E. At 5 mV s-1 scan rate, the Cs values for R1, R2, R3, and R4 

electrodes are 253, 845, 1146, and 1049 F g-1, respectively as shown in Figure 3.9 F. 

The R3 electrode has the maximum capacitance due to optimal mass deposition.  

 

Figure 3.10: Graph of mass loading variation versus number of deposition cycles 

versus specific capacitance of RuO2 thin films 

The variation of specific capacitance of RuO2 electrodes with mass loading is 

shown in Figure 3.10. Proton intercalation into the bulk material resulted in superior 

material efficiency at high active mass loading. As mass loading increases, the 

amount of material available for redox reactions increases. However, the amount of 

material undergoing redox reactions also depends on morphology and porosity of the 

material. Therefore, optimized mass loading with appropriate morphology can 

provide higher specific capacitance. The mass loading of R3 is highest, compared to 

other prepared electrodes. The Cs of R3 electrode was 1146 F g-1 at an active mass 

loading of 1.56 mg cm-2. Similar report highlighting Cs rise with active mass 

increment was reported previously [39]. The asymmetrical pattern of CV curves 

supports to existence of a pseudocapacitive type charge storage mechanism [40].  
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The contribution of the capacitive and diffusion processes is inversely 

correlated with aggregate sum charge stored by the electrode. In the course of the 

diffusion charge storage process, electrolyte ions are introduced into the electrode 

structure to undergo a redox reaction. In order to store electrical energy in 

capacitance, electrolyte ions must electro-adsorb to the electrode surface followed 

by surface redox reactions. The charge storage mechanism is explained using the 

power law equation, 

𝑖p = aʋb       (3.6) 

where, i (mA) is the peak current and υ (mV s−1) represents the scan rate, and "a" and 

"b" are coefficients If b ≅ 0.5, the maximum charge storage is due to diffusion-

controlled processes; if b ≅ 1, the maximum charge storage is due to capacitive 

processes. The values of "b" as 0.75 for R3 thin film electrode indicates that the 

maximum amount of charge stored is through the capacitive process Figure 3.11 A.  

 

Figure 3.11: A) Plot of log i versus log υ, B) plot of i/υ1/2 versus υ1/2, and C) 

percentage current contribution of capacitive and diffusion mechanisms for R3 

electrode. 
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Further analysis of the CV was done using modified eq. (3.6), as shown 

below, to precisely define significance of the capacitive and diffusion-controlled 

processes to the entire current response [41].  

𝑖(ʋ) = 𝑘1ʋ + 𝑘2ʋ1/2 =  𝑖surface + 𝑖bulk                     (3.7) 

where, the contributions from the capacitive process and the diffusion-controlled 

process respectively, are denoted by k1υ and k2υ 1/2. As shown in Figure 3.11 B, the 

slope and intercept of the linear fit of the graph of i/υ1/2 vs. υ1/2 yield values of k1 and 

k2, respectively. For various R series electrodes, the computed capacitive and 

diffusion-controlled currents from eq. (3.7). Percentage contributions in total current 

from capacitive and diffusion-controlled charge storage kinetics are shown in Figure 

3.11 C for R3 electrode. It is clear that the contribution from the diffusion-controlled 

process rises with decreasing scan rate, leading to a higher value of Cs. Capacitive 

processes in the R3 electrode store about 34% of the charge at a scan rate of 100 mV 

s−1, which drops to 10% at a scan rate of 5 mV s−1. [42, 43]. 

3.5.2 GCD study: 

  Further, the GCD measurement of prepared RuO2 electrodes was 

performed at different current densities between 1-5 mA cm-2 over working potential 

window from 0 to +1.0 V/SCE. Figure 3.12 A shows the comparative GCD graphs of 

RuO2 electrodes at current density of 1 mA cm-2. The quasi triangular nature of the 

GCD curves indicated that the pseudocapacitive behaviour of RuO2 electrode in 1 

H2SO4 electrolyte. The exceptional charge storage capacity of the R3 electrode is 

demonstrated by its longer charging-discharging time period compared to other 

electrodes. The GCD studies for RuO2 electrodes at various current densities of 1-5 

mA cm-2 are shown in Figure 3.12 B-E. From GCD plots, the obtained capacitances 

of R1 to R4 electrodes are 165, 735, 930, and 800 F g-1 at 1 mA cm-2 current density, 

respectively. The charge/discharge time period increased during the GCD cycling test 

at the lower current density because the ions may completely fill the active sites 

between the electrode and electrolyte interface. It happens due to ions occupy a partial 

number of active sites between the electrode and electrolyte interface. R1 and R2 

electrodes show the ohmic drop at low current densities, which is generally related to 

an internal resistance of the electroactive film. This internal resistance is closely 

attributed to the slow electron and ion transport rate due to morphologies that cause a 

decrease in the supercapacitive performance [44]. Figure 3.12 F displays the plots of 
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Cs vs applied charging current density for all RuO2 electrodes. The capacitance 

decrease with the current density increment was attributed to the presence of inner 

active sites that are unable to undergo the redox transitions completely at higher 

current densities [45, 46]. The highest capacitance is found in the R3 electrode due to 

excellent mass deposition and optimized surface area, facilitating better electrolyte 

penetration and efficient redox reactions [47-49]. 

 

Figure 3.12: A) The comparative GCD curves of R1-R4 electrodes at a current 

density of 1 mA cm-2, the GCD curves of (B-E) R1, R2, R3, and R4 electrodes at 

different current densities of 1-5 mA cm-2, and F) the variation of Cs with current 

densities for R1- R4 electrodes. 
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3.5.3 EIS and stability study: 

 

Figure. 3.13 A) The Nyquist plots of RuO2 films (inset shows the fitted equivalent 

electrical circuit), B) the enlarged view of Nyquist plots of RuO2 films, and C) the 

graph of specific capacitance retention with a number of cycles. 

The resistance characteristics of the electrodes are crucial to the charge storage 

mechanism. In the Nyquist plot (Figure 3.13 A and B), semicircle in high-frequency 

region shows the charge transfer resistance (Rct) due to faradaic reactions and double-

layer capacitance at electrode/electrolyte interface. The straight line in the low 

frequency region, which corresponds to Warburg impedance (W), is caused by 

electrolytic ion diffusion in the active material [50]. The solution resistance (Rs), 

which combines the resistance of the electrolyte and the contact resistance at the 

electrode-electrolyte interface, is calculated by pointing the intersection of the 

Nyquist plot to the real impedance axis. The Nyquist plots of R1, R2, R3, and R4 

electrodes are shown in Figure 3.13 A and inset depicts well fitted equivalent circuit. 

The enlarged view of the plots is shown in Figure 3.13 B. The R3 electrode shows 

smaller Rs (0.9 Ω cm-2) and Rct (6.7 Ω cm-2) than R1, R2, and R4 electrodes. The 
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values of each fitted circuit parameters are summarized in Table 1. The smaller of Rs 

and Rct values for R3 indicate feasible interaction between electrolyte and active 

material, responsible for higher electrochemical performance than R1, R2, and R4 

[51]. The long-term cycling stability of R3 electrode examined at 100 mV s−1 for 

5,000 CV cycles is shown in Figure 3.13 C. For R3 electrode, a capacitive retention 

of 87% is observed. As a result of the ionic pathway of electrolytic ions diffusing 

electro active sites in the bulk electrode, capacitance values decrease in correlation 

with an increase in CV cycles. 

Table 3.1: Impedance value of RuO2 electrodes. 

 

3.6 Conclusions: 

             In this work, amorphous RuO2 thin films of different thicknesses were 

successfully synthesized by successive ionic layer adsorption and reaction (SILAR) 

method. Morphology analysis proved that RuO2 thin films are porous. The 

electrochemical properties of RuO2 electrodes were studied in 1 M H2SO4 electrolyte. 

R3 electrode achieved maximum specific capacitance of 1146 F g−1 at a 5 mV s−1 due 

to optimum mass deposition (1.56 mg cm-2) and after 5,000 CV cycles, 87% of 

capacitance was retained. In comparison to other electrodes, the EIS measurement 

demonstrated that porous R3 electrode has a low charge transfer resistance, allowing 

for easy access to ions for surface redox reactions. 

 

 

 

 

 

 

 

Electrodes Rs (Ω cm-2) Rct (Ω cm-2) Cdl (F) W (cm Ω) 

R1 2.2 75 0.741 9 

R2 1.5 38 0.634 5 

R3 0.9 6.7 0.523 2 

R4 1.2 32 0.924 4 
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4.1 Introduction: 

The growing need for electrical energy storage is also fueled by advancements 

in electronic devices. Batteries and supercapacitors are widely used, offering 

complementary storage mechanisms [1-2]. Supercapacitive materials have been 

classified into two primary categories: electric double-layer capacitors (EDLCs) and 

pseudocapacitors [3-5]. In general, carbon allotropes with dimensions ranging from 

one to three dimensions, like carbon quantum dots (CQDs), carbon nanotubes 

(CNTs), and foams, exhibit characteristics of electric double-layer capacitors 

(EDLCs). Carbon electrodes are widely used in various electrochemical applications, 

including electrochemical double-layer capacitors (EDLCs), electrolysis, and certain 

types of batteries. These electrodes are made from carbon-based materials and are 

valued for their unique properties, which include high electrical conductivity, 

stability, and a variety of available structures [6]. The ability to store charge at the 

interface between the electrode and electrolyte. The electrochemical reactions that 

occur at the carbon electrode/electrolyte interface in EDLCs involve the physical 

adsorption and desorption of ions on the carbon surface, leading to the formation of 

an electric double layer [7-9]. On the other hand, transition metal compounds are 

typically categorized as pseudocapacitors. Transition metal compounds offer high 

energy density whereas EDLC materials provide excellent power density as well as 

stability.  

In the past decade, graphene has been one of the most explored materials for 

supercapacitor application. In graphene, sp2 hybridized carbon atoms are connected to 

each other hexagonally. It possesses an impressive surface area (~2600 m2 g-1), 

electrochemical stability, mechanical strength, and thermal stability, and showcases 

good electrical transport properties that make it highly suitable for utilization in 

supercapacitors [10]. Particularly, graphene exceeds CNTs, carbon fibers, and 

activated carbons in terms of electrochemical properties for supercapacitor 

applications [11]. However, it has a relatively low energy density. The reduced 

graphene oxide (rGO) exhibits a higher number of active centers for charge storage 

due to the presence of interconnected functional groups [12]. Hence, with moderate 

electrical properties, rGO has emerged as the preferred option. To enhance the surface 

area, manipulate surface texture, and ensure favorable electrochemical stability, rGO 

has been composited with several transition metal compounds [13-16]. Ruthenium 
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oxide (RuO2) has been widely investigated, especially in the fields of electrochemistry 

and energy storage systems like supercapacitors. It is a useful candidate for a number 

of applications because of its remarkable electrochemical characteristics, which 

include high capacitance, good reversibility, and stability. The physicochemical 

properties behavior of RuO2.xH2O can be modulated to improve electrochemical 

performance [17-21].  

4.2 Synthesis of rGO, rGO/RuO2 thin films: 

4.2.1 Experimental section:  

4.2.1.1 Chemicals and Materials: 

 The analytical reagent grade Ruthenium trichloride (RuCl3.xH2O) and 

sodium hydroxide (NaOH) were purchased from SRL Chemicals LTD, and utilized as 

received. To produce GO, graphite flakes were purchased from Sigma-Aldrich. The 

substrate was a stainless steel (SS) sheet (304 grade). 

4.2.1.2 Synthesis of rGO film: 

 The GO suspension was formed by exfoliating graphite, and then a 

chemical reduction method was used to produce rGO [22-25]. Schematic 

representation of rGO production process is depicted in Figure 4.1. The previously 

described process was used in the preparation of GO suspension. In a 500 mL conical 

flask, 2 g of graphite flakes with an average diameter of 100 μm and 100 mL of 

concentrated H2SO4 were added. The mixture was then held in an ice bath with 

constant stirring until 1 g of sodium nitrate (NaNO3) was added. To keep the reaction 

temperature below 293 K, 8 g of potassium permanganate (KMnO4) was gradually 

added to this mixture. Afterwards the completion of the addition, for 12 h the reaction 

mixture was constantly stirred at the ambient temperature. 100 mL of DDW was 

added after 1.5 h, and then 300 mL of DDW and 8 mL of 30% hydrogen peroxide 

(H2O2). As a result, the solution becomes yellowish. Subsequently, the mixture was 

repeatedly washed with 5% HCl and DDW until the pH reached 6.5. The GO slurry 

concentration was measured by use of the gravimetric weight difference method. For 

GO reduction, hydrazine hydrate (N2H4) (reducing agent) was employed. 500 mL of 

GO solution with a density of 1 mg mL−1 was heated for 2 h at 368 K with 2.5 mL of 

N2H4 added. The residue was repeatedly cleaned with DDW after the reaction was 
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finished, and it was then vacuum dried at 323 K. The rGO powder was utilized to 

deposit and characterize thin films [26, 27].For the production of rGO films, a 

stainless steel (SS) substrate was chosen due to its durability and compatibility with 

rGO. The SS substrate was immersed in the rGO solution for 40 seconds, allowing the 

rGO sheets to adhere to its surface. After immersion, the substrate was dried for 60 

seconds at 323 K to ensure the rGO layer was securely attached. This immersion and 

drying cycle was repeated 170 times to gradually build up the rGO film, layer by 

layer. Schematic representation of rGO production process is depicted in Figure 4.1. 

 

Figure 4.1: Schematic flow chart of rGO synthesis. 

4.2.1.3 Synthesis of rGO/RuO2 thin film: 

The SILAR process used to deposit the rGO/RuO2 composite thin film is 

depicted in Figure 4.2. For the formation of rGO/RuO2 composite films, first beaker 

containing rGO suspension of 1 mg mL-1 was utilized. The SS substrate was dipped in 

rGO solution for 40 s and then dried for 60 s in air at ambient temperature. 

Afterwards, the same procedure of RuO2 thin film deposition was repeated as 

previously described in chapter III section 3.2.2.3. These deposition cycles develop a 

homogenous layer of rGO/RuO2 composite thin film. A schematic illustration of 
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rGO/RuO2 composite structure is shown in Figure 4.2 B. The mass loading of 

synthesized films was calculated in terms of the mass deposited on the substrate using 

the gravimetric weight difference approach. The deposited mass increased from 130 

to 170 cycles achieving a maximum of 0.58 mg cm-2. After 170 cycles, the mass 

loading subsequently decreased due to the overgrowth of rGO/RuO2, which caused 

the film to collapse. Increases in film thickness results in an increase in mass 

deposited on the substrate, which lowers substrate tension and causes the overgrown 

mass to peel off [29]. rGO provides a high surface area and a conductive framework, 

reducing the need for a thick RuO2 layer. This leads to optimized mass loading at 170 

cycles, as the rGO supports the active RuO2 material effectively. 

 

Figure 4.2: A) Schematic of SILAR method for deposition of rGO/RuO2 thin film, 

and B) the schematic illustration of the formation of rGO/RuO2 composite.  

4.3 Electrochemical measurement: 

The potentiostat (Zive MP1) was utilized to evaluate the supercapacitive 

characteristics of electrodes. The standard three-electrode system comprising 

reference electrode (saturated calomel electrode), counter electrode (platinum sheet), 

and working electrode (rGO and rGO/RuO2 thin films) with area of active material 
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(1×1 cm2) were used for electrochemical measurements. The electrochemical 

techniques such as voltammetry and chronopotentiometry were used to obtain CV and 

GCD curves in the 0 to 1 V/SCE potential window, respectively. These all electrodes 

were tested in 1 M H2SO4 electrolyte. EIS measurements have been performed with a 

10 mV potential amplitude. The following relations were used to calculate Cs from 

CV and GCD measurements:  

4.4 Results and discussion:  

4.4.1 XRD study: 

 

Figure 4.3: The XRD patterns of rGO and rGO/RuO2 thin films. 

The structural analysis of rGO and rGO/RuO2 films was investigated through 

an X-ray diffraction technique in the range from 10° to 80°. Figure 4.3 depicts the 

XRD patterns of rGO and rGO/RuO2 composite electrodes. It does not reveal any 

desirable material peaks rather than using the (#) sign to denote SS peaks, confirming 

that rGO/RuO2 sample is amorphous [16, 30]. However, the diffraction peak at 24° 

corresponds to (002) plane of graphite, according to PDF No. 41-1487. The absence 

diffraction peak in rGO/RuO2 is due to the sandwiched growth of amorphous RuO2 

between successive layers of rGO and the low amount of rGO in rGO/RuO2 

composite [31, 32]. However, the presence of rGO in rGO/RuO2 composite was 

confirmed by Raman and XPS analyses. Amorphous thin films are produced by the 

disorganized arrangement of the particles in the composite films deposited at ambient 



Chapter IV 

 

94 

temperature when mobility is reduced [33]. The resultant amorphous nature of 

rGO/RuO2 composite film offers advantages like easy paths for ions to intercalate and 

de-intercalate due to high permeability, and excellent elasticity allowing the 

fabrication of flexible supercapacitor [34]. 

4.4.2 Raman study:  

 

Figure 4.4: Raman spectra of rGO and rGO/RuO2 thin films. 

Raman spectroscopy reveals useful information on the structural 

characteristics and carbon hybridization of the materials under investigation. In 

Raman spectra (Figure 4.4 C), the wide peaks observed at 513 and 637 cms-1 are 

attributed to Eg and Ag1 modes of rGO/RuO2, respectively. Additionally, the Raman 

spectra of rGO, rGO/RuO2 depicts a peak at 1355 cm-1, which is ascribed to the D-

band (disorder and defect), and the peak at 1595 cm-1 is ascribed to the G-band 

(degree of graphitization) [35]. In a regular honeycomb structure of graphene, sp3 and 

sp2 hybridized carbon atoms are responsible for the D and G bands in Raman 

spectrum, respectively. [36]. In rGO, the presence of sp3 hybridized carbon implies 

the existence of -OH, -COOH functional groups. The peak intensity ratio ID/IG for 

rGO/RuO2 of 0.86 shows that the disorder in graphene sheets increased with RuO2 

composition. It indicates the growth of certain layers of rGO placed between RuO2 

layers [37]. 
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4.4.3 XPS study: 

 

Figure 4.5: A) XPS survey and fitted spectra of B) O1s, C) Ru3p, and D) C1s/Ru3d 

for rGO/RuO2 thin film.  

The valence states of the elements were studied using the XPS technique. As 

illustrated in Figure 4.5 A, the survey spectrum exhibits peaks for Ru3d/C1s, Ru3p, 

and O1s [38]. The peaks at 533.8, 532.28, 531.18, and 530.18 eVs are ascribed to C-

O, C=O, Ru-OH, and Ru-O bods of O1s, respectively, as shown in Figure 4.5 B. The 

observed peaks for O1s indicate that oxygen is bonded to Ru and O. Peaks of Ru3p1/2 

and Ru3p3/2 from RuO2 at 463.08 eV and 485.28 eV, respectively, (Figure 4.5 C). 

The XPS spectra shown in Figure 4.5 D depict wide spectra of C1s/Ru3d. A peak at 

283.32 and 287.72 eV attributed respectively to the Ru3d5/2 and Ru3d3/2 spin-orbit 

peak of RuO2, which correspond to Ru4+ oxidation state [39, 40]. The graphitic sp2 

carbon atoms are responsible for a peak at 286.11 eV. The weak peaks at 285.98, 

287.78, and 288.28 eVs produced by the carbon atoms having C-C, C-OH, C-O-C, 

and O-C=O binding, respectively. This shows that rGO sheets still contain some 

residuals oxygenate groups attached to the hexagonal carbon ring [41, 42]. 
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4.4.4 SEM study: 

 

Figure 4.6: The SEM images of A, B) rGO and C, D) rGO/RuO2 thin films at 10 KX 

and 20 KX magnifications, respectively 

The composition and surface texture of the active material has a considerable 

impact on its performance. Figure 4.6 A-F displays the SEM images of rGO, 

rGO/RuO2 electrodes at three magnifications of 10 KX and 20 KX. The surface 

wrinkling and ripples of rGO thin films are among their most distinctive 

characteristics. These characteristics result from both the reduction of graphene oxide 

(GO) to reduced graphene oxide (rGO) and the intrinsic features of graphene (Figure 

4.6 A-C). These RuO2 microparticles are anchored over rGO sheets. The film is 

porous and spongy due to the compact and mud-like granule structure [43, 44]. The 

development of rGO/RuO2 composite thin film is seen in the SEM images (Figure 4.6 

D -F). It is possible to develop layered structures that will make it simple for ions to 

transport embedded nanoparticles in rGO sheets. The rate of nucleation generation is 

influenced by the number of deposition cycles in the SILAR method, leading to the 

formation of different morphologies. [15]. 
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4.4.5 EDAX study: 

The composite reduced graphene oxide/ruthenium dioxide (rGO/RuO2) thin 

film was analyzed to determine its elemental composition, which includes ruthenium 

(Ru), oxygen (O), and carbon (C). This analysis was conducted using Energy 

Dispersive X-ray Spectroscopy (EDAX), and the results are illustrated in Figure 4.7. 

According to the EDAX spectrum, the atomic percentages of Ru, O, and C in the 

rGO/RuO2 composite thin film are 25.61%, 42.37%, and 12.38%, respectively. These 

values indicate a significant deviation from the expected optimal atomic ratio of 1:2 

for Ru to O. The deviation in atomic ratio suggests potential variations in the 

synthesis process or differences in material properties that could affect overall 

performance and application potential of film. Due to using of SS substrate beneath 

the composite layer is shown by peaks for chromium (Cr) 8.43% and iron (Fe) 

11.21%. 

 

Figure 4.7: The EDAX spectrum of rGO/RuO2 thin film. 

4.4.6 TEM study: 

The Transmission Electron Microscopy (TEM) image of rGO/RuO2 

composite, depicted in Figure 4.8 A, provides a detailed view of the material's 

microstructure. This image clearly shows RuO2 nanoparticles densely packed and 

firmly attached to the rGO sheets, corroborating the findings from the Scanning 

Electron Microscopy (SEM) analysis. The high-resolution TEM (HR-TEM) images 

presented in Figures 4.8 B and C further reveal the absence of any discernible fringe 

patterns, which is indicative of the amorphous structure of the composite material. 
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This amorphous nature is further confirmed by the selected area electron diffraction 

(SAED) pattern shown in Figure 4.8 D, which displays a diffused ring pattern rather 

than distinct diffraction spots, a characteristic feature of amorphous materials. The 

observations made through TEM, HR-TEM, and SAED analyses align well with the 

results obtained from the X-ray diffraction (XRD) study, all of which collectively 

affirm the amorphous nature of rGO/RuO2 composite [33]. 

 

Figure 4.8: A) The TEM image, B, and C) HR-TEM images, and D) SEAD pattern of 

rGO/RuO2 composite electrode. 

4.4.7 Contact angle study: 

The wettability is favorable for the improvement of Cs due to the large 

coverage of the electrode surface by an electrolyte. If the contact angle is less than 

90°, the electrode surface is hydrophilic, and if it is greater than 90°, it is 

hydrophobic. Surface pore size and roughness have a significant association with the 

contact angle value. Indeed, whether the surface is thick (non-porous) or porous has a 

major effect on the contact angle value because water droplets can penetrate the 

surface due to capillary forces within the pores and spread across the surface, 

resulting in a contact angle reduction [45]. The contact angle values of 52° and 41° 
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are observed for rGO and rGO/RuO2, respectively, indicating hydrophilic nature of 

films (Figure 4.9 A and B). In addition to surface roughness and cleanliness, the 

factors that affect the contact angle values include heterogeneity, particle size, shape, 

and purity [46]. 

 

Figure 4.9: The contact angle images of A) rGO and B) rGO/RuO2 thin films. 

4.5 Electrochemical study: 

4.5.1 CV study: 

 

Figure 4.10: The CV curves of A) rGO, and B) rGO/RuO2, and C) the variation of Cs 

with various scan rates.  
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The electrochemical measurements of rGO and rGO/RuO2 were carried out in 

a potential window of 0 to 1 V/SCE. Figures 4.10 A-C depict the CV curves of rGO, 

RuO2, and rGO/RuO2 composite electrodes at various scan rates (5–100 mV s–1), 

respectively. At a scan rate of 5 mV s–1, rGO electrode exhibited Cs 98 F g-1 and 

composite rGO/RuO2 electrode showed a Cs of 1371 F g–1. The presence of a charge 

storage mechanism of the pseudocapacitive type is confirmed by the asymmetry of the 

CV curves. The CV analysis verifies the reversibility of synthesized materials [47–

50]. The Cs variation is seen at various scan rates (5–100 mV s–1) in Figure 4.10 D. 

The voltammetric measurement is a crucial technique for understanding the 

electrochemical properties of electrodes. Simple CV measurements at varied scan 

rates can help distinguish between faradaic and capacitive contributions [51-53].  

 

Figure 4.11: A) Plot of log i vs log υ, B) plot of i/υ1/2 versus υ1/2, and contribution of 

capacitive and diffusion-controlled currents with scan rates for C) rGO/RuO2 

electrode. 

The values of b calculated using the slopes in Figure 4.11 A are 0.89 for 

rGO/RuO2. Further analysis of the CV was done using modified eq. (3.6), as shown 

below, to precisely define the significance of the capacitive and diffusion-controlled 

processes for the entire current response [54]. Figure 4.11 B illustrates the slopes and 
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intercepts of the linear fit to the graph of i/υ1/2 vs. υ1/2, which provide values of k1 and 

k2, respectively [55, 56]. The estimated capacitive and diffusion-controlled currents 

from Eq. (3.7) for rGO/RuO2 electrode, as well as their contributions, are shown in 

Figure 4.11 C, respectively. A larger diffusion-controlled current at a smaller scan 

increases the value of Cs. At a 100 mV s–1 scan rate, rGO/RuO2 electrode store 69 % 

of the charge through a capacitive mechanism, respectively, and this percentage drops 

to 33 %, respectively at a 5 mV s–1 scan rate. 

4.5.2 GCD study: 

 

Figure 4.12: The GCD plots of A) rGO, B) rGO/RuO2, and C) the variation of Cs 

with various current densities. 

The GCD measurements of rGO (Figure 4.12 A) and rGO/RuO2 (Figure 4.12 

B) electrodes were carried out at different current densities between 1 to 5 mA cm–2. 

The pseudocapacitive characteristics of the material are responsible for the quasi-

triangular GCD curves for rGO and rGO/RuO2 electrodes in 1 M H2SO4 electrolyte. 

The rGO/RuO2 electrode shows superior charge storage capacity as observed in a 

longer charging-discharging time. According to GCD plots, at 1 mA cm–2 of current 
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density, the Cs of rGO and rGO/RuO2 electrodes are 82 and 1333 F g-1, respectively. 

The charge-discharge time increased at the reduced current densities due to the 

possibility of ions largely being adsorbed and undergoing redox reactions at the active 

sites at the interface of electrode and electrolyte and inside the electrode [57]. Plots of 

Cs against applied charging current density for rGO and rGO/RuO2 electrodes are 

displayed in Figure 4.12 C. We observe that the Cs decreases at larger scan rates due 

to the electrolyte having minimum time to interact with material [58]. 

4.5.3 EIS and stability study: 

 

Figure 4.13:  A) The Nyquist plots of rGO and rGO/RuO2   thin films (inset shows 

fitted equivalent circuit), B) the enlarged view of Nyquist plots, and C) the graph of 

specific capacitance retention with 5,000 cycles of rGO and rGO/RuO2   thin films.   

The Nyquist plots of rGO and rGO/RuO2 composite electrodes are displayed 

in the frequency range of 100 kHz and 0.01 Hz in Figure 4.13 A and the inset shows 

corresponding equivalent electrical circuit. The series resistance (Rs) denotes the ionic 

resistance of the applied electrolyte. A non-zero intercept from the Nyquist curve on 

the real axis determines it. In particular, a higher frequency region has an impact on 

the charge transfer resistance (Rct) at an electrolyte-electrode boundary region. Ion 
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diffusion in the electrode leads to the development of the Warburg impedance (W), 

which may be seen in the linear tail at a lower frequency [59]. An enlarged view of 

Nyquist plots is displayed Figure 4.13 B. High Rct value denotes more complicated 

charge transport through the electrode. The layered electrode of rGO/RuO2 has better 

charge transfer kinetics as seen by a relatively low value for Rs and Rct as it offers 

more electroactive sites for electrochemical reactions and a vertical path for electron 

transfer and ion diffusion. Due to this reason, rGO/RuO2 electrode exhibits lower Rs 

(0.4 Ω cm–2), Rct (3.94 Ω cm–2), and W (22 Ω cm–2) values as compare to rGO and 

RuO2 electrodes. Table 4.1 summarises the values of each fitted circuit parameter. 

The applicability of material for supercapacitors is greatly influenced by their cyclic 

stability. The cyclic stability of rGO and rGO/RuO2 composite electrodes was 

measured at the current density of 5 mA cm–2 over 5,000 cycles. rGO and rGO/RuO2 

composite electrodes exhibit 97 and 90% of Cs retention, as shown in Figure 4.13 C. 

The addition of rGO facilitated rapid electron transfer in the rGO/RuO2 composite, 

resulting in an improved cyclic stability compared to that of RuO2 electrode. 

Table 4.1: Electrochemical impedance spectroscopic data rGO and rGO/RuO2 

electrodes. 

Electrode Rs (Ω cm-2 ) Rct (Ω cm-2) Cdl (F) W (mΩ cm-2) 

rGO 0.2 4.5 0.720 0.024 

rGO/RuO2 0.4 3.94 0.263 22 

 

4.6. Conclusions: 

 In this investigation, rGO and rGO/RuO2 composite thin films were 

successfully deposited on SS substrates using a simple and affordable SILAR method. 

The rGO/RuO2 composite thin film is amorphous. The morphology of composite film 

shows the anchoring of RuO2 nanoparticles on rGO sheets. The rGO/RuO2 electrode 

achieved a maximum mass loading of 0.58 mg cm-2 after 170 deposition cycles. The 

supercapacitive performance of rGO/RuO2 composite electrode achieved a high Cs of 

1371 F g–1 at a scan rate of 5 mV s–1 in potential window of 0 to 1 V/SCE. The 

rGO/RuO2 composite electrode demonstrates superior cyclic stability, with a retention 

of 90% after 5,000 GCD cycles.  
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5.1 Introduction: 

Unique nanostructures have garnered significant attention as electrode 

materials for energy storage applications such as batteries, supercapacitors, and 

catalysis due to their advantageous properties [1-4]. Their high specific surface area 

and open architecture between 1D and 2D structures promote efficient electrolyte 

contact with active sites, enhancing material utilization and specific capacitance for 

improved energy storage efficiency [5-8]. Additionally, the ultrathin design of 

nanosheets, nanorods, and nanoneedles within nanoarrays supports rapid ion and 

electron transport, critical for achieving high-rate performance and fast charge-

discharge cycles with minimal capacity loss [8-10]. Among the various materials 

studied, carbon-based materials, particularly graphene and its derivatives, have gained 

significant attention due to their exceptional electrical conductivity, large surface area, 

and mechanical flexibility [11, 12]. Reduced graphene oxide (rGO), a chemically 

modified form of graphene, emerges as a desirable candidate owing to its relatively 

low production cost and scalable synthesis while retaining many of the beneficial 

properties of graphene [13, 14]. 

Despite its advantages, rGO alone typically suffers from limited capacitance 

due to its lower specific surface area and fewer active sites for charge storage 

compared to pseudocapacitive materials [15, 16]. To overcome these limitations, rGO 

is often used as a composite material in combination with metal oxides, conducting 

polymers, or other electroactive substances. This approach leverages the high 

electrical conductivity and mechanical stability of rGO, while the pseudocapacitive 

material contributes to enhanced charge storage through faradaic reactions. RuO2 is 

one of the most promising pseudocapacitive materials due to its high Cs, fast redox 

kinetics, and wide operational voltage window. However, the high cost and relatively 

low electrical conductivity of RuO2 necessitate the development of composites that 

can optimize its performance while reducing the overall material cost [17, 18]. In this 

context, the combination of RuO2 with rGO offers a synergistic effect, where rGO 

provides an efficient electron transport pathway, and RuO2 contributes to the overall 

capacitance, resulting in a high-performance electrode material for supercapacitors 

[19]. 

This study investigates the deposition of RuO2 thin films at various temperatures 

to identify the optimal conditions for producing a RuO2/rGO composite by CBD 
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method. The CBD method stands out due to its simplicity, cost-effectiveness, and 

ability to deposit thin films with precise control over composition and thickness. This 

method allows for uniform coating of substrates at relatively low temperatures, 

making it ideal for the deposition of metal oxide films like RuO2. The work focuses on 

the composite structural and electrochemical properties, intending to achieve a 

material that balances high capacitance and long-term stability. By optimizing the 

deposition process and leveraging the advantages of both rGO and RuO2, this research 

aims to contribute to the development of next-generation supercapacitors with 

superior energy storage capabilities. 

5.2 Synthesis of RuO2 and rGO/RuO2 thin films: 

In this chapter, RuO2 and rGO/RuO2 composite thin films were prepared using 

CBD method and characterized using different physical and chemical characterization 

techniques like XRD, Raman, FT-IR, XPS, and SEM. The electrochemical 

performance of RuO2 and rGO/RuO2 thin film electrodes was measured in 1 M H2SO4 

electrolyte.  

5.2.1 Experimental section:  

5.2.1.1 Chemicals and Materials: 

The analytical reagent grade Ruthenium trichloride (RuCl3.xH2O) was 

purchased from SRL Chemicals LTD, Ammonium persulfate ((NH4)2S2O8) was 

purchased from Thomas Baker LTD and utilized as received. In order to produce GO, 

graphite flakes were purchased from Sigma-Aldrich. The substrate was a stainless 

steel (SS) sheet (304 grade). 

5.2.1.2 Synthesis of rGO film: 

The procedure of synthesis of rGO thin is already illustrated in Chapter-IV 

section 4.2.1.2. 

5.2.1.3 Synthesis of RuO2 thin films: 

The synthesis of RuO2 thin films were prepared via the CBD method, which 

involves heating an aqueous solution of RuCl3·xH2O with SS substrates. In 25 mL 
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DDW bath containing 0.01 M ruthenium chloride as the ruthenium source and in 

another beaker, 0.05 M (NH4)2S2O8) as the complexing agent was prepared [20]. Then 

both solutions were mixed together and a pre-cleaned SS substrate was immersed in 

the resulting solution. The RuO2 thin films were deposited at three different 

temperatures: 333, 343, and 353 K. At room temperature (298 K), a blackish 

precipitate was noted after 1 h. However, at the elevated temperatures of 333 K, 343 

K, and 353 K, the precipitate formed within a few min after reaching the target 

temperature. During this process, a heterogeneous reaction led to the deposition of 

RuO2 onto the substrates. The deposition was maintained for a consistent duration of 

6 h for each temperature condition. Figure. 5.1 shows the schematic of CBD method 

used for the deposition of RuO2 thin film. The resulting RuO2 thin films produced at 

333, 343, and 353 K were labelled as R1, R2, and R3, respectively [21]. Following 

deposition, the thin films were rinsed with DDW and left to dry naturally at ambient 

temperature. The dissociated cations from the cationic precursor in the DDW are 

attracted and adhered to the substrate surface. This adhesion occurs due to chemical 

interactions or van der waals forces between the cations and SS substrate [21].  

 

Figure. 5.1 The schematic of CBD method used for the deposition of RuO2 thin film. 

The mass loading of the thin films was determined using the weight difference 

technique with a precise microbalance, as calculated using Eq. 3.4. Figure 5.2 A 

displays the mass loading variation for R1, R2, and R3 films. The mass deposition 

values recorded for R1, R2, and R3 electrodes were 0.4, 1.41, and 1.18 mg cm⁻², 

respectively. In CBD approach, the film thickness is deposited by the rate of nucleus 

formation and the subsequent growth of nucleation sites. Due effect of temperature 

nucleation sites accelerates coagulation during the growth phase, leading to increased 
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film thickness. The R2 film achieved the maximum thickness of 1.41 mg cm⁻² at a 

temperature of 343 K. Beyond this temperature, a slight decrease in thickness could 

occur due to the formation of a porous outer layer, which may induce stress and cause 

delamination, leading to material peeling after reaching the maximum thickness. 

Figure 5.2 B shows a photograph of the R1, R2, and R3 films. 

 

Figure 5.2: A) Mass loading variation of RuO2 thin films with the number of 

deposition cycles, and B) photograph of RuO2 films. 

5.2.1.4 Synthesis of rGO/RuO2 thin film: 

To synthesize rGO/RuO2 composite film, 1 mg/mL of rGO was dispersed in 

25 mL of DDW and sonicated for 5 hrs to ensure uniform dispersion of the rGO 

sheets. Meanwhile, 0.01 M of RuCl3·xH2O was dissolved in 25 mL of DDW in a 

separate beaker. In another beaker, 0.05 M of APS was dissolved in 25 mL of DDW, 

which acts as an oxidizing agent to facilitate the formation of RuO2. Both solutions 

were then gradually added dropwise to rGO suspension at room temperature under 

continuous stirring to prevent agglomeration of the RuO2 nanoparticles. A pre-cleaned 

SS substrate was immersed in the resulting solution, which was vigorously stirred and 

maintained at an optimized temperature of 343 K for 5 hours to enable the deposition 

of rGO/ RuO2 composite thin film is denoted as rGO/R2 thin film. A schematic 

illustration of rGO/R2 composite structure is shown in Figure. 5.3. The constant 

stirring ensures uniform nucleation and growth of the composite on the substrate, 

resulting in a homogeneous thin film [22, 23].  
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Figure. 5.3. Schematic of CBD method for deposition of rGO/R2 thin films. 

5.3 Material characterizations: 

5.3.1 Physico-chemical characterizations: 

The Physico-chemical characterizations of RuO2 and rGO/R2 electrodes are 

already illustrated in Chapter 4 section 4.3. 

5.3.2 Electrochemical measurement: 

The electrochemical measurements of RuO2 and rGO/R2 electrodes are 

already illustrated in Chapter 4 section 4.3. 

5.4 Results and discussions: 

5.4.1 XRD analysis: 

 

Figure. 5.4. A) The XRD patterns, and (B) FT-IR spectra of R1, R2, R3, and rGO/R2 

electrodes. 
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The structural properties of the R1, R2, R3, and rGO/RuO2 films were 

examined using XRD within the angular range of 5° to 80°. Figure 5.4 A illustrates 

the XRD patterns of the R1, R2, R3, and rGO/R2 composite electrodes. Interestingly, 

the diffractograms do not show any prominent peaks corresponding to crystalline 

phases, aside from the peaks marked by the (#) sign, which represent the stainless 

steel (SS) substrate. This confirms that all the samples, including the RuO2 films, 

exhibit an amorphous structure, as previously reported in the literature [24]. However, 

a notable diffraction peak is observed at approximately 24°, which corresponds to the 

(002) plane of graphite, as referenced by PDF No. 41-1487. This peak is typically 

associated with stacked layers of graphene and indicates the presence of rGO in the 

sample. In the case of rGO/R2 composite, the absence of any distinct diffraction peak 

for rGO is attributed to the sandwiched growth of amorphous RuO2 between the 

graphene layers, as well as the relatively low concentration of rGO in the composite 

[25]. 

5.4.2 FTIR analysis: 

The FTIR spectroscopy analysis was carried out to investigate the functional 

groups present in R1, R2, R3, and rGO/R2 thin films in Figure.5.4 B. FTIR spectra 

provide valuable insights into the bonding structure and chemical composition of the 

thin films. For the R1, R2, and R3 thin films, the FTIR spectra revealed characteristic 

broad absorption bands, particularly in the region of 3400–3500 cm-1, corresponding 

to O-H stretching vibrations. These bands indicate the presence of hydroxyl groups, 

which may be attributed to water molecules either adsorbed on the film surface or 

incorporated during the deposition process. A peak observed around 1620 cm-1 is 

associated with H-O-H bending vibrations, further confirming the presence of 

adsorbed water in these samples [26]. In the low wavenumber region, bands around 

467 cm-1 and 615 cm-1 can be attributed to Ru–O stretching vibrations, indicative of 

the formation of RuO2 in the films. The intensity and position of these bands may vary 

slightly between R1, R2, and R3 samples, reflecting differences in film thickness or 

growth conditions during CBD process. For rGO/R2 composite thin film, the FTIR 

spectrum exhibited additional peaks characteristic of reduced graphene oxide (rGO). 

A notable peak around 1720 cm-1 corresponds to the C=O stretching vibrations of 

carboxyl groups, which are typical of rGO. The presence of peaks near 1220 cm-1 and 
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1050 cm-1, representing C-OH and C-O-C stretching vibrations, respectively, suggests 

the partial GO to rGO, while some oxygen-containing functional groups remain [27]. 

In the rGO/RuO2 composite, the Ru–O stretching band is still present, indicating the 

coexistence of RuO2 with rGO. The overlapping of functional groups between rGO 

and RuO2 suggests a strong interaction between the two components in the composite, 

which may enhance its overall electrochemical performance. 

5.4.3. Raman study: 

The R1, R2, R3, and rGO/R2 thin films raman spectra shows in Figure 5.5. 

The prominent Raman bands observed at approximately 498 cm-1 and 579 cm-1 can be 

attributed to the symmetric stretching modes (A1g) of Ru-O bonds in RuO2. These 

modes are typical for RuO2 thin films, indicating the presence of RuO2 in all three 

samples [17]. The intensity of these peaks may vary slightly among the R1, R2, and 

R3 films, depending on the thickness and uniformity of the RuO2 layer deposited 

during the chemical bath deposition process. The Raman spectrum rGO/R2 displayed 

two prominent peaks associated with the graphene structure: the D band at around 

1341 cm-1 and the G band at approximately 1583 cm-1. The D band arises from the 

presence of defects, disorder, or sp3 hybridized carbon atoms in the graphene 

structure, while the G band corresponds to the E2g vibrational mode of sp2 carbon 

atoms in the graphitic lattice. In this case, the peak intensity ratio ID/IG for rGO/R2 of 

0.79 shows that the disorder in graphene sheets increased with RuO2 composition. It 

indicates the growth of certain layers of rGO placed between RuO2 layers.  

 

Figure 5.5: Raman spectra of R1, R2, R3, and rGO/R2 thin films. 
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5.4.4. SEM analysis: 

 

Figure 5.6. SEM images of samples A, B) R1, C, D) R2, E, F) R3, and G, H) rGO/R2 

at magnifications of 10KX and 20KX. 

The surface morphology of R1, R2, R3, and rGO/R2 thin films at two 

magnifications of 10KX, and 20KX in Figures 5.6 A-H. The SEM images of the R1 

film (Figure 5.6 A and B) showed a relatively smooth surface with minimal porosity. 

The small, compact grains indicated limited nucleation sites and slower growth during 

the deposition process. This structure suggests that R1 film has a lower surface area, 

which may result in reduced electrochemical activity compared to other samples. In 

Figure 5.6 C and D, R2 film exhibit a more granular structure with larger, well-

defined particles.  The interconnected porous structure contributes to better electron 
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transport and increased electrochemical activity. The SEM analysis of R3 film shows 

in Figure 5.6 E and F. The morphology is similar to R2 but with slightly less 

porosity and more aggregated particles. This suggests that while R3 has a reasonably 

high surface area, it may not perform as well as R2 due to its less uniform particle 

distribution and reduced porosity. The denser grain structure could limit ion 

penetration, potentially lowering the film capacitance. The rGO/R2 film (Figure 5.6 

G and H) displayed a distinct morphology characterized by the dispersion of RuO2 

nanoparticles over rGO sheets [28]. The rGO network provided a highly conductive 

framework, while the RuO2 nanoparticles were uniformly distributed, creating a 

hierarchical structure.  

5.4.5 TEM study: 

 

Figure 5.7: A) The TEM image, B, C) HR-TEM images, and D) SEAD pattern of 

rGO/R2 composite electrode. 

The TEM image of the rGO/R2 composite (Figure 5.7 A) highlights RuO2 

nanoparticles uniformly distributed and securely anchored on rGO sheets, supporting 

SEM findings. HR-TEM images (Figure 5.7 B and C) show no visible lattice fringes, 

suggesting the composite's amorphous nature. This is further validated by the SAED 

pattern (Figure 5.7D), which exhibits diffuse rings characteristic of amorphous 
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materials. Additionally, the uniform dispersion of RuO2 nanoparticles across the rGO 

matrix ensures enhanced contact between active sites and the electrolyte, facilitating 

efficient electrochemical performance. These findings, in agreement with XRD 

results, collectively confirm the amorphous structure of the rGO/R2 composite and its 

potential for energy storage applications. 

5.4.6 Contact angle study: 

The contact angle analysis of R1, R2, R3, and rGO/R2 thin films reveals 

varying degrees of surface wettability. The wettability characteristic is important for 

thin film electrodes employed for supercapacitor applications. The contact angles for 

R1, R2, R3, and rGO/R2 thin films are of 67°, 42°, 58°, and 38°, respectively (Figure 

5.8 A-D). R1 exhibits a high contact angle as compare to others, indicating a less 

hydrophilic surface due to its smoother, less porous structure. R2 shows a 

significantly lower contact angle, reflecting better wettability, likely due to its 

increased porosity and rough surface, which enhances electrolyte interaction. R3 has a 

moderate contact angle, suggesting intermediate wettability, while rGO/R2 film 

demonstrates the lowest contact angle, indicating a highly hydrophilic surface. This 

superior wettability is attributed to the porous, rough structure of rGO/R2 composite, 

making it ideal for enhanced ion and electron transport in electrochemical 

applications. 

 

Figure. 5.8: The contact angle photographs of A) R1, B) R2, C) R3, and D) rGO/R2 

electrodes. 
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5.5 Electrochemical analysis: 

5.5.1 CV study: 

 

Figure. 5.9. The CV curves at different scan rates of A) R1, B) R2, C) R3, D) 

rGO/R2 electrodes, and E) the variation of the specific capacitance with various scan 

rates of all electrodes. 

The electrochemical performance of R1, R2, R3, and rGO/R2 thin films was 

evaluated through CV within a potential window of 0 to 1 V vs. SCE in a 1M H2SO4 

electrolyte. Figures 5.9 A-D present the CV curves of these electrodes at various scan 

rates ranging from 5 to 100 mV s⁻¹. At a scan rate of 5 mV s⁻¹, the Cs values for R1, 

R2, R3, and rGO/R2 electrodes were found to be 489, 996, 771 and 1152 F g⁻¹, 

respectively. These results highlight a clear progression in charge storage capability, 
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with the rGO/R2 composite exhibiting the highest Cs due to the synergistic effect 

between high surface area of rGO and R2 active redox sites. The asymmetry observed 

in the CV curves indicates the presence of a pseudocapacitive charge storage 

mechanism in all the films, especially in rGO/R2 composite. The redox peaks and 

increased current density at higher scan rates further confirm the contribution of both 

EDLC and pseudocapacitance [29]. The highly reversible nature of these reactions is 

also evidenced by the near-symmetric CV curves, ensuring efficient charge-discharge 

cycles, as supported by literature [30, 31]. Figure 5.9 E demonstrates how specific 

capacitance varies with scan rates for each electrode. At lower scan rates 5 mV s⁻¹, the 

Cs values are higher because ions in the electrolyte have sufficient time to fully 

penetrate the porous electrode structure, accessing more active sites for charge 

storage. The asymmetric shape of the CV curves indicates the presence of a 

pseudocapacitive charge storage mechanism, as previously reported [32].  

 

Figure. 5.10. A) Plot of log i vs log ν, contribution of capacitive and diffusion-

controlled currents with scan rates for B) R2, and C) rGO/R2 electrodes. 

The CV analysis also confirmed the reversibility of the electrode. Figure 5.10 

illustrates the contributions to the total current from both capacitive and diffusion-

controlled charge storage mechanisms for rGO/R2 electrode. It can be observed that 
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as the scan rate is reduced, the contribution from diffusion-controlled charge storage 

becomes more significant, resulting in increased Cs. The capacitive process in the R2 

electrode stores around 63% of the charge at a scan rate of 100 mV s−1, which drops 

to 27% at a scan rate of 5 mV s−1. At a scan rate of 100 mV s⁻¹, approximately 83% of 

the total charge is stored through capacitive processes in rGO/R2 electrode and 51% 

at a slower scan rate of 5 mV s⁻¹, indicating a stronger reliance on diffusion-controlled 

mechanisms [33]. This highlights the dynamic interplay between the capacitive and 

diffusion-controlled mechanisms depending on the scan rate. 

5.5.2 GCD study: 

 

Figure. 5.11 The GCD plots at different current densities of A) R1, B) R2, C) R3, D) 

rGO/R2 electrodes, and E) the variation of the specific capacitance with various 

current densities of all electrodes. 
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The GCD profiles provide insights into the charge storage behavior and the 

reversibility of each electrode. Figure 5.11 A-D shows the GCD curves of R1, R2, 

R3, and rGO/R2 electrodes at a current density of 1 mA cm⁻². The non-triangular 

GCD profiles for all electrodes suggest that charge storage is primarily driven by 

surface redox reactions [34]. Cs values calculated using Equation 1.2 are 473, 840, 

730, and 1016 F g⁻¹ for R1, R2, R3, and rGO/R2, respectively, at the same current 

density. The surface structure of the electrode facilitates efficient ion transfer, 

improving the rate of intercalation and deintercalation by reducing internal resistance 

(IR) [35]. Figure 5.11 E depicts how Cs varies with different current density. The 

non-triangular shapes further indicate a pseudocapacitive charge storage mechanism. 

The presence of rGO significantly enhances capacitance by providing a large surface 

area, high conductivity, and facilitating efficient ion diffusion, thus boosting overall 

energy storage performance. 

5.5.3 EIS and stability study: 

The EIS analysis was performed on R1, R2, R3, and rGO/R2 thin film 

electrodes to assess their electrochemical behavior, specifically in terms of charge 

transfer and resistance. The Nyquist plots for these electrodes are depicted in Figure 

5.12 A. The EIS spectra typically consist of a semicircle in the high-frequency region 

followed by a linear portion in the low-frequency region, representing charge transfer 

and diffusion processes, respectively. For the R1, R2, R3, and rGO/R2 electrodes, Rs, 

Rct, Q, and W were determined through equivalent circuit fitting. The parameters 

obtained from fitting the EIS data are listed in Table 5.1. The rGO/R2 electrode, 

which exhibited the best performance, had fitted parameter values of Rs at 0.6 Ω cm⁻², 

Rct at 72 Ω cm⁻², indicating low resistance and effective charge storage characteristics. 

The overall EIS analysis indicates that rGO/RuO2 electrode has the lowest Rs, Rct, and 

W values, along with the highest Q, demonstrating the advantages of combining rGO 

with R2 to achieve efficient charge transfer, low resistance, and enhanced ion 

diffusion. This synergistic effect results in superior electrochemical properties, 

making the rGO/R2 electrode highly suitable for energy storage applications [36]. The 

cyclic stability of R2 and rGO/R2 electrodes was studied at current density of 5 mA 

cm-2 for 5,000 GCD cycles (Figure 5.12 B). R2 and rGO/R2 have capacitive 

retentions of 83 and 89%, respectively. When compared to RuO2, the rGO/2 
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composite electrode exhibits greater retention. Poor interactions with rGO sheets may 

be the reason of the drop in Cs with GCD cycles, which would lead to a degradation in 

electron transport and ion diffusion [37]. 

 

Figure. 5.12 A) Nyquist plots of R1, R2, R3, and rGO/R2 electrodes (the inset shows 

fitted equivalent circuit for the EIS data), and B) plots of capacitive retention versus 

number of cycles of R2 and rGO/2 electrodes. 

Table 5.1: Impedance values of R1, R2, R3, and rGO/R2 electrodes. 

 

5.6 Conclusions: 

 In conclusion, CBD method was used to deposit R1, R2, R3, and rGO/R2 

composite electrodes on an SS substrate at various temperatures. R2 (RuO2 at 343 K) 

anchoring on rGO sheets is visible in the composite film. With a maximum Cs of 1152 

F g−1 at a 5 mV s−1 scan rate in 1 M H2SO4 electrolyte, the rGO/R2 composite 

electrode superior than R2 thin film in terms of electrochemical performance. With 

the addition of rGO, the value of Rs decreases for rGO/R2 electrode (0.6 Ω cm−2) as 

compared to pure R2 (1.5 Ω cm−2). The rGO/R2 film electrode exhibits higher 

electrochemical cycling stability (89%) in comparison to R2 film electrode (83%). 

This illustrates the effectiveness of Cs and specific surface area can be raised via the 

formation of rGO/R2 composite electrodes using CBD method. 

Electrodes Rs (Ω cm−2) Rct (Ω cm−2) Q (F) W (mΩ cm−2) 

R1 2.6 280 540 16 

R2 1.5 150 236 11 

R3 2.8 310 653 22 

rGO/R2 0.6 72 105 6 
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6.1 Introduction: 

The development of supercapacitors has drawn a lot of attention due to the 

growing demand for high-performance, sustainable energy storage devices. 

Supercapacitors are growing into increasingly crucial components in modern 

electronic systems owing to their exceptional power density, extended cycle life, and 

quick charge-discharge characteristics. Applications for these systems can be found in 

electric cars, portable gadgets, and renewable energy storage technologies [1, 2]. The 

current difficulty, consequently, is in expanding supercapacitors energy density and 

flexibility without sacrificing their electrochemical or mechanical durability. 

Wearable and flexible electronics have become increasingly popular in recent years, 

which has led to a significant increase in interest in the development of flexible 

supercapacitors [3]. Those devices require energy storage materials that maintain 

excellent electrochemical performance even during mechanical deformations as 

flexing, folds, and twisting. As a result, a lot of work has gone into creating electrode 

materials that have a high energy storage capacity and mechanical flexibility. Two 

such materials that have emerged as attractive possibilities for the manufacture of 

high-performance flexible supercapacitors are rGO and RuO2 [4, 5]. Two-dimensional 

carbon substance graphene is well-known for its remarkable durability, excellent 

electrical conductivity, and enormous surface area. Nonetheless, the cost of producing 

flawless graphene maintains its practical use in supercapacitors [6]. GO is reduced to 

produce rGO, which is a less expensive alternative that nevertheless has many of the 

positive characteristics of graphene, like its high surface area and good electrical 

conductivity [7]. Additionally, rGO is a good electrode material for supercapacitors 

because it still has residual oxygen-containing functional groups that improve its 

pseudocapacitive qualities [8]. 

 Transition metal oxide RuO2, demonstrates remarkable pseudocapacitive 

properties because of its quick and reversible redox processes. RuO2 is hence well-

known for having a high Cs and SE. RuO2 has several benefits, but its large cost and 

very low electrical conductivity in bulk form prevent it from being employed widely. 

In order to overcome these obstacles, scientists have looked at combining RuO2 with 

extremely conductive substances, such as rGO, to enhance the hybrid materials 

electrochemical performance [9, 10]. The synergy between rGO has strong 

conductivity and flexibility and RuO2 has outstanding pseudocapacitance makes for 
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composite materials that effectively utilize both components' strengths. A flexible 

supercapacitor device with improved mechanical flexibility, stability, and energy 

storage capability over extended cycling can be created thanks to this synergy. RuO2 

nanoparticles are usually scattered across rGO sheets to form a hybrid structure that 

has a large surface area and electrochemical reaction sites [11-13].  

 This chapter is focused on the fabrication and electrochemical performance of 

a flexible solid-state asymmetric supercapacitor (FSS-ASC) device using two 

different synthesis methods for the electrodes: SILAR and CBD methods for the rGO/ 

RuO2 positive electrode (cathode) and CBD method for WO3 negative electrode 

(anode). Additionally, rGO/RuO2 and WO3 electrode 5×5 cm2 were stacked with 

PVA-H2SO4 gel electrolyte for both FSS-ASC devices. 

6.2 Experimental section: 

6.2.1 Introduction: 

 The present section describes the electrode preparation (rGO/RuO2, and WO3), 

polymer gel electrolyte (PVA-H2SO4) preparation and fabrication of both 

rGO/RuO2//WO3 FSS-ASC devices. 

6.2.2 Electrode Preparation: 

 The SILAR and CBD methods were used for rGO/RuO2 thin films, and CBD 

method was prepared for WO3 thin film deposited on a flexible SS substrate. Chapters 

IV and V, respectively, describe the optimized method parameters of rGO/RuO2 thin 

film electrodes. 

6.2.3 Deposition of WO3 film: 

The WO3 is the promising electrode material utilized as an anode to fabricate 

flexible solid-state asymmetric supercapacitor (FSS-ASC) devices [14, 15]. It offers 

various advantages such as easy preparation, affordable, good efficiency, wide 

potential window, high theoretical Cs (~693 F g-1), good corrosion stability, and 

natural abundance. As previously reported, WO3 thin film was deposited using the 

CBD method [16]. Details of the experiment are as follows: 50 mL of DDW was used 

to dissolve 0.05 M sodium tungstate (Na2WO4), and to keep the pH of Na2WO4 
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solution at 1.5, diluted HCl was added drop by drop. The SS substrate was immersed 

in the solution and kept at a temperature of 353 K for 8 h. Due to temperature, 

controlled nucleation formation on the SS substrate surface was initiated and WO3 

particles grew by controlled heterogeneous nucleation followed by particle growth. 

These films were utilized for electrochemical characterizations and fabrication of an 

FSS-ASC device. 

6.2.4 Preparation of Polymer Gel Electrolyte: 

  The PVA-H2SO4 gel electrolyte was essential in FSS-ASC device due to its 

flexibility and high ionic conductivity. The preparation process began by dissolving 1 

g of PVA, a water-soluble synthetic polymer known for its film-forming and adhesive 

properties, in 10 mL of DDW. This mixture was continuously stirred at an elevated 

temperature of 353 K for 4 h, ensuring that PVA dissolved completely and formed a 

uniform, viscous solution. Once the PVA was fully dissolved, 10 mL of 1 M H2SO4 

was carefully and gradually added to the solution to introduce proton conductivity. 

Sulfuric acid enhances the ionic mobility in the electrolyte. The slow addition of the 

acid prevented any abrupt reactions and ensured proper mixing. After the complete 

addition of the acid, the solution was subjected to vigorous stirring for an additional 6 

h to achieve a homogeneous and stable gel electrolyte. In addition to improving ion 

transport between the electrodes, this gel acts as both an electrolyte and a separator, 

adding to mechanical flexibility and electrochemical performance of device essential 

components for the effective functioning of FSS-ASC devices. 

6.2.5 Fabrication of rGO/RuO2/PVA-H2SO4/WO3 FSS-ASC device 

To fabricate FSS-ASC device, SS substrates were cut into 5 × 5 cm2 

rectangular sheets, which served as the base for synthesizing the rGO/RuO2 (cathode) 

and WO3 (anode) electrodes. These substrates were coated with the respective 

electrode materials using deposition techniques, after which the surfaces of both 

electrodes were carefully coated with the PVA-H2SO4 gel electrolyte, ensuring a 

uniform and conductive layer between them. Once coated, the two electrodes were 

stacked together to form the FSS-ASC device. To secure the assembly and enhance its 

stability, the stacked electrodes were sealed using a plastic strip and put under to 0.5 

tons of pressure for 4 h, ensuring proper contact and adhesion between the layers. 
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This process is illustrated in Figure 6.1 A. After fabrication, the thickness of the FSS-

ASC device was measured at 0.455 mm, as shown in Figure 6.1 B. The flexibility of 

the device was then assessed by conducting cyclic voltammetry (CV) measurements 

at various bending angles, ranging from 0° to 160°, to evaluate the performance of 

device under mechanical stress. Figures 6.1 C and D depict the bending and twisting 

states of the fabricated rGO/RuO2//WO3 FSS-ASC device, demonstrating its 

mechanical flexibility and ability to maintain stable electrochemical performance 

even under significant deformation. This flexibility is crucial for its potential 

applications in wearable and portable electronics. 

 

Figure 6.1: The procedure for fabrication of A) rGO/RuO2/PVA-H2SO4/WO3 FSS-

ASC device, B) the thickness of the FSS-ASC device measured by the digital 

micrometer, and C and D) flexibility (physical bending and twisting) of FSS-ASC 

device. 

6.2.6 Electrochemical characterization of FSS-ASC devices 

 Various current densities and scan rates were used in CV and GCD studies to 

optimize the operating voltage of FSS-ASC devices. Eq. 1.3 and 1.4 were used to 

determine SE (Wh kg−1) and SP (W kg−1) of the FSS-ASC device. The CV 

measurements were conducted at various bending angles to evaluate the mechanical 
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flexibility of the device and investigate the impact of deformation on its 

electrochemical performance. In order to guarantee long-term durability and 

performance retention, the FSS-ASC device cycle stability was further evaluated 

within 5,000 cycles using both CV and GCD techniques. 

6.3 Results and Discussions: 

6.3.1 Structural and Morphological Analysis of WO3 electrode: 

 The XRD pattern of WO3 thin film is presented in Figure 6.2 A. The observed 

diffraction peaks correspond to the crystallographic planes (020), (111), (002), (200), 

(022), (220), (202), (240), (331), (260), (402), and (440) of monoclinic WO3, as 

referenced in JCPDS no.: 00-033-1387. Peaks marked with the symbol ‘Δ’ represent 

those from the stainless steel substrate. The relatively low intensity of the diffraction 

peaks suggests that WO3 film is nanocrystalline in nature [17]. 

 

Figure 6.2: A) XRD pattern, B), and C) FE-SEM images of WO3 film at two different 

magnifications (10 KX and 20 KX). 
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The surface morphology of the WO3 thin film is depicted in Figure 6.2 B and 

C at magnifications of 10 KX and 20 KX, respectively. At the lower magnification, a 

uniform thin film formation is evident. In contrast, the higher magnification reveals a 

detailed surface structure characterized by interconnected nanoflakes, each 

approximately 1 μm in length, creating a distinctive grain-like pattern [18]. This 

morphology contributes to the overall electrochemical performance of the WO3 film 

by providing an increased surface area for ion interaction. The presence of pores can 

be visually assessed, and increases the effective surface area for electrochemical 

reactions. 

6.3.2 Electrochemical study of WO3 thin film: 

 

Figure 6.3: A) The CV curves at various scan rates from 5-100 mV s-1, B) the GCD 

curves at various current densities from 1-5 mA cm-2, and C) the Nyquist plot (inset 

shows the fitted equivalent electrical circuit) of WO3 electrode. 

Electrochemical analysis of WO3 electrode was carried in the potential of -0.6 

to 0 V/SCE in 1 M H2SO4 electrolyte. Figure 6.3 A represents the CV plots of WO3 

electrode at various scan rates (5-100 mV s-1), and the area under CV curves was 

slowly increased with increasing scan rate and symmetric CV shape indicating the 

capacitive behavior [19]. Figure 6.3 B shows the GCD plots of WO3 electrode at 
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various current densities (1- 5 mA cm-2). A similar trend is observed in GCD plots, 

which shows the asymmetric nature of charging and discharging time. The Cs 

decreases with rising current density due to decreasing charging and discharging time. 

WO3 electrode exhibited Cs of 634 F g-1 at 5 mV s-1 scan rate and 458 F g-1 at 1 mA 

cm-2 current density. The EIS technique was used to investigate the resistance and 

charge transfer characteristics of the electrode materials at frequencies ranging from 

0.1 Hz to 1 MHz. Nyquist plot of WO3 electrode is shown in Figure 6.3 C. The 

simulated equivalent electrical circuit is displayed as an inset image of Figure 6.3 C. 

The observed EIS parameters Rs, and Rct, are 0.7 Ω cm-2, and 53 Ω cm-2, respectively. 

These lower values of WO3 electrode are beneficial for electrochemical performance 

[20]. 

6.3.3 Supercapacitive performance of rGO/RuO2/PVA-H2SO4/WO3 FSS-ASC 

device: 

 

Figure 6.4: A) The CV curves measured at different potentials, B) the CV curves at 

measured different scan rates, C) the GCD curves measured at different current 

densities, and D) the variation of Cs with applied current density rGO/RuO2/PVA-

H2SO4/WO3 device. 
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The electrochemical behavior of FSS-ASC (rGO/RuO2/PVA-H2SO4/WO3) 

device was assessed using the CV test. The advantages of solid-state devices are a 

wide potential window and safety. As shown in Figure 6.4 A, the CV profiles of the 

FSS-ASC device were evaluated at various potential windows 0 to +1.4 V at a 100 

mV s-1 scan rate in order to optimize the operational potential window. The CV 

curves indicate pseudocapacitive charge storage from RuO2, showing high current 

density values [21, 22]. It indicates that the FSS-ASC device can operate up to a 

potential of +1.4 V. Thus, additional CV measurements in the potential range of 0 to 

+1.4 V were performed at scan rates ranging from 5 to 100 mV s−1, as illustrated in 

Figure 6.4 B. The Cs value of the FSS-ASC device is 114 F g-1 at a scan rate of 5 mV 

s-1. The FSS-ASC device GCD graphs at various current densities ranging from 5 to 9 

mA within a working potential range of 0 to +1.4 V are presented in Figure 6.4 C. 

The symmetric shape of the GCD profile indicates excellent supercapacitive behavior. 

It demonstrates the highest Cs of 88 F g-1 at 5 mA of current density. Figure 6.4 D 

displays the variation of Cs at various current densities (5–9 mA).  

 

Figure 6.5 A) the specific capacitance retention and coulombic efficiency variation, 

B) the Nyquist plot (inset shows the fitted equivalent electrical circuit), C) Ragone 

plot, and D) the capacitance retention of the device at various bending angles (inset 

shows CV curves at different bending angles) of rGO/RuO2/PVA-H2SO4/WO3 device. 
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Cyclic stability is a crucial component for the use of supercapacitors. To 

evaluate the FSS-ASC device cyclability, GCD measurements were carried out over 

5,000 cycles at a current density of 7 mA. The FSS-ASC device exhibits 92% 

coulombic efficiency and 88% capacitance retention, as shown in Figure 6.5 A. The 

Nyquist plot of FSS-ASC device is shown in Figure 6.5 B, and the inset shows a 

corresponding equivalent electrical circuit. The values of Rs (0.22 Ω), Rct (5.2 Ω), Q 

(0.850 F), and W (0.053 Ω) indicate the good electrochemical behavior of FSS-ASC. 

The electrochemical values obtained from the Nyquist plot are listed in Table 6.2. The 

composition of rGO is responsible for the device improved stability over numerous 

GCD cycles. The Ragone plots of FSS-ASC device are presented in Figure 6.5 C. 

The FSS-ASC device shows a maximum SE of 23 Wh kg−1 and SP of 613 W kg−1. 

These SE and SP values are suitable for commercial-level devices. Therefore, the 

flexibility of FSS-ASC was measured at different bending angles using CV technique 

(Figure 6.5 D). After bending at a 160° angle, the FSS-ASC device retained 93% of 

its initial Cs, suggesting that the device is flexible (Figure 6.5 D). The CV profiles of 

the FSS-ASC device are displayed in the inset of Figure 6.5 D at bending angles 

ranging from 0° to 160° [23]. Additionally, the stability under bending conditions 

underscores its applicability in flexible and wearable energy storage systems. 

To check the practical use of rGO/RuO2/PVA-H2SO4/WO3 device, two 

devices were connected in series and charged for 30 s at 2.6 V. Two FSS-ASC 

devices in series easily light up 201 light emitting diodes (LEDs) for 50 s (Figure 

6.6). This study demonstrated the practical use of rGO/RuO2/PVA-H2SO4/WO3 device 

in various portable electronic devices.  

 

Figure 6.6: The rGO/RuO2/PVA-H2SO4/WO3 devices used to illuminate a panel of 

201 red LEDs. 
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6.3.4 Electrochemical studies of rGO/RuO2/PVA-H2SO4/WO3 FSS-ASC device 

 

Figure 6.7: A) The CV curves measured at different potentials, B) the CV curves at 

measured different scan rates, C) the GCD curves measured at different current 

densities, D) the Nyquist plot (inset show the fitted equivalent electrical circuit), E) 

the variation of Cs with different scan rates, F) the variation of Cs with applied current 

density of rGO/RuO2/PVA-H2SO4/WO3 device. 

The FSS-ASC device was developed to assess the practical viability of the 

prepared electrodes using a two-electrode configuration based on CBD method. In 

this device, rGO/RuO2 electrode acts as the cathode, while the WO3 electrode serves 

as the anode, with PVA-H2SO4 utilized as a gel electrolyte. The CV analysis was 

employed to investigate the electrochemical performance of the FSS-ASC device, 

which consists of rGO/RuO2/PVA-H2SO4/WO3. Solid-state devices are known for 

having enhanced security features and large operating potential windows. To optimize 

the effective operational potential, the CV profiles of FSS-ASC devices were recorded 

at a scan rate of 100 mV s-1 over a range of potential windows, from 0 to +1.4 V, as 

shown in Figure 6.7 A. Due to the presence of RuO2, the CV curves showed that the 

device shows pseudocapacitive charge storage abilities, which led to high current 

density values [24]. The CV measurements in the potential range of 0 to +1.4 V were 

performed at scan rates ranging from 5 to 100 mV s−1, as illustrated in Figure 6.7 B. 

The Cs value of the FSS-ASC device is 53 F g-1 at a scan rate of 5 mV s-1. 
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Longer charge-discharge times signify more capacity for storing charge at 

+1.4 V in the GCD plot, revealing that the FSS-ASC device exhibits superior charge 

storing capability. Figure 6.7 C illustrates the device GCD curves for currents density 

between 3 mA to 7mA, within the operating potential region of 0 to +1.4 V. 

According to calculations, the ASC maximum Cs is 49 F g−1 at a current density of 3 

mA. Additionally, as seen in Figure 6.7 D, the EIS technique is utilized to compare 

the charge transfer mechanism of the FSS-ASC and the inset depicts the fitted 

equivalent circuit. The FSS-ASC displays minimum Rs (0.43 Ω) and Rct (310 Ω) 

values. The performance of rGO/RuO2 composite as an electrode material for 

supercapacitors is demonstrated by these reduced Rs and Rct values, which are caused 

by its improved electrical conductivity and ion diffusion. More complication in the 

charge transport to the electrode is indicated by a higher Rct value. Because the 

layered electrode structure offers more electro-active sites for electrochemical 

reactions as well as a vertical path for electron transfer and ion diffusion, it has 

beneficial charge transfer kinetics, demonstrated due to comparison low values of Rs 

and Rct, which raise surface conductivity. [25]. The variation of Cs at different scan 

rates (5mV s-1 to 100 mV s-1) shows in Figure 6.7 E. Figure 6.7 F displays the 

variation of Cs at various current densities (5–9 mA).  

The FSS-ASC device exhibits 82% capacitance retention, as shown in Figure 

6.8 A. The Ragone plots of FSS-ASC device are presented in Figure 6.8 B. The FSS-

ASC device shows a maximum SE of 15 Wh kg−1 and SP of 562 W kg−1. These SE and 

SP values are suitable for commercial-level devices.  

 

Figure 6.8 A) The specific capacitance retention and B) Ragone plot 

rGO/RuO2/PVA-H2SO4/WO3 device. 
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To check the practical use of rGO/RuO2/PVA-H2SO4/WO3 device, two 

devices were linked in series and charged for 30 s at 2.6 V. Two FSS-ASC devices in 

series easily light up 201 light emitting diodes (LEDs) for 40 s (Figure 6.9). This 

study demonstrate the practical use of rGO/RuO2/PVA-H2SO4/WO3 device in various 

portable electronic devices.  

 

Figure 6.9: The rGO/RuO2/PVA-H2SO4/WO3 devices used to illuminate a panel of 

201 red LEDs. 

6.4 Conclusions: 

In summary, rGO/RuO2//WO3 FSS-ASC device was assembled using anode 

and cathode electrodes such as RuO2 and WO3 with PVA-H2SO4 gel electrolyte. In 

the same way, rGO/RuO2/PVA-H2SO4/WO3 FSS-ASC device was also assembled. 

The rGO/RuO2/PVA-H2SO4/WO3 FSS-ASC (SILAR) device showed Cs of 116 and 

88 F g-l at a scan rate of 5 mV s-1 and a current density of 5 mA with excellent 88% 

capacity retention and columbic efficiency of 92% over 5,000 cycles with SE of 23 Wh 

kg−1 at SP of 625 W kg−1. The rGO/RuO2/PVA-H2SO4/WO3 (CBD) device observed 

Cs of 53 and 49 F g-1 at scan rate of 5 mV s-1 and a current density of 3 mA with 

excellent 82% capacity retention over 5,000 cycles with SE of 15 Wh kg−1 at SP of  

562 W kg−1. The ion transport and charge storage ability in SILAR deposited devices 

was improved due to their larger active surface area and enhanced interfacial contact 

with electrolyte. These results highlight the superior electrochemical performance of 

the rGO/RuO2/PVA-H2SO4/WO3 (SILAR) device, which offers higher capacitance, 

energy density, and overall efficiency compared to rGO/RuO2/PVA-H2SO4/WO3 

(CBD) device. 
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Summary and conclusions 

In recent years, batteries, capacitors, and supercapacitors are among the 

electrical energy storage devices that are more accessible. The supercapacitor can 

hold charge quickly and have a better SP than batteries. The supercapacitors are 

widely used in portable and wearable electronics, including medical and defence-

related application. The batteries are not appropriate for use in portable electronic 

devices due to their short lifespan, minimal power, and safety concerns. In contrast, 

supercapacitors provide improved SE, environmental storage of energy, greater SP, and 

electrochemical cycle stability. As a result, supercapacitor technology is developing 

quickly to replace batteries and capacitors. These days, supercapacitors are utilized in 

many different applications, including flash cameras, hybrid electric cars, 

telecommunications, and power backup supplies, etc.  In hybrid electric cars, more 

power is needed to get started. 

Hybrid electric vehicles rely on supercapacitors for their high starting power 

and energy. The supercapacitors have limits with aqueous electrolytes, such as 

smaller reduction potential of metal cations and increased resistance to metal oxides. 

The novel energy storage supercapacitor device, the flexible solid-state ASC device, 

attracts attention because of its extended cycle life, high SP, safety, and friendliness to 

the environment. Further research into electrode materials is needed to improve the 

performance of supercapacitors and address their limitations. The optimal active 

electrode materials combined with a supportable electrolyte effectively increases the 

flexible solid-state supercapacitor device power and energy capabilities quickly. 

According to earlier studies, materials including CPs, metal oxides, and carbon-based 

materials improve the electrochemical properties of supercapacitor devices. Transition 

metal oxide have unique and important properties, such as high electrical conductivity 

like metals and the capability to transition between redox states. Thus, the fabrication 

of inexpensive and highly effective electrode materials of metal oxide is necessary. 

The present work describes, synthesis of ruthenium oxide (RuO2) thin films 

using an easy, inexpensive, and binder-free chemical method. The electrochemical 

properties of RuO2 thin films were effectively increased by optimizing the number of 

preparative parameters to provide a highly porous structure with greater specific 

surface area. Compared to rGO and RuO2 thin films, the composite thin films 

exhibited superior supercapacitor performance. As a result, for developing the flexible 
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solid-state ASC device, composite thin films with superior electrochemical properties 

served as positive electrode. Additionally, a broad potential window negative 

electrode composed of WO3 was used.  

Chapter-I provides an overview and literature review of several rGO/ RuO2 

composite electrode materials for supercapacitor application. It presents details on the 

methods used to extract energy from various energy sources. The significance of 

energy storage from renewable sources is highlighted. This article describes the basics 

of energy storage devices, including capacitors, batteries, and supercapacitors. There 

are descriptions of the advantages of supercapacitors over batteries and capacitors in 

terms of power and energy densities. The importance of thin films and nanostructures 

in materials is briefly described. 

The section provides a detailed explanation of the supercapacitor mechanism. 

This covers the essential requirements of supercapacitors, including the active 

electrode material. RuO2 play a significant role in supercapacitor application is 

described including contributions from non-faradaic and faradaic processes. Also, the 

literature review on rGO composite RuO2 electrodes for supercapacitors and their 

properties are included and finally, the orientation and purpose of the thesis are 

described. 

Chapter-II covers the introduction to thin films, a brief taxonomy of film 

deposition methods, the theoretical basis of SILAR and CBD methods, and their 

preparative parameters. Furthermore, many characterization techniques are used in the 

structural and surface textural analyses of thin films. Several characterisation 

techniques, including XRD, Raman spectroscopy, XPS, FE-SEM, EDAX, TEM, and 

contact angle measurement were utilized to assess the structural, morphological, and 

elemental compositional characteristics. Last section of this chapter focuses on 

supercapacitor. It covers supercapacitor device types such as symmetric, asymmetric, 

and hybrid capacitors. There includes a detailed explanation of the supercapacitive 

characteristics, such as cyclic voltammetry, galvanostatic charge-discharge and 

electrochemical impedance analysis.  

In Chapter-III, amorphous RuO2 thin films of different thicknesses were 

successfully synthesized using SILAR method. The variation in thickness was 

achieved by controlling the number of SILAR cycles (R1-150, R2-200, R3-250, R4-

300) which directly influenced the morphology, mass loading, and electrochemical 

performance of the films. The morphology analysis confirmed that the RuO2 thin 



Chapter VII 

 

  143 

films exhibited a porous structure, an important factor for enhancing electrochemical 

properties. The thickness of the RuO2 films played a critical role in determining their 

capacitive behavior. However, excessively thick films (more SILAR cycles) led to a 

decrease in electrochemical performance due to increased diffusion resistance, which 

hindered ion transport during redox reactions. Hence, an intermediate thickness, as 

observed in the R3 electrode, was optimal for achieving high capacitance. The 

electrochemical properties of RuO2 electrodes were evaluated in a 1 M H2SO4 

electrolyte. The R3 electrode, with an optimum thickness corresponding to a mass 

deposition of 1.56 mg cm-2, achieved a maximum specific capacitance of 1146 F g-1 at 

a scan rate of 5 mV s-1. This superior performance was attributed to the balance 

between sufficient active material and minimized diffusion limitations, which allowed 

for efficient charge storage through surface redox reactions. After 5000 cyclic 

voltammetry (CV) cycles, the R3 electrode retained 87% of its initial capacitance, 

demonstrating excellent cycling stability. This stability is crucial for practical 

supercapacitor applications, as it indicates sustained performance over prolonged 

usage. The enhanced durability can be attributed to the optimized thickness, which 

provided mechanical integrity and reduced stress accumulation during repeated 

cycling. 

Furthermore, electrochemical impedance spectroscopy (EIS) measurements 

revealed that the porous structure of the R3 electrode, combined with its optimal 

thickness, resulted in a low Solution resistance (Rs), and Charge transfer resistance 

(Rct). This low Rs and Rct facilitated rapid ion diffusion and efficient electron transfer 

at the electrode-electrolyte interface, promoting fast surface redox reactions. In 

comparison to thinner or thicker electrodes, the R3 electrode's structure allowed for 

easier ion access, contributing to its superior electrochemical performance. 

In Chapter-IV, RuO2 and rGO/RuO2 composite thin films were successfully 

deposited on flexible stainless steel (SS) substrates using the simple and cost-effective 

SILAR method. Additionally, the modified Hummer’s method for rGO synthesis is 

discussed. The incorporation of rGO into the RuO2 matrix significantly enhanced the 

electrochemical performance of the composite films. Morphological analysis revealed 

the successful anchoring of RuO2 nanoparticles onto the conductive rGO sheets, 

which provided a synergistic effect for improved charge storage. The rGO/RuO2 

composite thin film, which was amorphous in nature, exhibited superior 

supercapacitive behavior compared to pure RuO2 films. The addition of rGO 
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improved the overall electrical conductivity of the composite, as rGO provides a 

highly conductive matrix that facilitates faster electron transport. This enhanced 

conductivity is critical for minimizing internal resistance and ensuring efficient charge 

transfer during electrochemical reactions. Additionally, the 2D structure of rGO offers 

a large surface area, which enables better dispersion of RuO2 nanoparticles and 

provides more active sites for electrochemical reactions. 

As a result, the rGO/RuO2 composite electrode achieved a high specific capacitance 

(Cs) of 1371 F g⁻¹ at a scan rate of 5 mV s⁻¹ in the potential window of 0 to +1.0 V 

versus the standard calomel electrode (SCE). The higher capacitance of the rGO/RuO2 

composite can be attributed to the dual contribution of pseudocapacitance from RuO2 

and the electric double-layer capacitance from the rGO sheets. The combination of 

these two mechanisms resulted in enhanced energy storage capabilities. The 

rGO/RuO2 composite electrode demonstrates superior cyclic stability, with a retention 

of 90% after 5,000 GCD cycles.  

In Chapter-V, the effect of temperature on the physico-chemical 

characteristics and electrochemical properties of RuO2 thin films is studied. Chapter V 

covers the synthesis and characterisation of RuO2 thin films using CBD method for 

evaluating electrochemical performance. The deposition RuO2 films optimized at R1-

333K, R2-343K and R3-353 K temperatures. At R2-343 K, RuO2 film achieved a 

maximum thickness (1.34 mg cm-2). This chapter also covers the synthesis of rGO 

with optimized with RuO2 (R2-343 K) electrode using CBD method. The effect of 

rGO concentration on the electrochemical performance of rGO/R2 thin films was 

examined. The XRD, FTIR, and RAMAN study revealed formation of R1, R2, R3, 

and rGO/R2 thin films, respectively. The FE-SEM study shows the Millets-like 

surface morphology of R2 and composite film shows RuO2 micro spherical anchoring 

on rGO sheets. The R2 electrode synthesized at 343 K showed a maximum Cs of 996 

F g−1 at a scan rate of 5 mV s−1, and 83% capacitive retention after 5000 cycles. The 

introduction of rGO nanosheet into R2 material efficiently enhances surface area of 

composite thin films. Due to this, rGO/R2 composite electrode showed a highest Cs of 

1152 F g−1 at a scan rate of 5 mV s−1 in 1 M H2SO4 electrolyte and 84% capacitive 

retention after 5000 CV cycles. The Rs and Rct values for R2 thin film were 1.3 and 

150 Ω cm−2, whereas rGO/R2 thin film were 0.6 and 72 Ω cm−2, respectively. 

Therefore, by combining rGO and R2 in an appropriate ratio, it is possible to modify 
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the structural and morphological characteristics and enhance Cs. This chapter 

emphasizes the beneficial properties of rGO/RuO2 thin film over RuO2 and rGO thin 

films. 

Chapter-VI, discusses the fabrication and electrochemical performance of 

flexible solid-state asymmetric supercapacitor (FSS-ASC) devices with the 

configuration rGO/RuO2//WO3, where reduced graphene oxide/ruthenium oxide 

(rGO/RuO2) serves as the positive electrode (cathode) and tungsten trioxide (WO3) as 

the negative electrode (anode). The WO3 electrode was synthesized using the CBD 

method. Both devices utilize an ironically conducting PVA-H2SO4 gel as the 

electrolyte as well as a separator. For the first FSS-ASC device fabricated by SILAR 

method, rGO/RuO2 and WO3 thin films with an area of 5 × 5 cm-2 were used as the 

electrodes. The rGO/RuO2 was employed as the positive electrode, while WO3 was 

used as the negative electrode. In the second FSS-ASC device, both the rGO/RuO2 

and WO3 electrodes were fabricated using the CBD method, with the same 

configuration (rGO/RuO2//WO3) and PVA-H2SO4 gel as the electrolyte. The 

fabrication of FSS-ASC device by SILAR method with the configuration 

rGO/RuO2//WO3. This device exhibited excellent Cs of 114 F g-1. The superior 

performance of the FSS-ASC device can be attributed to the balanced combination of 

high energy and power densities. The device obtained a specific energy of 23 Wh kg-1 

and a specific power of 613 W kg-1, indicating its potential for high-performance 

energy storage applications. Moreover, the FSS-ASC device demonstrated excellent 

cycling stability, retaining 88% of its initial capacitance after 5000 GCD cycles. This 

retention reflects the structural stability of rGO/RuO2 composite during repeated 

cycling. The incorporation of rGO not only improves the conductivity and capacitance 

but also enhances the mechanical robustness of the electrode material, preventing 

degradation during long-term operation.  

In the second FSS-ASC device with the configuration of rGO/RuO2//WO3, the 

Cs achieved was 49 F g-1. The impressive performance of this device is attributed to 

the balanced combination of high energy and power densities. Specifically, the device 

exhibited a specific energy of 15 Wh kg-1 and a specific power of 562 W kg-1, 

demonstrating its potential for high-performance energy storage applications. 

Furthermore, the FSS-ASC device displayed excellent cycling stability, retaining 82% 

of its initial capacitance after 5000 GCD cycles, which highlights the structural 

integrity and durability of the rGO/RuO2 composite during extended cycling. When 
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compared to devices fabricated using the CBD method, the SILAR method-based 

devices, such as the one described here, showed superior performance. The SILAR 

method enabled more controlled deposition of rGO/RuO2, resulting in better adhesion 

to the substrate, improved uniformity, and enhanced porosity. These factors 

contributed to faster ion transport and greater utilization of active materials, leading to 

higher specific capacitance, improved energy and power densities, and greater cycling 

stability than CBD based devices. The results clearly demonstrate that the SILAR 

method offers a more efficient and reliable approach for fabricating high-performance 

supercapacitor devices. 

In Chapter-VII, includes the conclusions from the above chapters. Table 7.1 

highlights the electrochemical properties of RuO2, rGO/RuO2 composite thin films. 

This table includes the methods of material preparation, electrolytes, Cs, Rs, Rct, and 

cycle stability of electrodes. Table 7.2 illustrates the electrochemical characteristics 

of both methods rGO/RuO2//WO3 FSS-ASC devices. 

Table 7.1: The electrochemical parameters of RuO2 and rGO/RuO2 thin film 

electrodes deposited by SILAR and CBD methods in a three-electrode system. 

 

 

Material Method Electrolyte 
Cs 

(F g–1) 

Rs 

(Ω cm–2) 

Rct 

(Ω cm–2) 

Stability (%) 

@ cycles 

R1 

SILAR 
1M 

H2SO4 

253 2.2 75 - 

R2 845 1.5 38 - 

R3 1146 0.9 6.7 87@5,000 

R4 1049 1.2 32 - 

rGO 
SILAR 

1M 

H2SO4 

98 1.2 4.5 97@5,000 

rGO/RuO2 1371 0.4 3.49 90@5,000 

R1 

CBD 
1M 

H2SO4 

489 2.6 280 - 

R2 996 1.3 150 84@5,000 

R3 771 2.8 310 - 

rGO/R2 1152 0.6 72 89@5,000 

WO3 CBD 
1M 

H2SO4 
634 0.7 53 - 
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Table 7.2: The electrochemical parameters of flexible solid-state FSS-ASC devices 

evaluated using two electrode system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Configuration 

of 

FSS-ASC 

device 

Cs 

(F g–1) 

SE (Wh kg‒1) 

at SP (W kg‒1) 

Rs Rct Stability 

(%) 

@ cycles 

Flexibility 

(%) 

@160° 

rGO/RuO2/PVA

-H2SO4/WO3 
114 23 at 613 0.22 5.2 88@5,000 93@160° 

rGO/RuO2/PVA

-H2SO4/WO3 
53 15 at 562 0.43 310 82@5,000 - 
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8.1 Recommendations: 

The present study explored the preparation of thin films of transition metal 

oxides using both the Successive Ionic Layer Adsorption and Reaction (SILAR) and 

Chemical Bath Deposition (CBD) methods. These techniques enabled the 

development of thin films with increased surface area and porous morphology, which 

are crucial for enhancing charge storage capacity in supercapacitor applications. 

Specifically, ruthenium oxide were combined with reduced graphene oxide (rGO) to 

form composite electrodes through both SILAR and CBD approaches. The goal of 

this composite fabrication was to improve the overall stability and electrochemical 

performance of the materials, resulting in higher specific capacitance compared to 

pristine materials. The incorporation of rGO into the composite electrodes played a 

key role in enhancing their electrical conductivity and providing additional active 

sites for electrochemical reactions. This addition not only increased the charge storage 

capacity but also improved the cycling stability of the electrodes, making them more 

suitable for long-term energy storage applications. Among the techniques used, RuO2 

thin films prepared by the SILAR method exhibited the best electrochemical 

performance.  

The SILAR method allowed for more precise control over the film thickness 

and morphology, resulting in improved adhesion to the substrate, higher surface area, 

and enhanced porosity. These factors contributed to better ion transport and utilization 

of active material, leading to superior specific capacitance and cycling stability when 

compared to RuO2 films prepared by the CBD method. To optimize performance, it 

was found that the ideal concentration of rGO in the composite electrode is 1.0 mg 

mL-1. This optimized concentration provides the right balance between electrical 

conductivity and active surface area, ensuring maximum capacitance without 

compromising the structural integrity of the composite. 

8.2 Future Directions: 

In the current study, ruthenium oxide (RuO2) thin films and their composites 

with highly conductive reduced graphene oxide (rGO) were successfully synthesized 

using both SILAR and CBD methods. These materials were systematically developed 
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for supercapacitor applications through controlled experimental approaches. The 

incorporation of rGO into the RuO2 matrix was shown to significantly improve the 

electrical conductivity, specific surface area, and overall electrochemical performance 

of the electrodes. This, in turn, enhanced both the electrochemical energy storage 

capabilities and gas sensing properties of the composite materials. For future research, 

it is proposed to continue the development of RuO2 and rGO/RuO2 composite 

electrodes for application of gas sensors. In particular, a deeper investigation into the 

physical and chemical properties of these materials is needed. Advanced 

characterization techniques, such as X-ray diffraction (XRD), field emission scanning 

electron microscopy (FESEM), transmission electron microscopy (TEM), and X-ray 

photoelectron spectroscopy (XPS), should be employed to gain insights into the 

structure, morphology, and chemical composition of the electrodes. These analyses 

will help elucidate the mechanisms of energy storage, particularly in metal oxide 

based compounds, which have potential for enhanced performance in energy storage 

applications.  

Moreover, to better understand the charge storage processes in both symmetric 

and asymmetric supercapacitor devices, future studies should incorporate in situ 

characterization techniques. Techniques such as Brunauer-Emmett-Teller (BET) 

surface area analysis and high-resolution transmission electron microscopy (HR-

TEM) could provide real-time insights into the changes occurring within the material 

during energy storage and discharge cycles. This would also allow for a more 

thorough examination of the sensitivity, response time, and recovery time of the 

pristine and composite materials used in gas sensors. In addition, there is a promising 

avenue for further improving the electrochemical performance of RuO2 thin films by 

exploring alternative carbon allotropes. While rGO has demonstrated considerable 

benefits, other materials such as fullerenes, carbon nanotubes (CNTs), multi-walled 

carbon nanotubes (MWCNTs), carbon aerogels, and carbon foams could offer even 

greater improvements in conductivity, surface area, and structural integrity. These 

materials, when combined with RuO2, have the potential to further enhance the energy 

storage and sensing capabilities of the resulting composite electrodes. 

The current research opens up a wide range of possibilities for the 

development of high-performance supercapacitors. By systematically studying the 

effects of different carbon-based materials and optimizing their interaction with RuO2, 

it may be possible to create next-generation materials with exceptional 
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electrochemical properties. This could lead to more efficient energy storage devices 

and highly sensitive, fast-response gas sensors suitable for industrial and 

environmental applications. 
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Advancements in graphene and its derivatives based composite Materials: A
comprehensive review on Synthesis, Characterization, and supercapacitive
charge storage
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A B S T R A C T

Composite materials incorporating graphene have emerged as promising candidates for enhancing both energy
and power density in supercapacitors, owing to graphene’s exceptional electrical, mechanical, and chemical
properties. These graphene properties enable the maintenance of cyclability without compromising performance.
Over the last two decades, research on graphene and its derivatives has shifted from synthesis and applications to
exploring their compositional blends with various materials for broader applications. Graphene and its de-
rivatives like graphene oxide and reduced graphene oxide primarily consist of carbon, interconnected through σ
bonds, responsible for impressive conductivity. This review presents a comprehensive overview of recent ad-
vancements in two dimensional (2D) graphene and its derivatives’ composites with pseudocapacitive materials
like transition metal compounds (hydroxides, oxides, chalcogenides, metalorganic frameworks, and MXenes),
conducting polymers, metal nanoparticles, and other organic materials for supercapacitor applications. We
highlight the evolution of synthesis and characterization methods for composite electrode materials, emphasizing
their relevance to practical applications. Key compositions and the underlying charge storage mechanisms are
also discussed. Finally, we explore the opportunities and challenges in using graphene and its derivatives’
composites for practical energy storage in supercapacitors.

Abbreviations: ACNRs, Activated polyaniline-derived hollow carbon nanorods; AgNPs, Ag nanoparticles; ASC, Asymmetric supercapacitors; ALD, Atomic layer
deposition; BPMW, Bi-pyrene-terminated molecular wires; BN, Boron nitride; CBD, Chemical bath deposition; CC, Carbon cloth; CWCC, Carbonized wood cell
chamber; CVD, Chemical vapor deposition; Co3O4, Cobalt oxide; CV, Cyclic voltammetry; DHAQ, Dihydroxyanthraquinone; EDL, Electric double-layer; EDLC,
Electrochemical double-layer capacitor; EES, Electrochemical energy storage; EIS, Electrochemical impedance spectroscopy; FTIR, Fourier transform infrared; Au,
Gold; G/AC, Graphene/activated carbon; G/SC, Graphene/soft carbon; GA, Graphene aerogel; GCD, Galvanostatic charge discharge; GO-CMC, Graphene-carboxy
methylcellulose; GO, Graphene oxide; GQD, Graphene quantum dots; hrGO, Holy reduced graphene oxide; HSC, Hybrid supercapacitor; IrO2, Iridium oxide; FeCoS2,
Iron cobalt sulphide; LDH, Layered double hydroxide; LICs, Li-ion capacitor; LIMCs, Li-ion micro capacitors; MnO2, Manganese oxide; MVO, Manganese vanadate;
MOFs, Metal-organic frameworks; CH4, Methane; MSCs, Micro-supercapacitors; MoS2, Molybdenum disulphide; MoSe2, Molybdenum diselenide; MWCNT, Multi-
walled carbon nanotubes; NiO/NLIG, N-doped laser-induced graphene; NiCo-P, Nickel cobalt phosphate; NiV-LDH, Nickel–vanadium LDH; NSC, Nitrogen and sulfur
in carbon mircosheets; OCC, Oxidized carbon cloth; PANI, Polyaniline; PEDOT, Poly 3,4-ethylenedioxythiophene; PI, Polyimide; PPy, Polypyrrole; PTh, Poly-
thiophene; PGF, Porous graphene skeleton; rGO, Reduced graphene oxide; RuO2, Ruthenium oxide; SEM, Scanning electron microscopy; SiC, Silicon carbide; SILAR,
Successive ionic layer adsorption and reaction; S-rGO, Sulfur doped graphene; SSC, Symmetric supercapacitors; TGA, Thermogravimetric analysis; 3D, Three-
dimensional; TEM, Transmission electron microscopy; TMCs, Transition metal chalcogenides; 2D, Two-dimensional; UCNG, Ultrafine Co3O4 nanoparticles/gra-
phene; XRD, X-ray diffraction; XPS, X-ray photoelectron spectroscopy; ZIFs, Zeolitic imidazolate frameworks.
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Sequential growth controlled copper vanadate nanopebbles embedded thin 
films: Electrode to asymmetric supercapacitive device assembly☆
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A R T I C L E  I N F O
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A B S T R A C T

Supercapacitor performance critically relies on the design of electrodes with both superior electrochemical and 
mechanical properties. In this study, we present a cost-effective and scalable approach for the synthesis of copper 
vanadate (Cu3V2O8) nanopebbles integrated into a thin film, tailored for supercapacitor applications. The syn
thesis was accomplished using the successive ionic layer adsorption and reaction (SILAR) method, which enabled 
precise control over the deposition of Cu3V2O8 on a stainless steel (SS) substrate. Detailed structural, morpho
logical, and elemental characterizations confirm the successful formation and reveal critical insights into the 
chemical bonding and oxidation state at material. The supercapacitive performance of Cu3V2O8 electrode has 
been evaluated in an aqueous NaClO4 electrolyte to assess pseudocapacitive behavior. The Cu3V2O8 electrode 
exhibited a specific capacitance of 443 F g− 1 at 5 mV s− 1 scan rate. Additionally, liquid configured an asymmetric 
device was designed using Multiwalled carbon nanotubes (MWCNT) combined with Cu3V2O8, yielding a specific 
capacitance of 116 F g− 1 at 5 mV s− 1 with an energy density of 8.43 Wh kg− 1 and a power density of 345.4 W 
kg− 1, while maintaining capacitance retention of 76 % even after 4000 cycles as stability test. This work 
highlights the potential of Cu3V2O8 based materials for excellent performance of new avenues for energy storage.

1. Introduction

Worldwide energy sources are running out quite rapidly, and the 
ecosystem of the planet is seriously degrading. Recent survey data in
dicates that worldwide consumption of energy from renewable sources 
continues to trend upward [1,2]. The growing focus on energy from 
renewable sources, such as solar, wind, and tide-generated electricity, is 
a result of both the growing requirement for energy and the deliberate 
efforts to lessen the environmental damage caused by the consumption 
of conventional fossil fuels [3,4]. Recent years witnessed an enormous 
rise in interest in the issue of energy and environmental degradation, 
which led to the development of new, highly efficient energy conversion 
and storage technologies [5,6]. Supercapacitors (SCs) are one type of 
electrochemical energy storage device that has attracted a lot of atten
tion due to its remarkable features, which include high power density 
(PD), fast charging and discharging times, and long operational life 

[7–10]. The utilization of SCs is on the rise, driven by advancements in 
nanoscale materials and technologies. The primary advantage of SCs 
over ordinary capacitors is their enhanced energy density (ED) [11,12]. 
While standard capacitors store energy through the electrostatic field 
between two conductive plates SCs use a different mechanism, often 
involving electrochemical double-layer capacitance (EDLC) and pseu
docapacitor [13–15]. Energy storage mechanisms in EDLCs stem from 
the separation of electronic and ionic charge processes at the interfaces 
between the electrolyte and electrode [16]. Carbon nanotubes, activated 
carbon, graphene, carbon aerogel, and diamond, exhibit EDLC-type 
behavior whereas metal sulfides/oxides and conducting polymers pri
marily accumulate charge through a rapid, reversible redox course, 
leading to pseudocapacitance [17,18].

Transitional metal oxides (MO), including cobalt oxide (CoO), zinc 
oxide (ZnO), nickel oxide (Ni2O3), copper oxide (CuO), and manganese 
oxide (MnO2), are promising candidates for SC application due to its 

☆ In this article for first time, we report Cu3V2O8 for supercapacitive study by SILAR method at various deposition cycles.
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Performance of chemically synthesized polyaniline film based asymmetric 
supercapacitor: Effect of reaction bath temperature 
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A B S T R A C T   

Polyaniline (PANI) electrodes were prepared using chemical bath deposition method at various reaction bath 
temperatures ranging from 263 to 323 K. The specific surface area and wettability of films are significantly 
impacted by the polymerization temperature, which influences the electrochemical performance of electrodes. 
The electrode synthesized at 303 K showed a maximum specific surface area of 25 m2 g− 1, specific capacitance 
(Cs) of 816F g− 1 (0.11F cm− 2) at a scan rate of 0.005 V s− 1, and 89% capacitive retention after 1,000 cyclic 
voltammetry (CV) cycles. An aqueous asymmetric supercapacitor device was fabricated using PANI as a cathode 
and tungsten oxide (WO3) as an anode in 1 M H2SO4 electrolyte. The fabricated PANI/H2SO4/WO3 device 
achieved a maximum Cs of 43 F g− 1 with an energy density of 12 Wh kg− 1 at a power density of 0.88 kW kg− 1 

and 72 % capacitive retention after 10,000 CV cycles.   

1. Introduction: 

In response to the fast growth of the global economy, the depletion of 
fossil fuels, and the degradation of ecosystems, there is a critical need to 
improve extremely effective, inexhaustible, and environment friendly 
methods for the conversion and storage of energy. This has animated 
advances in converting renewable energy through greenways and in
novations related to electrochemical energy storage, i.e., super
capacitors and batteries [1,2]. Because of their inherent electrochemical 
properties, such as fast charge–discharge, long cycle stability, greater 
energy density compared to capacitors, and larger power density than 
ordinary batteries, supercapacitors have been explored as key enabler 
for the next generation energy storage device. Supercapacitor materials 
are split into three groups based on charge storage mechanisms: electric 
double-layer capacitors (EDLC), pseudocapacitors, and battery-type 
supercapacitors [3]. 

In EDLC capacitors, charge storage is caused by an electrostatic 
process at the electrode/electrolyte interface. EDLC materials are 
carbon-based, such as carbon nanotubes (CNT), activated carbon, and 
carbon aerogel, etc. [4-6]. The pseudocapacitor charge-storage system 
essentially depends on exchanging charge through the electrolyte and 
electrode surface redox reactions. Pseudocapacitor materials include 
transition metal chalcogenides and conducting polymers such as 

polyaniline (PANI) [7], polypyrrole (Ppy), and polythiophene (PT) 
[8,9]. The charge storage mechanism is based on strongly electro
chemical redox reactions in battery-type materials, like Ni-based mate
rials. Conducting polymers have unique and important properties, such 
as high electrical conductivity like metals and the capability to transi
tion between redox states. PANI is an excellent material among con
ducting polymers and has been studied recently due to its easy synthesis 
process, low price, and interesting redox properties applicable in 
supercapacitor devices [10]. 

A convenient method for significant deposition on many substrates is 
the chemical bath deposition (CBD) method. It is quite an easy and 
cheap method compared to other methods. The development of nucle
ation is essential for the formation of precipitates. The result of nucle
ation in solution is that the molecular clusters produced quickly 
decompose, and particles combine to grow the film to a particular 
thickness. The controlled precipitation of the desired compound from a 
solution of its constituents is the fundamental principle of the CBD 
method [11,12]. 

The reaction temperature is more important in thin film preparation 
since it impacts the rate of reaction, morphology, thickness, surface 
wettability, and pore size, which determine the ions transport kinetics 
[13]. However, a complete understanding of its impact on electrode 
electrochemical activity is still lacking. The specific surface area of the 
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A B S T R A C T

Composite materials have gained significant interest for energy storage applications due to their possible syn-
ergistic effects. This work describes the synthesis of reduced graphene oxide (rGO)/polyaniline (PANI) composite
thin films using chemical bath deposition (CBD) method. A field-emission scanning electron microscope revealed
that PANI spikes coated on rGO sheets in rGO/PANI composite. The electrochemical studies of a rGO/PANI
composite electrode showed a specific capacitance (Cs) of 1130F/g Cs at a scan rate of 5 mV/s in 1 M H2SO4
electrolyte. The combined effect of rGO with PANI, a aqueous asymmetric supercapacitor device (ASC) with
configuration of rGO/PANI/H2SO4/WO3 produced 97F/g Cs at a 5 mV/s scan rate and retained 82 % capacitance
after 5,000 galvanostatic charge–discharge cycles. The ASC achieved a high specific energy of 23 Wh kg− 1 at a
specific power of 732 W kg− 1. The electrochemical properties of rGO/PANI composite indicate a feasible method
for creating asymmetric supercapacitors.

1. Introduction

Excessive use of non-renewable energy has raised global worries
about energy consumption and ecological balance. Thus, there is a
tremendous interest in the extraction and use of renewable but erratic
energy sources like wind, tidal, and solar energy [1]. To accomplish this
goal, significant progress needs to be achieved in the creation of energy
storage and conversion technologies that are highly efficient, environ-
mentally friendly, and affordable [2]. In term of new energy storage
technologies, supercapacitors are often used in mobile phones, electric
cars and laptops because of their quick charging, extended lifespans,
high specific capacitance, and safety [3–5]. Supercapacitors (SCs) may
be categorised into three groups based on the materials used for their
electrodes: electrical double layer capacitors (EDLCs), pseudocapacitors,
and hybrid supercapacitors. The value of specific capacitance for pseu-
docapacitor materials, resulting from the faraday charge storage pro-
cess, is several times greater than that of an EDLCs [6,7].
Pseudocapacitor materials involves conductive polymers and transition
metal oxides. Conducive polymers are considered as one of the best
materials for flexible supercapacitor electrodes due to its remarkable
benefits of excellent redox activity, electrical conductivity, and flexible
mechanical properties [8]. Among the several conductive polymers,
including polyaniline (PANI), polythiophene (PTh), polycarbazole and

their derivatives, PANI is widely recognized as one of the most
economically valuable materials due to its benefits including simple
production, simple doping and dedoping, high electrical conductivity,
and strong environmental stability [9]. Although PANI molecular chain
undergoes repetitive contraction and expansion throughout the
charging and discharging process, which damages its conjugated struc-
ture and results in the electrode materials weak cyclic stability [10].

In EDLCs, charges are accumulated at the electrode–electrolyte
contact and there is no charge transfer between them. Since no chemical
reactions involved in the charge storage process, it provides high
reversibility with improved cycle stability of SCs. [11]. Due to this,
graphene, a two-dimensional material is essential in EDLC as an elec-
trode material. Theoretically, graphene shows a large specific surface
area (2630m2/g), superior chemical stability, a relatively wide potential
range, and rapid electron mobility [12]. The stacking of π-π bond be-
tween graphene sheets causes agglomeration in graphene, which
changes its functionality and decrease the specific capacitance. Due to
these inherent limitations, there is a relatively low energy density [13].
As a consequence, the drawbacks of PANI and graphene can be solved by
combining them to create composite material for SCs. By adding reduced
graphene oxide (rGO) sheets in PANI matrix to improve their surface
area, electrochemical processes, diffusion route, and increasing energy
and power density. The non-covalent bonding of rGO sheets and PANI
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A B S T R A C T   

Developing and fabricating effective, affordable electrode materials for supercapacitors is still a challenge. 
Electrical conductivity, a large surface area, dynamic faster electron transport, and other customizable qualities 
are present in metal oxide materials while being inexpensive to manufacture. In this work, successive ionic layer 
adsorption and reaction (SILAR) method was employed for deposition of amorphous ruthenium oxide (RuO2) 
thin films of different thicknesses on a stainless steel substrate. At 1.56 mg cm− 2 thickness amorphous RuO2 
achieved a maximum specific capacitance (Cs) of 1146 F g− 1 at a scan rate of 5 mV s− 1 with 87% capacitance 
retention up to 5000 cycles. These findings bolster the idea of cost effective deposition of amorphous RuO2 
material for supercapacitor applications.   

1. Introduction 

Enhancing the capacity of energy storage systems has certainly been 
the subject of significant study worldwide because of growing need for 
large-capacity power storage for use in hybrid electric cars, armed forces 
gears, lightweight and versatile digital devices, and designate biomed
ical gear [1–4]. However, the more accomplished energy that is sus
tainable is not suitable to meet the energy storage demands. Hence, this 
energy storage transformation is important for research as well as in
dustries. Supercapacitor (SC) signifies a rising energy storage system 
category that has drawn interest because it offers a greater energy 
density than conventional capacitors. The SCs possess a higher capacity 
for rapid charging and discharging and longer cycle life than recharge
able batteries [5]. The electrode material is crucial in the design of SC. It 
is effectively tuneable for the crucial electrochemical performances of 
the SC. The taxonomy of SCs is classified in three kinds, such as electric 
double layer capacitor (EDLC), pseudocapacitor, and hybrid capacitor, 
based on their charge storage techniques. In EDLCs, energy storage 
mechanisms arise from electronic and ionic charge processes that are 
separated at the interfaces between electrode and electrolyte. The 
EDLC-type behaviour has been shown by carbon-based materials, like 
activated carbon, carbon nanotubes, graphene, diamond, carbon aero
gel, etc. [6]. On the other hand, metal oxides/sulfides and conducting 
polymers store charge mostly by a quick, reversible redox process that 

results in pseudocapacitance [7–9]. Here, electron transport takes place 
chemically, producing the excess pseudocapacitance at a certain po
tential. Here, charge storage is carried out by bulk of material, 
enhancing the specific energy density and device capacitance [10]. Both 
methods of charge storage reveal both beneficial and undesirable elec
trochemical qualities. The efficiency of a single-charge storage method is 
insufficient to compete with batteries. In this sense, the deployment of a 
performance-oriented energy storage system requires the development 
of a hybrid strategy. Both types of charge storage methods are included 
in the hybrid strategy. The capacitive method increases device stability 
and electronic conductivity by having a large surface area and an effi
cient charge transportation path [11]. 

Ruthenium oxide (RuO2), one of the most popular metal oxide has 
been extensively researched due to its enormous surface area, excellent 
reversibility, and relatively high capacitance [12]. Recently, it has also 
been revealed that RuO2 has excellent electrocatalytic activity in a wide 
range of electrochemical processes [13]. The stable RuO2 mainly adopts 
the “rutile structure” of RuO2, even though it is observed in other var
iations with respect to liquid hydrate. Its molecular orbital theory 
effectively explained the thermodynamic stability and large isotropic 
charge transportation characteristics of RuO2. Additionally, RuO2 has a 
long cycle life with tunable-metallic conductivity, multiple oxidation 
states, and durable stability across a broad potential range. In fact, these 
characteristics have greatly aided SC research. However, a few 

* Corresponding author. 
E-mail address: l_chandrakant@yahoo.com (C.D. Lokhande).  

Contents lists available at ScienceDirect 

Journal of Physics and Chemistry of Solids 

journal homepage: www.elsevier.com/locate/jpcs 

https://doi.org/10.1016/j.jpcs.2023.111386 
Received 15 February 2023; Received in revised form 6 April 2023; Accepted 17 April 2023   

mailto:l_chandrakant@yahoo.com
www.sciencedirect.com/science/journal/00223697
https://www.elsevier.com/locate/jpcs
https://doi.org/10.1016/j.jpcs.2023.111386
https://doi.org/10.1016/j.jpcs.2023.111386
https://doi.org/10.1016/j.jpcs.2023.111386
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpcs.2023.111386&domain=pdf


Review

Advancements in graphene and its derivatives based composite Materials: A
comprehensive review on Synthesis, Characterization, and supercapacitive
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A B S T R A C T

Composite materials incorporating graphene have emerged as promising candidates for enhancing both energy
and power density in supercapacitors, owing to graphene’s exceptional electrical, mechanical, and chemical
properties. These graphene properties enable the maintenance of cyclability without compromising performance.
Over the last two decades, research on graphene and its derivatives has shifted from synthesis and applications to
exploring their compositional blends with various materials for broader applications. Graphene and its de-
rivatives like graphene oxide and reduced graphene oxide primarily consist of carbon, interconnected through σ
bonds, responsible for impressive conductivity. This review presents a comprehensive overview of recent ad-
vancements in two dimensional (2D) graphene and its derivatives’ composites with pseudocapacitive materials
like transition metal compounds (hydroxides, oxides, chalcogenides, metalorganic frameworks, and MXenes),
conducting polymers, metal nanoparticles, and other organic materials for supercapacitor applications. We
highlight the evolution of synthesis and characterization methods for composite electrode materials, emphasizing
their relevance to practical applications. Key compositions and the underlying charge storage mechanisms are
also discussed. Finally, we explore the opportunities and challenges in using graphene and its derivatives’
composites for practical energy storage in supercapacitors.

Abbreviations: ACNRs, Activated polyaniline-derived hollow carbon nanorods; AgNPs, Ag nanoparticles; ASC, Asymmetric supercapacitors; ALD, Atomic layer
deposition; BPMW, Bi-pyrene-terminated molecular wires; BN, Boron nitride; CBD, Chemical bath deposition; CC, Carbon cloth; CWCC, Carbonized wood cell
chamber; CVD, Chemical vapor deposition; Co3O4, Cobalt oxide; CV, Cyclic voltammetry; DHAQ, Dihydroxyanthraquinone; EDL, Electric double-layer; EDLC,
Electrochemical double-layer capacitor; EES, Electrochemical energy storage; EIS, Electrochemical impedance spectroscopy; FTIR, Fourier transform infrared; Au,
Gold; G/AC, Graphene/activated carbon; G/SC, Graphene/soft carbon; GA, Graphene aerogel; GCD, Galvanostatic charge discharge; GO-CMC, Graphene-carboxy
methylcellulose; GO, Graphene oxide; GQD, Graphene quantum dots; hrGO, Holy reduced graphene oxide; HSC, Hybrid supercapacitor; IrO2, Iridium oxide; FeCoS2,
Iron cobalt sulphide; LDH, Layered double hydroxide; LICs, Li-ion capacitor; LIMCs, Li-ion micro capacitors; MnO2, Manganese oxide; MVO, Manganese vanadate;
MOFs, Metal-organic frameworks; CH4, Methane; MSCs, Micro-supercapacitors; MoS2, Molybdenum disulphide; MoSe2, Molybdenum diselenide; MWCNT, Multi-
walled carbon nanotubes; NiO/NLIG, N-doped laser-induced graphene; NiCo-P, Nickel cobalt phosphate; NiV-LDH, Nickel–vanadium LDH; NSC, Nitrogen and sulfur
in carbon mircosheets; OCC, Oxidized carbon cloth; PANI, Polyaniline; PEDOT, Poly 3,4-ethylenedioxythiophene; PI, Polyimide; PPy, Polypyrrole; PTh, Poly-
thiophene; PGF, Porous graphene skeleton; rGO, Reduced graphene oxide; RuO2, Ruthenium oxide; SEM, Scanning electron microscopy; SiC, Silicon carbide; SILAR,
Successive ionic layer adsorption and reaction; S-rGO, Sulfur doped graphene; SSC, Symmetric supercapacitors; TGA, Thermogravimetric analysis; 3D, Three-
dimensional; TEM, Transmission electron microscopy; TMCs, Transition metal chalcogenides; 2D, Two-dimensional; UCNG, Ultrafine Co3O4 nanoparticles/gra-
phene; XRD, X-ray diffraction; XPS, X-ray photoelectron spectroscopy; ZIFs, Zeolitic imidazolate frameworks.
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