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hesis Title:  Design and development of homo/hetero junction-based 2D 

materials for supercapacitor application 

Name of the Candidate:  Alpana Sahu 

Registration Number:  206122101 

Thesis Supervisor:  Prof. Mohammad Qureshi  

Department:  Chemistry 

Institute: Indian Institute of Technology Guwahati, Assam – 781039, India. 

   

Thesis Overview 

Chapter 1: Introduction 

    A comprehensive overview of supercapacitors as vital components of electrochemical 

energy storage systems has been discussed here. It highlights the growing demand for 

sustainable and efficient storage solutions, emphasizing the critical role of supercapacitors. 

Recent advances in 2D electrode materials, featuring high surface area, tunable band gap, and 

unique electronic properties, are discussed. Additionally, strategies like hybridization and 

surface modification are explored to enhance their charge storage capacity and scalability for 

practical applications. The chapter concludes with the objectives and motivation that led to the 

design and fabrication of several 2D material-based electrodes for supercapacitor applications. 

Chapter 2:  Experimental 

    The instrumental methods and procedures employed for material characterization and device 

fabrication are outlined, along with a brief overview of key electrochemical analysis techniques 

such as cyclic voltammetry, galvanostatic charge-discharge, and electrochemical impedance 

spectroscopy, followed by distribution of relaxation time analysis. 

Chapter 3: Internal Stimuli Strategy: High-valent vanadium-enabled redox activation and 

NiMn-LDH synergy for advanced supercapacitors 

    A synergistic strategy was employed by integrating high-valent vanadium into CoO(OH) and 

coupling it with 2D NiMn-LDH nanosheets to enhance electrochemical performance. The 

incorporation of vanadium ions improved surface hydrophilicity and increased electrolyte ion 

adsorption, thereby boosting the redox activity of Co ions. Simultaneously, the deposition of 

NiMn-LDH nanosheets onto the hexagonal CoVO(OH) structure significantly expanded the 

surface area and increased the number of electroactive sites. This optimized composite 
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delivered a high specific capacity of 786 C g–1 at 1 A g–1, with a retention of 75% at 10 A g–1. 

Long-term cycling stability was demonstrated with 96% capacity retention after 5000 cycles at  

10 A g–1, outperforming the bare CoVO(OH)/CP, which retained only 88%. The assembled 

asymmetric supercapacitor NiMn-LDH@CoVO(OH)/CP//AC achieved an energy density of 

46 Wh kg–1 at a power density of 752 W kg–1. The practical viability of the device was further 

validated by powering a 3V LED using two units connected in series under ambient conditions. 

 

Figure 3.1: (a) Schematic representation of the synthetic protocol used for the fabrication of 

the composite electrode (NiMn-LDH@COV/CP), (b) Schematic representation of the 

proposed plausible mechanistic pathway involving the contribution of spectator ion vanadium 

along with redox-active ions such as cobalt, nickel, and manganese. Contact-angle 

measurements of (c) CoO(OH) and (d) CoVO(OH) showing an increase in hydrophilicity with 

incorporation of vanadium (Chem. Comm. 2023, 59, 1038) 

Chapter 4: Redox-Capacitive Interplay: Redox-active Mn2V2O7 rods integrated with 

MXene sheets for enhanced charge transfer 

    A strategic approach that combines capacitive and redox-active materials to address the 

challenges faced by traditional supercapacitors in terms of high-power delivery and increased 

energy density was implemented. We have effectively utilized a combination of MXene and 

manganese vanadium oxide (Mn2V2O7) nanorods to address challenges related to the 

restacking of MXenes. Formation of pathways for ion migration in the Mn2V2O7/MXene 

composite, resulting in increased conductivity, enhanced ion transport capacity, and structural 

stability in aqueous electrolytes, gives high performance with a specific capacitance of 627 Fg–
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1 at 1 Ag–1. Furthermore, the assembled device Mn2V2O7/MXene//AC demonstrated a high 

potential window of 2 V with an energy density of 65 Wh kg−1 at a power density of 1000 W 

kg–1. To gain deeper insights into the electrochemical processes, we have utilized the 

Distribution of Relaxation Time (DRT) analysis to extract complex impedance spectra. This 

approach enhances the resolution and provides a comprehensive understanding of the dynamics 

of charge transfer kinetic processes involved in our developed supercapacitor system. 

 

Figure 4.1: (a) Schematic of the synthesis procedure in 2 steps, etching and delamination MAX 

phase to form MXene (Step 1) and hydrothermal synthesis of Mn2V2O7/MXene composite 

(Step 2) (b) FESEM image of exfoliated MXene and (c) FETEM image of MXene/Mn2V2O7 

(d) Probable mechanism of charge storage in the Mn2V2O7/MXene composite. (ACS Appl. 

Energy Mater. 2024, 15, 6062) 

Chapter 5: Boron and Oxygen-Coordinated Heterostructures: Interface-driven electronic 

modulation for high-performance supercapacitors 

    In this chapter, we have utilized the electron deficiency of boron, arising from its vacant p-

orbital, which readily interacts with the lone pair electrons of oxygen, enhancing electron 

delocalization and electrical conductivity. Such interactions are leveraged to improve the 

performance of supercapacitor electrodes. 

Chapter 5a: Metal-free Borophene/rGO composite with Dirac semi-metallicity for 

supercapacitors 

    A flexible, metal-free rGO-supported borophene electrode was explored for energy storage 

applications. By leveraging the unique semi-metallic Dirac properties of borophene and 

increasing the interlayer spacing between rGO and borophene, the ion diffusion and 

electrochemical performance were enhanced significantly. The results demonstrate a high 

specific capacitance of 328 Fg−1 at 1 Ag−1, along with excellent rate capability and cycling 

stability. The fabricated flexible symmetric supercapacitor achieves an energy density of 24.3 

Wh kg−1 at a power density of 600 Wkg−1 and maintains a stable energy output even under 
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bending angles of up to 180°.  To gain a deeper understanding of the electrochemical processes, 

we employed Distribution of Relaxation Time (DRT) analysis to extract complex impedance 

spectra. This method improves resolution and offers a comprehensive view of the charge 

transfer kinetics in the supercapacitor system. Additionally, we have performed theoretical 

calculations using DFT to support our experimental results. The DFT study reveals that the 

contributions of boron (B) and carbon (C) atoms at the Fermi level impart semi-metallic 

properties to the composite material, enhancing ion transfer and improving charge storage 

capacity. 

 

Figure 5a.1: (a) Photographic images of the hybrid film under flexible geometrical 

configuration. (b) Honeycomb lattice of borophene. (c) Corresponding fast Fourier transform 

pattern of image (d) Cross-sectional FESEM image of the rGO/borophene 2D hybrid 

electrode. (e) Schematic presentation of the device tested. (f) CV (g) GCD curves of (h) Long-

term cycling performance and Coulombic efficiency of the rGO/Bp//rGO/Bp device 

(photographic image of FSS). heterolayer structure of (i) borophene with rGO (j) PDOS 

calculation, Spin-polarized electronic band structure of rGO/borophene for structure (k) spin-

up and (l) spin-down band structure (Nano Lett. 2025, 25, 5019) 

Chapter 5b: Homo-interface engineering of O-Doped and B-Doped g-C3N4 composite for 

energy storage 

    Utilizing the intrinsic electric field of a p–n junction electrode, which enhances charge 

transport at the interface, this chapter presents a novel method for improving electrochemical 

energy storage. This study presents the rational design of a heterostructure electrode material 

that consists of n-type oxygen-doped g-C3N4 (O:g-C3N4) nanosheets combined with p-type 
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boron-doped g-C3N4 (B: g-C3N4) hollow nanotubes, resulting in a well-defined homo-interface 

(p–n) junction. The doping strategy successfully reduces the band gap of g-C3N4, with O: g-

C3N4 and B: g-C3N4 showing band gaps of 2.6 eV and 2.3 eV, respectively, which leads to 

improved electrical conductivity. The unique hollow tubular morphology of B: g-C3N4 coupled 

with the layered structure of O: g-C3N4, affords a high surface area and short ion diffusion 

paths. The redistribution of charge within the p-n junction leads to the formation of space-

charge regions and an internal electric field, which promotes charge transfer and subsequently 

increases intrinsic activity. Leveraging these benefits, the optimal B: g-C3N4/O: g-C3N4 

composite electrode achieves a remarkable specific capacitance of 366 F g⁻1 at 1 A g−1.  An 

asymmetric coin cell supercapacitor (B: g-C3N4/O: g-C3N4//AC) was further assembled, 

achieving an energy density of 24 Wh kg−1 at a power density of 700 W kg−1, and demonstrating 

83% capacitance retention and 100% coulombic efficiency after 20,000 charge–discharge 

cycles. This work highlights the importance of homo-interface p-n junction engineering in 

improving the electrochemical performance of metal-free electrode materials for energy 

storage applications. 

 

Figure 5b.1: (a) Schematic illustration of the synthesis routes for B: g-C3N4, O: g-C3N4, and 

the B: g-C3N4/O: g-C3N4 homojunction composite. (b) p–n Homojunction Formation and band 

alignment in B: g-C3N4 /O: g-C3N4, enhancing electrolyte adsorption during charging via 

polarization induced by the Built-in Electric Field (Manuscript in revision)
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Introduction and Literature Survey 

 

     A comprehensive overview of supercapacitors as vital components of electrochemical 

energy storage systems has been discussed here. It highlights the growing demand for 

sustainable and efficient storage solutions, emphasizing the critical role of supercapacitors. 

Recent advances in 2D electrode materials, featuring high surface area, tunable band gap, and 

unique electronic properties, are discussed. Additionally, strategies like hybridization and 

surface modification are explored to enhance their charge storage capacity and scalability for 

practical applications. The chapter concludes with the objectives and motivation that led to the 

design and fabrication of several 2D material-based electrodes for supercapacitor 

applications. 
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1.1.ENERGY STORAGE SYSTEMS: 

     Electricity, a vital and widely utilized energy source of modern life, is essential for powering 

homes, businesses, and technologies around the world.[1–3] The rapid increase in energy demand, 

which is mostly due to industrial growth, reliance on fossil fuels like coal, oil, and gas, has led 

to urgent environmental issues like global warming and rising greenhouse gas emissions. To 

combat these issues, it is crucial to reduce the use of fossil fuels and transition to renewable and 

sustainable energy sources such as solar, wind, and tidal energy.[4–6] Renewable energy now 

makes up a larger share of the energy supply, with solar and wind power being major 

contributors to the central grid. However, these energy sources have limitations, such as being 

dependent on weather conditions, which makes their energy output inconsistent and 

unpredictable. This inconsistency can complicate the delivery of reliable and high-quality 

electricity to the grid and end-users. To overcome these challenges and increase the use of 

renewable energy in power generation, effective energy storage systems are essential.[7,8] These 

systems can store excess energy when production is high and release it when needed, helping 

to smooth out fluctuations in energy supply. They also protect power grids and generators, 

extending their lifespan by improving frequency regulation and reducing the need to meet 

sudden peaks in energy demand.[9,10] 

     Recent years have witnessed a surge in interest in electrochemical energy storage (EES) 

devices owing to their important contribution to modern energy technologies.[6] There are 

various types of EES systems, in which supercapacitors (SCs) and rechargeable batteries have 

been highlighted.[11,12] Rechargeable batteries have a high energy density, but their power 

density is standard, and their efficiency and cycle life are low relative to those of SCs.[13] The 

remarkable characteristics include extremely high-power density, minimal maintenance 

requirements, long operational lifespans, rapid charge/discharge capabilities, broad working 

temperature ranges, and inherent safety and stability, SCs have attracted significant attention 

and position it as strong contenders for next-generation energy storage technologies, making 

them ideal for repetitive use.[14,15] Due to their versatility and reliability, supercapacitors can be 

used in a variety of applications, including electric vehicles (EV), hybrid electric vehicles 

(HEV), uninterruptible power supplies (UPS), portable electronic devices (PED), grid load 

levelling, peak power saving, and frequency regulation.[16–18]With their capacity to meet the 

evolving challenges faced by modern energy systems, supercapacitors are positioned in their 

transformative role in the future of energy storage.[19–22] 
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1.2. ELECTROCHEMICAL SUPERCAPACITORS: FUNDAMENTALS 

Among various methods of energy storage that ensure a controlled and reliable supply, EES 

stands out as one of the most efficient solutions, offering superior energy conversion rates. Key 

examples of EES systems include fuel cells, batteries, supercapacitors (also known as 

electrochemical capacitors), and traditional capacitors.[12,23] While batteries have traditionally 

dominated the EES landscape, but they face notable challenges such as limited cycle life, safety 

concerns, and low power density, which prevent them from being the ultimate energy storage 

solution.[24,25] As illustrated in Figure 1.1, supercapacitors offer distinct advantages in power 

management compared to batteries and capacitors. Although they exhibit a moderate energy 

density than batteries of similar size, their power density is significantly higher.[26,27] This 

distinct feature enables supercapacitors to be well-suited for applications where quick energy 

is required. Additionally, integrating supercapacitors with batteries in a hybrid energy storage 

system allows taking advantage of both technologies that maximizes both power and energy 

capabilities. In recent years, supercapacitors have gained considerable attention, particularly 

with two-dimensional (2D) electrode materials. These materials have unlocked new 

possibilities for enhancing supercapacitor performance, paving the way for advanced energy 

storage technologies.[28,29] 

 

Figure 1.1. Ragone plot comparing the power and energy densities of various electrical energy 

storage devices, Adapted from ref. [30] 

     In the case of a capacitor, a dielectric medium separates the two parallel capacitor plates, 

and when voltage is applied, charge is stored electrostatically on the plates. The capacity of 

such a device is defined as, 

𝑪 =
𝑨

𝒅
                                                           …. (1.1) 

TH-3849_206122101



Chapter 1   

3 

 

where 𝜀, 𝐴, and 𝑑 are the dielectric constant, electrode area, and distance between the metal 

plates, respectively. The given equation explains, capacitance is solely dependent on the area 

of the capacitor plate and the distance between them in the device. Capacitors can store charge 

through electrostatically rather than chemical reactions, unlike batteries. This fundamental 

difference limits their charge storage capacity compared to other energy storage systems, as it 

is constrained by the available surface area and the small separation between the plates. In an 

electrochemical supercapacitor, solvated electrolyte ions replace the traditional dielectric 

material, storing charge at the electrode-electrolyte interface when a bias is applied. When the 

electrodes are polarized, solvated ions with opposite charges migrate toward the corresponding 

electrodes, forming a dielectric layer of water molecules between the polarized electrode 

surface and the layer of solvated ions.[31] The atomistic separation created by the water layer 

significantly increases capacitance. Furthermore, using 2D materials instead of traditional 

metal plates substantially increases the surface area of the electrode, increasing its energy 

storage capacity. 

     Depending on the interfacial charge storage mechanism, electrochemical capacitors are 

generally categorized into three different categories: (a) Electrochemical double-layer 

capacitors (EDLC), (b) pseudocapacitors, and (c) hybrid capacitors.[32] 

 

Figure 1.2: Schematic representation of different electrochemical capacitors (a) an electric 

double layer capacitor (EDLC), (b) a Pseudocapacitor, and (c) a hybrid system that comprises 

an EDLC and an intercalative charge storage process.[32]  

1.2.1.  Electrochemical double-layer capacitors: 

     An electric double-layer capacitor (EDLC) is a fascinating device that stores energy by 

separating charges at the interface between the electrode and the electrolyte. When the 

conductive electrodes are dipped into an ion-conductive electrolyte, an opposite charge is 

gathered at the electrode surface, creating a double layer that is separated by a thin layer of 
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solvent molecules. These solvated molecules act as a barrier, preventing charge transfer 

between the electrode and the electrolyte, which means energy is stored electrostatically instead 

of through faradaic reactions.[33] To achieve better performance in supercapacitors, electrodes 

with a high surface area and good conductivity are essential. A significant amount of research 

has focused on graphite carbon electrodes, which are considered the best options for pure 

EDLC energy storage owing to their high surface area, affordability, easy availability, and well-

established production methods.[34] The capacitance of these materials is influenced by several 

factors, including specific surface area, pore shape, size distribution, surface functionality, and 

electrical conductivity. A larger surface area means more room for charge accumulation, while 

surface functionalization and the right pore structure are key to boosting their specific 

capacitance.[35] Additionally, their impressive electrochemical stability across different 

electrolytes makes them reliable candidates for pH-independent EDLC electrode materials.[36]  

 

Figure 1.3: Models of the electrical double layer at a positively charged surface: (a) the 

Helmholtz model, (b) the Gouy–Chapman model, and (c) the Stern model, showing the inner 

Helmholtz plane (IHP) and outer Helmholtz plane (OHP).[37] 

     Several models have been proposed for EDLC formation at the interface of electrode-

electrolyte, starting from the first description ever proposed in 1853 by Helmholtz.[38] The 

concept of the EDL was first modelled by von Helmholtz, who described it as two layers of 

opposite charges at the electrode/electrolyte interface, separated by an atomic distance, 

resembling a parallel plate capacitor. Gouy and Chapman refined this model by introducing a 

diffuse layer where ions are distributed due to thermal motion, but their approach overestimated 

capacitance by not accounting for ion size and proximity effects.[39] Stern later combined the 
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Helmholtz and Gouy–Chapman models, introducing two regions: the compact (Stern) layer, 

which includes the inner Helmholtz plane (IHP) of specifically adsorbed ions, and the outer 

Helmholtz plane (OHP) of non-specifically adsorbed counterions, and the diffuse layer, where 

ions are distributed as described by the Gouy–Chapman model.[37,40] This hybrid model 

provides a more accurate depiction of ion behavior and capacitance in the EDL. The total 

double-layer capacitance of this arrangement can be considered as two capacitors in series, 

such that: 

1

𝐶𝑑𝑙
  =

1

𝐶𝐼𝐻𝑃
+

1

𝐶𝑂𝐻𝑃
                                                     ….(1.2) 

 

1.2.2. Pseudocapacitors: 

 

Figure 1.4: Three types of mechanisms that give rise to pseudocapacitance as defined by 

Conway (a) Adsorption pseudocapacitance, (b) redox pseudocapacitance, and (c) intercalation 

pseudocapacitance. and (d–f) their corresponding cyclic voltammograms. Adapted from ref. 

[42,46] 

     Pseudocapacitor electrode materials store energy through fast, reversible Faradaic (redox) 

reactions at the electrode surface, unlike electric double-layer capacitance, which relies mainly 

on electrostatic charge separation. The term “pseudo” refers to identifying electrode materials 

whose electrochemical behaviour is capacitive, but charge storage occurs by charge-transfer 

Faradaic reactions that take place on the surface or near-surface of the electrode materials.  It 

is an intermediate electrochemical behavior between electrostatic EDLCs and diffusion 
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dominated by Faradaic reactions in battery-type materials.[41,42] These faradaic processes 

involve charge transfer between the electrode and electrolyte ions, often through mechanisms 

such as redox reactions, intercalation, or adsorption. Pseudocapacitive materials, such as 

transition metal oxides (RuO2)
[43], conducting polymers (PANI)[44], and some 2D materials 

(like MXenes and LDHs)[45], exhibit high specific capacitance due to their ability to store 

charge across multiple oxidation states. The combination of pseudocapacitance and double-

layer capacitance enhances the overall performance of supercapacitors, offering higher energy 

density than traditional capacitors while maintaining rapid charge-discharge capabilities.  

a) Adsorption pseudocapacitance: Reversible pseudocapacitance occurs when 

electrochemical species get adsorbed over the electrode surface. Examples of such 

processes include adsorption of H on the Pt surface or O and OH over the surface of 

nickel oxides.[47] 

b) Redox pseudocapacitance: Here, the adsorbed species from the electrolyte get 

involved in reversible faradaic reactions. For example, adsorption and faradaic reaction 

of H+ ions over Ti3C2Tx MXene surface, redox reaction of RuO2 in hydrous 

electrolyte.[48][43] 

c) Intercalation pseudocapacitance:  In this case, the electrochemical ions get 

intercalated into the pores and channels, followed by a Faradic    reaction. Unlike a 

battery, no phase change occurs in the active material. The intercalation of Li+ ions into 

Nb2O5 is an example of such intercalation-type pseudocapacitance.[49]  

1.2.3. Asymmetric Supercapacitors: 

     A "hybrid capacitor" or "asymmetric supercapacitor" refers to a device, not electrodes; 

rather, it is a supercapacitor device where the two electrodes employ different charge storage 

mechanisms: capacitive and pseudocapacitive, and it offers a broader operational range. These 

devices combine two distinct electrode materials, where the active materials may exhibit 

different charge storage mechanisms or varying ratios of redox-active sites. They may also use 

different redox-active electrolytes or employ the same EDLC carbon material with differing 

surface functional groups.[50,51]Hybrid devices are a specific subset of asymmetric devices. A 

common example of a hybrid capacitor is a device with one Faradaic electrode (e.g., Ni(OH)2 

or Co3O4) paired with a carbon-based electrode. 
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1.3. EMERGENCE OF 2D MATERIALS IN SUPERCAPACITORS: 

     Supercapacitor performance largely depends on the electrochemical properties of the 

electrode materials, such as electrical conductivity, accessible active sites, and efficient ionic 

transport within the electrolyte that directly affect the cell voltage, energy and power 

output.[52,53] Nanostructured materials offer additional advantages, including high surface areas 

that provide numerous active sites for electrochemical reactions, short ionic diffusion paths, 

and fast chemical kinetics.[54] The emergence of 2D materials in the supercapacitor field has 

revolutionized energy storage by addressing the limitations of traditional materials. With 

atomic-scale thickness, high surface area, and tunable electronic properties, 2D materials are 

highly versatile contenders for advanced energy storage applications.[55–57]    

     Graphene, a fascinating 2D material, has shown incredible potential due to its unique 

hexagonal lattice made up of sp2 hybridized carbon atoms.[58,59] Its impressive charge storage 

capabilities come from its ultra-high surface area and minimal ohmic losses, which contribute 

to its excellent electrical conductivity in energy devices. However, there are challenges to 

overcome, such as the restacking of graphene sheets and the hurdles of large-scale production, 

which have sparked interest in exploring alternative 2D materials. Beyond graphene, a variety 

of materials like MXenes[60], transition metal dichalcogenides (TMDs)[61], layered double 

hydroxides (LDHs)[62], as well as borophene[63], phosphorene[64], black phosphorus,[65] and 

hexagonal boron nitride (h-BN)[66,67], etc., are emerging as promising candidates for electrode 

materials. For example, MXenes are not only metallic and conductive but also hydrophilic, 

making them particularly well-suited for applications in pseudocapacitance. Similarly, LDHs 

are notable for their adjustable compositions and strong pseudocapacitive properties, while 

Xenes'(such as Borophene, phosphorene) exceptional characteristics, including high 

conductivity and flexibility, present innovative possibilities for energy storage solutions. The 

advent of 2D materials has also paved the way for new designs in hybrid and composite 

electrodes. By combining different 2D materials or integrating them with non-2D materials 

(i.e., 0D, 1D,3D), it is possible to develop electrodes that benefit from the synergistic properties 

of multiple components. This strategy can effectively mitigate these issues, and improve ion 

transport, as well as using surface area as effectively as possible. In this thesis, various types 

of 2D electrode materials have been explored and subjected to different modification strategies, 

as discussed in the sections below. 
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Figure 1.5: Several types of two-dimensional-layered materials that have been widely studied 

recently for supercapacitor applications.  

1.3.1. Layered oxyhydroxide:  

     Layered double hydroxides (LDHs) are a notable class of 2D layered materials categorized 

under hydrotalcite-like (HT) compounds, also known as anionic clays. The structure of LDHs 

consists of charged brucite-like layers formed by divalent metal ions (M2+, such as Ca2+, Zn2+, 

Mg2+, Ni2+) that are octahedrally coordinated with six hydroxyl (OH⁻) groups. A portion of the 

divalent cations (M²⁺) is replaced by trivalent metal ions (M3+, such as Al3+, Fe3+, Cr3+, In3+), 

creating positively charged layers. To maintain overall electroneutrality, these layers are 

intercalated with exchangeable anions (An−, such as hydroxyl groups, nitrates, carbonates, or 

sulphates) along with water molecules. The general chemical formula of LDHs is 

[M1−x
2+Mx

3+(OH)2]Ax/n
n−.mH2O where M2+and M3+ represent divalent and trivalent metal ions, 

An– refers to inorganic or organic anions, m is the number of water molecules, and x= 

M3+/(M2++M3+) defines the layer charge density or molar ratio.[62] For example, the 

electrochemical properties of NiAl-LDHs have been reported as early as 2007, where a redox 

peak was observed in the cyclic voltammetry (CV) curves, which can be represented by the 

following reaction:[68] 

Ni(II)(OH)2 + OHsol
− ↔ Ni(III)OOH + H2O + e− 
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 LDH follows a pseudocapacitive charge storage mechanism that results from a combined 

mechanism that includes “electron hopping” within layers of LDH and proton migration from 

hydroxyl-bound M2+ sites to the electrolyte, a process facilitated by the faradaic redox reactions 

of the metal cations, given by the following equation.  

M 3+ + e − ↔M2+ 

Where M represents a redox-active metal ion such as Ni, Co, or Fe. 

 

Figure 1.6: (a) The idealized structure of LDHs with different M2+/M3+ molar ratios and 

different intercalated ions (b) Illustration of the electrochemical processes for NiCo-

LDH/CNFs showing diffusion of OH−, Adapted from ref. [67,69] 

     The intercalated anions (such as NO3
⁻, CO3²⁻, SO4²⁻) and water molecules present in the 

interlayer spaces play a crucial role in the charge storage mechanism by engaging in ion 

exchange during electrochemical cycling. This process facilitates the efficient movement of 

ions (like OH⁻) from the electrolyte, helping to maintain charge neutrality throughout the redox 

reactions as illustrated in Figure 1.6b. Besides faradaic reactions, LDHs also demonstrate a 

certain level of double-layer capacitance, which arises from the adsorption of electrolyte ions 

on their extensive surface area. However, this contribution is generally less pronounced when 

compared to the pseudocapacitive effects. 

1.3.2. Graphene:  

     Graphene, a 2D material with a hexagonal lattice of sp2 hybridized carbon atoms, exhibits 

exceptional physical and chemical properties, including high intrinsic carrier mobility (200,000 

cm2V−1s−1), high thermal conductivity (5000 Wm−1K, ten times better than copper), high 

optical transmittance (97.7%), high Young's modulus (1.0TPa), high tensile strength, excellent 

flexibility, and an extremely high specific surface area (theoretically 2630 m2g−1). These 
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characteristics make graphene highly promising for a wide range of applications, particularly 

in energy storage.[70–72] Its unique atomic structure provides a significant surface area, crucial 

for superior EDLC performance, while its delocalized π electrons offer excellent electronic 

conductivity, reducing ohmic losses in supercapacitive devices. The success of graphene has 

prompted extensive research into other carbon-based materials such as carbon dots (0D), 

carbon nanotubes (CNTs, 1D)[73], and porous activated carbons (3D), all of which have shown 

considerable potential in energy storage applications.[74] 

 

Figure 1.7: Graphene is a 2D building material. It can be piled to create 3D graphite, rolled 

into 1D nanotubes, or wrapped into 0D buckyballs. Adapted from ref.[71] 

    The practical application of Graphene is often limited by difficulty in large-scale production 

and agglomeration, leading to the development of graphene oxide (GO), which is a more 

practical and versatile material. GO is commonly synthesized via Hummer’s method, and is 

further chemically reduced to form rGO, which has an improved conductivity and enables 

scalable production of macrostructures.[75] For example, Li et al. demonstrated rGO film 

electrodes via vacuum filtration of chemically reduced graphene. These rGO-based structures 

combine enhanced conductivity and mechanical stability, making them promising for scalable 

and cost-effective energy storage applications.[76]  

1.3.3. Xenes:     

     The discovery of graphene and its remarkable properties have revolutionized energy 

materials, enabling their application in supercapacitors and batteries. This progress has 

expanded the research and development of graphene-like materials from group 13-16 of the 

periodic table beyond carbon-based materials. After the discovery of silicene, there is a race of 

development of ‘Xene systems, where “X” refers to different elements. These include 

TH-3849_206122101



Chapter 1   

11 

 

borophene, aluminene, gallenene, and thallene (group 13); silicene, germanene, and stanene 

(group 14); phosphorene, arsenene, and antimonene (group 15); and sulfurene, selenene, and 

tellurene (group 16), offering vast potential for next-generation energy technologies.[77] Their 

maximum surface-to-bulk ratio provides abundant active sites for electrochemical charge 

storage. With layered structures and superior ion accommodation capabilities, they enhance 

energy storage through a combination of electrostatic double-layer capacitance and redox 

capacitance at defects, edges, and basal planes, collectively improving pseudocapacitance. 

1.3.4. MXenes:  

     MXenes are pseudocapacitive materials, garnering significant attention in energy storage 

research. First introduced by Gogotsi et al. in 2011, MXenes uniquely combine metallic 

conductivity with pseudocapacitance and hydrophilicity.[78]These exceptional physicochemical 

properties have driven extensive research into their potential for various applications, including 

energy storage, sensing, electromagnetic interference shielding, solar water evaporation, and 

catalysis. To date, over 150 types of MXene materials have been predicted, with new variants 

continuously being discovered. 

 

Figure 1.8: Schematic of the Ti3AlC2 MAX etching reaction using hydrofluoric acid, which 

produces hydrogen gas and aluminium fluoride. Adapted from ref.[79] 

    MXenes are synthesized from MAX phase materials, which are represented by the general 

formula Mn+1AXn, where M stands for transition metals, A refers to group IIIA or IVA elements, 

X represents carbon and/or nitrogen, and n ranges from 1 to 3. The process of obtaining 

MXenes involves selectively removing the A atoms from the MAX phase using chemical 

etching techniques. Most 2D materials, like graphene, are stacked in bulk structures via van 

der Waals forces, enabling simple delamination. In contrast, MXenes, derived from MAX 

phase materials (Mn+1AXn), have strong metallic M-A bonds, making etching more 

challenging. Chemical etching targets these weaker M-A bonds.[80] Naguib and Gogotsi 
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pioneered MXene synthesis by etching Ti3AlC2 with hydrofluoric acid (HF), producing Ti3C2Tx 

MXene with functional groups (–OH, –Cl, –F, –O) on the basal plane. The reaction involves:[79] 

Ti3AlC2 + 3HF → Ti3C2 + AlF3 + 
3

2
H2 

Ti3C2 + 2H2O → Ti3C2(OH)2 + H2 

Ti3C2 + 2HF → Ti3C2F2 + H2 

Post-etching delamination uses methods like ultrasonication and cation intercalation to produce 

few-layer MXene flakes. HF-based etching is now often replaced by safer, efficient in-situ HF 

methods using hydrochloric acid (HCl) and fluoride salts (LiF), introduced by Ghidiu et al. 

This "MILD" method enhances yield, reduces defects, and achieves delamination with minimal 

effort, such as handshaking.[81]  

1.3.5. Transition metal Oxides:  

     Transition metal oxides (TMOs), such as MnO2,
[82] V2O5,

[83] RuO2,
[84] NiO,[85] etc. are 

highly promising for supercapacitor electrodes due to their inherently rich redox activity and 

large surface areas, which provide ample sites for electrochemical double-layer charge storage. 

Additionally, their thin and flexible forms, coupled with excellent mechanical and chemical 

stability, make them suitable for integration into next-generation flexible devices. RuO2 is a 

highly attractive metal oxide for supercapacitor electrodes due to its excellent metallic 

conductivity, reversible redox reactions, and remarkable thermal, chemical, and catalytic 

stability in both amorphous and crystalline forms. However, its high cost confines its extensive 

use, and alternative oxides such as MnO2 and V2O5 are often utilized for supercapacitors. Both 

manganese (Mn2+/3+/4+) and vanadium(V4+/5+) exhibit multiple oxidation states, enabling 

efficient charge storage on their surfaces. 

1.3.6. Transition metal dichalcogenides:  

     2D TMDs are made of layered materials, where a transition metal (M) layer is sandwiched 

between two chalcogen (X) layers, following the formula MX2 (with M being Mo, W, V and X 

being S, Se, or Te). [86]These materials boast a large surface area and varying oxidation states, 

allowing for both electrical double-layer capacitance and fast, reversible Faradic charge 

storage. The electrochemical performance of 2D TMDs is often hindered by their susceptibility 

to oxidation, which limits cycle life, as well as inherent low conductivity, significant volume 

changes, and a tendency to restack. For instance, the sheet-like morphology of MoS2 proposed 
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by Soon et al. offered a large surface area for double-layer charge storage. However, due to its 

poor electrical conductivity, it displayed a relatively low specific capacitance of approximately 

100 F g−1 at a scan rate of 1 mV s−1.[87]To overcome the challenges of 2D TMDs, they are 

combined with conductive materials like carbon and conducting polymers through various 

synthetic approaches which enhances conductivity and interfacial contact, while TMDs provide 

short ion diffusion and electron transport paths.[88] Together, they significantly improve 

electrochemical performance, making them promising for advanced energy storage 

applications. 

1.4. CHALLENGES AND STRATEGIES FOR 2D ELECTRODE MATERIAL:   

2.  

3. Figure 1.9: Schematic illustration of several active approaches to improve charge storage 

properties of 2D electrode materials. 

     However, the properties that make 2D materials attractive as electrode materials in energy 

storage applications are accompanied by several drawbacks that limit its performance, which 

need to be resolved via modification. Restacking and aggregation of 2D layers based on van 

der Waals interactions lead to shrinking surface area and ion diffusion pathways, hindering 

charge storage and slowing charge-discharge rate. Again, the presence of high defect density, 

particularly in transition metal dichalcogenides (TMDs) impedes the electronic properties that 

are critical for energy storage.  Furthermore, the scalability issues present themselves with 

techniques like chemical vapor deposition (CVD) and liquid phase exfoliation being unable to 
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reach commercialization at their current manufacturing processes. Adding to the further 

complication of the use of 2D materials, black phosphorus and some dichalcogenides are 

vulnerable to oxidation, degradation, and/or phase transformation under natural conditions or 

under cycling.  Furthermore, achieving highly conductive and electrochemically useful 

properties is challenging when graphene has great conductive but low capacitance, or transition 

metal dichalcogenides (TMDs) have good pseudocapacitance but low conductivity. Integrating 

this material for electrode architectures retaining its mechanical, structural stability with high 

energy density and a cost-effective synthesis technique remains challenging. These related 

issues must be addressed through modification by defect engineering, scalable fabrication 

techniques, stability enhancement strategies to prevent restacking, porous structure creation, 

optimized doping methods, interface improvement, and cost-efficient systems to realize the full 

potential of 2D materials in energy storage.  

3.2.1.  Composite formation: 

     Energy storage performance in 2D materials is often limited by restacking, which decreases 

the ion-accessible surface area and hinders ion movement and charge storage. To address this, 

guest species can be introduced into exfoliated 2D sheets, increasing interlayer spacing and 

active sites while reducing restacking, thereby improving ion transport and cycling stability. In 

some cases, the 2D material itself serves as a conductive support for the growth of host 

materials, creating efficient pathways for charge transfer, enhancing mechanical stability, 

lowering internal resistance, and improving power delivery.[89–91] Building on these 

approaches, hybridization strategies, such as intercalation of other species, such as metal ions, 

conducting polymers, organic species, or making composite materials with nanotubes, 

nanoparticles, or different 2D materials, lead to an increased interlayer distance, thereby 

increasing the active site for charge storage.[92]  

     Graphene-based hybrids (e.g., graphene/NiO,[93] graphene/MnO2,
[94] graphene/LDH[95]) and 

conductive polymer (CP)-TMD composites also show enhanced performance. Ren et al. 

reported MoS2/PANI hybrids with a specific capacitance of 552 F g−1 at 0.5 A g−1, attributed to 

the 3D structure facilitating ion access for enhanced energy storage.[96] Similarly, MXenes 

suffer from restacking, which can be mitigated by incorporating polymers, carbon derivatives, 

or metal oxides as interlayer spacers. Many MXene-based hybrids, such as MnO2/MXene,[97] 

MXene/MoS2,
[98] MXene/BCN,[99] and MXene/BN/NiCo-MOF[100] composites have been 

reported to exhibit enhanced energy storage performance.  
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3.2.2.   Flexible electrode and 3D hydrogel network: 

     Supercapacitors that bend and stretch are made possible by the use of 2D materials on 

flexible substrates or free-standing, which is essential for wearable and portable applications. 

High capacitance and mechanical stability are maintained under deformation using textile-

based 2D electrodes, such as graphene,[101] V2O5,
[102] MXene,[103] etc., with heterostructure 

coatings on fabric or free-standing electrodes. For example, Zhao et al. proposed an interlayer 

hydrogen-bonded MXene/metal-porphyrin frameworks (MPFs) free-standing film 

electrode.[104] The resulting structure improves ionic and electronic transport rates by 

alternating MXene and MPFs to construct a 3D interconnected "MPFs-to-MXene-to-MPFs" 

network. Strong chemical stability is provided by interlayer hydrogen bonds (F···H–O and 

O···H–O), which enable the material to withstand volume change and prevent structural 

collapse during repeated cycles of charge and discharge, shown in Figure1.10.  

 

Figure 1.10: (a) Synthetic route to interlayer hydrogen-bonded MXene/MPFs films (left) and 

digital images of flexible and free-standing MXene/MPFs films (right). Adapted from ref.[104]  

     In order to balance electron/ion transport and volumetric performance, 2D nanosheets are 

assembled into 3D structures (aerogels, macroporous frameworks, hydrogels) to improve 

packing density and porosity. These networked structures provide efficient ion pathways and 

confine active materials to improve energy density, rate capability, and cycling stability. 

Examples include graphene oxide hydrogels,[105,106] MXene hydrogels [96] and other hybrid 

hydrogel architectures. These electrodes mostly provide mechanical robustness for practical 

energy storage applications.  

3.2.3. Doping and Defect Engineering: 

     Doping has been demonstrated to be an effective strategy for tailoring physicochemical 

features of 2D materials.  Incorporation of foreign atoms into a 2D lattice serves different 

functions such as: (1) Heteroatom doping can form multi-component 2D materials to adjust 

metal valence ratio in case of oxides and LDH (2) regulate and increase active metal sites (3)  
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Figure 1.11:(a) Mechanistic aspects of Al3+ doping at the Cu2+ lattice site in NiCoCuCH, 

shortening the Cu–O bond to facilitate easy formation of the Cu2+/Cu3+ redox pair, aiding the 

electrochemical performance, Adapted from ref.[110]  (b) Schematic diagram for the regulation 

of the V 3d band edge with high electrical conductivity by defect engineering and the 

electrochemical advantages of the as-formed metallic amorphous VOx nanosheet arrays 

Adapted from ref.[113] 

tune electronic states to improve conductivity, and (4) increase interlayer spacing to reduce the 

restacking.[107–109] We can either dope cation or anion doping for tuning the electronic structure 

and chemical characteristics of the material. Pandey et al. reported Al3+ doped NiCoCu 

carbonate Hydroxide (NiCoCuCH), where Al3+ replaced Cu, which has a higher polarization 

power. The doping of aluminum, in the copper site, resulted in electrons shifting toward the 

Al–O bond as Al has higher polarization power, thereby creating electron-deficient Cu in the 

species. This electron-deficient copper encouraged the easy oxidation of Cu2+ to Cu3+, which 

in turn enhanced the diffusion contribution toward pseudocapacitance, shown in Figure 

1.11a.[110] Similarly, the anion doping (e.g., F−, Cl−, Br−, SO4
2−, etc.) is also beneficial to 

enhance intrinsic conductivity, thus effectively increasing the electrochemical performance. 

TH-3849_206122101



Chapter 1   

17 

 

Yue et al. discovered that the synthesis of β-FeOOH nanorods is significantly influenced by the 

incorporation of various anions. These anions interact with the FeO6 octahedral unit in β-

FeOOH, leading to variations in the crystalline structure and morphology of the nanoparticles, 

even under the same conditions, which is helpful to increase the charge storage.[111]  

     On the other hand, vacancy engineering refers to the deliberate creation of atomic defects, 

such as missing oxygen or metal atoms within the material structure. These vacancies act as 

extra active centres for ion adsorption and redox reactions, thereby boosting capacitance and 

facilitating rapid ion transport. For example, Sanjit et al. reported an F-doped h-BN/rGO 

composite, where F doping in h-BN induced defects and disorder, thereby facilitating ion 

diffusion and enhancing redox charge transfer, which contributed to improved charge storage 

from the interior sites of the electrode material.[112]Similarly, Chain et.al reported amorphous 

vanadium oxide nanosheet arrays with metallicity through defect engineering, achieving a high 

oxygen vacancy, and DOS calculations reveal the absence of a band gap, and the oxygen 

vacancies lower the ion migration energy barrier, enhancing electrochemical performance. 

shown in Figure 1.11b. [113] 

3.2.4.  Morphology tuning: 

 

Figure 1.12: (a) MnO2 synthesized via electrodeposition with time variation showing different 

morphology and (b) corresponding electrochemical behaviour, Adapted from ref.[116]  

     Charges are stored on the surface of the supercapacitor electrodes; an electrode with a higher 

surface area leads to an improved specific capacitance. Nano structuring of electrode materials 
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is an achievable method to considerably improve the surface area of the electrodes, which 

enables efficient electrolyte infiltration, while the reduced particle dimensions shorten ion 

transport and diffusion paths, thereby promoting faster kinetics and high charge–discharge 

rates.[54]  Generally, 2D layered metal oxide and LDH always do not always have a sheet-like 

structure, so they need structural modification, either using structure structure-directing agent 

or doing optimization, which can modify into different morphologies owing to high surface 

area and is useful to increase the charge storage. One-dimensional (1D) nanostructures improve 

the flow of electrons by making it easier for them to move directly from one place to another. 

Large specific surface area allows the electrolyte to enter and generate a large number of 

accessible active sites, which increases catalytic activity. Nanobelts, nanowires, nanofibers, 

nanorods, nanotubes, and so on are common 1D nanostructures.[114] Two-dimensional (2D) 

nanostructured materials have a higher theoretical specific surface area than one-dimensional 

(1D) materials, which allows for surface property modification.[92] The change in chemical, 

physical, and electrical properties of 2D nanostructures is largely dependent on their lateral 

dimension and thickness. The most likely two-dimensional forms are nanoplates and 

nanosheets, which also improve electrolyte-electrode interaction.[115] 

     Similarly, 3D nanostructures have the advantage of morphological versatility based on their 

synthesis methods and offer control over facet-oriented crystallization. For instance, Liu et al. 

synthesized MnO2 on an Au–Ni substrate using an electrodeposition technique. By varying the 

temperature while keeping the electrodeposition time fixed at 900 s, they obtained MnO2 with 

different morphologies, each exhibiting a distinct specific capacitance as shown in Figure 

1.12.[115] 

3.3. MOTIVATION AND OBJECTIVES OF THE PRESENT WORK 

     The development of high-performance energy storage resolution demanded tremendous 

research on supercapacitors having ultrafast charge and discharge capability, long cyclic life, 

and high-power density. Nevertheless, the stability problem of using traditional electrode 

materials, e.g. activated carbon and metal oxides, and low conductivity have become the major 

obstacles to the development of EESs. Beyond these material limitations, supercapacitors still 

face challenges in achieving high energy density while maintaining excellent power capability 

and cycling stability. The performance of supercapacitors is primarily governed by the choice 

of electrode materials, where factors such as conductivity, surface area, electrochemical 

stability, and cost play a crucial role. 

TH-3849_206122101



Chapter 1   

19 

 

     In this regard, the emergence of 2D materials such as graphene and MXenes LDHs provides 

great promise for next-generation supercapacitor electrodes because these materials offer a 

very high surface area, tunable electronic properties, and possible surface functionalization. As 

such, advancements in supercapacitor technology rely on the development of 2D materials with 

better electrochemical properties. However, there have been many studies regarding 2D 

materials, yet these problems remain, like the optimization of charge storage mechanism, 

enhancement of long-term stability, as well as having as much loading into the capacitance 

without destroying the structure. Such challenges can lead to next-generation high-

performance supercapacitors with better energy storage efficiency. 

 Thus, the prime objectives of the present thesis work are as follows:  

[1] Selection of 2D Materials for Supercapacitor Electrodes: Explore and utilize 2D 

materials that exhibit high stability and electrical conductivity to improve charge storage 

efficiency. 

[2] Doping of Foreign Elements to Enhance Electrochemical Performance: Introduce 

heteroatom doping (e.g., B, O, N, S) into the lattice of 2D materials to improve conductivity, 

charge mobility, and electroactivity. 

[3] Incorporation of Electroactive Materials for Enhanced Charge Storage: Hybridize 2D 

materials with electroactive species (e.g., metal oxides, conductive polymers, or nanoparticles) 

to improve redox activity and energy storage capacity. 

[4] Optimization of Morphological Features for Enhanced Surface Area: Engineer the 

structure of 2D materials to increase porosity, interlayer spacing, and surface-active sites for 

better ion diffusion and charge accumulation. 

[5] Development of Composite Electrode Materials to Synergize Properties: Design and 

fabricate composite electrodes combining different 2D materials to leverage their strengths and 

suppress limitations. 

[6] Fabrication of Freestanding Electrodes: Synthesize and fabricate binder-free, flexible 

electrodes to assess their practical application in high-performance supercapacitors. 
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CHAPTER 2 

 

Experimental 

 

     This chapter outlines the instrumental methods and procedures for material 

characterization and device fabrication. It also provides a brief overview of key parameters 

related to electrochemical analysis, including cyclic voltammetry, galvanostatic charge-

discharge, and electrochemical impedance spectroscopy. 
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2.1.  INTRODUCTION  

     This chapter covers the synthesis, fabrication, and characterization of the prepared 

supercapacitor electrode materials. It includes the chemicals used, characterization techniques, 

and electrochemical measurements, along with a brief overview of key techniques for better 

understanding. 

2.2. REAGENTS AND CHEMICALS USED: 

     Cobalt nitrate hexahydrate (Co(NO3)2.6H2O), Urea (CH4N2O), Nickel Chloride 

hexahydrate (NiCl2.H2O), Manganese chloride tetrahydrate (MnCl2.4H2O) Ammonium 

metavanadate (NH4VO3), MAX phase (Ti3AlC2), hydrofluoric acid (HF), manganese (II) 

acetate tetrahydrate, cetyltrimethylammonium bromide (CTAB), boron powder, melamine 

(C3H6N6), potassium permanganate (KMnO4) are from Sigma Aldrich. Sodium sulfate 

anhydrous (Na2SO4), Potassium hydroxide (KOH), boric acid, N, N-Dimethylformamide (N, 

N′-DMF), urea, ammonium chloride (NH4Cl), graphite (particle size: 60 mesh), sodium nitrate 

(NaNO3), sulfuric acid (H2SO4), and hydrogen peroxide (30% H2O2) are from Merck. Carbon 

paper (CP) was from Alfa Aesar. For the synthesis protocol, we have used Milli-Q water of 

18.2 MΩ-cm. All reagents are of analytical grade and used as received. 

2.3. CHARACTERIZATION OF THE AS-SYNTHESIZED MATERIALS: 

     Various analytical techniques were used to characterize the synthesized materials and 

fabricated devices. Instrumental tools used in the present studies are listed below:  

(1) Powder X-ray diffraction (PXRD) analysis was done to determine the structure and phase 

purity of all the materials using Rigaku SmartLab using Cu Kα (λ = 1.54 Å) as the source 

with 9kW power.  

(2)  Micro-Raman spectroscopy analysis was done to determine different modes of vibration 

present in the sample, using a laser micro-Raman system (Horiba Jobin Vyon, LabRam HR) 

with and 633 nm laser excitation. 

(3) Perkin Elmer (Spectrum-II) instrument with KBr pellet was used to perform Fourier-

transformed infrared spectroscopic (FT-IR) studies.  

(4) Field emission scanning electron microscopic (FESEM) analysis was done to determine 

the surface morphology of as-synthesized materials using Zeiss (Gemini) and Zeiss 

(Sigma) instruments, operating at the voltages of 3 kV−10 kV.  

(5) Elemental mapping, morphological features, d-spacing value, and selected area electron 

diffraction (SAED) patterns of the samples were determined through, Field emission 
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transmission electron microscopy (FETEM) using JEOL (JEM-2100F) instrument with an 

operating voltage of 200 kV.  

(6) To determine the valence state, elemental composition, and change in the electronic 

environment around the elements, X-ray photoelectron spectroscopy (XPS) analysis was 

carried out using the PHI 5000 Versa Probe III instrument features an Al–Kα X-ray source 

with a photon energy of 1486.6 eV. C 1s spectrum (284.77 eV), as a reference, was used to 

compensate for the surface charging effect. XPSPEAK 4.1 software was used to fit and 

deconvolute the data. 

(7)  Gamry Instrument model Interface1010 E was used to record all the electrochemical 

measurements, including galvanostatic charge-discharge (GCD), cyclic voltammetry (CV), 

electrochemical impedance spectroscopy (EIS), and Mott-Schottky (MS).  

(8) To measure the surface potential, Kelvin Probe Force Microscopy (KPFM) analysis was 

carried out using an MFP-3D-BIO instrument (Asylum Research, Oxford Instruments) 

operated in non-contact mode with a silicon (Si) probe. 

(9) The real surface and roughness analysis were characterized through an atomic force 

microscope (AFM) instrument of Asylum Cypher, Oxford Instruments. 

(10) To know the surface potential of the synthesized material, zeta potential analysis was 

recorded on a Malvern Nano-ZS90 ZETASIZER instrument. 

(11) The UV-Vis absorption spectra were characterized on Shimadzu UV-2600, JASCO Model 

V-650 and PerkinElmer Lambda 750 UV/VIS/NIR spectrophotometers at room 

temperature by taking reference of BaSO4. 

2.4. ELECTROCHEMICAL MEASUREMENTS FOR EVALUATING CHARGE 

STORAGE: 

     To evaluate the performance parameters of the as-synthesized materials, electrochemical 

measurements were carried out using an electrochemical analyser (model: Interface 1100E) in 

a three-electrode configuration. Measurements were performed in a polypropylene 

electrochemical cell using aqueous KOH (Chapters 3, 5, and 6) and 1 M Na2SO4 (Chapter 4) 

as electrolytes. The synthesized materials were coated onto conductive Toray carbon paper 

(Alfa Aesar) and used as the working electrode in Chapters 3, 4, and 6. In Chapter 5, a free-

standing electrode was synthesized and directly employed. A Hg/HgO electrode was used as 

the reference, and a platinum wire served as the counter electrode, as shown in the Figure 2.1a.  
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Figure 2.1: (a) Schematic representation showing the experimental setup for electrochemical 

measurement, where voltage is applied through a potentiostat (b) Illustrating the two-electrode 

setup for the device fabrication to show the practical application 

     To demonstrate the practical applicability of the as-synthesized materials, a two-electrode 

configuration was employed, using activated carbon as the negative electrode (Chapters 3, 4, 

and 6). A PVA–KOH gel electrolyte separator was used in Chapters 3, 5, and 6, while a PVA–

Na2SO4 gel electrolyte separator was used in Chapter 4. For device fabrication, a pouch cell 

was assembled in Chapters 3, 4, and 5, and a coin cell supercapacitor was fabricated in Chapter 

5. Different parts of the supercapacitor device are shown in the Figure 2.1b.  

2.5. PERFORMANCE PARAMETER OF SUPERCAPACITOR: 

2.5.1. Capacitance:  

     Capacitance refers to the amount of charge stored per unit and can be expressed 

gravimetrically, volumetrically, or in areal, depending on the type of sample. It primarily 

depends on factors such as, surface area of material, structural properties like porosity, the 

electrolyte used, the nature of faradaic reactions, and the thickness of the electrostatic EDLC 

layer. Several electrochemical techniques are used to determine the capacitance of an electrode. 

Some of these methods are outlined below: 

2.5.1.1.Cyclic Voltammetry: 

     In voltammetry (CV) technique, the current response of a working electrode is measured as 

a potential is applied relative to a reference electrode. The resulting plot of current versus 

potential, obtained through successive linear potential sweeps in a cyclic manner, is known as 
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a cyclic voltammogram. The potential is initially swept from a starting voltage (V1) to a final 

voltage (V2) at a defined scan rate (mV s−1), and then reversed back from V2 to V1.
[1,2] From 

the shape of the obtained CV, the mechanism of charge storage (electrical double-layer 

capacitance or pseudocapacitance) can be predicted. CV measurements can be conducted using 

either a three-electrode or two-electrode configuration. The three-electrode approach is the best 

way to accurately determine the potential window, specific capacitance, and 

capacitive/diffusion behavior of materials. Choosing a suitable potential window is essential 

for accurately estimating the capacitance of the active material and is achieved through CV 

analysis by progressively raising the potential window at a very slow scan rate. Care must be 

taken to avoid the exponential region in the CV curve, as voltammograms showing an 

exponential increase in current response at high polarization (dashed line in Figure 2.2a) 

indicate that the device is being overcharged.[3] Overcharging can lead to parasitic side 

reactions, such as the decomposition of the electrode material, the electrolyte, or both, which 

compromise the performance, stability, and coulombic efficiency of the device. The 

capacitance of a material or device can be normalized with its mass, area, or volume of the 

material, which then gives specific capacitance like gravimetric (Cs, Fg−1), areal (𝐶𝑎𝑟𝑒𝑎, F cm–

2) and volumetric (𝐶𝑉𝑜𝑙, Fcm–3) capacitance respectively. After choosing a suitable potential 

window the capacitance can be calculated as,  

𝑪 = 𝑿𝒗𝑽 ∫ 𝒊𝒅𝑽
𝒗𝒇

𝒗𝒊
                                           ….(2.1) 

In eqn 2.1, 𝑖 is the current density (A), ∆𝑉 is the potential window (V) of the supercapacitor, 𝑣 

is the scan rate (mV s–1) and X can be area(cm2), mass(g), or volume(cm3) of the active material, 

𝑉𝑖 and 𝑉𝑓 are the initial and final potentials respectively.[4] In the three-electrode configuration, 

the mass or volume is considered only for the active material of the working electrode. In 

contrast, both the mass and volume of the electrodes are considered for two-electrode devices. 

 

Figure 2.2: Schematics of (a) Cyclic voltammetry (CV) to choose a stable potential window 

(b) galvanostatic charge-discharge (GCD) curve.  
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2.5.1.2.Galvanostatic charge-discharge: 

     In Galvanostatic Charge-Discharge (GCD) technique, a constant current is applied to the 

electrode material, and the resulting voltage variations are recorded within a defined potential 

range (Vi to Vf for a positive constant current, and vice versa for a negative constant current) 

as a function of time. This process is also known as "current reversal chronopotentiometry." 

[5]When a positive constant current is applied to the working electrode, the voltage rises from 

an initial potential Vi to a final potential Vf over time (t), followed by the application of a 

negative constant current of the same magnitude, causing the voltage to decrease. Similar to 

CV, the shape of GCD profiles also gives information about the charge storage mechanism and 

kinetics.[6] This part letter is discussed in Section 2.5.5. Beyond analyzing the charge storage 

mechanism, the GCD curve can also reveal the resistive drop, which is observed at the 

beginning of the discharge curve of the electrode (Figure 2.2b).    

While determining the capacitance from GCD curves, one must be aware of the type of 

capacitive storage mechanism first. For linear relationships, the relations governing the 

capacitance can be expressed as, 

𝐂 =  
𝐈∗∆𝐭

∆𝐕∗𝐗
                                                   …. (2.2) 

X=m, A, or V of the working electrode, and Δt represents the total discharge time. However, 

for a non-linear relationship, it is more appropriate to express the relation as an integral of the 

current over time, 

𝐂 = 𝐈 ∫
𝟏

𝐕(𝐭)
 𝐝𝐭

𝐯𝐟

𝐯𝐢
                                           …. (2.3) 

where I is the applied constant-current density, t is the discharge time, and V(t) is the potential 

as a function of t. 

2.5.2. Impedance analysis followed by Distribution of relaxation time (DRT): 

     Electrochemical impedance spectroscopy (EIS) is a powerful technique for analyzing the 

electrode/electrolyte interface in supercapacitors. By applying an alternating current over a 

wide frequency range, the impedance of the system is measured as a function of frequency.[7] 

The results are commonly represented using a Nyquist plot, which displays the imaginary 

component of the impedance versus the real component, as shown in Figure 2.3a.  This method 

gives us useful information about charge transfer resistance, electrolyte ion diffusion, and 

overall electrochemical behavior of the supercapacitor. The Nyquist plot for supercapacitors 
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can be broken down into three distinct areas: high-frequency, mid-frequency, and low-

frequency. When you look at the intersection with the real impedance axis (Zreal), it shows the 

equivalent series resistance (ESR), which comes from the electrolyte, separator, and the 

inherent resistance of the electrode material. This is often followed by a semicircle, which is 

characteristic of faradaic processes and indicates the charge transfer resistance due to electron 

transfer at the electrode–electrolyte interface.  In the high-frequency region, a 45° line appears, 

demonstrating the semi-infinite diffusion resistance of the material. The charge-transfer 

resistance at the electrode-electrolyte interface is determined from the intersection of the 

extrapolated semicircle with the real impedance axis.[8,9] At low frequencies, beyond the 

Warburg impedance region, the plot shows a vertical rise, which reflects the capacitive behavior 

of the electrodes. Ideally, a perfect capacitor would produce a completely vertical line in the 

Nyquist plot, while a purely resistive component would show a horizontal line parallel to the 

X-axis, with no imaginary impedance. 

Figure 2.3. (a) Typical Nyquist plot showing EIS spectra and its different regions (b) 

Distribution of relaxation time curve showing conversion of frequency domain EIS data to time 

domain data, Reproduced from Ref [10]  

     EIS yields complex impedance data encompassing overlapping of processes such as ion 

transport from/to electroactive sites, ion diffusion, and charge transfer processes having 

different dynamics and they manifest themselves at different frequencies, which potentially 

allows their differentiation. However, extensive overlap in these time constants hinders the 

resolved interpretation of dynamic events in terms of their time scales. Utilizing the 

Distribution of Relaxation Time (DRT) methodology enables the determination of time scales 

required for the system to transition between equilibrium states at a specific frequency. This 

approach reveals distinct chemical processes aligned with various relaxation times. We have 

analyzed the DRT by utilizing tools in MATLAB and pyDRT tools, based on the AC impedance 
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spectra. Peaks observed in the high-frequency range primarily result from ion transport across 

the electrode/electrolyte interface. In the intermediate frequency range, the peaks are associated 

with the charge transfer process, while those in the low-frequency range are linked to electrode 

diffusion.[11] Our analytical method involves determining the Distribution of Relaxation Time 

(DRT) for the measured sample, as outlined in equation 2.4.[10]  

𝒁(𝝎) = 𝑹𝟎 + 𝑹𝒑𝒐𝒍 ∫
𝝉(𝐥𝐨𝐠(𝝉))

𝟏+𝒋𝝎𝝉
𝒅(𝐥𝐨𝐠 (𝝉))

+∞

−∞
              …. (2.4) 

Here, 𝑹𝟎 series resistance, 𝒁(𝝎) represents the impedance of the processes, 𝑅𝑝𝑜𝑙 stands for the 

total polarization resistance,  𝝉 signifies the relaxation time, and ω denotes the frequency. After 

transformation, the DRT converts impedance data, originally collected as a function of 

frequency, into a spectrum of time constants (or relaxation times) associated with different 

electrochemical processes. Each peak in the DRT plot corresponds to a distinct process 

occurring at a specific timescale, and the area under each peak represents the polarization 

resistance of that particular process, presented in Figure 2.3b.  

Explanation of Each Region:  

1. High Frequency region: Interfacial contact/conductivity of composite. Typically 

assigned to ohmic resistance or fast interface phenomena, such as the electrolyte 

resistance in supercapacitors 

2. Mid-frequency region: Associated with charge-transfer resistance, 

adsorption/desorption processes, or other electrode reaction kinetics. 

3. Low-frequency region: Diffusion processes of the electrolyte, and reveal how 

efficiently ions can fill all available spaces in the electrodes over longer timescales 

 

2.5.3. Energy and Power density: 

     Energy and power are the two important parameters for the characterization of 

electrochemical energy storage devices. Specific energy (Wh kg−1) or energy density (Wh L−1, 

or Wh cm−2) is the amount of energy stored in an energy storage device per unit mass/ 

volume/area of the electrode active materials or the whole device, respectively. Specific power 

(W kg−1) or power density (W L−1, or W cm−2) is the amount of power an energy storage device 

can deliver per unit mass or volume/area of the electrode active materials or the whole device, 

respectively. The respective density was evaluated by using the given equation. 
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𝐄 =  
𝟏

𝟐∗𝟑.𝟔
𝐜𝐬∆𝐕𝟐                                                  ….(2.5) 

𝐏 =  
𝐄×𝟑𝟔𝟎𝟎

∆𝐭
                                                       ….(2.6) 

The power and energy densities of a supercapacitor are influenced by two parameters, potential 

window and specific capacitance, which can be modulated by tuning the active surface area 

and electroanalytical properties of an electrode material. 

2.5.4. Cyclic stability and Coulombic efficiency:  

     In practical applications, durability serves as a crucial indicator for assessing the quality of 

SCs. To evaluate the cyclic stability of the composite electrode, galvanostatic charge-discharge 

tests were conducted at a constant current density within a certain potential range. Coulombic 

efficiency is another essential metric, representing the ratio of charge discharged to charge 

stored during each cycle. It is expressed as: 

𝑪𝒐𝒖𝒍𝒐𝒎𝒃𝒊𝒄 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 (η) =
𝑫𝒊𝒔𝒄𝒉𝒂𝒓𝒈𝒊𝒏𝒈 𝒕𝒊𝒎𝒆(𝒕𝒅)

𝑪𝒉𝒂𝒓𝒈𝒊𝒏𝒈 𝒕𝒊𝒎𝒆( 𝒕𝒄)
 𝟏𝟎𝟎                ….(2.7) 

A high coulombic efficiency indicates minimal energy loss during the charge-discharge 

process, signifying excellent reversibility and stability of the electrode material. Both 

parameters are crucial for determining the practicality and reliability of supercapacitors in real-

world applications. 

2.5.5. Determination of capacitance type and quantification techniques 

     The distinction between supercapacitors and batteries remained clear until the 1970s, when 

Conway identified redox-active metal oxides, such as RuO2
[12] and MnO2

[13], which exhibit 

surface-limited charge storage. Subsequently, the emergence of two-dimensional (2D) 

materials, including conductive polymers, metal oxides, and transition metal carbides and 

nitrides, layered double hydroxide (LDH) blurred the boundaries between batteries and 

supercapacitors. This convergence blurs the traditional distinction between these technologies, 

highlighting the need for further investigation to fully understand and optimize their 

performance potential. The subsequent section discusses several techniques for the accurate 

identification of energy storage materials.[14] 
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Figure 2.4. Determination of charge- storage mechanism analysing CV and GCD curve of  

(a) EDLC type (b) Pseudocapacitive type (c) Battery type materials showing significant 

differences in the polarisation curves.  Adapted from ref.[15] 

     To accurately distinguish pseudocapacitive materials from EDLC and battery-type 

materials, analyzing CV and GCD profiles plays a critical role. For EDLC materials, the CV 

curve is strictly rectangular, the GCD profile shows a linear relationship between potential and 

time (Figure 2.4a), and the b value is 1in the current potential relationship Eqn. 2.8. 

                                                               𝒊(𝑽) = 𝒂𝒗𝒃                                                  ….(2.8) 

(where i(V) is the current at specific potential, a and b are constants and v represent the scan 

rate). Materials exhibiting prominent redox peaks without significant separation and highly 

reversible reactions occurring without phase changes resulting in symmetrical CV curves and 

GCD profiles with an almost linear potential-time relationship are characteristic of 

pseudocapacitive behavior, shown in Figure 2.4b. This indicates that the charge storage 

involves fast, surface or near-surface redox reactions, in pseudocapacitive and the b value for 

pseudocapacitive materials is close to 1, indicating capacitive-like behavior, but with 

contributions from fast, reversible redox reactions. In contrast, battery-type materials exhibit 

CV curves with distinct redox peaks and large peak separations, but no phase transformation 

occurs during the charging process. GCD profiles also show noticeable plateaus, regardless of 

whether these features diminish at high rates, Figure 2.4c. The b value for bulk battery-like 

materials is typically around 0.5, reflecting diffusion-limited processes. However, 

(b) (c)(a)
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nanostructured, or specially engineered battery materials can exhibit b>0.5, suggesting kinetics 

similar to pseudocapacitive behavior.[16]  

 

Figure 2.5: (a) Plot of log (scan rate) vs log (current) for evaluating the b-value, providing 

insight into the charge storage mechanism (b) Capacitive and diffusion contribution of obtained 

from Dunn’s analysis, Adapted from ref.[17]  

     Ideally, for pseudocapacitors, although the b value should be near 1, this can depend on 

electrode material and architecture, especially the available porosity and thickness of the 

electrode. Now, to quantify the charge storage contributions, Trassati and Dunn have 

formalized a cyclic voltammetry-based procedure with the help of the equation,[18] 

𝑖 = 𝑘1𝑣 + 𝑘2𝑣
1

2⁄                                                    ….(2.9) 

𝑖 (𝑉)

𝑣
1

2⁄
 =  𝑘1𝑣

1
2⁄  + 𝑘2                                              ….(2.10) 

By calculating constants 𝑘1 and 𝑘2 in Eqn. 2.9, the contributions of current from capacitive 

and diffusion processes can be calculated at specific potentials as depicted in Figure 2.5b.   

➢ 𝑘1𝑣 represents the capacitive contribution (surface-controlled process).  

➢ 𝑘1𝑣
1

2⁄  represents the diffusion-controlled contribution (battery-like behavior). 

 

 

 

 

 

(a) (b)
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CHAPTER 3 

Internal stimuli strategy: High-valent vanadium-enabled redox 

activation and NiMn-LDH synergy for advanced supercapacitors 

 

     The critical role of spectator-metal ions, such as vanadium, in enhancing electrochemical 

performance in supercapacitors has been demonstrated. The strategy centered on increasing 

surface activity with vanadium and leveraging multiple redox-active ions to optimize 

electrochemical performance and durability, leading to the development of an efficient pseudo-

capacitor material. 
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3.1. INTRODUCTION: 

     Increase in world-wide population has led to the upsurge usage of the energy-based 

appliances to meet their daily needs. Significant efforts to develop sustainable and efficient 

energy storage devices, among which supercapacitors (SCs) have proved to be much efficient 

due to their higher charge-discharge rate, economical, and long charge-discharge cycles[1,2]. 

However, SCs low energy density restricts its wide range applicability[3–5]. The power and 

energy densities of a supercapacitor are critically influenced by two parameters, the potential 

window at which a supercapacitor operates and the specific capacitance which are dependent 

on the active surface area and electro-redox properties of an electrode material[6,7]. Based on 

energy storage mechanism, supercapacitors are mainly classified as electric double layer 

capacitors (EDLC) and pseudo-capacitors[8,9]. In general, pseudo-capacitors accompanies 

higher energy storage than EDLCs, because of the fast and reversible redox reactions during 

charge-discharge process[10]. The electrode materials have a significant impact on the 

performance of devices. Considering the Faradaic process occurring at the electrode-electrolyte 

interface, transition metal-based hydroxides, oxyhydroxides, and/or layer double hydroxides, 

are best suited in virtue of their variable oxidation states, supporting the faster redox cycles and 

higher stability in the alkaline medium [11,12].It has been discovered that environmentally 

friendly MOOH (M = Fe, Co, Ni, Mn, V, and Al) have distinct electronic structures, variable 

valence states, and abundant natural resources. Generally, MOOHs are formed as a two-

dimensional (2D) layered structure, consisting of the edge-sharing octahedral (MO6) subunits 

stacked to form a 2D layered structure. The interplanar spaces are occupied with various ionic 

species from the precursor that intercalated during the synthesis process, which determines the 

interplanar spacing and provides structural stability. These 2D-layered structures with the 

intercalated ions (spacers) can enhance the conductivity, surface texture, and adjust the volume 

extension of the material during prolonged electrochemical applications, making MOOHs 

promising electrode for energy storage.[13–15] These attributes can result in higher theoretical 

energy storage capacities at reduced costs, making them a promising alternative to commercial 

products.  Cobalt-based hydroxides and/or oxyhydroxides have been widely utilized as pseudo-

capacitor materials due to their ease of fabrication, tuneable morphologies, ease of electronic 

structure tuning by doping, and facile redox cycle (Co2+↔ Co3+↔ Co4+)[16]. However, the Co-

oxy hydroxide materials reported so far, have non-porous structures with poor specific surface 

area, which makes a huge diffusional limitation for the solvated ions and deteriorates the 

performance of the final electrode[17]. Recently, Bimetallic oxyhydroxides synergistically 
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enhance electrochemical performance by offering multiple redox couples as active sites.[18] 

Cobalt and vanadium-based binary hydroxides have also been reported as supercapacitors 

electrode materials having high charge storage capacity[19]. Furthermore, incorporating 

“spectator ions,” which are redox-inactive, enhances overall electrochemical performance by 

improving ionic conductivity, stabilizing electrode structure, and facilitating efficient charge 

transfer.[20]  This led to incorporating vanadium into cobalt oxyhydroxide to add up their pros 

compensating the individual shortcomings. Further, the charge transfer kinetics of the system 

can be improved using redox-active double hydroxide systems compatible with the present 

system. In this regard, layered double hydroxide (LDH) is best component owing to its two-

dimensional structure with efficient redox active of 3d transition metal centres providing the 

required high active surface area and high stability in harsh alkaline conditions. [21,22]   

    In this work, in-situ grown cobalt vanadium oxyhydroxide, CoVO(OH) (COV), utilizing 

hydrothermal method over carbon paper (CP) has been demonstrated. To further improve the 

electrochemical performance of COV material, we have directly grown NiMn-LDH nano 

flakes over the COV/CP electrode by hydrothermal method to ensure a better contact and 

interaction between the electro-active metal centres. The optimized NiMn- LDH@COV/CP 

hybrid electrode delivered a superior specific capacitance value of 786 Cg-1 at a current density 

of 1 Ag-1 with a high capacitive retention of 96% compared to the bare COV/CP which showed 

a retention capacitance of 88% after 5000 cycles at a current density of 25 Ag-1. 

3.2. EXPERIMENTAL SECTION: 

    3.2.1. Synthesis of CoVO (OH): 

     Cobalt and vanadium precursors are taken in different ratios (1:0,2:1,1:1,1:2) dissolved in 

25mL deionized water followed by the addition of NH4Cl (2.5 mmol) and CH4N2O 

(4 mmol) and hydrothermally treated at 120 C in a 50mL Teflon autoclave with activated CP 

[23]for 8h. The synthesized product grown on CP is cleaned with deionized water and absolute 

ethanol and dried overnight in vacuum oven.  The electrodes were named according to 

their molar ratio of cobalt and vanadium. (COV11 indicates Co:V = 1:1) 

  3.2.2. Synthesis of NiMn-LDH@CoVO (OH): 

To prepare NiMn-LDH@CVO, NiCl2.6H2O, MnCl2. 4H2O in 3:1 ratio and hexamine(2mmol) 

dissolved in 35mL deionized water, hydrothermally treated along with CoVO (OH)/CP 

substrate at 90oC for 8h.[24] 

TH-3849_206122101

https://www.sciencedirect.com/topics/engineering/molar-ratio


Chapter 3 

                                                                    

  38 

 

 

Scheme 3.1: Schematic representation of synthetic protocol utilized for the fabrication of the 

composite electrode (NiMn-LDH@COV/CP) in a two-step hydrothermal method. 

3.3.  RESULTS AND DISCUSSION: 

3.3.1. Phase and Structural Analysis  

 

Figure 3.1: Powder X-ray diffraction of (a) Individual powder sample collected and (b) 

CoVO(OH), NiMn-LDH and NiMn-LDH@CoVO(OH) on carbon paper. 

     The formation and phase purity of the as-synthesized materials were confirmed using 

the powder X-ray diffraction (PXRD) method. Figure 3.1 shows the XRD pattern of 

bare COV (CoVO (OH)) and NiMn-LDH. All the peaks are indexed with no impurity 

peaks. The COV corresponds to the hexagonal phase (JCPDS no. 00-057-0519) while 

the NiMn-LDH corresponds to the rhombohedral phase (JCPDS no. 38-0715). The peak 

at ~10° (2) for the NiMn-LDH corresponds to the interlayer spacing of LDH sheets in 

the “c” direction (003 plane) with an interplanar spacing of ~1.19 nm, confirming its 

two-dimensional (2D) nature. Further, in XRD presence of peaks corresponding to both 

COV and NiMn-LDH further confirms the successful formation of the composite. 
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3.3.2. Morphological Analysis: 

 

Figure 3.2: FESEM images of (a) hexagonal 2D sheet COV  (b) NiMn-LDH nano sheets, (c) 

NiMn-LDH@COV grown over CP substrate, and (d) FETEM image of the composite, NiMn-

LDH@COV, showing the presence of nanosheets over the hexagonal sheet 

structure.(e)HRTEM image of the composite with d-spacing values corresponding to respective 

planes of individual materials, (f) EDX spectra of NiMn-LDH@COV (g) FETEM image of 

NiMn-LDH@COV showing the presence of nanosheets over the hexagonal sheet structure (h-

l) EDS mapping of composite showing the presence of (e) cobalt, (f) vanadium, (g) oxygen, 

(h) nickel and (i) manganese. 

     Morphologies of as-synthesized materials over CP were investigated using FESEM 

technique. Figure 3.2a shows FESEM image of COV/CP, confirming the formation of 

uniformly distributed hexagonal plate-like structures on the CP substrate. The average 

plate size of ~12μm exposed a larger surface area for further deposition of NiMn-LDH. 

The morphology of NiMn-LDH (Figure 3.2b) is confirmed by individually growing the 

same on a CP substrate, where a uniformly grown nanosheet structure has been 

observed. In the composite, Figure 3.2c, there is the presence of hexagonal plates, 

corresponding to COV, along with nanosheet structures, corresponding to NiMn-LDH, 
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deposited over its surface, thus increasing the overall surface area, much needed to 

enhance the active sites for charge storage. The sheet structures of the as-synthesized 

materials were further confirmed using field emission transmission electron microscopy 

(FETEM) technique. (Figure 3.2d) is the FETEM image of the composite, NiMn-

LDH@COV, displaying the uniform deposition of the nanosheet (corresponding to 

NiMn-LDH) over the exposed surface of hexagonal sheet structure of the COV material. 

The high-resolution transmission electron microscope (HRTEM) image of the 

composite was recorded to further validate the presence of NiMn-LDH over the COV 

surface. shows the HRTEM image with two different lattice fringes. The d-spacing 

value of 0.21nm corresponds to the (102) plane of CoVO (OH) and 0.25nm corresponds 

to (101) plane of NiMn-LDH. 

     The scanning transmission electron microscopy energy-dispersive X-ray 

spectroscopy (STEM-EDX) elemental mapping was recorded for the composite to show 

the presence of all the elements (Figure 3.2 h-l), cobalt, vanadium, oxygen, nickel and 

manganese in the composite, confirming the homogenous deposition of the LDH over 

the COV.   

3.3.3. Surface area Analysis: 

 

Figure 3.3: N2 adsorption and desorption curves of bare COV and NiMn-LDH@COV 

composites. 

     The adsorption-desorption analysis revealed surface areas of 42 m2g−1 for COV and 120.43 

m2g−1 for NiMn-LDH@COV, indicating a significant increase in surface area after NiMn-LDH 

incorporation, which will provide a better surface for charge storage.  
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3.3.4. Electronic State Analysis: 

 

Figure 3.4: (a) V 2p of COV and NiMn-LDH@COV (b) Co 2p of CoOOH, COV and NiMn-

LDH@COV and (c) Ni 2p and (d) Mn 2p of NiMn-LDH and NiMn-LDH@COV, respectively.    

     To investigate the electronic and valence state of elements present in the synthesized 

material X-ray Photoelectron spectroscopy was utilized. From the core-level V 2p spectra 

Figure 3.4a of COV and NiMn-LDH@COV it is confirmed that Vanadium is present in high 

valent +4 and +5 oxidation states. Figure 3.4b shows Co 2p core level spectra CoO(OH), COV, 

and NiMn-LDH@COV.  In CoO (OH), the 2p3/2 peak at 780.61 eV and 2p1/2 peak at 782.46 eV 

confirms the presence of Co3+, while the 2p3/2 peak at 796.60 and 2p1/2 peak at 798.02eV 

confirms the presence of Co2+.  Co 2p3/2 and Co 2p1/2 are energetically separated by about 15.9 

eV. The shake-up satellite peaks are observed at 786.52 and 803.13 for Co 2p3/2 and 2p1/2, 

respectively. After the incorporation of high valent vanadium into CoO(OH), the valence state 

of Co shifted from Co2+ to Co3+ and red-shifted by ∼0.23 eV showing strong electronic 

interaction between Cobalt and vanadium. V5+ has a vacant orbital, where there is partial charge 

polarisation from Cobalt to Vanadium there by increasing the faradic reaction. Again, in the 

composite NiMn-LDH@COV, Co2p core level spectra show a blue shift in binding energy. 
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Figure 3.4(c, d) shows Ni and Mn core level 2p spectra, where Ni is in +2 and +3 oxidation 

states and Mn is in +3 and +4 oxidation states in the composite NiMn-LDH@COV and NiMn-

LDH. There is a shift in the peak position of Ni 2p and Mn 2p core-level spectra toward higher 

binding energy, which indicates good electronic interaction between NiMn-LDH nanosheets 

and COV hexagonal plates in the composite material. 

3.3.5. Electrochemical Analyses: 

 

Figure 3.5: Comparative (a) CV analysis 10mV s−1 and (b) GCD analysis at 1A g−1 of 

CoVO(OH) with varying Co to V ratio.  

     The electrochemical activity of the as-synthesized materials was evaluated by cyclic 

voltammetry (CV) and galvanostatic charge-discharge (GCD) tests using the synthesized 

electrodes as working electrodes, Hg/HgO (1M KOH) as a reference electrode and platinum as 

a counter electrode in 1M KOH electrolytic solution. Prior to recording their electrochemical 

performances, each electrode was subjected to 20 cyclic voltammetric (CV) cycles at a scan 

rate of 100 mV s–1 to stabilize the system by enhancing ion diffusion. Hence, more electrolytic 

ions reach the electrode-electrolyte interface. The best-performing composite has been 

optimized using different molar ratios of cobalt and vanadium in the mixed oxyhydroxide 

material, as shown in Figure 3.5. The COV with the molar ratio of 1:1 (Co: V) displayed a 

larger CV curve area with an extended charge discharge time as compared to other counterparts’ 

indicating its higher specific capacitance value.  An optimal balance of Cobalt and vanadium 

exhibits better electrochemical performance, whereas excessive vanadium content can cause 

structural collapse and reduced surface area, negatively impacting performance.  A lower 

vanadium content also underperforms, emphasizing the importance of an optimal Co: V ratio 

for enhanced electrochemical performance. Figure 3.6a shows the CV curves of different 
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electrodes, COV, NiMn-LDH, and NiMn-LDH@COV, measured at a scan rate of 10 mV s–1. 

The cyclic voltammetric curve of the NiMn-LDH@COV electrode displays the largest integral 

area of the closed curve and a higher redox potential range, thus depicting its superior specific 

capacitive behavior compared to its counterparts. This is further supported by the longer 

charge-discharge time in the GCD analysis in Figure 3.6b. The capacitance value for the 

composite electrode, NiMn-LDH@COV, was found to be 786 C g–1, which is significantly 

higher than that of the bare NiMn-LDH (284 C g−1) and COV (350 C g−1).   Figure 3.6c 

represents the CV curves of the best performing composite electrode, NiMn-LDH@COV, at 

different scan rates (10 - 100 mV s–1) within the voltage range of -0.1 V − 0.6 V. We observed 

an increase in the scan rate, and the oxidation and reduction peaks shifted to higher and lower 

potential, respectively. The shift in potential is attributed to the non-equilibrium dynamics of 

ion diffusion with respect to that of the increase in sweep rate causing polarization in ion 

transport, leading to more potential to be given to drive the oxidation and reduction processes.   

 

Figure 3.6:Comparative  (a) CV at 10mV s–1 (b) GCD at 1A g–1  plots of the fabricated 

electrode materials (c) CV plots of the composite, NiMn-LDH@COV/CP, measured at 

different scan rates (10-100 mV s–1 ), (d) GCD curves of the composite, NiMn-LDH@COV/CP, 

measured different current densities, (e) Specific capacitance of different obtained electrodes 

at various current densities, and (f) long-term cyclic performance of the composite electrode at 

10 Ag–1 in 1M KOH obtained from GCD curves to depict its high stability. 

     In addition, a sharp redox peak corresponding to the redox activity of Ni, Mn, and Co is 

observed. The noticeable peak separation in the redox couple indicates the battery-type 
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behavior of the composite electrode. In the GCD, obtained at different current density shown 

in Figure 3.6d has a charge-discharge plateau, further indicating a battery-type behaviour of 

the composite.  The incorporation of NiMn-LDH onto the CVO hexagonal sheets led to a ~2-

fold enhancement in the specific capacity value. The increment in the Cs is due to the improved 

surface area (confirmed by BET analyses), which enables the interaction of more electrolytic 

ions with the increased electroactive species of the electrode material, thereby enhancing the 

Faradaic process and increasing the capacitance. Moreover, with an increase in the current 

densities from 1 Ag-1 to 10 Ag–1, there was a 76% retention of the specific capacitance, 

indicating the good charge-discharge rate capability of the composite material. 

    Further, for practical applications, cyclic stability is an important parameter for measuring 

the quality of pseudo-capacitors. Herein, we have performed 5000 GCD cycles for the bare 

COV and composite NiMn-LDH@COV electrodes at 10 Ag–1 (Figure 3.6f). The bare COV 

electrode showed 88% capacitance retention, while the composite electrode showed a higher 

(96%) retention in capacitance, confirming its high durability and reusability for practical 

applications. 

3.3.6. Electrochemical Impedance Spectroscopy (EIS) Analyses: 

 

Figure 3.7: Nyquist plot of all the electrodes obtained from EIS measurements for composite 

NiMn-LDH@COV/CP, along with its pristine COV/CP, and NiMn-LDH/CP.   

     The electrochemical reaction kinetics at the electrode-electrolyte interface is one of the 

crucial factors for determining the pseudo-capacitive behaviour of a material. The charge 

transfer resistance (Rct) at the interface determines the rate of the redox reaction, which was 

evaluated using electrochemical impedance spectroscopy (EIS) at an open circuit potential 

(OCP). Figure 3.7 shows the Nyquist plot of the bare and composite electrodes obtained by 

the EIS technique. The lower Rct value for the composite, NiMn-LDH@COV, (12 Ω), 
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compared to that of bare COV (43 Ω) and NiMn-LDH (50 Ω) proves the facile charge transfer 

process occurring at the electrolyte interface during the cyclic redox reactions. The low 

resistance can also be attributed to the enlarged specific surface area of the composite electrode 

material and the strong interaction between the nanosheet structures (NiMn-LDH) and 

hexagonal sheets (COV), accelerating the ion transfer processes. Additionally, the steeper slope 

at the low-frequency region for the composite confirms its higher capacitive nature due to the 

lower diffusive resistance of the electrolyte ions. 

3.3.7. Charge Storage Mechanism: 

 

Figure 3.8: (a) The plot of log(i) versus log(v) of CoOOH, bare COV, NiMn-LDH@ 

CoVO(OH) comparison of capacitive and diffusive controlled contribution in cyclic 

voltammetry curve at scan rate of 5 mVs-1 for (b)CoOOH (c) COV (d) NiMn-LDH@COV, 

respectively. 

     To analyse the contribution of redox process vs diffusion, during the charging 

process and to determine the capacitive behaviour, the value of “b” was determined from 

the CV plots at different scan rates according to the given Eq. (i=aVb). In general, when 

the value of b is equal to 0.5, the electrode materials show battery-like characteristics 

and for the range of 0.5–1, the electrode materials show capacitance contribution and 
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diffusion-controlled contribution characteristics.  In Figure 3.8a, the fitted b value of 

the anodic peak current for CoO(OH) is found to be 0.71. This value decreases to 0.61 

after the incorporation of high-valent vanadium, indicating enhanced redox activity. 

Furthermore, the b value for the composite is 0.51, suggesting battery-type behavior, 

which is consistent with the CV and GCD analyses. The percentage contributions from 

capacitive and diffusion-controlled processes in CoO(OH), COV, and NiMn-

LDH@COV electrodes at a scan rate of 5 mVs–1 were determined using Dunn’s method. 

Based on this analysis, the capacitive contribution decreases from 47% for bare 

CoO(OH) to 33% after vanadium incorporation, and further drops to 15.6% upon 

forming the composite with NiMn-LDH, as illustrated in Figures 3.8(b-d). This result 

indicates a the redox activity CoO(OH) increases as the Vanadium is incorporated and 

further increases with the composite formation of NiMn-LDH, which is contributing to 

the battery-type pseudocapacitance charge storage.   

3.3.8 Asymmetric Device: 

 

Figure 3.9: :(a) Schematic presentation of ASC tested (b) CV curves of AC and NiMn-

LDH@COV/CP electrodes in a three-electrode system with a scan rate of 10 mV s–1 (c) CV 

curve of NiMn-LDH@COV/CP//AC at different scan rate (10-100mV s–1 in a two-electrode 

system) (d) GCD curve in two electrode system at a different current density. 
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     To demonstrate the practicality of the composite material, an asymmetric supercapacitor 

(ASC) device was constructed with NiMn-LDH@COV/CP as the positive electrode and 

Activated Carbon (AC) deposited over carbon paper as the negative electrode in 1M PVA-

KOH gel electrolyte separator (Figure 3.9a).  Figure 3.9b represents the CV of AC and 

composite NiMn-LDH@COV/CP in a three-electrode system, indicating the AC electrode 

operates in the negative potential range (0 to −1 V), while the NiMn-LDH@COV/CP electrode 

functions within -0.1 to 0.55 V. This complementary behavior enables an extended operating 

voltage window of 1.55 V in the asymmetric NiMn-LDH@COV/CP //AC device. Figure 3.9c 

illustrates the CV curves at different scan speeds of the constructed device, indicating the stable 

operating voltage window of ASC is 0–1.55V. As the scan speed increases, the CV curve 

profiles remain stable, indicating that the electrode has an outstanding rate capability. Two 

distinct electrode behaviours, such as an EDLC-type AC and a battery-type NiMn-LDH@COV 

electrode, are combined and coexist in a balanced manner, as shown by a semi-redox feature 

in the CV profile. Figure 3.9d presents the GCD curve of the ASC device obtained at different 

current densities (1 to 10 Ag−1) to validate its high efficiency. GCD profile revealed a mixed 

voltage variation mechanism with a linear variation due to AC and a non-linear variation due 

to battery type NiMn-LDH@COV and the nearly symmetric charge-discharge profile with 

minimal IR drop indicates high efficiency. The specific capacitance value obtained at 1A g-1 is 

147 F g−1, confirming the potential of the composite material to be utilized for practical 

purposes.  

 

Figure 3.10: Ragone plots related to the energy and power densities.  

Furthermore, the Ragone plot of the NiMn-LDH@COV//AC hybrid supercapacitor clarifies 

the relationship between the energy and power density, as shown in Figure 3.10. The energy 

density and power density of the fabricated device were calculated to be 46 Wh kg−1 and 752W 
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kg−1, at 1 Ag−1, respectively. The hybrid supercapacitor still retained an energy density of 15 W 

h kg−1, which is superior to that of most of the recently reported devices based on Oxyhydroxide 

and LDH-based asymmetric supercapacitor devices.[25-31] 

 

Figure 3.11: (a) long-term cyclic performance of the asymmetric supercapacitor device at 5Ag–

1 using PVA-KOH electrolyte (b) Digital photograph of LEDs powered by two asymmetric 

supercapacitor device devices in series connection. 

     We have also performed 5000 GCD cycles for the asymmetric device, which is showing 

85% capacitance retention at 5 Ag-1 in 1.5M PVA-KOH gel electrolyte (Figure 3.11a). Note 

that the concentration of electrolyte in the cyclic retention measurements is higher to balance 

the loss of electrolyte during the device operation. The practical utility of the composite 

material was demonstrated by utilizing two ASC devices, connected in series, to power an LED 

light of 3V, as shown in Figure 3.11b. Upon charging the devices to 3V, the LED light initially 

glowed intensely and later gradually dimmed through the discharging process.  

3.3.9. Probable mechanism of charge storage: 

    The pseudo-capacitive behavior of the composite material NiMn-LDH@COV/CP is mainly 

ascribed to the Faradaic processes of the constituent elements, i.e., the redox cycles in the given 

potential window. In the potential range of -0.1 V to 0.6 V vs. Hg/HgO reference electrode, the 

Co, Ni and Mn ions are electrochemically active as all the ions showed both the oxidation and 

reduction peaks. In the COV, Co ion undergoes the redox reaction contributing to the pseudo-

capacitive behaviour, whose activity was enhanced on incorporation of spectator V5+ ion to 

form the bi-metal oxyhydroxide. V5+ participates as the spectator ion as it is not showing any  
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Figure 3.12: Contact-angle measurements of (a) CoO(OH) (b) CoVO(OH) indicating 

increasing hydrophilicity with incorporation of high valent vanadium (c) Schematic 

representation of the plausible mechanistic pathway involving the contribution of spectator ion 

vanadium along with the redox-active ions such as Cobalt, Nickel, and Manganes.  

redox behaviour. Also, the V-ion in high oxidation state is known to reduce the adsorption 

energy of the OH– ions due to the increased hydrophilicity, confirmed by contact angle 

measurement (Figure 3.12 (a,b)), thus increasing the flux of electrolyte ions into the electrode 

active sites, thereby increasing the redox capacity of the composite, COV.[32] Further, V5+ due 

to its high oxidation state-induced polarization in the Co – O bond, thereby affecting the 

oxidation state of cobalt, promoting its Co2+/ Co3+ conversion faster, which was also confirmed 

by XPS. Enhancement in specific capacitance upon deposition of NiMn-LDH is due to the 

additional redox cycles of Ni (Ni2+/Ni3+) and Mn (Mn3+/Mn4+) ions in the composite material. 

The probable mechanism of storing charge at the electrode/electrolyte interface is given in 

(Figure 3.12c). Thus, the redox-cycles within the potential window of the composite material, 

NiMn-LDH@COV, are mutually responsible for the obtained high specific capacitance. 

Additionally, the 2D nature of the LDH molecule enlarges the active surface area (confirmed 

from BET analysis) of the composite material, thereby increasing the electroactive sites and 

facilitating the efficient Faradaic processes of a pseudo-capacitor. 
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3.4. CONCLUSIONS: 

     In conclusion, COV hexagonal plates as the core and bimetallic NiMn-LDH 

nanosheets as the shell were successfully prepared through a simple hydrothermal 

reaction to synthesize   NiMn-LDH@COV/CP composite. The prepared NiMn-

LDH@COV/CP has a large specific surface area, which can greatly increase the number 

of surface-active sites and increase the contact area between the electrode and the 

electrolyte. At the same time, incorporation of high valent V ion induces more 

hydrophilicity, promoting the adsorption of the electrolyte/hydroxyl ions on the surface 

of COV, thereby increasing the redox cycles of Co ion. Further utilization of NiMn-

LDH over the surface of CoVO(OH) proved to be a successful strategy in the 

development of an efficient pseudo-capacitor material. The overall effect of redox 

cycles of Ni and Mn ions, in addition to that of the Co ions, generated a capacitance 

value of 786 Cg–1 at a current density of 1Ag–1 with a capacitive retention of 96% upon 

5000 GCD cycles, confirming its high activity and durability.  
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CHAPTER 4 

 

Capacitive–Diffusion Interplay: Redox-active Mn2V2O7 rods 

integrated with MXene sheets for enhanced charge transfer 

 

     A synergistic approach combining capacitive and redox-active materials is employed to 

develop supercapacitors that effectively bridge the gap between traditional supercapacitors 

and batteries in terms of their high-power delivery and increased energy density. Here, we have 

reported MXene with manganese vanadium oxide (Mn2V2O7) nanorods to eliminate the 

limitations, such as restacking of MXenes, which poses a major problem in achieving high 

conductivity to be used in supercapacitor applications. Formation of pathways for ion 

migration in Mn2V2O7/MXene composite, resulting in increased conductivity, enhanced ion 

transport capacity and structural stability in aqueous electrolytes leading to superior 

performance. 
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4.1. INTRODUCTION: 

     Supercapacitors (SCs) have gained attention over other electrochemical energy storage 

devices because of their advantages, such as their remarkable energy storage, rapid rate of 

charge and discharge, and durable cycle performance.[1] Depending on how they store energy, 

supercapacitors can be categorized as either EDLCs or pseudocapacitors. The charge storage 

mechanism in EDLC is characterized by the physical adsorption and desorption of charges near 

the electrode material's surface. In contrast, pseudocapacitors operate through a redox reaction, 

involving chemical adsorption and desorption on the electrode material's surface, accompanied 

by electron transfer.[2–5]  A recent advancement in energy storage technology is the hybrid 

supercapacitor battery, harnessing the combined strengths of both supercapacitors and 

batteries.[6] Research focuses on developing electrode materials with improved energy and 

power density, cycling stability, and charging/discharging capabilities, often utilizing carbon-

based materials and transition metal oxides. This dynamic field promises advancements in 

flexible and sustainable supercapacitor applications.[7,8] 

     A significant focus on transition metal oxides (TMOs) due to their exceptional charge-

storing capabilities and the ability to tailor micro/nanostructures. Recently, nanostructured 

materials are highly efficient electrode materials for energy storage devices as they have high 

surface energy. The elevated surface activity and increased electroactive sites of one-

dimensional(1D) materials result in high carrier capacity in addition to providing electron–ion 

conduction pathways with shorter diffusion lengths. Layered binary metal vanadates have 

become a group of promising electrode materials for SCs because of their collaborative 

interaction between vanadium and other metal elements (e.g., CaV4O9, Fe2VO4, ZnV2O4), 

exhibit synergistic effects that boost ion conductivity and contribute to increased reversible 

capacities.[9–11] Due to their substantial interlayer spacings, which facilitate rapid ion diffusion 

channels, these materials have emerged as promising candidates for energy storage 

electrodes.[12] Mn2V2O7, also known as manganese pyrovanadate, features a distinct distorted 

honeycomb atomic arrangement.[13,14] This structure consists of edge-sharing MnO6
− octahedra 

forming layers shared with V2O7 groups, resulting in a staggered configuration with linear 

bridging V-O-V bonds. The β-Mn2V2O7 phase showcases honeycomb layers of Mn2+ cations 

separated by VO4
− groups, allowing for valence state conversion, and contributing to 

electrochemical energy storage. Despite these advantages, the poor electrical conductivity of 

manganese and vanadium oxide-based electrodes hampers device performance. To address 
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this, integrating manganese vanadium oxide composites with highly conductive carbonaceous 

networks, such as MXene, graphene, or carbon nanotubes, can significantly enhance the overall 

properties. MXenes are 2D materials, such as Titanium carbide (Ti3C2Tx), which exhibit 

excellent pseudocapacitive properties.  However, the electrochemical performance of MXene 

diminishes due to the restacking of sheets of MXene.[15,16] The hindrance caused by stacking 

impedes the out-of-plane electron transport and increases the distance of ion diffusion within 

the electrode, ultimately decreasing the electrochemical performance. However, 1D@2D 

binary transition-metal-oxides/MXene heterostructure materials help in interfacial interaction 

and improve the overall electrochemical performance. This approach also provides multi-

valence rich electroactive sites thereby overcoming the individual shortcomings of the 

materials of the system.  

     In this report, we present a simple approach for the straightforward synthesis of Mn2V2O7 

(MVO) with Ti3C2Tx MXene through a hydrothermal method. From the electrochemical 

measurements, the value of specific capacitance of the MVO/MXene composite was found to 

be 627F g−1 @ 1 A g−1 current density with a potential window of 1.0 V To get insight into the 

kinetic process occurring within the electrodes, we have used DRT to analyse complex 

impedance spectra and differentiate electrode kinetics based on their relaxation time constant.  

To evaluate practicality, we constructed an asymmetric supercapacitor device (ASC) with 

MVO/MXene as the cathode and AC as the anode. The MVO/MXene//AC configuration 

exhibits remarkable energy storage capabilities, featuring a specific capacitance of 192 F g−1 at 

a current density of 1 A g−1, along with a specific energy density of 65 Wh kg−1 and a power 

density of 1000 W kg−1. 

4.2. EXPERIMENTAL SECTION: 

4.2.1. Synthesis of MXenes (Ti3C2Tx): 

     2D Titanium carbide nanosheets were synthesized by exfoliation of commercially available 

Ti3AlC2 (Merck). The Ti3AlC2 powder was treated with 40 % aqueous HF solution for 24 h at 

40 C temperature. The resultant suspensions were washed with 5 M HCl solution for 3 times, 

then with deionized water and ethanol multiple times till the pH of the suspension reached 6. 

The clay-like product obtained was subjected to delamination into individual MXene 

nanosheets through one hour of bath sonication under an argon atmosphere while ensuring the 

bath temperature stayed below 30°C. Subsequently, the mixture underwent centrifugation at 

3500 rpm for 1 hour to gather the delaminated MXene. 
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4.2.2. Synthesis of Mn2V2O7/MXenes composite: 

     For the preparation of Mn2V2O7/MXenes, different concentrations of the MXene (20 mg 

ml-1) is dispersed in 15 mL of an aqueous solution containing 3 mM of (CH3COO)2Mn. 4H2O 

by ultrasonication for 20 min. To allow impregnation of the MXene to Mn solution, the 

suspension was put for 30 min under magnetic stirring. A 15 mL aqueous solution containing 

3 mM NH4VO3 with different concentrations of CTAB (0, 2 mM), was then gradually added to 

the agitated suspension at 80 °C. This mixture was stirred for 30 min and then for a 

hydrothermal reaction at 180 C for 12 h. Then, the product was washed, filtered, and vacuum-

dried at 80 °C for approximately 10 h.  

 

Scheme 4.1: (a) Schematic of synthesis procedure in 2 steps, etching and delamination MAX 

phase to form MXene (Step 1) and hydrothermal synthesis of Mn2V2O7/MXene composite 

(Step 2) 

4.3.  RESULTS AND DISCUSSION: 

4.3.1. Phase and Structural Analysis  

The crystal structure and purity of different phase compositions for the prepared MXene, MVO, 

and MVO/MXene were examined by X-ray diffraction (XRD) analysis Figure 4.1a displays 

the XRD patterns of Ti3AlC2 and Ti3C2Tx where the characteristic peaks of Ti3AlC2 are 

observed at 9.5°, 19.1°, 34°, 38.8°, 41.7°, and 60.2°, aligning with previously reported data.[17] 

Following the etching process, the Ti3AlC2 peaks disappear, with new peaks appearing at 7.57°, 

29.5°, and 60.8°, while the characteristic Ti3C2Tx peak is observed at 7.57°, indicating phase 
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transformation. Figure 4.1b shows diffraction peaks aligned to the monoclinic phase of 

standard literature (JCPDS Card no. 73–1806) of the MVO material. The emergence of the 

(002) peak of MXene along with MVO peaks in the hybrid of MVO/MXene suggests the 

formation of composite material. The (002) plane of MXene is observed at 7.1°, which is 

further left-shifted from the bare MXene, indicating an expansion in interlayer spacing 

attributable to the inclusion of MVO within the MXene layers.  

 

Figure 4.1: Powder XRD of (a)Ti3AlC2 phase(green) and Ti3C2Tx (Black), (b)Mn2V2O7 

(Maroon), Mn2V2O7/MXene (purple) 

 4.3.2. Morphological Analysis: 

     The morphology of the synthesized material was examined using a FESEM analysis. MAX 

phase shows the dense, layered structure with tightly stacked layers and after selective etching 

of the Al-layer, the structure evolves into a delaminated, accordion-like morphology of MXenes 

as shown in Figure 4.2(a,b) respectively. The FESEM images of the MVO samples are 

presented, illustrating variations in morphology in response to the usage of CTAB. In the 

absence of CTAB, MVO exhibited aggregated brick-like structures, approximately 400 nm in 

size (Figure 4.2c). However, upon the introduction of CTAB, the MVO morphologies 

transformed into elongated bundled nanorods, with diameters ranging from 20 to 50 nm, as 

depicted in Figure 4.2d. The surfactant CTAB serves as a structure-directing agent, playing a 

crucial role in governing the nucleation and growth of the samples. CTAB is helpful to decrease 

the surface tension of the solution, thereby lowering the energy needed for the formation of a 

new phase.  CTAB is an ionic compound that completely ionizes into CTA+ with a long 

hydrophobic tail, whereas Mn and V precursors get hydrolyzed to form corresponding growth 
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units of Mn and V hydroxylate ion pairs.  There will be a coulombic attraction between the 

oppositely charged CTA+ and metal hydroxylate.  

 

Figure 4.2: FESEM image of (a) Ti3AlC2 before etching showing a bulk layered structure (b) 

Ti3C2Tx after etching, indicating the delaminated layered structure, FESEM image of Mn2V2O7 

(c) Without use of CTAB, (d) With use of CTAB. 

As the surfactant molecules depart, Mn–V–OH− is carried away in the form of ion pairs. 

Throughout the crystallization process, surfactant molecules function as both growth 

controllers and agglomeration inhibitors, facilitating the formation of rod-shaped 

Mn2V2O7.
[18,19] The rod-shaped MVO was selected for further analysis in electrochemical 

energy storage applications, as its reduced size offers a higher surface area, thereby enhancing 

charge storage capabilities. Similarly, Figure 4.3a shows the FESEM image of the composite 

where MVO rods get channelized into the MXene sheets. Further, the composite formation was 

analyzed using the FETEM technique (Figure 4.3b), which shows the presence of MVO rods 

over MXene sheets. For a more detailed analysis of composite, Figure 4.3c displays a high-

resolution transmission electron microscopy (HRTEM) image. The lattice fringes were found 

to exhibit an interplanar spacing of d=0.98 nm which corresponds to the (002) plane of MXene  

MXeneMAX phase
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Figure 4.3: (a) FESEM and (b)FETEM image of Mn2V2O7/MXene composite, (c) HRTEM 

image of Mn2V2O7/MXene, EDS elemental mapping of Mn2V2O7/MXene (d) showing the 

presence of (e) carbon (f) titanium (g) manganese (h) vanadium (i) oxygen. 

and d=0.39 nm which corresponds to (021) of MVO respectively, further confirming the 

composite formation. The homogenous elemental distribution of Ti, C, Mn, V, and O in the 

composite (Figure 4.3d) was further visualized by HAADF-STEM characterization as shown 

in Figure 4.3(e-i). 

4.3.3. Surface area Analysis: 

 

Figure 4.4: N2 adsorption and desorption curves of MXene, Mn2V2O7, Mn2V2O7/MXene. 
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     The N2 adsorption-desorption of pristine MVO and MVO/MXene material in Figure 4.4 

reveals that, compared to pure MVO (19.2 m2g–1), the MVO/MXene had a greater BET surface 

area of 80.49 m2g−1. Thus, an increase in surface area provides more active sites for 

electrochemical reactions to occur which further facilitates charge transfer by improving ion 

adsorption and promoting catalytic activity. 

4.3.4. Electronic State Analysis: 

 

Figure 4.5: (a) XPS survey spectra, High-resolution XPS spectra of (b) Mn 2p and (c) V 2p 

(d) Ti 2p of MVO/MXene   

     X-ray photoelectron spectroscopy (XPS) was used to understand the electronic interactions 

among the elements present in the composite, MVO/MXene. The survey spectrum indicated 

the presence of Mn, V, O, Ti, and C elements (Figure 4.5a). A doublet with peaks positioned 

at 642.5 and 654 eV is for the Mn 2p3/2 and Mn 2p1/2 respectively in Figure 4.5b. The binding 

energy separation of 11.8 eV confirms the Mn2+ state, and it is identified by peaks position at 

653.6 and 641.8 eV, for the Mn3+ is confirmed by the peaks at 655.6 and 644.16 eV. In a similar 

manner, Figure 4.5c with two peaks at 516.6 eV and 524.3 eV of V 2p, represents the splitting 

of V 2p3/2 and V 2p1/2 states, respectively. On deconvoluting, the two peaks are arising with 
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oxidation states V4+ and V5+, which confirms the multiple oxidation states of V in Mn2V2O7.  

Figure 4.5d shows the six distinct peaks of 2p1/2 and 2p3/2 doublets observed in the Ti 2p spectra 

correspond to the Ti-C-Tx bonding (453.7 eV and 461.8 eV), the peaks appearing at 455.96, 

459.09,462.32 and 463.8 eV can be attributed to Ti (II)-O, Ti (III)-O bonding environment. 

From the XPS analysis, we can conclude that redox-active Mn, V, and Ti are present in the 

MVO/MXene composite which can participate in pseudocapacitive charge storage. 

4.3.5. Electrochemical Analyses: 

 

Figure 4.6: (a) Comparative CV analysis of Mn2V2O7, MXene and Mn2V2O7/MXene at scan 

rate of 10 mV s–1 (b) CV curves of the Mn2V2O7/MXene electrode from 10 to 100 mVs–1 (c) 

GCD curves of the Mn2V2O7/MXene electrode from 1 to 10 Ag–1 (d) Specific capacitance 

values of the electrodes at various current densities showing composite has a better rate 

capability.  

     To analyse the electrochemical performance of the synthesized MVO/MXene, MVO and 

MXene were assessed in a 1M Na2SO4 electrolyte solution in a three-electrode system, 

employing CV, GCD, and EIS.  Figure 4.6a shows the comparison of CV curves of MXene, 

MVO, and MVO/MXene at different scan rate of 10 mV s−1 with their respective potential 
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window. The results indicate that compared to bare counterparts, the MVO/MXene electrode's 

CV curves form the larger integral areas of the closed curves, indicating the superior specific 

capacitive behaviour of electrode. Figure 4.6b shows the quasi-rectangular CV curves of the 

MVO/MXene electrode at various scan rates with a redox hump confirming the surface-

controlled pseudocapacitive character of the composite material. Upon increasing scan rate, the 

current density is increasing and the redox peaks move towards higher and lower potential 

respectively (10 to 100 mV s–1). A decrease in current values at a reduced scan rate is primarily 

attributed to the formation of a thicker diffusion layer on the electrode surface, which hinders 

the movement of electrolytes toward the electrode. Conversely, at higher scan rates, the 

diffusion layer is unable to expand extensively on the electrode surface which allows for 

increased electrolyte flux, leading to an enhancement in current.[20] 

     The specific capacitance of the synthesized electrode materials was determined by analysing 

their GCD curves at mass-normalized current densities. Figure 4.6c shows the GCD of the 

composite material where different current densities were applied with a voltage window of 0-

1.0 V. The discharge profiles at different current densities indicate a decrease in discharge time, 

attributed to accelerated ion transfer at the electrode-electrolyte interface and reduced effective 

surface area utilization. The specific capacitance of the MVO/MXene and MVO electrode was 

obtained from the discharge profile of the GCD curve and the specific capacitance of the 

MVO/MXene electrode (627 Fg−1 and capacity 172 mA h g–1) is found to be better than that of 

the bare MVO (332 Fg-1 and capacity 92 mA h g–1) at 1 Ag–1. We have calculated the specific 

capacitance at different current densities and the rate capability of the MVO/MXene composite 

is 83%, whereas for MVO electrode can retain 68% at 10A g–1 (Figure 4.6d). The enhanced 

specific capacitance observed in the MVO/MXene composite can be attributed to the 

development of the formation of a well-organized matrix within the MXene. This structure 

facilitates enhanced ion transport by shortening the diffusion paths for ions. Additionally, the 

increased surface area resulting from the unique layered matrix of MXene combined with MVO 

enables efficient adsorption and desorption of Na+ ions onto the surface.[21,22]  
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4.3.6. Electrochemical Impedance Spectroscopy (EIS) Analyses followed by Distribution 

of relaxation times (DRT):  

     

To investigate interfacial charge transfer at the electrode-electrolyte interface, impedance 

spectroscopy analysis was conducted within the 0.1 Hz to 100 kHz range of frequency at an 

open circuit potential (OCP), as depicted in the Nyquist plot (Figure 4.7a). The value of charge 

transfer resistance (Rct) values was calculated by fitting the Nyquist plots to an electrical circuit. 

The Rct value for the MVO/MXene composite (7.23 Ω) is lower, as compared to bare MVO 

(32.1 Ω) and MXene (29 Ω), which confirms the facile charge-transfer processes occurring at 

the electrode/electrolyte interface during the electrochemical reactions. Furthermore, the larger 

surface area of the composite provides additional active sites for electrochemical reactions, 

thereby facilitating rapid charge transfer. 

    EIS yields complex impedance data encompassing overlapping of processes such as ion 

transport from/to electroactive sites, ion diffusion, and charge transfer processes having 

different dynamics and they manifest themselves at different frequencies, which potentially 

allows their differentiation. However, extensive overlap in these time constants hinders the 

resolved interpretation of dynamic events in terms of their time scales. Utilizing the DRT 

methodology enables the determination of time scales required for the system to transition 

between equilibrium states at a specific frequency. This approach reveals distinct chemical 

processes aligned with various relaxation times.[23]  

 

Figure 4.7: (a) Nyquist plot of all the electrodes obtained from EIS, (b) Distribution of 

relaxation time plot obtained from EIS (inset showing ,  and  peaks)  
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Table 1: Represents the calculated resistance of each electrode: 

 

    Figure 4.7b illustrates the DRT profile featuring four peaks labelled as   in the high-

frequency region,   are in the intermediate frequency region, and  lie in the low-

frequency region. For the composite  peak area is increasing which is ascribed to the 

cumulative interfacial resistance occurring either at the interface of the current collector and 

the material or within the layers of the material. Further, it is observed that the intensity of 

peaks (,  and ) of MVO/MXene is notably smaller (with lower resistance values) 

compared to that of bare electrodes, suggesting that both the charge transfer processes are more 

efficient for MVO/MXene (inset Figure 4.7b). Further for the composite MVO/MXene the 

peak   resistance is 9.8 Ω which is less than bare MVO indicating faster ion diffusion within 

the matrix.  Moreover, shifts of ,  and  peaks toward the high-frequency region, along 

with a lower τ value, signify an improvement in the electrochemical activity of the processes. 

These results are further supported by the resistance values of each peak provided in Table 1. 

The resistance values of composite for each process are found to be lower as compared to bare 

MXene and Mn2V2O7, which confirms the enhancement of the charge transfer process 

significantly. These findings validate that the integration of MVO into MXene constructs 

pathways for ion migration, promoting greater interaction between electrolyte ions and 

electrode surfaces. Consequently, this facilitates increased specific capacitance, significantly 

boosting the overall energy storage capacity of the supercapacitor.[24]  
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4.3.7. Charge Storage Mechanism: 

 

Figure 4.8: (a) Logarithmic relationship between the peak current density and scan rate, (b) 

Segregation of capacitive and diffusion-controlled area of Mn2V2O7/MXene at a scan rate of 

10 mVs−1, (c) Segregation of both capacitive and diffusion contribution at different scan rates 

of the Mn2V2O7/MXene at different scan rates (10-100 mV s−1).   

     To evaluate the contribution of capacitive versus diffusion processes in the charging-

discharging cycles, the value 'b' was calculated from the cyclic voltammetry (CV) plots at 

different scan rates using the equation (5). The fitted b value of the anodic and cathodic peak 

current for MVO/MXene is found to be 0.71 and 0.63, indicating surface-controlled pseudo 

capacitance (Figure 4.8a). We have further analyzed the contributions of capacitive and 

diffusion towards the total specific capacitance of MVO/MXene by using a modified power-

law equation expressed in eqn.[25,26]  In Figure 4.8b, the capacitive and diffusion-controlled 

regions in the CV curves of MVO/MXene at 10 mV s–1 are displayed, revealing a capacitive-

controlled contribution of 50%. Figure 4.8c displays a comparative bar graph representation 

of the diffusive and capacitive contributions at various scan rates of 10–100 mV s–1. The bar 

graph demonstrates that charge storage mechanism of the electrode was significantly 

influenced by the scan rates. With the increase in the scan speed from 10 to 100 mVs –1 the 

capacitive percent gradually increased from 50% to 86%, while the diffusive percent decreased 

from 50% to 14%. This suggests that at the lower scan rate electrode has adequate time to go 

through Faradic redox reactions, producing a greater diffusion percentage. While at the higher 

scan rate, the diffusion of ions is faster, it effectively imposes a time constraint on ion migration 

and ions choose to physically adsorb at the electrode/electrolyte interface, leading to a 

reduction in the diffusion contribution. Despite that, at each scan rate, a higher proportion of 

capacitive contribution and diffusive contribution was calculated, revealing that the physical 

adsorption of charges at the electrode/electrolyte interface, providing a predominantly surface-

controlled-pseudocapacitive contribution to the overall electrode performance.[27,28] The 

0.0 0.2 0.4 0.6 0.8 1.0

-2

0

2

4

Mn2V2O7/MXene

C
u

r
r
e
n

t 
(m

A
g

-1
)

Potential (V vs Hg/HgO)

50%

Capacitive Contribution

1.0 1.2 1.4 1.6 1.8 2.0
-4.0

-3.6

-3.2

-2.8
Anodic

Cathodic

b=0.63

L
o

g
(P

e
a

k
 c

u
r
r
e
n

t 
) 

(m
A

)

Log (Scan rate) (mVs-1)

b=0.71

10 20 30 50 100
0

30

60

90

120

150

14%21%28%37%

C
o
n

tr
ib

u
ti

o
n

(%
)

 Diffusive Contribution

 Capacitive Contribution

Scan rate(mVs-1)

50%

(b)(a)

(c)

TH-3849_206122101



Chapter 4 

                                                                    

  63 

 

incorporation of pseudocapacitive MVO with MXene nanosheets, exhibiting characteristics 

like surface controlled pseudocapacitance, holds significant promise for swift 

intercalation/deintercalation processes and surface diffusion of Na+ ions. The composite 

architecture, comprising MVO rods and MXene sheets, offers an abundance of active sites 

conducive to both faradaic and non-faradaic reactions.[29,30] The subsequent equations delineate 

the probable surface-controlled pseudocapacitive charge storage mechanisms occurring within 

the MVO/MXene electrode material throughout the reversible charging and discharging 

cycles.[31] 

Mn2V2O7+ xNa+ + xe− ↔ NaxMn2V2O7   (Faradic component)                                     ....(4.1)     

Mn2V2O7+ xNa+ + xe–  ↔ (Mn2V2O7 )
 x–- xNa+

surface  (non-faradic component)            ....(4.2)     

Ti3C2Tx+ xNa+ + xe−  ↔ (Ti3C2Tx )-xNa+
  (faradic component)                                     ....(4.3)     

Ti3C2Tx+ xNa+ + xe− ↔ (Ti3C2Tx )
 x−-xNa+

surface  (non-faradic component)                   .... (4.4)     

4.3.8. Asymmetric Device: 

The asymmetric supercapacitor (ASC) was configured with activated carbon (AC) as the 

negative electrode, and the active material MVO/MXene as the positive electrode within a 

PVA-Na2SO4 gel electrolyte. Figure 4.9a depicts the assembly of the ASC device with an 

optimized mass ratio for both positive and negative electrodes. Figure 4.9b shows the 

operational potential window of AC was investigated in the negative potential range of -1 to 0 

V through CV and  MVO/MXene has a potential window of 0-1.0V and together they are giving 

a potential window of 2V which was employed for subsequent electrochemical analyses of the 

ASC assembly. Figure 4.9c shows the CV curves at different scan rates of the assembled device 

showing the stable working voltage window of 0–2.0 V and a symmetric CV profile with 

increasing scan speed, signify the excellent rate capability of the electrode.  Figure 4.9d depicts 

the GCD tests conducted on the device across a range of current densities from 1 to 10 A g−1 

exhibit an almost linear increase and decrease of voltage over time. Additionally, the 

symmetrical charging-discharging profile, without much of an iR drop, robustly underscores 

the exceptional electrochemical performance of the MVO/MXene//AC asymmetric 

supercapacitor assembly.  
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Figure 4.9: (a) Schematic presentation of the ASC tested (b) CV curves of AC and 

Mn2V2O7/MXene electrodes in a three-electrode system with a scan rate of 10 mV s−1. (c) CV 

curves of Mn2V2O7/MXene//AC with varying scan rate 10–100 mV s−1. (d) GCD curves for 

the two-electrode system at the indicated current densities.   

    The specific capacitance of ASC calculated from the GCD curves achieves a high value of 

118 F g−1 at 1 A g−1. Further, the device can give an energy density of 65 Wh kg−1 at a power 

density is 1000 W kg–1. Table 4.1. depict the comparison table of specific energy densities and 

specific power densities for the MVO/MXene//AC asymmetric supercapacitor (ASC), where 

the energy density is superior to that of most of the previously reported devices based on 

MXene, and other transition metal oxide compounds.  
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Table 4.1: Comparative study of ASC devices with reported literatures: 

 

 

 

 

 

 

 

Electrode material Voltage 

Windo

w (V) 

Electrolyte Energy 

Density 

(Wh kg–1) 

Power density 

(Wh kg–1) 

Reference 

Mn2V2O7/MXene//A

C 

2 V 1M Na2SO4 65 

Wh/kg 

1000 W/kg This 

Work 

Mn2V2O7//AC 1.6 3M KOH 

 

36.8  

 

1564  32 

MnO2/MXene 

 

0.85  0.2M KOH 

 

29.58  

 

749.92  33 

V2O5–ECF//ECF 2  6M LiCl 22.3 1500  34 

V2O5/MXene 

 

1.2  1M H2SO4 20.83  

 

374.94  35 

Ni2+-doped 

(NH4)2V3O8@Ni 

foam//AC 

1.5  2 M KOH 20.1  

 

752  36 

ZnCo2O4/MXene//AC 1.6  3 M KOH 15.6  

 

551.1  37 

MXene/NiCo2S4 //AC 2  7 M KOH 72.82 635  38 
Mn−V−O@C//graphe

ne hydrogel 

1.9  1M K2SO4 37.77  900  39 

Hexagonal WO3–Ti3C2 - 0.5 M H2SO

4  

9.32 960 40 

1T-

VS2/MXene//MXene 

1.6  1M K2SO4 41.13  793.50  41 
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Figure 4.10: (a) Long-term cycling performance and Coulombic efficiency of the two-terminal 

device at 10 A g−1 using 1 M PVA-Na2SO4 electrolyte. (b)Practical demonstration of the device 

Mn2V2O7/MXene//AC glowing LED light of 3V 

     In addition to its remarkable power capability, the MVO/MXene//AC ASC demonstrates 

excellent cycling stability within the substantial voltage window of 0–2.0 V. In Figure 4.10a, 

the capacitance retention of the device is presented after 5000 cycles of charge-discharge at a 

current density of 5 A g−1. After 5,000 cycles, approximately 88% of the initial capacitance was 

retained, and the Coulombic efficiency remained at 96%, demonstrating superior stability.  

Lastly, as illustrated in Figure 4.10b, the practicality of the MVO/MXene//AC device for real-

time applications was assessed by connecting two devices in series and charging them to 3 V 

to illuminate a red light-emitting diode (LED) bulb. As the current is gradually consumed, the 

brightness of the bulb diminishes. The red bulb illuminated brightly and dimmed after 50 

seconds. All the results provide valuable insights into the promising potential of the assembled 

MVO/MXene//AC future energy storage applications. 

 4.4. CONCLUSIONS: 

     This study explores the synthesis of a composite material by incorporating manganese 

vanadium oxide nanorods into Ti3C2Tx MXene via a cost-effective hydrothermal route. The 

resulting Mn2V2O7/MXene composite exhibits enhanced performance in a 1 M Na2SO4 

electrolyte, demonstrating increased conductivity, electron/ion transport capacity, and 

structural stability. The Mn2V2O7/MXene achieves a high specific capacitance of 627 F g−1 at 

1A g−1. When assembled into a device (Mn2V2O7/MXene//AC), it provides a voltage window 

of 2 V, delivering a specific energy of 65 Wh kg−1 at a power density of 1000 W kg−1. This 

research contributes to the development of supercapacitors that overcome the gap between 
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conventional supercapacitors and batteries, offering a balance between high power delivery 

and increased energy storage capacity. The results indicate that the newly developed hybrid 

materials could serve as promising alternatives for high-performance energy storage devices in 

the future.  
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CHAPTER 5 

 

Boron and Oxygen-Coordinated Heterostructures: Interface-

Driven Electronic Reconfiguration for high-performance 

supercapacitors 

     

    In this chapter, we have utilized the electron deficiency of boron, arising from its vacant p-

orbital, which readily interacts with the lone pair electrons of oxygen, enhancing electron 

delocalization and electrical conductivity. Such interactions are leveraged to improve the 

performance of supercapacitor electrodes. This chapter has two parts: Chapter 5 and Chapter 

6, and both chapters we have utilize different Boron and oxygen-containing 2D materials for 

supercapacitor applications.  
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CHAPTER 5a 

 

Metal-free Borophene/rGO composite with Dirac semi-metallicity 

for high-performance supercapacitors 

 

     Borophene, a unique semi-metallic Dirac material with exceptional mechanical and 

electronic properties, has gathered increasing attention in electronics. Both theoretical and 

experimental studies confirm its excellent performance in energy storage applications. 

However, borophene requires conductive substrates for stability, which limits its potential for 

energy storage applications. To address this, a strategy for fabricating flexible and conductive 

rGO-supported borophene supercapacitor electrodes is proposed, featuring a layered assembly 

of borophene nanosheets sandwiched between rGO layers. This architecture effectively 

prevents the self-restacking of rGO nanosheets, leading to a significant increase in the 

interlayer spacing of 5.75 Å between rGO and borophene, which promotes the rapid diffusion 

of electrolyte ions and makes more electroactive sites accessible for electrochemical storage.  

 

 

 

 

Part of this manuscript has been published in Nano Lett., 2025, 25, 5019 
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5a.1. INTRODUCTION: 

      The emergence of supercapacitors is renowned for their exceptional performance 

characteristics, including rapid charge/discharge cycles, high power densities, and extended 

cycling life, which position them as leading candidates for energy storage applications.[1,2] The 

electrode plays a prominent role in storing charges in supercapacitors and it includes advanced 

materials in the range of 0D, 1D, 2D, and 3D.[3,4]Among these materials, 2D materials have 

gained interest in the supercapacitor field due to their larger surface area, mechanical flexibility, 

and exciting electronic properties[5,6]. 2D materials such as graphene,[7] arsenene,[8] tellurene,[9] 

phosphorene[10], bismuthene[11], and borophene[12] have been utilized for their unique 

properties, including minimal thickness and a surface-dominated structure, which maximize 

the surface-to-bulk ratio and accessible active sites for enhanced ion adsorption/desorption and 

electrochemical performance. Borophene, a single-atom-thick boron layer, stands out for its 

exceptional mechanical strength, flexible structure, and tunable optical and electrical 

properties, making it a leading choice for electrode applications. [13–15] It demonstrates 

remarkable electronic mobility (280,000 cm2V−1s−1), superconductivity, high thermal 

conductivity (233.3 Wm−1K−1), impressive elasticity with Young’s modulus of 398 N m−1, 

anisotropic mechanics, and unique structural characteristics.[16,17] Boron can form three-centre-

two-electron bonds, enabling it to generate a wide variety of atomic clusters. In the β12 phase 

of borophene, the atomic arrangement forms ridgelines, essentially chains of atoms with strong 

bonding leading to an extensive overlap of atomic orbitals, particularly 𝑝𝑧 orbitals to, enhance 

electron delocalization for increased electron density. [18,19] A high electron density near the 

Fermi level promotes metallic conductivity, ensuring efficient charge transport, a critical 

feature for energy storage applications. Along with this, it shows a high theoretical capacitance 

of 400 Fg−1 which is four times that of graphene 2D nanosheets stands out as an exceptional 

candidate for supercapacitor electrodes, benefiting from their metallic properties.[20] All these 

remarkable characteristics position borophene as a promising material, inspiring analyses of its 

structure and potential applications in various fields, including energy storage. 

     Borophene faces structural instability due to the absence of one electron required to form 

sp2 hybridization, which poses experimental challenges for creating freestanding Borophene 

electrodes.[21] Tai et al. successfully synthesized atomically thin 2D boron films on copper foils 

using chemical vapor deposition at low pressures.[22] Abdi et al. successfully synthesized 

borophene using a chemical vapor deposition (CVD) method, resulting in a supercapacitor with 
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a remarkable capacitance of 350 Fg−1.[23] However, the reported literature suffers from 

scalability issues owing to the use of tedious fabrication protocols for their widespread 

application in energy storage and other domains. Despite these obstacles, Li et al. made a 

significant breakthrough by utilizing a sonication-assisted liquid phase exfoliation technique 

on bulk boron [24]. This method produced few-layer boron sheets suitable for large-scale 

production while exhibiting excellent stability and making them promising for high-

performance supercapacitor electrodes with impressive electrochemical performance.  

    The production and scalability of freestanding borophene are hindered by its intrinsic 

reactivity to oxidation and degradation, compromising quality and stability at larger sizes. In 

this study, we address these limitations by hybridizing borophene with highly capacitive 

reduced Graphene oxide (rGO) to fabricate a flexible, freestanding electrode. The interlayer 

gap of 5.75 Å between rGO and borophene promotes enhanced electrolyte ion diffusion, 

improving access to electroactive sites, reflected in the excellent electrochemical performance. 

The rGO/Borophene (rGO/Bp) flexible electrode delivers a specific capacitance of 328 Fg−1 

at 1 Ag−1, with 98% capacitance retention after 10,000 cycles. Electrochemical impedance 

spectroscopy (EIS) data were also analyzed using Distribution of Relaxation Time (DRT) 

measurements to confirm the superior charge transfer kinetics of the rGO/Bp composite. The 

assembled symmetric supercapacitor achieves an impressive energy density of 23 Whkg−1 and 

maintains stable energy output even under various bending angles. This novel approach 

leverages unique properties of borophene, including its superior electronic density of states 

(DOS) and semi-metallic characteristics, to enhance the overall capacitance and energy output 

of the electrode. 

5a.2. EXPERIMENTAL: 

5a.2.1. Synthesis of Borophene:  

    80 mg of boron powder was taken and dispersed in 80 mL of N, N-DMF and put for a 

solvothermal reaction in a 100mL reactor for 12h at 200 C. The dispersion underwent probe 

sonication in an ice bath, employing an ultrasonic frequency of 20 kHz and an output power of 

60 W for 4h.  The resultant solution was centrifuged at 2500 rpm for 30 min and the supernatant 

was collected and dried to get exfoliated boron sheets.  

5a.2.2. Synthesis of rGO: 

    Graphene Oxide (GO) was synthesized using the modified Hummer’s method.[25] In a typical 

synthesis, graphite powder (1 g) and sodium nitrate (0.748 g) were added to concentrated 

TH-3849_206122101



Chapter 5b                                                                    
 

 

  71 

 
 

H2SO4 (74.8 mL) and kept stirring over 1 h in an ice bath followed by slow addition of 

KMnO4 (4.5 g). The mixture was kept stirring for another 2 h. The mixture was kept under 

stirring for 7 days at 35 °C. After that, H2SO4 (140 mL 5 wt%) was added to it and the 

temperature was raised to 98 °C with another 2 h of stirring. The temperature was then brought 

down to room temperature, followed by the addition of H2O2 (1.88 mL 48 wt% aqueous 

solution) and stirred for 2 h. The precipitate obtained was dissolved in aqueous solution of 3 

wt% H2SO4/0.5 wt% H2O2 (400 mL) and sonicated for 1 h. The solution mixture was then 

centrifuged and sonicated to remove impurities, and a similar technique was followed with 3 

wt% HCl solution.[26] Then, it was dispersed in DMF (0.5mg/mL) to reduce GO and refluxed 

for 2 hours at 150 C.  

 

Scheme 5a.1: Illustrating rGO was prepared by the Hummers method, oxidising graphite to 

Graphene oxide and then chemically reducing graphene oxide in DMF to get rGO; Borophene 

nanosheets (NSs) were synthesized via a solvothermal-assisted sonication, and the 

rGO/Borophene composite was synthesized via a vacuum filtration to get a free-standing 

electrode.    

5a.2.3. Fabrication of Working Electrode:  

    Different ratios of as-synthesized Borophene to rGO are dispersed in DMF and it was 

ultrasonicated at 90 W with a frequency of 40kHz for 1 h. Then it was vacuum filtered through 

a polytetrafluoroethylene (PTFE) membrane (pore size: 5µm) followed by drying in an oven 

at 70 °C for 2 h. The oven-dried freestanding r-GO/Borophene (rGOB) membrane was peeled 
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off from the PTFE membrane. Different ratios of r-GO/Borophene electrodes were denoted as 

rGOB11, rGOB12, and rGOB13.  In the main manuscript, we have detailed the optimal 

performing ratio, designated as rGOB11, which is referred to here as the 

rGO/Borophene(rGO/Bp) composite. 

5a.2.4. Computational details: 

    In this work, all the calculations are performed by the projector augmented wave potential 

method based on DFT as implemented in the VASP code.[27–29] The Perdew–Burke–Ernzerhof 

(PBE) exchange-correlation function was employed at the level of Generalized Gradient 

Approximation (GGA).[30] The kinetic energy cut-off of 500 eV for the plane-wave expansion 

is found to be sufficient. The Monkhrost-Pack method is used to sample the k points in the 

Brillouin zone. The initial structure with supercell 3x3 for borophene and 5x2 for Graphene 

oxide is employed to obtain the most stable heterostructure and all the surface slabs were 

modeled with a 20.00 Å vacuum layer along the Z-axis. The Brillouin zone of the supercell is 

sampled with the M-packed grid of 3x3x1 which is used for optimization. The electronic 

density was converged with a 10–5 eV total energy threshold, and the structures were optimized 

until the maximum force on any ion was less than 0.001 eV/Å. After geometry optimization, a 

M-packed grid of 7x7x1 and LORBIT=11 tag was used to generate the density of state analysis. 

For the density of states visualizations, vaspkit was used to analysis the results.[31] 

5a.2. RESULTS AND DISCUSSION:  

5a.2.1. Characterisation of Borophene:  

 

Figure 5a.1:(a) PXRD pattern (b) Raman spectra of bulk Boron and exfoliated Borophene  
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     Borophene nanosheets (NSs) were synthesized via a solvothermal-assisted sonication 

technique, as illustrated in Scheme 5a.1. Figure 5a.1a shows the XRD pattern of bulk boron 

powder with a β-rhombohedral phase as per the standard literature (JCPDS card no. 00-031-

0207). However, after sonication, the crystalline XRD patterns observed in the bulk boron 

transition to an amorphous hump in borophene sheets as the sonication process disrupts the 

long-range crystalline order of the lattice, breaking down the material into thinner borophene 

layers.[32] Additionally, we have done the Raman measurements to confirm the phase formation. 

Notably, the Raman spectra of both bulk boron and borophene exhibit six predominant peaks 

at 271, 388, 646, 846, and 1020 cm−1, which align well with the reported vibrational modes of 

the β12 borophene phase, as shown in Figure 5a.1b.  Accordingly, the strong peak at 271 cm–

1 is ascribed to the out-of-plane bending vibration mode 𝐵1𝑢
2  of the β12 phase, and the other 

peaks at 388, 646, 846.8, and 1020 cm–1 are respectively indexed as the   𝐵1𝑔
2 , 𝐸𝑔, 𝐴𝑔

2 , and 𝐴𝑔
1 ,  

modes, resulting from the in-plane stretching modes of the β12 phase. Notably, the 

characteristic 𝐴𝑔
2  (846.8 cm–1) and 𝐴𝑔 

1 (1020 cm–1) Raman modes are associated with B–B bond 

vibrations and exhibit a relatively reduced intensity in borophene compared to bulk boron. This 

reduction provides strong evidence for the successful formation of the borophene phase, 

indicating structural modifications inherent to its 2D nature.[33,34]  

 

Figure 5a.2:(a) AFM image of few layers of borophene with a nanoscale thickness (b) FETEM 

image of borophene (c) Honeycomb lattice of borophene (d) corresponding fast Fourier 

transform pattern of image (c), EDS elemental mapping of (g) borophene showing the presence 

of (h) Boron (i) Oxygen (j) Nitrogen 
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The broadening and slight shifts of these peaks, compared to bulk boron, further suggest the 

transition to a 2D structure with nanoscale thickness. The result of atomic force microscopy 

(AFM) analysis demonstrates few-layer thickness of borophene amounting to the roughness of 

~ 3 nm, confirming its ultrathin 2D nanostructure Figure 5a.2a. Further structural insights were 

obtained through FETEM, which revealed a few-layer borophene nanosheets formed due to 

sonication-induced exfoliation of bulk borophene due to the disruption of van der Waals forces 

Figure 5a.2b.  High-resolution TEM imaging revealed lattice fringes with a d-spacing of 

0.51nm, suggesting the existence of localized crystalline regions within the thin-layered 

borophene structure (inset Figure 5a.2b).[35] Furthermore, as shown in Figure 5a.2c, the 2D 

borophene sheet exhibits a hexagonal honeycomb lattice with a well-defined planar periodicity 

and a unit cell intersection angle (θ) of ~120° (Figure 5a.2d), indicating a structured 

arrangement within the borophene material.[36]  

 

Figure 5a.3: EDS elemental mapping of (a) borophene showing the presence of (b) Boron 

(c)Oxygen(d) Nitrogen (e) XPS survey spectra of borophene.  

Figure 5a.3(a-d) shows the EDX elemental mapping of DMF-exfoliated B sheets of Figure 

5a.1g, indicating a homogeneous distribution of B with a few amount of N and O. The detected 

oxygen and nitrogen likely originate from surface oxidation and residual solvent interactions 

rather than representing bulk impurities.  The analysis of the XPS survey spectra5a.3(e), 

calculated using the atomic sensitivity factor of each element, confirms a boron concentration 

of 98.2%, with only minor amounts of oxygen (1.68%) and nitrogen (1.09%). This composition 

indicates that the material is predominantly borophene.  
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5a.2.2. Characterisation of rGO/Borophene composite:  

 

Figure 5a.4:(a) Photographic images of the hybrid film under flexible geometrical 

configuration (b) XRD pattern of rGO, Borophene, and rGO/Borophene, Cross-Sectional 

FESEM image of rGO/Borophene 2D hybrid electrode (c) at low resolution (d) at high 

resolution, FESEM-EDX mapping of image (e) showing the presence of individual elements, 

i.e.(f) Carbon, (g) Oxygen, (h) Boron. 

The rGO/Bp composite was synthesized using a solution-based assembly approach as 

illustrated in Scheme 5a.1.  rGO was prepared by chemically reducing graphene oxide in DMF, 

while borophene nanosheets (NSs) were obtained through solvothermal-assisted sonication. 

The borophene NSs were dispersed into the rGO suspension under continuous sonication, 

followed by vacuum filtration, aligning the sheets into a tightly packed rGO/Bp layered 

structure. This process enabled synergistic interactions by bringing the rGO and borophene 

sheets into close proximity, as shown in Figure 5a.4a, highlighting the structural flexibility of 
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the freestanding electrode without any signs of damage. The crystal structures of rGO, 

borophene, and the composite were analyzed via XRD where rGO showed a characteristic 

diffraction peak at 2θ = 24.5° (002), while borophene NSs displayed a broad amorphous hump. 

The XRD pattern of the rGO/borophene composite displayed diffraction features 

corresponding to both rGO and borophene, confirming the successful integration of both 

materials Figure 5a.4b. The cross-sectional views of the hybrid film reveal that integrating 

borophene into the rGO matrix does not disrupt the intrinsic architecture of the rGO assembly. 

Figure 5a.4c. Instead, the borophene and rGO nanosheets are found to be forming a continuous 

and well-ordered layered structure throughout the hybrid film as can be observed in Figure 

5a.4d. The orderly stacking of the material suggests a synergistic interaction between the two 

materials, contributing to the overall structural integrity and performance of the hybrid 

electrode. This interaction promotes adhesion and stabilization, enhancing structural integrity, 

preventing restacking, and optimizing charge transport, which in turn improves the 

electrochemical performance of the hybrid electrode. Meanwhile, the elemental 

characterization of rGO/Bp, performed by Energy-dispersive X-ray (EDX) spectroscopy 

mapping, shows that the B, C, and O elements are uniformly distributed, demonstrating that 

Borophene nanosheets homogeneously anchor onto the rGO surface Figure 5a.4(e-h).  

5a.2.3. Surface Area Analysis:  

 

Figure 5a.5: BET nitrogen adsorption isotherm plot of bare Borophene, rGO and 

rGO/Borophene     

The BET measurements are conducted to evaluate the specific surface area of the synthesized 

materials. The rGO/Bp hybrid (Figure 5a.5) exhibits a specific surface area of approximately 

628.5m2g−1 which is higher than borophene (54.2m2g−1) and rGO(580m2g−1). This significant 

increase in surface area highlights the enhanced exposed surface area of the composites.  

0.0 0.2 0.4 0.6 0.8 1.0

0

150

300

450

600
 rGO/Borophene

 Borophene

 rGO

A
d

so
rb

ed
 V

o
lu

m
e(

cm
3
g

-1
)

Relative Pressure (p/po)

628.5 m
2g

-1

580 m
2g

-1

54.2 m
2g

-1

TH-3849_206122101



Chapter 5a                                                                  

 

  77 

 
 

5a.2.4. Electronic State Analysis:  

 

Figure 5a.6: (a) XPS survey spectra of rGO/Bp composite electrode indicating the %age of 

each element, High resolution XPS spectra of (b) O 1s (c) B 1s (d) C 1s showing synergistic 

interaction between rGO and Borophene.  

    X-ray photoelectron spectroscopy (XPS) was used to analyse the chemical state and 

electronic interactions among the materials. Figure 5a.6a displays the survey spectra of 

rGO/Bp, revealing the presence of B, C, and O elements, with concentrations of 33.4%, 

14.13%, and 52.4%, respectively. Figure 5a.6b presents the O 1s spectrum, deconvoluted into 

three peaks: 531.7 eV, associated with lattice oxygen in the composite and corresponding to 

M–O bonding; 532.9 eV, related to OH⁻ ions; and 535.03 eV, corresponding to adsorbed water 

molecules on the surface. The O 1s core-level spectra of rGO/Bp show a shift towards the 

higher binding energy by ~0.3 eV compared to pure rGO, indicating a strong electronic 

interaction between the rGO and borophene hybrid. Figure 5a.6c illustrates the XPS B 1s 

spectrum for bare borophene and the rGO/borophene composite. The high-resolution B 1s 

spectrum shows three distinct peaks attributed to B–B, B–C, and B–O bonds.[37] The 

deconvoluted peaks shift to lower binding energies by ~0.5eV in the rGO/Bp composite 

compared to borophene alone, indicating stronger integration of boron atoms with the rGO 

200 400 600 800

In
te

n
si

ty
 (

a.
u

.)
       O 1s 

(14.13 %) 

       C 1s 

(52.4 %) 

Binding energy (eV)

 rGO/Borophene

       B 1s 

(33.4 %) 

B 1s

184 186 188 190 192

In
te

n
si

ty
 (

a
.u

)

Binding Energy (eV)

B-O

B-C

B-B

rGO/Borophene

Borophene

-OH

H2OIn
te

n
si

ty
 (

a
.u

.)

rGO

rGO/Borophene

M-O

O 1s

530 532 534 536 538

Binding Energy (eV)

284 286 288 290 292

rGO

rGO/Borophene

C=O

C-O

In
te

n
si

ty
 (

a
.u

.)

C 1s

C-C

Binding Energy (eV)

(a) (b)

(c) (d)

TH-3849_206122101



Chapter 5a                                                                  

 

  78 

 
 

matrix, resulting in more robust B–C, and B–O interactions. The core-level XPS spectrum of 

C 1s for the rGO/Bp nanocomposite is shown in Figure 5a.6d.  The deconvoluted peak at 284.5 

eV corresponds to the C–C bond of rGO, while residual oxygen is evidenced by peaks at 285.5 

eV and 288.5 eV, attributed to C–O and C=O bonds, respectively. In the composite, the C 1s 

peak shifts to a higher binding energy compared to bare rGO, suggesting an increased electron 

density over the carbon atoms. The shifts in the B 1s and O 1s spectra suggest electronic 

changes that increase electron density around the carbon atoms, as reflected by changes in the 

C 1s binding energy. This redistribution of electrons, as evidenced by the shift in binding 

energy, creates partial charge polarization, enhancing interfacial interactions between rGO and 

borophene. 

5a.2.5. Electrochemical Analyses: 

    The electrochemical characterization has been evaluated in a three-electrode setup in 1M 

KOH basic medium using Hg/HgO as the reference electrode and Platinum as the counter 

electrode. Different ratios of Borophene and rGO (1:1, 1:2,1:3) have been taken to investigate 

the potential electrochemical performance. At a scan rate of 10mV s-1, the CV curve (Figure 

5a.7) of the rGOB11 hybrid film had a large integrated area as compared to its other composite 

ratios rGOB12 and rGOB13, including a longer charge-discharge time. Increasing borophene 

concentration beyond the optimal level may disrupt the layered architecture, hinder ion 

transport and reducing supercapacitor performance. In this chapter, we have detailed the 

optimal performing ratio, designated as rGOB11, which is referred to here as the 

rGO/Borophene(rGO/Bp) composite.  

 

Figure 5a.7: Comparison of (a) CV curves at 10 mVs−1 (b) GCD at 1 Ag−1 and (c) Nyquist plot 

composite rGO/Bp taking rGO and Borophene in different ratios. 

    As shown in Figure 5a.8a the CV curves of both electrodes at a scan rate of 10 mVs−1 reveal 

that the rGO/Bp hybrid film exhibits a significantly larger integrated area than bare rGO, 
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indicating an enhanced electrochemical performance. Similarly, GCD measurements (Figure 

5a.8b) further confirm that the rGO/Bp electrode displaying a prolonged discharge time at 1 

Ag−1, corresponding to a high specific capacitance of 328 Fg−1, which is four times higher that 

of rGO (82 F g−1). CV analysis of the rGO/Bp electrode (Figure 5a.8c) at 10–100 mVs−1 shows 

a quasi-rectangular profile, indicating a charge storage mechanism combining electrical 

double-layer capacitance and reversible faradaic reactions. This is attributed to the high surface 

area of rGO/Bp, enabling ion adsorption and desorption, while oxygen functional groups 

enhance pseudocapacitance.[38]  In  Figure 5a.8d GCD curves exhibit symmetric profiles across 

1–10 A g−1, reflecting high reversibility and low resistive losses. The specific capacitance drops 

from 328 Fg−1 at 1 Ag−1 to 168 Fg−1 at 10 Ag−1, maintaining 50.7% of its original value, showing 

good rate capability and effective charge transport in the hybrid electrode.    

 

Figure 5a.8: Comparison of (a) CV curves at 10 mVs−1 (b) GCD at 1 Ag−1 of pristine rGO and 

the rGO/Bp (c) CV curves of the rGO/Bp electrode from 10 to 100 mVs−1 (d) GCD curves of 

the rGO/Bp electrode from 1 to 10 Ag−1. 
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Figure 5a.9: (a) the relationship between peak current density and sweep rate for rGO/Bp (b) 

capacitive controlled contribution at a sweep rate of 10 mVs−1 of rGO/Bp 

    The charge storage mechanism of the rGO/Bp electrode was examined by assessing the 

contributions of capacitive and diffusion-controlled processes. The parameter b, calculated 

from CV plots using the equation 𝑖 = 𝑎𝑣𝑏, showed values of 0.81 for the anodic process and 

0.79 for the cathodic process, indicating a dominant capacitive contribution with a minor 

diffusion-limited faradaic component (Figure 5a.9a).  The quantitative current contribution 

from surface-capacitive and diffusive-faradaic mechanisms can be deconvoluted from the total 

current using Dunn’s method. Notably, the capacitive kinetics contribute a significant 73% of 

the total voltammetric current at 10 mVs−1 as shown in Figure 5a.9b. This surface-dominated 

capacitive charge storage property further explains the high-rate performance of the rGO/Bp 

electrode. 

5a.2.6. Electrochemical Impedance Spectroscopy Analyses followed by Distribution of 

relaxation time: 

    EIS was performed to analyse charge-discharge dynamics, as shown in the Nyquist plot as 

shown in Figure 5a.7a. In the low-frequency region, both rGO/Bp and rGO exhibit a near-

vertical line, indicating capacitive behavior, with the rGO/Bp electrode displaying a steeper 

slope, signifying enhanced capacitance. In the high-frequency region, the rGO/Bp composite 

shows a lower charge transfer resistance (Rct) than rGO, suggesting improved charge transfer 

efficiency. To further elucidate the electrochemical processes, DRT analysis was employed, 

identifying time constants and refining kinetic interpretations. The observed relaxation time 

and its charge transfer processes in the system correlated to different electrochemical 

phenomena such as interfacial contact, charge transfer resistance, and diffusion characteristics 
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within the electrolyte/electrode interface.[39] Deconvoluting the EIS spectra using DRT 

revealed multiple peaks in the γ(Ω) versus τ(s) plot, corresponding to distinct kinetic processes 

involved in the charge-discharge mechanism, and the area under the peak represents the total 

polarization resistance of a specific process. 

Figure 5a.7b illustrates the DRT profile featuring four peaks, where: 

𝝉1: interfacial contact/conductivity of rGO/Borophene 

𝝉2, 𝝉3: charge transfer process associated with the electrolyte 

𝝉4: diffusion processes of the electrolyte 

Table 5a.1: Represents the calculated resistance of each electrode: 

Materials  

Resistance () 

 

Resistance () 

 

Resistance () 

 

Resistance () 

rGO 2.7310−7 3.8010−4 0.01374 13.48 

rGOB/Bp 1.5410−7 8.810−6 3.5210−4 3.74 

 

Figure 5a.10: (a) Nyquist plot of all the electrodes obtained from EIS (b) Distribution of 

relaxation time curve of rGO/Bp hybrids and rGO (inset showing enlarged image of 2, 3 peak)  

     Table 5a.1 presents the resistance values associated with different electrochemical 

processes. Notably, the rGO/Bp composite exhibits significantly lower resistance across these 

processes compared to bare rGO, indicating improved electrical and ionic transport properties. 

This enhancement is particularly evident in the faster relaxation times observed for charge 

transfer processes (τ2, τ3), suggesting more efficient interfacial charge transfer and reduced ion 

diffusion resistance (Figure 5a.10b). These findings demonstrate that the rGO/Bp composite 
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facilitates enhanced ion transport dynamics, ultimately leading to superior electrochemical 

performance. 

5a.2.7. Symmetric Supercapacitor:  

     

 

Figure 5a.11: (a) Schematic presentation of the device tested (b) CV curves of the 

rGO/Bp//rGO/Bp device from 10 to 100 mVs−1 (c) GCD curves of the rGO/Bp//rGO/Bp device 

from 1 to 10 Ag−1 (d) CV (e) GCD curve at different bending angles of rGO/Bp//rGO/Bp FSSc 

indicating constant energy output in different bending angle (f) Long-term cycling performance 

and Coulombic efficiency of the two-terminal device at 10 Ag−1 using 1 M PVA-KOH 

electrolyte (Photographic image of FSS)  

    Flexible symmetric supercapacitors (FSSs) have gained significant attention in energy 

storage and conversion due to their exceptional flexibility and excellent cycling stability. To 

showcase the practicality of the composite material, FSS device was constructed. The 

synthesized electrode gives a potential window ranging from −1.0 V to 0.2 V, which offers both 

positive and negative potential. Therefore, a FSS was developed with identical mass loading 

on both electrodes to evaluate the practical applicability of the rGO/Bp hybrid material.  A gel 

electrolyte composed of polyvinyl alcohol (PVA) and potassium hydroxide (KOH) was 
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employed to fabricate the symmetric semi solid-state flexible device as shown in Figure 

5a.11a.    Figure 5a.11b illustrates the CV curves at different scan speeds of the constructed 

device, indicating the stable operating voltage window of FSS is 0–1.2V. As the scan speed 

increases, the CV curve profiles remain stable, indicating that the electrode has outstanding 

rate capability.   Figure 5a.11c presents the GCD measurements of the device at current 

densities ranging from 1 Ag−1 to 10 Ag−1, exhibiting a linear and symmetrical charge-discharge 

profile over time with minimal iR drop, reflecting high efficiency and excellent charge 

retention. The specific capacitance of the device calculated from the GCD curves achieves a 

high value of 121.6 Fg−1 at 1 Ag−1. The FSS achieved an energy density of 24.3 Wh kg−1 at 0.6 

kW kg−1, retaining 17.6 Wh kg−1 of energy density even at a high-power density of 6.5 kW 

kg−1. Table 5a.2 compares the rGO/Bp//rGO/Bp device with other Boron and rGO-based 

supercapacitors, highlighting its superiority over previously reported materials. The fabricated 

device was bent at various angles (0°, 45°, 90°, and 180°) to evaluate its electrochemical 

performance under significant mechanical deformation, Figure 5a.11(d-e).  In Figure 5a.11f, 

the capacitance retention of the device is presented as a function of cycle number for 10000 

charge-discharge cycles at a current density of 10Ag−1. After 10000 consecutive cycles, 

approximately 91% of its initial capacitance was retained, and the Coulombic efficiency 

remained at 98.5%, demonstrating superior stability.  

 

Figure 5a.12: (a) CV (b) GCD curve at different bending angles of rGO/Bp//rGO/Bp FSSc 

    The fabricated device was bent at various angles (0°, 45°, 90°, and 180°) to evaluate its 

electrochemical performance under significant mechanical deformation. The corresponding 

CV and GCD plots were recorded at different bending angles, and the results revealed no 

noticeable change in the device's performance. The device could bend up to 180° without 

compromising its physical integrity or operational efficiency.  
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Table 5a.2: Comparative study of SSCs devices with recently reported literature: 

 

 

 

 

 

 

 

Electrode material Capacitanc

e (Fg− 1) 

Electrolyte Energy 

Density 

(Whkg-1) 

Power 

density 

(Wkg-1) 

Reference 

rGO/Borophene// 

rGO/Borophene 

121.6 F g-1 

@ 1A g-1 

1M KOH 24.3 600 This 

Work 

BGH//BGH(Borophe

ne Graphene 

Hydrogel) 

193 @ 

0.5 Ag−1 

2M KOH 36.77 585.5 40 

Borophene/MXene// 

Borophene/MXene 

375 

@ 1 Ag−1 

2M H2SO4 53.3 12,000 41 

Few layers of boron  147.6 @0.3 

A g−1 

1-butyl-3-

methylimidaz

olium 

hexafluoropho

sphate 

46.1 478.5 42 

Nb2CTx/rGO 26 @ Ag−1 1M H2SO4 6 635 43 

PANI/rGO//PANI/rG

O 

79.71 @ 1 

Ag−1 

1 M H2SO4 5.09 

 

147.53 44 

N,P co-doped 

graphene 

45@ 

0.5 Ag–1 

6M KOH 8.17 162 45 

Black 

Phosphorus/Ti3C2TX  

- 1 MH2SO4 6.39 111.24 46 

 Lig/SWCN/HrGOal  222 @ 

1 Ag–1 

1MH2SO4 8.23 125 47 

 Ni3(BO3)2NSs@Ti//

AC 

86 @ 

0.5 Ag−1 

6 M KOH 30.6 400 48 

P,B doped rGO 103@ 

1 Ag−1 

1M H2SO4 12.48 394 49 
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5a.2.8. Theoretical Calculations and mechanistic insights to charge storage: 

 

Figure 5a.12: (a) Hetero-layer structure of (a) borophene with rGO (one layer for both) (b) 

structure of borophene with rGO (two layers for both). (c) PDOS (d) TDOS for Borophene 

with rGO for the structure shown in Spin-polarized electronic band structure of 

rGO/Borophene for structure (a), (e) spin-up and (f) spin-down band structure.  

    We have performed DFT calculations to confirm the experimental findings and investigate 

the underlying mechanisms behind the enhanced capacitance observed in the rGO/Bp hybrid 

electrode.  The heterostructure, comprising a rhombohedral β12-borophene and rGO layer as 

shown in Figure 5a.12a, was constructed, and optimized. After optimization, the bond lengths 

for B–B, and C–C in the heterostructure were found to be 1.68 Å and 1.45 Å, respectively, with 

an interlayer spacing of 5.75 Å. The relatively large interlayer distance observed in this 

structure, compared to other reported borophene/graphene composites, is attributed to the 

presence of epoxy oxygen, which induces charge repulsion.[50] When examining a four-layer 

β12-B/rGO configuration, the interlayer distance remained unchanged at 5.75Å, suggesting 

that this spacing distance is optimal for the β12-B and rGO heterostructure as shown in Figure 

5a.12b. The 5.75Å (0.57 nm) interlayer spacing effectively suppresses restacking while 

maintaining the diffusion channels and ensuring sufficient ion accessibility, which maximizes 

capacitance in supercapacitor applications.[51]  
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     The electronic properties of electrode materials are crucial for charge storage, as they 

determine electron availability and mobility. In Figure 5a.12c PDOS analysis shows that boron 

in the rGO/Bp composite contributes more significantly near the Fermi level than carbon or 

oxygen, indicating its key role in enhancing charge storage. TDOS calculations confirm that 

borophene has a higher DOS near the Fermi level than rGO, suggesting superior intrinsic 

conductivity. The composite retains the semi-metallic characteristics of borophene while 

exhibiting an improved DOS, enhancing its electronic properties as shown in Figure 5a.12d. 

Additionally, the composite shows increased electron density at the valence band edge, 

providing a greater number of accessible states for electron occupancy near the Fermi level, 

allowing electrons to participate in charge storage processes more readily.[52,53] We have carried 

out band structure calculations using the hetero-layer structure. A high-symmetry k-point path 

is chosen to examine the band dispersion characteristics near the Fermi level in the composite 

system. The spin-up and spin-down band structures are shown in Figure 5a.12 (e-f), 

respectively. The computed spin-polarized band structure calculations of the Hetero-layer 

structure of borophene with rGO demonstrate the Dirac cone nature near the Fermi level 

irrespective of the spin counterpart. These findings reinforce our analysis and emphasize the 

potential influence of electronic interactions between borophene and graphene oxide. 

 

Figure 5a.13 Schematic diagram illustrating the regulation of the rGO semiconductor band 

edge properties through the integration of borophene, a Dirac material with high electrical 

conductivity, and the electrochemical benefits of the resulting rGO/borophene semi-metallic 

composite. 

    Based on the combined studies, a probable mechanism is schematically shown in Figure 

5a.13. This figure illustrates the orbital interactions between B, C, and O atoms in the rGO/Bp 

composite, which modify its electronic properties and enhance charge storage performance. 
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The semi-metallic Dirac nature of borophene, combined with the semiconducting properties of 

rGO, synergistically gives rise to a composite with enhanced semi-metallic characteristics, 

resulting in superior performance.  

5a.3. CONCLUSIONS: 

    In conclusion, the performance of rGO/borophene composite electrodes in supercapacitors 

is enhanced using Dirac semi-metallic borophene. The addition of borophene nanosheets to 

rGO improves ion diffusion and charge transfer, achieving a specific capacitance of 328 F g−1 

at 1 A g−1 in 1 M KOH, which is nearly four times higher than that of rGO alone. The flexible 

supercapacitor reaches 121.6 F g−1 at 1 A g−1 and retains 91% of its capacitance after 10,000 

cycles. DFT analysis reveals semi-metallic characteristics of composite, which increase 

electron density near the Fermi level and facilitate efficient energy storage. These findings 

underscore the viability of rGO/borophene composites in advancing flexible and efficient 

energy storage devices. 
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CHAPTER 5b 

 

Homo-interface engineering of O-Doped and B-Doped graphitic 

carbon nitride
 
composite for energy storage 

 

     Utilizing the intrinsic electric field of a p–n junction electrode, which enhances charge 

transport at the interface, this paper presents a novel method for improving electrochemical 

energy storage. This study presents the rational design of a heterostructure electrode material 

that consists of n-type oxygen-doped g-C3N4 (O: g-C3N4) nanosheets combined with p-type 

boron-doped g-C3N4 (B:g-C3N4) hollow nanotubes, resulting in a well-defined homo-interface 

(p–n) junction. The unique hollow tubular morphology of B:g-C3N4 coupled with the layered 

structure of O:g-C3N4, affords a high surface area and short ion diffusion paths. The 

redistribution of charge within the p-n junction leads to the formation of space-charge regions 

and an internal electric field, which promotes charge transfer and subsequently increases 

intrinsic activity.  
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5b.1. INTRODUCTION: 

    Growing energy demand requires devices that combine high energy and power density, long 

cycle life, and rapid performance.[1]An electrochemical supercapacitor stands out for its 

significantly higher energy density compared to conventional capacitors and a power density 

higher than that of traditional batteries, resulting in fast charge–discharge capability and a long 

cycle life.[2–4] However, supercapacitor performance largely depends on the electrochemical 

properties of the electrode materials, such as electrical conductivity, accessible active sites, and 

efficient ionic transport within the electrolyte that directly affect the cell voltage, energy and 

power output.[5,6] To enhance the energy and power density of a typical supercapacitor, various 

material engineering strategies such as elemental doping, defect engineering, morphology 

tuning, and interface design[7] have been employed.[7–10] Among these, junction engineering 

has gained attention for its ability to create an internal, built-in electric field that promotes 

charge separation, electron/ion transport, thereby improving conductivity and boosting charge 

storage performance.[11] In this regard, 2D materials and associated morphological 

heterostructures, modulated with p-n junction strategies, show promise for high-performance 

energy storage. For instance, Hussain et al. proposed a heterojunction between 1D p-type CuO 

and 3D n-type Zn–In–S was formed with a remarkable performance and improved 

conductivity.[12] Bai et al. developed a g-C3N4/Co3O4 p–n junction electrode delivering 1519.5 

mF cm−2 at 1.5 mA cm−2, yet the symmetric CoCN//CoCN device achieved only 12.9 Wh kg−1, 

highlighting the fact that even in heterojunction designs, charge transport and energy density 

are still constrained by the low intrinsic conductivity of g-C3N4.
[13] Similarly, Hong et al. 

synthesized B-doped g-C3N4 quantum dots modified with Ni(OH)2 nanoflowers with enhanced 

structural and electronic properties with a p-n junction, delivering high capacitance and 

excellent cycling stability, illustrating the effectiveness of g-C3N4-based composites in 

boosting supercapacitor performance.[14]However, in some heterojunctions, interfacial 

mismatch and lattice distortion raise contact resistance and block ion diffusion, reducing 

capacitance, energy, and power density.[15,16] Therefore, designing junction architectures with 

interfacial compatibility and efficient charge-transfer pathway is critical. In this context, 

homojunction engineering offers a distinct advantage over heterojunction, where both regions 

are made from the same host material with differently doped atoms, inherently providing better 

structural stability, reduced interfacial resistance, and simpler synthesis protocols.[17] Li et al. 

reported a 1T@2H MoS2 homojunction by a Te-assisted thermal treatment, achieving high 

conductivity (0.0357 kΩ·cm) and capacitance 1053.8 F g−1 with an excellent cycling stability. 
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This work highlights how phase-engineered homojunctions can enhance charge transport and 

electrochemical performance.[18]  

     Building on this concept, engineering g-C3N4-based homojunctions by integrating domains 

with distinct dopant compositions or structural order holds significant potential for overcoming 

its intrinsic conductivity limitations and achieving higher capacitance and stability in 

supercapacitors. g-C3N4, a low-cost, metal-free, and chemically stable 2D electrode material 

with a ∼2.7 eV bandgap, has attracted attention for its adjustable bandgap, tunable morphology, 

and environmental benignity, making it suitable for energy storage.[19–21]  To enhance the charge 

storage of g-C3N4, different strategies such as composite formation, elemental doping, and 

nano-structural modification have been adopted.[22] Doping alters its electronic configuration, 

enhancing charge carrier mobility and surface reactivity.[23] Various non-metal dopants such as 

oxygen, sulphur, phosphorus, nitrogen, carbon, and boron-doped g-C3N4 have been reported to 

tailor its physicochemical characteristics.[24–28] Among these, dopants like boron and oxygen 

are particularly effective due to their comparable atomic size, which leverages chemical 

compatibility and strong bonding with g-C3N4 effectively tuning to material properties. Boron 

contributes an empty p-orbital to the conjugated system, while oxygen donates lone pair 

electrons that enhance electron delocalization and improve electrical conductivity.[29–31] In 

addition, modifying the morphology into nanostructures such as tubes, wires, rods, and spheres 

is more efficient than bulk materials, owing to their high surface area, which helps overcome 

the low practical surface area and provides more active sites for energy storage.[32,33]      

     Considering the above discussion, herein we fabricate a homojunction consisting of p-type 

B-doped g-C3N4 (B:g-C3N4) hollow nanotubes decorated on n-type O-doped g-C3N4 (O:g-

C3N4) nanosheets to maximize electrochemical performance. Firstly, doping alters the 

electronic structure of g-C3N4 by decreasing the band gap, where O:g-C3N4 and B:g-C3N4 

exhibit a narrower band gap of 2.6 eV and 2.3 eV, respectively. Secondly, morphological 

modification of B:g-C3N4 into hollow nanotubes, combined with the sheet-like structure of 

O:g-C3N4, provides a larger active surface area and short ion diffusion pathways. Thirdly, the 

formation of a p–n junction facilitates electron transfer by creating a built-in electric field at 

the interface, thereby enhancing the synergistic interaction between B:g-C3N4 and O:g-C3N4. 

The resulting B:g-C3N4/O:g-C3N4 composite electrode delivers a high specific capacitance of 

366 F g−1 at a current density of 1 A g−1. For practical application, an asymmetric supercapacitor 

device (B:g-C3N4/O:g-C3N4// AC) is assembled, achieving an energy density of 24 Wh kg−1 at 
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a power density of 700 W kg−1. The device retains 83% of its specific capacitance and maintains 

a coulombic efficiency of 100% after 20,000 GCD cycles, demonstrating excellent 

electrochemical stability. This work highlights the potential of p–n junction engineering to 

improve the energy storage properties of electrode materials.     

5b.2. EXPERIMENTAL: 

5b.2.1. Synthesis of O-doped g-C3N4: 

    For the synthesis of O:g-C3N4, we first prepared bulk g-C3N4 powder. To achieve this, 3 g 

of melamine was calcined at 550°C for 3 hours, the obtained product was then ground into a 

fine powder and further calcined at 500°C for 1 hour to obtain exfoliated g-C3N4. For the 

oxygen doping process, we employed a microwave synthesis method. In this process, 200 mg 

of g-C3N4 was dispersed in 5 mL of 30% H2O2 solution in a 25 mL beaker. The mixture was 

then irradiated with a 350 W microwave for 30 minutes. 

5b.2.2. Synthesis of B-doped g-C3N4: 

    Boric acid was used as a boron dopant for the synthesis of B:g-C3N4.   3 g of melamine was 

dissolved in 30 ml of ethylene glycol to make a saturated solution. 60 ml of 0.1 M HNO3 was 

then added to the prepared solution. After stirring for 10 min, the mixture was washed with 

ethanol and dried at 60 °C.  A boric acid to obtained melamine adduct at different ratios was 

dissolved in 30 mL of water and stirred for 3 hours, followed by overnight drying at 70°C. The 

resulting powder was then transferred to an alumina crucible and calcined at 550°C for 4 hours 

in an argon (Ar) atmosphere. After cooling to room temperature, the powder was ground into 

a fine form and designated as B: g-C3N4. 

5b.2.3. Synthesis of B-doped g-C3N4 and O doped g-C3N4 composite:  

    The composite B:g-C3N4 /O:g-C3N4 was prepared using an electrostatic self-assembly 

approach. Initially, both O:g-C3N4 and B:g-C3N4 exhibited negative zeta potentials of −22 mV 

and −18 mV, respectively. B:g-C3N4  (100 mg) was dispersed in 5 mL of 1 M HCl and stirred 

overnight at room temperature for complete protonation, resulting in a surface potential shift 

to +10 mV. To fabricate the B:g-C3N4 /O:g-C3N4 composite, B:g-C3N4 and O:g-C3N4 were 

mixed in different ratios, sonicated for 1 hour, and then centrifuged, washed, and dried to obtain 

the final composite. 
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Scheme 5b.1:  Schematic illustration of the synthesis routes for B:g-C3N4, O:g-C3N4, and the 

B:g-C3N4/O:g-C3N4 composite. O:g-C3N4 is prepared via a microwave-assisted synthesis using 

H2O2 as the oxygen dopant, followed by calcination. B:g-C3N4 is synthesized through direct 

calcination using boric acid as the boron dopant, with ethylene glycol (EG) serving as a 

structure-directing agent. EG facilitates the inward diffusion of carbon during calcination, 

leading to the formation of a hollow tubular structure. After this, the homojunction B:g-

C3N4/O:g-C3N4 composite is fabricated via an electrostatic self-assembly approach.  

5b.3. RESULTS AND DISCUSSION: 

5b.3.1. Morphological Analysis:  

    Scheme 5b.1 illustrates step-by-step synthesis of O:g-C3N4/B:g-C3N4 homojunction 

composite. Initially, O:g-C3N4 is prepared from bulk g-C3N4 (GCN) using a microwave-

assisted method, while B : g-C3N4 is synthesized through a calcination process. During the 

synthesis of O:g-C3N4, a mixture of GCN and an oxygen-rich precursor, H2O2 is exposed to 

microwave irradiation, leading to rapid heating, promoting uniform doping of oxygen atoms 

into the GCN framework.[34] Additionally, the zeta potential value of GCN (−17 mV) is shifted 

to −22 mV after oxygen doping, further confirming the incorporation of oxygen atoms, which 

leads to a more negative surface charge. Meanwhile, B:g-C3N4 nanotubes with varying B and 

N contents are synthesized through a modified pyrolysis approach. The tubular structure of 

B:g-C3N4 is formed by treating melamine with HNO3 in the presence of ethylene glycol (EG), 

followed by an annealing process. In the first step, the addition of HNO3 leads to the 
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protonation of the amine and triazine nitrogen groups in melamine, making it chemically more 

reactive and less  

 

Figure 5b.1: (a) FESEM and (b) FETEM image of B:g-C3N4 /O:g-C3N4 showing O:g-C3N4 

sheets with B:g-C3N4 nanotubes (inset showing tubular B:g-C3N4 with a diameter of 70-80 nm) 

(c) High resolution TEM analysis of (c) g-C3N4 (d) B:g-C3N4  (e) O:g-C3N4  showing change 

in the interplanar spacing after B and O doping, STEM EDX elemental mapping of (f) 

indicating presence of (g) Carbon (h) Nitrogen (i) Oxygen (j) Boron 

stable. In the next step, EG initiates the polymerization with the activated melamine, guiding 

the formation of tubular structures. EG not only acts as a directing agent but also provides an 

additional carbon source, stabilizing the morphology during the heating process. During the 

annealing process, thermal decomposition of EG generates carbon species, which diffuse 

outward from the inner region of the forming structure. The outward carbon diffusion as CO2 

is counterbalanced by the inward diffusion of EG, and this contributes towards a hollow tubular 
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morphology.[33] In this process, boric acid serves as a boron source, enabling effective doping 

into the GCN framework by incorporating boron atoms into its structure during pyrolysis.[35] 

Subsequent treatment of B:g-C3N4 with 1M HCl protonates surface nitrogen species, inducing 

a positive surface charge, whereas O:g-C3N4 exhibited a negative surface charge, facilitating a 

non-covalent interaction between the two materials and promoting their self-assembly into the 

B:g-C3N4/O:g-C3N4 composite.  

    FESEM reveals the morphology of B:g-C3N4, O:g-C3N4, and B:g-C3N4/O:g-C3N4 

composite. B:g-C3N4 has a nanotube-like morphology, which distinguishes it from the typical 

sheet-like structure observed in O:g-C3N4.  This morphology is also retained in the composite, 

where B:g-C3N4 nanotubes are distributed over the O:g-C3N4 sheets (Figure 5b.1a), indicating 

the successful formation of the B:g-C3N4 /O:g-C3N4 composite. The distribution of B:g-C3N4 

nanotubes in the composite was further confirmed from FETEM images (Figure 5b.1b). 

Remarkably, the composite consists of nanotubes with diameters ranging from 70–80 nm that 

are distributed over the surface of O:g-C3N4. Such an orientation of B:g-C3N4 nanotubes over 

the O:g-C3N4 surface is crucial for maintaining a high electrical connection between B:g-C3N4 

and O:g-C3N4. The hollow structure of nanotubes and nano-sheets contributes to a high surface 

area and accessible active sites, making the composite highly suitable for electrochemical 

energy storage. Doping-induced structural changes in GCN have been analysed through high-

resolution transmission electron microscopy (HRTEM). Pristine GCN exhibits an interplanar 

spacing of 0.33 nm, corresponding to the (002) plane. After B-doping, the spacing decreases to 

0.21 nm, whereas O-doping increases the interplanar spacing to 0.36 nm, as shown in Figure 

5b.1(c-e). These observations from HRTEM are consistent with the XRD results, further 

validating the structural modifications induced by B and O doping. The scanning transmission 

electron microscopy (STEM) elemental mapping confirms the uniform distribution of B, C, N, 

and O across the hybrid (Figure 5b.1(f-j)), suggesting the homogeneous distribution of B:g-

C3N4 and O:g-C3N4 in the composite. 

5b.3.2. Phase and Structural Analyses: 

    To investigate the structural changes resulting from B and O doping in GCN, XRD analysis 

is performed. Figure 5b.2a shows that bulk GCN exhibits a (100) peak at 13.2°, corresponding 

to the in-plane structural packing of the heptazine network, while the (002) peak at 27.75° 

indicates a well-defined layered structure. Figure 5b.2b shows that upon B doping, the peak 

corresponding to (002) plane shifts by 0.05° toward higher 2θ values, accompanied by peak 
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broadening. In contrast, O doping causes a 0.1° shift of the (002) peak toward lower 2θ values, 

indicating an increase in the interlayer spacing of the GCN framework. Figure 5b.2c illustrates 

the different types of electronic interactions that explain the observed shifts in XRD peaks upon 

B and O doping. In the case of B doping, an interaction occurs between the lone pair (lp) of 

nitrogen and the unoccupied p-orbital of boron, resulting in weak repulsion. This leads to lattice 

contraction, and repulsion is weaker compared to that in bare GCN, where bond pair (bp) –lone 

pair (lp) interactions exist between carbon and nitrogen. In contrast, O doping introduces 

additional lone pairs, leading to strong lp–lp repulsion with a bp-lp interaction, the highest 

among the three cases, which causes an expansion of the layers.   

 

Figure 5b.2: (a) Comparative XRD patterns, (b) enlarged XRD at 23.75 to show the peak 

shift of (002) plane after B and O doping, (c) illustrates the different types of electronic 

interactions that correspond to shifts in XRD peaks upon B and O doping. 
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5b.3.3. Electronic State Analysis: 

     X-ray photoelectron spectroscopy (XPS) is employed to investigate the chemical states and 

electronic interaction in O:g-C3N4, B:g-C3N4, and O:g-C3N4/B:g-C3N4. The XPS survey 

spectra of O:g-C3N4 and B:g-C3N4 confirm the presence of oxygen and boron in the GCN. In 

the case of O:g-C3N4, the oxygen percentage is found to be 7.5%, whereas in B:g-C3N4 the 

boron content is found to be 6.7%, demonstrating substantial incorporation B and O into the 

GCN framework. Figure 5b.3a shows the high-resolution C1s spectra, which are deconvoluted 

into three peaks assigned with binding energy, 284.8 eV (sp3 C−C), 286.2 eV (C−N) and 288.0 

eV (N=C−N).With boron doping in GCN, an upshift in the C 1s binding energy is observed 

due to the electron-deficient nature of boron, which reduces the local electron density at carbon 

centre. Similarly, doping of oxygen into GCN, the C 1s spectrum shifts to higher binding energy 

as electronegative oxygen atoms withdraw electron density from neighbouring carbon atoms, 

making it more electron-deficient.[36]  

 

 Figure 5b.3: High-resolution XPS spectra of (a) C1s (b) N1s (c) B1s (d) O1s showing 

synergistic interaction between B:g-C3N4  and O:g-C3N4 . 
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    Furthermore, in the B:g-C3N4/O:g-C3N4 composite, the C 1s spectrum shifts further to lower 

binding energy compared to pristine GCN, which is due to the combined effect of electron-

deficient boron, electronegative oxygen, and interfacial charge redistribution between B:g-

C3N4 and O:g-C3N4.Similarly, N 1s has been resolved to three peaks at 398.60, 399.4, and 

400.43 eV, which correspond to three different types of nitrogen:  aromatic (C–N═C), sp2-

hybridized N–(C)3 or H–N–(C)2, and terminal (−NH2), Figure 5b.3b. A similar shift is 

observed in the N 1s spectra upon boron and oxygen doping of GCN, reflecting trends 

consistent with those seen in the C 1s spectra. Figure 5b.3c  shows high-resolution B 1s XPS 

spectra with a peak assigned to C–N–B group, same as previously reported literature.[29] In the 

B:g-C3N4/O:g-C3N4 composite, the B 1s spectrum exhibits a shift toward lower binding energy 

compared to pristine  B:g-C3N4, indicating boron sites in the composite experience an increase 

in electron density due to interactions between O:g-C3N4 and B:g-C3N4. Figure 5b.3d  shows 

the O 1s XPS spectrum, which is deconvoluted into three peaks with binding energies at 531.9 

eV (C–O–C), 533.4 eV (N–C–O), and 534.1 eV, attributed to adsorbed O2 species in the 

lattice.[37,38] The O 1s peak of the composite is shifted to a higher binding energy as compared 

to O:g-C3N4, suggesting a decrease in electron density due to strong electronic interaction 

between O:g-C3N4 and B:g-C3N4. These shifts in binding energies confirm synergistic 

interactions among the two components, resulting in effective interfacial charge transfer and 

modification of the local electronic environment within the composite. 

6.3.4. Electrochemical Analysis: 

 

Figure 5b.4: (a) CV (b) GCD analysis of B:g-C3N4to O:g-C3N4 at different ratios for 

optimization of the electrode   

     The electrochemical properties of O:g-C3N4, B:g-C3N4, and B:g-C3N4/O:g-C3N4 composite 

are evaluated using a three-electrode setup in 2 M KOH aqueous electrolyte.  Among various 

composite ratios studied, 2:1 ratio of B:g-C3N4 to O:g-C3N4 exhibited the highest specific 
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capacitance, as demonstrated by the largest CV area with longer charge discharge time, as 

shown in Figure 5b.4. Figure 5b.5a shows the comparative cyclic voltammetry (CV) analysis 

of the B:g-C3N4 /O:g-C3N4 composite and its bare counterparts in a voltage window of −0.4 to 

0.4 V (vs. Hg/HgO), showing a larger integrated surface area for B:g-C3N4/O:g-C3N4 

composite, indicating an enhanced capacitive behavior. Figure 5b.5b shows the CV profiles of 

the B:g-C3N4/O:g-C3N4 composite at scan rates ranging from 10 to 100 mV s–1, exhibiting a 

quasi-rectangular shape that indicates dominant electric double-layer capacitive (EDLC) 

behavior of the composite material.  

 

Figure 5b.5: (a) Comparison of CV curves at 10 mVs−1 (b) CV curves of the B:g-C3N4 /O:g-

C3N4  electrode from 10 to 100 mVs−1 scan rate (c) comparative GCD curve at 1 Ag−1 of pristine 

B:g-C3N4, O:g-C3N4 and the B:g-C3N4 /O:g-C3N4 composite (d) GCD curves of the B:g-

C3N4/O:g-C3N4 electrode from 1 to 10 Ag−1 (e) Plot of retention in capacitance with varying 

current density  

     The comparative galvanostatic charge/discharge (GCD) curves at 1 A g⁻1 (Figure 5b.5c) 

show that B:g-C3N4/O:g-C3N4 has a prolonged discharge time, confirming its enhanced specific 

capacitance. Based on the GCD discharge curve, the B:g-C3N4 /O:g-C3N4 demonstrated a 

specific capacitance of 366 F g⁻1 at 1 A g⁻1, which is ~2 times higher than that of O:g-C3N4(161 

F g⁻1) and B:g-C3N4 (175 F g⁻1). Figure 5b.5d illustrates the GCD curve of B:g-C3N4/O:g-

C3N4, shows symmetric profiles across varying current densities of 1–7 Ag⁻1, indicating high 

reversibility and low resistive losses. The specific capacitance values derived from GCD curves 
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across the current density range are used to evaluate capacitance retention, a key metric of rate 

capability, which reflects the ability of the material to maintain performance at higher charge–

discharge rates. As shown in Figure 5b.5e, the B:g-C3N4/O:g-C3N4 composite retains 81.1± 

5% of its initial capacitance at 7 A g⁻1, significantly outperforming O:g-C3N4 (59±5%) and B:g-

C3N4 (60±5%), highlighting its superior potential for high-rate supercapacitor applications.  

 

 

Figure 5b.6: (a) Logarithmic relationship between the peak current density and scan rate, (b) 

capacitive-controlled contribution at a sweep rate of 5 mVs−1 of B:g-C3N4 /O:g-C3N4 

(c)Segregation of capacitive and diffusion-controlled area of B:g-C3N4/O:g-C3N4 at a scan rate  

 

    As shown in Figure 5b.6a, the b-values calculated for B:g-C3N4/O:g-C3N4 composite are 

0.78 and 0.71, close to 1, indicating surface-controlled pseudocapacitance. Furthermore, 

Dunn’s analysis offers a quantitative understanding of the charge storage mechanism, revealing 

that the capacitive contribution accounts for 64% at a scan rate of 5 mV s⁻1, further confirming 

the dominance of surface-controlled processes in the enhanced performance of the B:g-

C3N4/O:g-C3N4 composite, as shown in Figure 5b.6b. We have done the capacitive 

contribution calculation, scan rate varying from 1mV s–1 to 5mV s–1, where with an increase in 

scan rate, the capacitive contribution increases from 48% to 64% indicating that at higher scan 

rates, the capacitive contribution becomes more significant, shown in Figure 5b.6c. This 

observation suggests that electrolyte ions have adequate time for faradaic interactions with the 

electrode materials at lower scan rates, whereas at higher scan rates, ions do not have sufficient 

time to engage with the electrodes, resulting in non-faradaic charge storage.  
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Table 5b.1: Comparison table of Specific Capacitances of the present work with g-C3N4-based 

supercapacitor electrode materials from the literature 

 

System Specific Capacitance of 

the electrode 

(F g−1 ) 

Electrolyte Reference 

B:g-C3N4 / O:g-C3N4 366 F g−1 @ 1 A g−1 2M KOH This work 

NMCNFs 220 @ 0.2 A g−1 2 M Li2SO4 39 

3D g-C3N4/graphene 243.8 @ 1 A g−1 6 M KOH 40 

GCN 137.67 @ 1 A g−1 0.5 M H2SO4 41 

GCN/Bio-C 300 @ 1 A g−1 0.5 M H2SO4 42 

MGCN-0.3 286 @ 0.75 A g−1 1 M H2SO4 43 

O doped g-C3N4 262.5 @ 1 A g−1 0.5 M Na2SO4 44 

NiS2@m-g-C3N4/gra 373.5 @ 1 A g−1 2 M KOH 45 

NiCo2S4 NSs/P-g-C3N4 277 @ 1 A g−1 2 M KOH 46 

3D RuO2/g-C3N4@rGO 704.3 @ 0.5 A g−1 6 M KOH 47 

f-g-C3N4/f-CNF–TNS 817 @ 0.25  A g−1 4M KOH 48 

g-C3N4/Ti3C2Tx 414 @ 1 A g−1 1 M H2SO4 49 

SnS2/g-C3N4 527 @ 0.5 A g−1 3 M KOH 50 

 

6.3.5. Electrochemical Impedance Spectroscopy Analyses followed by DRT: 

    Electrochemical impedance spectroscopy (EIS) is conducted to investigate the charge–

discharge dynamics, as illustrated by the Nyquist plot (Figure 5b.6a). A very low series 

resistance (3.3 Ω) and charge transfer resistance (2.1 Ω) are estimated from the high-frequency 

region (inset of Figure 5b.6a) for the composite, indicating better conductivity and charge 

transport in the B:g-C3N4/O:g-C3N4 material. In the low-frequency region, both the B:g-

C3N4/O:g-C3N4 composite and its bare counterparts, B:g-C3N4 and O:g-C3N4, exhibit a higher 

slope of the vertical line, indicative of ideal capacitive behavior. The steepness of the slope in 

the low-frequency region indicates the diffusion resistance of the electrodes. O:g-C3N4 with a 

steeper slope has a relatively high diffusion resistance compared to B:g-C3N4; and it appears 

that B:g-C3N4/O:g-C3N4   resistance value falls in between due to the combination of both 

materials.[51]   
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Figure 5b.7: (a) Nyquist plot of electrodes obtained from EIS (b) distribution of relaxation 

time curve of B:g-C3N4/O:g-C3N4 composite, B:g-C3N4, O:g-C3N4 (inset showing enlarged 

image of 1, 2, 3 peak) 

    To further elucidate the electrochemical processes within B:g-C3N4/O:g-C3N4, Distribution 

of Relaxation Times (DRT) analysis is employed using EIS data.  Figure 5b.7b illustrates the 

DRT profile featuring four peaks, where: 

1: interfacial contact/conductivity of B:g-C3N4/O:g-C3N4 

2, 3: charge transfer process associated with the electrolyte, i.e.  process involves electrolyte 

ion adsorption/desorption and rearrangement at the interface 

4: ion diffusion processes at the electrode/electrolyte interface  

Table 5b.2: Represents the calculated resistance of each electrode obtained from DRT analysis 

 

    The resistances associated with various electrochemical processes are summarized in Table 

5b.2. The resistance values for peaks τ1, τ2, and τ3 correspond to conductivity, charge transfer, 

are significantly lower for the B:g-C3N4/O:g-C3N4 composite, whereas τ4, corresponding to ion 

diffusion, has an intermediate resistance value for the composite, consistent with the EIS result. 

This improvement in charge transfer resistance in B:g-C3N4/O:g-C3N4 composite is further 

reflected in the faster relaxation times for τ2 and τ3 compared to bare B:g-C3N4 and O:g-C3N4. 
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These findings indicate an enhanced interfacial charge transfer and reduced ion diffusion 

resistance, substantially improving overall electrochemical performance. 

 5b.3.6. Electrochemical Characterization of Asymmetric Supercapacitor: 

 

Figure 5b.8: (a) Schematic of the coin-cell supercapacitor device tested (inset showing 

CR2032 coin cell)  (b) CV curves of AC and BCN/OCN electrodes in a three-electrode system 

with a scan rate of 10 mV s–1, (c) CV curves from 10 to 100 mVs−1 (d) GCD curves from 1 to 

10 Ag−1 of the BCN/OCN//AC coin cell asymmetric device       

    After thoroughly analyzing the physicochemical properties of the materials, the B:g-

C3N4/O:g-C3N4 composite, along with its pristine counterparts, B:g-C3N4, O:g-C3N4, each 

paired with activated carbon (AC) as a counter electrode, is employed for practical application. 

The electrochemical testing is conducted in an asymmetrical coin cell architecture (CR2032), 

as shown in Figure 5b.8a. Individual electrodes are prepared by coating the active materials 

onto a carbon paper substrate. These active materials coated on carbon paper are stacked back-

to-back within the cell, with the supporting membrane containing aqueous 2 M KOH 

electrolyte, acting as the ion-permeable charge separator, and providing direct electrical contact 

between the current collector and the active material. Figure 5b.8b presents the cyclic 
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voltammetry (CV) profiles of AC and B:g-C3N4/O:g-C3N4 electrodes with their respective 

stable potential windows at a scan rate of 10 mVs⁻1. The AC electrode operates in the negative 

potential range (0 to −1 V), while the B:g-C3N4/O:g-C3N4 electrode functions within -0.4 to 0.4 

V, and this complementary behavior enables an extended operating voltage window of 0-1.4 V 

in the asymmetric B:g-C3N4/O:g-C3N4//AC device. CV measurements of the B:g-C3N4/O:g-

C3N4//AC coin-cell asymmetric supercapacitor device are performed within the potential range 

of 0–1.4 V at different scan rates ranging from 10 to 100 mVs−1, as shown in Figure 5b.8c. 

The CV curves exhibit quasi-rectangular shapes even at high scan rates, suggesting an ideal 

capacitive behavior and shape is maintained even at high scan rates, indicating the excellent 

rate capability of asymmetric device. The GCD profile of the asymmetric coin-cell 

supercapacitor device exhibited a quasi-triangular shape, as observed in the CV results, owing 

to the dominant capacitive nature of the B:g-C3N4/O:g-C3N4 electrode Figure 5b.8d. 

Furthermore, with an increase in current density from 1 to 10 A g−1, the B:g-C3N4/O:g-

C3N4//AC coin-cell device demonstrated a remarkable rate capability of 73.67±5% The B:g-

C3N4/O:g-C3N4//AC asymmetric coin-cell supercapacitor delivered a maximum energy density 

of 24 Whkg−1 at a power density of 700 Wkg−1 (at 1 A g−1), and even at a high-power density 

of 7 kW kg⁻¹, it maintained an energy density of 17.5 Wh kg−1(at 10 A g−1), confirming its high 

energy and power efficiencies.  

 

Figure 5b.9: (a) Long-term cycling performance and Coulombic efficiency of the device at a 

current density of 10 A g−1 over 20,000 cycles (b) digital photograph of LEDs powered by coin 

cell devices in series connection. 

    The stability of the supercapacitor device is important for practical applications. Thus, to 

evaluate this, the B:g-C3N4/O:g-C3N4//AC asymmetric supercapacitor coin cell is tested for 
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20,000 GCD cycles at a current density of 10 Ag−1, as illustrated in Figure 5b.9a. The device 

maintained 83% retention of its specific capacitance with a coulombic efficiency of 100% after 

20,000 cycles, indicating excellent electrochemical stability. Lastly, as shown in Figure 5b.9b, 

the practical applicability of the B:g-C3N4/O:g-C3N4//AC device is demonstrated by connecting 

two such devices in series and charging them to 2.8 V to power a red light-emitting diode 

(LED) with a voltage of 2 V. Upon discharge, the LED illuminated brightly and gradually 

dimmed, with visible brightness lasting for 50 seconds. These results underscore the promising 

potential of the assembled B:g-C3N4/O:g-C3N4//AC device for future energy storage 

applications. 

5b.3.7. Plausible Mechanism of Charge Storage Mechanism: 

 

Figure 5b.10:   Mott–Schottky curves of (a) B:g-C3N4(b) O:g-C3N4 (c) B:g-C3N4/O:g-C3N4  

(d) Surface potential image from KPFM measurements on the sample and corresponding 

electric potential distribution image  

    The energy band structure is a key factor in determining the fundamental properties of 

materials and plays a crucial role in charge transport performance, as well as in their chemical 

and electrochemical behavior. To further elucidate the energy level structure and charge 

redistribution behavior in the B:g-C3N4/O:g-C3N4 composite, and thereby to explain enhanced 
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electrochemical activity of the composite electrodes, a detailed band alignment analysis and 

investigation of interfacial charge dynamics are conducted. Due to doping within the GCN 

framework, these materials typically exhibit characteristics of either p-type or n-type 

semiconductors, as determined by Mott-Schottky (M–S) measurements. As shown in Figure 

5b.10(a-b), the Mott-Schottky plots of B:g-C3N4 and O:g-C3N4 display linear regions with 

negative and positive slopes, respectively, indicating that B:g-C3N4 is a p-type semiconductor 

while O:g-C3N4 is n-type.[52] However, the B:g-C3N4/O:g-C3N4 shows a typical volcano M-S 

curve with both positive and negative slopes (Figure 5b.10c), signifying the formation of p-n 

homojunctions. The band gap of pristine GCN is about 2.7 eV, which decreases to 2.3 eV for 

B:g-C3N4and increases to 2.6 eV for O:g-C3N4, as calculated from UV-Vis DRS Tauc plots.  

Furthermore, the valence band maximum (VBM) is determined using XPS valence band 

spectra, yielding values of 1.53 eV for B:g-C3N4 and 1.86 eV for O:g-C3N4. Using the relation 

E(VB) = E(CB) + Eg, the conduction band (CB) positions are calculated to be −0.72 eV for 

B:g-C3N4 and −0.27 eV for O:g-C3N4.  Based on the calculated energy levels, B:g-C3N4and 

O:g-C3N4 form a type II p–n homojunction upon contact. Due to their work function difference 

(4.4 eV for B:g-C3N4 and 3.71 eV for O:g-C3N4), electrons flow from O:g-C3N4 to B:g-C3N4, 

as supported by XPS data (Figure 5b.3).   

 

Figure 5b.11: (a)Energy level construction depicting before and after contact between p-type 

B:g-C3N4 and n-type O:g-C3N4, forming a p–n junction.  

Electron transfer induces band bending and forms a built-in electric field, which drives efficient 

electron–hole separation, suppresses recombination, and improves charge transport. The 

resulting charge separation increases the polarity of the composite surface, thereby enhancing 

interaction between the electrode surface and electrolyte ions by facilitating ion adsorption and 
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improving ion diffusion kinetics (Figure 5b.11). These synergistic effects contribute to a 

notable improvement in electrochemical performance, including increased capacitance and 

better rate capability.  

5b.4. CONCLUSIONS: 

    In conclusion, the synergistic effect of non-metal doping and homojunction formation in g-

C3N4-based materials is successfully utilized to achieve enhanced energy storage 

performances. The electrostatic self-assembly method was utilized in order to successfully 

synthesize the homojunction of B:g-C3N4 nanotubes with O:g-C3N4 2D sheets. The inherent 

electric field produced at this interface markedly improved charge transport, leading to an 

enhancement in the intrinsic activity of the electrode. The unique hollow structure of B:g-C3N4 

and the layered O:g-C3N4 nanosheets provided enough surface for ion diffusion, enabling a 

high specific capacitance of 366 F g–1 at 1 A g–1. The asymmetric assembled B:g-C3N4 /O:g-

C3N4 // AC coin cell demonstrated an energy density of 24 Wh kg–1 at a power density of 700 

W kg–1, exhibiting remarkable cycling stability by retaining 83% of its initial capacitance and 

achieving 100% coulombic efficiency after 20,000 charge–discharge cycles. This investigation 

highlights the potential of homojunction engineering and non-metal doping techniques in the 

creation of high-performance, metal-free electrode materials for cutting-edge electrochemical 

energy storage systems. 
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CHAPTER 6  

 

Thesis overview and future perspective 

 

This chapter, in brief, outlines the outcomes and overview of the current thesis. Herein, it also 

discusses the possible modification and development that can be done on 2D materials to 

enhance their charge storage for supercapacitor applications.   
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6.1. THESIS OVERVIEW: 

The thesis mainly focused on the diverse strategies to be utilized for the betterment of charge 

storage of supercapacitors by utilizing 2D materials. The charge storage efficiency of the 2D 

materials was modified utilizing different methods like composite formation, elemental doping, 

morphological tuning, and junction formation. During the synthesis of the electrode materials, 

the hydrothermal and calcination routes were utilised considering their simplicity, cost-

effectiveness, and environmentally friendly nature. The thesis prioritizes the different strategies 

utilized for the development of 2D materials and tuning the electronic and/or structural features 

based on their intrinsic properties. The summary and conclusions for each chapter (valuable 

outcomes obtained from the work done during my Ph.D. tenure) are summarized as follows: 

 Chapter 1:  In this discussion, we have pointed out that the increasing electricity 

demand, our reliance on fossil fuels, and the unpredictable nature of renewable energy 

sources all underscore the urgent need for effective energy storage systems, leading to 

the emergence of electrochemical supercapacitors, ensuring a reliable and sustainable 

power supply. The basic principle of different charge storage mechanisms and different 

strategies to enhance supercapacitor performance of a 2D material are discussed. A brief 

literature survey on the current state-of-the-art, as well as challenges related to the 

modification of 2D material, is also discussed. At last, this chapter is concluded with 

the objectives of the present thesis. 

 Chapter 2:  The different instrumental techniques, performance parameters, and 

different experimental setups, which were adopted for the characterization of the as-

synthesized materials/ supercapacitor devices and determination of performance of the 

fabricated supercapacitor electrodes, are discussed in detail.  

 Chapter 3: In this chapter, we have explored the criticality of spectator-metal ions such 

as vanadium in enhancing the electrochemical charge-storage performance in 

supercapacitors. The incorporation of high valent V ion induces more hydrophilicity, 

promoting the adsorption of the electrolyte/hydroxyl ions on the surface of COV, 

thereby increasing the redox cycles of Co ion. Vanadium-incorporated CoO(OH) 

combined with NiMn-LDH, yields a specific capacitance of 786 Fg−1 at 1Ag−1 with 

96% retention, confirming its high activity and durability. The assembled asymmetric 

supercapacitor exhibits an energy density of 46 Wh Kg−1 at a power density 752 W kg−1. 

 Chapter 4:  In this chapter, a synergistic approach of combining capacitive and redox-

active materials is employed to develop supercapacitors that effectively bridge the gap 
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between traditional supercapacitors and batteries in terms of their high-power delivery 

and increased energy storage capacity. Here, we have reported MXene with manganese 

vanadium oxide (Mn2V2O7) nanorods to eliminate the limitations such as restacking of 

MXenes, which poses a major problem in achieving high conductivity to be used in 

supercapacitor applications. Formation of pathways for ion migration in 

Mn2V2O7/MXene composite resulting in increased conductivity, enhanced ion transport 

capacity, and structural stability in aqueous electrolytes, leading to superior 

performance with a specific capacitance of 627 F g−1 at 1 A g−1. Assembled device 

Mn2V2O7/MXene//AC gives a high potential window of 2 V with a high specific energy 

of 65 Wh kg−1 at a power density of 1000 W kg−1.  Moreover, complex impedance 

spectra are extracted using the Distribution of relaxation time (DRT) analysis to get 

insights into electrochemical processes with enhanced resolution to understand the 

dynamics of the charge transfer kinetic processes.  

 Chapter 5: In this chapter, we have utilised semi-metallic Dirac Borophene 2D material 

and explored its charge storage properties. Borophene requires conductive substrates 

for stability, which limits its potential for energy storage applications. To address this, 

a strategy for fabricating flexible and conductive rGO-supported borophene 

supercapacitor electrodes is proposed, featuring a layered assembly of borophene 

nanosheets sandwiched between rGO layers. This architecture effectively prevents the 

self-restacking of rGO nanosheets, leading to a significant increase in interlayer spacing 

of 5.75 Å between rGO and borophene, promoting a rapid diffusion of electrolyte ions, 

making more electroactive sites accessible for electrochemical storage. The 

freestanding rGO/borophene electrode achieves a capacitance of 328 Fg−1 at 1 Ag−1, 

with excellent rate capability, 98% capacitance retention at 10 Ag−1, and long cycling 

stability. Additionally, the fabricated flexible symmetric supercapacitor achieves an 

energy density of 24.3 Wh kg−1 at a power density of 600 W kg−1 and maintains a stable 

energy output even under bending angles of up to 180°.  DFT calculations reveal that 

boron and carbon significantly enhance electron density near the Fermi level, enabling 

semi-metallic behavior for rapid electron transfer, crucial for high-performance 

supercapacitors. 

 Chapter 5b: In this chapter, we have utilised a doping and junction strategy to improve 

the charge storage performance by virtue of its increased intrinsic conductivity. 

Electronic structure modification and precise band alignments, including optimized 
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work function, enable the formation of a depletion zone at the material interface, which 

facilitates accumulation/storage of charges. Building on this principle, rational design 

of composite electrode materials consists of oxygen-doped g-C3N4 (O:g-C3N4) 

nanosheets exhibiting n-type characteristics combined with boron-doped g-C3N4 (B:g-

C3N4) hollow nanotubes, which show a typical p-type carrier transport resulting in a 

well-defined homo-interface (p–n). The doping strategy successfully aligns the band 

positions of g-C3N4, with O:g-C3N4 and B:g-C3N4 aiding in redistribution of charges 

within the p-n junction, leading to the formation of space-charge regions and a built-in 

electric field, which promotes charge transfer at the interface. Unique hollow tubular 

morphology of B: g-C3N4 coupled with 2D layered structure of O:g-C3N4, affords a 

high surface area and shorter ion diffusion path, enabling rapid ion transport and 

enhanced electrochemical performance, achieving a remarkable specific capacitance of 

366 F g−1 at 1 A g−1.  An asymmetric two-electrode supercapacitor using B:g-C3N4 /O:g-

C3N4 as a positive electrode achieves an energy density of 24 Wh kg−1 @ 700 W kg−1, 

demonstrating 83% capacitance retention at 100% coulombic efficiency after 20,000 

charge-discharge cycles.  

6.2. FUTURE PROSPECTIVES:  

     The presented thesis outlined the design aspects of 2D materials-based electrodes for energy 

storage performance in supercapacitor during the research tenure. A detailed study on 2D-

material-based electrodes was carried out to resolve critical issues such as interfacial charge 

transfer resistance, limited ion diffusion, and the inherent restacking tendency of 2D layers, 

which restricts the electrochemically active surface area and hampers supercapacitor 

performance. Although, several strategies have been adopted here making substantial 

advancements in the field of supercapacitor, numerous scopes are still available to further 

improve the overall efficiency towards commercialization. The plausible scopes for the 

advancement of energy storage towards practicality are as follows: 

✓ Designing high-performance supercapacitor electrodes considering pore size 

distribution, surface bonding, electrical conductivity, and mass transport properties. 

✓ Using abundant and sustainable raw materials can considerably lower production costs. 

Research into alternate precursors for synthesis of 2D materials can lead to cost-

effective production procedures, including next-generation supercapacitors.  

TH-3849_206122101



Chapter 6 

 

113 

 

✓ Future research should prioritize innovative, scalable, and cost-effective synthesis 

approaches. For example, chemical vapor deposition (CVD) and electrochemical 

exfoliation techniques could be optimized for mass manufacturing while lowering 

costs. Advanced electrode topologies, such as 3D porous structures or hybrid 

nanostructures, can improve ion diffusion and electron transport, resulting in greater 

performance in practical supercapacitor systems. 

✓ Incorporating 2D materials into flexible and wearable electrical systems is a potential 

approach. Research should concentrate on improving the mechanical characteristics of 

2D materials in order to preserve performance during deformation. 

✓ To ensure long-term reliability, aqueous electrolyte supercapacitors require corrosion-

resistant materials or coatings. Alternative organic electrolytes can also be used. 

✓ Choosing the right electrolyte is crucial and should be customized based on the specific 

2D electrode material to get a balance between voltage, conductivity, safety, and cycle 

life to achieve the best performance in next-generation supercapacitors.  
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