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1.1 Introduction: Electrochemical energy storage 

1.1.1 Background and development of electrochemical energy storage 

devices:   

Worldwide consistently increased globalization and living standard of 

humankind require more and more energy. Presently electrical energy from 

hydropower plants and fossil fuels are satisfying this need. Nowadays electrical 

energy is an indissoluble part of a human being. Presently, society consumes 

606.7x1018 J of energy per day and requires 776.5x1018 J of energy in the near 

future. [1] Current hydropower projects are not satisfying the need for energy 

according to the requirement. Fossil fuels are the most favorites and prove their 

advantages as fuel in the automobile sector. The burning of fossil fuels for power 

generation is the largest single source responsible for nearly 25 % of the global 

greenhouse gas emissions. [2] Moreover, their rapid consumption and limited 

resources restrict their long-term perspective uses. Therefore many global efforts 

are put forward to explore green renewable sources for their efficient utilization. 

[3]  

Renewable energy sources mainly consist of solar power, wind power, hydro 

power, tidal, geothermal, and biomass. Though renewable energy sources are non-

polluted and abundant green energy sources, the utilization of these renewable 

energy sources is limited by their non-continuous nature. For instance, solar 

energy is one of the most promising renewable energy source. However, its 

weather fluctuating nature restricts its practical uses. Also, solar energy is not 

continuous and homogeneous on each part of the earth's surface. On the other 

hand, wind power is also not readily available continuously, as its availability and 

intensity are dependent on natural instances. Hence, energy storage systems are 

much needed to utilize renewable energy sources effectively and realistically.  

Thus, various energy storage technologies can be systematized and 

categorized into four general types according to their charge storage principle, 

such as chemical, mechanical, electrical, and electrochemical. [4] The classification 

of the energy storage systems is shown in figure 1.1. 
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Figure 1.1: Classification of the energy storage systems. [5] 
This situation encourages researchers to investigate reliable energy storage 

technologies useful for electric vehicles (EVs), hybrid electric vehicles (HEVs), 

portable electronic devices etc. Hence, supercapacitors (SCs) have attracted more 

attention due to the unique characteristic of a much higher energy density (ED) and 

power density (PD) in comparison with conventional capacitors and batteries. [6]  

 Batteries store energy by the net chemical reaction between the electrode 

and an electrolyte. Commonly, batteries can be divided mainly into two types such 

as primary and secondary batteries. Primary batteries, primary cells, or disposable 

batteries are needed to discard after full usage. It means that while charging, 

irreversible redox reaction occurs at electrodes of primary batteries, so there is no 

more chemical reaction possible after one time charging-discharging due to 

permanent change in the chemical structure of the electrodes. Zinc chloride, 

lithium-manganese, and alkaline batteries are examples of commercially available 

primary batteries. Secondary batteries are rechargeable batteries. These can be 

charged-discharged multiple times by reversing the current flow. In the secondary 

batteries, the original composition of electrodes can be restored by reversible 

electrochemical reactions. Generally, primary batteries have higher ED as compare 

to secondary batteries. Examples of secondary rechargeable batteries are lead-
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acid, nickel-cadmium, nickel-metal hydride and lithium-ion batteries. The 

operating voltage of lithium-ion batteries is high due to the use of organic 

electrolytes. Moreover, specialty batteries are constructed for specific purposes 

such as military and medical persistence. Lithium-iodine, nickel-hydrogen, 

manganese-silver chlorides are examples of specialty batteries. [7] The major 

advantage of rechargeable batteries is that they can be reused several times. It is 

also recyclable. Alkaline batteries hold a charge for a long time (five to seven years) 

even don't charge while not in use. However, the main disadvantages of nickel-

metal hybrid (NiMH) batteries are must be recharged even they are not in use. Also, 

lower ED, poorer charge retention, safety issues, lack of standards, and high initial 

costs are the disadvantages of batteries.  

Another type of electrical energy storage device is a capacitor made up of 

dielectric material sandwiched between two metal plates. This device can be 

charged by applying external electric potential that causes the accumulation of 

charges on the metal plates with the polarization of dielectric material. This 

phenomenon is responsible for the electrical charge storage on both conductive 

metal plates. Mechanism of polarization of dielectric material is shown in figure 

1.2. 

 
Figure 1.2: Mechanism of polarization of dielectric material. 
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As shown in figure 1.2, when potential is applied across the capacitor, 

instantaneous current flows and, one plate gets positively charged, and the other 

gets negatively charged. These charges get remained on the metallic plate even 

after removal of applied field. [8] In electronic circuits, capacitor plays numerous 

roles like backup circuits for microcomputers, smoothing power supplies, resisting 

the DC flow in a circuit etc. Other roles of the capacitor are to deliver leading 

current in AC circuits, act as an open switch in DC circuit, as a filter in DC circuit, as 

decoupling the two electronics circuits (decoupling capacitor), as a separation of 

AC and DC signal and removes the ripples from pulsating DC supply voltage to 

convert it into pure AC voltage after rectification (coupling capacitor). Thus 

initially, parallel plate capacitors are not useful to store high-energy applications. 

[9]  

Advanced applications (hybrid vehicles, maglev trains, power-braking 

recuperation, truck lifts, and track switching) required energy storage devices with 

high energy and high power. Thus from the last decades, many efforts have been 

put forward to develop energy storage devices with the capability of high energy 

and power. 

The SCs are attractive energy storage devices that can deliver high energy 

and power. SC can able to store high PD (>10 kW kg–1) and high ED (∼10 Wh kg–1) 

as compared with batteries (PD ∼10 to 800 W kg–1 & ED ∼10 to 100 W kg–1). 

Therefore, SCs are useful in applications where high energy is required in a very 

short time. Also, SCs demonstrate excellent stability over thousands of charge-

discharge cycling. [10] The comparative Ragone plot of different energy storage 

devices is shown in figure 1.3. 
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Figure 1.3: Comparative Ragone plot of different energy storage devices 

with average discharge time. [11-17]  
1.1.2 Working principle of capacitor:  

The capacitor comprises two metal plates and a dielectric. When we apply 

DC voltage across the metal plates, one metal plate get positively charged, and 

another negatively charged. An electric field is generated across the capacitor. At a 

certain stage, the capacitor holds the maximum charge during the charging process. 

After removing the DC voltage from the capacitor, both plates hold the charges for 

a certain time, and the capacitor acts as an electrical energy source. When the load 

is applied across the metal plates, the capacitor gets discharged due to the current 

flow in the external load. The working principle of the capacitor is shown in figure 

1.4. 
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Figure 1.4: Working principle of the capacitor. [18] 
The basic formula for calculation of charge stored in a capacitor is,  

 Charge (Q) = capacitance (C) x voltage (V)                                                                                           1.1 

The Farad is a unit of capacitance. Using equation 1.1, we can calculate the 

capacitance, but that is not convenient or true because capacitance depends on the 

dimensions of the metal plates and dielectric medium. [19] 

The capacitance of capacitor is calculated by the following equation, 

Cs = ε A/ d                                                                                                                                       1.2 

Where C is capacitance, ε is the permittivity of dielectric, A is the surface area of 

each plate, and d is the distance between two metal plates. So, the capacitance is 

depends on the surface area and distance between two metal plates also depends 

on the permittivity of dielectric medium.  

1.2 Supercapacitor: 

1.2.1 Working principle of supercapacitor:  

The SC has a similar working principle like the capacitor. Commonly SC 

comprises three parts, electrodes coated with electroactive materials, electrolyte 

(organic/aqueous), and current collector. When SC electrodes are dipped in the 

electrolyte, charges get accumulated at an electrode-electrolyte interface forming 
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an electrochemical double layer. The schematic presentation of the SC working 

principle and related parameters is shown in figure 1.5. [20-21] 

 
Figure 1.5: Schematic presentation of SC working procedure and related 
parameters. [22]  

The charge storage mechanism of the SC is schematically represented in 

figure 1.6.  

The Cs of the SC is calculated by using the following equation.  

Cs =  
I

m

  Δt

ΔV
                                                                                                                    1.3 

The ED of the SC is calculated as follows, 

 ED =
Cs V2

2
                                                                                                                                       1.4 

Where, Cs and V are the specific capacitance and operational potential window of 

SC, respectively.  

The PD of the SC is calculated as follows, 

PD =
ED

∆t
                                                                                                                                                1.5       

Where, ED - energy density (Wh Kg–1), PD - power density (W Kg–1) and Δt - 

discharging time (s), respectively.     

The charge storage mechanism of conventional SC is represented in figure 

1.6.                                                       
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Figure 1.6: Charge storage mechanism in the conventional SC. [23] 

1.2.2 Classification of supercapacitors: 

On the basis of charge storage mechanism, SCs are divided into 

electrochemical double-layer capacitors (EDLCs), pseudocapacitors and hybrid 

capacitors. Figure 1.7, represents the different types and subtypes of SCs. The 

faradic, non-faradic and composite of these two processes are the three charge 

storage mechanisms involved in charge storage process in SC. In EDLC-type, 

charges are stored by non-faradic processes via the formation of Helmholtz double-

layer (electrostatically). On the other hand, in pseudocapacitors-type, charges are 

stored by reversible faradic processes. [24-26] In the case of pseudocapacitors 

charge storage mechanism involves an exchange of electrons. Generally, 

pseudocapacitive materials must have several oxidation states so that redox 

reaction can occurs, thus materials like transition metal oxides, hydroxides, 

phosphides, sulphides, conducting polymers, phosphates, layer double hydroxide, 

etc. are applicable as an electrodes. [27-28]  

On the other hand, both faradaic and non-faradaic mechanisms are involved 

in hybrid supercapacitors (HSCs). The carbon-based materials with metal oxides 

or conducting polymers, or both are used to construct HSCs. [29-31] In an SCs, 

electrode materials play a crucial role in enhancement of electrochemical 

performance. 
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Figure 1.7: Classification of SCs. 

1.2.3 Electric double-layer capacitors (EDLCs): 

          In the case of EDLCs charge storage mechanism is similar to the 

conventional capacitors that utilizes the electrode-electrolyte interface for charge 

storage instead of dielectric layer in the conventional capacitors. EDLCs consists of 

three main components non-redoxable high surface area electrodes, separator and 

electrolyte. As EDLCs electrodes are non redoxable, there is no charge transfer 

occurs between electrode and electrolyte. Thus, the electrolyte concentration 

always remains constant after multiple charging-discharging processes. [15] The 

charge storage process in EDLC is non-faradaic so the EDLC electrodes offer high 

reversibility and stability. Consequently, EDLC electrodes show stable 

performance up to 1 x 106 charging-discharging cycles. [15, 32] Also, charge 

storage in EDLCs occurs at the electrode-electrolyte interface, therefore electrode 

conductivity crucially affects the EDLC performance. High surface area and high 

conductivity electrode materials offer quicker charge-discharge rates and higher 

cycle life in EDLCs with higher PD. [16] Accordingly, different derivatives of carbon 

materials such as carbon nanotubes, carbon aerogels, activated carbon and 

graphene are potential materials for EDLC. The decomposition potential of 

electrolytes plays a crucial role in determining the operating voltage range of EDLC; 

thus, ED of EDLCs depends on the use of aqueous or non-aqueous electrolytes. 

1.2.4 Pseudocapacitors:  

          In the case of pseudocapacitors, fast and reversible redox surface reactions 

are occurred due to the movement of charges between electrode and electrolyte, 
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and charges can be stored through reversible faradaic reactions. The charge 

storage mechanism in pseudocapacitors is shown schematically in figure 1.8.  

 
Figure 1.8: Charge storage mechanism of (a) EDLC and (b) pseudocapacitor. [17] 

The pseudocapacitors can show high capacitance with high EDs compared 

to EDLCs due to the involvement of reversible faradaic processes during charge 

storage. Since the reversible faradaic reactions primarily occur at the electrode 

surface, thus the performance of pseudocapacitors depends on the particle size, 

surface area and conductivity of active material.  

On the basis of charge storage mechanisms, pseudocapacitor is further 

divided into three categories such as a) intrinsic pseudocapacitor (on or near 

material surface faradaic reactions), b) intercalation-type pseudocapacitor (charge 

stored in tunnels or layers of materials), and c) extrinsic pseudocapacitor (faradaic 

reaction at the surface of nano-sized battery like materials).  

1.2.4.1 Intrinsic or surface redox pseudocapacitors: 

At many instances, RuO2 demonstrated linear or approximately linear 

charge-discharge curves without significant voltage plateau, and quasi-rectangular 

cyclic voltammetry (CV) curves with almost overlapped redox peaks can be 

regarded as intrinsic pseudocapacitive materials. [33] These intrinsic 

pseudocapacitive materials exhibit the characteristics of capacitive charge storage, 

irrespective of their crystalline structure, surface morphology or particle size. [34] 

The transition metal oxides like RuO2, MnO2, and IrO2 display intrinsic 

pseudocapacitive nature. Due to charge storage via surface redox reaction makes 
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them high-performance electrodes compared to EDLCs electrodes. Though these 

materials demonstrated promising electrochemical performance, their stability 

under prolonged cycling, cost and scarcity are the issues to be overcome.  

1.2.4.2 Intercalation pseudocapacitors: 

          In intercalation pseudocapacitor materials, charges are stored due to 

intercalation of electrolyte ions Faradaically without disturbing phase of the 

material. This type of charge storage mechanism is found by Augustyn et. al in 

Nb2O5 material, and it is known as "intercalation pseudocapacitors." [35] Electrode 

material does not change phase; this is the fascinating property of intercalation 

pseudocapacitor. [36] The charge storage process in intercalation pseudocapacitor 

not only utilizes surface but also the bulk of electrode material for the 

electrochemical reaction. Thus, materials like layered metal oxides and double 

hydroxides can be regarded as a potential electrode materials for intercalation 

pseudocapacitors.  

1.2.4.3 Extrinsic pseudocapacitors: 

          In their bulk form, the typical battery materials show redox peaks in 

CV curves and voltage plateau in galvanostatic charge discharge (GCD) curves, 

indicating battery-type behavior. However, some battery-type materials in nano-

size form show almost linear GCD curve and improved high rate behavior with 

suppression of phase change can be regarded as extrinsic pseudocapacitor 

materials. [36, 35] When such battery materials with reduced dimensions from 

bulk to nano-sized, its surface dominant ion storage mechanism increase due to 

decreased ion diffusion lengths, and typical battery type materials behave like 

pseudocapacitive in nature. Examples of extrinsic pseudocapacitive materials are 

nano-sized cobalt oxide, V2O5, CeO2, LiCoO2. [37-38]  

1.2.5. Hybrid supercapacitors (HSCs): 

As intrinsic as well as extrinsic pseudocapacitor materials are explored for 

the SC. The variety of materials are amply exploited for pseudocapacitors. 

However, SC cell comprising only intrinsic or extrinsic suffers limited PD, ED, and 

cycling performance. This issue can be overcome by developing a HSC comprising 

of one battery type and other capacitive type electrode material in a single SC cell. 

This type of design can improve the operating potential window and thus ED of the 
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SC. As both battery type and EDLCs-type electrode materials are used in HSCs, 

these types of SCs can deliver high rate, improved Cs with high ED and PD. [39-42] 

These types of HSC cell assemblies may minimize the gap between the batteries 

and SCs. [43]  

1.3. Materials for supercapacitor: 

The SC consists of four main components: an electrode, electrolyte, current 

collector, and separator. The selection of active material with desired properties 

can significantly enhance electrochemical performance.  

The required features of SCs electrode materials 

The electrode used in SCs  should have high surface area, long-term stability 

and high cyclability.   

High surface area: The electrodes in SCs should possess ultra-high surface area, this 

can be achieved by making the material of the electrode in the nanocrystalline form 

with enhanced porosity. The high surface area allows the number of active sites 

available to store charge (pseudocapacitance).  

Long-term stability: In SCs, the charge-discharge mechanism involves the transfer 

of electric charge between the phases but without any permanent phase 

transformation. Accordingly, the material for SCs should be stable through redox 

cycling.  

High cyclability: The electrode material for SCs should have high cyclability. Unlike 

charge-discharge processes in batteries, which often have faradaic reactions and 

electrode phase transformation. By contrast, energy storage by a SCs occurs by only 

reversible redox reactions and no chemical changes are involved. Accordingly, SCs 

have almost unlimited recyclability, typically between 105 and 106 times as 

compare to capacitor.  

Characteristics of electrolyte 

High conductivity: The electrolyte must possess high conductivity for delivering 

optimum power.  

Viscosity: The electrolyte for SCs should have minimum viscosity solvent (of 

solution) to enable high ionic mobility and transportation.  

Solubility: The electrolyte for SCs should have maximum salt solubility to enable 

high conductivity.  
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Ion pairing: The electrolyte for SCs should have minimum ion-pairing to reduce its 

resistance. [44, 45] 

1.3.1 Carbon derivatives: 

The various carbon materials are used as electrode materials for the EDLCs. 

Activated carbon (AC), [46] carbon nanotubes (CNTs) [47] and graphene oxide 

(GO) [48] have been used as electrode material in EDLCs. The Cs of EDLCs is 

proportional to the surface area of active material. Thus, carbon aerogels received 

much attention due to their high surface area and low electrochemical series 

resistance as compared to AC. Aerogel can link with the current collector 

chemically. Due to the continued linking of the carbon network, there is no 

requirement of any additional binder for linkage. Moreover, CNTs with good 

mechanical strength, tubular network, low mass and resistivity received much 

attention as SC electrodes. However, its low surface area (<500 m2 g–1) and high 

cost of synthesis limit its application in practical EDLCs. In the aqueous electrolyte, 

CNTs possess SC in the range of 4-180 F g–1. [49] 

The graphene with honey comb like crystal lattice formed by two-

dimensional (2D) planar sheet with densely packed sp2 carbon bonded atoms also 

received high attention for SCs electrodes. It is derived from graphite's exfoliation 

with thickness up to one atom size. Due to the outstanding properties such as 

electrical, mechanical, best young's modulus value, large spring constant, and 

excellent carrier mobility, graphene is regarded as a promising material for SCs. 

Moreover, it shows excellent surface area properties. Recently GO nanosheets (Ns) 

were synthesized by chemical exfoliation of graphite crystals, which gives a large 

colloidal yield. Due to various functional groups attached to the GO, GO Ns 

demonstrated excellent processibility and can be used to develop hybrid electrode 

materials with tailorable electronic properties with high stability [50-51]  

1.3.2 Metal oxides: 

Because of high Cs and superior oxidation-reduction characteristics, 

transition metal oxides are regarded as interesting pseudocapacitive electrodes. 

[52] The transition metal oxides like RuO2, IrO2, NiO, MnO2, Co2O3, etc. are studied 

widely as electrodes materials for pseudocapacitors. The charge storage 

mechanism in metal oxides involves faradaic reactions. Though RuO2 
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demonstrated excellent SC performance, its high cost limits its use at large-scale 

applications. [53] Consequently, significant efforts are put forward to investigate 

other transition metal oxides like Co3O4, NiO, MnO2, TiO2, Fe2O3, etc. as electrode 

materials for SCs. Recently MnO2 demonstrated intrinsic pseudocapacitive 

properties with square shape CV and linear charge-discharge behavior, thus 

regarded as a highly promising material for SCs. [54-56] 

1.3.3 Conducting polymers: 

The conducting polymer shows many advantages as electrode material for 

SCs that include easy synthesis process, relatively cheap, flexibility, and good 

conductivity. Lots of efforts are taken to improve the electrochemical performance 

of conducting polymers. By the use of different dopants and levels of doping, the 

conductivity of conducting polymers can be modified in a wide range from 10–10 to 

104 Scm–1. Thus, conducting polymers cab be readily used as pseudocapacitive 

electrode materials due to their controllable electrical conductivity (from an 

insulator to metal) and redox states. [57] Among the various conducting polymers, 

polythiophene, polyaniline and polypyrrole are commonly used as electrode 

material for SC application.   

1.3.4 Metal sulfides: 

Metal sulfides (MSs) have emerged as a promising electrode aspirant for 

SCs. The MSs has interesting physicochemical properties like good mechanical, 

thermal and electrical properties that make them a potential candidate for the SCs. 

[58] Therefore, lots of efforts are taken to develop MSs electrodes to improve their 

ED, PD with high stability. [59-61] Many reports are available on MSs as electrode 

material for SCs that include manganese sulfide (MnS) [62], molybdenum sulfide 

[63], cobalt sulfide (CoS2) [64], etc.  

1.3.5 Layer double hydroxides: 

Layered double hydroxide (LDH) materials is a special class of the layered 

inorganic solid represented by the general formula [M2+1−x M3+x(OH)2]x+[An–x/n]x–

∙mH2O. In this formula, appropriate divalent, trivalent metal ions and charge 

compensating negative ions are represented by M2+, M3+, and An−, respectively. [65] 

The LDHs comprise basic structural units of brucite like layers, M2+(OH)2, in which 

M2+(OH)6 octahedras are bonded to each other by sharing their edges to form 
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infinite solid planes extending along the crystallographic a and b directions. The 

hydroxide sheet in LDH crystals acquires a permanent positive charge on the layers 

due to partial substitution of M2+ with M3+. Therefore, the charge-balancing anionic 

species are intercalated in the interlayer space to satisfy the charge neutralization 

condition. LDHs have attracted high attention as a highly efficient SC electrode due 

to their tunable chemical composition and special layered structure, as shown in 

figure 1.9. [66, 67] 

 

Figure 1.9: Structure of LDH. 

One of the major advantages of LDHs as an SC material is their accessible 

hydrated interlayer space between the positively charged brucite layers that can 

facilitate the accumulation of large amounts of charges. In general, such gallery 

space is blocked by the charge-balancing anions, thereby LDH materials suffering 

from limited intergallery space and functionality. Thus, tuning LDH gallery space 

by pillaring, intercalation, and interstratification is highly important.  

1.4 Literature survey: 

1.4.1 Literature survey of LDH based electrochemical energy storage: 

Among various layered electrode materials, LDHs have been extensively 

studied for high-performance SC electrodes. LDHs exhibits properties like multiple 
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redox states, high  anion exchange ability, intercalation capability and tunable 

chemical composition, which are highly advantageous for SC application [68] 

The Ni-Co-LDH graphene composite was synthesized using the reflux 

method and used for the SC application. The Ni-Co-LDH with 15 mg graphene 

composite showed a Cs of 1265 F g–1 with  92.9 % capacitance retention. [69] The 

solvothermally prepared Ni-Co-LDH exhibited Cs and capacitance retention of 

3168.3 F g–1 at 1 A g–1 and 90.5 % after 3000 cycles, respectively. [70] The values 

of Cs, ED, PD, and capacitance retention of solvothermally synthesized Ni-Co-

LDH/CFC were  2762.7 F g–1 at 1 A g–1, 59.2 Wh kg–1,  34 kW kg–1,  82 % after  5000 

cycles, respectively. [71]   

The Ni-Fe-LDH-Uns@rGO was synthesized using the in situ reflux method 

and used for the SC study. [72]  The synthesized material demonstrated Cs of 2715 

F g–1 at 3 A g–1 with ED of 82.3 Wh kg–1 at PD of 661 W kg–1. The Mn-Co-

LDH@Ni(OH)2 was synthesized by the hydrothermal method, which showed high 

Cs of 2320 F g–1 at 3 A g–1 with ED of 47.9 Wh kg–1, PD of 5020.5 W kg–1, and 

capacitance retention of 90.9 %. [73] The Ni3+ doped Co-Ni-LDH was synthesized 

by pulsed laser ablation method and showed Cs and capacitance retention of 2275 

F g–1 at 1 A g–1 and  ~100 %  after 1800 cycles, respectively. [74] The rGO/Ni0.83-

Co0.17-Al-LDH was synthesized by hydrothermal process and used for the SC study. 

[75]  The rGO/Ni0.83-Co0.17-Al-LDH electrode showed the Cs of 1902 F g–1 at 1 A g–1 

with  75 % capacitance retention.  

The Co-Al-LDH-NF/LDH@MnO2 binder-free SC electrode was synthesized 

by hydrothermal method [76], which displayed high Cs (1837.8 F g–1 at 1 A g–1), ED 

(34.2 Wh kg–1), PD (9 kW kg–1), and capacitance retention (91.8 % after 5000 

cycles). The Co-Mn-LDH/CF was synthesized by in situ growth process. The Co-Mn-

LDH/CF showed high Cs of 1089 F g–1 at 2.1 A g–1, ED (126.1 Wh kg–1 ), PD (65.6 W 

kg–1), and capacitance retention (82.5 %). [77] The Co-Al-LDH-NS/GO was 

synthesized by the solution dispersion method. [78] The prepared electrode 

showed a Cs of 1031 F g–1 at 1 A g–1.    

Hydrothermally synthesized Nifoam@Cu-Al–LDH/g-C3N4 displayed Cs of 

831.871 F g–1 at 0.4 A g–1 and capacitance retention of 92.71 % after 5000 cycles. 

[79] Liquid phase hetero assemble approach was used to synthesize Ti3C2/Ni-Co-
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Al-LDH and obtained material applied for the all-solid-state flexible asymmetric SC. 

[80] The developed asymmetric SC device demonstrated the Cs of 748.2 F g–1 at 1 

A g–1 and ED of 45.8 Wh kg–1. The 3D porous structure of Co-Al-LDHs/GHAs hybrid 

aerogel was synthesized by the hydrothermal method. [81] Due to the 3D porous 

structure of Co-Al-LDHs/GHAs aerogel, SC performance was enhanced with the 

value of Cs of 640 F g–1 at 1 A g–1 and capacitance retention of 97 % after 10000 

cycles. The thermal chemical vapor deposition method was used to synthesize the 

3D core-shell Ni-Co-LDH@CNT and APDC SC electrodes. [82] The Ni-Co-LDH@CNT 

and APDC supercapacitor electrodes showed Cs of 487 F g–1 at 1 A g–1, ED of 89.7 

Wh kg–1 at PD of 87 W kg–1. The carbon-Co-Al-LDH based SC electrodes were 

prepared by homogeneous precipitation method. [83] They showed a Cs of 70 F g–

1 at 50 mA g–1.  

For the study of high-performance SCs, a hierarchical NiO/Ni-Mn-LDH 

nanosheet array on Ni foam electrode was synthesized by hydrothermal method. 

[84] The enhanced electrochemical activity was ascribed to the synergistic 

properties of hierarchical NiO/LDH Ns composites. The NiO/Ni-Mn-LDH/AC ACS 

exhibited outstanding electrochemical activity with Cs of 66.4 F g–1 at 1 A g–1, ED of 

27.8 Wh kg–1 at PD of 401.3 W kg–1 with excellent electrochemical stability of 85 % 

over 5000 cycles. The electrochemical activity was enhanced due to hierarchical 

nanoarchitecture and porous structure of Co-based porous LDH arrays derived via 

alkali etching from Co(OH)2@Co-Al-LDH nanoarrays. [85]  Ni-Co-LDH@rGO 

electrode showed Cs of 2640 F g–1 at 1 A g–1 due to the surface-engineered rGO 

nanoshells which provide large surface area, high porosity, enhanced redox sites, 

and easy transport of ions. [86] The obtained Ni−Co-LDH@rGO exhibit an ED of 35 

Wh kg–1 and PD of 750 W kg–1.  

The monolayered Ni-Ti-LDH with tunable architecture was synthesized 

through bottom up approach with highly exposed conductive Ni3+ species and used 

for SC application. [87] Monolayered Ni-Ti-LDH demonstrated the Cs of 2310 F g–1 

and capacitance retention of  82 %. The Co-Mn-LDH nanowalls supported on 

carbon fibers (CF) were synthesized by scalable one-step synthetic route. [88] The 

synthesized electrode showed high Cs (1079 F g–1 at 2.1 A g–1), ED (126.1 Wh kg–1), 

PD (65.6 W kg–1), and capacitance retention (82.5 %). For the study of high 
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performance SCs, unique MOF-derived hierarchical nanotubes@Ni-Co-LDH/CoS2 

nanocage was synthesized by hydrothermal method. [89] The enhanced 

electrochemical activity was ascribed to the presence of CoS2 nanoparticles in the 

nanocage. The MnO2@Ni-Co-LDH/CoS2 electrode exhibited outstanding 

electrochemical activity with Cs of 1547 F g–1 at 1 A g–1, ED of 50 Wh kg–1 at PD of 

9658 W kg–1 with excellent electrochemical stability of 82.3 % over 2000 cycles. 

The 17 % Co doped rGO/Ni0.83-Co0.17-Al-LDH exhibited an enhanced 

electrochemical activity due to high surface area and sandwich structure. [90] The 

rGO/Ni0.83-Co0.17-Al-LDH electrode exhibit Cs of 1902 F g–1 at 1 A g–1 and deliver 75 

% capacitance retention. The unique structure with Cu nanowires network crossed 

through Ni-Co-LDHs Ns was synthesized by three-step electrochemical procedure. 

[91]  Due to porous structure with improved specific surface areas, conductibility, 

and mechanical strength of Ni-Co-LDH showed enhanced SC performance with 

improved Cs (2170 F g–1 at 1 A g–1) and capacitance retention (80.46 % after 2000 

cycles).  

The Ni-Co-LDH/GNR was prepared by co-precipitation process. [92]  The 

obtained Ni-Co-LDH/GNR exhibited a high Cs of 1765 F g–1 at 5 A g–1 and 

capacitance retention of 83 % over 2000 cycles. The 3D core-shell structured Ni-

Co-LDH@carbon nanotube and activated polyaniline-derived carbon electrodes 

were synthesized and used for the supercapacitive study. [93] Due to its unique 

core–shell structure it demonstrated the Cs of 487 F g–1 at 1 A g–1, ED of 89.7 Wh 

kg–1 at PD of 456.8 W kg–1. The Co–Al-LDH–carbon nanotube composites were 

synthesized by electrostatic assembly route. [94] The synthesized electrode 

exhibited Cs of 884 F g–1 at 1 A g–1 and capacitance retention of 75 % after 2000 

cycles. For the study of high performance SCs, Ni–Co-LDH directly grown on Ni-

foam was synthesized by hydrothermal method. [95] The synthesized electrode 

exhibited outstanding electrochemical activity with Cs of 1445 F g–1 at 1 A g–1, and 

capacitance retention of 90 % over 5000 cycles. The enhanced electrochemical 

activity was ascribed to unique spatial structure, excellent electrochemical activity, 

and good electrical conductivity of Ni–Co-LDH.   

The Co-Mn-LDH/CF electrode was prepared by in situ growth and used as 

an SC electrode in LiOH electrolyte. [96] The Co-Mn-LDH/CF electrode showed an 
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ED of 126 Wh kg–1 at PD of 65.6 W kg–1. The Cs was found to be 1079 F g–1 at 2.1 A 

g–1 with capacitance retention of 82.5%. Heterostructures of Ni-Co-Al-LDH 

assembled on V4C3 MXene were synthesized by hydrothermal method and used for 

the SC electrode. [97] Due to interconnected porous network microstructures, Ni-

Co-Al-LDH/V4C3Tx electrode demonstrated Cs of 627 F g–1 at 1 A g–1, ED of 71.7 Wh 

kg–1 at PD of 20000 W kg–1, and capacitance retention of 98 % after 10000 cycles. 

The Ns like morphology of  the Zn-Co-LDH electrode was prepared by a successive 

ionic layer deposition method. [98] The prepared electrode was used in the hybrid 

device which exhibited a high specific capacity (Csp) of 270 mA h g–1 at 1 A g–1, and 

capacitance retention of 97 % after 1000 cycles. For the study of high performance 

SCs, Ni-Co-LDH Ns modified Ni-P nanorod arrays were successfully grown on NF 

by the direct phosphorization of NF and subsequent electrodeposition. [99] The Ni-

P@Ni-Co-LDH exhibited ehnahced electrochemical activity with Cs of 3470.5  F g–1 

at 1.3 A g–1 and capacitance retention of 96 % after 10000 cycles. The enhancement 

in electrochemical activity was ascribed to optimized core-shell structure of Ni-

P@Ni-Co-LDH. 

The Co-Ni-LDH/graphene electrode was prepared by co-precipitation 

method and used as a SC electrode in 2 M KOH. [100] The Cs of the prepared 

electrode was found to be 2360 F g–1 at 0.5 A g–1 with capacitance retention of ~86 

%. The 17 % Co doped Ni-Co-Al-LDH was synthesized via in situ growth route and 

used for SC application. [101] Monolayered rGO/Ni0.83-Co0.17-Al-LDH 

demonstrated the Cs of 1902 F g–1 at 1 A g–1 and capacitance retention of 75 % after 

1500 cycles. Ni-Al-LDH nanoflakes were grown on well-activated graphene Ns by 

in situ growth route and used for the SC. [102] The a-GNS/Ni-Al-LDH showed 

enhanced electrochemical performance due to the single atomic layered structure. 

The synthesized material demonstrated the Cs of 1730.2  F g–1 at 0.1 A g–1 and 

capacitance retention of 99.2 % after 5000 cycles. The rGO modified Ni-Mn-LDH 

nanoflake arrays were synthesized by facile dip-coating method. [103] The 

synthesized electrode exhibited a high Cs of ∼1696 F g−1 at 1 A g–1, ED of 22.5 Wh 

kg–1 at PD of 700 W kg–1, and capacitance retention of 91 % after 1000 cycles. Such 

composite electrode provided rapid charge transport pathway which leads to 

improved electrochemical reaction kinetics. The Ni-Mn-LDH/PC-1 composite 



   General introduction and literature survey 

 

  

CHAPTER - 1 PAGE 20 

 

GENERA L INT ROD UCTI ON AND LITERAT URE SURVEY 

material was prepared by hydrothermal method and used as an electrode in 6 M 

KOH electrolyte for the study of SC. [104] Ni-Mn-LDH/PC-1 composite electrode 

showed the improved Cs (1634 F g–1 at 1 A g–1), ED (18.60 Wh kg–1), and PD (225.03 

W kg–1) with capacitance retention of 86 % after 3000 cycles.   

For the study of high performance SCs, 3D binary Ni-Co hydroxide-

graphene-NF (NCH11/G/NF) was synthesized via chemical vapour deposition. 

[105] The NCH11/G/NF electrode exhibited outstanding electrochemical activity 

with Cs of 1410 F g–1 at 2 A g–1, ED of 33.75 Wh kg–1 at PD of 750 W kg–1 with 

excellent capacitance retention of 94.2 % after 2500 cycles. The enhanced 

electrochemical activity was ascribed to the formation of  3D structure which can 

improve the electron transport ability and increase the contact of the active sites 

with electrolyte. A sandwich-type 3D LDH Ns array/graphene composite was 

synthesized by layer-by-layer deposition technique and used for the 

supercapacitive study. [106] Due to high surface area and mesoporous 

characteristic, the as synthesized composite material enhanced electrochemical 

activity with the Cs of 1329 F g–1 at 3.57 A g–1, and capacitance retention of 91 % 

after 500 cycles. The MOF derived Co-Co-LDH hollow nanocages/graphene 

composite prepared by reflux method and used as electrode in 1 M KOH electrolyte 

for SC application. [107] The Co-Co-LDH/graphene composite electrode showed 

the Cs of 1205 F g–1, ED of 49.5 Wh kg–1 at PD of 7000 W kg–1 with capacitance 

retention of ~86 %. For the study of high performance SCs, 3D Ni–Fe-

LDH/graphene aerogel SC electrode material was prepared by simple 

hydrothermal method. [108] The prepared electrode showed enhanced 

electrochemical activity with Cs of 1196 F g–1 at 1 A g–1, ED of 17.6 Wh kg–1 at PD of 

650 W kg–1 and capacitance retention of 80 % after 2000 cycles.  

Microstructural modification of Ni-Al-LDH electrodes by adding graphene 

Ns prepared by hydrothermal method. [109]  The prepared  Ni-Al/G-50 electrode 

exhibited a high Cs of 1147 F g−1 and capacitance retention of 83.3 % after 2000 

cycles. Layered assembly of graphene oxide and Co-Al-LDH Ns was synthesized by 

in situ growth route and used for the supercapacitive study. [110] The 

electrochemical perfoarmance of Co-Al-LDH-NS enhanced due to the single atomic 
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layered structure. The Co-Al-LDH-NS/GO composite electrode demonstrated the Cs 

of 1031 F g–1 at 1 A g–1 and ED of 7.7 Wh kg–1 at PD of 4.8 W kg–1. 

Hydrothermally synthesized graphene/Ni-Al-LDH composite material 

displayed the Cs of 915 F g–1, ED of 27.6 Wh kg–1, and PD of 500 W kg–1 with 95 % 

capacitance retention after 1500 cycles. [111] A hybrid aerogel of Co-Al-

LDH/graphene with 3D porous structure as a novel electrode material was 

prepared by hydrothermal method and used as electrode in 6 M KOH electrolyte 

for SC study. [112] Synthesized electrode showed the Cs of 640 F g–1 at 1 A g–1 with 

excellent stability (97 %) over 10000 cycles.   

 For the study of high performance SCs, rationally designed ultrathin Ni-Al-

LDH and graphene heterostructure was synthesized by hydrothermal method. 

[113] Ni-Al-LDH/rGO/AC exhibited electrochemical activity with Cs of 629.8  F g–1 

at 1 A g–1, an ED of 56.8 Wh kg–1 at PD of 359 W kg–1 with excellent electrochemical 

retention of 80.63 % after 5000 cycles. The enhanced electrochemical activity was 

ascribed to more stable structure, more active site, and faster ion diffusion. [114]  

The Fe-Ni3-C (Graphene) electrode exhibited Cs of 607 F g–1, ED of 16.9 W h kg–1 at 

PD of 10483.5 W kg–1, and deliver 99 % capacitance retention after 1000 cycles. 

The results showed that electrochemical activity was enhanced by the coexistence 

of metal NPs and nanostructured carbon. A Ni-Mn-LDH Ns@graphene foam 

hierarchical structure was synthesized by hydrothermal method and used for the 

supercapacitive study. [115] Due to increased surface area and interfacial strength, 

enhanced electrochemical activity with Cs of 420 F g–1 at 1 A g–1, ED of 34.83 Wh 

kg–1, PD of 1.01 kW kg–1 and capacitance retention of 94.9 % after 1000 cycles.  

Graphene/Ni-Al-LDH electrode exhibited Cs 213.57  F g–1 and deliver 100 % 

capacitance retention after 1000 cycles. [116]  The results showed that 

electrochemical activity was enhanced by the presence of Ni-Al–LDH 

nanocomposites which prevents the restacking of graphene and decreases the 

charge-transfer resistance. 3D-architectured Ni-Co-Mn-LDH/rGO composite 

prepared by solution method and used as an electrode in 2 M KOH electrolyte for 

SC study. [117] The prepared electrode exhibited the Cs of 206 F g–1 at 5 A g–1, with 

ED of 92.8 W h kg–1 at PD of 0.46 kW kg–1. 
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LDH with vertically aligned graphene material was synthesized by a 

hydrothermal method. [118] Assembly of Ni-Mn-LDH-NF and vertically grown 

graphene showed the Cs of 160 F g–1, ED of 56.8 Wh kg–1, PD of 260 W kg–1 with 87 

% capacitance retention after 10000 cycles. For the supercapacitive study, solid 

state SC based on Ni-Co-Al-LDH nanopetals was synthesized by hydrothermal 

method. [119]  The synthesized electrode exhibited electrochemical activity with 

Cs of 141.6 F g–1 at 0.4 A g–1, an ED of 57.1  Wh kg–1 at PD of 339.46 W kg–1 with 

excellent electrochemical retention of 93.6 % over after 4500 cycles. The enhanced 

electrochemical activity was ascribed to 3D rGO and mesoporous carbon. 

rGO/hierarchical core-shell Ag nanowire@Ni-Al-LDH film electrode was 

synthesized by hydrothermal method and used for the supercapacitive study. [120] 

The electrochemical activity was enhanced with the value of Cs 127.2  F g–1 at 1 A 

g–1, ED of 35.75 mW cm–3, PD of 1.01 W cm–3, and capacitance retention of 83.2 % 

after 10000 cycles due to the hierarchical core-shell structure of composite and 

rGO as a source of electrical conductivity.  

High performance asymmetric SC based on Co-Al-LDH/GF and activated 

carbon from expanded graphite was prepared by hydrothermal method and tested 

SC performance in 6 M KOH electrolyte. [121] The Cs for the prepared electrode 

was found to be 104.4  F g–1 at 0.5  A g–1 with ED of 28 Wh kg–1 at PD of 1420 kW kg–

1 and capacitance retention of ~100 after 500 cycles. Mesoporous graphene-LDH 

was prepared by co-precipitation method for flexible SCs. [122] The electrode 

displayed Cs of 99.5  F g−1 at 1 A g–1 and  ED of 22.6 Wh kg–1, PD of 0.09 kW kg–1 

with capacitance retention of 94 % after 5000 cycles. The electrochemical activity 

of Ni-Mn-LDH/rGO-4//rGO was enhanced by incorporation of rGO. [123]  Ni-Mn-

LDH/rGO-4//rGO exhibited Cs of 82.5 F g–1 at 0.5 A g–1, ED of 29.4 Wh kg–1 at PD of 

400 W kg–1 and delivered 90.5 % capacitance retention after 5000 cycles. For the 

study of high performance SCs, Co-LDH nanocages/graphene composite electrode 

was synthesized by hydrolysis technique. [124] The synthesized material exhibited 

high electrochemical activity with Cs of 76.4 F cm–3 with excellent electrochemical 

stability of ~90.4 % after 1000 cycles. The enhanced electrochemical activity was 

ascribed to the effective combination and porous architecture of Co-LDH 

nanocages/graphene composites. 
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1.4.2 Literature survey of 2D inorganic nanosheets (INs): 

Various layered inorganic materials, including LDHs, attracted attention for 

their potential use in SC. However, these layered materials are commonly 

synthesized by solution-based synthesis of chemical growth and contain charge 

balancing ions at their interlayer space. [125] Thus, control of size in these 

materials is difficult. Also, LDHs commonly possess smaller charge balancing ions 

in inter layer space, so the interlayer space is densely packed, and LDHs suffer from 

limited functional activities. [126] For the application in SCs, the 2D INs have 

sufficient electronic conductivity, electrochemical stability, high electrochemically 

active surface area, and wide working potential window. [127] 

Presently, lots of research work has been done to prepare 2D INs and much 

progress on developing different synthesis routes of 2D INs. There are various bulk 

inorganic materials that can be to explored for the synthesis of 2D Ns via exfoliation 

of respective highly crystline bulk material e. g. layered transition metal oxides, 

molybdenum oxide, dichalcogenides, boron nitride, metal hydroxide, double 

hydroxides, metal selenide, metal carbide, metal sulfide,  etc.  [128]  Recently, the 

2D INs are used as building block for hybridization. The 2D INs have ability to form 

extra bonding with guest chemical species. This type of coordinative bonding plays 

crucial role to explore highly competent hybrid materials with a sturdy interfacial 

electronic coupling. [129] The 2D nanostructure displays high surface area with 

interlayer spacing which is appropriate for diffusion of ion. This type of 

morphology is beneficial for intercalation pseudocapacitances. Moreover, 2D Ns 

are used as active component, as additive, as substrate, etc.  [130]    

Due to these properties, INs based electrodes revealed better structural and 

chemical stability when used in electrochemical study. [131] The table 1.4.2 

represent the INs based hybrids for SC application.  

The silver (Ag) nanoparticle loaded MnO2 NSs were prepared by the 

exfoliation-reassembling method and used for the supercapacitive study. [132] An 

electrode demonstrated a Cs of 272 F g–1 at 10 mV s–1 due to increased conductivity. 

The Alkali metal manganates were synthesized by exfoliation-reassembling route. 

It showed Cs of 160 F g–1 and capacitance retention of 99 % over 1000 cycles. [133] 

The highly electrochemical active 2D nanostructure leads to improved Cs. The PEI-
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layered MnO2 was synsthesized by exfoliation-reassembling route and used for the 

supercapacitive study. [134]  The low charge density of polyelectrolyte is benificial 

for optimized spscific capacitance. The PEI-layered MnO2 demonstrate that the Cs 

of PEI-layered MnO2 is 100 F g–1. The Ni-Co-Mo oxide NSs was synthesized by 

hydrothermal method. [135] The Ni-Co-Mo oxide NSs showed the Cs of 1366 F g–1 

at 2 A g–1, ED of 46.2 Wh kg–1 at PD of 713 W kg–1 with  capacitance retention of 

89.75 % over 5000 cycles. The Co-Al-LDH/GO composite material was prepared 

via hydrothermal method. [136] The Co-Al-LDH/GO composite delivered Cs of 

581.6 F g–1. The Cs of LDHs was improved due to the facile electron movement in 

between nanoplates and graphen Ns. The 3D RGO/Ni-Al-LDH-NSs was synthesized 

by hydrothermal method. [137] An electrode showed Cs of 2712.7 F g–1 at 1 A g–1 

and capacitance retention of 98.9 % after 5000 cycles. The improved 

electrochemical performance of an prepared electrode was ascribed to conducting 

carbon framework and mesoporousus network in between LDH/carbon 

camposite. The CoSe NSs were synthesized by hydrothermal method and tested SC 

performance. The Csp for the prepared electrode was found to be 70.6 mAh g–1 at 

1 A g–1 with ED of 18.6 W h kg–1 at PD of 750 W kg–1 and capacitance retention of 

95.4 % after 20000 cycles. [138] The MnO2 NSs/PEI films were prepared via LBL 

method, which displayed Cs of 288 F g–1 at 1.25 A g–1 and 90.5 % capacitance 

retention after 1000 cycles. [139]  The obtained electrochemical performance of 

prepared electrode due to the special microstructure of electrode. The Ni(OH)2 NS/ 

graphene composite synthesized by LBL restacking  route. The electrode 

demonstrated Cs of 660.8 F cm–3 and capacitance retention of 98.2 % after 2000 

cycles. [140] The observed supercapacitive performacne attributed to the unique 

LBL structure of Ni(OH)2 nad graphene Ns. The prepared Co-Al-LDH NS/GO  

material via LBL method and used for supercapacitive stydy. The Cs of prepared 

electrode found to be  1204  F g–1 at 5 mV s–1 and 99 % capacitance retention After 

2000 cycles. [141] The enhanced electrochemical performance due to the face to 

face contact of Co-Al-LDH and GO Ns, which proviides effiecent mobility for 

electron. The joint-welded CNT foam @Ni(OH)2 NSs nanosshet-based core-shee 3D 

structure synthesized by CBD method. [142] The material demonstrated Cs of 1272 

F g–1 at 2 A g–1, ED of 17.50 W h kg–1, PD of 0.76 kW kg–1 with excellent stability of 
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83.7 % after 3000 cycles. The enhanced electrochemical performance is creadited 

to 3D core shell design of prepared material.  

The porous 3D C@ZnNiCo-CHs core shell heterostcture was synthesized by 

simple CBD method and tested for SC study. [143] It  carried maximum Cs of 166 F 

g–1 at 1 A g–1, ED of 70.9 W h kg–1 at PD of 966 W kg–1 and capacitance retention of 

91 % over 20000 cycles. The supercapacitive activity was enhanced due to 3D core 

shell heterostructure. The layered -Co(OH)2 Ns prepared by exfoliation route. The 

prepared electrode demonstrate Cs of 952 F g–1 at 5 mA cm–2. [144] The high 

electrochemical performance was attributed to the high surface area by sheet like 

nanostructure morphology which also provides many active sites which are 

favaorable for elctrochemical reactions. The Co-Al-LDH Ns material prepared by an 

exfoliation route. It delivered Cs of 833 F g–1 and 95 % of capacitance retention over 

2000 cycles. [145] The improved electrochemical peformance was obtained due to 

partialy isomorphous substitution of Co2+ by Al3+. The Zn-Co-LDHs were prepared 

by co-precipitation method. The prepared electrode exhibited Cs of 170 F g–1 with  

capacitance retention of 50 %. [146] The multicomponent design of Fe3O4-Fe Ns 

@GO material was synthesized by an electrochemical method. [147]  The obtained 

electrode demonstrated Cs of 442 F g–1 at 3 A g–1 and capacitance retention of 98.9 

% over 25000 cycles. The enhancement in electrochemical performance was 

attributed to accesible redox sites. The MnO2 Ns was synthesized by 

electrophoretic deposition method. [148] The MnO2 Ns thin film electrode showed 

Cs of 1200 F g–1 at 3 mV s–1,  ED of 200 W h kg–1 at PD of 2 kW kg–1 . The 

heterogeneous microstructure and lots of pores were attributed to the 

electrochemical performance.   

The Cobalt oxyhydroxide NWs/MnO2 Ns films were synthesized by 

electrostatic self-assembly route and tested for SC study. The prepared electrode 

carried maximum Cs of 507 F g–1 at 1 A g–1 and capacitance retention of 98 % after 

5000 cycles. [149]  The CoOOHNW is main factor to exhibite admirable 

electrochemical performance because it provides high surface area due to 

dispersion of MONS. The VS2 Ns were synthesized by exfoliation with ammonia-

assisted strategy. [150] The VS2 electrode showed Cs of 4760 μF cm–2 and 

capacitance retention of 90 % after 1000 cycles. The metallic nad exfoliative nature 
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of VS2 provided high performance SC electrode. The cobalt-nickel-sulfide Ns 

(CoNi2S4) was synthesized by microwave-anion-exchange route and tested for SC 

study. The CoNi2S4 delivered a maximum Csp of 247 mAh g–1 at 8 A g–1, ED of 67.7 

W h kg–1 at PD of 0.8 kW kg–1 and capacitance retention of 82 % after 10000 cycles. 

[151] The CoNi2S4 electrode showed better charge storage performance due to 

extra electrons and holes from Ni3+ and Co2+ sites, respectively.  
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Table 1.4.1: Comparative literature survey of electrochemical capacitive performance of LDH based materials for electrochemical energy 

storage. 

 

Sr. 
No. 

Material /Nanohybrid Method Cs  
(F g–1) 

ED  
(Wh kg–1) 

PD  
(W kg–1) 

Stability 
(%) 

Cycles Ref. 

1 Ni-Co-LDH–1 5mg 
graphene 

Reflux 1265 - - 92.9 - 69 

2 Ni-Co-LDHs Solvothermal 3168.3, 1 A g–1  - - 90.5 3000 70 
3 Ni-Co-LDH/CFC Solvothermal 2762.7, 1 A g–1  59.2 34 k 82 5000 71 
4 Ni-Fe-LDH-Uns@rGO In situ reflux 2715, 3 A g–1  82.3 6.61 - - 72 
5 Mn-Co-LDH@Ni(OH)2 Hydrothermal  2320, 3 A g–1  47.9 5020.5 90.9 - 73 
6 Co-Ni-LDHs Ni3+ ion doped Pulse laser ablation  2275,  1 A g–1  - - 80 1800 74 
7 rGO/Ni0.83-Co0.17-Al-LDH Hydrothermal 1902, 1 A g–1  - - 75 - 75 
8 Co-Al-LDH-

NF/LDH@MnO2 
Hydrothermal 1837.8, 1 A g–1  34.2 9 k 91.8 5000 76 

9 Co-Mn-LDH/CF In situ growth 1089, 2.1 A g–1  126.1 65.6 82.5 - 77 
10 Co-Al-LDH-NS/GO Exfoliation 1031, 1 A g–1  - - - - 78 
11 Nifoam@Cu-Al–LDH/g-

C3N4 
Hydrothermal   831.871,  0.4 A g–1  -  92.71 5000 79 

12 Ti3C2/Ni-Co-Al-LDH Liquid phase approach 748.2,  1 A g–1  45.8 - - - 80 
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Sr. 
No. 

Material /Nanohybrid Method Cs  
(F g–1) 

ED  
(Wh kg–1) 

PD  
(W kg–1) 

Stability 
(%) 

Cycles Ref. 

13 Co-Al-LDHs/GHAs Hydrothermal 640, 1 A g–1  - - 97 10000 81 
14 Ni-Co-LDH@CNT/Nickel 

foam(NF) APDC/NF 
TCVD 487, 1 A g–1  89.7 87 - - 82 

15 Co-Al-LDH 
RCo-Au 

Homogeneous 
precipitation 

70, 50 mA g–1  - - - - 83 
 

16 NiO/Ni-Mn-LDH/AC ACS  Hydrothermal 66.4, 1 A g–1  27.8 401.3 - - 84 
17 Co(OH)2@Co-Al- LDH Hydrothermal 1734, 5 mA cm-2 - - 85 5000 85 
18 Ni-Co-LDH@rGO Hydrothermal 2640, 2.1 A g–1  35   750  - - 86 
19 Monolayer Ni-Ti-LDH Bottom-up approach 2310  - - 82 - 87 
20 Co-Mn-LDH/CF scalable one-step 

synthetic route 
1079, 2.1 A g–1  126.1  65.6 k 82.5 - 88 

21 MnO2@Ni-Co-LDH/CoS2 Hydrothrmal 1547, 1 A g–1  50  9658  82.3 2000 89 
22 rGO/Ni0.83-Co0.17-Al-LDH in situ growth route 1902, 1 A g−1 - - 75 - 90 
23 Ni-Co-LDH Electrochemical  2170,1 A g–1  - - 80.46 2000 91 
24 Ni-Co-LDH/GNR Co-precipitation 1765, 5 A g–1    83 2000 92 
25 Ni-Co-

LDH@CNT/NF//APDC/NF 
TCVD 487, 1 A g–1  89.7  456.8  - - 93 

26 Co-Al-LDHs-CNTs Hydrothermal 884, 1 A g–1  - - 88 2000 94 
27 Ni-Co-LDH-NF Hydrothermal 1445,1 A g–1  - - 90 3000 95 
28 Co-Mn-LDH/CF In situ growth 1079, 2.1 A g–1  126  65.6  82.5 - 96 
29 Ni-Co-Al-LDH/V4C3Tx Hydrothermal 627 C g–1, 1 A g–1  71.7  20000  98 10000 97 
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Sr. 
No. 

Material /Nanohybrid Method Cs  
(F g–1) 

ED  
(Wh kg–1) 

PD  
(W kg–1) 

Stability 
(%) 

Cycles Ref. 

30 Zn-Co-LDH successive ionic layer 
deposition 

270 mA h g–1, 1 A g–

1  
- - 97 1000 98 

31 Ni-P@Ni-Co-LDH Electrodeposition 3470.5, 1.3 A g–1  - - 96 10000 99 
32 CO-Ni-LDH/graphene Co-precipitation  2360, 0.5 A g–1  - - ~86 - 100 
33 rGO/Ni0.83-Co0.17-Al-LDH In situ growth 1902, 1 A g–1  - - 75 1500 101 
34 a-GNS/Ni-Al-LDH In situ growth 1730.2, 0.1 A g–1  - - 99.2 5000 102 
35 rGO@Ni-Mn-LDH@NF In situ growth 1696, 1 A g–1  22.5 700 91 1000 103 
36 Ni-Mn-LDH/PC–1  Hydrothermal 1634, 1 Ag–1  18.60  225.03 84.58 3000 104 
37 NCH11/G/NF CVD 1410, 2 A g–1  33.75 750 94.2 2500 105 
38 Ni-Al-LDH-Ns 

array/graphene 
composite 

LBL deposition 1329, 3.57 A g–1  - - 91 500 106 

39 Co-Co-LDH/graphene Reflux 1205  49.5 7000 60.3 - 107 
40 Ni-Fe-LDH/GHA Hydrothermal 1196, 1 A g–1  17.6 650 80 2000 108 
41 Ni-Al/G-50 Hydrothermal 1147, 5 mV s–1  - - 83.3 2000 109 
42 Co-Al-LDH-NS/GO In situ growth 1031, 1 A g–1  7.7 4.8 - - 110 
43 Graphene/Ni-Al-LDH Hydrothermal 915  27.6 500 95 1500 111 
44 Co-Al-LDH/GHAs Hydrothermal 640, 1 A g–1  - - 97 10000 112 
45 Ni-Al-LDH/rGO//AC Hydrothermal 629.8, 1 A g–1  58.6 359 80.63 5000 113 
46 Fe-Ni3-C (Graphene) Thermal decomposition 607, 10 mV s–1  16.9 10483.5 99 1000 114 
47 Ni-Mn-

LDH@graphene//AC 
Hydrothermal 420, 1 A g–1  34.83 1.01 94.9 1000 115 
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Sr. 
No. 

Material /Nanohybrid Method Cs  
(F g–1) 

ED  
(Wh kg–1) 

PD  
(W kg–1) 

Stability 
(%) 

Cycles Ref. 

48 Graphene/Ni-Al-LDH Hydrothermal 213.57, 1 A g–1  - - 100 1000 116 
49 Ni-Co-Mn-LDH//AC Solution method 206, 5 A g–1  92.8 0.46  -  117 
50 Ni-Mn-LDH-NF@VG Hydrothermal 160, 2 mV s–1  56.8 260 87 10000 118 
51 Ni-Co-Al-LDH/3D RGO Hydrothermal 141.6, 0.4 A g–1  57.1 339.46 93.6 4500 119 
52 GAL//GAL AFSC Hydrothermal 127.2, 1 A g–1  35.75 mW 

h cm-3 
1.01 W 
cm-3 

83.2 10000 120 

53 Co-Al-LDH/GF//AEG Hydrothermal 101.4, 0.5 A g–1  28 1420 ~100 5000 121 
54 rGO/Co-Al-LDH//rGO Co-precipitation 99.5, 1 A g–1  22.6 0.09 k 94 5000 122 
55 Ni-Mn-LDH/rGO-4//rGO Solvothermal 82.5, 0.5 A g–1  29.4 400 90.5 5000 123 
56 Co-LDH/G2 Hydrolysis 76.4 F cm-3 - - 90.4 10000 124 
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Table 1.4.2: Comparative literature survey of electrochemical capacitive performance of 2D INs based electrodes for electrochemical 

energy storage. 

 

Sr. 
No. 

Material 
/Nanohybrid 

Method Cs  
(F g–1) 

ED 
(Wh kg–1) 

PD  
(W kg–1) 

Stability 
(%) 

Cycles Ref. 
No. 

1 Ag-MnO2 NSs  Electrostatic 
reassembly 

272, 10 mV s–1  - - - - 132 

2 Alkali metal 
manganates  

Electrostatic 
reassembly 

160 - - 99 1000 133 

3 PEI-layered MnO2   Electrostatic 
reassembly 

100 - - - - 134 

4 Ni-Co-Mo oxideNSs  Hydrothermal 1366, 2 A g–1  46.2 713 89.75 5000 135 
5 Co-Al-LDH/GO  Hydrothermal  581.6, 2 A g–1  - - - - 136 
6 3D RGO/Ni-Al-LDH-

NSs 
Hydrothermal route 2712.7, 1 A g–1  - - 98.9 5000 137 

7 CoSe NSs   Hydrothermal  70.6 mAh g–1, 1 A 
g–1  

18.6 750 95.4 20000 138 

8 MnO2 NSs/PEI films  LBL  288, 1.25 A g–1  - - 90.5 1000 139 
9 Ni(OH)2 NS/ graphene  LBL restacking 660.8, F cm-3 - - 98.2 2000 140 
10 Co-Al-LDH NS/GO  LBL  1204, 5 mV s–1  - - 99 2000 141 
11 CNT@Ni(OH)2NSs  CBD 1272, 2 A g–1  17.50 0.76 k 83.7 3000 142 
12 C@ZnNiCo-CHs  CBD 166, 1 A g–1  70.9 966 91 20000 143 
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Sr. 
No. 

Materials Methods Cs  
(F g–1) 

ED 
 (Wh kg–1) 

PD  
(W kg–1) 

Stability 
(%) 

Cycles Ref. 
No. 

13 Co(OH)2 NSs  Exfoliation 952, 5 mA cm-2 - - - - 144 
14 Co-Al-LDH NSs Exfoliation 833 - - 95 2000 145 
15 Zn-Co-LDHs  Co-precipitation  170  - - 50 - 146 
16 Fe3O4-Fe NSs@GO  Electrochemical  442, 3 A g–1  - - 98.9 25000 147 
17 MnO2 NSs  Electrophoretic  1200, 3 mV s–1  200 2 k - - 148 
18 Cobalt oxyhydroxide 

NWs/MnO2 NSs films   
Electrostatic self-
assembly 

507 - - 98 5000 149 

19 VS2 NSs  Ammonia-assisted  4760 μF cm-2 - - 90 1000 150 
20 CoNi2S4 NSs  Microwave-anion-

exchange  
247 mAh g–1, 8 A 
g–1  

67.7 0.8 k 82 10000 151 
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1.5 Thesis: Orientation and purpose  

The SCs with its high ED (> 10 kW kg−1) and superior cycle life with 

moderate PD (∼10 Whkg−1) are potential energy-storage devices due to their 

applications in heavy duty power tools, hybrid-electric vehicles, and portable 

electronic devices such as mobile phones, laptops, wearable devices, rollup 

displays, electronic papers etc. Therefore,  researchers worldwide concentrated on 

improving the electrochemical performance of SCs by means of enhanced ED, PD, 

long cycle life and preparation of cost-effective electrodes 

Generally SCs are working based on their charge-storage mechanism such 

as ion adsorption (EDLC) or reversible surface oxidation-reduction reactions 

(pseudocapacitors) at the interface of electrode and electrolyte. Therefore, carbon 

materials, conducting polymers, nanocrystalline transition metal oxides and  

hydroxides are potential materials for SCs. Precise control of size, shape, porosity 

and electrical properties are considered the keys to enhancing the desired SC 

performance. Currently, commercial SC electrode materials based on EDLC uses 

various carbon allotropes as active electrode materials. These carbon-based 

electrodes exhibit prolonged cycling life and high PD. However, they cannot 

provide high ED, thus not applicable in heavy-duty applications like electric 

vehicles, cranes, forklifts, turbines, etc. On the other side, pseudocapacitive 

materials (transition metal oxides, hydroxides, chalcogenides, etc.) can 

demonstrate high Cs and ED via interfacial reversible faradaic reactions. However, 

these electrode materials have drawbacks, such as low stability and conductivity. 

Recently reported Co-based LDH electrodes demonstrated excellent 

electrode performance. However, the performance of these Co-based LDH 

materials is highly limited due to the limited gallery space, compact layered 

structure, low surface area, and low conductivity. Also, Co-based LDH mainly 

comprises trivalent Al in LDH lattice. However, Al is not electrochemically active 

and has amphoteric properties, further limiting their performance. Recently 

reported Co-Cr-LDH is regarded as a potential candidate for SC electrode. To 

further enhance electrode performance of Co-Cr-LDH, widening the gallery space 

by pillaring Co-Cr-LDH with polyoxomatalate (POM) anions and hybridizing it with 

highly conducting GO Ns will be the best choices. Therefore, nanohybrids based on 
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Co-Cr-LDH hybridized with POM anions (polyoxotungstate (POW), and 

polyoxovanadate (POV) anions) and Co-Cr-LDH hybridized with highly conducting 

GO Ns are chosen for the investigation.  

In this work, Co-Cr-LDH is synthesized by the conventional co-precipitation 

method. The mesoporous Co-Cr-LDH-based nanohybrids are synthesized by self-

assembly process. The Co-Cr-LDH hybridized with POV anions (Co-Cr-LDH-POV 

nanohybrids) are prepared by self-assembly process between exfoliated Co-Cr-

LDH Ns and POV anions. The Co-Cr-LDH hybridized with POW anions (Co-Cr-LDH-

POW nanohybrids) are prepared by self-assembly process between exfoliated Co-

Cr-LDH Ns and POW anions. The Co-Cr-LDH hybridized with GO nanosheets (Co-

Cr-LDH-GO nanohybrids) are prepared by self-assembly process between 

exfoliated Co-Cr-LDH Ns and GO Ns. The physicochemical properties of Co-Cr-LDH, 

Co-Cr-LDH-POV, Co-Cr-LDH-POW and Co-Cr-LDH-GO nanohybrids are studied 

using various physicochemical characterization techniques.  

The crystal structure and phase identification of nanohybrids are carried 

using the X-ray diffraction (XRD) technique. Surface topographic features and 

special elemental distribution of nanohybrids are studied by field emission 

scanning electron microscopy (FESEM, Jeol JSM-6700F) which is equipped with 

energy-dispersive spectroscopy (EDS). The presence of functional groups and 

nature of chemical bonding in nanohybrids are studied using Fourier-transform 

infrared (FT-IR) (Bruker ALPHA II) and Raman (532 nm laser excitation 

wavelength by 2.5 mW power and a 50× objective.) spectroscopic techniques. The 

surface area, pore structure and distribution of the nanohybrids are estimated 

from the N2 adsorption-desorption isotherms at a temperature of 77 K using a gas 

sorption analyzer (BELSORP mini II, Japan). The quantitative analysis of chemical 

composition and oxidation states of nanohybrids are probed using X-ray 

photoelectron spectroscopy (XPS). 

The electrochemical performance of nanohybrids is tested using cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical 

impedance spectroscopy (EIS) techniques, which is recorded with a ZIVE MP1 

multichannel electrochemical workstation. A conventional three-electrode cell 

system is used to test the electrochemical performance. A Pt mesh is served as 
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counter and Hg/HgO is served as reference electrodes. The working electrodes of 

nanohybrids are prepared by the doctor-blade method. The 2M KOH aqueous 

solution is used as an electrolyte.  

The HSC devices are fabricated using Co-Cr-LDH-POV or Co-Cr-LDH-POW, 

or Co-Cr-LDH-GO as a positive electrode and rGO as a negative electrode. Moreover, 

the electrochemical performance of HSC devices is studied in terms of Cs, ED, PD, 

and capacitance retention. Finally, conclusions are made on the basis of the 

electrochemical performance of fabricated HSC devices.  
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2.1 Introduction:  

LDHs are lamellar hydrotalcite-like compounds or anionic clays. The 

structure of LDHs is composed of metal cations which are octahedrally coordinated 

by hydroxyl groups. During the formation of structure, sharing edges of octahedra 

form an infinitely large layers where hydroxyl groups cover both surfaces of layer. 

The typical feature in LDH is that metal cations must be a combination of divalent 

and trivalent cations. [1] LDH monolayers are therefore positively charged, and the 

charge density is proportional to the trivalent to divalent metal ratio x = M3+/ 

(M2+.M3+). [2, 3]  The ionic radii are in the range of 0.65 - 0.80 Å for divalent cations 

and 0.62 - 0.69 Å for trivalent cations (with the exception of Al: 0.50 Å). [2] 

Interlayer anions: In LDHs, the interlayer space contains water molecules, charge 

balancing anions and sometimes charged or other neutral moieties. One major 

characteristic of LDHs is weak bonding between these interlayer ions and the host 

LDH monolayers. Diverse anionic species can therefore be found between the LDH 

layers during the crystallization. According to the charge-to-size ratio and 

orientation of interlayer species, the basal spacing (gallery height) can be 

significantly changed. The chart of various interlayer anions in LDH is shown in 

figure 2.1.  

 

Figure 2.1: Types of interlayer anions in LDH. [4] 
2.2 Synthesis method of LDH: 

According to the literature study, the LDHs possess versatile physic-

chemical properties, thus being applicable in different fields such as catalysis, 

electrocatalysis, photocatalysis, fire retardants and energy storage. [5] Most of the 
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researchers describe various synthesis methods for LDH and the effect of the 

synthesis method on the formation of LDH structure. Various synthesis methods 

such as electrodeposition, sol-gel, hydrothermal, urea hydrolysis, and co-

precipitation have been reported for the synthesis of LDHs. [6-11] Among the 

various synthesis methods, the conventional co-precipitation method is strongly 

recommended by many researchers for the synthesis of LDHs due to its simplicity 

and better control over chemical composition. The highly pure and good 

crystallinity of LDHs can be obtained by co-precipitation method.  

          This chapter deals with three major parts: the first part deals with the 

theoretical background of LDHs, the second part is the discussion about synthesis 

of 2D Ns and LDH Ns, and the third part briefly elaborates characterization 

techniques practical to probe the properties of LDHs and LDH-based nanohybrids 

(structural, morphological and electrochemical).  

Various synthesis methods for LDHs includes the co-precipitation, 

hydrothermal method, ion-exchange, rehydration using structural memory effect, 

intercalation method involving dissolution and re-co-precipitation procedures, 

secondary intercalation (pre-pillaring method), salt-oxide(or hydroxide) method, 

non-equilibrium aging, sol-gel, electrosynthesis, in situ oxidation of MII, and 

“chimie douce” methods, etc   [12] 

2.2.1 Co-precipitation method: 

The conventional co-precipitation method is widely used for the synthesis 

of LDHs materials. An aqueous precursor solution containing M2+ and M3+ (species) 

with anions are used to synthesize LDHs. One of the interesting feature of the co-

precipitation method is that, the various anionic species can be intercalated 

between two consecutive LDHs Ns. This can be achieved by the selection of metal 

salt of desired anions and avoiding the interference of other anions. This synthetic 

route is often the method of choice for the preparation of organic anion-containing 

LDHs, which are difficult to obtain by other methods. Generally, two approaches, 

are involved in co-precipitation such as precipitation at low and high 

supersaturation. [13, 14] 
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2.3 Synthesis of 2D Ns: 

2.3.1 Introduction:  

Currently, various nanostructure materials are being used as electrode 

materials in energy storage devices; however, the upcoming energy storage 

devices require more promising and reliable electrode materials. [15] The 2D 

materials possess several advantages like well-defined anisotropic surface 

structure, ultrathin thickness, short ion-diffusion paths, tailorable electronic 

structure and controllable chemical compositions. [16] Analogous to graphene Ns, 

2D inorganic Ns possess high anisotropy, with thickness at the nanometer level and 

lateral size in the micrometer range. [17] The motion of charge carriers in 2D 

materials is much sophisticated along the in-plane direction than the out-of-plane 

due to the remarkable structural anisotropy of Ns.  

The extremely high surface area of Ns due to their ultrathin thickness makes 

them highly useful for different applications such as adsorbents, catalysts, 

electrodes, etc. [18] Also, exfoliated 2D Ns can be used for the synthesis of other 

nanostructures like 1D nanotubes via rolling and 0D hollow spheres via coating. 

Moreover, INs can be used as basic building blocks to design nanosheet-based 

hybrid materials. [19] 

2.3.2 Synthesis methods of 2D INs: 

The synthesis approach of 2D INs has a strong impact on their 

physicochemical properties and their functionalities. The synthesis methods of 2D 

INs are divided into two approaches: top-down and bottom-up approaches. [19] 

The 2D INs can be synthesized by a top-down approach from their pristine material 

via the exfoliation technique. The formation of 2D INs using the bottom-up 

approach is primarily based on precisely controlled growth of materials in 2D via 

chemical reactions of respective precursors. This section describes various 

approaches for the synthesis of 2D Ns. Various approaches for the synthesis of 2D 

Ns are shown in figure 2.2.
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Figure 2.2: Various approaches for the synthesis of 2D Ns. [20]  
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1) Top down approach: 

Production of ultrathin Ns by the top-down approach can be possible 

through a physical or chemical process. The top-down approach mainly relies on 

eliminating Van der Waals forces between the stacked layers of bulk pristine 

layered materials followed by the exfoliation process. The highly crystalline bulk 

pristine layered material can be synthesized by conventional solid-state reaction 

at elevated temperatures. The top-down approach is advantageous due to its high 

production yields with low cost, and hence it is useful in various applications. The 

top-down chemical strategy essentially relies on an ion-exchange chemical 

reaction that is assisted by heat or ultrasonication. [19-21] 

Scotch tape method: 

 

Figure 2.3: The procedure to produce 2D INs by scotch-tape method. [22] 
The scotch-tape method is shown in figure 2.3. This is one of the simplest 

methods to produce monolayer 2D INs in which extrinsic force is applied via scotch 

tape. In this method, single layers from bulk layered compounds can be peeled off 

against the Van der Waals forces. [23] The obtained Ns by this method are of very 

high quality and pure because in this process, there is no involvement of any 

chemicals, surfactants, or any chemical reactions.    
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Advantages and disadvantages of scotch tape method 

 

Ultrasonic exfoliation process: 

  

Figure 2.4: Schematic representation of the ultrasonic exfoliation process. 
The schematic representation of the ultrasonic exfoliation process is shown 

in figure 2.4. An ultrasonic exfoliation process is highly efficient for the production 

of single or few-layer INs. Comparatively, this method has a higher production yield 

than mechanical exfoliation. In this method, highly crystalline particles of layered 

materials are dispersed in a suitable solvent, and the exfoliation occurs via the 

application of ultrasonication. Thus, solvent plays a crucial role in this method, the 

exfoliation yield depends on the type of solvents. [24] 

Advantages and disadvantages of ultrasonic exfoliation process [25] 
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Ion-exchange exfoliation process: 

 

Figure 2.5: Schematic representation of the ion-exchange exfoliation process. [26] 
The schematic representation of ion-exchange exfoliation process is shown 

in figure 2.5. This method belongs to the liquid exfoliation technique. Generally, 

layered materials contain charge balancing ions in the layers. Due to these ions, 

layered materials balance layered surface charge and maintain layered structure. 

In this method, the interlayer forces between the layered materials are weaken by 

the intercalation of bulky organic anions, and subsequent shaking or 

ultrasonication leads to the exfoliation of layered crystals. Therefore, the ion-

exchange exfoliation process is applicable for obtaining Ns of various layered 

inorganic materials. Also, this method produces monolayer Ns with high 

production yields. 

Advantages and disadvantages of ion-exchange exfoliation process 

 

2) Bottom-up approaches: 

In the bottom-up approaches, numerous chemical methods like wet 

chemical method, atomic or molecular condensation, CVD etc. are used to 

synthesize INs. CVD and wet-chemical synthesis are most frequently used bottom-

up approaches to produce 2D INs. The INs prepared by these methods are 

frequently used in the biological or chemical sector and possess advantages of 

large-scale production and cost-effectiveness. Though bottom-up approaches are 

reported to synthesize many types of INs, the INs prepared by this approach 

possess few layers of INs. Also, these INs contains a surfactant in most cases which 

restrict the growth of INs in 3D. [20, 21] 
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2.3.3. Nanosheets-based nanostructures: 

As 2D Ns, possess unique properties, these materials can be regarded as 

basic building blocks to synthesize various nanostructures and nanohybrids. The 

schematic of synthesis processes and typical Ns-based hybrid structures is shown 

in figure 2.6. Nanostructure materials showing certain properties at nanoscale 

dimensions, particularly unique 2D anisotropic shape and ultrathin thickness, 

make them macromolecular building blocks for designing and developing higher-

order structures. On the basis of their shape, nanostructure materials can be 

classified into 0D ((Nanospheres, nanodots)), 1D (nanotubes, NWs, nanorod), 2D 

(nanoplates, Ns) and 3D (pyramidal, hexagonal, flower-like) nanomaterials. Ns 

with highly anisotropic 2D shape enables easier and accelerated charge transport 

through it than the other shaped nanostructures. [27]  

 

Figure 2.6: Synthesis processes and typical Ns-based hybrid structures. [28] 
The exfoliated INs with expanded surface area and maximum surface 

exposure of the component ions are promising building blocks for hybrid materials. 

Furthermore, as all the component ions reside on the surface of Ns, the 

nanohybrids based on Ns display strong electronic coupling between the 

hybridized components. Moreover, Ns-based hybrids exhibit expanded surface 

area, highly mesoporous morphology, tunable pore structure, and flexible chemical 

composition. Consequently, various strategies are developed for the synthesis of 
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Ns-based hybrids. Such strategies mainly include exfoliation-restacking of INs with 

oppositely charged species, anchoring or growth of other nanostructures on INs, 

and layer-by-layer deposition of INs with oppositely charged molecular species. 

Thus, the various organic, inorganic, polymeric, and biological guest nanostructure 

species are useful for the hybridization with INs. [29, 30] INs-based hybrids display 

unique physicochemical properties and find applications in various fields. 

Therefore, INs-based hybrids are applicable in catalysis, sensors, electrochemistry, 

photoluminescent materials, high-Tc superconductors, 

ferroelectric/ferromagnetic, and biomolecule/drug reservoirs. [31]  

It is easily possible to tune the desired properties of INs-based hybrids by 

simply changing the type of hybridized component and constituent INs chemical 

composition. Thus electrodes prepared by the INs-based hybrids demonstrated 

excellent performance when used in SCs, batteries, and fuel cells. [32] The Ns 

derived from the redoxable layered inorganic solids like layered transition metal 

chalcogenides (LMC), layered metal oxides (LMO), and LDHs are useful candidates 

for electrochemical energy storage devices. [33]  

2.4 Material characterization techniques: 

The physical and chemical properties of materials are most crucial aspects 

for their usage in corresponding application. To achieve excellent performance of 

materials for the desired application, it is essential to study the physico-chemical 

properties of materials by using various characterization techniques such as XRD, 

FTIR, RAMAN, FESEM, EDS, XPS, TEM, BET, and zeta potential. 
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2.4.1 X-ray diffraction (XRD): 

 

Figure 2.7: (a) Schematic of X-ray diffractometer and (b) photograph of XRD 
instrument (Rigaku Miniflex 600). 

The schematic diagram of X-Ray diffractometer and photograph of XRD 

instrument is shown in figure 2.7. 

Working principle  

XRD is a well-known technique to study the crystal structure, phase, lattice 

parameters, grain size and crystallite orientations of the materials. [34, 35] XRD 

technique is based on the phenomenon of X-ray reflection from the 

crystallographic planes and is governed by Bragg’s equation; 

2d sinθ = nλ                                                                                                                             (2.1) 

Where, d, λ, n and θ are the basal spacing, wavelength of X-ray, order of diffraction 

and diffraction angle, respectively. Crystallite size of the sample can be estimated 

from Scherrer's equation (equation 2.2) using the FWHM of the most significant 

diffraction peak. 

𝐷 =
𝐾𝜆

𝛽 cos 𝜃
                                                                                                                                 (2.2) 

Where D, 𝜆, 𝛽, θ, and K are crystallite (grain) size, the wavelength of X-ray, FWHM 

of diffraction peak in radians, Bragg's angle, and shape factor, respectively. The 

value of K lies between 0.89 to 1.39, but for most cases, it is taken as ∼1. [36] From 

these calculations, we can get precise information about the atomic arrangements 

of an unknown sample.  
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Advantages and disadvantages of XRD [37] 

 

In the present research work and dissertation, the XRD technique is used to probe 

the crystal structure of pristine Co-Cr-LDH and Co-Cr-LDH-based nanohybrids. By 

using XRD analysis, the crystal dimensions of Co-Cr-LDH and Co-Cr-LDH-based 

nanohybrids are estimated. Thus, the gallery space of Co-Cr-LDH-based 

nanohybrids upon the hybridization is determined using the c-axis parameter. 

Moreover, the crystal size along with the c-axis parameter is estimated using 

Scherrer's equation. Consequently, the number of monolayers in layered crystals 

can be judged by the crystal size analysis.      

2.4.2 Fourier transform infrared spectroscopy (FTIR): 

 

Figure 2.8: Ray diagram of FTIR spectrometer. [38] 
Working principle  

FTIR spectroscopy is used to investigate the presence of functional groups  

and chemical bonding nature in the materials. In an electromagnetic field, the 

difference between two energy levels (E1 and E2) of material is equal to Planck’s 

constant (h) times incident radiation frequency (ν) and it is written as,   

ΔE = hν                                                                                                                                      (2.3) 
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Here, ΔE is negative when radiation is emitted and positive when energy is 

absorbed by the molecule. The resulting signal at the detector presents as a 

spectrum demonstrating a molecular impression of the sample. An 

organic/inorganic compound can vibrate in six ways: symmetrical and anti-

symmetrical stretching, wagging, scissoring, rocking, and twisting. [39] After the 

satisfaction of equation 2.3, we can get the vibration spectrum of intensity versus 

frequency. Also, different spectra are raised by molecules or atoms depending on 

the energy levels involved in the transition. Therefore, the energy contribution can 

be represented by the following equation  

        Etot = Eelect + Erot + Evib + Etrans                                                                                     (2.4) 

Where Etot, Eelect, Erot, Evib, and Etrans are the total, electronic, rotational, vibrational, 

and translation energy, respectively. [40] The ray diagram of the FTIR 

spectrometer is displayed in figure 2.8.  

Uses of FTIR analysis 

 Identification of unknown materials (e.g., films, powders, solids, liquids). 

 Identification of contamination in a material 

 Identification of additives after extraction from a polymer matrix. 

 Identification of oxidation, decomposition, or uncured monomers in failure 

analysis investigations. [41]  

Advantages and disadvantages of FTIR [42] 

 

In the present research work and dissertation, the FTIR technique is used 

to probe the nature of chemical bonding in pristine Co-Cr-LDH and Co-Cr-LDH-
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based nanohybrids. By using FTIR analysis, the intercalated anions in pristine Co-

Cr-LDH and Co-Cr-LDH-based nanohybrids are judged and validated by the 

characteristic IR features. Moreover, the intactness of host Co-Cr-LDH Ns is 

supported by the IR features related to the host Co-Cr-LDH lattice.  

2.4.3 Raman spectroscopy:  

Working principle  

 Raman spectroscopy is used to identify the functional groups present in the 

material. When monochromatic light is incident on a sample, it absorbs some light, 

and a maximum part of light is transmitted. However, a minute portion of the light 

is scattered by the sample in all directions.  

 

Figure 2.9: Energy level diagram of Raman spectroscopy. [43] 
 Rayleigh scattering is observed when the scattering occured at the right 

angles to the incident beam in which 99% of the scattered light has a same 

frequency as that of the incident light. Raman scattering is possible with scattered 

light (1%) of different frequencies other than the incident frequency.  

The various vibrational levels of electrons are stated by specific energy 

differences (figure 2.9). When electron in the material is interacted with the 

incident monochromatic light, the electron makes a transition to a virtual state of 

energy by absorbing energy and again comes to the original energy level by losing 

energy. Rayleigh scattering is observed when the energy lost is equal to the energy 

of the incident photon and the electron comes to its initial level with the loss of one 

photon. However, sometimes electrons losing energy from the virtual state can fall 
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back to a different vibrational level. In this instant, the energy lost by the electron 

is different than the energy absorbed from the incident photon. As a result, the 

emitted photon has a different frequency than the incident photon. This gives the 

Raman scattering. Depending on the final vibrational level of the electron, Raman 

scattering is classified into stokes lines and anti-stokes lines. When the frequency 

of the scattered photon is less than that of the incident photon, stokes lines are 

observed on the Raman spectrum. This happens when an electron absorbs energy. 

Conversely, anti-stokes lines are observed when the emitted photon's frequency is 

greater than that of the incident photon. Hence energy is released by the electron. 

[44] The Raman shift Δ is positive for stokes and negative for anti-stokes lines. [45-

47] 

Uses of Raman analysis 

 Identification of the rotational levels of the molecules. 

 Determination of molecular concentration in the sample.  

 Identification of the functional groups present in the material 

Advantages and disadvantages of Raman spectroscopy [48] 
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2.4.4 X-ray photoelectron spectroscopy (XPS): 

 

Figure 2.10: Schematic diagram of the components of an XPS Instrument. [49] 

Working principle  

The XPS technique identifies the surface chemical composition and 

oxidation states of elements present in the material. The schematic diagram of the 

components of an XPS instrument is shown in figure 2.10. XPS technique is based 

on the principle of the photoelectric effect. [50] When the X-ray beam is incident 

on the surface of material, electrons are emitted from the material. The kinetic 

energies of emitted photoelectrons associated to the binding energy of each 

electron, are used for elemental identification. The kinetic energy of ejected 

electrons can be calculated by the relation, [51] 

KE = hν - BE - φs                                                                                                                     (2.5) 

Where, hν is photon energy, BE is the binding energy of atomic orbital, and φs is 

the work function. 
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Each element produces a set of characteristic peaks. A typical XPS spectrum 

is a plot of the number of electrons detected versus specific binding energy. These 

peaks correspond to the electron configuration within the atoms. The number of 

detected electrons in each peak is directly related to the amount of element within 

the sampling volume. The peaks at particular energies represents presence of 

respective element.  

Use of XPS analysis  

  XPS can be used to determine quantitative analysis of elements in sample. 

 XPS can be used to determine oxidation states of surface elements and their 

identification 

 With the angle resolved, XPS electronic configuration and electronic band 

structure can be possible to probe.   

 XPS can be used to probe uniformity of elemental composition across the 

top surface (or line profiling or mapping)  

 XPS can be used to probe uniformity of elemental composition as a 

function of ion beam etching (or depth profiling)  

 XPS can be used to probe empirical formula of pure materials  

Advantages and disadvantages of X-ray photoelectron spectroscopy [52] 
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2.4.5 Energy-dispersive X-ray spectroscopy (EDS): 

 

Figure 2.11: Mechanism of X-ray emission in EDS.  
Working principle  

EDS is used to determine the composition of elements present in the 

material. The mechanism of X-ray emission in EDS is shown in figure 2.11. The 

highly energetic X-rays leads to eject core electrons. These ejected electrons leaves 

behind holes and that holes can be filled by higher energy electrons and it will 

release energy. The energy released during this process is unique to each element 

and used to identify which elements are present with what proportion. Elemental 

composition of the material is analyzed through spectrum from number of counts 

against the energy of X-rays. [53] 

Use of EDS analysis 

 Identification of composition of elements present in the material. 

 

 

 

 

 

 

 

 



   Theoretical background of LDH, synthesis methods, 
exfoliation and characterization techniques 

 

  

CHAPTER - 2 PAGE 60 

 

Advantages and disadvantages of EDS [54] 

 

2.4.6 Scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM): 

 
Figure 2.12: The optics of a TEM and SEM. [55] 

Scanning electron microscopy (SEM) 

Working principle 

Figure 2.12 shows the optics of TEM and SEM. SEM is a kind of electron 

microscope that uses a fine beam of focused electrons to scan a sample’s surface. 

The microscope records information about the interaction of electrons with the 

sample and creates magnified image. [56]  
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The accumulation of electrons into a fine beam is possible through a 

condenser lens. The beam focuses onto the sample with the help of an objective 

lens. Deflection coils help to move the beam in a rectangular X and Y track, creating 

a raster scan across the surface of the specimen. The topography and elemental 

composition are obtained from the SEM image of the material. In addition, the 3D 

black-and-white images of the thin or thick samples are possible to capture by SEM. 

Field emission scanning electron microscopy (FESEM) 

In FESEM, a very fine beam can be obtained from the electron gun, which 

has a high and stable current. A thermionic emission source is used in the SEM, 

whereas a field emission source is used in FESEM. The difficulties of evaporation of 

cathode material, thermal drift during operation, and relatively low brightness in 

SEM are overcome in FESEM by placing a filament in a large electrical potential 

gradient.  

Transmission electron microscopy (TEM) 

Working principle 

TEM uses a broad high-energy beam of electrons to generate an image of a 

sample's interior structure. A beam of electrons transmitted through a sample is 

used to obtain information about the sample's composition, crystal structure, and 

morphology. TEM can obtain atomic-level information with high magnification and 

resolution compared to any other electron microscopy technique. TEM is also used 

to inspect molecular and cellular structures.  

An electron source sends a beam of electrons through an ultrathin sample. 

When the electrons penetrate the sample, they pass through the lenses below. This 

data is used to create images directly on a fluorescent screen or onto a computer 

screen using a charge-coupled device (CCD) camera. [56]  

TEM is an analytical tool for the visualization and analysis of specimens 

(micro to nano space). The detailed microstructural examination is possible 

through high resolution and high magnification. TEM enables the investigation of 

crystal structures, specimen orientations, and chemical compositions through 

diffraction patterns. Metals, alloys, ceramic, glasses, polymers, semiconductors, 

composites, etc. and nanostructures: graphene sheet, nanotubes, nanowires, 
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quantum dots, nanoparticles, etc., materials can be analyzed through TEM. TEM is 

also applicable for analyzing biological samples such as bacteria, viruses, fungi, etc.  

Difference between the SEM and TEM 

 

Use of SEM analysis 

 SEM can obtain the topography, surface characteristics, specimen 

composition, etc. 

Use of TEM analysis 

 TEM can obtain the crystal structures, specimen orientations, and chemical 

compositions. 
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Advantages and disadvantages of SEM [57] 

 

Advantages and disadvantages of TEM [57] 
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2.4.7 N2 adsorption and desorption (Brunaur-Emmett-Teller, BET): 

 

Figure 2.13: Schematic of the dynamic flow method apparatus. [58] 
Working principle 

Specific surface area and porosity of prepared material are determined 

using BET analysis. In this method, the surface area is determined by the 

adsorption of a gas on the solid surface and the amount of adsorbed gas calculated 

with the corresponding monomolecular layer on the surface. Gas adsorbed on the 

surface, pores of the specimen, and the amount of gas condensed or adsorbed at a 

constant temperature on the solid surface depend on gas pressure. Adsorbed and 

condensed gas provides the pore structure information of solids. For the BET 

measurement, generally, noncorrosive gases are used. [59] The schematic of the 

dynamic flow method apparatus is shown in figure 2.13.  

 BET theory is the extension of Langmuir's theory. It is for the monolayer 

molecular to multilayer adsorption with the hypothesis as a) physically gas 

molecules adsorbed on a solid, b) no interaction between each adsorption layer, 

and c) the Langmuir theory can be applied to each layer. The specific surface area 

(SBET) and total surface area (Stotal) are represented by the following expressions,  

𝑆 =
𝑉𝑚 𝑁  𝑎

𝑚   22400
                                                                                                                                (2.6) 

𝑆𝑡 =
𝑁𝑠 𝑣𝑚

𝑉
                     (2.7) 
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𝑆𝐵𝐸𝑇 =
𝑆𝑡𝑜𝑡𝑎𝑙

𝑎
                                  (2.8) 

Where, S is the specific surface area (m2 g-1), N is Avogadro’s number, 𝑎 is an 

effective cross sectional area of one adsorbate molecule (m2), m is mass of the test 

powder (g). [60]  

Use of BET analysis 

 Determination of specific surface area, pore size distribution and pore 

structure of the materials.  

Advantages and disadvantages of N2 adsorption and desorption [61] 

2.4.8 Particle size and zeta potential analyzer:  

 

Figure 2.14: Particle size and zeta potential analyzer. [62] 
The properties like zeta potential and hydrodynamic particle size of the 

colloidal/nanoparticulate/macromolecular system can be probed using the zeta 

potential equipped with particle size analyzer. The zeta potential with particle size 

analyzer is shown in figure 2.14. It is used to determine particles zeta potential, 

particle size distribution and molecular weight of large polymeric substances 



   Theoretical background of LDH, synthesis methods, 
exfoliation and characterization techniques 

 

  

CHAPTER - 2 PAGE 66 

 

dispersed in water. The significance of zeta potential is that its value can be related 

to the stability of colloidal dispersions. The zeta potential provides information 

about the degree of repulsion between the adjacent and similarly charged particles 

present in a dispersion. The solution or dispersion will resist the aggregation of 

molecules and particles that are small enough. When the potential is low, attraction 

exceeds repulsion, and the dispersion will break and flocculate. [63] 

Use of particle size and zeta potential analyzer 

 Used for the charge stability and quantification of the magnitude of the 

electric charge of disperse system.  

Advantages and disadvantages of particle size analyser [64] 

 

2.5 Electrochemical techniques: 

2.5.1 Introduction: 

SC has three main components, an electrode, suitable electrolyte, and 

separator. For the calculations of Cs, ED and PD of SC following formulae are used. 

(𝐶𝑠) =
𝐼 𝛥𝑡

𝑚 𝛥𝑉
                                                                                                                               (2.9) 

(ED) =
𝐶𝑠 𝛥𝑉2

7.2
                                                                                                                           (2.10) 

(𝑃𝐷) =
𝐸𝐷 3600

𝛥𝑡
                                                                                                                             (2.11) 

Where Cs is specific capacitance, I is applied current density, 𝛥𝑡 is discharge time, 

m is mass of active material, and 𝛥𝑉 is the potential window. [65] 

The maximum values of Cs, ED and PD of SC can be achieved by tuning the 

properties of active electrode material and suitable electrolyte. Various 

electrochemical measurement techniques are useful to probe the electrochemical 

properties of the electrode materials. Different electrochemical measurement 

techniques are shown in figure 2.15. [64] 
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Figure 2.15: Interfacial electrochemical measurement techniques. [66] 
2.5.2 Cyclic voltammetry (CV): 

CV technique is used to measure the electrode activity in the electrolyte 

solution. It is a useful method for quickly determining information about the redox 

processes and the kinetics of electron-transfer reactions. In the CV experiments, 

the current is generated after the electron transition between the electrodes and 

the redox species. In the three-electrode electrochemical cell, the potential is 

applied with respect to the reference electrode, and the current at working 

electrode is measured. [67] 
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Figure 2.16: (left) Ramping applied voltage with time and (right) a typical cyclic 
voltammogram for a reversible single electrode transfer reaction. [67] 

In CV technique, the constantly varying potential is applied to the working 

electrode within the fixed potential window. After reaching the potential limit, 

potential is ramped in the opposite direction to return the initial potential. This 

variation of potential is schematically presented in figure 2.16 (left). A typical CV 

curve of reversible reaction for the single electrode is shown in figure 2.16 (right). 

In this figure, Ipa and Ipc are the anodic and cathodic peak currents, and Epa and Epc 

are anodic and cathodic peak voltages of resulted voltammogram, respectively. The 

current response decreases linearity as the analyte is depleted and the diffuse 

double layer raises. In reverse scan, the reduced analyte will re-oxidized, which 

delivers reverse polarity current, called anodic current. Thus, selecting initial and 

final potential in the CV measurement is very important. [68] For the reversible 

electrochemical reactions, the process for reduction is a mirror image of the 

oxidation, only with an opposite scan direction. It is represented as a cathodic peak 

(ipc) at the cathodic peak potential (Epc). The anodic and cathodic peak currents 

should be of equal magnitude but in opposite direction, provided that the process 

is reversible.  
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2.5.3 Galvanostatic charge-discharge (GCD): 

The electrochemical performance of SC can be tested by the GCD technique. 

In the GCD technique, the potential is measured as a function of time by applying a 

constant current to the working electrode. The schematic of the GCD curve is 

represented in figure 2.17. When a constant current is applied to the working 

electrode, due to internal resistance, potential quickly develops and grows 

progressively due to the exhaustion of reactant concentration at the electrode 

surface. Moreover, potential instataniously drops during discharging due to 

internal resistance. Therefore, a constant current is used for achieving the desired 

voltage during charging and discharging.   

 

Figure 2.17: Plot of GCD curve. [69] 
From the behavior of the GCD curve, confirmation of the charge storage 

mechanism is possible. Non-linear GCD behavior is indicative of the 

pseudocapacitive charge storage mechanism, while linear GCD behavior is 

indicative of the EDLCs mechanism. [67] ED and PD of SC can be possible using the 

analysis of the GCD curve. [70] 
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2.5.4 Electrochemical impedance spectroscopy (EIS):  

 

Figure 2.18: Nyquist plot with an electrical equivalent circuit. [71] 
Impedance is nothing but the AC resistance of the cell, which consists of 

imaginary and real parts. The electrochemical cell contains capacitive, resistive, 

and inductive properties. The information about capacitive/inductive properties 

can be gained by analyzing the imaginary part, while the analysis of the real part 

can gain resistive properties information. 

As the capacitor acts as an open circuit for DC and the inductor acts as a 

straight conductor wire for DC, however, both appear as imaginary resistors in an 

AC circuit. Figure 2.18 represents a typical Nyquist plot obtained through EIS 

technique. The real and imaginary parts of EIS are denoted by ZRe and ZIm, 

respectively. The intercept of the Nyquist plot to the X-axis (i.e. real part) in the 

lower frequency region represents the solution resistance (Rs), while the intercept 

in the higher frequency region represents the sum of a solution resistance (Rs) and 

charge transfer resistance (Rct). Hence, the diameter of the semicircle is nothing 

but Rct. All these characterization techniques are used to find out operating 

potential window, Cs, ED, PD, Coulombic efficiency and stability retention of SC. 
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3.1 Introduction: 

Currently, CO2 emissions are consistently increasing and causes global 

warming. Due to the consumption of fossil fuels, enormous CO2 is emitted, which is 

the main environmental threat and is mainly responsible for the greenhouse effect. 

[1] Thus, clean, efficient, and sustainable renewable energy sources with energy 

transformation and storage technologies are needed to avoid environmental 

deterioration. [2] Renewable energy sources demand support of energy storage 

devices due to their intermittency response. SCs are attracting comprehensive 

research attention due to their high energy output, power capability, eco-friendly 

nature, and low fabrication cost. [3] Still, the SC has moderate ED values, which 

could not match the current necessity of electrical appliances, which is the prime 

need for modern life and economic development. [4] Therefore, researchers have 

made numerous efforts to enhance the ED of SCs. [5] Due to the attractive 

structural, redox-active, mechanical, and electronic properties, the transition metal 

oxides, carbides, nitrides, sulfides, hydroxides, etc. are received significant 

attention as active electrode materials for SCs. [6] The RuO2 has been widely 

investigated for the SC study owing to its Cs (1500 F g–1), but its high cost and 

toxicity restricted its commercial use. [3]  

Therefore many reports are available on the preparation of transition metal 

oxides (TMOs), conducting polymers, [7] and LDHs [8] as promising active 

materials for SC application. Furthermore, the LDH materials are explored for 

many advanced applications such as photocatalysis, carbon dioxide capture, flame 

retardant, drug carrier, polymer additive, etc. [9-12] On this backdrop, Co-Cr-LDH 

material was synthesized by co-precipitation method.  

The present chapter deals with the synthesis of Co-Cr-LDH and rGO Ns. The 

preparative parameters like concentration of precursors, pH of solutions, aging 

time, reaction temperature, etc., were optimized to achieve highly crystalline Co-

Cr-LDH. The prepared materials were characterized by various physic-chemical 

characterization techniques: XRD, FTIR, Raman, FESEM, EDS, XPS, and BET. The SC 

performance of Co-Cr-LDH and rGO Ns was tested by CV, GCD, and EIS techniques.  
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3.2 Synthesis and characterization of Co-Cr-LDH, GO and rGO Ns: 

3.2.1 Experimental details: 

3.2.2 Chemicals: 

Cobalt nitrate (Co(NO3)2.6H2O), chromium nitrate (Cr(NO3)3.9H2O), sodium 

hydroxide (NaOH), sodium nitrate (NaNO3), activated carbon, nitric acid (HNO3) 

polyvinylidene fluoride (PVDF) and N-methylpyrrolidone (NMP) were purchased 

from Sigma Aldrich chemical co. and utilized as it is. Stainless steel (SS) (304 grade) 

substrates were served as a current collector for the fabrication of SC electrodes.  

3.2.3 Synthesis of Co-Cr-LDH: 

 

Figure 3.1: Schematic of co-precipitation method for the synthesis of Co-Cr-LDH. 
The pristine Co-Cr-LDH was synthesized in the nitrate form using a 

conventional co-precipitation method (figure 3.1) at room temperature by Reichle 

process. [13] The aqueous solution A was made by mixing cobalt nitrate (0.06 M) 

and chromium nitrate (0.03 M) solutions with a molar ratio of 2:1. Similarly, the 

aqueous solution B was made by mixing sodium hydroxide (1 M) and sodium 

nitrate (1 M) aqueous solutions with a molar ratio of 1:1. Solutions A and B were 

dropwisely added together with an addition rate of 1 ml/min. The pH of the 

resultant slurry was adjusted at 5.5 +/– 0.1 by precise addition of solution B. This 

synthesis process was carried out under a CO2-free N2 atmosphere with 

decarbonated water at room temperature to avoid CO2 contamination in the LDH. 

The resulting slurry was kept 24 h for aging at room temperature (28 °), followed 

by washing at 6000 rpm (centrifuge), and repeatedly washed with decarbonated 
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water. To ensure the solid form of Co-Cr-LDH sample, the resulting brown 

precipitate was freeze-dried at 10 °C for 30 h. 

3.2.4 Synthesis of GO Ns:  

Chemicals: Graphite flakes, NaNO3, sulfuric acid (H2SO4), potassium permanganate 

(KMnO4), hydrogen peroxide (H2O2) and potassium hydroxide (KOH) were 

purchased from Sigma-Aldrich. All the chemicals were of AR grade and used 

without further purification. [14] 

3.2.5 Synthesis of rGO Ns:  

          The GO was synthesized by the modified Hummers methods, as described in 

the following flowchart. [15]  

 

The rGO was synthesized by reducing the GO through the hydrothermal method. 

The well-dispersed 50 ml homogeneous suspension of GO (2 mg ml–1) was heated 

in a hydrothermal autoclave at 160 °C for 12h. Then the obtained rGO was freeze-

dried for 48 h to eliminate water content and avoid aggregation of rGO.  

3.3 Characterizations of Co-Cr-LDH, GO and rGO Ns: 

 The phase of the Co–Cr–LDH was studied by PXRD analysis using Rigaku 

miniflex–600 with Cu Kα1 (λ= 0.15406 nm) radiation, operated at 30 kV, with scan–

rate of 1° min–1. FTIR and Micro–Raman spectroscopic studies were executed to 

analyze the chemical bonding nature of the present LDH material. FTIR spectra was 

recorded on Bruker ALPHA II and Micro–Rama spectra was recorded on 
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SENTERRA II Compact Raman microscope, using 532 nm wavelength with 2.5 mW 

power and a 50× objective. The morphology and stacking structure of Co–Cr–LDH 

was examined with FESEM (JEOL JSM–6700F) and HRTEM (JEOL JEM 2100F, 200 

kV). Elemental composition of pristine Co-Cr-LDH was examined with EDS 

elemental mapping analysis. The surface area, pore structure and size distribution 

of pristine Co-Cr-LDH were investigated by N2 adsorption–desorption isotherms at 

a temperature of –196.15 °C using gas sorption analyzer (BELSORP mini II, Japan). 

Before the above analysis, pristine Co-Cr-LDH was degassed at 140 C in a vacuum 

below 10–3 Torr for 8 h. 

3.3.1 XRD analysis of Co-Cr-LDH: 

 

Figure 3.2: XRD pattern of Co-Cr-LDH. 
 Figure 3.2, the Co-Cr-LDH shows (001), (002), (003) and (110) Braggs reflections. 

These Braggs reflections are characteristics of the hexagonal crystal structure with 

R3m rhombohedral symmetry. The calculated lattice parameters a = b = 0.308 nm 

and c = 0.88 nm of the Co-Cr-LDH sample are well-matched to the NO3– intercalated 

Co-Cr-LDH (JCPDS card: 38-0487). The interlayer spacing of 0.88 nm is higher than 

the reported interlayer spacing due to CO32–  intercalated LDH (d003 = 0.75 nm). [16-

17] The crystallite size according to Scherrer’s formula with FWHM for (003) plane 

is ~12 nm. Judging from the basal spacing of Co-Cr-LDH, the gallery height between 

the two consecutive Co-Cr(OH)2 Ns is estimated as 0.48 nm. The Co-Cr-LDH sample 

showed an in-plane (110) peak and a broad hump at 2θ = ~ 60.2 and 2θ = ~ 32 
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to 44, respectively, that are attributed to the development of in-plane hexagonal 

turbostatic crystal structure. [18] These results provide strong evidence of 

effective synthesis of Co-Cr-LDH with NO3– interlayer anions. 

3.3.2 FTIR analysis of Co-Cr-LDH:                                             

 

Figure 3.3: FTIR spectrum of Co-Cr-LDH. 
 Figure 3.3 shows the FTIR spectrum of the Co-Cr-LDH in the range of 400 to 

4000 cm–1. The FTIR spectrum of Co-Cr-LDH displays strong and sharp absorption 

bands at 𝜈1 (514 cm–1), 𝜈2 (770 cm–1), 𝜈3 (1380 cm–1), 𝜈4 (1600 cm–1) and 𝜈5 (3465 

cm–1). The absorption bands at 𝜈1 (514 cm–1) and 𝜈2 (770 cm–1) are attributed to 

the metal-oxygen and metal-oxygen-hydrogen bending vibrations in the brucite-

like Co-Cr-LDH phase, respectively. [19-20] The strong and sharp absorption band 

at 𝜈3 (1380 cm−1) is attributed to the anti-symmetric stretching mode of intrsheet 

nitrate anions. [21-22] The broad absorption band at 𝜈5 (3546 cm–1) and sharp 

band 𝜈4 (1610 cm−1) are attributed to the stretching vibration of the H-bound O–H 

groups in Co-Cr-LDH and bending vibration of intergallery H2O, respectively. [19] 

The presence of these bands confirmed the formation of Co-Cr-LDH with NO3– as 

interlayer anions and free water molecules.  
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3.3.3 Raman analysis of Co-Cr-LDH: 

 

Figure 3.4: Micro-Raman spectrum of Co-Cr-LDH. 
 Figure 3.4 shows the Micro-Raman spectrum of Co-Cr-LDH. The Co-Cr-LDH 

display 𝜈1 to 𝜈7 Raman peaks attributed to the characteristic Raman shift from the 

Co-Cr-LDH, intercalated nitrate anions and water molecules. The peaks at 𝜈1 (265 

cm–1), 𝜈2 (455 cm–1), 𝜈3 (530 cm–1), 𝜈4 (600 cm–1), 𝜈5 (840 cm–1), and 𝜈6 (1055 

cm–1) are allocated to the lattice (metal-oxygen) translational vibrations (Eg mode), 

O-Co-O bending (A1g mode), Co-O stretching (A2u mode), Co-O rotational (Eg mode), 

symmetric/anti-symmetric Cr-OH stretching and symmetric stretching of NO3– 

modes, respectively. [23-30] The internal O-H stretching modes from the lattice OH 

and the intrasheet water molecules is displayed by the broad signature peak 

around 𝜈7 (3575 cm–1). The NO3– intercalated Co-Cr-LDH phase with the 

incorporation of H2O molecules is confirmed by the obtained Raman features. 
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3.3.4 FESEM analysis of Co-Cr-LDH: 

 

Figure 3.5: FESEM images (a) and (b) of Co-Cr-LDH.  

 The FESEM is used to probe the surface morphology of the Co-Cr-LDH. The 

FESEM micrographs of Co-Cr-LDH at 50 and 100 K magnifications are shown in 

figure 3.5. As displayed in figure 3.5, the Co-Cr-LDH displays compact-plate-shaped 

particles composed of densely stacked Co-Cr-(OH)2 monolayers. The Co-Cr-LDH 

shows plate-like morphology due to the slow nucleation process during co-

precipitation. A careful topographical examination of micrographs reveals the 

crystal size variation from ∼230 to 450 nm. Such a coarse particle topography is 

commonly observed for co-precipitated hydroxide materials. [31]  

3.3.5 EDS analysis of Co-Cr-LDH:  

 

Figure 3.6: EDS-elemental mapping of Co-Cr-LDH, (a) FESEM image, (a1) mapped 
FESEM image, (a2) Co K elemental map and (a3) Cr K elemental map. (b) EDS 
spectrum of Co-Cr-LDH.  

The spatial distributions of constituent elements in the Co-Cr-LDH at the 

nanometer scale are examined through an EDS elemental mapping analysis and 

EDS spectra. Figure 3.6 shows the EDS-elemental mapping images and EDS 

spectrum of Co-Cr-LDH. All of the constituent metal elements i.e. Co, Cr and O are 
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uniformly spread within the entire part of the elemental mapping area of Co-Cr-

LDH material which demonstrates the homogeneous distribution of the 

constituent element in Co-Cr-LDH without any phase separation. The EDS 

spectrum showed the Co:Cr ratio of  ̴ 2:1 in Co-Cr-LDH. From the EDS and elemental 

mapping analyses, the chemical composition of Co-Cr-LDH is estimated as 

Co0.65Cr0.35(OH)20.35(NO)3yH2O. 

3.3.6 XPS analysis of Co-Cr-LDH: 

 
Figure 3.7: (a) Survey, (b) Co 2p, (c) Cr 2p and (d) O 1s XPS spectra of the Co-Cr-
LDH. 

The chemical composition of pristine Co-Cr-LDH is studied using XPS 

measurements, as shown in figure 3.7 (a). The survey XPS spectrum shows spectral 

features at binding energies of the element Co, Cr, and O in Co-Cr-LDH.  As shown 

in figure 3.7 (b), Co-Cr-LDH exhibited two spectral features, A (781.2 eV) and B 

(797.4 eV), with their satellite peaks at Aʹ (786.8 eV) and Bʹ (803.2 eV), both of 

which are attributed to spin-orbit splitting into Co 2p3/2 and Co 2p1/2, respectively. 

[20, 32] The binding energy difference (16.2 eV) of peaks A and B can be regarded 

as an indicator for Co+2 in Co-Cr-LDH. As shown in figure 3.7 (c), the high-resolution 

Cr 2p spectrum shows A (577.6 eV) and B (587.3 eV) peaks, that arised due to spin 

orbit splitting of Cr 2p3/2 and Cr 2p1/2 components. [33-34] The binding energy of 

broad peak A is associated with the Cr3+ attached with the intergallery ligands like 

OH– and H2O. [35-36] The O 1s XPS spectrum of Co-Cr-LDH is plotted in figure 3.7 
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(d). Interestingly, O 1s spectrum of Co-Cr-LDH demonstrates the broad peak A 

(531.9 eV) with a shoulder at Aˊ (530.1 eV), indicating the presence of oxygen from 

metal hydroxide, surface hydroxyl group and bound water. The present XPS 

features clearly indicated that Co and Cr in Co+2 and Cr+3 oxidation states are 

present in Co-Cr-LDH.  

3.3.7 N2 adsorption-desorption (BET analysis) of Co-Cr-LDH: 

 

Figure 3.8: (a) N2 adsorption-desorption isotherm and (b) Pore-size distribution 
curve for Co-Cr-LDH. In (a) the open symbols represent the adsorption and closed 
symbols represent desorption data.  

The N2 adsorption-desorption isotherm measurements were carried out to 

study the pore structure and specific surface area of the Co-Cr-LDH. As illustrated 

in figure 3.8 (a), Co-Cr-LDH exhibits mild and high N2 adsorption in the low-

pressure (PP0−1 < 0.4) and high-pressure region (PP0−1 > 0.45), respectively with 

BDDT shape. The presence of the type III isotherm is a characteristic of a 

nonporous material with low adsorption energy. [37-38] The surface area of Co-

Cr-LDH is estimated from BET equation. The Co-Cr-LDH demonstrated the surface 

area of 5 m2 g–1. The distribution of pore size  is estimated by BJH method for the 

desorption branch, as shown in figure 3.8 (b). The Co-Cr-LDH shows an average 

pore diameter of ∼31.23 nm that originates from random staking of sheets like LDH 

crystallite.  
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3.3.8 XRD analysis of GO and rGO:  

 
Figure 3.9: XRD patterns of (a) GO and (b) rGO. 

          The XRD patterns of GO and rGO are shown in figure 3.9. The highly intense 

peak (figure 3.9 (a)) at 2 = 11° corresponding to the (002) plane validates the 

formation of GO. GO sample shows a d-spacing of ∼0.80 nm calculated from the 

(002) plane position. This d-spacing is attributed to the intercalation of the oxygen-

containing functional groups into the layers. [39] The XRD pattern of rGO is shown 

in figure 3.9 (b). The broad peak at 24.4° and 42.9° observed in the XRD pattern 

corresponds to (002) and (100) planes of rGO. The rGO displays a d-spacing of 

∼0.36 nm calculated from the (002) plane position. Thus, reduced d-spacing 

confirms compact stacking of GO Ns due to the removal of oxygen-containing 

groups and indicates the formation of multilayered rGO Ns. [40]  

3.4 Conclusions: 

In conclusion, nitrate intercalated Co-Cr-LDH phase was synthesized by the 

simple co-precipitation method. The obtained sample was characterized for 

structural and surface morphological study by powder XRD and FESEM. Structural 

study of Co-Cr-LDH revealed the layered arrangement of Co-Cr-(OH)2 Ns stacked 

together with nitrate anions and water molecule. Surface morphological study 

demonstrated compact morphology of Co-Cr-LDH with average particle size of 

∼230 nm to 500 nm. Moreover, the obtained sample was characterized by FTIR, 

Raman, FESEM, EDS, XPS, and BET analysis techniques to study chemical bonding, 

surface topographical features, elemental distribution, chemical states and surface 

area with a pore-size distribution, respectively. The FTIR and Raman study 
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confirmed the presence of nitrate anion. Also, present results indicate the 

successful formation of a GO by hummers method and rGO by hydrothermal 

reduction method. Moreover, rGO shows an intense high peak at 2 = 24.4° with a 

reduction of d-spacing compared to GO. These results clearly demonstrate the 

removal of oxygen-containing groups and the formation of multilayered rGO. 

3.5 Experimental set-up and electrode preparation: 

 

Figure 3.10: (a) Photograph of the three-electrode experimental set-up. (b) 
Schematic of three-electrode cell with electrochemical workstation. (c) Photograph 
of an electrochemical workstation.  

Figure 3.10 shows photograph of the three-electrode experimental set-up, 

schematic of a three-electrode cell attached to an electrochemical workstation and 

a photograph of an electrochemical workstation. The electrode performance of the 

Co-Cr-LDH and rGO electrodes are examined with CV, GCD, EIS analysis. The data 

were collected with a conventional three-electrode cell using a ZIVE MP1 

multichannel electrochemical workstation.  

Electrode preparation: The Co-Cr-LDH electrode was prepared by mixing the 

active material (Co-Cr-LDH), acetylene black and poly(vinylidene difluoride) 

(PVDF) with a mass ratio of 80:15:5 in n-methyl-2-pyrrolidone (NMP) until it 

becomes a homogeneous slurry with proper viscosity. The resultant paste was then 

homogenously coated on a cleaned SS substrate of 1 cm2 area and vacuum dried at 

80 °C for 12 h. [41]  
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For the conventional three-electrode electrochemical cell, the Co-Cr-LDH 

deposited on SS substrate, Hg/HgO, and a platinum mesh were used as a working, 

reference and counter electrodes, respectively. An aqueous solution of 2 M KOH 

was used as an electrolyte. The CV data were obtained in 0.05 to +0.6 V vs Hg/HgO 

potential window with sweep rate of 4 to 100 mV s–1. The GCD data were obtained 

at 1−5 A g–1. EIS measurements were carried out in the frequency range of 0.01−105 

Hz. The Csp and Cs are calculated by using the following equation.  

Csp = 
IΔt

𝑚
                                                                                                                                      (3.1)      

Cs =  
𝐼

𝑚

  𝛥𝑡

𝛥𝑉
                                                                                                                  (3.2)                                                                                                                             

  Where, Csp is the specific capacity (C g–1), Cs is specific capacitance (F g–1), I is 

current density (mA cm–2), m is mass of active material (mg) and ΔV is potential 

window (V).          

3.6 Electrochemical performance of Co-Cr-LDH: 

3.7 Results and discussion: 

3.7.1 Cyclic voltammetry (CV) study: 

 
Figure 3.11: The CV curves of Co-Cr-LDH at various scan rates (4-100 mV s–1). 
Figure 3.11 presents the CV curves of Co-Cr-LDH at various scan rates (4 mV s–1 to 

100 mV s–1) in a 2 M KOH electrolyte. The Co-Cr-LDH electrode showed pairs of 

apparent redox peaks at 0.015 V, suggesting the electrochemical charge storage 

mechanism such as capacitive and diffusion-controlled types. The redox peaks are 

discernible at 0.015 V for the reference Co-Cr-LDH that are assigned to the quasi 
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reversible oxidation-reduction reactions between Co(OH)2 and CoOOH 

transformation, which is represented in following reaction:  

𝐶𝑜𝐶𝑟 − 𝐿𝐷𝐻 +  (𝑂𝐻)− ↔  𝐶𝑜𝐶𝑟 − 𝑂𝑂𝐻 +  𝐻2𝑂 + 𝑒−                                     (3.3) 

 As presented in figure 3.11, the redox peak current and area under CV curves 

increase with scan rates. The shifting of a cathodic peak with scan rate towards 

more positive potential indicates both capacitive and diffusion-controlled type 

charge storage mechanisms in Co-Cr-LDH. The contribution of each can be resolved 

by the electrochemical kinetics study via following relation, 

𝑄𝑡  =  𝑄𝑠  + 𝑐𝑣−
1

2                                                                                                              (3.4) 

In this equation, Qt, Qs, c, and 𝑣 are the total voltammetric charge, surface 

capacitive charge, constant, and scan rate, respectively. The surface capacitive 

charge (Qs) can be resolved by Qt vs (𝑣)–1/2 (figure 3.12) plot and deducing 𝑣 to 

infinity by assuming semi-infinite linear diffusion, within a reasonable range of 

sweep rates.   

 

Figure 3.12: Plot of total charge (Qt) vs the reciprocal of the square root of the scan 
rate (𝑣–1/2). 

The high scan rates above 20 mV s–1 are ignored in the fitting to avoid the 

polarization effect. [42] Figure 3.13 shows the fractions of capacitive and diffusion-

controlled contributions of Co-Cr-LDH represented by solid-filled and pattern-

filled columns, respectively. The Co-Cr-LDH electrode shows that capacitive charge 

(Qs) is prominent at a high scan rate, whereas the diffusion-controlled (Qd) charge 

is prominent at a low scan rate. The Co-Cr-LDH shows the capacitive contributions 
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of 58 % and 76 % at a scan rate of 4 mV s–1 and 20 mV s–1, respectively. The Co-Cr-

LDH has a high percentage of surface atoms and high efficient active sites on the 

surface layer; thus, Co-Cr-LDH shows the more capacitive dominant reaction at a 

high scan rate. [43] 

 

Figure 3.13: The fraction of the capacitive contribution of Co-Cr-LDH (solid) and 
diffusion-controlled contribution of Co-Cr-LDH (pattern) (values in bar assigned 
for the respective percentage contributions). 
3.7.2 Galvanostatic charge-discharge (GCD) study: 

 

Figure 3.14: (a) GCD plot of the Co-Cr-LDH at various current densities (1 – 5 A g–

1). (b) The variation of Csp of Co-Cr-LDH electrode with current density (1 – 5 A g–

1). 
The electrode performance of Co-Cr-LDH was evaluated by GCD 

measurements. Figure 3.14 (a) represents GCD curves of the Co-Cr-LDH, measured 

at various current densities (1-5 A g–1). The Co-Cr-LDH electrode exhibits 

characteristic nonlinear GCD curves with some curvature due to reversible 

Faradaic reactions. To probe the charge transfer kinetics, GCD performance of Co-

Cr-LDH was tested at various current densities from 1-5 A g–1, as shown in figure 
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3.14 (b). The Co-Cr-LDH displays a Csp of 591 C g–1 at 1 A g–1 that decrease to 60 C 

g–1  at 5 A g–1. The decrease of Csp of Co-Cr-LDH at high current density indicates 

the slow charge transfer kinetics of the electrode. Thus efforts are escalated to 

improve the electrode performance of Co-Cr-LDH by making various nanohybrids 

in this study.   

3.7.3 Electrochemical impedance spectroscopy (EIS) study: 

 

Figure 3.15: Nyquist plot of Co-Cr-LDH electrode with the best fitted equivalent 
circuit, inset (high frequency region EIS spectrum). 

The charge carriage rate of Co-Cr-LDH is further studied with EIS analysis, 

and the corresponding Nyquist plot is presented in figure 3.15. The Co-Cr-LDH 

electrode commonly exhibits a semicircle and straight line in the high-frequency 

and low-frequency region, respectively. The starting point of the Nyquist plot 

represents series resistance (Rs) and diameter of extrapolated semicircle 

represents charge transfer resistance (Rct). The Co-Cr-LDH showed a small 

semicircle radius in the Nyquist plot, which clearly indicates rapid and easy charge 

transfer kinetics. Thus, the size of the semicircle in Co-Cr-LDH is directly correlated 

with the electrical conductivity of the Co-Cr-LDH electrode. From the curve 

simulation and fitting analysis, the Co-Cr-LDH electrode shows Rs and Rct values 

such as 0.36  and 95 , respectively. Co-Cr-LDH displays a stiff slope of the 

straight line in the low-frequency region. The observed stiff slope due to electrolyte 

ion diffusion of Co-Cr-LDH electrode confirms its lower resistance (Warburg 
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impedance). The noteworthy electrode performance of Co-Cr-LDH is attributed to 

its unique layered structure, a high percentage of electroactive surface atoms, and 

plenty of electroactive sites.  

3.8 Electrochemical performance of rGO: 

3.8.1 Cyclic voltammetry (CV) study: 

 

Figure 3.16: The CV curves of rGO at various scan rates (10–100 mV s–1). 
The CV plot of rGO electrode at various scan rates (10-100 mV s–1) in the 

potential range of 0 to -1 V vs Hg/HgO in 2 M KOH electrolyte are represented in 

figure 3.16. The quasi-rectangular shape of CV plot confirms charge storage like 

EDLC-type in the rGO electrode. Also, large and symmetric current responses in 

anodic and cathodic directions are observed, representing the EDLC-type nature of 

the rGO electrode. Furthermore, the area enclosed in the CV plot increases with 

increasing sweep rate. This shows that voltammetric current is proportional to the 

scan rate of CV.  
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3.8.2 Galvanostatic charge–discharge (GCD) study: 

 

Figure 3.17: (a) The GCD curves and (b) Cs of the rGO at various current densities 
(0.8 – 2 A g–1). 
          The GCD study of rGO electrode is carried out in the potential window of 0 to 

-1 V vs Hg/HgO and shown in figure 3.17 (a). The nearly linear charge-discharge 

curves are obtained for the rGO electrode, which shows its EDLC-type nature. The 

Cs of the rGO electrode calculated by GCD analysis is plotted in figure 3.17 (b) with 

respective current densities (0.8-2 A g–1). As plotted in figure 3.17 (b), the rGO 

electrode exhibits a Cs of 149 F g–1 at 0.8 A g–1 that decreased to 128 F g–1 at 2 A g–

1. [44, 45] The rGO electrode maintains good electrode performance at high current 

densities indicating its high rate capability.  
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3.8.3 Electrochemical impedance spectroscopy (EIS) study: 

 

Figure 3.18: Nyquist plot of rGO electrode with the best fitted equivalent circuit, 
inset (high frequency region EIS spectrum). 

The Nyquist plot of the rGO electrode is shown in figure 3.18. The fitted 

equivalent circuit in inset with components of solution resistance (Rs), charge 

transfer resistance (Rct), constant phase element (CPE1) and Warburg resistance 

(Wo). The solution resistance (Rs) of rGO is 0.22 Ω, and charge transfer resistance 

(Rct) is 1.27 Ω. The small Rs and Rct values indicate excellent electrical conductivity 

of the rGO electrode. 
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3.9 Conclusions: 

In conclusion, the electrochemical performance of Co-Cr-LDH was tested by 

a three-electrode system in a 2 M KOH aqueous electrolyte. The Co-Cr-LDH 

electrode exhibited a redox-type charge storage mechanism with a Csp of 591 C g–

1 at 1 A g–1. The Co-Cr-LDH showed 58 % and 76 % capacitive contribution at scan 

rates of 4 mV s–1 and 20 mV s–1, respectively. The good supercapacitive activity of 

the Co-Cr-LDH electrode is owing to the typical layered structure of Co-Cr-LDH and 

in which electrochemically active Co and Cr have a significant impact on the 

supercapacitive activity of Co-Cr-LDH. Moreover, the rGO electrode displays charge 

storage mechanism like EDLC-type with a Cs of 149 F g–1 at 0.8 A g–1.  
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4.1 Introduction:  

As SCs are worthy energy storage devices with characteristics of fast charging-

discharging ability (a few seconds; thereby high PD (> 10 kW kg–1)), moderate ED 

(∼10 Wh kg–1), and excellent cycle life. [1-3] Consequently, SCs are readily 

applicable whenever pulse power is required in hybrid electric automotive to 

assist batteries and portable electronic devices. From a fundamental point of view, 

the phenomenon of electric double layer formation offers a basis for EDLCs and 

oxidation-reduction reactions at interface offers a basis for pseudocapacitors 

(PCs). [4] Thus, high surface area carbon structures can help EDLCs. In contrast, 

transition metal oxides, hydroxides, and conductive polymers are the appropriate 

materials for PCs. [1-3] However, SCs can only deliver moderate ED, valuable 

where pulse power is required. The issue of limited ED can be overcome by 

utilizing a HSC device comprising battery- and capacitive-type electrode materials 

in a single electrochemical cell. In this regard, GO, or rGO, is the best choice as 

capacitive-type electrode materials due to their excellent conductivity, 

electrochemical stability, expanded surface area, and 2D Ns morphology. [5, 6] 

LDHs demonstrated enormous potential as a battery-type electrode in HSC with 

the capability to store a large amount of charge storing ions in the interlayer space 

and tunable electronic properties. [7-13] In particular, Ni, Co and Al-based LDH 

phases receive prime attention as battery-type HSC electrodes because of their 

promising electrochemical performance (800-2000 F g–1). [11, 13] In this context, 

Co-Cr-LDH displays superior electrode activity with a hybrid-type charge storage 

mechanism (EDLC and redox-type) due to its unique layered structure, anions 

intercalation capability, hydrated gallery space, and redox-active elemental 

composition. Thus, Co-Cr-LDH is regarded as a highly potential battery-type 

electrode (positive electrode) material for HSC. However, the electrode 

performance of Co-Cr-LDH is highly limited due to the compact layered structure, 

low surface area, low conductivity, and restricted gallery space. [14-18] A strategy 

to enable accessible intergallery space comprises expanding intergallery space via 

intercalation of bulky anions or various anionic guest nanostructures, such as 

polymeric, inorganic, organic, and bio-molecules. [9, 19-22] Many attempts were 

made to expand the intergallery spacing of LDHs via in situ anion exchange 

processes, which is limited by the kinetically-unfavorable sluggish diffusion 
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process of anionic guest species within constrained interlayer space of host LDH. 

[19, 23] 

On the other hand, exfoliation of Co-Cr-LDHs crystal leading to positively charged 

Co-Cr-LDH monolayer Ns and pH-controlled hydrolysis of vanadium salt solution 

results in polyoxovanadium (POV) anions with well-defined molecular dimension 

(~1 nm). The electrostatic self-assembly between POV anions and positively 

charged Co-Cr-LDHs Ns can lead to Co-Cr-LDH-POV nanohybrids (CCV 

nanohybrids) with expanded interlayer space, mesoporous structure with 

enhanced surface area, and well-arranged pore structure owing to the 

development of intercalative structure. [24-28] Also, intercalated POV anions with 

well-defined reversible redox states can act as an effective reversible electron 

transfer mediator, which is advantageous for the electrochemical activity of 

resultant nanohybrids. [24]   

The present chapter deals with the synthesis and characterizations of CCV 

nanohybrids by self-assembly of positively charged Co-Cr-LDH Ns and POV anions. 

Furthermore, the evolution of electrode activity of CCV nanohybrids is explored to 

achieve the optimum electrochemical activity. Finally, the HSC is fabricated using 

the best optimized CCV nanohybrid as a cathode (positive electrode) and rGO as an 

anode.  

4.2 Synthesis and characterization of Co-Cr-LDH-POV: 

4.3 Experimental details: 

4.3.1 Chemicals: 

Co(NO3)2.6H2O, Cr(NO3)3.9H2O, NaOH, NaNO3, Na3VO4, Graphite flakes, NMP, 

PVDF, PVA and  KOH were purchased from Sigma-Aldrich. SS substrates (304 

grade) were served as a current collector to prepare the Co-Cr-LDH and CCV 

nanohybrid electrodes. 

4.3.2 Synthesis of Co-Cr-LDH-POV:  

The pristine Co–Cr–LDH in the nitrate form was synthesized using a 

conventional co-precipitation method according to Reichle protocol. [1] The 

monolayers of Co–Cr–LDH was achieved by the dispersion of pristine Co-Cr-LDH 

powder in formamide. [2] The self–assembled CCV nanohybrids were prepared via 

rate–controlled simultaneous addition of POV solution and exfoliated Co–Cr–LDH 

monolayers colloidal suspension. The subsequent flocculation products of CCV 
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nanohybrids were immediately collected by centrifugation, cleaned with 

formamide and absolute ethanol. Finally, to ensure solid CCV nanohybrid product 

freeze-drying process was adopted. All the processes were done with 

decarbonated water and under inert (N2) atmosphere to avoid contamination of 

Co-Cr-LDH and CCV nanohybrids from CO32- anions. The schematic for the 

synthesis of exfoliated Co-Cr-LDH Ns and CCV nanohybrids is displayed in figure 

4.1.  

The ability of the exfoliation–restacking process to control the chemical 

composition of CCV nanohybrids was investigated by preparing the nanohybrid 

materials with three representative Co–Cr–LDH/POV molar ratios of 0.66, 0.5, and 

0.2, and the obtained CCV nanohybrids are denoted as CCV–1, CCV–2, and CCV–3, 

respectively. The POV/Co–Cr–LDH molar ratios of 0.66, 0.5, and 0.2 correspond to 

2–, 4–, and 6–fold excesses of POV required to balance the LDH monolayer charge, 

respectively, which were obtained by the lower–nuclearity [V2O7]4– POV anions. 

 

Figure 4.1: Schematic model of Co-Cr-LDH and Co-Cr-LDH-POV nanohybrids. 
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4.4 Characterizations of Co-Cr-LDH-POV: 

The pristine Co-Cr-LDH and the self–assembled CCV nanohybrids were 

characterized by various physicochemical characterization techniques as 

described in Chapter-3, section 3.3.  

4.4.1 Zeta potential measurement:  

 

Figure 4.2: (a) Zeta potential curve and (b) particle size distribution of the colloidal 
suspension of exfoliated Co-Cr-LDH Ns. 

The quality of Co-Cr-LDH Ns colloidal and the type of surface electrostatic 

charge on Co-Cr-LDH Ns is probed with Zeta potential and particle-size 

measurement. As shown in figure 4.2 (a) Co-Cr-LDH Ns exhibits a zeta-potential of 

+38.56 mV, indicating positively charged Co-Cr-LDH Ns with excellent stability. As 

shown in figure 4.2 (b), Co-Cr-LDH Ns show a particle-size distribution range of ∼7 

to 9.8 𝛍m with a polydispersity index (PDI) of 0.39, indicating homogeneously 

dispersed Co-Cr-LDH Ns in formamide. [29] 

4.4.2 XRD analysis: 

Figure 4.3: (Left) PXRD patterns of (a) Co-Cr-LDH, (b) CCV-1, (c) CCV-2 and (d) 
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CCV-3 nanohybrids, (Right) structural schematic model of Co-Cr-LDH and Co-Cr-
LDH-POV nanohybrids.  

The PXRD patterns of the as-prepared CCV nanohybrids are plotted in figure 4.3 

(left), compared with the pristine Co-Cr-LDH. The pristine Co-Cr-LDH shows well-

developed (003), (006), (009) and (110) Bragg reflections discernible for 

hexagonal LDH phase possessing R-3m rhombohedral symmetry, which is well-

matched with JCPDS card no (38-0487). [30] The lattice dimensions of Co-Cr-LDH 

are a = b = 0.31 nm and c = 0.88 nm estimated using least-squares fitting analysis. 

[31, 32] All of the CCV nanohybrids exhibit equally spaced (001), (002) and (003) 

Bragg reflections with peak positions lower than that of pristine Co-Cr-LDH. This 

underscores the formation of a c-axis-vertically-ordered intercalation compound 

with significant expansion of basal spacing. The interplanar spacing corresponding 

to these (00l) reflections is directly related to the c-axis parameter. Regardless of 

the LDH/POV ratio, all of the CCV self-assembled nanohybrids demonstrated 

expanded c-axis parameters of 1 to 1.2 nm. Judging from the LDH monolayer 

thickness (0.48 nm), the c-axis parameters of 1 to 1.2 nm correspond to the 

enlarged gallery height of 0.52 to 0.72 nm (gallery height = c-axis parameter-LDH 

monolayer thickness), respectively. This result indicates that the present 

exfoliation-restacking route offers high flexibility concerning the chemical 

composition of the hybrid materials.  

From all the prepared nanohybrids, CCV-1 and CCV-2 nanohybrids prepared at 

2- and 4-fold excesses of POV required to balance the Co-Cr-LDH monolayer charge 

display the most significant basal spacing of 1.12 and 1.1 nm, respectively. On the 

other hand, CCV-3 nanohybrid prepared at 6-fold excesses of POV shows the basal 

spacing of 1 nm. The observed expanded basal spacing of ~1.1 nm in CCV-1 and 

CCV-2 nanohybrids underscores the stabilization of more condensed high-

nuclearity cyclic metavanadate [V4O12]4− anions in Co-Cr-LDH interlayer space 

upon hybridization. Whereas, slightly less expansion in basal spacing (~1 nm) 

observed for CCV-3 nanohybrid indicates stabilization of low-nuclearity dimeric 

[V2O7]4− anions in Co-Cr-LDH interlayer space. [23, 33] The crystallite thickness of 

CCV nanohybrids, by the Scherrer's formula for the (00l) plane, is ~10 nm. 

Referring to the basal spacing of the CCV nanohybrids (1.1 nm), the estimated 

crystallite thickness corresponds to the ~8-10 monolayers of Co-Cr-LDH restacked 
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with the POV anions. Furthermore, prepared CCV nanohybrids and reference Co-

Cr-LDH show the characteristic in-plane (110) peak of hexagonal Co-Cr-LDH at 2θ 

= ~ 60.2 with broad sawtooth shape peak at ~ 32-45. The observation of these 

in-plane reflections clearly emphasizes the maintenance of in-plane Co-Cr-LDH 

monolayer structure and disordered turbostratic stacking structure of the CCV 

nanohybrids. 

4.4.3 FTIR analysis: 

 
Figure 4.4: FTIR spectra of (a) Co-Cr-LDH, (b) CCV-1, (c) CCV-2 and (d) CCV-3 
nanohybrids. 

Figure 4.4 shows the FTIR spectra of CCV nanohybrids and the reference Co-Cr-

LDH in the range of 400 to 4000 cm–1. The Co-Cr-LDH FTIR spectrum displays 

sharp absorption peaks at 1 (514 cm–1), 2 (770 cm–1), 3 (1380 cm–1), 4 (1600 

cm–1), and 5 (3465 cm–1). The peaks 1 (514 cm–1) and 2 (770 cm–1) are ascribed 

to the metal-oxygen (M-O) and metal-oxygen-hydrogen (M-O-H) bending 

vibrations in the brucite-like Co-Cr-LDH phase, respectively. [32, 34] The sharp 

absorption peak at 3 (1380 cm−1) is ascribed to the anti-symmetric stretching 

mode of intrasheet nitrate anions. [35, 36] The broad absorption peak at 5 (3546 

cm–1) and sharp peak 4 (1610 cm−1) are attributed to the stretching vibration of 

the H-bound O-H groups in Co-Cr-LDH and bending vibrational modes of the water 

molecule, respectively. [32] On the other hand, the CCV nanohybrids demonstrated 
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complex IR spectra, covering absorption peaks of Co-Cr-LDH with POV-related 

absorption peaks. The intense absorption peak at 8 (812 cm–1) with an associated 

shoulder at 7 (674 cm–1) are assigned to the symmetric and anti-symmetric 

stretching modes of vanadium-oxygen chains in intercalated POV anions, 

respectively. [37, 38] The sharp absorption peak at 9 (940 cm−1) is attributed to 

the V=O symmetric stretching mode. [39-41] The absorption peak related to the 

anti-symmetric stretching mode of intrasheet nitrate or carbonate anions showing 

very mild signature at 10 (1380 cm–1), underscoring slight contamination of CCV 

nanohybrids with adsorbed carbonate or nitrate anions during exfoliation-

restacking. [23] The broad absorption band at 𝜈13 (3546 cm–1) and sharp band 𝜈11 

(1610 cm−1) are attributed to the stretching vibration of the H-bound O–H groups 

in Co-Cr-LDH and bending vibration of intergallery H2O, respectively. [32] 

Obtained IR features confirm the maintenance of Co-Cr-LDH monolayers and 

intercalation of POV anions into the interlayer spaces of the Co-Cr-LDH. 

4.4.4 Raman analysis: 

 

Figure 4.5: Micro-Raman spectra of (a) Co-Cr-LDH, (b) CCV-1, (c) CCV-2 and (d) 
CCV-3 nanohybrids. 

The type of intercalated POV anions, microscopic structural properties, and their 

chemical bonding characteristic upon the self-assembly are examined using Micro-

Raman spectroscopy. As seen from figure 4.5, the Micro-Raman spectrum of Co-Cr-
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LDH displays 1 to 7 typical Raman peaks, which assigned to the characteristic 

Raman shift from the Co-Cr-LDH, intercalated nitrate anions and water molecules. 

The peaks at 1 (265 cm–1), 2 (455 cm–1), 3 (530 cm–1), 4 (600 cm–1), 5 (840 

cm–1), and 6 (1055 cm–1) are assigned to the lattice (metal-oxygen) translational 

vibrations (Eg mode), O-Co-O bending (A1g mode), Co-O stretching (A2u mode), Co-

O rotational (Eg mode), symmetric/anti-symmetric Cr-OH stretching and 

symmetric stretching of NO3 modes, respectively. [32-47] The broad signature 

peak around 7 (3575 cm1) is assigned to the internal stretching of hydroxyl 

groups and intersheet H2O molecules. Similarly, the CCV nanohybrids showed 

characteristic Raman peaks at 8 (250 cm–1), 10 (450 cm–1), 11 (532 cm–1), and 

12 (827 cm–1), which are attributed to the Co-Cr-LDH lattice vibrational modes. 

[42-49]  

Additionally, CCV nanohybrids show an intense peak at 13 (922 cm1) and a 

signature peak at 9 (311 cm1). The high-intensity broad peak 13 is formed due 

to the superposition of 12 (830 cm1), 13 (922 cm1), and 14 (984 cm1) peaks. 

The peaks 12, 13 and 14 are assigned to the symmetric Cr-OH stretching, the 

symmetric tetrameric vanadate stretching (cyclic-metavanadate [V4O12]4− anions) 

and symmetric decavanadate [V10O28]6− anions stretching vibrations, respectively. 

[34-36, 50] During the exfoliation-restacking route, the POV solution being pH 

shocked from 5 to ~7 that causes [V10O28]6− anions decomposition to dimeric 

pyrovanadates [V2O7]4− and cyclic-metavanadate [V4O12]4− anions. [35, 51] The 

present spectroscopic analysis confirms the intercalative stabilization of dimeric 

pyrovanadates [V2O7]4− and cyclic-metavanadate [V4O12]4− anions at Co-Cr-LDH 

interlayer space. The broad peak around 15 (3470 cm–1) is flattened and red-

shifted as compared to peak around 7 (3575 cm1), which is ascribed to the 

intercalation of more free water molecules due to increased gallery space of Co-Cr-

LDH upon hybridization. [29, 50] These characteristic Raman features 

corresponding to lattice vibrational modes of Co-Cr-LDH clearly emphasize the 

intactness of the pristine in-plane structure of Co-Cr-LDH monolayer Ns after 

hybridization. 
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4.4.5 FESEM analysis: 

 
Figure 4.6: FESEM images of (a, aʹ) Co-Cr-LDH, (b, bʹ) CCV-1, (c, cʹ) CCV-2 and (d, 
dʹ) CCV-3 nanohybrids at various magnifications ((b-d) 100k and (bʹ-dʹ) 300k).  

The crystal shapes, sizes, and morphologies of the CCV nanohybrids and 

reference Co-Cr-LDH samples are examined with FESEM. The Co-Cr-LDH shows a 

non-porous flat surface morphology which is commonly observed in the co-

precipitated LDH materials (figure 4.6 (a, aʹ)). Alternatively, in figure 4.6 (b-b', c-c' 

and d-dʹ), the CCV nanohybrids typically display porous morphology composed of 
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randomly aggregated sheet-like crystallites. Consequently, a large number of 

mesopores are formed due to the randomly aggregated sheet-like crystallites. A 

close topographical inspection of micrographs at high magnification reveals the 

thickness of the CCV nanohybrid sheet-like crystallites is between ~7 to 15 nm and 

the lateral size is between ~40 to 180 nm. The stacking structure obtained due to 

the edge-to-face interaction of restacked LDH Ns offers mesoporous spaces of ~10 

to 80 nm with irregular polygon shapes. The estimated thickness (7 to 15 nm) of 

the CCV nanohybrid sheet-like crystallites demonstrates the stacking of 6 to 14 

layers of 2D Co-Cr-LDH monolayers and POV anions. Similar mesoporous 

morphologies are commonly observed for the self-assembled nanohybrids of 2D 

Ns and various nanostructures. [23-26] 

4.4.6 EDS analysis: 

 

Figure 4.7: EDS-elemental mappings of (a) Co-Cr-LDH, (b) CCV-1, (c) CCV-2, and 
(d) CCV-3, subscript 1, 2, 3 and 4 represent FESEM images, Co, Cr, and V elements, 
respectively. 

The spatial distributions of constituent elements and chemical composition 

of CCV nanohybrids and Co-Cr-LDH at the nanometer scale are examined with EDS 

and elemental mapping analysis. As shown in figure 4.7, all the constituent 

elements (Co, Cr and V) are uniformly distributed across the entire elemental 

mapping area, demonstrating the homogeneous hybridization of Co-Cr-(OH)2 

monolayers and POV anions without spatial phase separation (figure 4.7 and 4.8). 
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The chemical compositions of reference Co-Cr-LDH and Co-Cr-LDH-POV 

nanohybrids are estimated as Co0.65Cr0.35(OH)20.35(NO)3yH2O, 

Co0.67Cr0.33(OH)20.13(V4O12)yH2O, Co0.68Cr0.32(OH)20.14(V4O12)yH2O, and 

Co0.65Cr0.35(OH)20.33(V2O7)yH2O for Co-Cr-LDH, CCV-1, CCV-2, and CCV-3 

nanohybrids, respectively.  

 
Figure 4.8: EDS spectra of (a) Co-Cr-LDH, (b) CCV-1, (c) CCV-2, and (d) CCV-3. 
4.4.7 XPS analysis: 

 

Figure 4.9: (a) Survey, (b) Co 2p, (c) Cr 2p, (d) O 1s and (e) V 2p XPS spectra of Co-Cr-LDH 
and CCV nanohybrids. Core levels, (i) Co-Cr-LDH, (ii) CCV-1, (iii) CCV-2 and (iv) CCV-3 
nanohybrids.  
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The surface chemical composition, diverse oxidation states of stabilized POV 

anions, and their influence on the chemical bonding nature of the pristine Co-Cr-

LDH structure are studied using XPS measurements. The XPS survey spectra 

demonstrate that all the samples under investigation (figure 4.9 (a)) commonly 

show spectral features of the element Co, Cr, and O with additional features of V in 

nanohybrids. As plotted in figure 4.9 (b), the reference Co-Cr-LDH and CCV 

nanohybrids commonly exhibit two spectral features A (781.2 eV) and B (797.4 

eV) with satellite peaks at Aʹ (786.8 eV) and Bʹ (803.2 eV). These spectral features 

are attributed to the spin-orbit splitting into Co 2p3/2 and Co 2p1/2, respectively. 

[42, 34] The binding energy difference (16.2 eV) of peaks A and B can be regarded 

as an indicator for Co+2 in Co-Cr-LDH. As shown in figure 4.9 (c), the high-resolution 

Cr 2p spectrum shows A (577.6 eV) and B (587.3 eV) peaks, that arised due to spin 

orbit splitting of Cr 2p3/2 and Cr 2p1/2 components. [52-53] The binding energy of 

broad peak A is associated with the Cr3+ hydroxide state and Cr3+ attached with 

intergallery ligands like OH– and H2O. [54-55] The O 1s XPS spectra of reference 

Co-Cr-LDH and Co-Cr-LDH-POV nanohybrids are represented in figure 4.9 (d). 

Interestingly, O 1s spectrum of Co-Cr-LDH demonstrates the broad peak A (531.9 

eV), indicating the presence of oxygen from metal hydroxide, surface hydroxyl 

group and bound water. Alternatively, O 1s spectra of CCV nanohybrids display the 

broad peak A (531.7 eV) and a shoulder peak B (530.1 eV). [41, 56] The shoulder 

peak B is absent in reference Co-Cr-LDH which is aroused from the V-O in POV 

anions. As demonstrated in figure 4.9 (e), high-resolution V 2p XPS spectra are 

discernible only for CCV nanohybrids. As shown in figure 4.9 (e), the high-

resolution V 2p spectrum shows A (517.1 eV) and B (524.7 eV) peaks, that arised 

due to spin orbit splitting of V 2p3/2 and V 2p1/2 components, respectively. [21, 31, 

57, 58] These spectral features are attributed to the pentavalent vanadium from 

POV anions. The obtained XPS features vividly designate the intercalation of POV 

anions in interlayer space of Co-Cr-LDH. 
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4.4.8 TEM analysis: 

 

 

Figure 4.10: (a, b, c) Top view of TEM, (d, e) Top view of HRTEM and (f, g, h) Cross-sectional HRTEM images of CCV-2 nanohybrid at high 
magnifications with (i) its schematic representation.  
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The layer-by-layer-ordered stacking and shape of the as-prepared CCV nanohybrids at the 

nanometer scale are examined using TEM. As presented in figure 4.10 (a, b, c), the top-view 

TEM images of the CCV-2 nanohybrid vividly display randomly aggregated Co-Cr-LDH-POV 

sheet-like crystallites creating mesoporous stacking structure. As illustrated in figure 4.10 (d, 

e), the top-view HRTEM images of the nanohybrid clearly demonstrate a series of equally-

spaced fringes separated by an interline distance of 0.21 nm. This interplanar distance is well-

matched with the host Co-Cr-(OH)2 hexagonal lattice (JCPDS card, No. 38-0487). Moreover, 

the cross-sectional HRTEM images in figure 4.10 (f, g, h) of the CCV-2 nanohybrid shows 

equally-spaced parallel-aligned dark lines corresponding to the Co-Cr-(OH)2 monolayers. 

At a high resolution, zones of equally spaced parallel-aligned dark lines highlighted by the 

dotted lines (figure 4.10 (h)) are discernible; careful observation of these zones reveals 

alignment of 4 to 10 equally-spaced parallel dark lines with a total thickness of 4 to 9 nm. As 

judged from the Scherrer calculations, Co-Cr-LDH-POV nanohybrid crystallite thickness 

corresponds to ~10 POV-pillared Co-Cr-(OH)2 layers. The observed zone thickness of 4-9 nm 

agrees with the Co-Cr-LDH-POV nanohybrid crystallite thickness. As illustrated in figure 4.10 

(h, i), the distance between two consecutive dark lines is 0.96 nm, which agrees with the c-axis 

lattice parameter of CCV-2 nanohybrid estimated from XRD analysis. This observation 

demonstrates the intercalative stabilization of POV anions into Co-Cr-LDH with the formation 

of layer-by-layer stacking of Co-Cr-(OH)2 and POV anions. The present HRTEM images of the 

CCV nanohybrids are corresponding to the nanohybrids prepared by the exfoliation-

reassembling route. [21-26] 
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4.4.9 N2 adsorption-desorption (BET) analysis: 

 

Figure 4.11: N2 adsorption-desorption isotherms for (a) CCV-1, (b) CCV-2, and (c) CCV-3 
nanohybrids. (d) Pore size distribution curves for (red) CCV-1, (green) CCV-2 and (blue) CCV-
3. In (a, b, c), the open symbols represent the adsorption and closed symbols represent 
desorption data. 

The effect of POV hybridization on the surface area and pore structure of the CCV 

nanohybrids is probed with N2 adsorption-desorption isotherm analysis. From figure 4.11 

(a, b, c), the CCV nanohybrids show significant N2 adsorption at pp0–1 < 0.4 and distinct 

hysteresis at pp0–1 > 0.45 characteristic of the mesoporous materials. [57] According to the 

IUPAC classification, the observed isotherm shape and hysteresis behavior can be classified 

as H3-type hysteresis loops and BDDT type-IV isotherm shapes. The presence of H3-type 

hysteresis and type-IV isotherm is a typical characteristic of the aggregates of plate-like 

particles with slit shape mesopores. [57-58] 

In contrast to Co-Cr-LDH (5 m2 g–1) (Chapter-3, figure 3.8 (a)), upon the hybridization 

with POV anions, all of the CCV nanohybrids exhibit high surface areas of 47, 43 and 42 m2 g–

1 for CCV-1, CCV-2 and CCV-3 nanohybrids, respectively. The present results highlight the 

crucial role of POV intercalation for surface area expansion of LDH via the exfoliation-

restacking route. According to BJH method, the distribution of pore size is calculated and 

shown in figure 4.11 (d). Mesoporous character of the CCV nanohybrids is indicated by high 

distribution of pores with an average diameter of ~3-4 nm. Also, CCV nanohybrids show 
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broad pore distribution with an average diameter ~5-20 nm, emphasizing the formation of 

micropores due to random stacking of sheet-like CCV crystallites. The observed pore size 

distribution and surface area analysis revealed the crucial importance of the exfoliation-

reassembling route for tuning the pore structure of the resulting CCV nanohybrids. 
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4.5 Conclusions: 

A mesoporous layer-by-layer self-assembled CCV nanohybrids are 

prepared by self-assembly between the Co-Cr-LDH monolayer Ns and POV anions. 

Facile alteration of Co-Cr-LDH Ns and POV mixing proportions is an efficient way 

for tuning the type and amount of intercalated POV species with high flexibility in 

chemical composition. The obtained nanohybrids are characterized by XRD, 

FESEM, FTIR, Raman, EDS, XPS, TEM and N2 adsorption-desorption analysis 

techniques to study crystal structure, chemical bonding, surface textural as well 

as compositional properties. The CCV nanohybrids show the layer-by-layer 

ordered structure, enlarged gallery height, mesoporous morphology (created by 

randomly aggregated sheet-like crystallites), and expanded surface area.  
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4.6 Electrochemical performance of Co-Cr-LDH-POV: 

4.7 Result and discussion:  

4.7.1 Cyclic voltammetry (CV) study: 

 
Figure 4.12: (a) CV plot of Co-Cr-LDH and CCV nanohybrids at a sweep rate of 10 mV 

s–1. CV plot of the (b) Co-Cr-LDH and (c) CCV-1, (d) CCV-2 and (e) CCV-3 nanohybrid at 
various scan rates (scan rate: 4 – 20 mV s–1).  

The electrochemical performance of reference Co-Cr-LDH and CCV nanohybrids are 

studied using a three-electrode electrochemical half-cell. In a half-cell, the Co-Cr-LDH 

or CCV nanohybrid served as working electrode, a platinum mesh served as counter 

electrode and Hg/HgO is utilized reference electrode. (Chapter – 3, section 3.5). 

Figure 4.12 (a) presents the CV plot of Co-Cr-LDH and CCV nanohybrids electrodes at 

10 mV s–1 in a 2 M KOH electrolyte. All the tested electrodes showed redox peak pairs, 

suggesting the electrochemical charge storage involving both diffusion-controlled and 

capacitive types of charge storage. The redox peaks are discernible at 0.015 V for the 

reference Co-Cr-LDH that are assigned to the quasi reversible oxidation-reduction 

reactions between Co(OH)2 and CoOOH transformation, according to the oxidation-

reduction reaction (equation 3.3, Chapter – 3): [31]  

Moreover, noticeable redox peaks are observed at ~0.5 to 0.55 V due to the 

reversible redox reaction of Co3+ to Co4+. [59] Also, it is noted that CV shape changed 

according to increasing scan rate, as well as anodic and cathodic peak potentials 
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shifted towards the more anodic and cathodic potential direction. Interestingly, the 

hybridization with POV anions causes broadening of cathodic and anodic peaks, 

illustrating the improved accessibility of electrode materials for the percolation of 

electrolyte ions. POV intercalative hybridization significantly increases the area 

enclosed by the CV plot reference to pristine Co-Cr-LDH, underscoring the significance 

of the POV intercalation for the enhanced charge storage. Careful observation of CV 

shows the difference in the integral area of the CV curves with POV content; CCV-2 

nanohybrid discern the largest area that highlights the important role of optimum POV 

content (Co–Cr–LDH/POV molar ratio =0.5) for the improvement of charge storing 

ability. Also, excess POV intercalation in CCV-3 nanohybrid (Co–Cr–LDH/POV molar 

ratio =0.2) causes a detrimental effect on its charge storing ability as it is visible from 

the decreased area under CV. As presented in figure 4.12 (b-e), the redox peak current 

and area under CV curves increases with scan rates. The shifting of the cathodic peak 

with scan rate towards more positive potential, indicating both charge storage 

mechanism of Co-Cr-LDH and CCV nanohybrids.  

 
Figure 4.13: (a) Plot of total charge (Qt) vs the reciprocal of the square root of the scan 
rate (𝑣–1/2). (b) The fraction of the capacitive (solid) and diffusion-controlled (pattern) 
contributions of Co-Cr-LDH (black), CCV-1 (red), CCV-2 (green) and CCV-3 (blue) 
nanohybrids. (Values in bar assigned for the respective percentage contributions) 

As all of the present electrodes show typical CV curves involving both charge 

storage mechanisms such as diffusion-controlled and capacitive type and the 

contribution of each can be determined by electrochemical kinetics study via equation 

3.4, Chapter – 3. The surface capacitive charge (Qs) can be resolved by Qt vs (𝑣)–1/2 

(figure 4.13 (a)) plot and deducing 𝑣 to infinity by assuming semi-infinite linear 

diffusion, within a reasonable range of sweep rates. The high scan rates above 20 mV 

s–1 are ignored in the fitting to avoid the polarization effect. [60] Figure 4.13 (b) shows 

the fractions of capacitive and diffusion-controlled contributions Co-Cr-LDH and CCV 
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nanohybrids represented by solid-filled and pattern-filled columns, respectively. The 

tested electrodes display that the capacitive charge (Qs) distribution leads at high scan 

rates, where diffusion-controlled (Qd) charge is noticeable at a low scan rate. 

Interestingly, the CCV nanohybrids show capacitive contributions of 59, 71, and 66% 

at scan rate of 4 mV s–1 for CCV-1, CCV-2 and CCV-3 nanohybrids, respectively, that are 

higher than the capacitive contribution of Co-Cr-LDH (58%) at same scan rate. On the 

other hand, at higher sweep rate of 20 mV s–1, the CCV nanohybrids exhibit capacitive 

contributions of 77, 87 and 83% for CCV-1, CCV-2, and CCV-3 nanohybrids, 

respectively as compared to capacitive contribution of Co-Cr-LDH (76%) at the same 

scan rate. Especially CCV-2 nanohybrid demonstrated 2.28-fold increased charge 

storage as compared to Co-Cr-LDH at 4 mV s–1. The capacitive-dominant 

contribution for CCV nanohybrids compared to Co-Cr-LDH is attributable to the 

faster charge transfer kinetics via expanded surface area and accessible LDH 

gallery height upon the intercalative hybridization with POV anions. 

4.7.2 Galvanostatic charge-discharge (GCD) study: 

 
Figure 4.14: (a) GCD plot of the Co-Cr-LDH and CCV nanohybrids at 1 A g–1. CD 
curves of the (b) Co-Cr-LDH and (c) CCV-2 nanohybrid at different current 
densities (current densities: 1 – 5 A g–1). (d) Variations of Csp of Co-Cr-LDH and 
CCV-2 nanohybrids electrodes with current density.  

The GCD cycling measurements further confirmed the beneficial role of POV 

intercalative hybridization on the electrode performance of LDH. Figure 4.14 (a) 

presents GCD curves of the CCV nanohybrids and reference Co-Cr-LDH, measured at a 
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current density of 1 A g–1. The CCV nanohybrid electrodes exhibit characteristic 

nonlinear GCD curves with some curvature due to reversible Faradaic reactions, as 

observed for the reference Co-Cr-LDH. Similar to CV behavior, CCV electrodes show 

higher discharge time than Co-Cr-LDH electrode, highlighting improved charge storing 

ability upon intercalative hybridization. In contrast to Csp of Co-Cr-LDH (591 C g–1), 

upon the hybridization with POV anions, all of the CCV nanohybrids exhibit enhanced 

Csps of 620, 732, and 662 C g–1 for CCV-1, CCV-2 and CCV-3 samples, respectively 

(Chapter – 3, equation  3.1). To probe the faster charge transfer kinetics upon the 

POV intercalation, GCD performances of Co-Cr-LDH and CCV-2 nanohybrids are tested 

at various current densities from 1 to 5 A g–1, as displayed in figure 4.14 (b, c). All the 

CCV nanohybrids display and maintain higher (Csps) at a current density of 5 A g–1 

compared to pristine Co-Cr-LDH, highlighting the better rate capabilities of CCV 

nanohybrids. The enhanced (Csps) of CCV nanohybrids are attributed to the enlarged 

interlayer gallery height of Co-Cr-LDH via intercalation of bulky POV anions. Such an 

expanded interlayer gallery height allows an easy percolation of electrolyte ions at the 

interior of Co-Cr-LDH during the GCD course. Compared to mono-charged NO3– anions 

in reference Co-Cr-LDH, the tetra-charged V4O124– POV in CCV nanohybrids offer a high 

charge to size ratio that enables free gallery height between the intercalated anions. 

Such expanded free gallery height accelerates ion diffusion and allows easy 

percolation of electrolyte ions leading to remarkable improvement in Csp values.  

Among the CCV nanohybrids, CCV-2 nanohybrid showed the (Csp) of 732 C g–1, 

which can be ascribed to the more freely accessible gallery height compared to other 

CCV nanohybrids (figure 4.14 (d)) due to optimum POV anions intercalation. On the 

other hand, CCV-3 nanohybrid with surplus POV anions showed a detrimental 

influence on (Csp) due to the blocking of pores by the excess POV anions at the edges. 

Moreover, along with expanded gallery height of Co-Cr-LDH, the surface area 

expansion due to the stacking structure of the restacked LDH Ns offers mesoporous 

spaces of 10 to 80 nm. This high surface area mesoporous structure provides a 

synergistic effect for the ease percolation of electrolytes ions, thus enhancing the 

(Csps) of CCV nanohybrids. These results emphasize the advantages of 

electrostatically induced self-assembly between the Co-Cr-LDH monolayer Ns and 

POV anions to enhance electrochemical activity. 
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4.7.3 Electrochemical impedance spectroscopy (EIS) study: 

 
Figure 4.15:. Nyquist plot of Co-Cr-LDH and CCV nanohybrids with the best fitted 
equivalent circuit, inset (high frequency region EIS spectrum). 

The EIS analysis and corresponding Nyquist plots are presented in figure 

4.15. As prepared CCV nanohybrids and reference Co-Cr-LDH electrodes 

collectively show a straight line at low-frequency and a semicircle at high-

frequency regions. The starting point of the Nyquist plot represents series 

resistance (Rs) and diameter of extrapolated semicircle represents charge 

transfer resistance (Rct). The POV intercalative hybridization of Co-Cr-LDH causes 

a significant reduction in the radius of semicircle in the Nyquist plot, which 

clearly indicates rapid and easy charge transfer kinetics upon the POV 

intercalation. Judging from the similar surface areas of the CCV nanohybrids, the 

sizes of semicircles are directly correlated with the electrical conductivity of the 

CCV nanohybrid electrodes. From the curve simulation and fitting analysis, all the 

CCV nanohybrids exhibit remarkably minimum Rs and Rct values as compared to 

reference Co-Cr-LDH. The obtained Rs and Rct values are 0.25  and 2.85  for 

CCV-1, 0.25  and 2.84  for CCV-2, 0.25  and 3.9  for CCV-3, and 0.25  and 

95  for reference Co-Cr-LDH electrodes. Additionally, all the CCV nanohybrids 
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display steep slopes in low frequency region, indicating the lower electrolyte ion 

diffusion resistance (Warburg impedance). Consequently, the significantly 

improved CCV nanohybrids electrode performance is attributed to the expedited 

ion diffusion due to optimization of pore structure via POV intercalative 

hybridization. The present supercapacitive activity of CCV nanohybrids clearly 

highlights effectiveness of POV intercalative hybridization of Co-Cr-LDH as a 

redox electrode in HAS devices. 

4.8 Fabrication and supercapacitive performance of aqueous hybrid 

supercapacitor (AHSC) device: CCV-2∥rGO 

Fabrication of CCV-2∥rGO AHSC device 

The full-cell AHSC device was assembled by employing CCV-2 nanohybrid as a 

cathode and rGO Ns as an anode with 2M KOH as an electrolyte. The full cell AHSC 

assembly based on CCV nanohybrids and rGO Ns electrodes is presented in figure 

4.16.  

 
Figure 4.16: Schematic diagram of AHSC (Full cell) (CCV-2‖rGO). 

 The beneficial EDLC-type electrochemical activity of rGO electrode in the 

negative potential window (0 to –1 V vs Hg/HgO) is tested using three-electrode 

system and obtained results are depicted in Chapter-3, section-3.8. As reflected 
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from three-electrode measurements, the CCV nanohybrid and rGO Ns electrode 

discern positive (–0.05 to 0.6 V vs Hg/HgO) and negative (0 to –1 V vs Hg/HgO) 

electrochemical active potential windows, respectively. Thus, a full-cell AHSC 

device is expected to operate in potential window of 0.00 to 1.65 V. 

The important task for the fabrication of AHSC is to balance the masses of 

comprising electrodes before assembling the device; in which charges were 

balanced by adjusting the mass ratios of the positive and negative electrodes 

through equation 4.1.    

𝒎+

𝒎−
=

𝑪− .  𝜟𝑽+ 

𝑪+ .  𝜟𝑽−
                                                                                                                                   (4.1) 

Where m+, C+, and ΔV+ are the mass, capacitance, and potential window for the 

positive electrode and m-, ΔV-, and C- are the mass, capacitance, and potential 

window for the negative electrode. [22] 

4.9 Result and discussion:  

4.9.1 Cyclic voltammetry (CV) study: 

 
Figure 4.17: (a) Mass balance CV curves of rGO (black) and CCV-2 (red) at sweep 
rate 20 mV s-1. (b) CV plot of the AHSC at different scanning rates (scan rates: 10-
100 mV‧s-1) in voltage range from 0-1.6 V. 

Figure 4.17 (a) depicts CV transients of CCV nanohybrids and rGO Ns 

electrodes at 20 mV s–1 scan rate in distinct potential windows. As CCV-2 and rGO 

electrodes possess various specific charge capacities, hence to maximize voltage 

window and Csp, charge balance (equation – 4.1) is achieved via adjusting the 
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active electrode mass of both electrodes while assembling CCV–2‖rGO AHSC 

device.  

Judging from the charge balance calculations, the CCV-2 to rGO mass 

loading ratio is maintained at 1:3.9. Figure 4.17 (b) shows CV curves of the CCV–

2‖rGO AHSC device at various scan rates, which reveal pair of redox waves 

confirming both the capacitive and redox-type charge storage mechanisms. The 

CV curves replicate their shapes even at high scan rates of 100 mV s–1, indicating 

fast redox reaction kinetics of the CCV-2 and rGO electrodes. 

4.9.2 Galvanostatic charge-discharge (GCD) study: 

 
Figure 4.18: (a) GCD plot of the CCV-2‖rGO at different current densities (current 
density: 0.8 (black), 1 (red), 1.2 (green), 1.4 (blue), 1.6 (cyan), 1.8 (magenta) and 
2 (yellow) A g-1). (b) Variations of the Csp of AHSC (Full cell) (CCV-2‖rGO) with 
current density. (c) Variations of the Cs of AHSC (CCV-2‖rGO) with current 
density. (d) Plot of ED against PD with their corresponding current densities.  

The superior charge storing capabilities and fast delivery of the AHSC 

device is probed with GCD tests at various current densities, as shown in figure 

4.18 (a). At all the charging-discharging current densities, the CCV–2‖rGO AHSC 

device shows quasi-linear discharge plot with longer times of charge-discharge, 

demonstrating pseudocapacitive characteristics and high energy storing capacity. 

The Csps of CCV–2‖rGO AHSC device assessed from the GCD curves based on the 

total mass of two electrodes are shown in figure 4.18 (b). Interestingly, CCV–
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2‖rGO AHSC device exhibits a Csp of 238.72 C g–1 at 0.8 A g–1 and 158.4 C g–1 at 2 

A g–1, indicating excellent rate capability of CCV–2‖rGO AHSC device  (equation  

3.1, Chapter – 3). As the shapes of GCD curves are approaching linear and 

pseudocapacitive nature, the electrochemical charge storage performance can be 

expressed in capacitive terminology. The calculated Cs values (by using equation 

3.2, Chapter – 3) for various current densities are plotted as figure 4.18 (c). The 

SC performance of the recently reported Co-based LDH devices compared to the 

CCV–2‖rGO AHSC device is shown in figure 4.19 and listed in Table 4.1. Based on 

the GCD curves, the ED and PD (figure 4.18 (d)) of CCV-2‖rGO AHSC device for 

different current densities are calculated by using the following relations.  

                                                                                                                     

ED =
Cs 

2

  (𝛥𝑉)2

3.6
                                                                                                                           (4.2) 

 

PD = ED
3600  

Δt
                                                                                                                           (4.3) 

 

Where, ED is energy density (in Wh kg-1)), PD is power density (in W kg-1). I is the 

applied current (in mA), Δt is the discharge time (in s), m is the mass of the active 

material (in mg) within the active area and 𝛥V is the potential window (in V) .   

 The CCV–2‖rGO AHSC device delivers the ED of 53.04 Wh kg–1 with a PD 

of 512 W kg–1 at 0.8 A g–1. Moreover, the CCV–2‖rGO AHSC device continues to 

deliver the ED of 35.2 Wh kg–1 with an PD of 1280 W kg–1 at 2 A g–1. Moreover, 

Table 4.2 summarized the ED and PD of LDH based devices. Achieved values are 

excellent as compared to reported devices, like  NixCo1–xLDH-ZTO//AC (ED: 23.7 

Wh kg–1; PD: 284.2 W kg–1), [63] KCu7S4@NiMn LDH//AG (ED: 15.9 Wh kg–1; PD: 

9400 W kg–1), [72] ZIF-9@CoAl LDHs//actived carbon (ED: 32.1 Wh kg–1; PD: 

1000 W kg–1), [69] NCLP@NiMn-LDH//AC (ED: 42.2 Wh kg−1; PD: 750 W kg–1) 

[74], NiO/Ni-Mn-LDH/AC ACS (ED: 27.8 Wh kg–1; PD: 401.3 W kg–1), [75] NiMn 

LDH@Co3O4//AG (ED: 26.49 Wh kg–1; PD: 350 W kg–1), [76] NiFe-LDH/MnO2-

16//AC (ED: 27.3 Wh kg–1; PD: 775.5 kW kg–1) [77] and H-OH-LDH//AC (ED: 44.8 

Wh kg–1; PD: 850 kW kg–1). [62] Present electrochemical activity of CCV–2‖rGO 
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AHSC device shows the most state of the art aqueous symmetric, asymmetric and 

hybrid ES devices. [78-81]  

 
Figure 4.19: The literature survey of LDH-based AHSC devices (reference number 
are assigned in parenthesis). 
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Table 4.1: Survey of supercapacitive performance of Co-based LDH devices 

Sr. 
No. 

Material Method Cs 
(F g-1), 

Current density 
(A g–1) 

ED 
 (Wh kg–1) 

Stability  
(%) 

PD 
(W kg–1) 

Cycles Ref. 

1 CoAl-LDHs//rGO Hydrothermal 1.77 F cm-2, 
 2 mAcm-2 

0.71 m Wh 
cm-2 

92.9 17.05  
mW cm-2 

8000 73 

2 KCu7S4@NiMn LDH //AG  Hydrothermal 51, 1 15.9 84.8 9.4 k 16000 72 

3 CoAl LDH//AG  Hydrothermal 59.79, 1 16.27 87.57 3500 10000 71 
4 NiCo2O4@Co-Fe LDH//AC Hydrothermal 64.76, 1 28.94 76.9 950 5000 70 

5 ZIF-9@CoAl LDHs//AC Hydrothermal 71.3,  1 32.1 75 1000 5000 69 

6 ZnO NR@Ni–CoLDH CNSAs//AC Hydrothermal 99.6, 1 40.04 91.7 1118 5000 68 

7 CoNi2S4//AC HSC Hydrothermal 100.7, 1 35.8 132.3 800 50000 67 

8 CoAl-LDH/GF//AEG Hydrothermal 101.4, 0.5 28 ̴ 100 1420 5000 66 

9 (CoNiD)60-rGO40//rGO Co-precipitation 104, 2 52.8 95 2000 5000 65 

10 NiCoAl-LDH/NF//PAC Hydrothermal 116.56, 1 41.44  1.6 799.9 6000 64 

11 NixCo1-x LDH–ZTO //AC Electrochemical 
deposition 

118.4 at 1.2 V. 
Working potential 

23.7 92.7 284.2 5000 63 

12 H-OH-LDH//AC Hydrothermal 125, 1 44.8 92 0.85 k 2000 62 

13 NiCo-LDH/CFC Hydrothermal 147.6, 1 59.2 82 34 k 5000 61 

14 CCV-2‖rGO AHSC Self-assembly 149.2, 0.8 53.04 90 512 5000 Present 
work 
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Table 4.2: Comparative ED and PD of LDH based devices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sr. 
No. 

Electrode material ED 
(Wh kg–1)  

PD  
(W kg–1) 

Ref. 

1 NixCo1–xLDH–ZTO//AC 23.7 284.2 [73] 

2 KCu7S4@NiMn LDH //AG 15.9 9400 [64] 

3 ZIF–9@CoAl LDHs//AC 32.1 1000 [67] 

4 NCLP@NiMn–LDH//AC 42.2 750 [74] 

5     NiO/Ni–Mn–LDH/AC ACS     27.8 401.3 [75] 

6 NiMn LDH@Co3O4//AG 26.49 350 [76] 

7 NiFe–LDH/MnO2–16//AC 27.3 775.5 [77] 
8 H–OH–LDH//AC 44.8 850 [74] 
9 CCV–2//rGO   AHSC 53.04 512 Present 

work 
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4.9.3 The capacitance retention, EIS, and demonstration of CCV–2‖rGO AHSC 

device: 

 
Figure 4.20: (a) The capacitance retention and columbic efficiency vs cycle 
numbers of CCV-2‖rGO AHSC device. (b) The Nyquist plot of AHSC device before 
(black) and after (red) 10000 cycling performance with best fitted equivalent 
circuit. (c) Photograph of the developed CCV-2‖rGO AHSC device.  

The capacitance retention and Coulombic efficiency vs cycle number of 

CCV–2‖rGO AHSC device subjected to 10000 GCD cycles are represented in figure 

4.20 (a) (calculated by using the following relations).  

CE =  
 𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

 𝑡𝑐ℎ𝑎𝑟𝑔𝑒
                                                                                                                          (4.4)  

Where CE is Coulombic efficiency, tcharge and tdischarge are the charging and 

discharging periods, respectively. 

The CCV–2‖rGO AHSC device demonstrated excellent electrochemical 

durability of up to 85% capacity retention and good Coulombic efficiency of about 

86% after 10000 GCD cycles at a current density of 6 A g–1, indicating its efficacy 

for the high-energy and power applications.  
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The excellent electrochemical performance of the CCV–2‖rGO AHSC device is 

ascribable to the enlarged gallery height and mesoporous house-of-card morphology 

of the CCV-2 electrode. Further, the low resistance of the device is confirmed by the 

EIS analysis. As plotted in figure 4.20 (b), Nyquist plots for the CCV–2‖rGO AHSC 

device before 10000 cycles show the Rs value of 1.39 and Rct value of 34.2 

However, after 10000 cycles CCV–2‖rGO AHSC device show the Rs value of 2  

and Rct value 205 . The low Rs and Rct values of CCV–2‖rGO AHSC device reflects 

the crucial influence of POV intercalative hybridization in improving the charge 

transfer kinetics via superior conductivity and rapid ion diffusion during the 

electrochemical reactions. The outstanding rate capability and improved charge 

storage capacitance can be attributed to the rapid redox reactions, kinetic balance, 

and matching capacity of both the electrodes. The layer-by-layer stacking of Co-Cr-

LDH and POV anions, mesoporous house-of-card morphology and the superior 

electrical conductivity of both electrodes are mainly responsible for such 

advantageous electrochemical properties. Eventually, real world application of the 

CCV–2‖rGO AHSC device is shown by powering a light-emitting diode (LED) lamp as 

shown in figure 4.20 (c).  
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4.10 Conclusions: 

In this chapter, a mesoporous layer-by-layer self-assembled CCV 

nanohybrids with promising electrode activity are prepared by self-assembly 

between the Co-Cr-LDH monolayer Ns and POV anions. Facile alteration of Co-Cr-

LDH Ns and POV mixing proportions is an efficient way for tuning the type and 

amount of intercalated POV anions with high flexibility in chemical composition. 

The intimately coupled intercalative CCV nanohybrids showed much improved Csp 

(732 C g–1) with high-rate capability than Co-Cr-LDH, highlighting the 

advantageous effect of POV intercalation via self-assembly on the electrode 

performance of Co-Cr-LDH. The remarkable electrochemical activity of CCV 

nanohybrids is credited to the expanded interlayer gallery space of Co-Cr-LDH 

upon restacking with the POV anions, superior electrical conductivity and high 

surface area house-of-card morphology that enable easy percolation of electrolyte 

ions and perform charge storing redox reaction with maximum utilization of 

interior electrode material. Considering the improved electrode functionality of 

POV intercalated Co-Cr-LDH, the present CCV nanohybrids are used to develop 

AHSC device, with CCV-2 nanohybrids as a positive and rGO as a negative electrode. 

The AHSC device delivered a maximum ED of 53.04 Wh kg–1 at a PD of 512 W kg–1 

with high rate handling capability and exceptional capacitance retention of 85% 

over 10000 cycles. The present experimental findings demonstrate the 

effectiveness of the self-assembled hybridization between Co-Cr-LDH and POV 

anions for developing a new type of AHSC electrode with high ED and cycling life.  
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5.1 Introduction: 

The need and benefits of nanohybridization for improving the electrode 

performance of  Co-Cr-LDH are described in the previous chapters (Chapter 1, 

section 1.5, Chapter-2, section 2.3.3 and Chapter 3, section 3.1). In this 

background, the POM anions derived from the controlled hydrolysis of early 

transition metals with exceptional redox properties, precise surface charge, and 

molecular size can be the most suitable guest species for the electrostatic self-

assembly with Co-Cr-LDH Ns. To improve the electrode performance of Co-Cr-LDH, 

the polyoxotungstate (POW) anions with exceptional redox properties, precise 

surface charge, and molecular size are selected for the electrostatic self-assembly 

with positively charged Co-Cr-LDH Ns.  

The present chapter deals with the exfoliation-reassembling route to 

achieve unusually high electrochemical activity by exploiting high surface area 

mesoporous nanohybrids of Co-Cr-LDH-POW (CCW) nanohybrids. Furthermore, 

the evolution of various physicochemical properties of Co-Cr-LDH upon the 

hybridization with POW anions are investigated together with the accompanying 

improvement in the electrode performance. Finally, the AHSC device is developed 

using CCW nanohybrid as positive and rGO as negative electrode. 

5.2 Synthesis and characterization of Co-Cr-LDH-POW: 

5.3 Experimental details: 

5.3.1 Chemicals: 

Co(NO3)2.6H2O, Cr(NO3)3.9H2O, NaOH, NaNO3, HNO3, sodium tungstate 

(Na2WO4.2H2O), graphite flakes, PVDF, NMP, PVA and KOH were purchased from 

Sigma-Aldrich. SS substrates (304 grade) were served as a current collector to 

prepare the Co-Cr-LDH and CCW nanohybrid electrodes. 

5.3.2 Synthesis of Co-Cr-LDH-POW:  

The pristine nitrate intercalated Co-Cr-LDH and exfoliated Co-Cr-LDH Ns 

were synthesized using the synthesis protocol described in Chapter-3, section 

3.2.3 and the results of physicochemical and electrochemical characterizations are 

compared with the CCW nanohybrids. [1] POW anion solution was obtained by pH-

controlled hydrolysis of 0.1 M Na2WO4.2H2O. [2-3] The pH of the POW solution was 

adjusted by 0.1 M HNO3. The self-assembled CCW nanohybrids were synthesized 

by mixing Co-Cr-LDH Ns suspension and POW anion solution under constant 
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stirring. The schematic presentation of the CCW nanohybrids synthesis process is 

shown in figure 5.1. The subsequent flocculation products of CCW nanohybrids 

were immediately collected by centrifugation, cleaned with formamide and 

absolute ethanol. Finally, to ensure solid CCW nanohybrid product freeze-drying 

process was adopted. All the processes were done with decarbonated water and 

under inert (N2) atmosphere to avoid contamination of Co-Cr-LDH and CCW 

nanohybrids from CO32- anions. The various chemical compositions of CCW 

nanohybrid were attained by changing the mixing molar ratio of Co-Cr-LDH Ns and 

POW anions solution. The CCW nanohybrids prepared at Co-Cr-

LDH/(Na2WO4.2H2O) molar ratios of 3.43, 1.72, and 1.14 are denoted as CCW-1, 

CCW-2, and CCW-3, respectively.    

 

Figure 5.1: Schematic illustration for the formation of self-assembly between Co-
Cr-LDH and POW anions by the exfoliation-restacking method. 

5.4 Characterizations of Co-Cr-LDH-POW: 

The pristine Co-Cr-LDH and the self–assembled CCW nanohybrids were 

characterized by various physicochemical characterization techniques as 

described in Chapter-3, section 3.3. The CCW electrode preparation and 

electrochemical performance evaluation were studied by a similar protocol as 

described in Chapter-3, section 3.5. 
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5.4.1 XRD analysis: 

 
Figure 5.2: PXRD patterns of (a) Co-Cr-LDH and (b) CCW-1, (c) CCW-2 and (d) 
CCW-3 nanohybrids. 

The PXRD patterns of Co-Cr-LDH and CCW nanohybrids are plotted in figure 

5.2. The phase analysis of Co-Cr-LDH is described in Chapter-3, section 3.3.1. 

Analogous to Co-Cr-LDH, all CCW nanohybrids exhibit a well-resolved series of 

(00l) Bragg reflections which shows the development of layer-by-layer-stacked 

intercalated compounds. Interestingly, this (00l) series significantly shifted 

towards lower diffraction angles, indicating the expansion of basal spacing due to 

layer-by-layer stacking of Co-Cr-LDH Ns and POW anions. Such shifting can be 

observed in all CCW nanohybrids irrespective of their LDH/POW reactant ratio, 

indicating no distinct dependence of the basal spacing on the chemical 

composition. [4-6] This result demonstrates the high tolerance of the host LDH 

lattice for the variation of guest concentration and offers increased flexibility to 

tune the chemical composition of CCW nanohybrids. The in-plane (110) peak at 2 

= 60° of hexagonal LDH phase and a broad hump at 2 = 32-42° are also discernible 

for CCW nanohybrids, revealing the maintenance of the in-plane structure of Co-

Cr-LDH Ns with disordered stacking structure. [7] The lattice parameters of CCW 

nanohybrids are calculated by least-square fitting analysis. The estimated in-plane 

lattice parameters a(=b) = 0.31 nm and c =0.88 nm are consistent with in-plane 

lattice parameters of pristine LDH, indicating maintenance of the in-plane LDH 
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structure in hybrid samples. The expanded basal spacing of CCW nanohybrids are: 

CCW-1 (1.20 nm), CCW-2 (1.11 nm), and CCW-3 (1.06 nm). Thus, referring to the 

LDH Ns thickness of 0.48 nm, the corresponding gallery heights of CCW-1, CCW-2, 

and CCW-3 are 0.72, 0.63, and 0.58 nm, respectively. Present expanded gallery 

height of ∼ 0.7 nm corresponds to the stabilization of W7O24-6 anions with a c-axis 

perpendicular to the LDH layers. [8] The slight variation of gallery height with Co-

Cr-LDH/POW molar ratio may be attributed to the diverse interactions between 

the POW anions and Co-Cr-LDH Ns. The average crystallite size of ~ 4-6 nm along 

the c-axis is estimated using Scherrer calculations at the FWHM of the (00l) 

reflections. Referring to the basal spacing of the CCW nanohybrids calculated from 

the XRD study (1.1 nm), the obtained crystallite thickness is equivalent to the ∼4-

6 Co-Cr-LDH monolayers restacked with POW anions.   

5.4.2 FTIR analysis: 

 
Figure 5.3: FTIR spectra of (a) Co-Cr-LDH, (b) CCW-1, (c) CCW-2 and (d) CCW-3 
nanohybrids. 

The chemical bonding nature of intercalated POW anions and their effect on 

Co-Cr-LDH are studied using FTIR spectroscopy. Figure 5.3 represents the FTIR 

spectra of Co-Cr-LDH and CCW nanohybrids. The FTIR analysis of Co-Cr-LDH is 

described in Chapter-3, section 3.3.2. Upon the hybridization with the POW 

anions, the resulting CCW nanohybrids show additional absorption peaks at ν6 

(440 cm−1), ν7 (570 cm−1) and ν8 (823 cm−1). The peak at ν6 is associated with the 
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Co-O stretching. At the same time, peaks at ν7 (570 cm−1) and ν8 (823 cm−1) are 

related with the W-O bending and W-O-W stretching vibrations of WO42– units in 

POW anions, respectively. [9-13] The presence of these IR features validates the 

presence of WO42– units in POW anions and the intactness of Co-Cr-LDH Ns in CCW 

nanohybrids.  

5.4.3 Raman analysis: 

 

Figure 5.4: Micro-Raman spectra of (a) Co-Cr-LDH and (b) CCW-2 sample. 

The microscopic structural properties of the CCW nanohybrids and pristine Co-Cr-

LDH are further studied with Raman spectroscopy, as displayed in figure 5.4. The 

Raman analysis of Co-Cr-LDH is described in Chapter-3, section 3.3.3. CCW-2 

nanohybrid and pristine Co-Cr-LDH commonly display Raman peaks ν1 (265 cm–

1), ν2 (455 cm–1), ν3(530 cm–1), and ν4 (600 cm–1), which are attributed to the 

Eg(T), OCoO (A1g) bending, CoO (A2u) symmetric stretching, and Eg(R) modes of 

host Co-Cr-LDH, respectively. [14-16] Additionally, CCW-2 nanohybrid display 

highly intense Raman peak at ν8 (874 cm–1) and shoulder peak at ν9 (950 cm–1), 

attributed to the symmetric W꓿O and anti-symmetric W=O vibrational modes of 

edge-sharing WO42– units of POW anions, respectively. [17] The absence of 

characteristic peak (1055 cm–1) related to the nitrate anions in CCW nanohybrids 

indicates negligible nitrate contamination. The internal O-H stretching modes from 

the lattice OH and the intrasheet water molecules is displayed by the broad 
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signature peak around 𝜈7 (3575 cm–1). The NO3– intercalated Co-Cr-LDH phase 

with the incorporation of H2O molecules is confirmed by the obtained Raman 

features. [18-21] The observed Raman features related to POW anions indicate the 

intercalative stabilization of W7O246− anions in Co-Cr-LDH.  

5.4.4 FESEM analysis: 

 

 
Figure 5.5: FESEM images of (a, a') Co-Cr-LDH and (b, b') CCW-2 nanohybrid at 
various magnifications (20000x and100000x).  

The surface morphological study of Co-Cr-LDH and CCW nanohybrids is 

investigated with FESEM analysis, as shown in figure 5.5. The surface 

microstructural analysis of Co-Cr-LDH is described in Chapter-3, section 3.3.4. As 

shown in figure 5.5, the self-assembled CCW-2 nanohybrid display highly porous 

nanoclusters made by randomly arranged Ns network making a petal-bunch 

appearance. This interconnected network forms slit-shaped pores deep inside the 

bulk of the material, leading to unusual porosity in the CCW nanohybrids. A close 

examination of restacked nanosheet crystallites at high magnification discloses 

thickness of ∼8 to 20 nm and lateral size between ∼60 to 110 nm. This type of 

surface feature is reported for the self-assembled Ns-based hybrids, which offer 

advantages of high percolation of electrolyte with low ion diffusion resistance 
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when used as an electrode in the electrochemical energy storage devices. [20, 22-

24]  

5.4.5 EDS analysis: 

The chemical composition and the distribution of constituent elements of 

Co-Cr-LDH and CCW nanohybrids are probed using the elemental mapping and 

EDS analyses (figure 5.6 and figure 5.7). The EDS-elemental mapping analysis of 

Co-Cr-LDH is described in Chapter-3, section 3.3.5. The chemical compositions of 

CCW nanohybrids are estimated as Co0.65Cr0.35(OH)20.054(W7O24)yH2O, 

Co0.66Cr0.34(OH)20.078(W7O24)yH2O, and Co0.65Cr0.35(OH)20.08(W7O24)yH2O for 

CCW-1, CCW-2, and CCW-3 nanohybrids, respectively. All CCW nanohybrids 

display the uniform distribution of Co, Cr and W elements at the nanometer scale, 

indicating highly homogeneous intercalation of POW without any special phase 

separation. [4]    

 

Figure 5.6: EDS-elemental maps of the (a) Co-Cr-LDH, (b) CCW-1, (c) CCW-2, and 
(d) CCW-3 nanohybrids. 
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Figure 5.7: Energy dispersive X-ray spectroscopy (EDS) of (a) Co-Cr-LDH, (b) 
CCW-1, (c) CCW-2 and (d) CCW-3. 

5.4.6 TEM analysis: 

Figure 5.8: (a, b) Top-view TEM, (c, d) top-view HRTEM and (e) Cross-sectional 
HRTEM images of CCW-2 nanohybrid. (f) Structural model of Co-Cr-LDH and CCW 
nanohybrid. 

The local crystal structure, shape and stacking order of CCW nanohybrids 

are examined by the HRTEM analysis. As shown in figure 5.8 (a, b), TEM images at 

low magnification show an interconnected Ns network composed of restacked 

CCW crystallites. The formation of a Ns network composed of edge-to-face 
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interaction leading the evolution of slit shape pores that can be visible at the edges 

of the nanohybrid sample. At high-resolution in figure 5.8 (d-e), two types of 

equally-spaced parallel-aligned lattice fringes can be clearly observable. One set of 

fringes equispaced by 0.22 nm corresponds to the in-plane Co-Cr-(OH)2 Ns lattice. 

This set is extended over a wide range (>50 nm), confirming high in-plane 

crystallinity of restacked Co-Cr-(OH)2 Ns. The other set observed in the cross-

section is extended over a short range of 6-7 nm, with an interline distance of 1.25 

nm. The observed interline distance in the cross-sectional view is well consistent 

with the c-axis parameter estimated from the XRD study. Obtained results validate 

the layer-by-layer stacking of Co-Cr-LDH Ns and POW anions with expanded basal 

spacing. Analogous structural and stacking features are reported for the 

nanohybrids prepared by the exfoliation-restacking route of Ns and nanoclusters. 

[4, 19]     

5.4.7 XPS analysis: 

 

Figure 5.9: Chemical states of the pristine material and nanohybrids. XPS spectra 
of  (a) survey (b) Co 2p, (c) Cr 2p, (d) O 1s core levels of the (i) Co-Cr-LDH, (ii) CCW-
1, (iii) CCW-2, and (iv) CCW-3 and (e) W 4f core levels of the (i) CCW-1, (ii) CCW-2, 
and (iii) CCW-3 

The surface chemical composition, diverse oxidation states of stabilized 

POW anions, and their influence on the chemical bonding nature of the pristine Co-

Cr-LDH structure are studied using XPS measurements. The survey XPS spectra 

commonly display spectral features of the Co, Cr, and O elements for CCW 
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nanohybrids and pristine Co-Cr-LDH, with additional elemental (W) features in 

nanohybrids (figure 5.9 (a)). The XPS analysis of Co-Cr-LDH is described in 

Chapter-3, section 3.3.6. The high-resolution Co 2p, Cr 2p, O 1s, and W 4f   core-

level XPS spectra of CCW nanohybrids and pristine Co-Cr-LDH are presented in 

figure 5.9 (b-e). As shown in figure 5.9 (b), all of the CCW nanohybrids and pristine 

Co-Cr-LDH commonly display intense peaks at F (781.46 eV) and G (797.53 eV) 

with their satellite peaks at F′ (787.95 eV) and G′ (803.26 eV) discernable to the 

spin-orbit splitting into Co 2p3/2 and Co 2p1/2, respectively. [24-26] The binding 

energy difference (16.2 eV) of peaks P and Q can be regarded as an indicator for 

Co+2 in Co-Cr-LDH. As shown in figure 5.9 (c), the high-resolution Cr 2p spectrum 

shows P (577.6 eV) and Q (587.3 eV) peaks, that arised due to spin orbit splitting 

of Cr 2p3/2 and Cr 2p1/2 components. The binding energy of broad peak P (577.52 

eV) is associated with the trivalent chromium. [27] Figure 5.9 (d) shows the O 1s 

spectra of Co-Cr-LDH and CCW nanohybrids. The pristine Co-Cr-LDH shows a sharp 

peak at S (531.62 eV), corresponding to the characteristic signals of surface 

hydroxyl group, oxygen in M-O lattice, and bound water. [28] Conversely, CCW 

nanohybrids display complex XPS features at peak S (531.62 eV), which is formed 

by the superposition of peak R (530.33 eV) and S (531.62 eV). The peak R (530.33 

eV) is visible only for CCW nanohybrids which can be attributed to the W-O bond 

of POW anions. [29] The high-resolution W 2p XPS spectra for CCW nanohybrids 

are shown in figure 5.9 (e). All of the CCW nanohybrids revealed two spectral 

features at M (35.78 eV) and N (37.97 eV) due to spin-orbit splitting of W 4f7/2 at M 

(35.78 eV) and W 4f5/2 at N (37.97 eV). These features correspond to the presence 

of W6+ centers bonded to oxygen (W-O bond), typically observed in POW anions. 

[30-31] The obtained XPS features gives relevant sign about the presence of Co2+, 

Cr3+, and W6+ states in CCW nanohybrids. 
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5.4.8 N2 adsorption-desorption (BET analysis): 

 
Figure 5.10: N2 adsorption-desorption isotherms for (a) Co-Cr-LDH, (b) CCW-1, (c) 
CCW-2, (d) CCW-3 and (e) Pore size distribution curves for (black) Co-Cr-LDH, (red) 
CCW-1, (green) CCW-2 and (blue) CCW-3. In (a, b, c), the open symbols represent the 
adsorption and closed symbols represent desorption data. 

The effect of POW hybridization on the surface area and pore structure of 

the CCW nanohybrids is probed with N2 adsorption-desorption isotherm analysis as 

shown in figure 5.10 (a-d). The N2 adsorption-desorption analysis of Co-Cr-LDH is 

described in Chapter-3, section 3.3.7. From figure 5.10 (a, b, c, d), the CCW nanohybrids 

show significant N2 adsorption at pp0–1 < 0.4 and distinct hysteresis at pp0–1 > 0.45 

characteristic of the mesoporous materials. [7, 33] According to the IUPAC classification, 

the observed isotherm shape and hysteresis behavior can be classified as H3-type 

hysteresis loops and BDDT type-IV isotherm shapes. The presence of H3-type hysteresis 

and type-IV isotherm is a typical characteristic of a possibly macroporous material with 

high adsorption energy and interconnected slit-shaped pores. This combination also 

indicates the presence of open, slit-shaped capillaries [34-35] The Co-Cr-LDH, CCW-1, 

CCW-2 and CCW-3 nanohybrid demonstrate. surface areas of 5, 17.92, 45.77 and 11.41 

m2 g–1, respectively. Obtained result demonstrates the efficacy of POW-assisted 

intercalative hybridization by the self-assembly process for enhancing the surface area 

of the LDH. 

The distribution of pore size  is estimated by BJH method for the desorption 

branch, as shown in figure 5.10 (e). As a result, along with mesoporous character, the 
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Co-Cr-LDH, CCW-1, CCW-2 and CCW-3 nanohybrids exhibit an average pore diameters 

of ∼ 31.23, 23.77, 17.16, and 28.07 nm, respectively. These results indicate that the 

porosity in CCW nanohybrids originates from the porous petal-bunch surface 

morphology. Obtained results clearly showed the crucial importance of the self-

assembly process for improving the pore structure of the resulting intercalative CCW 

nanohybrid. [7]  
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5.5 Conclusions: 

In present study, a mesoporous layer-by-layer ordered self-assembled 

nanohybrids of 2D Co-Cr-LDH intercalated with 0D POW anions (CCW 

nanohybrids) were synthesized by an exfoliation-reassembling method. The CCW 

nanohybrids were characterized by XRD, FESEM, FTIR, Raman, EDS, XPS, and N2 

adsorption-desorption (BET) analysis to study crystal structure, chemical bonding, 

and surface textural as well as compositional properties. The CCW nanohybrids 

displayed layer-by-layer stacking of Co-Cr-LDH Ns and POW anions with high 

surface area morphology. The exfoliation-restacking approach of hybridization 

provided control over the chemical composition and porous structure of resulting 

CCW nanohybrids. The rational growth of the intercalated CCW nanohybrids 

resulted into the development of an interconnected Ns morphology with a highly 

porous structure whose porosity was controlled by adjusting the ratio of Co-Cr-

LDH and POW.  
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5.6 Electrochemical performance of Co-Cr-LDH-POW:  

5.7 Result and discussion: 

5.7.1 Cyclic voltammetry (CV) study: 

 

Figure 5.11: (a) The CV plot of Co-Cr-LDH and CCW nanohybrids at a sweep rate 
of 10 mV s–1. CV plot of the (b) Co-Cr-LDH, (c) CCW-1, (d) CCW-2 and (e) CCW-3 
nanohybrids at various scan rates (4-20 mV s–1).  

The effects of POW intercalation on the electrochemical activity of host Co-

Cr-LDH are examined using CV, GCD, and EIS techniques. The three-electrode 

electrochemical set-up is described in Chapter 3, section 3.5. The CCW 

nanohybrid electrode was used as a working electrode in three-electrode 

electrochemical set-up. Herein, the electrochemical results of the Co-Cr-LDH in 

Chapter-3 are compared with the CCW nanohybrids. Figure 5.11 (a) represents the 

CV plot of Co-Cr-LDH and CCW electrodes at 10 mV s–1. All CCW nanohybrid 

electrodes display distinct redox peaks corresponding to oxidation-reduction 

reactions between Co(OH)2 and CoOOH. [33-36] The supercapacitive activity of 

these electrodes principally originated from pseudocapacitive nature based on 

reversible oxidation-reduction mechanism according to redox reaction described 

by Chapter-3, equation 3.3.  

The CV curves of CCW nanohybrids show the markedly larger integral area under 

CV curves and higher current responses, indicating superior electrochemical 

activity than pristine Co-Cr-LDH electrode. Furthermore, the integral area under CV 
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curves varies with intercalated POW content. Among the CCW electrodes, CCW-2 

nanohybrid discerns the largest integral area, highlighting its higher 

electrochemical activity due to optimum intercalation of POW anions. Moreover, 

this nanohybrid exhibits a higher surface area and smaller pore diameter, leading 

to higher electrochemical activity via easy percolation of electrolytic ions at the 

electrode-electrolyte interface. CV profiles of all CCW nanohybrids and Co-Cr-LDH 

at different sweep rates (4-20 mV s–1) are displayed in figure 5.11(b-e). Present 

CCW nanohybrids and reference Co-Cr-LDH display increased area under CV curve 

and the shifting of cathodic peaks toward more positive potentials with scan rates. 

The present results indicate a hybrid charge storage mechanism such as 

pseudocapacitive and diffusion-controlled (battery-type) charge storage 

components. As the current responses in CV curves are arisen by the surface-

capacitive (Qs) and diffusion-controlled (Qd) charges, the component of each can be 

resolved via electrochemical kinetics study by considering the equation 3.4 in 

Chapter – 3.  

 

Figure 5.12: (a) Plot of total charge (Qt) vs the reciprocal of the square root of the 
scan rate (𝑣–1/2). (b) The fraction of the capacitive (solid) and diffusion-controlled 
(pattern) contributions of Co-Cr-LDH (black), CCW-1 (red), CCW-2 (green) and 
CCW-3 (blue) nanohybrids.  

The surface capacitive charge (Qs) can be resolved by Qt vs (𝑣)–1/2  as shown 

in figure 5.12 (a). The analysis ignores the high scan rates above 20 mV s–1 to avoid 

polarization effects. [35] All the electrodes demonstrate prominent Qs 

contributions at higher scan rates, whereas Qd contributions are prominent at low 

scan rates. At low sweep rate of 4 mV s–1, the Qs contributions of 66 % (CCW-1), 78 

% (CCW-2), and 81 % (CCW-1) are evidenced for CCW nanohybrids as compared 

to pristine Co-Cr-LDH (58 %) at the same scan rate. Whereas, at a higher scan rate 

of 20 mV s–1, CCW nanohybrid electrodes exhibited markedly higher Qs 
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contributions of 80, 89, and 91 % for CCW-1, CCW-2, and CCW-3 nanohybrids, 

respectively (figure 5.12 (b)). The capacitive dominant charge contributions 

observed for CCW nanohybrids can be attributed to the accelerated charge transfer 

kinetics due to the high surface area and expanded LDH gallery height of CCW 

nanohybrids. 

5.7.2 Galvanostatic charge discharge (GCD) study: 

 

Figure 5.13: (a) GCD plot of Co-Cr-LDH and CCW nanohybrids at a constant current 
density 1 A g-1. GCD plot of (b) Co-Cr-LDH and (c) CCW-2 nanohybrid at various 
current densities (current density: 1-5 A g-1). (d) The calculated Csp of pristine Co-
Cr-LDH and CCW nanohybrids at various current densities (current density: 1-5 A 
g-1). (e) Capacity retention of the CCW-2 electrode at current density of 10 A g-1. 

GCD measurements are further used to evaluate the electrochemical 

performance of CCW nanohybrids and Co-Cr-LDH electrodes. Figure 5.13 (a) shows 

that, all the tested electrodes typically exhibit characteristic quasi-linear charge-

discharge behavior indicating pseudocapacitive charge storage due to reversible 

Faradaic reactions. Furthermore, all the CCW nanohybrids display prolonged 

charging-discharging periods compared to Co-Cr-LDH underscoring nanohybrids' 

enhanced charge storage ability. The Csp values obtained from GCD analysis are 

591, 1045, 1303 and 1088 C g–1 for Co-Cr-LDH, CCW-1, CCW-2 and CCW-3 

electrodes, respectively (Chapter – 3, equation 3.1). All the CCW nanohybrid 

electrodes demonstrate considerably higher Csps than the pristine Co-Cr-LDH. 

They are highlighting the advantages of POW intercalation for improving the 

electrochemical activity of pristine Co-Cr-LDH. The highest Csp of the CCW-2 
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electrode with an intermediate Co-Cr-LDH/POW precursor ratio is due to the best-

optimized POW content amongst the present CCW nanohybrid electrodes. These 

findings elucidate the significant role of intercalated POW anions in improving the 

electrochemical activity of Co-Cr-LDH electrodes. In addition, a petal-bunch 

morphology of CCW nanohybrids offer mesopores of ~30 to 95 nm that lead to the 

easy diffusion of electrolyte ions and contribute more redox reactions.   

The GCD curves of CCW-2 nanohybrid and pristine Co-Cr-LDH at various 

current densities (1 to 5 A g–1) are measured to assess the fast rate capability of 

CCW-2 nanohybrid (figure 5.13 (b, c)). The Csps of pristine Co-Cr-LDH and CCW-2 

nanohybrid are shown in figure 5.13 (d). Interestingly, as reference to Co-Cr-LDH, 

CCW-2 retain exceptional Csps at higher current density (5 A g–1), indicating a 

superior rate capability of CCW-2 nanohybrid. Such a superior rate capability upon 

the POW intercalation can be ascribed to the accelerated diffusion of electrolyte 

ions via mesopores formed by the interconnected Ns morphology and expanded 

interlayer gallery height (∼0.18 to ∼0.32 nm) of nanohybrids. Moreover, the CCW-

2 nanohybrid electrode exhibits capacity retention of 85.43 % after the stability 

test, indicating its long-term stability (figure 5.13 (e)). 

5.7.3 Electrochemical impedance spectroscopy (EIS) study: 

 

Figure 5.14: Nyquist plot of Co-Cr-LDH and CCW nanohybrids with the best fitted 
equivalent circuit, inset (high frequency region EIS spectrum). 
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Furthermore, properties like Rs, Rct and Warburg impedance are estimated 

using EIS measurements. As shown in figure 5.14, Nyquist plots for Co-Cr-LDH and 

CCW nanohybrid electrodes typically exhibit partially overlapping semicircles and 

straight lines in the high-frequency and low-frequency regions, respectively. The x-

axis intercept and diameter of the extrapolated semicircle are linked to the Rs and 

Rct, respectively. [36] The observed stiff slope due to electrolyte ion diffusion of Co-

Cr-LDH and CCW nanohybrid electrodes confirms its lower resistance (Warburg 

impedance). As compared to Co-Cr-LDH, CCW nanohybrids exhibited smaller 

diameters of extrapolated semicircles, indicating accelerated charge transfer 

kinetics and improved electrical conductivity after POW intercalation. The Rs and 

Rct values of Co-Cr-LDH and CCW nanohybrid electrodes are estimated using 

simulation and fitting analysis. The estimated Rs and Rct values are 0.25  and 95 

for Co-Cr-LDH, 0.28 and 4.1 for CCW-1, 0.3 and 2.4 for CCW-2, and 0.25  

and 3.01  for CCW-3 electrodes. Amongst the CCW nanohybrids, CCW-2 

nanohybrid display the smallest semicircle signifying the optimum POV content for 

enhancing the electrochemical activity of nanohybrids. Moreover, the Nyquist plots 

of CCW nanohybrids in low-frequency regions display steeper slopes of the straight 

lines than pristine Co-Cr-LDH. This indicates a minimum resistance (Warburg 

impedance) to the diffusion of electrolyte ions and prominent capacitive behavior 

of nanohybrids. Thus, the significantly improved electrode performance of the 

CCW nanohybrids is not only attributed to the expanded surface area and gallery 

height but also to the enhanced electrical conductivity and electrolyte ion diffusion. 

Considering the exceptional performance of CCW nanohybrids, the best-optimized 

CCW-2 electrode is further employed to fabricate full-cell AHSC.  

5.8 Fabrication and electrochemical performance of aqueous hybrid 

supercapacitor (AHSC) device:  CCW-2//rGO 

Fabrication of CCW-2//rGO AHSC  

The AHSC is fabricated using CCW-2 nanohybrid as a positive (cathode) electrode 

and rGO Ns as a negative (anode) electrode, with an aqueous 2M KOH electrolyte.  

The hydrothermally prepared rGO is selected as a negative (anode) 

electrode due to its excellent EDLC-type charge storage and electrochemical 

stability. [37] The electrochemical activity of rGO Ns electrode is studied using a 
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three-electrode system in a 2 M KOH electrolyte. As rGO Ns electrode is well 

studied for its charge storage mechanism like EDLC-type, its electrochemical 

activity in negative potential window (0 to -1 V vs Hg/HgO) is tested using the 

three-electrode system in 2 M KOH electrolyte. The obtained results of CV, GCD and 

EIS are displayed in Chapter-3, section – 3.8. [38]  

5.9 Results and discussion: 

5.9.1 Cyclic voltammetry (CV) study: 

 
Figure 5.15: Electrochemical characteristics of CCW-2//rGO AHSC. (a) Mass 
balance CV plot of rGO (black) and CCW-2 (red) at sweep rate of 20 mV s–1. (b) CV 
plot of the AHSC at various potential windows from 0.0 to +1.0 and 0.0 to +1.65 V 
at a sweep rate of 100 mV s–1. (c) GCD plots of AHSC at different operating potential 
windows from 0-1 to 0-1.6 V. (d) CV curves of the AHSC  at different scanning rates 
(scan rates: 10-100 mV s–1) collected in voltage range from 0 to 1.6 V.  

The half-cell electrochemical analysis of CCW-2 and rGO electrodes 

indicates different Csps associated with them. Therefore, to achieve optimum 

potential window and high Csp of AHSC, the charge balance between the CCW-2 

and rGO electrodes is achieved by adjusting their mass ratio using  Chapter-4, 

equation  4.1. According to the charge balance calculations, the CCW-2/rGO mass 
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ratio is calculated as 0.39. Judging from the operating potential windows of CCW-2 

(-0.05 to + 0.65 V vs Hg/HgO) and rGO (-1 to 0 V vs Hg/HgO) electrodes, the AHSC 

is projected to operate up to a potential window of 0 to 1.65 V (figure 5.15 (a)).  The 

actual operating potential window for AHSC is determined by measuring CV curves 

at various potential windows ranging from 0-1.0 to 0-1.65 V at a scan rate of 100 

mV s–1 (figure 5.15 (b)). As a result, the AHSC displays stable operation up to +1.6 

V without any significant electrolyte polarization, indicating that the optimal and 

safe operating potential window can be extended to 0 to +1.6 V. Moreover, the 

operating potential window for AHSC is additionally confirmed by the GCD 

measurements for different potential windows ranging from 0-1 to 0-1.6 V at 

current density of 0.8 A g–1 (figure 5.15 (c)).    

Figure 5.15 (d) displays the CV curves of the AHSC at various scan rates from 

10 to 100 mV s–1. AHSC exhibits a pair of mild redox peaks for every tested scan 

rate, suggesting pseudocapacitive-type charge storage mechanisms. [39-41] 

Furthermore, the CV curves maintained analogous shape at high scan rates, 

insinuating superior redox reaction kinetics and an outstanding rate capability of 

the fabricated device.  

5.9.2 Galvanostatic charge discharge (GCD) study: 

 

Figure 5.16: The charge–discharge characteristic of CCW-2//rGO AHSC device. (a) 
Schematic of AHSC device. (b) GCD curves of the AHSC device at various current 
densities (0.8 to 7.2 A g–1). (c) The plot of the variation of Csp with current density 
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(0.8 to 7.2 A g–1). (d) The plot of the variation of Cs with current density (0.8 to 7.2 
A g–1). (e) The rate capability of the AHSC device.  

The schematic representation of the AHSC is elucidated in figure 5.16 (a) 

and denoted by CCW-2//KOH//rGO. Figure 5.16 (b) shows the GCD profiles of 

AHSC at different current densities (0.8 to 7.2 A g–1). AHSC displays quasi-linear 

GCD curves at all current densities with prolonged charge-discharge times, 

suggesting excellent charge storing capability with the pseudocapacitive nature of 

the device. As plotted in figure 5.16 (c), the AHSC exhibits a Csp (Chapter – 3, 

equation 3.1) of 267.2 C g–1 at 0.8 A g–1 and 72 C g–1 at 7.2 A g–1. The maintenance 

of high Csp at fast charging-discharging rates ensures superior rate capability of 

the device. As the AHSC displays quasi-triangular GCD curves with 

pseudocapacitive nature, the device's charge storage ability can also be expressed 

in terms of capacitive terminology. Thus, the Cs, ED, PD, and Coulombic efficiency 

are calculated from GCD analysis (Chapter – 4, equation 4.2, equation 4.3 and 

equation 4.4). As depicted in figure 5.16 (d), the AHSC delivered maximum Cs of 

167 F g–1 at 0.8 A g–1 and 45 F g–1 at 7.2 A g–1.  

The rate characteristic of the present AHSC is examined for various current 

densities iterations (8 to 20.8 A g–1). As shown in figure 5.16 (e), the AHSC displays 

excellent rate capability with 88.47 % capacitance recovery, which indicates its 

capability to operate at distinct current densities without any significant 

operational performance degradation.  

ED and PD, capacitance retention, and columbic efficiency of AHSC device 

 

Figure 5.17: (a) Ragone plot of CCW-2//rGO AHSC correlated with recently 
reported electrochemical energy storage devices in the literature. (Ref. no. 42-48). 
(b) Capacitance retention with columbic efficiency of CCW-2//rGO AHSC.  
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Furthermore, the AHSC delivers the maximum ED of 59.37 Wh kg–1 with PD 

of 640 W kg–1 at 0.8 A g–1 and continues to deliver the ED of 16 Wh kg–1 with PD of 

5760 W kg–1 at a current density of 7.2 A g–1. Present ED and PD of AHSC are 

presented on Ragone plot (Figure 5.17(a)) as compared to recently reported LDH 

based AHSC in the literature (Cell configuration, ED and PD are given in Table 5.1). 

The values of ED and PD obtained for AHSC are superior to the recently reported 

LDH based AHSC.  

The electrochemical cycling stability of AHSC is examined by performing 

10000 successive GCD cycles to ensure its long-term durability in real-time 

application. As plotted in (Figure 5.17 (b)), the AHSC demonstrates exceptional 

cyclic stability and exhibits capacity retention of 91 % over 10,000 successive GCD 

cycles. The capacitance of AHSC is increased for the initial 1500 cycles and 

decreased by 9 % for further cycles. The initial increment of capacitance can be 

attributed to the electrode's initial activation process. Moreover, AHSC displayed 

good Coulombic efficiency (Figure 5.17 (b)) of 88 % over 10,000 GCD cycles, which 

is exceptionally beneficial for long-term stability and high-power applications. 

Table 5.1: ED and PD of the LDH based electrode materials 

Sr. 
No.  

Electrode material  ED 
(Wh kg–1)  

PD  
(W kg–1) 

Ref. 

1 KCu7S4@NiMn LDH //AG 15.9 9400 42 

  2 NixCo1-xLDH–ZTO//AC 23.7 284.2 43 

  3 NiMn LDH@Co3O4//AG 26.49 350 44 

  4 NiFe-LDH/MnO2-16//AC 27.3 775.5 45 

  5 ZIF-9@CoAl 
LDHs//actived carbon 

32.1 1000 46 

  6 NCLP@NiMn-LDH//AC 42.2 750 47 

  7 H-OH-LDH//AC 44.8 850 48 

  8 CCW-2//rGO AHSC 59.02 640 Present 
work 
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5.9.3 Electrochemical impedance spectroscopy (EIS) study: 

 
Figure 5.18: (a) The Nyquist plots of fabricated AHSC before and after 10000 
cycling performance. (b) Demonstration of the developed CCW-2//rGO AHSC.   

The Nyquist plots of AHSC before and after cycling stability are plotted in 

figure 5.18 (a). Before stability, the AHSC displays low Rs and Rct values of 0.2  

and 2.14 , respectively. Low Rs and Rct indicate fast ionic transport and good 

electrical conductivity of constituting electrodes. Whereas, after stability, the AHSC 

maintains low Rs and Rct values of 0.2  and 4.2 , respectively. Maintanance of 

low Rs and Rct values by AHSC device suggests a minor alteration in electrical 

properties of AHSC. Moreover, in the low-frequency region, AHSC displays steeper 

slopes of the straight lines, signifying a minimum resistance (Warburg impedance) 

for electrolyte ions diffusion between constituent electrodes. Present results 

elucidate the beneficial influence of POW intercalation for improvement in charge 

transport properties, superior conductivity and accelerated electrolyte ions 

diffusion during electrochemical reactions. The remarkable electrochemical 

activity of AHSC is not only attributed to the favorable physicochemical properties 

of CCW nanohybrids electrode but also to the high electrical conductivity, 2D 

morphology, and high surface area of rGO. The real-life efficacy of the AHSC device 

is tested by powering an LED lamp using two serially connected AHSC. The intense 

initial glow of the LED lamp can validate the high power of AHSC, as shown from 

photograph in figure 5.18 (b). 
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5.10 Conclusions: 

A mesoporous layer-by-layer ordered nanohybrids of 2-D Co-Cr-LDH Ns 

intercalated with bulky POW anions are synthesized by the lattice engineering 

exfoliation-restacking route. The CCW nanohybrids enable interconnected Ns 

morphology, highly porous stacking structure, flexible chemical composition, and 

exceptional electrochemical activity. Controlled intercalation of POW significantly 

improves the electrochemical activity of pristine Co-Cr-LDH. The intimately 

coupled CCW nanohybrid with optimum POW content (CCW-2) demonstrated the 

highest Csp of 1303 C g–1 with a capacity retention of 85.43 % over 5000 cycles. 

The significant improvement of the electrochemical energy storage capability of 

CCW nanohybrids is not only due to the development of a highly porous petal-

bunch Ns network morphology but also to the enlarged freely available gallery 

space for ion diffusion and superior electrical conductivity. Furthermore, AHSC 

device is fabricated by employing the best optimized CCW-2 nanohybrid as a 

positive and rGO as negative electrodes. As a result, the AHSC displays the high Cs 

of 167 F g–1, ED of 59.37 Wh kg–1 and PD of 640 W kg–1 at 0.8 A g–1. Furthermore, 

the AHSC device demonstrate exceptional cycling stability over 10000 GCD cycles, 

with 91 % capacitance retention. The experimental outcomes obtained in the 

above study demonstrate that the LDH-POW nanohybrids can be effectively 

employed to develop the next-generation energy storage applications with efficient 

ED and better power output.   
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6.1 Introduction: 

With reference to the nanohybridization advantages described in Chapter 

1, section 1.5, Chapter-2, section 2.3.3 and Chapter 3, section 3.1 to enhance 

the electrode performance of  Co-Cr-LDH, the Co-Cr-LDH hybridized with POV, and 

POW anions are explored in Chapters 4 and 5, respectively. These strategies 

improved the electrode performance of Co-Cr-LDH by expanding the surface area 

and gallery space of Co-Cr-LDH via hybridization with POV and POW anions.   

Exfoliated GO Ns; 2D hexagonal monolayers of oxidized graphite lattice, is 

regarded as a one of the best candidates as a hybridization matrix with various 

nanomaterials due to its unique physicochemical properties (negative surface 

charge, high surface area, high processability, high electrical conductivity and 

ultra-thin 2D morphology). [1, 2] Furthermore, considering that exfoliated Ns of 

Co-Cr-LDH and GO possess opposite surface charges, their self-assembly leads to 

Co-Cr-LDH-GO nanohybrids (CCG nanohybrids) with improved electrical 

conductivity and electrochemical activity of hybridized species. Also, such CCG 

nanohybrids can enable expansion of the surface area and highly porous structure 

by random aggregation of Ns. Similar self-assembled ZnCr-LDH-GO nanohybrid are 

reported as a highly active photocatalyst. [3] Moreover, NiCo-LDH-GO, NiAl-LDH-

GO and CoAl-LDH-GO nanohybrids are reported as high-performance energy 

storage electrodes and electrocatalysts. [4-7]   

The present chapter deals with the synthesise of CCG self-assembled 

nanohybrids by exfoliation-restacking of positively charged 2D Co-Cr-LDH Ns and 

negatively charged GO Ns. The effect of chemical composition on the 

electrochemical performance of the CCG nanohybrids is investigated together with 

corresponding variations in physicochemical properties. Finally, the AHSC is 

developed using the CCG nanohybrids as positive and rGO as negative electrodes.  
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6.2 Synthesis and characterization of Co-Cr-LDH-GO: 

6.3 Experimental details: 

6.3.1 Chemicals: 

Co(NO3)2.6H2O, Cr(NO3)3.9H2O, NaOH, NaNO3, Graphite flakes, NMP, PVDF, PVA 

and  KOH  were purchased from Sigma-Aldrich. SS substrates (304 grade) were 

served as a current collector to prepare the Co-Cr-LDH and CCG HSC electrodes. 

6.3.2 Synthesis of Co-Cr-LDH-GO: 

The nitrate intercalated Co-Cr-LDH and exfoliated Co-Cr-LDH Ns were synthesized 

using the synthesis protocol described in Chapter-3, section 3.2.3, and the results 

of physicochemical and electrochemical characterizations are compared with the 

CCG nanohybrids. [8] The self-assembled CCG nanohybrids were synthesized by 

rate-controlled simultaneous addition of the aqueous GO solution and the colloidal 

suspension of exfoliated Co-Cr-LDH Ns at room temperature (figure 6.1). The 

colloidal suspensions of exfoliated Co-Cr-LDH Ns and GO solutions were added 

together that results into spontaneous flocculation of the exfoliated Co-Cr-LDH 

monolayers with the GO anions which demonstrates the development of the self-

assembled CCG nanohybrids. The subsequent flocculation products of CCG 

nanohybrids were immediately collected by centrifugation, cleaned with 

formamide and absolute ethanol. Finally, to ensure solid CCG nanohybrid product 

freeze-drying process was adopted. All the processes were done with 

decarbonated water and under inert (N2) atmosphere to avoid contamination of 

Co-Cr-LDH and CCG nanohybrids from CO32- anions. 

The ability of the exfoliation-restacking process to control the chemical 

composition of CCG nanohybrids was investigated by preparing the nanohybrid 

materials with three representatives GO  weight percent ratios of 1.5, 3 and 4.5 and 

the obtained CCG nanohybrids were denoted as CCG-1, CCG-2 and CCG-3, 

respectively.  
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Figure 6.1: Schematic illustration for the formation of anchor assembly between 
Co-Cr-LDH and GO Ns via the exfoliation-restacking process. 
 

6.4 Characterizations of Co-Cr-LDH-GO: 

The pristine Co-Cr-LDH and the self–assembled CCG nanohybrids were 

characterized by various physicochemical characterization techniques as 

described in Chapter-3, section 3.3. In addition, the CCG electrode preparation 

and electrochemical performance evaluation were examined by a similar protocol 

as described in Chapter-3, section 3.5. 
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6.4.1 XRD analysis: 

 
Figure 6.2: PXRD patterns of (i) Co-Cr-LDH, (ii) GO, (iii) CCG-1, (iv) CCG-2 and (v) 
CCG-3 nanohybrids. 

Figure 6.2 represents the PXRD patterns of pristine Co-Cr-LDH, GO and CCG 

nanohybrids. The crystal phase investigation of Co-Cr-LDH and GO is described in 

Chapter-3, section 3.3.1 and Chapter-3, section 3.3.8, respectively. Similar to 

Co-Cr-LDH, all CCG nanohybrids exhibit a well-resolved series of (00l) Bragg 

reflections which shows the development of layer-by-layer-stacked intercalated 

compounds with the slight shifting of the first-order (001) peak towards higher 

diffraction angle (2°), indicating the reduction of the c-axis parameter. Moreover, 

CCG nanohybrids commonly display lattice parameters of a= b= 0.3 nm and c=0.78 

nm. With the reference of Co-Cr-LDH, CCG nanohybrids display reduced c-axis 

parameters, indicating the intercalation of divalent carbonate anions into the 

restacked LDH lattice. The (110) peak of the LDH phase is noticeably observable at 

higher 2θ = ∼60° for all nanohybrids, clearly indicating the maintainance of the 

LDH Ns over hybridization with GO Ns. Additionally, all nanohybrids show a broad 

diffraction peak at 2θ = 30–40° attributed to turbostratic stacking structure of 

reassembled LDH Ns. Interestingly, in the XRD patterns, there are no graphene 

related peaks are observed which clearly indicate the excellent dispersion of GO Ns 

without any special phase separation.  
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6.4.2 FTIR analysis: 

 
Figure 6.3: FTIR spectra of (i) Co-Cr-LDH, (ii) GO, (iii) CCG-1, (iv) CCG-2 and (v) 
CCG-3 nanohybrids. 

The chemical bonding of all nanohybrids is studied by FTIR spectroscopy. 

The FTIR analysis of Co-Cr-LDH is described in Chapter-3, section 3.3.2. As seen 

from figure 6.3, the pristine Co-Cr-LDH and CCG nanohybrids commonly display 

the absorption peaks at ν1 (505 cm–1), ν2 (770 cm–1), ν4 (1610 cm–1) and ν5 (3448 

cm–1), which are ascribed to the metal-oxygen (M-O), metal-oxygen-hydrogen (M-

O-H) bending, bending vibrations of the water molecule and stretching vibrations 

of the H-bound O–H groups. [9] The Co-Cr-LDH shows a intense absorption peak at 

ν3 (1383 cm–1), ascribed to the anti-symmetric stretching mode of intercalated 

nitrate anions. [10-11] The GO displays strong IR bands (900-1800 cm–1) which 

correspond to the carbon-oxygen bonds. On the other hand, CCG nanohybrids 

display the absorption peak of ν6 (1385 cm–1), which is attributed to the anti-

symmetric stretching of intercalated carbonate anions (entrapped during the self-

assembling process). [12-14] Obtained IR features confirm the maintainance of Co-

Cr-LDH monolayers and intercalation of carbonate anions into the gallery space of  

Co-Cr-LDH during exfoliation-restacking process.   
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6.4.3 Raman analysis: 

 
Figure 6.4: Micro-Raman spectra of (i) Co-Cr-LDH, (ii) GO and (iii) CCG-2 

nanohybrid. 
The chemical bonding character of the Co-Cr-LDH and CCG nanohybrids are 

further analyzed with micro-Raman spectroscopy, as plotted in figure 6.4. The 

micro-Raman analysis of Co-Cr-LDH is described in Chapter-3, section 3.3.3. 

Interestingly, the CCG-2 nanohybrid displays characteristic peaks related to LDH 

lattice and GO Ns confirming incorporation of GO Ns in CCG nanohybrids. The peaks 

at 3 (530 cm–1) and 4 (600 cm–1) in CCG nanohybrids are attributed to the 

characteristic CoO (A2u) symmetric stretching and Eg(R) modes of Co-Cr-LDH, 

respectively. Moreover, the peaks at ∼1343 and ∼1585 cm–1 in CCG nanohybrids 

are attributed to the characteristic D and G bands of GO Ns. [15-16] The CCG-2 

nanohybrid shows a slightly high D/G intensity ratio of 1.094 than reference GO 

(D/G = ∼0.98), indicating the increased crystal disorder due to the reduction 

process of the GO Ns during the hybridization process. [3] 
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6.4.4 XPS analysis: 

 
Figure 6.5: (a) Survey XPS spectra of (i) Co-Cr-LDH and (ii) CCG-2 nanohybrid, (b) 
Co2p and (c) Cr2p XPS spectra of (i) Co-Cr-LDH and (ii) CCG-2 nanohybrid, (d) O1s 
and (e) C1s XPS spectra of (i) Co-Cr-LDH, (ii) GO and (iii) CCG-2 nanohybrid.  

Surface chemical composition, nature of oxygen species present and 

oxidation states of Co-Cr-LDH and CCG nanohybrids are investigated by XPS. The 

XPS of Co-Cr-LDH is described in Chapter-3, section 3.3.6 The XPS survey spectra 

for all samples (figure 6.5 (a)) commonly show spectral features at BE of the 

element Co, Cr, O and C, indicating the presence of these elements in the samples. 

As shown in figure 6.5 (b), high-resolution Co 2p XPS spectra of Co-Cr-LDH and 

CCG-2 nanohybrid display spectral features at BE A (781.39 eV) and B (797.53 eV) 

with observable satellite features at BE Aˊ (787.04 eV) and Bˊ (803.37 eV) due to 

the split spin-orbit components Co 2p3/2 and Co 2p1/2, respectively. [17] The BE 

difference of 16.24 eV between Co 2p3/2 and Co 2p1/2 components suggests 

presence of Co2+ in the Co-Cr-LDH and Co-Cr-LDH-GO nanohybrids. As shown in 

figure 6.5 (c), Cr 2p XPS spectra reveal two broad spectral features at BE C (577.5 
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eV) and D (797.5 eV) associated with the split spin-orbit components Cr 2p3/2 and 

Cr 2p1/2, respectively. [14, 18] These BE positions indicate trivalent chromium 

hydroxide and Cr3+ co-ordinated with interlayer hydroxyl (OH–) and -water (H2O) 

moieties. Figure 6.5 (d) represents O 1s core-level spectra of Co-Cr-LDH, GO and 

CCG-2 nanohybrid. The pristine Co-Cr-LDH exhibits broad XPS feature at E (531.9 

eV) that corresponds to oxygen from lattice (BE 529.9 eV), hydroxyl group (BE 

531.86 eV) and bound water (BE 533.08 eV). [19] The reference GO exhibits 

characteristic XPS features corresponding to the O=C bonds in carbonyl C=O and 

carboxyl O=C–OH groups (531.0 eV), O–C bonds in hydroxyl C-OH and epoxy C–O–

C moieties (532.07 eV) and O–H bonds in adsorbed water (533.2 eV). [20] The CCG-

2 nanohybrid displays a broad peak at 531.9 eV that corresponds to the major 

contribution of oxygen from Co-Cr-LDH lattice (BE 529.9 eV), hydroxyl group (BE 

531.86 eV) and bound water (BE 533.08 eV). [21] The high-resolution C 1s XPS 

spectra of CCG-2 nanohybrid, GO and pristine Co-Cr-LDH are presented in figure 

6.5 (e). The reference GO exhibits complex XPS features at BE of 284.4 eV (C–C, 

non-oxygenated ring), 285.33 eV (C–O, hydroxyl C-OH and epoxy C–O–C moieties), 

and 286.8 eV (C=O, carbonyl), which are characteristic of functional groups 

attached to the GO Ns. [22-24] Notably, the CCG-2 nanohybrid displays an intense 

XPS feature at 284.36 eV and a mild signature at 285.8 eV, which corresponds to 

the C–C (non-oxygenated ring) and C–O (hydroxyl C-OH and epoxy C–O–C 

moieties), respectively. The CCG-2 nanohybrid displays a characteristic XPS feature 

at 288.25 eV ascribed to the intercalated carbonate anions. Of the prime 

importance, the XPS features related to the C–O (hydroxyl C-OH and epoxy C–O–C 

moieties) and C=O (carbonyl) functional groups are highly suppressed in 

nanohybrids indicating the reduction of GO Ns during hybridization. [25-26]  
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6.4.5 FESEM analysis: 

 
Figure 6.6: FESEM images of (a) Co-Cr-LDH, (b) rGO, (c) CCG-1, (d) CCG-2, and (e) 
CCG-3 nanohybrids at (b) 1500x, (c) 5500x, (d) 4500x, and (e) 3700x 
magnifications. 

The crystal shapes, sizes, and morphologies of the Co-Cr-LDH, GO and CCG 

nanohybrids (figure 6.6) are probed using FESEM. The surface microstructural 

analysis of Co-Cr-LDH (figure 6.6 (a)) is described in Chapter-3, section 3.3.4. In 

contrast to Co-Cr-LDH and GO, the CCG nanohybrids in figure 6.6 (c-e) commonly 

display porous clusters composed of a wad of aggregated Co-Cr-LDH and GO Ns. 

The size of aggregated Co-Cr-LDH and GO Ns wad is between ~5 to 9 m which is 

observed from the FESEM analysis. Considering lateral dimensions (~5 to 10 m, 

figure 6.6 (b)) and homogeneous dispersion of GO Ns, the GO Ns can cover the bulk 

of the present CCG nanohybrid wad. Thus, enabling high conducting channels in 

CCG nanohybrids. Such porous morphology is commonly observed for GO-based 

nanohybrids and is beneficial for electrochemical energy storage applications. [27-

29]  
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6.4.6 TEM analysis: 

 
Figure 6.7: (a, b) Plane-view TEM, (c, d) top-view HRTEM and (e) Cross-sectional 
HRTEM images of CCG-2 nanohybrid. (f) Structural model of restacked Co-Cr-LDH. 

The crystal structure, crystal shape, stacking structure of CCG nanohybrids 

are further confirmed by HRTEM analysis. As shown in figure 6.7 (a), the TEM 

image of CCG-2 nanohybrid demonstrates an aggregated cluster of restacked LDH 

and GO Ns making a wad-like appearance. As illustrated in figure 6.7 (b), the 

HRTEM image focused at the edges of CCG-2 nanohybrid displays two types of 

domains that co-existed with varying contrast. One type appeared darker with a 

lateral domain size of ~100 nm (highlighted with green dotted lines), 

corresponding to the Co-Cr-LDH. The other extended over a large area and a lighter 

appearance corresponds to the GO Ns (highlighted with red dotted lines). The 

present results confirm the anchoring effect of restacked Co-Cr-LDH on the GO Ns 

platform. There are two kinds of parallel aligned lattice fringes having different 

fringe distances are observed in high resolution HRTEM images (figure 6.7 (c-e)) 

of CCG nanohybrid. One type with a smaller fringe distance of 0.3 nm (figure 6.7 

(d)) is well-matched with the in-plane interatomic distance of the hexagonal host 

Co-Cr-LDH (JCPDS card, No. 38-0487). The other with a large fringe distance of ∼ 

0.74 nm (figure 6.7 (e)) is well agree with c-axis lattice parameters of restacked Co-
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Cr-LDH calculated from the XRD study. The schematic structural model of 

restacked Co-Cr-LDH intercalated with CO32- anions is presented in figure 6.7 (f). 

Thus, present HRTEM results indicate the anchoring of restacked Co-Cr-

LDH on GO Ns at the nanometer length scale. Further, these anchored Co-Cr-LDH-

GO Ns aggregated to form clusters of CCG nanohybrid, making a wad-like 

appearance.    

6.4.7 N2 adsorption-desorption (BET analysis): 

 
Figure 6.8: N2 adsorption-desorption isotherms for (a) Co-Cr-LDH, (b) CCG-1, (c) CCG-
2, (d) CCG-3 and (e) Pore size distribution curves for (Black) Co-Cr-LDH, (Red) CCG-1, 
(Green) CCG-2 and (Blue) CCG-3; In (a), (b), (c) and (d), the open symbols represent the 
adsorption and closed symbols represent desorption data. 

The effect of GO hybridization on the surface area and pore structure of the CCC 

nanohybrids is probed with N2 adsorption-desorption isotherm analysis as shown in 

figure 6.8 (a-d). The N2 adsorption-desorption analysis of Co-Cr-LDH is described in 

Chapter-3, section 3.3.7. However, N2 adsorption-desorption isotherms for CCG 

nanohybrids are significantly affected by the chemical composition. From figure 6.8 (a, 

b, c, d), the CCG nanohybrids show significant N2 adsorption at pp0–1 < 0.4 and distinct 

hysteresis at pp0–1 > 0.45 characteristic of porous nature of nanohybrids which is 

originated from the self-assembled stacking structure. [30] All of the CCG nanohybrids 

display BDDT type-III isotherm and noticeable H3-type hysteresis. The CCG-1 

nanohybrid (1.5 wt % of GO) displays a surface area of 13.01 m2 g–1 that increases to 25 
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m2 g–1 for the CCG-2 nanohybrid (3 wt % of GO) and furthermore decrease to 7.3 m2 g–1 

for CCG-3 (4.5 wt % of GO). The observed low surface area in CCG-1 and CCG-3 

nanohybrids can be attributed to the high LDH content in CCG-1 and pore-blocking effect 

by large amount of GO in CCG-3 nanohybrids. The present results indicate the crucial 

role of chemical composition for the optimization of pore structure of CCG nanohybrids.  

The BJH method is used for calculations of pore size distribution of Co-Cr-

LDH and CCG nanohybrids. As plotted in the figure 6.8 (e), CCG nanohybrids shows 

a comparatively narrow size pore distributions with an average diameter of Co-Cr-

LDH (∼31.23 nm), CCG-1 (∼26.64 nm), CCG-2 (∼18.64 nm) and CCG-3 (∼26.31 

nm), indicating the development of mesoporous materials. The development of 

stacking structure and wad like morphology of CCG nanohybrids is the result of 

creation of mesopores due to smaller basal spacings of of nanohybrids as compared 

to their pore diameters.  
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6.5 Conclusions: 

In conclusion, mesoporous self-assembly of CCG nanohybrids is prepared 

by the exfoliation-reassembling of positively charged 2D Co-Cr-LDH Ns and 

negatively charged GO Ns. The CCG nanohybrids are characterized by XRD, FESEM, 

FTIR, Raman, XPS, and N2 adsorption-desorption (BET) techniques to study crystal 

structural, chemical bonding, surface textural as well as compositional properties. 

As a result, the CCG nanohybrids display wad-like porous morphology and highly 

porous ordered structures whose porosity is finely tuned by varying chemical 

composition. In addition, the CCG nanohybrids show the anchoring of restacked Co-

Cr-LDH on GO Ns at the nanometer length scale. Further, these anchored Co-Cr-

LDH-GO Ns aggregated to form clusters of CCG nanohybrid, making a wad-like 

appearance.    
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6.6 Electrochemical performance of Co-Cr-LDH-GO: 

6.7 Result and discussion: 

6.7.1 Cyclic voltammetry (CV) study: 

 
Figure 6.9: (a) CV plot of Co-Cr-LDH and CCG nanohybrids at a sweep rate of 10 
mV s–1, CV plot of the (b) Co-Cr-LDH and (c) CCG-1, (d) CCG-2 and (e) CCG-3 
nanohybrids at various scan rates (4–20 mV s–1).  

The effect of the GO-NS matrix on the electrochemical activity of CCG 

nanohybrids are tested using the CV, GCD and EIS analysis techniques. The 

electrochemical characteristics are studied with a half-cell described in Chapter – 

3, section 3.5. The Co-Cr-LDH or CCG nanohybrids, platinum mesh and Hg/HgO 

are utilized as working, counter and reference electrodes, respectively.  

Figure 6.9 (a) represents CV plot of Co-Cr-LDH and CCG nanohybrids at 

constant sweep rate of 10 mV s–1. All CCG nanohybrids and Co-Cr-LDH show pairs 

of well-defined oxidation-reduction peaks with non-rectangular CV curves 

indicating current responses arise due to both charge storage mechanisms such as 

EDLC-type and battery type (diffusion controlled). The hybridization between Co-

Cr-LDH and GO-NS matrix leading an unusual increase current responses and 

broadening of redox peaks with notable shifts in redox peak positions towards 

more positive potentials. Moreover, hybridization also leads significant increase of 

area under CV curves, indicating enhanced charge storage ability of CCG 
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nanohybrids. The supercapacitive performance of CCG nanohybrid electrodes 

arises due to redox reaction mechanism (Chapter – 3, equation 3.3):  

 Generally, the potential difference (ΔEc, a) between the cathodic and anodic 

peaks indicates the reversibility of the electrochemical redox reactions. The 

smaller (ΔEc, a) indicates the higher reversibility of electrodes. [31] The calculated 

(ΔEc, a) values of the Co-Cr-LDH, CCG-1, CCG-2 and CCG-3 electrodes were 44, 144, 

242 and 467 mV, respectively. Among the CCG nanohybrids, CCG-2 nanohybrid 

displays the highest area under CV curve, highlighting its excellent supercapacitive 

activity. Figure 6.9 (b-e) show CV plot of Co-Cr-LDH, CCG-1, CCG-2 and CCG-3 

electrodes at different sweep rates ranging from 4 to 20 mV s–1, respectively. The 

current responses for all tested electrodes increase with the scan rates along with 

the shifting of cathodic peaks near to more positive potential, indicating hybrid 

electrochemical activity comprising both charge storage mechanism such as 

pseudocapacitive and diffusion-controlled (battery-type) of Co-Cr-LDH and CCG 

nanohybrids. Hence by using the electrochemical kinetics analysis, the Qs and Qd 

components can be resolved by using the relation (Chapter – 3, equation 3.4). 

 
Figure 6.10: (a) Plot of total charge (Qt) vs the reciprocal of the square root of the 
scan rate (𝑣–1/2). (b) The fraction of the capacitive (solid) and diffusion-controlled 
(pattern) contributions of Co-Cr-LDH (black), CCG-1 (red), CCG-2 (green) and CCG-
3 (blue) nanohybrids. 

The surface capacitive charge (Qs) can be resolved by Qt vs (𝑣)–1/2  as shown 

in figure 6.10 (a) and deducing 𝑣 to infinity by assuming semi-infinite linear 

diffusion, within a reasonable range of sweep rates.  The analysis ignores the high 

scan rates above 20 mV s–1 to avoid polarization effects.[32] Figure 6.10 (b) shows 

the fractions of capacitive and diffusion-controlled contributions Co-Cr-LDH and CCG 

nanohybrids represented by solid-filled and pattern-filled columns, respectively. All tested 

electrodes show significant capacitive fraction at a high scan rate, whereas diffusion-
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controlled fractions are prominent at a low scan rate. At a high scan rate, the CCG 

nanohybrids show 84.72 %, 70.12 %, and 53 % of Qs for CCG-1, CCG-2, and CCG-3 

nanohybrids, respectively as compared to the Co-Cr-LDH (58 %). These results signify 

escalated capacitive-dominant reactions upon GO hybridization. The observed capacitive-

dominant reactions for nanohybrids are attributable to the faster charge transfer kinetics 

via accessible redox-active sites due to the random stacking structure of LDH and GO Ns, 

and high conductivity due to the hybridization with GO Ns matrix. [33]  

6.7.2 Galvanostatic charge discharge (GCD) study: 

 
Figure 6.11: GCD curves of the (a) Co-Cr-LDH and CCG nanohybrids at constant 
current density of 1 A g–1, (b) Co-Cr-LDH and (c) CCG-2 nanohybrid at different 
current densities (1-5 A g–1), (d) Variations of the Csp of Co-Cr-LDH and CCG-2 
nanohybrid electrodes with current density (1-5 A g–1). 

The beneficial role of GO as a hybridization matrix and its effects on the 

electrochemical activity and charge transport rate kinetics of LDH are additionally 

examined by GCD and EIS analysis. Figure 6.11 (a) illustrates that Co-Cr-LDH and 

CCG nanohybrid electrodes show typical nonlinear charge-discharge behaviors, 

suggesting the reversible Faradaic reactions significantly contributed to the Csp of 

the Co-Cr-LDH and CCG electrodes. The charge-discharge curves of Co-Cr-LDH and 

CCG-2 nanohybrid at current density 1-5 A g–1 are shown in figure 6.11 (b, c), 
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respectively. The Csp values calculated (Chapter – 3, equation 3.1) for the Co-Cr-

LDH and CCG-2 samples are 591 and 1502 C g–1 at 1 A g–1, respectively, as shown in 

figure 6.11 (d). The CCG electrodes demonstrate considerably enhanced Csps than 

the pristine Co-Cr-LDH, highlighting the advantages of the self-assembly and 

synergistic effect of both Co-Cr-LDH and GO Ns matrix for enhancement of 

supercapacitive performance. [34] The acheived enhancement of the 

electrochemical activity over hybridization with GO matrix is responsible to high 

charge transport kinetics due to plenty of accessible redox-active sites and high 

conductivity of GO in the CCG nanohybrids.  

Figure 6.11 (d) shows variation of Csp with current density for CCG 

nanohybrid and Co-Cr-LDH electrodes. The observed reduction in the Csp with 

current density is attributed to diffusion effect of solvated electrolyte ions in CCG 

electrodes, where active electrochemical sites cannot lead the oxidation-reduction 

reaction completely at high current densities. Improved diffusion of the solvated 

electrolyte ions is achieved due to anchor assembly of Co-Cr-LDH and GO Ns. At 

high current density, all the CCG nanohybrids maintain higher Csps than pristine 

Co-Cr-LDH which represents fast charging-discharging capability (high rate 

characteristic) of CCG nanohybrids. The high rate characteristic of CCG 

nanohybrids can be credited to the unique random stacking structure of CCG 

nanohybrids that facilitate fast charge transport through nanohybrid electrodes. 

Moreover, the chemical composition of CCG nanohybrids has a significant 

effect on their charge storing ability. The CCG-2 nanohybrids with optimum GO 

matrix display a maximum Csp of 1502 C g–1 than CCG-1 (795 C g–1) and CCG-3 (841 

C g–1). The low performance of CCG-1 may be attributed to the small GO percentage 

that is insufficient to provide conducting channels for rapid charge transport. On 

the other hand, the decreased performance of CCG-3 nanohybrid can be ascribed 

to excess GO incorporation, which reduces the active LDH content in CCG-3 

nanohybrid. Thus CCG-2 nanohybrid can be regarded as the best-optimized 

nanohybrid composition among the prepared nanohybrids. The electrochemical 

performances of the previously reported Co-based LDHs are summarized in Table 

6.1.
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Table 6.1: Comparative SC performances of Co-based LDH.  

Sr. 
No. 

Material/Nanohybrid Method Cs 
 (F g–1) 

ED 
(Wh kg–1) 

PD 
(Wh kg–1) 

Stability 
(%) 

cycles Ref. 

1 NCH11/G/NF CVD 1410 at 2 A g–1 33.75 750 94.2 2500 35 
2 Ni-Al-LDH-nanosheet 

array/graphene composite 
LBL deposition 1329  

at 3.57 A g–1 
- - 91 500 36 

3 Co-Co-LDH/graphene Reflux 1205  49.5 7000 60.3 - 37 
4 Ni-Fe-LDH/GHA Hydrothermal 1196  at 1 A g–1  17.6 650 80 2000 38 
5 Ni-Al/G-50 Hydrothermal 1147 at 5mVs–1 - - 83.3 2000 39 
6 Co-Al-LDH-NS/GO In situ growth 1031 at 1 A g–1 7.7 4.8 - - 40 
7 Graphene/Ni-Al-LDH Hydrothermal 915  27.6 500 95 1500 41 
8 Co-Al-LDH/GHAs Hydrothermal 640 at 1 A g–1 - - 97 10000 42 
9 Ni-Al-LDH/rGO//AC Hydrothermal 629.8 A 1 g–1 58.6 359 80.63 5000 43 

10 Fe-Ni3-C (Graphene) Calcination 607 at 10 mVs–1 16.9 10483.5 99 1000 44 
11 Ni/Mn-LDH@graphene//AC Hydrothermal 420  at 1 A g–1 34.83 1.01kW kg–1 94.9 1000 45 

12 Graphene/NiAl-LDH Hydrothermal 213.57 at 1A g–1 - - 100 1000 46 
13 NiCoMnLDH//AC Solution method 206 at 5 A g–1 92.8 0.46 kWkg–1 -  47 
14 Ni-Mn-LDH-NF@VG Hydrothermal 160 at 2 mVs–1 56.8 260 87 10000 48 
15 NiCoAl-LDH/3D RGO Hydrothermal 141.6 at 0.4 A g–1 57.1 339.46 93.6 4500 49 
16 GAL//GAL AFSC Hydrothermal 127.2 at 1 A g–1 35.  mWh cm–3 1.01 W cm–3 83.2 10000 50 
17 Co-Al-LDH/GF//AEG Hydrothermal 101.4 at 0.5 A g–1 28 1420 ~100 5000 51 
18 rGO/CoAl-LDH//rGO Co-precipitation 99.5 at 1 A g–1 22.6 0.09 kW kg–1 94 5000 52 
19 Ni-Mn-LDH/rGO-4//rGO Solvothermal 82.5 at 0.5 A g–1 29.3 400 90.5 5000 53 
20 Co-LDH/G2 Hydrolysis 76.4 F cm–3 - - 90.4 10000 54 

 
21 

CCG-2  
Co-precipitation 

1502 C g–1 at 1 A g–1 - - - - Pres
ent 
wor
k 

CCG-2/KOH/rGO (AHSC) 181 at 0.8 A g–1 56.66 600 95 10000 
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6.7.3 Electrochemical impedance spectroscopy (EIS) study: 

 
Figure 6.12: Nyquist plots of Co-Cr-LDH and CCG nanohybrids. Co-Cr-LDH (black), 
CCG-1 (red), CCG-2 (green) and CCG-3 (blue) nanohybrids.  

The EIS analysis and corresponding Nyquist plots are presented in figure 

6.12. As prepared CCG nanohybrids and reference Co-Cr-LDH electrodes 

collectively show a straight line at low-frequency and a semicircle at high-

frequency regions. The starting point of the Nyquist plot represents series 

resistance (Rs) and diameter of extrapolated semicircle represents charge transfer 

resistance (Rct). The CCG electrodes exhibit low Rct and Re values than Co-Cr-LDH 

electrode, indicating improved charge transfer and electrical conductivity. The 

electrode with the optimized GO content (CCG-2) has the smallest semicircle 

compared with the other electrodes. The Re and Rct values assessed from the curve 

simulation fitting analysis are displayed in Table 6.2. 
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Table 6.2: The Rs and Rct values of Co-Cr-LDH and CCG nanohybrids. 

Sr. 
No. 

Nanohybrid  (Rs)  (Rct) 

1 Co-Cr-LDH 0.25  95  

2 CCG-1 0.29  2.95  

3 CCG-2 0.29  2.12  

4 CCG-3 0.25  4.01  

Additionally, all the CCG nanohybrids display steep slopes in low frequency 

region, indicating the lower electrolyte ion diffusion resistance (Warburg 

impedance). Compared with the pristine Co-Cr-LDH electrode, the CCG 

nanohybrids display steeper straight lines in the low-frequency region, indicating 

minimum resistance for the diffusion of the electrolyte ions through the electrode. 

Hence, the supercapacitive activity improvement in the CCG electrodes is also 

attributed to the improved electrical conductivity and low diffusion resistance of 

the electrolyte ions in nanohybrids [73]. Furthermore, the optimized CCG electrode 

was used to fabricate HSC.  

 

6.8 Fabrication and electrochemical performance of aqueous hybrid 

supercapacitor device (AHSC): CCG-2//rGO 

Fabrication of CCG-2//rGO AHSC 

The viability of CCG-2 electrode is tested by making AHSC with CCG-2 

nanohybrid as a positive and 2D rGO Ns as negative electrodes. The 2 M KOH is 

served as electrolyte (Chapter-3, section – 3.5). The fabricated AHSC cell is 

denoted by the CCG-2/KOH/rGO AHSC. The schematic representation of the 

aqueous CCG-2/KOH/rGO AHSC is displayed in figure 6.13.  
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Figure 6.13: Schematic representation of CCG-2/KOH/rGO AHSC. 

Considering outstanding electrochemical stability and EDLC-type charge 

storage mechanism rGO is selected as a negative electrode in HSC. [55, 56] In this 

work, rGO Ns are prepared with hydrothermal reduction of GO Ns. The 

electrochemical activity of the hydrothermally prepared rGO electrode is studied 

in a negative potential window using the three-electrode system in 2 M KOH 

electrolyte with CV, GCD, and EIS techniques. The electrochemical activity of the 

rGO electrode is described in Chapter-3, section – 3.8.  

Prior to fabricating CCG-2/KOH/rGO AHSC, the charge delivery by the 

positive and negative electrodes is balanced by adjusting their respective masses. 

Based on the charge balancing calculations (Chapter-4, equation – 4.1), the mass 

ratio of the positive to the negative electrode is adjusted to 0.39. After fabricating 

the AHSC, its electrochemical performance was tested with various 

electrochemical techniques such as CV, GCD and EIS analysis. The Csp, ED, PD and 

Coulombic efficiency for the AHSC are calculated according to the Chapter – 3, 

equation 3.2, and Chapter-4, equations 4.2, 4.3, and 4.4, respectively.  
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6.9 Results and discussion: 

6.9.1 Cyclic voltammetry (CV) study: 

 
Figure 6.14: (a) Mass balance CV curves of rGO (black) and CCG-2 (red) electrodes 
at sweep rate of 10 mV s–1, (b) CV plot (100 mV s–1) of AHSC at various potential 
windows (from 0-1 V to 0-1.5 V), (c) CV curves of the AHSC at different scanning 
rates (5-100 mV s–1). 

The CV curves of mass balanced CCG-2 and rGO Ns electrodes at sweep rate 

of 10 mV s–1 in their respective operating potential windows are displayed in figure 

6.14 (a). As reflected from the half-cell measurements, the working potential 

window for the CCG nanohybrid is -0.05 to +0.65 V vs Hg/HgO, and that of the rGO 

electrode is 0 to -1 V vs Hg/HgO. Thus, fabricated AHSC can operate within the 

working potential window of 0 to +1.7 V. The optimum working potential window 

is the most important factor to attain the maximum ED of AHSC. Thus, the CV tests 

for AHSC are performed within the various potential limits (0-1 V to 0-1.5 V) at a 

sweep rate of 100 mV s–1 to achieve maximum working potential window of the 

device (figure 6.14 (b)). 

The AHSC displays stable current responses up to a potential +1.5 V without 

any polarization current, suggesting the practical working potential window of 0-

1.5 V to get the maximum ED. Figure 6.14 (c) represents the CV curves of AHSC at 

different sweep rates (5 to 100 mV s–1). The AHSC replicate typical pseudo-

rectangular CV shapes even at high scan rates of 100 mV s–1, suggesting 

pseudocapacitive behavior with fast redox reaction kinetics of CCG nanohybrid and 

rGO electrodes. 
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6.9.2 Galvanostatic charge discharge (GCD) study: 

 
Figure 6.15: (a) GCD curves of the AHSC at various current densities (0.8-4.0 A g–

1), (b) The plot of variation of Cs with current densities (0.8-4 A g–1) for AHSC, (c) 
The Csps of AHSC at various current densities (0.8-4 A g–1), (g) The capacitance 
retention vs cycle number at various current densities (6.4 to 19.2 A g–1).  

Further the electrochemical performance of AHSC is evaluated by GCD 

measurements at different current densities (0.8 to 4 A g–1), as shown in figure 6.15 

(a). The AHSC exhibits pseudo-triangular charge-discharge plot with more 

extended charge-discharge periods, demonstrating pseudocapacitive 

characteristics and high energy storage capacity. As AHSC displays pseudo-

triangular charge-discharge curves, the electrochemical charge storage 

performance can express in terms of Cs. The AHSC delivered Css of 181, 160, 136, 

117.33, and 98.66 F g–1 at current densities of 0.8, 1.6, 2.4, 3.2 and 4.0 A g–1, 

respectively (figure 6.15 (b)). The Csps of AHSC for various current densities are 

calculated from the GCD curves and plotted in figure 6.15 (c). The AHSC displays a 

maximum Csp of 234 C g–1 at the current density of 2 A g–1. The AHSC maintains the 

high Csp of 148 C g–1 even high current density (4.0 A g–1), highlighting its excellent 

rate capability.  
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The rate characteristic of the AHSC is probed by applying various charging-

discharging current densities (6.4 to 19.2 A g–1) and corresponding capacitance 

variation for 100 GCD cycles is plotted for each current density (figure 6.15 (d)). 

Interestingly, AHSC recovers 90 % of its original capacitance at an initial applied 

current density indicating its exceptional rate capability. Present results indicate 

excellent rate characteristic of AHSC that enables its operation at high current 

densities without any substantial performance degradation.  

 

ED vs PD and capacitance retention of CCG-2//rGO AHSC 

 
Figure 6.16: (a) Ragone plot for the AHSC at various current densities, (b) 
Capacitance retention and Coulombic efficiencies of the fabricated AHSC device 
over 10000 cycles.  

Furthermore, ED and PD of AHSC are assessed from the GCD curves and 

plotted in figure 6.16 (a). The AHSC device delivers the maximum ED of 56.66 Wh 

kg–1 and PD of 600 W kg–1 at 0.8 A g–1 and continues to deliver the ED of 30.83 Wh 

kg–1 and PD of 3000 W kg–1 at 4.0 A g–1. Present electrochemical performance of 

AHSC is superior to the most state of the art aqueous symmetric, asymmetric, and 

hybrid energy storage devices based on LDH (summarized in Table 6.3). 
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Table 6.3: Comparative SC performances (ED and PD) of Co-based LDH devices. 

Sr. 
No. 

Material/Nanohybrid ED 
 (Wh kg–1) 

PD 
(W kg–1) 

Ref. 

1 GAL//GAL AFSC 35.75 mWh cm–

3 
1.01 W cm–3 50 

2 Co-Al-LDH-NS/GO 7.7 4.8 40 

3 Ni-Fe-LDH/GHA 17.6 650 38 

4 Ni-Mn-LDH/PC-1 18.60 225.03 57 

5 rGO@NiMn-LDH@NF 22.5 700 58 

6 rGO/CoAl-LDH//rGO 22.6 0.09 kW kg–1 52 

7 Co-Al-LDH/GF//AEG 28 1420 51 
8 Ni-Mn-LDH/rGO-4//rGO 29.3 400 53 
9 NCH11/G/NF 33.75 750 35 

10 Ni/Mn-LDH@graphene//AC 34.83 1.01 kW kg–1 45 
11 Co-Co-LDH/graphene 49.5 7000 37 
12 CCG-2//rGO (AHSC) 56.66 600 Presen

t work 

 

6.9.3 Electrochemical impedance spectroscopy (EIS) study: 

 
Figure 6.17: (a) The Nyquist plots for AHSC device (black) before and (red) after 
10000 GCD cycles, (b) Demonstration of the developed AHSC device with a glowing 
white LED lamp.   

The outstanding electrochemical performance of AHSC is ascribed to the 

high surface area random stacking structure and provision of conducting channels 

by GO matrix in Co-Cr-LDH-GO nanohybrids which is further confirmed by the EIS 

analysis. Figure 6.17 (a) shows the Nyquist plots of AHSC device before and after 

10000 stability cycles. The AHSC exhibits low Rs (0.73 ) and Rct (414 ) before 
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the stability test that slightly changes to Rs of 0.78  and Rct of 451  after stability 

test. The low Rs and Rct values represent exemplary capacitive behavior and 

excellent conductivity of both CCG-2 and rGO electrodes in AHSC. The real-life 

usefulness of the AHSC was tested by glowing a LED lamp, as shown in figure 6.17 

(b). The intense glow of the LED lamp highlights its functionality for high-energy 

and power applications. 
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6.10 Conclusions: 

In this work, mesoporous self-assembly of CCG nanohybrids is prepared by 

the exfoliation-reassembling of positively charged 2D Co-Cr-LDH Ns and negatively 

charged GO Ns. The present CCG nanohybrids enable wad-like porous morphology, 

high conductivity and many redox-active charge storage sites. Moreover, the CCG 

nanohybrids displayed highly porous structures whose porosity is finely tuned by 

varying the chemical composition. The best optimized CCG-2 nanohybrid 

demonstrates enhanced electrode performance with the maximum Csp of 1502 C 

g–1 at 1 A g–1 than pristine Co-Cr-LDH (591 C g–1 at 1 A g–1). The increased electrode 

performance of CCG nanohybrids is attributed to the high surface area wad-like 

morphology due to random stacking of LDH and GO Ns; high electrical conductivity 

due to GO matrix; ample redox-active electrochemical sites; and fast charge-

transporting channels of CCG nanohybrids. Furthermore, AHSC device is developed 

using the best optimized CCG-2 nanohybrid as a positive electrode and rGO as a 

negative electrode. As a result, the AHSC delivered high Cs of 181 F g–1 with ED of 

56.66 Wh kg–1 and PD of 600 W kg–1. AHSC device display good capacitance 

retention of 95 % after 10000 GCD cycles. The present study vividly establishes the 

usefulness of conducting GO as an efficient hybridization matrix to improve the 

electrode performance of LDH. The present hybridization approach can readily 

extend to develop various nanohybrids based on diverse 2D LDH and GO Ns.  
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Summary and conclusions: 

At present worldwide conditions of energy crises, efficient energy 

conversion and storage systems are most needed. Also, efficient energy storage 

systems played a crucial role in effectively utilizing renewable energy sources. Due 

to their advantages described in the first two chapters, batteries and SCs are 

attracting intense research attention as energy storage systems. Furthermore, SCs 

gain much attention from researchers due to their unique characteristics like high 

ED, PD, long cycle durability, fast recharge ability, and safe operation. However, 

symmetric SC cells based on the EDLC-type electrodes can deliver high PD and long 

cycle durability but limited ED. On the other hand, asymmetric SC cells based on 

pseudocapacitance-type electrodes can deliver enhanced ED and PD but suffers 

from limited cycle durability and low ED than batteries. Thus HSC cells are 

proposed that comprise one EDLC-type and other battery-type electrodes. Thus, 

HSC can deliver a high power, short charging/discharging periods, ED comparable 

to the batteries, and long cycle life. However, HSC performance is decided by the 

efficient working of comprising components like electrode material, electrolyte, 

and current collector. Therefore, efficient electrochemical activity comprising 

electrodes is key to achieving high PD, ED, and long cycle life of HSC.  

The rGO, an allotrope of carbon, demonstrated excellent EDLC-type HSC 

electrode performance, thus regarded as the best choice for EDLC-type HSC 

electrode. On the other hand, lots of research efforts are put forward on battery-

type HSC electrode materials (metal oxides, hydroxides, LDHs, metal 

chalcogenides) to enhance their ED and cycle life. Recently, Co-Cr-LDH, a typical 

material from the class of LDH, received high attention as an SC electrode material 

due to its unique layered structure, tunable chemical composition, ion-exchange 

capability, and redox-active chemical composition. Moreover, the redox-active 

metal ions are stabilized in the octahedral sites of an LDH lattice which leads to 

sheet-like morphology of Co-Cr-LDH. Its hydrated gallery space between the 

hydroxide layers affords the accumulation of a large amount of charge via EDLC-

type and the Faradaic (redox) process. However, such gallery space is blocked by 

the guest anions with a greater charge-to-size ratio. Thus, Co-Cr-LDH material 
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posses low electrode activity owing to limited accessibility regarding its 

intergallery space and functionality.  

In this regard, present research is focused on improving electrode 

performance of Co-Cr-LDH by hybridizing it with various nanostructures to enable 

high surface area, accessible gallery space, and improved conductivity. Typically 

present research work relies on exfoliation of Co-Cr-LDH (positively charged Ns) 

and hybridized it with POV anions, POW anions and GO Ns. Conventional chemical 

co-precipitation followed by exfoliation in the formamide method was used for the 

synthesis of Co-Cr-LDH Ns. The POV and POW were synthesized by the hydrolysis 

method at constant pH. GO and rGO were synthesized using modified Hummers 

and hydrothermal methods, respectively. Furthermore, the Co-Cr-LDH-based 

nanohybrids were prepared by self-assembly between the positively charged Co-

Cr-LDH Ns and POV, POW anions, and GO Ns. The Co-Cr-LDH Ns nanohybrids with 

POV anions, POW anions, and GO Ns were denoted as CCV, CCW, and CCG, 

respectively.  

The Co-Cr-LDH-based nanohybrids were characterized using Zeta potential, 

PXRD, FTIR, Micro-Raman spectroscopy, FESEM with EDS, HRTEM /SAED, XPS and 

BET techniques. Subsequently, electrochemical properties of Co-Cr-LDH-based 

nanohybrid electrodes were studied by CV, GCD and EIS techniques. Finally, the 

best-performance CCV, CCW, and CCG nanohybrids were used as positive 

electrodes to fabricate HSC device. The hydrothermally prepared rGO was used as 

an EDLC-type negative electrode in HSCs. Consequently, the three types of HSCs are 

fabricated with cell configuration CCV-2‖rGO, CCW-2//rGO and CCG-2//rGO.  The 

present thesis work is distributed into seven chapters.  

 

Chapter 1 deals with a general introduction that provides general 

information about the need for energy storage devices, current achievements, basic 

terminology, and classification of the energy storage systems with a literature 

survey of various electrode materials for SC. The basic requirements of SC 

electrode materials are defined and discussed in detail. Moreover, it contains a 

comprehensive description of LDHs for SC electrodes. Furthermore, the literature 

survey on Co-based LDH, LDH-based hybrids and 2D INs-based hybrids for SC 
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electrodes are summarized. Finally, at the end of chapter 1, the orientation and 

purpose of the dissertation is described.  

 

Chapter 2 includes the theoretical background of LDH, synthesis methods 

of LDH, synthesis method of 2D Ns with their exfoliation techniques, and various 

Ns-based nanostructures. Moreover, this chapter also describes various 

characterization techniques and instruments with theoretical backgrounds such as 

Zeta potential, PXRD, FTIR, Micro-Raman spectroscopy, FESEM with EDS, HRTEM, 

XPS and BET. Finally, the theoretical backgrounds of CV, GCD and EIS 

electrochemical techniques are explained briefly. 

 

 Chapter 3 deals with the synthesis, characterization and electrochemical 

performance evaluation of pristine Co-Cr-LDH, GO and rGO. The pristine Co-Cr-

LDH, GO and rGO are characterized and analyzed by the XRD, FTIR, Raman, FESEM, 

EDS, HRTEM, XPS, and N2 adsorption-desorption (BET) techniques. Pristine Co-Cr-

LDH demonstrated nitrate intercalated layered hexagonal structure with 

nonporous compact surface morphology. The hydrothermally prepared rGO 

demonstrated characteristic features that confirmed high surface area rGO NSs 

sponge with high conductivity.  

This chapter also deals with electrochemical performance evaluation of Co-

Cr-LDH and rGO by CV, GCD, and EIS techniques. The Co-Cr-LDH electrode showed 

a hybrids-type charge storage mechanism that involves EDLC and battery-type 

contributions. The electrochemical measurements of the Co-Cr-LDH electrode 

showed a Csp of 591 C g–1 at 1 A g–1. In addition, the Co-Cr-LDH exhibited low values 

of Rs (0.36 Ω) and Rct (95 Ω). Also, the rGO electrode shows Cs of 149 F g–1 at 0.8 A 

g–1 current density. From the analysis of physicochemical characterizations and 

electrochemical performance evaluation, it is concluded that Co-Cr-LDH and rGO 

are suitable as redox-type and EDLC-type electrode materials in HSC. However, the 

compact layered structure, nonporous surface morphology, and low electrical 

conductivity limit the electrode performance of Co-Cr-LDH.   
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Chapter 4 describes the synthesis, characterization, and electrochemical 

performance evaluation of CCV nanohybrids. The zeta potential measurements 

displayed effective exfoliation of Co-Cr-LDH and the formation of positively 

charged monolayered Co-Cr-LDH Ns. This chapter describes the successful 

synthesis of CCV nanohybrids by self-assembly of Co-Cr-LDH NSs and POV anions. 

The XRD, FTIR, Micro-Raman, FESEM, EDS, HRTEM, BET, and XPS are used to probe 

the physicochemical properties of CCV nanohybrids, and results are compared with 

pristine Co-Cr-LDH. The CCV nanohybrids demonstrated layer-by-layer stacking of 

Co-Cr-LDH and POV anions, expanded gallery space, mesoporous house-of card 

surface morphology, and expanded surface area. Moreover, this chapter deals with 

the electrochemical performance evaluation of CCV nanohybrids. The best 

optimized CCV nanohybrid (CCV-2) electrode demonstrated a highly improved Csp 

of 732 C g–1 at 1 A g–1.  

Chapter-4 also deals with the fabrication of AHSC comprising CCV-2 

nanohybrid as positive and rGO as negative electrode (CCV-2//rGO AHSC). The 

CCV-2//rGO AHSC demonstrated high Cs of 149.2 F g–1 at 0.8 A g–1, ED of 53.04 Wh 

kg–1, and PD of 512 W kg–1 with  capacity retention of 85% after 10000 GCD cycles. 

The highly improved electrode performance of CCV nanohybrids is ascribed to 

enlarged gallery space, mesoporous house-of-cards type morphology, and 

expanded surface area of CCV nanohybrids. 

 

 Chapter 5 describes the synthesis, characterization, and electrochemical 

performance evaluation of CCW nanohybrids. This chapter describes the 

efficacious preparation of CCW nanohybrids using electrostatically-driven self-

assembly of positively charged Co-Cr-LDH NSs and POW anions. The 

physicochemical properties of CCV nanohybrids are probed with XRD, FTIR, Micro-

Raman, FESEM, EDS, HRTEM, BET, and XPS techniques, and the obtained results 

are compared with pristine Co-Cr-LDH. The analysis of physicochemical 

characterizations indicated the formation of the layered structure, highly porous 

surface morphology, high surface area, and expanded gallery space of CCW 

nanohybrids. The electrochemical performance evaluation of CCW nanohybrids is 

described in this chapter. The CCW nanohybrids with optimum POW content 

(CCW-2) displayed enhanced Csp of 1303 C g–1 at 1 A g–1 with capacity retention of 
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85.43 % after 5000 GCD cycles. Furthermore, CCW-2 nanohybrid and rGO are 

further used as positive and negative electrode materials, respectively, to fabricate 

AHSC (CCW-2//rGO AHSC). The CCW-2//rGO AHSC exhibited Cs of 166 F g–1 at 0.8 

A g–1, ED of 59.02 Wh kg–1, PD of 640 W kg–1 with excellent capacitance retention 

of 91.06 % after 10000 cycles. The real-life usefulness of the CCW-2//rGO AHSC is 

tested by a powering white LED lamp. 

 

Chapter 6 describes the synthesis, characterization, and electrochemical 

performance evaluation of CCG nanohybrids. This chapter describes the effective 

preparation of CCG nanohybrids using electrostatically-driven self-assembly of Co-

Cr-LDH Ns and GO Ns. The physicochemical properties of CCG nanohybrids were 

probed with XRD, FTIR, Micro-Raman, FESEM, HRTEM, BET, and XPS techniques, 

and the obtained results are compared with pristine Co-Cr-LDH. As a result, the 

CCG nanohybrids displayed wad-like porous morphology and highly porous 

ordered structures whose porosity is finely tuned by varying chemical 

composition. In addition, the CCG nanohybrids showed the anchoring of restacked 

Co-Cr-LDH on GO Ns at the nanometer length scale. Further, these anchored Co-Cr-

LDH-GO Ns aggregated to form clusters of CCG nanohybrid, making a wad-like 

appearance. 

Moreover, chapter 6 demonstrates the electrochemical performance 

evaluation of the CCG nanohybrid electrodes. Finely tuned CCG nanohybrid (CCG-

2) exhibited improved Csp of 736 C g–1 at 1 A g–1. In addition, the AHSC device was 

fabricated using CCG-2 as positive and rGO as negative electrodes. The AHSC cell is 

denoted by notation CCG-2//rGO AHSC. The CCG-2//rGO AHSC device carried a Cs 

of 170 F g–1 at 0.8 A g–1, ED of 60.44 W h kg–1, PD of 640 W kg–1 with excellent 

capacitance retention of 95% after 10000 GCD cycles. Finally, the real-world 

application of CCG-2//rGO AHSC is tested by glowing a white light LED lamp.  

 

 Chapter 7 deals with the summary and conclusions made on results and 

analysis. From the materials synthesis point of view, it is concluded that the 

exfoliation-restacking process is highly beneficial to synthesize high surface area 

mesoporous layer-by-layere nanohybrids of CCV, CCW, and CCG. Also, the 
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exfoliation-restacking process improves the electrode performance of CCV, CCW, 

and CCG nanohybrid electrodes.  

 Furthermore, the electrochemical performance evaluation indicated 

redox-type charge storage in CCV, CCW, and CCG nanohybrid electrodes with 

improved electrochemical activity. Therefore, it is concluded that CCV, CCW, and 

CCG nanohybrids are potential redox-type electrode materials to fabricate AHSC 

devices. Based on the electrochemical performance of CCV, CCW, and CCG 

nanohybrids, CCV-2//rGO, CCW-2//rGO and CCG-2//rGO AHSC devices were 

fabricated. The electrochemical performance of all AHSC are summarized in table 

7.1. 

 Table 7.1 clearly highlights that all the CCV-2∥rGO, CCW-2//rGO, and CCG-

2//rGO AHSC underscores the advantages of nanohybridization for the improved 

electrode performance in HSC. Furthermore, from table 7.1, it is also reflected that 

among tested devices, CCG-2//rGO AHSC demonstrated maximum electrochemical 

performance with a Cs of 170 F g–1, ED of 60.44 Wh kg–1, PD of 640 W  kg–1 and 

excellent capacitance retention of 95 % after 10000 GCD cycles. The observed 

electrochemical performances concluded that the CCG nanohybrids are more 

beneficial redox-type electrodes in HSC fabrication. This fact underscores that GO 

NSs are the best choice for hybridization with Co-Cr-LDH to enhance electrode 

performance.      

 

Table 7.1: Comparative electrochemical performance of CCV-2∥rGO, CCW-2//rGO 

and CCG-2//rGO AHSC.  

 

Sr. 
No. 

AHSC Csp 
(C g–1) 

Cs 
(F g–1) 

ED 
(Wh kg–1) 

PD 
(W  kg–1) 

Capacitance 
Retention 

(%) 

Cycles 

1 CCV-
2∥rGO 

238.72 149.2 53.04 at 
0.8 A g–1 

512 85 10000 

2 CCW-
2//rGO 

265 166 59.02 at 
0.8 A g–1 

640 91.06 10000 

3 CCG-
2//rGO 

272 170 60.44 at 
0.8 A g–1 

640 95 10000 
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8.1 Recommendations: 

Co-Cr-LDH, a typical material from the LDHs class, is one of the potential 

redox-type electrode material for the AHSC. Nevertheless, its electrode 

performance is restricted by the low surface area, compact anion intercalated 

layered structure and high electrical resistivity. In this regard, present research is 

focused on improving electrode performance of Co-Cr-LDH by hybridizing it with 

various nanostructures to enable high surface area, accessible gallery space, and 

improved conductivity. The exfoliation-restacking approach of exfoliated LDH Ns 

with oppositely charged guest species attracted intense research attention due to 

its advantages in obtaining high electronic coupling, mesoporous morphology, 

flexibility in choosing the hybridized species, and well control over the chemical 

composition of the hybrids. On these backdrops, the present research is designed 

on exfoliation of Co-Cr-LDH (positively charged Ns) and hybridized it with POV 

anions, POW anions and GO Ns. The Co-Cr-LDH Ns nanohybrids with POV anions, 

POW anions, and GO Ns were denoted as CCV, CCW, and CCG, respectively. 

Numerous recommendations are made on the findings and conclusion of the 

synthesis, characterization, and electrochemical performance of Co-Cr-LDH-based 

nanohybrids. The CCV and CCW nanohybrids demonstrated expanded surface area, 

highly mesoporous surface morphology, and expanded gallery space. All these 

unique features of CCV and CCW nanohybrids are highly beneficial for the 

application in HSC electrodes. Thus, the exfoliation-restacking method is 

recommended to synthesize LDH-based nanohybrids to achieve high surface area, 

mesoporous morphology, tunable gallery space and flexible chemical composition.   

Similarly, the CCG nanohybrids displayed wad-like porous morphology and 

highly porous ordered structure whose porosity is finely tuned by varying chemical 

composition. Also, the CCG nanohybrids showed the anchoring of restacked Co-Cr-

LDH on GO Ns at the nanometer length scale. 

All the Co-Cr-LDH-based nanohybrid electrodes displayed enhanced 

electrode performance with a redox-type charge storage mechanism. Thus, the HSC 

devices were fabricated by using either CCV or CCW or CCG nanohybrids as redox-

type electrodes and rGO as an EDLC-type electrode in KOH electrolyte. The three 

types of HSCs were fabricated with cell configurations CCV-2‖rGO, CCW-2//rGO 

and CCG-2//rGO. All of the AHSC devices performed outstandingly. Among the 
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tested AHSC devices, the CCG-2//rGO AHSC demonstrated the highest electrode 

performance with Cs of 170 F g–1, ED of 60.44 Wh kg–1, and PD of 640 W kg–1. 

Therefore GO Ns are recommended as the best hybridizing species to improve 

electrode performance of Co-Cr-LDH.  

Therefore, the exfoliation-restacking method is recommended to obtain 

mesoporous layer-by-layer Co-Cr-LDH-based nanohybrids and fine-tuning of AHSC 

electrode performance. In addition, an exfoliation-restacking route is also 

recommended to achieve 2D-2D nanohybrids of Co-Cr-LDH wrapped by GO Ns for 

HSC electrodes.  

8.2 Conclusions of the research work: 

The conclusions from the present research work are listed as follows: 

1. Conclusion made from the first two chapters (literature survey): As low Cs and 

limited cycle life limit AHSC performance, exploring high-performance 

pseudocapacitive-type or redox-type electrode materials is essential. Though Co-

Cr-LDH exhibited a redox-type electrochemical behavior, its electrode 

performance is restricted by the compact anion intercalated layered structure, low 

surface area morphology, and high electrical resistivity. Thus, efforts are escalated 

to improve the electrode performance of LDH-based materials by hybridization 

with other guest species at the nanoscale.   

2. Nitrate anions intercalated Co-Cr-LDH with exfoliation capability is successfully 

synthesized by the co-precipitation method. The high surface area conducting rGO 

was successfully synthesized via hydrothermal reduction of GO. Co-Cr-LDH 

demonstrated redox-type charge storage behavior in KOH electrolyte with Csp of 

591 C g–1 at 1 A g–1. The rGO demonstrated EDLC-type charge storage behavior in 

KOH electrolyte with Cs of 149 F g-1 at 0.8 A g–1 and high electrochemical stability. 

3. Mesoporous CCV nanohybrids are successfully prepared by the electrostatically 

driven exfoliation-restacking of Co-Cr-LDH Ns and POV anions. The CCV 

nanohybrids displayed unique characteristics of expanded gallery space, high 

surface area, mesoporous morphology, tunable pore structure and flexible 

chemical composition. As compared to pristine Co-Cr-LDH (591 C g–1), the 

optimized CCV  (CCV-2) nanohybrid exhibited enhanced Csp of 732 C g–1 at 1 A g-1 

and redox-type charge storage mechanism. These results clearly indicate the 

applicability of CCV nanohybrids as a redox-type electrode in AHSC. The AHSC 
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fabricated with CCV nanohybrid as a positive electrode and rGO as a negative 

electrode (CCV-2‖rGO HSC device) performed exceptionally with Cs of 149.2 F g–1 

at 0.8 A g–1, ED of 53.04 Wh kg–1 at a PD of 512 W kg–1 and capacitance retention of 

85 % after 10,000 charge-discharge cycles. The obtained electrochemical 

performance of CCV-2‖rGO AHSC highlights its applications in various 

portable/flexible electronic devices and high-power engineering tools.  

4. Mesoporous CCW nanohybrids were successfully prepared by the 

electrostatically driven self-assembly of 2D Co-Cr-LDH Ns and POW anions. The 

physicochemical properties of CCW nanohybrids indicating the formation of POW 

intercalated CCW structure, high surface area mesoporous house-of-card-type 

morphology, tunable pore structure, and flexible chemical composition. As 

compared to pristine Co-Cr-LDH (591 C g–1), the optimized CCW  (CCW-2) 

nanohybrid exhibited enhanced Csp of 1303 C g–1 at a 1 A g-1 and redox-type charge 

storage mechanism. These results clearly indicate the applicability of CCW 

nanohybrids as a redox-type electrode in AHSC. The AHSC fabricated with CCW 

nanohybrid as a positive electrode and rGO as a negative electrode (CCW-2‖rGO 

HSC device) performed exceptionally with Cs of 166 F g–1 at 0.8 A g–1, ED of 59.02 

Wh kg–1 at a PD of 640 W kg–1 and capacitance retention of 91.06 % after 10,000 

cycles. The obtained device performance of CCW-2//rGO AHSC highlights its 

application in various high-power engineering tools.  

5. Mesoporous CCG nanohybrids were effectively synthesized via self-assembly of 

cationic Co–Cr-LDH Ns with anionic GO Ns. The CCG nanohybrids displayed wad-

like porous morphology and highly porous ordered structure whose porosity is 

finely tuned by varying chemical composition. In addition, the CCG nanohybrids 

showed the anchoring of restacked Co-Cr-LDH on GO Ns at the nanometer length 

scale. Further, these anchored Co-Cr-LDH-GO Ns are aggregated to form clusters of 

CCG nanohybrid, making a wad-like appearance. As compared to pristine Co-Cr-

LDH (591 C g–1), the optimized CCG  (CCV-2) nanohybrid exhibited enhanced Csp 

of 1502 C g–1 at a 1 A g-1 and redox-type charge storage mechanism. These results 

clearly indicate the applicability of CCG nanohybrids as a redox-type electrode in 

AHSC. The AHSC fabricated with CCG nanohybrid as a positive electrode and rGO 

as a negative electrode (CCG-2‖rGO HSC device) performed exceptionally with Cs 

of 170F g–1 at 0.8 A g–1, ED of 60.44 Wh kg–1 at a PD of 640W kg–1 and capacitance 
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retention of 95 % after 10,000 cycles. Obtained electrochemical performance of 

CCG-2‖rGO AHSC highlights its applications in various high-power electronic 

devices and high- engineering tools.  

The high-performance AHSCs are made by Co-Cr-LDH-based redox-type 

and rGO-based EDLC-type electrodes in KOH electrolytes. All of these AHSCs 

performed outstandingly, signifying importance of the exfoliation-restacking 

strategy to develop high performance LDH-based HSC electrodes. Therefore, it is 

concluded that CCV, CCW and CCG nanohybrids are beneficial as a redox-type 

electrode in HSC. The comparison between the CCV-2‖rGO, CCW-2//rGO and CCG-

2//rGO AHSC devices indicated, that CCG-2//rGO AHSC device performed 

exceptionally with highest electrochemical performance. Thus in conclusion GO Ns 

are regarded as a best choice for the hybridization with Co-Cr-LDH to improve its 

electrode performance useful for the AHSC.  

8.3 Summary: 

1. The nitrate intercalated Co-Cr-LDH was prepared using the co-precipitation 

method. The GO and rGO Ns were prepared using modified Hummers and 

hydrothermal reduction methods, respectively.  

2. The Co-Cr-LDH demonstrated redox-type electrode behavior in 2 M KOH with 

Csp of 591 C g–1 at 1 A g–1.  

3. The hydrothermally prepared rGO displayed excellent EDLC-type electrode 

activity in 2 M KOH electrolyte with Cs of 149 F g–1 at 0.8 A g–1. 

5. The CCV, CCW, and CCG nanohybrids were successfully synthesized by the 

exfoliation-restacking method.  

6. All the CCV, CCW, and CCG nanohybrids exhibited redox-type electrochemical 

activity. The best-optimized CCV-2, CCW-2 and CCG-2 nanohybrids displayed the 

enhanced Csp of 732, 1303 and 1502 C g–1 at 1 A g–1, respectively.  

7. The AHSC device fabricated using CCV-2 as a positive electrode and rGO as a 

negative electrode showed Cs of 149.2 F g–1 at a 0.8 A g–1, ED of 53.04 Wh kg–1 at a 

PD of 512 W kg–1 and capacitance retention of 85 % after 10,000 GCD cycles. 

8. The AHSC device fabricated using CCW-2 as a positive electrode and rGO as a 

negative electrode delivered a Cs of 166 F g–1 at a 0.8 A g–1, ED of 59.02 Wh kg–1 at 

a PD of 640 W kg–1 and capacitance retention of 91.06 % after 10,000 GCD cycles. 
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9. The AHSC device fabricated using CCG-2 as a positive electrode and rGO as a 

negative electrode delivered a Cs of 170 F g–1 at 0.8 A g–1, ED of 60.44 Wh kg–1 at a 

PD of 640 W kg–1 with capacitance retention of 95 % after 10000 GCD cycles. 

8.4 Future findings: 

 In this research work, problems associated with the low electrode 

performance of Co-Cr-LDH are addressed successfully by making CCV, CCW and 

CCG nanohybrids. A novel way of exfoliation-restacking was used to synthesize 

CCV,  CCW and CCG nanohybrids for enabling high surface area morphology, high 

conductivity, tunable pore structure and flexible chemical composition.   

The present exfoliation-restacking strategy can be applicable for numerous other 

LDHs and various guest species to further enhance the electrode performance of 

LDH-based electrodes. 

Though this research work established state-of-the-art achievements from CCV, 

CCW and CCG nanohybrids electrodes, some issues must be addressed in the future 

to further increase AHSC performance.    

 To further enhance electrode performance of Co-Cr-LDH-based electrodes, 

transition metal doping in Co-Cr-LDH and its hybridization must need to study.  

 The various nanostructure of carbons like carbon nanotube and fullerene can 

further tune the electrical properties of Co-Cr-LDH-based electrodes.  

 The use of organic and redox electrolytes in HSC can increase ED of Co-Cr-LDH-

based HSC. 

 Negative electrode materials other than rGO can be employed to achieve 

higher PD and electrochemical stability.  

 

 

 

 


